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Highlights

e Experimental cell adhesion test conducted in a multiple constrictions
microchannel

e Unexpected increase of cells adhesion in regions with high local wall shear
stress

e  For this flow regime, mass transport limitation were numerically assessed

e The numerical and experimental data of cell adhesion showed similar tendency

e Correlation between adhered cells and local Sherwood distribution was obtained



Abstract

Biofilm growth (fouling) in microdevices is a critical concern in several industrial,
engineering and health applications, particularly in novel high-performance
microdevices often designed with complex geometries, narrow regions and multiple
headers. Unfortunately, on these devices, the regions with local high wall shear stresses
(WSS) also show high local fouling rates. Several explanations have been put forward
by the scientific community, including the effect of cell transport by Brownian motion
on the adhesion rate. In this work, for the first time, both WSS and convection and
Brownian diffusion effects on cell adhesion were evaluated along a microchannel with
intercalate constriction and expansion zones designed to mimic the hydrodynamics of
the human body and biomedical devices. Convection and Brownian diffusion effects
were numerically studied using a steady-state convective-diffusion model (convection,
diffusion and sedimentation). According to the numerical results, the convection and
Brownian diffusion effects on cell adhesion are effectively more significant in regions
with high WSS. Furthermore, a good agreement was observed between experimental
and predicted local Sherwood numbers, particularly at the entrance and within the
multiple constrictions. However, further mechanisms should be considered to accurately
predict cell adhesion in the expansion zones. The described numerical approach can be
used as a way to identify possible clogging zones in microchannels, and defining

solutions, even before the construction of the prototype.

Keywords: Localized biofouling; Wall shear stress; Sherwood number; adhesion rate

distribution; biomedical applications; numerical simulations

Notation

u Velocity m/s

p Pressure Pa

C Cells concentration kgm-3



Dy Brownian diffusivity of cells in water m2s-1

h Height of the channel m

Km Coefficient of convective mass transfer m/s

N Number of cells at the inlet cells'm-3
A Area m?

Q Flow rate m3/s
Jeell Cell flux kgm-2s1
Ng Total cells adhered cells

Ly, Length of the wide section of the multiple constriction section m

L, Length of the constriction m

Lin Length of the inlet section m
Loyt Length of the outlet section m

Re Reynolds number -

Sh Sherwood number -

\Y Volume m3
w Width of the channel m

|74 Width of the constriction m

At Adhesion time S

Tw Wall shear stress Pa

u Dynamic viscosity Pa-s-t
p Density kg-m -3

1 Introduction

Biofouling consists of the accumulation of microorganisms over surfaces and its
formation and development is a complex chain of events including initial cell adhesion,
microcolonies formation, multi-layered clusters development, and detachment [1, 2].
This set of events is highly dependent on: i) organism biology (e.g. fimbriae, flagella
and other protein receptors [3]), ii) surface features and chemical nature (roughness and
its affinity with the microorganism [2, 4]), iii) surrounding conditions (e.g. temperature,
pH, nutrients [2]) and iv) flow characteristics (e.g. shear stress along the surface length

[5]).



In the last years, an effort to understand this complex interdependency at the microscale
has been made, with particular emphasis on microfluidic devices [6-12], which are
commonly used in biomedical instrumentation (catheters, syringes, biosensors among
others). In these devices, the formation of a microbial biofilm can originate serious
problems to the patient health (e.g. urinary and catheter-related bloodstream infections
[13, 14], implant failure [15]), beyond this, it can also compromise the lifespan of the
device. The first stage, i.e., initial cell adhesion, has a huge impact on biofouling
development, and therefore its understating is crucial and can lead to new and improved

engineering solutions in the biomedical field.

Technological advances in biomedical instrumentation have conducted to increasingly
efficient microdevices such as Cell Processing Systems, Micro-Electro-Mechanical
Systems (MEMS), Lab on Chip Devices (LOC) and Point of Care Systems (POC), that
often require complex geometries [16-22]. However, these complex geometries and the
associated flow variations increase the probability and the available area for bacterial
attachment. When this happens, the performance of the device can be at stake,
particularly in geometries with narrow regions such as in cell trapping [18, 19] and cell

processing systems that are used in a continuous mode like cytometry systems [16].

Localized fouling in devices with constrictions is a topic of recent research [6, 23].
When a device has headers that connect the microchannels, several behaviours are
observed [5, 23] including: i) high and uniform fouling in the headers; ii) low fouling in
the microchannel, and; iii) high localized fouling at the microchannel entrance. In the
headers and microchannels, fouling is inversely proportional to the wall shear stresses
(WSS), since when WSS increases tangential and lift forces are high enough to remove
cells from the surface [24]. However, in some cases, high fouling may occur at a region
of high WSS. Several explanations have been proposed for this phenomenon, including
clogging by fibbers or by the so-called bridge effect [25]. Another hypothesis is that cell
transport is significantly affected by the Brownian motion of the cells [6, 23, 24]. Cell
diffusion occurs due to the cell concentration gradient between the bulk liquid and the
wall [5, 24]. If it is assumed that cells arriving at the surface are instantaneously
immobilized (perfect-sink model [24]), it is plausible that cell deposition/adhesion rates
increase in regions with high local WSS, such as the microchannel entrance. In the
literature, studies about the relation between the wall shear stresses and biofouling are
scarce and only for simplified geometries (i.e. rectangle microchannels; [5, 12]).
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Furthermore, for regions with high local WSS the role of cell diffusion on biofouling

formation is not clear.

This work aim is to study the initial cell adhesion dependence on local wall shear stress
in a microchannel with intercalate zones of constrictions and expansions. The cell
adhesion tests were conducted in hydrodynamic conditions mimicking regions of the
human body and biomedical devices, operating in steady-state. The focus was put in the
cells that adhere to the bottom wall of the microchannel and the adhesion rate was
studied for each zone of the channel. To support the analyses, the flow patterns were
obtained by flow simulation. Additionally, to understand the role of mass transfer, the
cell transport was modelled considering Brownian diffusion, sedimentation and
convection. The mechanism of cell wall adhesion was simulated using the perfect sink
model at the wall. Then, the predicted local Sherwood numbers (associated with the cell
adhesion rates) were compared with the qualitative behaviour of experimental cell
adhesion data.

2 Methods

2.1 Experimental set-up and procedures

The experimental set-up and the multi-constrictions microchannel design are shown in
Figure 1. The cell suspension (Section 2.1.3) is injected through a port at the top of the
microchannel (inlet; Figure 1a) and driven through a long straight rectangular section
(upstream zone; Figure 1b), entering a consecutive and intercalate zone of constrictions
and expansions (zoom in; Figure 1c). Afterward, the suspension arrives at a final
rectangular section (downstream zone) followed by an exit chamber, exiting the device
through an outlet port. Both ports have a 0.44 mm diameter holes for the connection of

the microchannel to tygon® tubing.

The main dimensions of the microchannel are listed in Table 1 (before and after soft
lithography manufacturing). Details of the antechamber geometry are shown in the
Supplementary material: Figure S1. The upstream zone has a quadrangular cross-section
(100 x 100 um?) sufficiently long to ensure the flow development (i.e. 5000 pm), as
demonstrated by computational fluid dynamics (CFD). The constrictions have nominal

cross-sections areas of 10 x 100 pm? while the expansions have 100 x 100 um?. The



nominal length of each constriction and expansion is 100 um; short lengths to ensure
undeveloped concentration boundary layers. Downstream, there is a long channel with

100x100 um? of nominal cross-section area.

{Insert Figure 1 around here}

Table 1. Microchannel dimensions before and after soft lithography zones: antechamber, upstream,

constrictions, expansions, downstream, exit chamber and inlet/outlet ports (Figure 1)

1

Antechamber - Figure Sla -
Exit chamber - Figure S1b =
Upstream Width 100 80.80
Height 100 94.4
Length 5000 5000.0
23 Constriction Width 10 9.3
Height 100 94.4
Length 100 98.7
22 Expansion Width 100 80.8
Height 100 94.4
Length 100 83.5
1 Downstream Width 100 80.8
Height 100 94.4
Length 9900 9566.9
1 Inlet port Diameter 440 440
1 Outlet port Diameter 440 440

2.1.1 Microchannel manufacture

The microchannel geometry was designed with the help of computer-aided design
(CAD) software. Su-8 molds based on the designs were produced by an external
supplier using chrome masks to imprint the design by photolithography. The
microchannel was made from poly-dimethylsiloxane (PDMS) through soft lithography
[26] using the SU-8 molds as templates. The microchannel was prepared with a
homogenous mixture of PDMS and curing agent (Sygard 184, Dow Corning) at a ratio

of 5:1. A desiccator connected to a vacuum pump was used to remove the air bubbles
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formed during the PDMS mixing process. The PDMS mixture was poured over a SU-8
mold and kept in the oven for 20 minutes at 80 °C. After curing, the PDMS
microchannel was peeled off from the mold. Holes of 1 mm in diameter were punched
through the PDMS replicas, at both ends of the channel, to provide inlet and outlet flow
with the help of a syringe tip. The PDMS microchannel was sealed with a PDMS coated
glass slide and kept in the oven for approximately 12 hours at 80 °C. The final

dimensions of the microchannel are summarized in Table 1.

2.1.2 Cell adhesion test

An Escherichia coli suspension was prepared (Section 2.1.3) and afterward injected into
the microchannel (Figure 1) with the help of a syringe pump (Cetoni, neMESYS syringe
pump), at a constant flow rate (Section 2.1.4). The test had a total duration of 1800 s.
Tygon® tubing was used as the suspension carrier from the syringe to the microchannel

inlet and from the microchannel outlet to the sink. Three independent trials were made.

The cell adhesion tests were carried out mimicking the in vivo body temperature (37
°C), being the temperature monitored with the help of resistance temperature detectors.
The focus was put on the adhesion of cells into the bottom wall of the microchannel. At
the end of the test (after 1800 s), the cells in the bottom wall of the microchannel were
photographed through an inverted fluorescence microscope (DMI 5000M, Leica
Microsystems GmbH) with a 40x objective and the help of a high-resolution CCD
camera (Leica DFC350FX, Leica Microsystems GmbH). For the upstream and
downstream zones (Figure 1), images were captured for every 500 um interval length,
while for the shorter zones (i.e. constriction and expansion zones, Figure 1) images of
the entire bottom area of each zone were captured. To identify and to count the number
of cells that adhere to a specific section area, and remove the moving cells flowing
above the wall, 10 images were captured during an interval of 5 s. A final image,
obtained by averaging the 10 images, was obtained in tiff format as recorded by Leica
Application Suite software. The sharper cells in the final image were the cells adhered
(immobile) on the bottom, while the other cells appeared blurred since they were still
moving (flowing). The total number of cells adhered (Ng) in each area zone (A;) was
then calculated (Ng/A,).



2.1.3 Bacteria and culture conditions

E. coli JM109(DE3) was used since it had already demonstrated a good adhesion
capacity in a different flow platform [5]. This strain was shown to have an adhesion
behaviour similar to different clinical isolates including E. coli CECT 434 (ATCC
25922) [27] and has therefore been used in different works from our group where
different biofilm platforms are used [28-30]. Furthermore, it has been demonstrated that
E. coli can cause infections in the circulatory system [31] where the hydrodynamic

conditions simulated in the present study can be found.

A starter culture was prepared as described by Teodosio et al. [32] and incubated
overnight. A volume of 60 mL from this culture was centrifuged (for 10 min at 3202 x
g) and the cells were washed twice with citrate buffer 0.05 M [33], pH 5.0. The pellet
was then re-suspended and diluted in the same buffer to obtain a cell concentration of
7.6 x 107cell mLL,

2.1.4 Flow conditions

The effect of microchannel constrictions on cell adhesion was studied at 37 °C under an
average wall shear stress of 0.2 Pa, to mimic the conditions found in the human body
and medical devices such as in circulatory system and endotracheal tubes [30, 34, 35].
The wall shear stress varies along the microchannel zones (e.g. upstream and
downstream zones with lower values than constrictions), though to calculate the
experimental flow rate (Q; equation 1) a reference wall shear stress (z,,) must be
selected. In this case, the upstream bottom wall was used as a reference, and a constant
value of 0.2 Pa was chosen. A flow rate of 3.47 x 10" m3/s was obtained considering
the water viscosity at 37 °C (u =6.92 x 10 * Pa-s) and the width (w) and height (h) of

the microchannel, measured after manufacture (Table 1).

wh?t,,

6u

Q= 1)

Equation 1 is an approximation valid when w is significantly larger than h [36]. The
wall shear stress defined to calculate the flow rate will be, from now on, referred as

“nominal wall shear stress”. More accurate values were obtained by CFD (Section 3.2).
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Due to the small dimensions of the microfluidic device, the flow regime is laminar with
typical Reynolds numbers smaller than 1. For a square duct, the Reynolds number
calculation is based on the fluid properties, flow rate and width and height of the

microchannel:

_ _2pQ
~ wthu (2)

where p and u are the water density and the water kinematic viscosity (i.e. 993.36 kg-m
3 and 6.97 x 10 7 m?s !t at 37 °C respectively). A Reynolds number of 0.57 was

obtained through equation 2.

2.2 Numerical simulation of cell adhesion
2.2.1 Model assumptions and equations

A numerical study was conducted considering the 3D geometry of the microchannel
antechamber, the straight zones (i.e. upstream and downstream) and the constriction and
expansion regions (Figure 1b; features in Table 1). The numerical domain neglects the
sharper regions of the antechamber geometry (Supplementary data: Figure Sla). To
model the cell transport, an Eulerian approach was used [4], which is often applied to
simulate the transport of small particles in aqueous solutions. The following

simplifications were assumed to model cell mass transport:
i) colloidal forces were neglected;
i1) no blocking;
iii) detachment was assumed negligible;
iv) no-slip between the cells and the fluid.

Hence, the following equation was used to simulate the cell transport by convection
(first term of the equation), diffusion and sedimentation (second and third terms) in

steady-state conditions.

V(ﬁ-C)+V(—Df-VC)+V(m-c)=0 3)

kT



where C, i, Dy, F;, k and T are respectively the cell concentration, velocity vector,
Brownian diffusivity of the cells, sedimentation force, Boltzmann constant (1.38 x 102

m?- kg -s-K™) and absolute temperature.

Since the no-slip condition was assumed between the fluid and the cells, the velocity
field was obtained by solving the Navier-Stokes equations and then the results were
used as input values in equation 3. A Dr coefficient of cells in water of 3.6 x 10 * m?.s
"1 was obtained through reference [37], considering an equivalent cell diameter of 2.7
um (the cells were assumed to have a cylindrical shape, length and diameter of 4.2 and
1.8 pum, respectively) and a density of 1085 kg-m=[38].

The sedimentation force was calculated by equation 4 and the corresponding velocity by

equation 5.
ﬁG = %T[ rp3 g (pcell - pw) (4)
o = 7E (5)

kT

The substitution of equation 5 in 3, simplifies the convective diffusion equation to a

more convenient form for simulation:

V{(@ +1g) - C}+ V(=D VC) =0 (6)

Equation 6 was solved and the respective results used to analyse the cell adhesion rate
in the microchannel walls as explained in the following section. To quantify the
sedimentation effect on the adhesion predictions, a new set of simulations were run

neglecting i, term of equation 6.

2.2.2 Boundary conditions and numerical procedures

Numerical simulations were performed in OpenFOAM 5.0. The microchannel geometry
was built in OpenSCAD 2015.03-2 and its domain was discretized into grids by cfMesh.
Results in the laminar regime were obtained by solving the Navier—Stokes equations.

The no-slip condition was considered for all the walls and a uniform velocity was
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considered at the inlet of the microchannel antechamber. To solve the fluid flow, an
adaptation of the icoFoam solver was used (i.e. a new adaptive time-step feature was
implemented) and the velocity—pressure coupled equations were solved by PIMPLE
algorithm. The numerical schemes used for the gradient, divergence and Laplacian
terms of the Navier-Stokes equations were: Gauss linear, Gauss upwind and Gauss
linear corrected, respectively. Simulations were made in transient mode, to assure
convergence. In the numerical procedure, an adaptive time-step was considered
(function of a maximum Courant number of 0.05) and an initial time-step of 10 *° s was

set.

To solve the cell transport equation 6, the scalarTransportFoam solver was adapted by
implementing an adaptative time-step feature. A uniform concentration of 0.35 kg-m 3
was considered at the antechamber inlet and at the bottom walls, the cell concentration
was set to zero since it is assumed that all the cells that arrive at the wall stay
instantaneously immobilized and therefore disappear from the dispersed phase. This is
the so-called perfect sink model, and it is the most commonly used boundary condition
at the collectors surface [24, 39, 40]. In these wall conditions (i.e. of null concentration

and velocity), the cell flux (Jcen) was calculated by:

Jeeut = _Df -VC (7)

This cell flux is usually expressed in terms of the Sherwood number, which represents
the ratio of the convective mass transfer to the rate of diffusive mass transport and can
be calculated by [24]:

[ ®)

where km is the convective mass transfer coefficient (equation 9) and h the microchannel
height.

km _ Jcell (9)

(Coutk—Cwai)
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Theoretically, the number of adhered cells per area (Ng/A,) is directly related to the

cell flux (equation 7) and, consequently, to the experimental Sherwood number [39]:

_ (Ng/Az) 1 h
Sheyp = — e D; (10)

where At is the adhesion time and n,, is the concentration of cells at the inlet (in
cells:m). In this work, we analyzed the correlation between Sherwood number and cell
adhesion rate by comparison of the predicted Sherwood number with the experimental

one (equations 8 and 10, respectively).

The numerical schemes used for the gradient, divergence and Laplacian terms of the
cells transport equation were: Gauss linear, bounded Gauss upwind and Gauss linear
corrected, respectively. A Gauss linear scheme was used for interpolation. The
concentration equation was solved by PBICGStab solver and the preconditioner DILU
for a solution tolerance of 10712,

An extremely refined mesh was used to solve the transport cell equation (equation 6), as
required to accurately represent the developing concentration boundary layer. For
instance, smaller elements were placed near the bottom walls with different levels of
refinement: height ranged between 0.2 and 1 um and the length and width were 1 um
(Supplementary material: Figure S2). Mesh independence tests were conducted to
ensure grid-independence results. A maximum number of mesh elements of ~700 000
per 500 um of the microchannel length were used to solve the fluid flow and mass
transport equations. Comparing the results of the most refined 2 grids (coarser mesh
with ~630 000 per 500 um of the microchannel length), mass imbalances were below
0.02 % and the maximum error of the local Sherwood number was below 2.5 %. To
diminish the computer memory required per simulation, the domain was divided into 12
subdomains along the microchannel length. The solution of each subdomain was
obtained in sequence (i.e. the outlet solution of subdomain 1 was the inlet solution of

subdomain 2, and so on).
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3 Results and discussion

3.1 Adhesion results: experimental

The total number of cells adhered to the bottom walls of the microchannel was analyzed
after 1800 s of experimental time. The average values were obtained for each
microchannel zone (i.e. upstream zone, constrictions, expansions and downstream zone)
and divided by the corresponding zone area (upstream and downstream zones were
subdivided into small sections; details in section 2.1.2). These adhesion results are

shown in Figure 2 along the microchannel length.

{Insert Figure 2 around here}

Figure 2 shows that along the microchannel length, the number of cells adhered per area
is approximately 8 x 10° cells-cm along the upstream and downstream zones (square
symbols). The constrictions show the highest values of cell adhesion rate while the
expansions show the lowest values by comparison to upstream and downstream zones.
Along the constriction zones (filled circles; Figure 2), the adhesion is 3 times higher
than in the upstream and downstream zones (square symbols, Figure 2) and it is 10
times higher than in the expansion zones (unfilled circles; Figure 2). The results
obtained in the multiple constrictions region show a systematic oscillation between the
results of each constriction zone (filled circles; Figure 2) and each expansion zone
(unfilled circles; Figure 2). Figure 3 demonstrates that the typical cell density is higher
in the constrictions. It is also observed, in the expansion zones, that the percentage of
the area without adhered cells is significant when compared with the constriction zones.

{Insert Figure 3 around here}

3.2 Flow characterization: numerical

To understand the initial cell adhesion dependence on local flow patterns, Figure 4

shows the velocity field in the middle x,y plane (X, y, 0), the wall shear stress in the
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bottom x,y plane (x, y, -47.2 um) and the streamlines in the middle x,y plane (x, y, 0)
obtained for the inlet and the first 4 constrictions and 4 expansions of the microchannel.
Similar results were obtained in the other zones of the microchannel (not shown).
Higher velocities are obtained along the constrictions, while very low velocities are
determined for the expansions, as expected (Figure 4a). The average wall shear stress
along the bottom (weighted by area) increases from 0.27 Pa at the upstream zone to 9.4
Pa at the constrictions and decreases to 0.33 Pa at the expansions (Figure 4b). The

streamlines do not show any recirculation in the expansion zones (Figure 4c).

{Insert Figure 4 around here}

Figure 5 shows the velocity profiles obtained along the upstream zone, first constriction
and first expansion in the middle z,x plane (x, 0, z). The velocity profile is fully
developed along the upstream zone (I, Figure 5), attaining a maximum velocity of 7.5 x
10 m/s (in the figure, the velocity profiles are normalized by this maximum value in
the upstream zone). Along the constriction, the velocity is 5 to 6 times higher than in the
upstream zone (Isto Is; Figure 5), while in the expansion centerline, the velocity tends to
the value observed in the upstream zone (at ls). There is good agreement between the
profiles obtained at the entrance and at the exit of the contractions. Furthermore, it is
also clear a considerable reduction of the boundary layer in zones with high velocity.
This is consistent with the significant rise of the local wall shear stress shown in Figure
4b.

{Insert Figure 5 around here}

3.3 Mass transport: numerical

The cell concentration in the vicinity of the bottom wall is shown in Figure 6. The
concentration maps were obtained along the middle x,z-plane of the microchannel
(x,0,2) in the upstream zone (Figure 6a), in the constrictions/expansions zone (Figure

6b) and in the downstream zone (Figure 6c). At the antechamber, the concentration
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boundary layer starts developing and it continues along the upstream zone of the
microchannel. For instance, at x-lengths 25 and 4500 um, the layer thickness increases
from ~2.5 to ~13.2 um (Figure 6a and b). As the suspension enters the first constriction
(Figure 6b), the concentration boundary layer first decreases and then increases until the
end of the constriction (maximum of 9.2 um). Through the expansion zone, the
concentration boundary layer increases to a maximum of 12.0 um and then decreases
until the next inlet zone. Between the first and last constrictions, the thickness of the
boundary layer decreases and, in the downstream zone, reaches a minimum of 1.4 um

(Figure 6¢).

To understand the role of convection and Brownian diffusion on cell adhesion, the
average Sherwood number obtained for each microchannel zone is shown in Figure 7
(i.e. upstream zone, constrictions, expansions and downstream zone). The predicted
Sherwood number increases along the first 3500 um of the upstream zone (blue squares;
Figure 7) from 11.5 to 19.4, however, after this location, the Sherwood number stays
approximately constant. Only, at the end of the upstream zone and just before the first
constriction, a sudden increase is observed (Sh = 27.5); a similar tendency is observed
in the experimental results (black series; Figure 7). Comparing the predicted Sherwood
number of the entire microchannel zones (upstream zone, constrictions, expansions and
downstream zone; Figure 7), the constrictions show the highest Sherwood values while
the upstream and downstream zones show the lowest values. The numerical Sherwood
number in the constriction zones (blue filled circles; Figure 7) is ~13 times higher than
in the upstream zone (blue square symbols; Figure 7) and it is 6 times higher than in the
expansion zones (blue unfilled circles; Figure 7). Along the downstream zone, the
predicted Sherwood number decreases significantly from 72.7 to 26.6. The experimental
Sherwood number obtained for each microchannel zone (black series; Figure 7) is
directly related to the adhesion behaviour (equation 10), and for that reason Figures 7
and 2 show the same tendency. An overall analysis of Figure 7 indicates that the
numerical predictions of Sherwood number obtained for the expansion and constriction
zones are above the predictions for the upstream and downstream zones, while the
experimental Sherwood number for the expansion zones is below the experimental
results for the upstream and downstream zones. Besides, the predicted Sherwood curve

along the downstream region shows a different slope relatively to the experimental one.
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In regions with low Sherwood numbers, such as in the upstream and downstream zones,
the sedimentation has a significant role in cell adhesion contributing to 26 % of the
predicted Sherwood number, i.e. 100 X (Shyith gravity~Shwithout gravity) / Shwith gravity =

0.26. In the constriction and expansion zones, the Sherwood number is affected
between 4 to 7 percentage points by the sedimentation.

{Insert Figure 6 around here}

{Insert Figure 7 around here}

A qualitative comparison between the predicted map of Sherwood number with the
experimental data of cells adhered to the bottom wall is shown in Figure 8. Figure 8
demonstrates that cell adhesion mainly occurs at the inlet and along the central region of
the constrictions, with Sherwood numbers ranging between 85 and 260. A similar
distribution of Sherwood number is obtained in the remaining constriction zones
(Supplementary material: Figure S3). The distribution of the numeric Sherwood number
is truly non-uniform in the expansion zones, having local maximum values at
opening/exit regions (~ 300) and low values in a high percentage of the area (~ 2).

Further, the maximum Sherwood values are obtained near the constriction walls.

{Insert Figure 8 around here}

4 Discussion

The experimental cell adhesion data obtained for the upstream and downstream zones
(square symbols, Figure 2) can be clearly understood by analysing the flow patterns
(Figure 4a). The cell suspension flows through the rectangular and long upstream
section, which is sufficiently long to ensure a developed flow (Figure 5). The

hydrodynamic conditions acting on the cells are, for that reason, constant through
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almost this zone entire length, and so the cell adhesion is approximately constant along
this zone. When the suspension enters the first constriction, the flow area decreases 10-
fold (Table 1), and consequently, the fluid velocity increases significantly (i.e. ~6-fold
increase in the maximum velocity; Figure 4a). Due to the increase of wall shear stress,
which leads to the increase of drag and lift forces over the cells [41], cell adhesion
would be expected to decrease, a phenomenon already observed in straight channels
[31]. However, the results show an opposite tendency (unfilled circles; Figure 2),
highlighting the contribution of convection and Brownian diffusion mechanisms to cell
transport. The tangential velocity is higher in the constrictions (Figure 5), increasing the
mass transport by convection and decreasing the thickness of the mass boundary layer
(Figure 6), implying a higher cell concentration gradient and a high rate of cells
reaching the wall. For that reason, adhesion increases in locations with sudden increase
in shear rate, such as constrictions. This behaviour supports our unconventional results
(filled circles; Figure 2) and the numerical predictions shown in sections 3.2 and 3.3
confirm this hypothesis.

At the end of the upstream zone (Figure 6b), the concentration boundary layer is still
developing, and when the first constriction starts, the fluid velocity increases and the
thickness of the concentration boundary layer decreases (Figure 6b). Furthermore, the
constriction is short and so the concentration boundary layer is still developing at the
end of the constriction (entrance of the expansion; Figure 6b). As a consequence, the
thickness of the boundary layer along the constriction is always smaller than in the
upstream zone (maximum deviation of ~4.0 um; Figure 6a), resulting in high Sherwood
numbers (inversely proportional to boundary layer thickness; Figure 7) and high
adhesion values. The expansion zones have a short length and, consequently, a
developing concentration boundary layer (Figure 6b), but at the same time, the
experimental data shows the lowest values of adhered cells per area (unfilled circles;
Figure 2). Low adhesion is correlated to low Sherwood number in these regions, as the

Sherwood number in the expansions is lower than in the constrictions.

An interesting similarity between experimental and predicted local Sherwood data
evolution along the microchannel is shown in Figure 7, particularly in the upstream and
constriction zones. This promising behaviour is reinforced by the correlation between

adhered cells and local Sherwood distribution demonstrated in Figure 8. This
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correlation suggests that local Sherwood numerical predictions may be a way to identify

and correct possible blocking zones, even before the construction of the prototype.

Nevertheless, quantitatively, the predicted Sherwood numbers are systematically higher
than the experimental data (Figure 7), respectively, 1.2 and 3.5 times in the upstream
and constriction zones (squares and filled circles). The comparison between predicted
and experimental Sherwood data in the expansion zones (filled circles; Figure 7) shows
that the physical model proposed to predict cell adhesion (equation 6) is not sufficiently
accurate and additional factors need to be considered: colloidal forces, hydrodynamics
forces [33] exerted on adhered cells, the presence of surface appendages (e.g. flagella
and pili), expression of adhesins and other biological factors [5, 42]. The perfect sink
boundary condition would need to be modified to include phenomena associated to

colloidal and hydrodynamic forces exerted on cells, such as blocking and detachment.

5 Conclusions

An experimental cell adhesion test was conducted for the first time in a microchannel
with multiple constrictions, for operating conditions obtained in biomedical devices. An
unexpected increase in cell adhesion was obtained in regions where the local wall shear
stress was high, as in constrictions. The multiple constrictions showed an increase of
local cell adhesion when compared to long and straight microchannel zones, with lower
local wall shear stress. This probably occurred because, for this flow regime, the
convection and diffusion mechanisms have a relevant impact on the transport of cells.
This impact was assessed indirectly by numerical analysis. The comparison of
numerical and experimental data of cell adhesion showed the same tendency and

highlighted the importance of mass transport.

Our study provides a new explanation for the increase of the fouling in the
microchannels entrance and narrow regions of microdevices. Furthermore, the described
numerical approach can be used to analyse several opposing requirements and to
correlate the obtained wall shear stress with the number of adhered cells (Sherwood
number), as a way to identify possible blocking zones and defining solutions, even

before the construction of the prototype.
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Caption for figures

Figure 1. Schematic of (not to scale): a) experimental set-up, b) microchannel (inlet/outlet ports,
antechamber, upstream, multiconstrictions, downstream and exit chamber) and ¢) multiconstrictions zoom

with two constrictions and one expansion; [legend in pm: We = 80.8, lc=83.5, W,=9.31,1:=98.7and h =
94.4]

Figure 2. Adhesion in the microchannel bottom walls for 7= 0.2 Pa and at 37 °C; number of cells adhered

per zone area along the microchannel length

Figure 3. Cells adhered in the bottom walls of the constriction and expansion zones of the microchannel

Figure 4. Zoomed view at the upstream zone and the first 4 constrictions and 4 expansions of the
microchannel (in red in the microchannel illustration); a) velocity magnitude in the middle x,y plane

(x,y,0), b) wall shear stress in the bottom plane (x, y, -47.2 um) and c) streamlines in the middle x,y plane
(x.y.0)

Figure 5. Velocity profile obtained in the middle z,x plane (x, 0, z) at seven positions identified in the

microchannel illustration (not to scale)

Figure 6. Concentration map in three sections (AA’’, BB>’ and CC”’) in the middle x,z-plane (x,0, z)

(example of section AA’’ shown in microchannel illustration)

Figure 7. Comparison of experimental (in black) and numerical (in blue) Sherwood numbers obtained for

each microchannel zone (i.e. bottom of the upstream, constrictions, expansions and downstream sections)

Figure 8. A composite image combining 10 sections of the microchannel showing the local Sherwood

number and the location of the cells adhered to the bottom wall.
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