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Arterial endothelium experience physical stress associetl with blood ow and play
a central role in maintaining vascular integrity and hometesis in response to
hemodynamic forces. Blood ow within vessels is generallyaminar and streamlined.
However, abrupt changes in the vessel geometry due to brandhg, sharp turns or
stenosis can disturb the laminar blood ow, causing seconday ows in the form
of vortices. Such disturbed ow patterns activate pro-in ammatory phenotypes in
endothelial cells, damaging the endothelial layer and caredd to atherosclerosis
and thrombosis. Here, we report a micro uidic system with itegrated ridge-shaped
obstacles for generating controllable disturbed ow pattens. This system is used to study
the effect of disturbed ow on the cytoskeleton remodeling ad nuclear shape and size
of cultured human aortic endothelial cells. Our results deonstrate that the generated
disturbed ow changes the orientation angle of actin stressbers and reduces the nuclear
size while increases the nuclear circularity.

Keywords: micro uidics, endothelial cells (EC), disturbed ow, shear stress, actin stress ber

INTRODUCTION

Endothelial cells, lining the inner surface of blood vessate in direct contact with the owing
blood, and their response to physiological as well as pathcdbgdw dynamics a ects vascular
health Chiu and Chien, 2011; Baratchi et al., 20l &ndothelial cells experience various ow
patterns and hemodynamic forces across the vascular sy&eduathelial cells lining along the
straight segments of the arterial trees experience a higarslaminar ow essential for their
physiological functions such as ow-mediated dilatiofiiju and Chien, 2011 In contrary, the
endothelial cells lining along the arterial branches and/atures experience a low-shear disturbed
ow due to the presence of secondary ows in the form of vorcevhich causes endothelial
dysfunction and atherosclerosiro et al., 1969, 1971; Bharadvaj et al., 1982; Suo etGd), 20

Flow-induced alignment of the endothelial cells has beepored previously Alenghat
and Ingber, 2002; Wang et al., 2013; Yoshino et al., 2(Récent advances in endothelial
mechanobiology have also demonstrated that di erent clksdemechanoreceptors control the
physiological function of endothelial cells, includingagkeleton remodeling, gene expression, cell
viability index and calcium homeostasis that could consgdly control myogenic toneliigber,
2006; Chatzizisis et al., 2007; Shemesh et al.)28h8ar-induced activation of various proteins
such as RACIIzima et al., 2002and Syndecan £B@aeyens et al., 20)lds well as enzymes such as
RhoGTPases{oon et al., 201)have also been reported to control the alignment and cytiesée
remodeling of endothelial cells.
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A variety of models have been developed to study the e ed€omputational Fluid Dynamics (CFD)
of disturbed ow on endothelial cells. These incluite vivo CFD simulations were conducted to predict the formation of
models through surgical interventioikétoh et al., 2007; Harding vortices along the ridged micro uidic channel. This inveld
et al., 2018 ex vivomodels using the endothelium at naturally solving the dierential equations governing the balance of
occurring disturbed ow regions of the vesséldioh etal., 200/  mass and momentum, also known as Navier-Stokes equations.
andin vitro models using emerging micro uidic systenisgtrada  Simulations were performed using ANSYS Fluent software
et al., 201). Among these models, micro uidic systems o er (ANSYS Inc.). Simulations were conducted in 3D and under
unprecedented advantages such as reduced cost and complexsityady-state conditions, considering the cell culture medas
of experiments, decreased volume of reageidtgt(et al., 2016; an incompressible and Newtonian liquid. Flow was considered
Ho et al., 2018; Yaman et al., 2),L1&nd importantly provide laminar due to its low Reynolds number. Boundary conditions
predictable and controllable disturbed ow patterns based orincluded desired ow rates at the inlet, ambient pressureheat t
the geometric speci cations of the systefRgzvan et al., 2011; outlet and no-slip at the walls. The density and dynamic viggosi
Balaguru et al., 20)6Despite these advantages, the majority obf the cell culture medium at 3T were considered as 998 kgfm
existing micro uidic systems generate localized distatbew  and7 10 # Pa.s, respectively.
patterns and thus are not suitable for studying the gene and
protein expression of cultured cells under disturbed owegzvan Cell Culture and in-vitro Generation of

etal, 2011, Balaguruetal,, 2016 = _ Laminar vs. Disturbed Flow

Here, we developed a micro uidic system with an arrayagcs (Lonza) at early passages of 2 to 5 were used in this
of ridge-shaped obstacles patterned along its entire surfacg,,qy HAECs were cultured inside the micro uidic channels
This allows for the generation of vortices and, in UM, 5¢ the density of 5 10P cell/mL to produce a con uent layer
low-shear disturbed ow regions in the cavities locatedyt gnqothelial cells within 24h. The volume of liquid inside
between the successive ridges. This feature is used Q. channel was 100mL. The channels were pre-coated with

quantify the e ect of disturbed ow on the actin cytoskeleton 4py/m| MaxGel human extracellular matrix extracts (Sigma)
remodeling, nucleus shape and size of cultured human aort'&ccording to the manufacturer's speci cation.

endothelial cells. Flow experiments were carried out for 16h at @7in a

humidi ed atmosphere with 5% C@ The ow was applied

through the channels using a peristaltic pump (OINA QP6 LAB
MATERIALS AND METHODS High Accuracy) at ow rates of 20 mL/min and 6 mL/min.

Fabrication of 2D Parallel-Plate :
Immunocytochemistry and

Flow Chambers tocal Mi
Ridged ow chambers were fabricated in two parts: (i) the maincon ocal Microscopy

PDMS block consisting of a 5@ tall channel and (i) a PDMs  Cells were xed with 4% paraformaldehyde and permeabilised
Im consisting of an array of 106w tall ridges. The main PDMs  With 0.2% Triton X-100 in phosphate-bu ered saline (PBS).

block was fabricated using a silicon wafer mold diced intoas ~ NONSpeci ¢ binding was blocked with 2% goat serum or 5%
50mm  500mm section and adhered on to a 4-inch silicon Povine serum albumin (Sigma). F-actin was stained with Atto

wafer and enclosed with a 6mm tall Te on barrier (22 60  °65-phalloidin (94072, Sigma-Aldrich, dilution 1/500) amatlei

6 mm) (Figure 1a). PDMS (Sylgar8 184, 10:1 w/w base to Were stalneq with DAPI (Sigma-Aldrich). Image acgwsnwas
curing agent) was poured into the Te on barrier and cured atobtamed using a leon_Al confocal scanning microscope, as
80 C for 30 min. The PDMS block was then peeled o the molddescribed beforedaraichi etal., 2036
and inlet, and outlet holes were punched using a 4 mm biopsY . .
punch (Harris Unicore)Figure 1a;). mage Processing and Analysis of

The PDMS Im with ridges was fabricated using a mold Stress Fibers
consisting of an array of rectangular grooves (@ 100mm  The orientation of the cells and stress bers was determingidg

5mm) separated by 406m gaps. The mold was patterned an automated image processing algorithm written in MATLAB,
in SU-8 3050 photoresist (MicroChem) using a high-resolutionas detailed elsewher&drlon et al., 1999; Kaunas et al., 2005;
chrome mask(Figure 1h). PDMS was then poured onto the Ranade etal., 20).8Brie y, the algorithm computed the intensity
mold and spun at 100 rpm for 30 s before curing at 85for  gradients of the image in the horizontal and vertical difens
5min. The resulting PDMS Im was then peeled o the mold by convolving the image with a spatial gradient Iter. By tiieg
revealing the array of rectangular obstacles. The PDMS Inthese gradients as components of a vector eld, the algorithm
was cut to 22 60 mm prior to the assembly of the two parts computed pixel-by-pixel magnitude and direction information
(Figure 1h;). The PDMS main block and PDMS Im with ridges Local dominant orientations were then determined for eactepi
were manually aligned and clamped together using a PMMAy constructing a histogram of orientations from the maguié
clamp resulting in a ridged ow chamber with rectangular and direction information and choosing the orientation with
obstaclegFigure 1c) A third mold, similar to the PDMS Im the largest value. Each histogram was constructed using & smal
mold, but without ridges was used to fabricate at PDMS Ims subregion of 20 20 pixels, centered around the pixel of interest,
for use as the control. and evaluating their deviation from a set of angles ranging
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FIGURE 1 | A micro uidic system with ridge-shaped obstacles for cultuing HAECs under disturbed ow. (a; jj) The process of fabricating the main block involving a
micro uidic channel with a rectangular cross-section of 5mm 600 mm forming the side and top walls of the system(b; ;) The process of fabricating the PDMS
substrate with ridge-shaped obstacles patterned on its suiace forming the bottom surface of the system(c) The process of assembling the main block and the
PDMS substrate with ridge obstacles, with the inset showinghe zoomed-in PDMS substrate,(d; j,) Flow streamlines at various ow rates of the cell culture medim
applied through the micro uidic system, showing the formatbn and expansion of two vortices at the cavity region locatedetween the neighboring ridges,

(e) Variation of ow shear stress along the cavity region(f) Variation of shear stress magnitude against the ow rate of th cell culture medium for the channel with
ridges (disturbed ow) and the control channel without ridge (laminar ow).

from 89 to 90 degrees relative to the horizontal. For moreHsiao et al., 2016; Wang et al., 2Dand forced tetheringChoi
details, we refer the reader téroon et al. (2017) Statistical et al., 201)of target cells.
signi cance was assessed with a global Watson's U2 test, and An extensive set of numerical simulations were performed
statistics were computed using the circular statistic toglb to analyze the disturbed ow patterns inside our micro uidic
(Berens, 2009 channel with integrated ridge-shaped obstacles. Our sinmurlat
indicated the formation of two vortices along the two
Quanti cation of Nuclear Shape and Size corners of the cavity located between the successive ridges
Image processing and calculations of nuclear shape and siwéich are referred to as “leading” and “trailing” vortices
were performed using NIS element software (Nikon Instrunsent (Figure 1d). Our experiments conrmed the generation
Inc.). For statistical analysis, one-way ANOVA was perfatme of “leading” and “trailing” vortices at the two corners of
using Prism 7.02 (GraphPad software) afd< 0.05 was the cavity GupplementaryVideo). Experiments were
considered signi cant. performed at a ow rate of 5 mL/min using a suspension
of 1mm polystyrene particles to facilitate the visualization
of vortices. Increasing the ow rate of the cell culture

RESULTS AND DISCUSSIONS

Characterization of Disturbed Flow

Micro uidic structures with the ridged or grooved patterns
induce secondary ows in the form of vortices. This featuash
been utilized for enhancing passive mixing of liquid&rpock
et al., 200pas well as cell-based studies involving sortiligr(

medium led to the expansion of the vortices. In this
manner, the two vortices occupied almost the entire cavity
region at ow rates higher than 15 mL/min. Further
increase of the ow rate led to merging of “leading” and
“trailing” vortices.

The magnitude and distribution of the wall shear stress

et al., 201y, capturing (Manbachi et al., 2008; Stott et al., 2010were governed by the con guration of the vorticesidure 16.
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Numerical simulations revealed the existence of threelibaé to the orientation angles in the range 080 ) toward red-purple
shear peaks at 5 mL/min, corresponding to the “leading” vartexcolors (corresponding to orientation angles outside the eng
vortex-free zone and “trailing” vortex. A similar pattern sva 70 ) (Figure 2B). This trend can also be seen in the histograms
observed at 10 mL/min. Two localized shear peaks were olatainef the stress ber orientation angle, which clearly shows the
at 15 mL/min due to the diminishing of the vortex-free zone. | signi cant changes of stress ber orientation under disterb
comparison, only one localized shear peak was obtained at 26w condition (Figure 2Q). Consistent results were obtained in
mL/min due to the merging of “leading” and “trailing” vortise ve independent experimentdfgure 2D). Next, we conducted a
The shear stress induced by the “leading” vortex increasezbntrol experiment, by applying a ow rate of 6 mL/min through
linearly with respect to the ow rateRigure 1f). A similar trend  a straight micro uidic channel without ridges, to induce hesar
was obtained for the control channel with no ridgdsdure 1f).  stress of 3 dyne/cfa Our experiments indicated that stress bers
Based on these results, the cellular experiments were pegtbrmwere aligned perpendicular to the direction of the ow, simita
at a ow rate of 20 mL/min to ensure (i) the endothelial what we observed under the disturbed ow conditions inside th
cells cultured inside the “channel with ridges” experiendeve.  channel with ridges. This observation suggests that theorese
shear stress under homogenous disturbed ow conditionslevhi of HAECs to the disturbed ow is dependent on the magnitude
(ii) the endothelial cells cultured inside the “channel hatit  of shear stress, rather than the ow pattern of the small &
ridges” experience physiological shear stress under lamimar formed between the ridgeS(pplementary 1)
conditions Chiu and Chien, 2011 Alignment of endothelial cells to the direction of ow has
been observed previoushAlenghat and Ingber, 2002; Wang
. . . et al., 2013; Yoshino et al., 201 Tt has been demonstrated
Disturbed Flow Affects the Orientation of that endothelial cells have the threshold of 10 dyné/¢aalign
Actin Stress Fibers and Nuclear to the direction of ow which is similar to what we have also
Shape Change observed in our preliminary studie§\(ang et al., 2013; Ostrowski
Flow shear stress controls dierent endothelial phenotypicet al., 2011 Further, porcine valvular endothelial cells have been
characteristics, including cell morphology, cytoskeletordemonstrated to orient perpendicular to the direction of ow
remodeling and gene expressiofCgo et al., 1969, 1971: in response to the shear stress of 20 dyné/émcomparison
Bharadvaj et al., 1982; Suo et al., J0@ytoskeleton proteins to the aortic endothelial cells that are aligned in parallette
play important roles in maintaining the shape and integrity ow direction at the same shear stress lev8luf{cher et al.,
of the cells as well as transduction of shear stress from th&004; Baratchi et al., 2017b; Nguyen et al., pONM®rphology
luminal surface of endothelial cells to the cytosabi(frani of endothelial cells (shape and size) and actin cytoskeleton
and Henrion, 2008 Actin stress bers consist of bundles of reported to be di erent at the branch point of the aorta where
10-30 actin laments that are held together by actin crodstig  the blood ow is disturbed compared to the regions of the
protein known asa-Actinin (Pellegrin and Mellor, 2007 aorta where blood ow is laminari{atoh et al., 2007 This can
Stress bers are very important transducers of shear stresse attributed to the di erent responses of endothelial cells to
and transmit the stress to various intracellular locationsdi erent shear levels, as reported in our work.
(Franke et al., 1984; Wechezak et al., 1985 The nucleus in eukaryotic cells is the site of transcriptional
HAECs were cultured overnight inside the channels withregulation and receives the mechanical stress that is riméatesd
ridge-shaped obstacles (disturbed ow), without ridgesr(iaar  via the cytoskeleton. Both intra and extracellular forcesca e
ow) as well as inside Petri dishes (static condition). Thew  the nuclear shape and structurB4hl et al., 2008 To evaluate
rate of the medium was set to 20 mL/min. Under this condition,this phenomenon, we compared the nuclear shape index and
the cells cultured under disturbed ow experienced low sheasize of HAECs under the laminar ow, disturbed ow and static
stress with a maximum of 3 dyne/&nwhereas the cells cultured conditions. Disturbed ow signi cantly increased the natls
under laminar ow experienced physiological shear streshwit circularity index of HAECs compared to the laminar owP(
magnitude of 10 dyne/crd, as detailed in the previous section. < 0.001) and static condition® < 0.001) Figure 2B. In
First, we studied the orientation of stress bers developedtomparison, the nuclear size had a signi cantly smaller area
under the laminar ow, disturbed ow, and static condition. under the disturbed ow compared to the laminar owP(< 0.01)
Under the laminar ow, HAECs stress bers were highly and static condition< 0.01) Figure 2F. The observed nuclear
orientated to the direction of ow R2 D 0.93), with 71.59 shape change in the presence of di erent ow dynamics can be
3.2% of stress bers having an orientation angle of 0-3@  attributed to the change in the mechanically induced signal
contrary, in the presence of the disturbed ow, the majority Or macromolecular conformational changes related to change
of stress bers were oriented perpendicular to the directidn oin gene expression, in the presence of dierent ow dynamics
ow (R2 D 0.92), with 59.74 1.9% of stress bers having (Davies, 2000
an orientation angle of 60-90(Figure 2A). In comparison,
under static condition, the orientation of stress bers didt CQONCLUSIONS
follow any speci ¢ trend Figure 2A). This trend can be clearly
seen in the contours of the stress ber orientation angleHere, we reported the micro uidic-baseth vitro model for
obtained by our automated image processing algorithm. Thegenerating the disturbed ow that mimics the pathologicawo
trend shows a transition from green-blue colors (correspogd patterns of arterial branch point and curvatures. The obsérve
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FIGURE 2 | Effect of disturbed ow on cytoskeleton remodeling, nucleuscircularity and nucleus size of HAECs(A; ;i) A con uent layer of HAECs cultured under
laminar ow, disturbed ow and static condition, following which the actin cytoskeleton was labeled with Atto 565-phall@in after xation. (B; jji) The contour of the
orientation angle of stress bers, and(C; jj) Histogram of the frequency of the orientation angle of stres bers, (D) Summary graph of the frequency of the orientation
angle of stress bers cultured under laminar ow, disturbed ow and static condition. The graph is obtained from ve indepen@nt experiments. **Indicates? <

0.001, (E) Circularity, and(F) area of the nucleus of HAECs. Data are representative of ve drependent experiments, and error bars shown ir(D-F) represent 95%
con dence interval. 70 nuclei have been analyzed for each grap. **IndicatesP < 0.01 and ***P < 0.001.
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