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ABSTRACT: In the present work, we introduce a combinatorial approach to assess critical shear stress as a key parameter to de-
scribe and estimate nanomaterial uptake within vascular microfluidic in vitro models such as microchannels and perfused microsys-
tems. We demonstrate that our complementary in vitro/in silico approach is highly suited to determine the critical flow rate above
which clathrin-mediated nanoparticle uptake per cell decreases drastically even when higher nanoparticle concentrations per cell
were supplied. The presented method enables more efficient testing of nanomaterial and nanomedical products since critical shear
stress can be simulated as parameter for the assessment of nanomaterial uptake prior time-consuming experimental in vitro proce-

dures.

The vascular system is one of the essential organ systems of
the human body. Driven by the heart’s pumping motion, blood
is moved through the entire body via a complex vessel net-
work to transport oxygen, nutrients, signaling molecules,
carbon dioxide, waste products and many more. The continu-
ous motion of the blood creates fluid mechanical forces, which
play important roles in physiological and pathological events.
Among these forces, shear stress has been identified as a main
influence factor for vascular cells and tissue functions . Endo-
thelial cells, which form the inner lining of blood vessels, are
highly sensitive to hemodynamic shear stresses and their phe-
notype (e.g. morphology, cytoskeletal structure, surface mark-
er expression) and function (e.g. permeability and secretion of
vaso-active mediators) are fundamentally altered in response
to mechanical stimulation?®. As wall shear stress depends in
addition to flow velocities on the local vascular geometry
including vessel diameter and bifurcations (e.g. branching), its
magnitude varies greatly in different parts throughout the
human body. Although deviating numbers are found in litera-
ture, the range of physiological shear forces starts at about 2-5
dyn/cm in the post-capillary venules, reaches about 20-30
dyn/cm2 in arteries and values up to 90 dyn/cm are reported
for smallest capillaries #5 ®7. Taking into consideration the
importance of fluid mechanical forces on endothelial function,
vascular researchers have already implemented a variety of
perfused cell culture systems to study endothelial cell function
and dysfunction including hypertension?®, platelet adhesion®°,
angiogenesis*, cancer extravasation®2. Additionally, microflu-
idic devices containing vascular endothelial cells are increas-

ingly being employed in biocompatibility studies, drug testing
and cytotoxicity tests.®'°® Among these cytotoxicity testing
under physiological relevant measurement conditions is of
particular importance in drug development efforts, since the
vasculature plays a key role in uptake and distribution of
drugs, toxins and nanomaterials. A special topic of increasing
relevance is concerned with nanoparticle - cell interactions,
due to the increased production and widespread application of
engineered nanomaterials in various industries including food
packaging, cosmetics, functional clothing, building industry
and the medical field.?>2 In recent years, substantial progress
has also been made in the field of nanomedicine to deliver
nanodrugs and contrast agents with tailor-made features such
as size, shape, material and functionality including stability,
magnetic and electric properties, surface functionalization,
responsive materials and encapsulation.?#? Independent of the
nanomaterial used, known features that influence cellular
uptake, distribution and cytotoxicity include size, size varia-
tion, agglomeration state, number of particles, surface rough-
ness and reactivity.??”  Although microfiuidic cell culture
systems have already been employed to assess dose-response
relationships and nanomaterial-cell interactions,?223* little is
still known about the influence of flow velocities and elevated
shear force conditions on nanoparticle uptake rates of mamma-
lian cells.®*%¢ This aspect however is key in understanding
distribution, clearance and bioaccumulation of nanomaterials
in different parts of the human circulatory system. Here, we
present a combinatorial approach based on experimental in
vitro data combined with a two-step in silico approach based



on CFD simulations of the experimental system to identify the
critical shear stress for the interaction of nanoparticles with
vascular endothelial cells as a primitive model for the human
vascular system.

Figure 1A shows the overall workflow for microfluidic in
vitro experiments assessing perfused nanoparticle uptake of
human endothelial cells. The general experimental setup and
microfluidic design can be seen in Figure S1. As indicated
earlier, shear force das a tremendous effect on endothelial
phenotype and basic cellular function and morphology. There-
fore, endothelial cell cultures were initially subjected to in-
creasing flow rates thus shear up to 6.66 dyn cm™ to assess the
best on-chip culture protocol for 16 h prior nanoparticle expo-
sure. Figure S2 shows that endothelial cells displayed cobble-
stone morphology at low shear. Relevant in vivo-like mor-
phology was observed at shear forces above while cell elonga-
tion was induced at flow rates above 1.4 dyn cm with even
more pronounced morphological changes and cell elongation
along the trajectory after an exposure period of 12 h at shear
force conditions between above 3 dyn cm™ (e.g. 6.66 dyn cm
2). Based on these results, a 16 h pre-incubation period at a
shear of approx. 3 dyn cm was employed prior nanoparticle
uptake experiments to render endothelial cultures more in
vivo-like. A biocompatibility study in the presence of increas-
ing concentrations of fluorescent polystyrene nanoparticles
revealed no detrimental effects on metabolic activity of endo-
thelial cells with values of 0.83 + 0.08 and 0.88 + 0.11 for 49
nm and 249 nm polystyrene nanoparticles at a concentration of
4 %, respectively. Figure 1BC shows nanoparticle uptake
under standard static cell culture conditions to assess intracel-
lular uptake and accumulation at increasing concentrations of
0.1, 1, 4 and 10 % nanoparticle solutions (0.01, 0.1, 0.4 and 1
mg mL?, respectively) for up to 24 h. In contrast to plate
reader readout (data not shown), flow cytometry and image
analysis provided results with low background noise as only
the cells, but not the underlying polymer substrate contributed
to the signal. Time and dose dependency of uptake curves was
observed for both polystyrene nanoparticle types. Fluorescent
signals displayed a slight decrease in uptake after 12 h incuba-
tion time for 249 nm nanoparticles interestingly at concentra-
tions above 4%. For smaller nanoparticles, cellular uptake
under static conditions displayed linear behavior for both,
time- as well as concentration dependency. Figure 1D shows
the impact of perfused nanoparticle uptake scenarios on endo-
thelial cells. Static exposure scenarios revealed areas of low
fluorescence intensity (top panel, white arrow) around indi-
vidual cells, which was completely impeded for perfused
culture conditions. In a static scenario, nanomaterial uptake
results in depletion areas at the cell vicinity with particle ag-
gregation predominantly around the nucleus, whereas perfused
nanomaterial exposure without sedimentation displays more
homogenously distributed nanoparticle uptake void from de-
pletion areas (bottom panel).

To distinguish between nanoparticle adhesion on the cellular
membrane and actual uptake, confocal microscopy was per-
formed as depicted in Figure 2. Figure 2A shows confocal
images of endothelial cells incubated with 249 nm nanoparti-
cles displaying localization of nanoparticles in the cytoplasm
around the nucleus. Especially for confluent cell populations,
endocytosis mainly occurs through the clathrin-mediated
pathway. %
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Figure 1. (A) Workflow of the experimental microfluidic protocol
for assessment of critical shear force on endothelial microvascular
models. (B, C) Quantification of time and dose dependent uptake
of 49 nm (B) and 249 nm (C) polystyrene nanoparticles using
flow cytometry. Complementary data analysis derived from image
analysis in situ is shown for 4% 249 nm polystyrene nanoparticles
(red curve). (D) Fluorescence images of HUVEC incubated with
4% 249 nm nanoparticles overnight under static and dynamic
conditions. In the static fluorescence image cell outlines are
marked in white and arrows indicate the NP-depleted area around
the cells. Scale bars, 50 pm.

Therefore, flow cytometric analysis was performed to deter-
mine cellular uptake routes and to distinguish between active
and passive uptake pathways. In a next set of experiments,
endothelial cell cultures were incubated with 4% NP suspen-
sions for 6 h using static cultivation conditions. Exposure to
saccharose was used to inhibit clathrin-mediated pathways and
incubation at 4 °C blocked any active uptake routes, both
effective inhibition strategies as reported in literature.® Fig-
ures 2C shows that both 49 nm NPs and 249 nm nanoparticles
faced active uptake mechanisms, since intracellular uptake
was considerably reduced at low temperature. Inhibition of
clathrin-dependent endocytosis by incubation with saccharose
further confirmed the involvement of active uptake via clath-
rin-dependent routes for both nanoparticle sizes. An increase
of concentration of saccharose from 0.12 M to 0.45 M reduced
cellular uptake of the 249 nm nanoparticles from about 90% to
5%. In other words, 249 nm polystyrene nanoparticles are
almost exclusively actively transferred into the cell via clath-
rin-mediated pathway, while approx. 25% of the 49 nm nano-
particles cross the cell membrane passively due to the small
diameter. Based on these results, uptake of 249 nm nanoparti-
cles was chosen for subsequent measurements to eliminate
passive transport and focus on active, clathrin-dependent na-
nomaterial uptake for the presented in vitro/in silico approach.
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Figure 2. (A) Interference and fluorescence microscopy overlay of
blue (nucleus), red (f-actin) and green (249 nm nanoparticles)
show localization in the cytoplasm around the nuclei. Scale bar,
50 um. (B) Top view and cross sections of a z-stack (plane resolu-
tion 2 um) showing cell cytoplasm (red) and 249 nm nanoparti-
cles (green). (C) Identification of passive uptake and clathrin-
dependent endocytosis as the uptake mechanism for 50 nm and
249 nm nanoparticles. To inhibit active uptake samples were
exposed to low temperature (4°C) and saccharose.

Figure 3 shows proof of principle experiments of uptake anal-
ysis of 249 nm nanoparticles using the proposed combinatorial
in vitro/in silico analysis approach for assessment of critical
shear force. Initially, after 16 h of microfluidic culture of
confluent endothelial cell populations, microfluidic uptake
experiments of 249 nm nanoparticles at a concentration of 4%
were performed over a total period of 6 h. Figure 3A (top
panel) shows results of the microfluidic experiments in the
presence of 0, 0.045, 0.225, 0.45, 2.25, 3.6, 4.5 and 9 uL min*
with corresponding to calculated wall shear stress values of 0,
0.1, 05, 1, 5, 8, 10 and 20 dyn cm?, respectively. Below a
flow rate of 2.25 pL min? (4 dyn cm?) gradual increase of
nanoparticles was observable. Interestingly, above that shear
stress, nanoparticle uptake gradually decreased. For example,
an increase of flow rate from 2.5 to 4.5 uL min resulted in a
70% decrease of nanoparticles taken up by endothelial cells.
To rule out that the gradual increase of clathrin-mediated
nanoparticle uptake below the shear threshold is caused not by
shear stress and shear-dependent changes in cell surface levels
of clathrin, but simply increasing numbers of nanoparticles on
the cell surface, in a next set of experiments endothelial cells
were subjected to gradually increasing flow rates thus shear
stress for 6 h. Figure S-5A shows a light increase of clathrin
receptors on the cell surface by 1,27-fold and 1,74-fold for
endothelial cells subjected to shear of 1.69 dyn cm? and 3.5
dyn cm,

Figure S-5B shows that for the same number of nanoparticles
transported to the cell surface during 6 h of exposure at shear
below the threshold, the nanoparticle solution at 4% resulted
in 2,8-fold more uptake of 249 nm polystyrene nanoparticles
than the 2% solution. These results indicate that below the
shear threshold,

Figure 3A (bottom panel) shows two in silico approaches for
determination of wall shear force either using a simplified a
parallel plate model (analytical, red curve; see also Figure
S3A) or more complex CFD model (green curve; see also
Figure S3BC). The decrease of particle uptake above 2.25 pL
mint with linear increase of wall shear stress suggests that
above a critical shear stress the interaction time between na-
noparticles and the cell surface becomes insufficient, thus
severely limiting the probability of uptake via clathrin-
dependent endocytosis. Because it is well known that ligand-
receptor interactions at the cell surface require sufficient inter-
action time due to the probabilistic nature of receptor-ligand
bond formation under fluid shear force 34, we hypothesize
that similar effects take place during nanoparticle adhesion at
the cell membrane and cellular uptake. Figure 3B shows again,
both, an analytical as well as a CFD in silico approach to
determine total mass of particles touching the cell surface at
different flow rates (see Equations S2 to S4). Results of the
flow rate dependent adherent particle mass are plotted in Fig-
ure 3B (red curve) with a critical shear stress of t4it= 0.170 Pa
(Gerit= 242.86 s1). Even though robust and simple, the analyti-
cal approach cannot account for complex biological parame-
ters such as cell shape, surface charge, cell deformability as
well as particle trajectories. Therefore, the more accurate CFD
approach was used to estimate nanoparticle movement (see
Figure S4), adhesion and escape and numerous physical pa-
rameters including pressure, fluid velocity, wall shear stress
and kinetic energy which were calculated at each mesh point
of the geometric model. Nanoparticle movement was simulat-
ed by Starccm+'s Lagrangian particle tracking model, where
trajectories of 57 000 particles moving through the micro-
channel were computed (see Figure S4A). Figure 3B revealed
a maximum particle escape rate of 1871 particles escaping per
second for a simulated input flow rate of 0.045 uL min* (blue
curve). While higher input flow rates resulted in a lower num-
ber of escaped particles, theoretical adhered particle mass
increased linear with the input flow rate (green curve). Finally,
the experimental in vitro data was fitted into a flow-dependent
NP uptake function (see Equation S7). The calculated critical
shear stress was Terit Of 0.179 dyn cm? (Gerir = 255.71 s1) and
Terit = 0.170 dyn cm2 (Gerie = 242.86 s1) for analytical and CFD
simulations, respectively. Figure 3C shows that both in silico
approaches correspond very well with experimental in vitro
data. Despite the good concordance of the simulated critical
shear force values with experimental data, the employed CFD
simulation, however, enables the control of even more exper-
imental parameters such as cell morphology, cell elasticity,
nanoparticle size, nanoparticle density, nanoparticle charge,
etc.
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Figure 3. (A) Flow rate dependent uptake of 249 nm nanoparticles
by endothelial cells using the combinatorial method based on
experimental results (green squares, top panel) and a mathemati-
cal fitting function (blue curve, top panel), as well as the position-
independent wall shear stress (bottom panel, red curve) and the
critical wall shear stress (bottom panel, blue curve) as a function
of input flow rate. (B) Rate of particles escaping the simulation
volume via cell surfaces as function of the input flow rate (blue
line, left y-axis) with mass of adhered nanoparticles on the cell
surface. (red and green lines, right y-axis). (C) Combinatorial
approach to identify critical shear stress parameters obtained by
experimental in vitro (fitted blue line) and in silico CFD ap-
proaches (red and green symbols).

The combinatorial method in vitro/in silico method presented here
is straightforward and offers the possibility to screen for nano-
material uptake by assessment of critical shear force as parameter
heavily influencing nanomaterial-cell surface interaction within
dynamic biological model systems. This will greatly facilitate to
assess the impact of critical nanomaterial parameters (e.g. geome-
try, surface chemistry, surface roughness, density, etc.) during the
design of novel nanomaterials since computational methods that
enable prediction of experimental data are easily up-scalable, and
provide high-content and —throughput data prior time- and cost-
intensive actual experimental screening.
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