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Abstract
Nanomedicines are promising therapeutic compounds allowing the development of new treatment
approaches. However, important factors affecting the behavior of nanoparticles in vivo cannot be
simulated in conventional static models. Dynamic cell cultures, where cells are cultivated in the presence
of shear stress, have the potential to bridge this gap by mimicking critical features of physiological
conditions. Iron-carbohydrate nanoparticles are a dominant treatment for iron de�ciency unresponsive to
oral iron supplements. Compared to the data available from clinical studies, little is known about the
interaction of these particles with endothelial cells. Our approach implements and compares a
microchannel-based dynamic human endothelium model to the static culture to explore potential
differences in cells response after exposure to iron nanoparticles. Differences in cellular uptake are
observable using Prussian blue assay. There is a noticeable increase on VCAM-1 and ICAM-1 gene
expression on endothelial cells activated by in�ammatory responses, in cells exposed to nanoparticles
under static condition. Results show that cytotoxicity caused by iron particles is signi�cantly lower under
dynamic condition compared to static cultures. We demonstrate that inclusion of dynamic �ow and
biological �uids are positive steps towards nanoparticle evaluation in a physiologically relevant in vitro
model. 

1 Introduction
Despite the broad range of nanomaterials employed for non-biomedical applications, the progress in
integrating nanotechnology into medicine has been relatively limited. Up until now, several numbers of
approved therapeutic nanomedicine products, such as Doxil (liposomal infusion), Onivyde (irinotecan
liposome injection), Abraxane (paclitaxel protein-bound), and iron nanomedicines (polynuclear iron (III)-
hydroxide cores surrounded by carbohydrate shells) are commercially available.[1]–[4] However, there is a
limited understanding of the complex pharmacodynamics of both investigational and approved
nanomedicines, and there are several potential explanations for this limitation. Firstly, considerable
disparity exists concerning the biological impacts of therapeutic nanoparticles. Such weak correlations
between the results from in vitro, in vivo, and clinical studies make it challenging to draw a conclusion
over the safety and effectiveness of a particular nanomedicine product.[5], [6] Further, extensive knowledge
of interactions between nanoparticles and cells, known as nano-bio interfaces, is not yet fully available,
and this can lead to data misinterpretation in literature.[7] Finally, current in vitro assays and cell-based
platforms have mostly been introduced and employed far behind the advent of nanotechnology;
accordingly, they might not be considered to be fully compatible with nanomedicine related research.
Lack of comprehensive and realistic in vitro models can hinder accurate prediction of biological readouts
for the development of nanotherapeutic compounds.[7], [8]

Over the past years, more realistic in vitro models using primary cells have been developed for a detailed
investigation into nanoparticles interaction with cells. Although the application of primary cell models
can retain critical features, they cannot fully imitate the in vivo environment. Considering the nature of
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different cell types, several requirements should be ful�lled to achieve physiologically relevant in vitro
models. For cells under permanent dynamic condition, such as endothelial cells, the cellular phenotype is
markedly in�uenced by shear stress and culture condition.[8], [9] Advanced in vitro systems that can mimic
the interactions of endothelial cells with nanoparticles in conditions with high physiological relevance
should be considered to increase the accuracy of prediction.

Endothelial cells line the interior surface of the vasculature covering a maximum surface area of 7000 m2

in an adult .[10] The pivotal function of the endothelium, which represents the cellular interface between
circulating blood and the underlying tissue, is the maintenance of permeability across the vessel wall by
controlling the �ow of nutrients, bioactive molecules, blood and immune cells within the circulatory
system. Besides, these cells are majorly involved in the regulation of vascular haemostasis as well as on
in�ammatory and immune responses.[10]–[12] Endothelial cells are continuously exposed to shear forces
as a result of the blood �ow, and these mechanical forces have been shown to play an essential role in
regulating endothelial cell structure and function.[8], [13] The importance of the effect of �ow on these cells
has been mostly assessed in cell-based models for characterizing endothelial cell biology and
pathophysiology, for instance, in the �eld of atherosclerosis research.[11], [13]

Given the importance of realistic in vitro experimental models and the reproducibility of cell culture
systems, the focus of the present study is the application of a semi-automated perfusion system to
achieve a mature endothelial model. Utilizing a micro�uidic 3D approach to mimic the normal
physiological conditions of quiescent endothelial cells, we investigated the in vitro interaction between
iron sucrose nanoparticles and primary human endothelial cells. Here, we used intravenous iron sucrose
nanoparticles to evaluate potential cytotoxicity and uptake behavior of cells under static versus dynamic
culture condition. Iron carbohydrate complexes are within a category of medicinal products, known as
non-biological complex drugs. Amongst various intravenous iron carbohydrate complexes, iron sucrose is
the most widely used representative of intravenous nanomedicine product for the treatment of iron
de�ciency with favorable clinical outcomes.[14] Based on current knowledge, little is known about
interactions between iron-carbohydrate complexes and the vascular cells, and some contradicting reports
regarding endothelium toxicity of iron sucrose in static cell cultures have been published in recent years.
[15], [16] In the investigation presented here, we explore if a more physiological condition in the form of
biochemical stress will affect the outcomes of nanoparticles assessment and whether the interaction of
nanoparticles with cells under dynamic culture condition can exhibit signi�cant differences in biological
responseswhen compared with the conventional static endothelial models.

2 Materials And Method

2.1 Cell culture
Primary human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Switzerland) and
cultured in complete endothelium cell growth medium (ECGM, PromoCell, Germany) containing: 2% fetal
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calf serum (FCS), 90 µg mL− 1 heparin, 0.1 ng mL− 1 epidermal growth factor, 1 ng mL− 1 basic �broblast
growth factor, 1 µg mL− 1 hydrocortisone, and 0.4% endothelial cell growth supplement. All cultures were
incubated in T-75 �asks coated with 1% gelatine (Sigma, Germany) at 37°C with 5% CO2 until they
reached 80% con�uency. Throughout this study, HUVECs in the passage number of 1–6 were used, and
the culture medium was changed three times a week. For experimental purposes, cells were detached
from the �ask using Accutase (StemCell Technology, Canada) followed by centrifugation at 200 x g for 5
min.

2.2 Treating cells with iron-carbohydrate complexes
Iron sucrose preparations (Venofer) were kindly provided by Vifor Pharma, (St. Gallen, Switzerland).
Based on clinical observations after administration of 100 mg of intravenous iron sucrose, the expected
plasma iron concentration is close to 600 µM. In clinical studies with peritoneal dialysis patients, higher
concentrations of iron sucrose preparations up to 300 mg have been used, thus a plasma iron
concentration of 1800 µM can be expected.[17] In our studies, all in vitro concentrations were calculated
according to the highest clinically relevant plasma iron concentration (iron concentration of 1800 µM).

2.3 Static experimental setup
µ-slide I luer0.4 (Ibidi, Germany) with a growth area of 2.5 cm2, total channel volume of 100 µL, and two
reservoirs (each with the capacity of 60 µL) were used for all the experimental setups. In each µ-slide, the
medium added into reservoirs �ows to the growth channel by capillary forces. In order to enhance cells
attachment, µ-slides were �rst coated with 75 µg/cm2 collagen IV (Sigma, Germany). The slides were then
seeded with primary HUVECs at a concentration of 1.5 x 106 cells/mL. All experiments were performed
based on conventional static experimental designs. Brie�y, cells were cultured for two days at 37°C with
5% CO2, and the culture medium was refreshed twice a day to maintain cell viability. After two days of
cultivation, cells were incubated in complete medium containing 1800 µM of iron sucrose for another 24
h. Control samples were prepared in the absence of iron nanomedicine.

2.4 Experimental setup for dynamic culture
For cell culture under �ow, HUVECs were seeded in the µ-slides as described above. After incubation
of cells for 24 h, the µ-slides were connected to a perfusion system (Ibidi, Germany) with a closed-
loop. The perfusion sets were then connected to an air pressure pump, by which the precise control
of �ow rate and shear stress was achieved using the PumpControl software. Cell monolayer inside
the channel was then perfused with complete medium under unidirectional �ow at a shear stress of
10 dyne/cm2 in order to obtain shear stress that can closely resemble the physiological situation
with HUVECs (Fig. 1). After preliminary observation, a cultivation time of two weeks was chosen to
achieve mature quiescent endothelium. During this time, the cell culture medium was refreshed two
times, while each time only half of the reservoir was replaced with fresh medium (5 mL). On day 14,
the culture medium was replaced with complete culture medium containing 1800 µM of iron sucrose,
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and cells were subjected to shear force for another 24 h. For further experiments, µ-slides were
detached from the perfusion sets and cells were examined accordingly.

2.5 Endothelial cell viability
The viability of HUVECs under dynamic condition was assessed using Alamar Blue cell proliferation
assay (Thermo Fisher Scienti�c, Germany). During cellular metabolism, the assay reagent reduces from a
non-�uorescence blue coloured agent to a �uorescent red substance, where the amount of assay reagent
reduction is proportional to the cell number. After washing several times the cells with PBS (containing
Mg2+ and Ca2+), HUVECs were exposed to Alamar Blue reagent in complete cell culture medium (1:10 v/v
ratio). Samples were incubated in the dark for 4 h at 37°C. The �uorescence was then measured (590 nm
emission and 560 nm excitation) using a microplate reader (Mithras LB 940 multimode microplate
Reader, Berthold technology, Switzerland).

2.6 Immuno�uorescence staining and image quanti�cation
HUVECs were pre-�xed for 2 min by adding 60 µL of 4% paraformaldehyde solution (PFA, Sigma,
Germany) to the culture medium within each µ-channel. This initial �xation was followed by complete
replacement of pre-�xed medium with fresh PFA solution for 20 min at room temperature. Fixed
monolayers were then permeabilised using 0.1% Triton X-100 in PBS for 10 min. Blocking was achieved
by incubating cells for 1 h with blocking agent containing 3% bovine serum albumin (Sigma, Germany)
and 0.1% Tween 20 (Sigma, Germany) in PBS. Between each step, cells were washed 3 times using PBS
with Mg2+ and Ca2+ (Sigma, Germany).

VE-cadherin staining: Mouse anti-VE-cadherin Alexa Flour 488 conjugated antibody (Invitrogen, Germany)
was diluted (1:200) in PBS containing 3% BSA. Cells were incubated with the staining solution for 1 h at
room temperature. Finally, to visualise the cell nucleus, samples were stained with DAPI (1:1000, Sigma,
Germany), and images were captured using a confocal laser scanning microscope (Zeiss, LSM 780,
Germany). Using ImageJ software (NIH, USA), the �uorescence intensity of VE-cadherin was quanti�ed
for all captured images.

F-actin staining: Actin �laments were labelled with Alexa Flour 633 phalloidin (Thermo�sher Scienti�c,
Germany). Brie�y, samples were incubated for 1 h with phalloidin staining solution (1:200) in PBS
containing 3% BSA. Cells were counterstained with DAPI as described above and staining patterns were
analysed by confocal microscopy. By applying the OrientationJ plug-in for ImageJ, the alignment of actin
�laments toward the �ow direction was quanti�ed per image according to the sum of distribution of
orientation from − 45° to + 45°.

2.7 In vitro cytotoxicity assessment
The Neutral Red (NR) uptake assay is a colorimetric method providing a quantitative estimation of cell
viability. It is very often used as a sensitive and accurate test for biomaterial and drug cytotoxicity. NR is a
weak cationic dye that relies on the ability of viable cells to uptake the dye via active transport and to
incorporate the NR dye into their lysosome. Hence, a decrease in cell viability results in loss of NR uptake
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within the lysosome. Brie�y, for static and dynamic experimental setups, cells treated with iron sucrose
were washed 3times with PBS, and the assay procedure was performed according to the manufacturer’s
instruction (BioVision incorporate, Switzerland). For each experimental condition, sample cultured without
iron sucrose was used as the negative control. The positive control was prepared by treating cells with 20
mM of Doxorubicin (BioVision incorporate, Switzerland) for the static and dynamic culture condition,
respectively with the incubation time of 72 h. After 2 h of incubation with complete culture medium
containing neutral red solution, the dye in each µ-channel was then extracted under an acidi�ed condition,
and the absorbance was measured using a plate reader at 540 nm.

2.8 Prussian blue staining
Prussian blue staining was performed for cells under static and dynamic conditions. After treatment with
1800 µM of iron sucrose, cells were washed 3 times with PBS to remove any remaining particles within
the µ-channels. Then, cells were �xed with 4% PFA for 10 min, followed by incubation for 5 min with 4%
potassium ferrocyanide (Sigma, Germany). Next step to proceed was incubating cells in freshly prepared
Perl’s Prussian blue reagent (4% Potassium ferrocyanide/ 12% HCl, 1:1 volume ratio) for 30 min at room
temperature. Finally, samples were washed several times with PBS and were counterstained with the
neutral fast-red solution (Sigma-Aldrich, Germany) for 15 min to enhance visualisation of samples using
light microscopy.

2.9 Transmission electron microscopy (TEM)
HUVECs were seeded in the Ibidi µ-slides and the cell culture procedure was followed as described in
Sect. 2.2. After 24 h treatment with 1800 µM of iron sucrose nanoparticles, cells in both static and
dynamic experimental setup were washed three times with warm PBS and were trypsinised using
accutase solution. For each experimental set up, control samples were prepared without iron sucrose
treatment. The cell pellet was generated by centrifugation at 200 x g for 5 min. The pellet was then
sucked up into a capillary tube (Leica-Microsystems, Germany). Therein, cells were �xed with 3%
glutaraldehyde in 0.1 M sodium cacodylate buffer and were washed with 0.2 M sodium cacodylate
buffer. After a post-�xation step using 2% osmium tetroxide in 0.1 M sodium cacodylate buffer, samples
were dehydrated through a graded ethanol series followed by acetone and �nally embedded in Epon resin
(Sigma-Aldrich, Switzerland). Ultrathin sections were contrasted with 2% uranyl acetate and lead citrate
(Reynolds 1963) before imaged in a Zeiss EM 900 (Carl Zeiss Microscopy GmbH, Germany) at 80 kV.

2.10 Isolation of RNA and RT-PCR
For both static and dynamic culture condition, cells were treated for 24 h with 1800 µM of iron sucrose
complex. HUVECs without treatment and cells treated with 30 ng/mL of tumor necrosis factor- α (TNF-α; 4
h incubation time statically, for static and the dynamic cultures) were prepared as negative and positive
control, respectively. Total RNA was extracted using the RNeasy mini kit (Qiagen, Germany). After
quantifying nucleic acid concentration of each sample with NanoDrop spectrophotometer (ND1000,
ThermoFisher, Germany), 200 ng of total RNA was applied as a template for cDNA synthesis. Primers for
VCAM-1, ICAM-1, and GAPDH were all purchased from Microsynth, Switzerland (Table 1), and GAPDH
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was considered as a housekeeping gene. Quantitative real-time PCR was performed using iQ SYBR Green
supermix (Bio-Rad, Germany) on the CFX96 real-time PCR detection system (Bio-Rad, Germany). Samples
were run in quadruple, and relative expression values were calculated using the ∆∆ct method. All
samples were tested for the absence of non-speci�c ampli�cation.

Table 1 Real-time PCR primer sequences used in the experiment.

2.11 Statistical analysis
Graphs and statistical analysis were perfumed using OriginLab software (Massachusetts, USA). Unless
otherwise noted, results are represented as the mean ± standard error of the mean (SEM). One-way
analysis of variances (ANOVA) was used to identify and signi�cant differences between the means if
independent groups. Further Bonferroni post hoc test was performed with ANOVA to �nd means that were
signi�cantly different between groups. A p-value < 0.05 was considered as signi�cant.

3 Results

3.1 HUVECs physiological response to the �ow
Using an advanced in vitro perfusion system, the effect of shear stress on HUVEC morphology was
identi�ed during cultivation periods of 2, 7, and 14 days. Overall, by exposing cells to a continuous shear
stress of 10 dyne/cm2, a marked change in cellular morphology was observed using light microscopy.
After 2 days of dynamic culture, cells reached the so-called cobblestone appearance with no obvious
alignment (Fig. 2-a). By continuing the dynamic condition, the alteration of cell morphology from
cobblestone structure to a spindle-like appearance was seen on day 7 (Fig. 2-b). Additionally, in
comparison with observations on day 2, cells exhibited a notable response to the �ow direction on day 7.
After 14 days, a high level of cell alignment in parallel to the direction of the �ow was achieved, and
tightly packed cells with spindle-shaped morphologies resembled mature endothelial cells residing in a
quiescent phase (Fig. 2-c).

3.2 Re-organisation of actin �laments in HUVECs monolayer
Using Phalloidin staining, signi�cant changes in the organisation of actin �laments was revealed by
confocal laser scanning microscopy. On day 2 of dynamic perfusion culture, actin �laments were
distributed throughout cells in a radial pattern displaying random orientation, and many of the actin
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bundles appeared fragmented along the cell length (Fig. 2-d). When HUVECs were further kept under
dynamic culture, a dramatic re-organisation of the �lamentous actin was detected on day 7 (Fig. 2-e).
Actin stress �bres known as tension-bearing structures play an essential role in reacting to the
surrounding physical environment and remodelling of cell structure.[18] In contrast to day 2, on day 7,
remodelling of �laments into arrays of stress �bres was also observed. Rearrangement of actin �laments
from day 2 to day 7, was further con�rmed with quanti�cation of confocal images using the ImageJ
software (Fig. 2-g, h). Notably, on day 7, the majority of the stress �bres extended across the length of the
cells to the direction of �ow. Flow continuation demonstrated uniformly aligned cell in the direction of
�ow on day 14. Furthermore, adaptation to the �ow was achieved after two weeks of dynamic culture
with the shear stress of 10 dyne/cm2, leading to a decrease in the number of stress �bres and
localisation of actin �laments at the cell periphery (Fig. 2-f, i).

3.3 VE-cadherin expression and HUVECs viability
For cells cultured under shear stress, the expression of VE-cadherin as a junctional protein was assessed
using immuno�uorescence staining. Figure 3 shows an abundant and uniform presence of VE-cadherin
localisation at the cell-cell contact areas after two weeks of �ow exposure. By day 14, confocal images
represented labelled VE-cadherin as a continuous and smooth band following the periphery of the cells,
and rarely any gaps between HUVECs monolayer was detected (Fig. 3-c). Quanti�cation of microscopic
images also con�rmed a 2-fold increase in the average intensity of the VE-cadherin �uorescence signal
on day 14 in comparison with day 2 of culture (Fig. 3-d).

During the two-week culture condition, cell viability was measured on day 2, 7, and 14 using a colorimetric
assay. As shown in Fig. 3-e, cellular viability was maintained under dynamic culture (shear stress: 10
dyne/cm2). Results indicated that between day 7 and day 14, there was no statistical difference between
the numbers of viable cells. Consistency in cellular number could be another con�rmation of achieving
HUVECs monolayer in the quiescent stage and therefore reduced cell proliferation.

3.4 Cell viability after treatment with iron sucrose complex
The effect of iron sucrose complexes on cell viability was assessed after 24 h incubation time for both
static and dynamic culture conditions. Neutral red viability assay was employed to quantify cell viability
in both conditions using a quantitative spectrophotometry approach. As shown in Fig. 3-f, for cells
cultivated under dynamic condition, the neutral red absorbance value of 73% ± 11 (variance) was
quanti�ed in comparison to the negative control. On the contrary, when cells were treated with iron
sucrose under the static condition, the absorbance was remarkably reduced to 52.7 % ± 0.7 (variance).
Since there is a direct correlation of neutral red absorbance with cell viability, results showed that the
ability of HUVECs to uptake neutral red dye was signi�cantly reduced (P-value < 0.05) for cells cultivated
under the static condition when compared to dynamic culture.

3.5 Prussian blue staining for intracellular iron sucrose
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After 5 and 24 h of incubation with iron sucrose complex (1800 µM), strong uptake of particles was
noticeable for HUVECs under the static condition as shown in Fig. 3. Contrary to the static experimental
setup, HUVECs under dynamic condition exhibited far less intercellular particles. Quantitative observation
of images revealed an average total surface area of 22.6 ± 1.2 % covered with Prussian blue stain under
static condition. However, this value was signi�cantly less for cells under dynamic condition (1.4 ± 0.1%).
For both culture conditions, particles appeared to be in clusters in the cell cytoplasm and mainly around
the nucleus.

3.6 TEM of HUVECs after iron sucrose incubation
In addition to the observation of cellular uptake by Prussian blue staining, the investigation of the
deposition of iron sucrose particles within HUVECs at a concentration of 1800 µM was conducted for
both static and dynamic culture conditions using TEM. As shown in Fig. 4a-f, TEM images con�rmed the
internalisation of iron sucrose particles in HUVECs under static and dynamic condition. For both culture
conditions, iron sucrose particles were found to be internalised mainly within the cytoplasm, particularly
in numerous endocytic vesicles such as lysosomes (Fig. 4c, f). Notably, iron sucrose aggregates were
located within cells, and there was no presence of the particles bounded to the cell surface.

3.7 Gene expression of VCAM-1 and ICAM-1
The real-time qPCR analysis showed that iron sucrose- induced VCAM-1 and ICAM-1 expression in
HUVECs was decreased by cultivating cells under �ow condition (Fig. 4). Real-time qPCR data analysis
with ∆∆ct method revealed that for HUVECs under dynamic culture condition, relative expression of
VCAM-1 was signi�cantly reduced from 13.7 ± 1.5 to 4.6 ± 0.7 (p-value < 0.05) when compared with cells
treated with iron sucrose particles under static culture condition. In connection with ICAM-1 gene
expression, the same trend was observed. Relative expression values of 2.1 ± 0.5 and 17.7 ± 1.4 were
measured for ICAM-1 under dynamic and static conditions, respectively. For both culture conditions,
HUVECs treated with TNF-α at the concentration of 30 ng/mL (positive control) exhibited a tremendously
high gene expression of VCAM-1 and ICAM-1.

4 Discussion
In this study, we have investigated whether changes to the standard in vitro setups to more physiological
models can facilitate our understanding of nanoparticles behaviour and address the controversies
between results from in vitro and in vivo studies. In this work, we characterised the uptake of iron-
carbohydrate nanoparticles by endothelial cells while comparing the application of an advanced dynamic
culture model with the conventional static culture condition. The effect of the two culture conditions
(static versus dynamic) on cellular uptake, endothelium viability and functionality were investigated.
Although the effect of shear stress on HUVECs has been studied[13], [19], [20], the impact of shear on
nanoparticles uptake and their physiological behaviour has been less explored. Using an advanced in
vitro perfusion system, we were able to achieve a mature endothelial monolayer while having control over
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experimental parameters, including shear stress, pressure, and �ow rate. Over two weeks of cultivating
the primary HUVECs under this dynamic condition at the shear stress of 10 dyne/cm2, cells exhibited
characteristics of mature endothelial cells, such as spindle-like morphology (Fig. 2a-c), re-modelling of
actin �laments toward the �ow direction (Fig. 2d-i), maintained cell viability (Fig. 3b-e) as well as
increased expression of VE-cadherin (Fig. 3a-d). For endothelial cells lining the inner surface of veins, the
normal range of shear stress can vary between 1 to 15 dyne/cm2 based on vein size. In all experiments
throughout this study, shear stress of 10 dyne /cm2 was used to allow comparison with other existing
published literature in the �eld.[21]

The determination of HUVECs viability after 24 h exposure to iron sucrose nanoparticles was the �rst step
in comparing the dynamic and static culture condition. Since the role of lysosome in iron metabolism has
been widely established[22], a cytotoxicity test (Neutral red assay) based on lysosomal activity was
chosen for this experiment. Also, in comparison to other viability tests, such as lactate dehydrogenase
(LDH), MTT, and MTS assays, Neural red was the most compatible assay to be employed considering the
geometry of µ-slides. Overall, as shown in Sect. 3.4, the comparison between the two-culture conditions
con�rmed cells ability to maintain high viability after incubation with iron sucrose particles under
dynamic culture condition. As demonstrated in Fig. 3f, HUVECs ability to uptake Neural red dye was
signi�cantly decreased under static culture, con�rming reduced cell viability, which is in agreement with
other publications using conventional static culture.[15], [23]

In this study, the investigation into cellular viability was performed using iron sucrose concentration in
accordance with the clinical applied doses, subsequently our viability test re�ects the potential
misleading results obtained from conventional in vitro systems in comparison to an advanced dynamic
culture model to mimic endothelium under physiological shear stress. There are a noticeable number of
animal and clinical studies demonstrating the safety and effectiveness of intravenous iron sucrose for
the treatment of iron de�ciency.[17], [24], [25] In this regard, to correct the existing misinterpretations and to
minimise con�icts between in vitro and in vivo reports, efforts should be made to utilise in vitro models
that to a great extent mimic the physiological conditions, represent cell-cell interactions, and are providing
high sensitivity and accuracy when used to investigate nanoparticles behaviour and stability.[7], [26]

To determine the impact of shear stress on cellular uptake of iron sucrose nanoparticles by HUVECs,
Perl’s Prussian blue staining method[27] was implemented for both dynamic and static culture condition.
Microscopic images, in combination with quantitative image analysis, revealed a remarkable difference
between the two culture states. In contrary to results for static culture, a smaller number of particles were
taken up by cells under �ow-associated shear stress (Fig. 3g-j). To determine whether the observed
cellular response is dependent on the physicochemical properties of nanoparticles, the same
experimental setup was used for �uorescently labelled polystyrene nanoparticle (50 nm in diameter). The
same trend was observed for HUVECs after 24 h exposure to polystyrene particles as depicted by the
confocal microscopy images (supplementary 1). Further, to differentiate between cell surface-bound and
internalised iron sucrose particles, in addition to Perl’s staining, TEM images con�rmed the cellular
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internalisation of iron sucrose particles in both static and dynamic culture conditions (Fig. 4a-f,
supplementary 2).

Further investigation into differences between HUVECs response to iron sucrose particles under static and
dynamic in vitro model was performed by measuring the gene expression level of VCAM-1and ICAM-
1using real-time qPCR. VCAM-1 and ICAM-1 encode cell surface glycoproteins that are predominantly
expressed in endothelial cells.[28] Studies have shown that the expression of VCAM-1 and ICAM-1 can be
activated during in�ammatory stimulation with pro-in�ammatory cytokines including TNF-α (used in our
investigations as a positive control).[29], [30] Previous studies suggested that nanoparticles with small
sizes < 200 nm can play an important role in the initiation of in�ammation and the subsequent
penetration of particles though the in�amed region of the vascular system.[26] The results from real-time
PCR con�rmed a signi�cant increase in the expression of both VCAM-1 and ICAM-1 genes after 24 h of
incubation with iron sucrose particles in static condition. Although, the expression of both genes was
noticed in dynamic samples, the relative expression level was signi�cantly lower in comparison to the
conventional static culture (Fig. 4g-j). Notably, light micrograph images captured using Prussian blue
staining assay also revealed the disruption of the cell monolayer (showed with arrows in Fig. 3h) when
compared with HUVECs morphology under dynamic condition exhibiting intact cell-cell contacts (Fig. 3j).

5 Conclusions
Signi�cant differences in the cellular behaviour of endothelial cells under �ow exposure have been
exhibited during long-term in vitro culture. Flow exposure to HUVECs under physiological shear stress
induced remarkable cell structure remodelling and elongation toward the �ow direction after two weeks of
cultivation. In contrast to static culture, cells viability and functionality in dynamic culture condition found
to be highly maintained, and cell exhibited less sensitivity to iron sucrose nanoparticles. Cellular uptake
of iron sucrose particles was signi�cantly reduced when dynamic culture condition was employed
compared to static cultures. Overall, the different cellular response under �ow conditions demonstrated
outcomes remarkably differed from cellular responses under static condition. Our investigation
strengthened the evidence that dynamic cell culture condition can provide a better resemblance to
endothelial cell behaviour in vivo. The role of -physiologically relevant in vitro models will be increasingly
important in the future of nanotechnology in medicine. The development of advanced cell culture models
with great potential in mimicking in vivo characteristics of speci�c cell types can improve our
understanding of cellular response to nanoparticles and can provide a robust platform for the
toxicological observation of injectable nanoparticles. Further advances in dynamic in vitro models with
the implementation of different cell types, can potentially pave the way for reducing the need for costly
animal studies.
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Figure 1

Schematic illustration showing the preparation procedure for the dynamic cultivation of primary HUVECs
using an advanced semi-automated perfusion system. Illustration created with Biorender.com.



Page 16/19

Figure 2

Observation of HUVECs response to continuous unidirectional �ow at 10 dyne /cm2 shear stress for
cultivation time of up to two weeks. a-c light microscopic images showed HUVECs morphological change
after 2, 7, and 14 days of dynamic culture, respectively. d-f confocal microscopy images con�rmed the
remodelling of actin �laments after exposure to shear stress on day 2, 7, and 14 days, respectively (RED:
actin �laments, BLUE: cell nucleus). g-i Distribution of actin �laments toward the �ow direction was
quanti�ed using ImageJ software on day 2, 7, and 14, respectively (different colours in each diagram
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related to the orientation of actin �laments per each captured image). The arrows indicate the direction of
�ow. Scale bars: 40 µm.

Figure 3

a-c VE-cadherin immunostaining of HUVECs after 2, 7, and 14 days exposure to a shear stress of 10
dyne/cm2 (Green: VE-cadherin (components of adherens junction), BLUE: cell nucleus). After two weeks
of dynamic culture, VE-cadherin staining of HUVECs showed continuous and strong signal captured by
confocal microscopy. d Quantitative analysis of VE-cadherin immuno�uorescence intensity of HUVECs. e
Effect of shear stress on cell viability during two weeks of dynamic culture condition. f Evaluation of iron
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sucrose complex effect on cell viability after 24 h exposure time in a static (conventional method) versus
dynamic condition. g-j Prussian blue stained and nucleus fast red counterstained HUVECs incubated with
1800 µM of iron sucrose complex for 24 h; Static condition: g (without treatment) and h (with treatment,
circles show disruption of the HUVECs monolayer); dynamic condition: i (without treatment) and j (with
treatment). Scale bars: 40 µm, (P-value <0.05).

Figure 4

a-f Cellular uptake of iron sucrose complex in HUVECs after 24 h incubation time, evaluated by TEM (a-c:
dynamic culture, d-f: static culture). The particles were mainly internalised in the cytoplasmic vesicles
(black arrows in c, f), and no iron particles in the negative controls (a, d) were observed. Panel c and f are
magni�ed images of the rectangular area of panels b and e. Scale bars: 5 µm (a, b, d, e) and 1 µm (c, f). g-
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j Quantitative real-time PCR of VCAM-1 (g: dynamic condition, i: static condition) and ICAM-1 (h: dynamic,
j: static) mRNA expression by HUVECs stimulated with TNF-α (30 ng/ mL for 4 h) or treated with iron
sucrose complex (1800 µM for 24 h); (*, ** P-values < 0.05).

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

GA.png

SupplementaryManuscriptNikravesh.docx

https://assets.researchsquare.com/files/rs-279067/v1/fd7c185b846f091a7eb0303d.png
https://assets.researchsquare.com/files/rs-279067/v1/8244bfa249249d53244347d7.docx

