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Following the rapid growth of Organ-on-a-Chip (OoaC) technology, porous membranes have become essential
components for in vitro tissue barrier models. Nonetheless, literature highlights lacking knowledge on their
integration and effect on microfluidic devices. Therefore, we conducted finite element modelling (FEM) to
characterize the influence of membrane, channel geometry, flow and diffusion parameters, in modelling flow
rate, shear stress, transient transport and steady state molecular concentration. This analysis was performed for
four different conditions based on single channel (SCP) and parallel perfusion (PP). It was found that membrane
and geometry parameters are crucial in determining flow and shear for SCP. However, for PP, flow and shear are
predominantly governed by the inlet flow rate. Although the transient behaviour is well-controlled within SCP
and PP, only PP allows modelling the steady state concentration distribution. It is highlighted that: (1) the pore
radius has great influence on flow and shear; (2) a shallow cell channel and a long membrane are capable of
establishing different levels of shear on opposing surfaces of the same channel; (3) the membrane thickness,
membrane length, height of the cell and flow channels, and inlet flow rate provide good control over transient
transport; (4) the membrane length and inlet flow rate enable changing the concentration from a uniform dis-
tribution to a complete heterogeneous state across the device. Experimental assays were performed to support
the FEM and evidence its significance for OoaC applications. Ultimately, extensive, and systematic guidelines are
provided on designing future OoaC devices with integrated porous membranes.

1. Introduction

Reproducing human physiology in vitro has long captured the
attention of science and research, given its formidable potential to
revolutionize biological research and healthcare [1]. About a century
ago, the work of Harrison et al. [2] pioneered two-dimensional (2D) cell
culture. Since then, growing efforts in biotechnology focus on the
development of human tissue models of greater physiological relevance.
This pursuit is notably urgent in the pharmaceutical industry, where
despite great investments, the output of new drugs has remained mostly
stagnant, resulting in a “productivity crisis” [3,4] with 89 % of new
drugs failing clinical trials due to unpredicted human toxicity [5]. The
lack of physiologically relevant preclinical models contributes to this
inefficiency [6], given that neither static cell cultures nor animal models
recapitulate the complex 3D constructs of human tissue and organs [7].
Indeed, there is a demand to develop novel methods for modelling
human physiology and pathology [8].

Perhaps one of the most promising technologies addressing the

present challenge is Organ-on-a-Chip (OoaC) [9-11]. These are micro-
fluidic devices reliant on continuously perfused channels to culture
living tissue and establish physiologically relevant in vitro models of
human organs [12-16]. Their microscale explores the benefits of
laminar fluidics to provide unparalleled control of key physiological
parameters, such as chemical delivery [17] and fluid shear [18].
Furthermore, microfabrication techniques enable the integration of
sensors, for monitoring and analysis, as well as mechanical, electrical
and biochemical stimuli, to mimic extracellular cues as found in vivo
[19-22]. Research in the field has already lead to the development of
liver [23-26], heart [27,28], kidney [29], stomach [30], gut [31,32],
muscle [33], bone [34], blood vessel [35,36], blood-brain-barrier [37],
neuronal networks [38], retina [39] and placenta [40] OoaCs. Despite
the great potential and existing applications, initiatives such as Organ-
on-Chip In Development (ORCHID) highlight a subsisting necessity to-
wards achieving greater physiological relevance and complexity
[41-43].

The implementation of porous semi-permeable membranes has
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become an essential feature in any multi-compartment OoaC device
[44]. It partitions the cellular microenvironment into connected cham-
bers through which media and biochemical delivery can be achieved
[45], this way, enabling co-culture and a superior emulation of in vivo
tissue constructs, such as the gut epithelium, lung and liver. Membranes
can be tuned to not only protect cells from direct shear flow, a factor
widely known to influence cell differentiation, morphology and function
[46-50], but also enable osmotically driven processes, by defining
porous flux of solutes and solvents as a function of the membrane’s
permeability [51,52]. Beyond establishing a consistent 2D plane for
better imaging, membranes can also contribute to the development of
high-throughput screening assays [53] and long-term maintenance of
co-culture systems [54]. This wide range of benefits makes porous semi-
permeable membranes nearly transversal components to achieving
greater physiological emulation in OoaC.

The integration of membranes into microfluidic devices is, however,
not a trivial task. Beyond the manufacturing challenge they present,
finding the right properties to ensure a specific fluidic and biochemical
output, is subject of continuous research and consideration. The intrinsic
properties of the membrane, such as porosity, pore radius and mem-
brane thickness, are known to contribute to modelling porous flow [49]
and molecular transport [45]. The morphology of pores contributes to
changing the permeation of the membrane [55], and may promote
electroosmotic flow, for dual pole nanopores [56]. Surface charge of the
membrane is also an important factor, capable of stimulating molecular
transport [57]. Beyond the membrane, external factors, such as the
channel dimensions and geometry are critical to control fluid flow
through the channels and across the membrane [50]. Changing the pH of
the media, is also known to influence transport and delivery of mole-
cules through the membrane [58].

Efforts to understanding and characterizing the implications of
membrane parameters have led to several studies in the past decade.
Analytical models first paved the way to simulating the fluidics and mass
transport across simple membrane models [45,49,59]. Numerical
modelling, with FEM, further expanded research on porous membranes,
where dominant design parameters were investigated to characterize
their effect on both the fluidics and shear [50], as well as the transient
behaviour of molecular transport [54], within microfluidic bilayer de-
vices. Porosity and membrane thickness have also been numerically
investigated, to obtain solutions to the Nernst-Planck equations and
characterize the transfer of acidic and basic drugs in electromembrane
extraction [60]. More advanced parameters, such as the morphology of
pores, have also been analysed under FEM, quantifying their effect on
electroosmotic flow and transport [55,56]. Despite the substantial
amount of research, and reviews published in parallel [44,61], literature
is clear in emphasising a subsisting ‘lack of criteria for membrane
porosity selection and channel size design’ [50] when it comes to
defining the fluidics and molecular transport of general microfluidic
platforms, calling for a broader, more systematic investigation [44,54].

Aiming to address this gap, the present study employs FEM to
describe the direct relationship between response variables and control
parameters, by providing individual functions for each of the 288
combinations tested within a microfluidic bilayer design with integrated
porous membrane. Design parameters, namely porosity, pore radius,
membrane thickness, membrane length, channel heights, inlet flow rate
and diffusion coefficient rate, were extensively investigated within a
range of 7 distinct data sets, and for a total of 4 different fluidic setups,
characterizing both single channel perfusion and parallel perfusion. In
turn, systematic analysis was carried out for each single combination,
addressing the steady state fluid flow, wall shear stress, and molecular
concentration distribution, as well as the transient rate of convective-
diffusive transport of molecules across the membrane. Altogether, the
present study provides unique guidelines, unmet by previous literature,
extensively describing the individual relationships between design pa-
rameters and response variables, ultimately aiming to serve as founda-
tional knowledge to design, select, and characterize porous membrane
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microfluidics. The respective modelling data has been further corrobo-
rated by on-chip fluorescent and biological experiments.

2. Methods
2.1. Geometric model

The present study focuses on simulating a generalized model of a
microfluidic bilayer device with an integrated porous membrane, as
illustrated in Fig. 1 a). Its design contemplates the basic elements of most
common OoaC devices for tissue barrier simulation, hence including two
adjacent channels separated by a porous membrane [40,62-65]. At the
bottom, the flow channel (FC) takes on the role similar to that of blood
vessels, allowing for independent flow of oxygen, nutrients and drugs.
On the top, the cell channel (CC) provides the site for culture of cells. At
the same time the porous membrane (PM) acts as an artificial in vitro
endothelial barrier [66], confining convective transport to perfused
channels, whilst enabling diffusive transport between compartments
and providing mechanical support for cell growth.

Simulations were carried out in COMSOL Multiphysics v6.0, using a
2D FEM model, as illustrated in Fig. 1 b), to avoid unnecessary
computational expenses associated with 3D modelling. The model was
parametrically defined. This way, all initial conditions and design pa-
rameters are fully adjustable, enabling their impact on fluid flow, Q, and
the molecular concentration distribution, C.

2.2. Numerical models

Two fundamental modules, available in COMSOL, were imple-
mented to solve the fluid dynamics along the channels and through the
membrane, as well as the transport of diluted molecules by the effect of
both advective and diffusive mechanisms. The modules are respectively
designated as Porous Media Flow and Transport of Diluted Species.

The Porous Media Flow module solves fluid flow in both free and
porous media, which in the case of the present device, is represented by
the flow along the channels and across the porous membrane respec-
tively. First, to ensure both the conservation of momentum and mass, the
Navier-Stokes and the Continuity equations [67] are respectively
engaged. The Navier-Stokes equation is defined as follows:

plueVu)= —Vepl+Ve u(Vqu(Vu)T)f%u(Vu)l +pF (@)

Where p [kg/m?] is the fluid density, u [m/s] is the velocity vector, p
[Pa] is the fluid pressure, I is the identity matrix, u [Pa.s] is the fluid
dynamic viscosity and F [N/kg] are the volume forces per unit mass of
fluid. On the other hand, the Continuity equation is defined as follows:

Ve (pu)=0 (2)

Both equations are coupled together to solve for the free-flowing
laminar motion of media being perfused into the microchannels of the
device.

To calculate the flow of media across the membrane, described as
slow flow through the interstices of a fully saturated medium, Darcy’s
Law must be engaged. The equation is formulated as follows:

K

= 3

v

Where v [m/s] represents instantaneous flux, L [m] the length of the
porous medium (also here represented as a thickness, tj;, when the
porous medium is considered as a membrane) and K, [m?] the hydraulic
permeability of the membrane. The permeability is a property of a
porous medium which quantifies its ability to transmit fluids across. It
can be defined by the following expression [49,65]:
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b) 2D FEM Model
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Fig. 1. . (a) 3D illustration of a microfluidic bilayer device with an integrated porous membrane subdividing the domain into the CC (cell channel) and FC (flow
channel), b) 2D representation of the same device, illustrative of the geometry employed for FEM, from where data on Q (flow rate) and C (concentration) will be

measured, analysed, and investigated.

K, = MF @
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Where r [m] is the pore radius, Ryore [kg/ (m*s)] the pore resistance and P
the porosity of the medium. Porosity is defined as the fraction of surface
area covered by pores. To define pore resistance though, it is first
necessary to specify the nature of the porous medium which, in this case,
is a thin, porous membrane. For this particular situation, pore resistance
is more accurately defined by Dagan’s equation, to account for
entrance/exit effect of flow through a short through pore. Pore resis-
tance, for a single pore, is then defined as follows [44]:

)

The Transport of Diluted Species module solves the motion of diluted
particles flowing within the bulk media, by activating and coupling the
transport mechanisms of advection and diffusion, expressed by the
Advection-Diffusion equation. This equation derives from Brownian
motion and Fick’s law [68], and is expressed as follows:

uVC —DVC = s(x,1) (6)

Where C [mol/m?] represent concentration, D [m?/s] the diffusion co-
efficient and s(x,t) [mol/(m?s)] a source or sink of the respective diluted
species for a specific x [m] position along the channel and at a certain
time, t [s]. Whereas the first term of the equation, uVC, represents the
advection component, the second, DAC, represents the diffusion. How-
ever, the presence of a porous medium, such as a membrane, imposes
constraints to diffusion, which must be considered. These constraints
can be translated by applying the Millington and Quirk model, which
correlates porosity with tortuosity, z, the latter defined as the ratio be-
tween the effective path length of the pore and the straight distance
across the porous medium. This way, the notion of effective diffusivity,
Defy [m?/s], is formulated, and can be expressed by the following
expression:

P
Dy = =D %)

2.3. Design parameters

2.3.1. Control parameters

Eight distinct control parameters, namely porosity, P, pore radius, r
[pm], membrane thickness, ty [pm], membrane length, Ly [mm], cell
channel height, H¢c [pm], flow channel height, Hgc [pm], inlet flow rate,
Qin [pL/h], and diffusion coefficient rate, D [mz/s], were individually
analysed over a defined interval of values. These intervals were defined
based on literature references and commercial examples. To facilitate

the analysis of results, parameters were grouped into three distinct
categories, namely the membrane properties, channel geometry, and
flow and diffusion parameters. Each parameter was studied across a
defined range, and given an initial value (bold face), as detailed in
Table 1. When a parameter is being investigated over its respective
range of values, all other parameters are fixed at their initial values. All
the control parameters in the analysis are illustrated in Fig. 2.

2.3.2. Fluidic setup

To contemplate the multitude of fluidic architectures common to
OoaC technology, four distinct fluidic conditions were analysed, as
demonstrated in Fig. 3. These can be divided first into single channel
perfusion, SCP (Fig. 3 a) and b)), and parallel perfusion, PP ((Fig. 3) and
d)). Within SCP, the cell channel was either treated as a reservoir, SCPg
(Fig. 3 a)), for media flow and molecule transport, or as an outlet, SCPo
(Fig. 3 b)). It means that, for both conditions, flow in the CC is always a
function of both Kj; and volumetric flow in the flow channel, Qrc. On the
other hand, in PP, both the CC and the FC have independent media
perfusion. Two conditions were similarly modelled within PP, which can
be differentiated by the direction in which media perfusion is done.
Either in the same direction, for PPgp (Fig. 3 c)), or in the opposite di-
rection, for PPpp (Fig. 3 d)).

Table 1

. Investigated control parameters (CP), with their respective intervals of study
and default values, highlighted in bold face. The values highlighted in bold with
a * represent a default value which are not part of the interval of study.

Cp Designation Interval of Study
P Porosity [0.001; 0.01; 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8;
0.9]

R Pore Radius [0.001; 0.005; 0.01; 0.05; 0.1; 0.5; 1; 5; 10; 50;
[pm] 100]

ty Thickness of [1; 5; 10; 50; 100; 500; 1000]
[pm] Membrane

Ly Length of [0.1; 0.25; 0.5; 0.75; 1; 2.5; 5; 7.5; 10; 25; 50; 75;
[pm] Membrane 100]

Hce Height of Cell [10; 50; 100; 300*; 500; 1000; 5000; 10000]
[pm] Channel

Hpe Height of Flow [10; 50; 100; 300%*; 500; 1000; 5000; 10000]
[pm] Channel
in Inlet Flow Rate [0.1 0.51 51050 100 500 1000]
[ul/
h]

D Diffusion [1x10'%1x10'51 %1011 %x107%%1
[m*  Coefficient Rate 107%3.39 x 107951 x 10781 x 1077]
s]
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Fig. 2. . Illustration of the control parameters in analysis.

2.4. Variables of analysis

2.4.1. Fluidic field

Volumetric flow rate, Q [pul/h], is a crucial factor in many biological
processes, such as accelerating phenotypic change of cells [69] or
altering gene expression and biosynthesis of endothelial cells [70]. It is
calculated as follows:

Q=v(HeW) (8)

Where H and W are respectively the height and width of the channel
with media flow. Q was further normalised in relation to the inlet flow
rate, Q, = Q/Qin, and analysed along the channels parallel to the di-
rection of perfusion, in both the CC and the FF, respectively Q,cc and
Qurc, as illustrated in Fig. 4 a). Representing, perhaps, one of the most
critical manifestations of fluid flow in biological applications [48],
responsible for promoting vasculature growth in embryonic cardiovas-
cular development [71], changing hepatocyte morphology and function
[46,72] and even resulting in the direct destruction of cells [47], wall
shear stress, WSS [Pa], was also analysed. By considering the media as
being a Newtonian fluid, WSS was calculated as follows:

WSS = yu ©

Where Y represents the shear rate [s~1]. WSS was analysed in data sets
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placed at cell height, defined as 10 pm [73], in the membrane surface of
both the FC and CC, and in the upper surface of the CC, as illustrated in
Fig. 4 b) and respectively identified as WSSpyrc, WSSmcc and WSSycc.

Finally, the Reynolds number, Re, is an important dimensionless
number for fluidic analysis. It is defined by the ratio between inertial
and viscous forces, and it is commonly employed to determine the fluidic
regime of a certain environment. It is defined as follows:

__ pvDh
u

Re 10)

Where Dy represents the hydraulic diameter. Given the nature of
microfluidics, Re is usually of very low magnitude, characterizing highly
laminar systems [10,17]. For this reason, both Q and WSS were analysed
for their steady response alone.

2.4.2. Mass transport

High resolution control over the delivery of soluble factors is a key
advantage of OoaC technology [74]. Providing accurate biochemical
cues, such as concentration gradients [75], continuous nutrient ex-
change, waste removal and hormonal flux [19], and delivery of soluble
factors, such has growth factors and peptides [76], is critical for the
establishment of relevant physiological environments. Therefore, data
on molecular concentration, C, was normalized, C, (=C;;/C), in relation
to the inlet concentration, Cj,, and measured as an average for both the
CC and FC, identified respectively by Cncc and Curc, as shown in Fig. 4
d).

Considering the time-dependency of molecular transport, high-
lighted by Equation 6), C, was studied for both its transient and steady
state behaviours. For the transient response, the time it takes for mo-
lecular transport to occur before stabilizing into a steady state, known as
settling time, st [s], was analysed, as illustrated in Fig. 4 d), for both the
CC and the FC, represented by stcc and stp¢ respectively. For the steady
state, the normalized concentration at which molecular transport sta-
bilizes, ssC,, was also measured, as illustrated in Fig. 4 d). Measurements
were done for both the CC, ssC,,cc, and the FC, ssCprc.

Finally, the Péclet Number, Pe, is a dimensionless number of great
interest in the analysis of transport phenomena. It is defined by the ratio
between advective and diffusive rates of transport, and can be expressed
as follows:

c) PP, d pp_
E | & - __|

Fig. 3. . Schematic representation of the fluidic conditions tested, illustrating the boundary conditions for fluid flow and molecular transport, where in a) it is

represented SCPg, in b) SCpo, in ¢) PPgp, and in d) PPgp.

a) b) c)

Qi | WSSyee | C |
| Ly | nCC |
| WSSy | |
| f s i

Q, WSS,

d : : CMFC

Fig. 4. . Location and geometry of data sets employed to measure, a), the normalized flow in both channels, respectively nQCC and nQFC, b), the shear in both the
membrane surface of the FC, WSSyrc, and the CC, WSSyicc, and in the upper surface of the CC, WSSycc, and c) the transient and steady state molecular concentration
distribution in the CC, CnCC, and the FC, CnFC. d) Illustration of a time-dependant concentration measurement, from which it is calculated both the steady state

normalized concentration, ssC,, and the settling time, st.
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_vDh
)

Pe (10)
A system displaying Pe > 1, is characterized by the dominant influence
of advection, as the main mode of transport. In turn, Pe < 1 characterizes
diffusion as being the predominant transport phenomena.

2.5. Model validation

Towards verifying the predicative capabilities of the developed
model, two distinct literature experiments were replicated, each aiming
to address a different component of simulation. Therefore, the works of
Chen et al 2020 [50] and Frost et al 2019 [54] were simulated towards
verifying the model’s capability on predicting both the fluid field and
molecular transport respectively.

The work of Chen et al 2020 [50] performed Immersed Boundary
Methods (IBM) simulations towards characterizing the relationship be-
tween flow features and the design properties of a microfluidic bilayer
device with an integrated membrane. Beyond many other experiments,
the relationship of L,, with both Qi;, v, and WSS, were studied and
plotted. The geometric structure and fluidic conditions of the respective
experiment were simulated by the present model, and the obtained re-
sults can be observed by the continuous lines in Fig. 5 a), b) and c), for
Qin, vn and WSS, respectively, superimposed over the original data,
identified with markers or dashed lines. It can be analysed that there is a
very clear affinity between the data provided by the present model and
that reported by Chen et al, where the relationship between L, and the
various response variables match accurately. More so, Fig. 5 d) dem-
onstrates that the flow velocity profile, measured vertically along the
channels for different values of L, is also represented equally between
both models.

Frost et al 2019 [54] researches the transient response of the mo-
lecular concentration distribution of a microfluidic bilayer device with
an integrated membrane. From the data provided, both numerical and
experimental, the relationship between Qi; and Cycc, is here presented
and simulated, as demonstrated in Fig. 5 e). Identified by the point
markers, in triangles, squares and circles, it is the experimental data,
whereas in dashed lines it is the exponential fitted function, both pro-
vided by Frost et al. This data is referred to the transport of fluorescein,
D = 5.4 x 1071% m?/s through a membrane with P = 0.1. On the other
hand, identified by the continuous lines, it is the numerical data pro-
vided by the present model. It is possible to observe that, for all three
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tested Qi,, the C,, distribution follows a very similar trend, characterized
by a steeper initial increase, later settling into a steady state and fixed
value. Despite some differences between the shape of the exponential fit,
as described by Frost et al, and the numerical data, provided by the
present model, the latter presents, nonetheless, a great affinity with the
experimental results, always remaining within the standard deviation
intervals provided. Furthermore, it is also seen that the steady state
values, for all three functions, also present a good match between
experimental, exponential fit and numerical. The highest deviation was
found for the condition of Q = 100 pL/h (Fig. 5 e), black line) and
equivalent to a difference of C,cc = 0.02.

3. Results and discussion
3.1. Fluidic field

3.1.1. Single channel versus parallel perfusion

The boundary conditions defining SCP imply that flow in the CC is
always a function of both the properties of the membrane and Q. Fig. 6
demonstrates that, if for SCPg (Fig. 6 a)), the CC experiences a pressure
similar to the outlet, in this case 0 Pa, for SCPq (Fig. 6 b)), the pressure
will be equivalent to the average value of the gradient established in the
FC. It results that the CC experiences peak volumetric flow halfway the
length of the membrane for SCPg, as demonstrated in Fig. 6 c), and a
continuously growing flow for SCPg, as shown in Fig. 6 d). More
importantly though, Fig. 6 ¢) and d) demonstrate respectively for SCPg
and SCPy, how heavily dependent flow in the CC is on passive param-
eters, such as the P.

On the other hand, the boundary conditions characterizing PP imply
that both channels are perfused with independent perfusion of media.
For PPgp, a null pressure gradient is defined between the CC and FC due
to their equal pressure profiles, as shown in Fig. 7 a). In the absence of a
driving pressure potential, media is hindered from crossing the mem-
brane, resulting in a constant fluidic profile along the channels. This
balance is strongly imposed by the perfused media, meaning that
changes to passive parameters, such as P, will often play negligible ef-
fects in the fluidic microenvironment, as Fig. 7 ¢) demonstrates. For
PPgp, however, the symmetry between the pressure gradients of both the
CC and FC, demonstrated in Fig. 7 b), promotes a small exchange of
media across the membrane. Ultimately, a faint curvature of the fluidic
profile is generated. This exchange means the fluidic profile in both
channels is significantly more dependent on the membrane properties,

a) | d) e)
=& Upper channel t
=0~ Lower channel
; 05
Q05 4
"= 005 o0 Q=20 pLthr
ol g " 04 0 Q= 50 pLthr
b) 1 ) 4Q=100 uLihr
= 0.3
_EQ Upper channel
2 os T Y < crTT O PO O ;
E Lawer channel O 02 . L 1]
g —— b
. £ : r S e 1
! g - i 0.1 " T
C) £ 005 Channel length (mm) Y e o g e - -
= o - 156 |
% 0.5 . 0
= 0 10 20 30 40 50 60 70

0 10 15 0 0.1 0.2

5
Channel Length [mm]

v [mm/s]

03

Fig. 5. . The various experiments replicated with the present model to verify its capability in predicting both the fluidic field and molecular transport. The results
provided by Chen et al 2020 on simulating Q,, in a), v,, in b), WSS,,, in c), and vy, in d), identified in either dashed lines or with markers, were successfully replicated
by the current model, whose results are presented superimposed, in continuous lines. In e), the experimental data provided by Frost et al 2019 is identified by
coloured markers, characterizing the transient concentration of fluorescein for a membrane with P = 0.1 and different Q, and in dashed lines, the respective
exponential fit. Overlapping the respective results, it is presented the data simulated by the present model, identified by the continuous lines.
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Fig. 6. . Characteristic pressure distribution, a) and b), and fluidic profile, ¢) and d), of the two distinct SCP conditions tested, SCPg, in a) and c), and SCPy, in b) and
d). In a) and b), beyond the pressure distribution, it is also demonstrated the resulting fluidic field, identified by the black arrows. In ¢) and d), the fluidic profile for

the CC is measured for different values of P, demonstrating the influence of the respective parameter in controlling Q,cc for SCP.
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Fig. 7. . Characteristic pressure distribution, a) and b), and fluidic profile, ¢) and d), of the two distinct PP conditions tested, respectively PPgp, in a) and c), and
PPop, in b) and d). In a) and b), beyond the pressure distribution, it is also demonstrated the resulting fluidic field, identified by the black arrows. In ¢) and d), the

fluidic profile of the CC is measured for different values of P, demonstrating the influence of the respective parameter in controlling Q,cc for PP.

as demonstrated in Fig. 7 d) for the case of P.

Here on, Q, and WSS will be studied as a direct function of control
parameters, by analysing their average value, Qf and WSS", along the
respective data sets. The analysis will primarily focus on SCPg, where
results were found to be more meaningful. Otherwise, the reader is
referred to Fig. A.1 and SM A.1, where the results and discussion for all
conditions are present. Finally, an analysis to the Reynolds number is
included in Table A.1. It is possible to, first, verify the highly laminar
nature of flow, generally with Re<1, and second, the differences be-
tween SCP and PP, where Re in the CC is significantly larger for the latter

due to the independent perfusion.
Box 1

Design guidelines for modelling fluid dynamics with different fluidic setups.

o Single Channel Perfusion, SCP: Extremely relevant for modelling flow
in the CC with passive parameters. A change from SCPg to SCPo increases
fluidic exchange and flow in the CC.

o Parallel Perfusion, PP: Firmly governed by the imposed Qin and
generally unaffected by changes in passive parameters. The symmetric
pressure gradients in PP provide a slight increase to fluidic exchange.
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3.1.2. Membrane properties

The effects of P on the Q% and WSS” are presented in Fig. 8 a) and d)
respectively. It is observed, through the yellow-dotted line, that for a P
<0.2, Qﬁcc will experience an exponential decrease, reaching a value on
the order of —5 for P = 0.01 (Qacc (P = 0.01) = 1.55 x 107>, Table A.1),
corresponding to a 2.5-fold reduction. On the other hand, for P > 0.2, it
is observed that the function gradually levels out, where Qﬁcc increases
by a mere 0.5-fold until P = 0.9. The correlations are similar for WSS, as
shown in Fig. 8 d). It is analysed that higher control over WSS‘éC is ob-
tained for P < 0.2, where an exponential decrease leads to a value on the
order of —7 dyn/cm? for a P = 0.01 (WSS&c (P = 0.01) = 2.10 x 107/
dyn/cmz, Table A.1). Given the nature of SCPg, the changes of WSS4c in
relation to P are negligible, regarding both Q4 and WSS

Changing r presents a more linear response within the CC, as seen in
yellow in Fig. 8 b) and e), for Qficc and WSS4¢ respectively. This change,
however, is of much greater magnitude. It is seen that, if for nanopores,
with r = 0.001 pm, Q4cc has an order of magnitude of —9 (Qicc (r =
0.001) = 1.73 x 10’9, Table A.1), this value increases to the order of
0foranr=100 pm (Qﬂcc (r=100) =0.42, Table A.1), almost reaching a
balance with the Q4rc. A similar relationship is observed for WSS,
where the usage of nanopores results in virtually shear-free environ-
ment, with WSS on the order of —10 dyn/cm2 (W.S'Séc (r=0.001) =
1.06 x 10 1%dyn/cm?, Table A.1). Aside for values of r superior to 10
pm, where both the Q? and WSS* demonstrate a very gentle decrease,
the flow dynamics in the FC suffers virtually no changes.

An increase of ty; will enhance pore resistance and hinder porous
flow, which justifies the inversely proportional relationship with Q4cc
and WSS’EC seen in Fig. 8 ¢) and f) with the yellow-dotted lines. It can be
analysed that, for tyy =1 pm, Q4ccis on the order of —2 and WSS2¢ of —4
dyn/em? (Qdcc (tv = 1) = 7.80 x 10~ and WSS&c (ty = 1) = 1.06 x
10~* dyn/cm?, Table A.1). On the other hand, increasing ty to 1000 pm
will result on a decrease of Q4cc and WSS4; by approximately 3-fold

(Qicc (ty = 1000) = 1.45 x 107> and WSS&c (tyy = 1000) = 1.48 x
1077 dyn/cmZ, Table A.1). Finally, the blue lines in Fig. 8 c) and f)
demonstrate that Q4sc and WSSi: experience virtually no change with
ty.

Box 2

Design guidelines for modelling fluid dynamics in SCP using membrane

parameters.

e Porosity, P: Especially influential for values below 0.2, where both Qice
and WSS2¢ present an exponential decrease.

e Pore Radius, r: Extremely relevant in controlling both Qficc and WSSAc,
being able to define virtually shear-free microenvironments for
nanopores.

e Membrane Thickness, ty: Provides a moderate, linear, inversely
proportional relationship with both Qicc and WSS4c.

3.1.3. Channel geometry

By controlling the surface area available for fluidic exchange, a
change of Ly will correspond to a linear variation of Q‘,?CC, as visible in
the yellow-dotted line of Fig. 9 a). For the interval tested, delimited by
Ly = 0.1 mm and Ly = 100 mm, Qi increased from a magnitude of
—6.3 to —0.5, nearly reaching a balance with Qarc. A similar profile
characterizes WSS’éC, as it is possible to observe in Fig. 9 c). At Ly; = 100
mm, it was recorded maximum WSSéc, with a value on the order of —2.3
dyn/cm? (WSS2¢ (Ly = 100) = 4.23 x 1073 dyn/cm?, Table A.1).
However, for smaller membranes, Fig. 9 ¢) highlights a critical length, at
Ly = 1 mm, where the shear in the CC is experienced differently,
depending on the surface of analysis. This feature can amount to a dif-
ference of 1.7 dyn/cm? orders of magnitude, for Ly, = 0.1 mm, where
WSSmice > WSSucce.

Hcc is directly responsible for controlling the cross-sectional area of
the CC and hence, the Q¢c. The relationship displayed, however, as seen
in Fig. 9 b), proves complex. For Hgc = 10 pm, Qlcc is at its lowest, with



P.D. Menezes et al.

Chemical Engineering Journal 481 (2024) 148189

a) b) SCPg c)
1007 e T — ST
/
< =
e}
10°®
—e— FC
cc
d e) f)
100}
a F—H—hAk—h—HIH—h—Ikk - H—K —xk
: 5 1
(=] T
= i
>
=,
%, 105
<
—¥—— FC Membrane Surface
CC Membrane Surface
CC Upper Surface
10710 : : : : : ‘ '
107" 10° 10" 10% 10" 102 10° 10% 10’ 102 10° 10*
Ly lmm] H Hm] Hec [um]

Fig. 9. . Channel geometry parameters and their respective effect in modelling both the Q% and WSS for SCPp.

a value on the order of —4.3 (Q4cc (Hec = 10) = 4.24 x 107>, Table A.1).
Increasing the H¢c will, initially, also increase Qﬁcc, until this value
stabilizes in the order of —2.8. For Hgc > 5000 pm, however, it is
observed that Q¢ drops again, suggesting that the increase in chamber
volume is no longer followed by a proportional increase of media ex-
change, ultimately decreasing Q‘;}CC. On the other hand, Fig. 9 e) dem-
onstrates that an increase of H¢¢ corresponds to a continuous decrease of
WSSéC. And similar to Ly, it is observed that, for Hec > 1000 pm, shear is
experienced differently in the CC. The difference between WSSycc and
WSSycc was measured to amount 3.2 dyn/cm2 orders of magnitude, for
HCC = 10,000 pm.

The relationship between Hp¢c and Q, as seen in Fig. 9 c¢), demon-
strates that, for shallower channels, with Hpc = 10 pm, high pressure will
enhance media exchange across the membrane, ultimately determining
Qe > Qe By increasing Hpc, Qe will similarly increase and stabilise
above the inlet rate (Qarc (Hrc = 100) = 1.43, Table A.1). On the other
hand, Qhcc will continuously decrease, as low as —7.26 orders of
magnitude for Hpc = 10000 pm (Q4r¢ (Hrc = 10,000) = 5.53 x 1078,
Table A.1). This reduction is equally felt on WSS2c, where the latter
variable drops from a magnitude of —1.8 dyn/cm?, for Hpc = 10 pm, to
—9.0, for Hrc = 10,000 pm. This decrease will also be accompanied by a
decrease in WSS‘;?C, from the order of 0.17 dyn/cmz, for Hpg = 10 pm, to
—4.7, for Hgc = 10,000 pm.

Box 3

Design guidelines for modelling fluid dynamics in SCP using channel
geometry.

Length of Membrane, Ly: Linearly controls Q4cc and WSS3¢ and enables
the differentiation of WSSfcc and WSS{icc for Ly < 1 mm.

Height of Cell Channel, H¢c: Differentiates the magnitude of WSShice
and WSS{cc for Hee > 1000 pm.

Height of Flow Channel, Hgc: Provides control over both WSS2¢ and
WSSfc and uniquely enables Qficc > Qhrc for Hpg < 10 pm.

3.1.4. Flow and diffusion parameters

The analysis of Q* was done in relation to its normalized values, Q‘,?,
which justifies the horizontal functions seen in Fig. 10 a). However, it is
worth noting that the ratio between Qﬁcc and QfLFc is unaffected by Qip,
given that both variables are kept at the same fixed values (Q4cc=1.55
% 1072 and Qfrc = 1.49, Table A.1). When it comes to WSS, Fig. 10 ¢)
shows how increasing Q;, results in a likewise linear and proportionate
increase of WSS” in both channels. If in the FC, WSS? ranges from a
magnitude of —4.39 to —0.39 dyn/ cm?, for the studied interval of Qi in
the CC, it ranges between —8.37 and —4.37 dyn/cm?.

On the other hand, it comes naturally that the effects of D on the
established fluidic field are null, as the respective feature concerns the
properties of diluted molecules alone. This way, the functions obtained
describing Q4 and WSS? are steady and horizontal, as seen in Fig. 10 b)
and d) respectively.

Box 4

Design guidelines for modelling fluid dynamics in SCP using flow and

diffusion parameters.

o Inlet Flow Rate, Q;,: Widely controls Qf without changing the ratio
between Qficc and Qfrc, a feature exclusive for membrane and geometry
parameters.

o Diffusion Coefficient Rate, D: Being exclusively a property of the
diluted molecule, it does not influence the established fluidic field.

3.2. Mass transport

3.2.1. Single channel versus parallel perfusion

Given the single inlet for molecular input in SCP, Fick’s Law de-
termines that the flux of molecules from the FC to the CC only stabilizes
when the concentration gradient between domains is null. To satisfy this
condition, a steady state is only reached when C, = 1, for either SCPy or
SCPy, as demonstrated by Fig. 12 a) and b) respectively. Fig. 12 ¢) and d)
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Fig. 10. . Flow and diffusion parameters and their respective effect in modelling both the QA and WSS for SGPp.

further highlights that, regardless the size of the molecule, the tendency
will always be to reach the normalized value of 1, and hence, equalizing
Cin. The two fluidic conditions differ, however, in the role played by
convection in defining molecular transport, where the increased porous
flow in SCPy enhances trans membrane transport. This phenomenon is
especially noticeable for heavier molecules, with a lower D, whose

t[s]

higher reliance on convective transport results in greater kinetic changes
between SCPg and SCPy, as evidenced in Fig. 12 ¢) and d) respectively.

On the other, in PP, the dual infusion of molecular concentration,
with normalized inlet values of Cj,;rc = 1 and Cj,cc = 0, Fick’s Law de-
termines that molecular transport will be done until a balance is reached
between the FC and the CC. Therefore, the steady state balance in PP will
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Fig. 11. . Characteristic steady state concentration distribution, a) and b), and transient molecular transport, ¢) and d), of the two distinct PP conditions tested,
respectively PPgp, in a) and c), and PPqp, in b) and d). In a) and b), beyond the concentration distribution, it is also shown the molecular flux, identified by the black
arrows. In c) and d), the transient molecular concentration of the CC is measured for different values of D.
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arrows. In ¢) and d), the transient molecular concentration of the CC is measured for different values of D.

be heterogenous, as shown by Fig. 11 a) and b). The transient perme-
ability curves of Fig. 11 ¢) and d) further highlight that the steady state is
achieved for an intermediate concentration, whose value is dependent
on the selected parameters and generally satisfies the condition ssCpcc +
ssCnrc = 1. The differences between PPgp, and PPgp, are also highlighted,
where the polarity of the concentration distributions follows each of the
distinctive convective patterns, as seen in Fig. 11 a) and b) respectively.
Further, despite evidencing short transient reactions, it is visible that
PPgp benefits molecular transport, resulting in faster transport and
higher concentration ratios, as shown in Fig. 11 d), per comparison with
¢), for PPop.

Given that for PP, st is relatively low and often unresponsive to
parametric changes, and that for SCP, ssC,, is always equal to 1, here
forwards, the analysis will primarily focus on studying st for SCPg, and
ssC,, for PPgp, with both as a direct function of control parameters.
Nonetheless, the reader is referred to Fig. A.1 and SM A.1, where all
results and respective discussion can be found. Finally, an analysis of the
Péclet number is included in Table A.1. In general, it is observed that for
SCP, transport in the CC is more subject to variations induced by a
different choice of parameters, with Pec¢ fluctuating above and below
the value of 1. On the other hand, it is observed that Pecc, for PP, and
Perc, for both SCP and PP, are generally maintained above the value of 1,
suggesting that advection is the predominant mode of transport.

Box 5

Design guidelines for modelling molecular transport with different fluidic
setups.

Single Channel Perfusion, SCP: Determines a uniform concentration
distribution equal to the inlet value, regardless of the selected passive
parameters, but provides wide control over the rate of transient transport.
The increase of convective flow in SCPo provides slightly faster transport
over SCPg.

Parallel Perfusion, PP: Capable of widely modelling the steady state
concentration distribution based on the selected passive parameters. PPgp
provides a slight increase to the exchange rate, and therefore, decrease to
st, when compared to PPgp.

3.2.2. Membrane properties
The changes induced by a variation of P in SCPg to st are present
Fig. 13 a) and demonstrate the existence of a critical value at P=0.1. For
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P < 0.1, it is observed that not only does strc decrease from stgc = 155 s
to stpc = 50 s, for P = 0.01, but also, and more significantly, stcc sharply
increases, from stgc = 285 s to stge > 3600 s. On the other hand, for P >
0.1, both functions stabilize and settle on the values of stgc = 135 s and
stcc = 185 s. Similarly, Fig. 13 b) demonstrates that the correlation
between P and ssC,, in PPgp, is also characterized by a critical value, this
time at P = 0.2. For P < 0.2, the functions for ssCpc¢ and ssCprc sym-
metrically, and respectively, decrease and increase, with a magnitude of
approximately ssC, = 0.32. For P > 0.2, both functions stabilize at the
respective values of ssCncc = 0.36 s and ssCppc = 0.64 s.

Data for r, on the other hand, demonstrates a very passive behaviour.
Fig. 13 a) shows that st, in SCP, is maintained stable for a wide range of .
Only for r > 10 pm it is possible to marginally reduce st, ultimately
achieving stcc = 1755 s and stgc = 95 s for r = 100 pm. Regarding its
parametric influence over ssC, in PP, Fig. 13 e) demonstrates an even
more passive relationship, where ssC, remains virtually unaffected to
any change in r.

The relationship between ty; and st in SCPg is shown by Fig. 13 ¢). It is
observed, with an increase of ty, stcc too widely increases, from the
value of stcc = 190 s, for tyy = 1 pm, to stgc > 3600 s, for ty = 1000 pm,
Regarding stpc, however, a much steadier profile is observed, main-
taining within stgc = 135 — 150 s for the majority of the values tested, but
decreasing to stgc = 55 s when ty; < 500 pm. On the other hand, Fig. 13 f)
demonstrates that ty; produces a gradual change over ssC, in PPgp.
Values for ssC,, steadily increase and decrease, in the FC and.

CC respectively, with an increase of ty;. It was analysed that an in-
crease from ty; = 1 pm to tyy = 1000 pm will correspond to an absolute
change equivalent to ssC, = 0.34.

Box 6

Design guidelines for transient transport in SCP and molecular

concentration in PP using membrane parameters.

e Porosity, P: For P < 0.1 and P < 0.2 it is possible to widely control st and
ssCp respectively.

e Pore Radius, r: Provides very modest control over st, for r > 10 pm, but

no measured influence over ssCp.

Membrane Thickness, ty: Increasing ty provides a steep increase to st

and reduce membrane transport, characterized by an increase of ssCprc

and decrease of ssCycc.
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3.2.3. Channel geometry

A change in Ly affects both the surface area for porous exchange and
the volume of channels. Each of these contributions will have a unique
effect on molecular transport. Fig. 14 a), it is observed that stc in SCPg is
described by a quadratic function, with a lower limit at stcc = 285 s, for
Ly =5 mm and Ly = 7.5 mm. For Ly < 5 mm, the decreasing exchange
area will reduce molecular transport and increase st¢c. For Ly, > 7.5 mm,
the increasing exchange area is outweighed by the increasing volume of
channels, ultimately increasing stcc. For stpc, Fig. 14 a) demonstrates
that augmenting Ly will continually increase the latter variable.
Regarding the influence of Ly in changing ssC, in PPgp, Fig. 14 d)
demonstrates that an increase in Ly will likewise increase transport
across the membrane, corresponding to ssC, = 0.46. This means ssCn¢¢
and ssCnpc very nearly reach a balance between channels.

Equivalent to a change of volume alone, increasing Hcc I will amount
to a likewise increase of st in SCPg, as Fig. 14 b) demonstrates. This
increase is resembling an exponential where, if Hoc = 10 pm, stce = stpe
=50 s, for Hgg = 10000 pm, stge > 3600 s and stgc = 2770 s, indicating
that a steady state will be reached generally faster in the FC. When it
comes to ssCp, in PPgp, the correlation is more resemblant of a inversely
proportional linear function, where an increase to H¢c results in a
decrease of molecular transport, as shown by Fig. 14 e). In turn, this
defines a growing ssCnrc and decreasing ssCpcc.

Very similar relationships are observed for the changes induced by
Hjgc in both the st in SCPg and the ssC, in PPgp, as Fig. 14 c) and f)
respectively demonstrate. An increase of Hpc will correspond to an
exponential increase of both st¢¢ and stpc, even though generally, stcc >
stpc. And regarding molecular transport if Hpc = 10 pm, ssCyrc = 0.60
and ssCpcc = 0.47, for Hoe = 10000 pm, ssCprc = 0.87 s and ssCpec =
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0.10 s, evidencing a linear decrease followed by the increase of Hpc. Hpc
and Hc are the only cases where the condition ssCpcc + ssCrrc = 1 does
not necessarily apply, due to the imposed geometric asymmetry.

Box 7

Design guidelines for transient transport in SCP and molecular
concentration in PP using channel geometry.

Length of Membrane, Ly: Provides full control over ssC, and a quadratic
function modelling stcc, with a lower limit at stcc = 285 s, for Lyy = 5 mm
and Ly = 7.5 mm.

Height of Cell Channel, H¢c: Exponential control over st and inversely
linear over ssCn, while creating asymmetries between CC and FC, being
the exception to ssCpcc + $SCnrc = 1.

Height of Flow Channel, Hrg: Exponential control over st and inversely
linear over ssCy, while creating asymmetries between CC and FC, being
the exception to ssCpcc + $SChpc = 1.

3.2.4. Flow and diffusion parameters

The relationship between Qj, and st in SCPg is displayed by Fig. 15 a).
It can be observed that an increase of Q;, will promptly accelerate the
rate of transport, and therefore, reduce st. If for Q;; < 1 pL/h, stgc and
strc will be superior to 3600 s, for Qi; > 100 pL/h, both will already be
inferior to 300 s, evidencing a very steep reduction of the transient in-
terval. Regarding the parameter’s influence over ssC,, in PPgp, it can be
seen that the relationship will be opposite, where an increase of Qi
corresponds to a decrease of molecular transport. As Fig. 15 ¢) demon-
strates, whereas for Q;; = 0.1 pL/h, ssCycc = 0.49 and ssCprc = 0.51,
characterizing a concentration balance between the channels, for Q;, =
1000 pL/h, ssCpcc = 0.04 and ssCnrc = 0.96, defining, instead, a full
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Fig. 14. . Flow and diffusion parameters and their respective effect in modelling both the st and ssC,, for SCPy and PP respectively. In ¢), it is possible to observe that
a decrease in Qi,, which results in an increase of the ssCnCC, will increase the transport of Cytochalasin D across the membrane, disrupting actin filaments and
providing greater cell retraction. The respective experiment is described in further detail in the following.

contrast and evidencing very little signs of molecular exchange.
Box 8

Design guidelines for transient transport in SCP and molecular
concentration in PP using flow and diffusion parameters.

Inlet Flow Rate, Qj,: An increase to Q;, decreases molecular transport
across the membrane but accelerates the exchange.

Diffusion Coefficient Rate, D: An increase to D greatly decreases stcc,
without disrupting stpc, and increases molecular transport across the
membrane.

It comes naturally that a change in D will likewise impose changes in st
in SCPg and ssCp, in PPgp, as seen in Fig. 15 b) and d) respectively. It can
be observed that, a choice of a heavier molecule, will result in a long-
reaching steady state in the CC, where for D <1 x 10710 mz/s, stce >
3600 s. On the contrary, a smaller molecule will travel faster through the
membrane, and reach a steady state quicker. This way, forD >1 x 10~°
m?/s, stce < 200 s. More interestingly though, is that, regardless of the
size of the molecule, stpc remains rather steady, always kept within the
interval between 70 and 185 s. This is justified by the role played by
convection in the FC, which outweighs diffusion and outright defines the
steady state. More obvious is the relationship between D and ssC, in
PPgp, where an increase of D will equally correspond to an increase of
molecular exchange, and therefore, we observe a decrease and increase
of ssCprc.

12

3.3. Biological significance

To illustrate our numerical findings, we established a simple exper-
imental setup which is illustrated by Fig. 16 a). It contains a platform
with two separate microfluidic channels, separated by a porous mem-
brane. Both channels are perfused with media, but only in one media is
mixed with a given diluted molecule (channel in yellow, Fig. 16 a)). This
way, we experimentally replicate PPgp, where ssCpcc is a function of the
implemented control parameters. Two different membranes were tested,
with a pore diameter of respectively 0.4 (P = 0.01) and 3.0 ym (P =
0.17). Similarly, to investigate Qi;, both membranes were tested at the
flow rates of 10 and 100 uL/h. Initial experiments were performed with
fluorescein (0.332 [KDa], 5.4 x 10~10m?/ s), to describe permeability as
a direct function of both r and Qj,. In parallel, Madin-Darby canine
kidney (MDCK) cells were cultured on-chip, and their morphological
behaviour studied as a function of the transport of Cytochalasin D across
the membrane. The selection of fluorescein, as a fluorescent compound
to study the permeability of the membrane, was done to obtain an
approximation model for the transport of Cytochalasin D, given that
both molecules have comparable molecular weight (Mpyorescein = 332.3
g/mol; Meytochalasin p = 507.6 g/mol) and hence similar diffusion prop-
erties [77]. Both experiments provide experimental and biological evi-
dence to support the present numerical data. Experimental details are
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3.0 um membrane at 10 uL/h, for the time frames of t = 0 min and t = 90 min. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

found in the Supplementary Material.

The results for the permeability with fluorescein are present in
Fig. 16 b), evidencing two key takeaways. First, that a change in
membrane properties (pore diameter) produces very limited effect in
controlling ssCp¢c, with a variance of only 0.03 when changing from r =
0.4 to 3.0 um. And second, that Q;, provides dominant control over
transport, displaying an increase of 0.17 in ssCpcc when decreasing Q;,
from 100 to 10 pL/h. Both results are in great conformity with those
obtained numerically. As observed in Fig. 13 e), numerical data predicts
a negligible influence of r in controlling transport, but it evidences, in d),
a significant effect induced by the change in porosity. However, given
the diffusion coefficient of fluorescein is lower than the one modelled
(expressed in Table 1), Fig. 15 d) predicts that the diffusive component
of transport will play a lesser role, and hence, membrane properties will
provide a smaller influence in manipulating ssCpcc, as observed exper-
imentally. On the other hand, Fig. 15 c) verifies the dominant influence
of Qi in controlling ssCpcc. Numerical data goes further in predicting an
increase of approximately 0.26, when changing from Q;; = 100 to 10
[uL/h], a value which provides a good approximation to that obtained
experimentally.

For the biological assays, chips were perfused with media (Gibco CO,
independent media, Thermofisher) in both channels, and the FC sup-
plied with Cytochalasin D at a fixed concentration of 20 uM. Using a
confocal microscope (LSM800, Zeiss), the behaviour of the MDCK cells,
cultured on the CC, was observed over a period of 90 min of perfusion
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and analysed as a function of the concentration of Cytochalasin D,
transported from the FC to the CC via the porous membrane. Cytocha-
lasin D is a well-known actin-disruptive toxin [78,79], whose inhibiting
effect results in drastic changes in cell shape by reducing actin filament
length. Its effect on MDCK is well-reported [80,81], and provides a good
correlation to the concentration of the respective toxin in the sur-
rounding microenvironment. Based on the respective measurement, on-
chip experiments verified a similar trend to both numerical and fluo-
rescent data, with conditions at lower Qj, contributing to a higher
transport of Cytochalasin D across the membrane and into the CC, ul-
timately resulting in higher morphological change and greater cell
retraction. In Fig. 16 d), the changes in cell morphology are quantified as
a function of the angular second moment, a parameter which provides a
measure of image homogeneity and can be used to detect morphological
changes [82,83]. Plotting the respective parameter evidences a steeper
—635224155increase for the conditions at 10 pL/h, as highlighted in
blue, than for those at 100 uL/h, highlighted in yellow, which remain
rather constant and horizontal. This is a manifestation of greater
morphological change, and specifically, stronger cell retraction for the
conditions at 10 pL/h then for those at 100 uL/h. This effect can be
directly observed through the fluorescent images, taken by labelling
MDCK cells with CellTracker Red CMTPX, present in Fig. 16 d) for the
time frames of t = 0 min and t = 90 min, for the 3.0 um membrane at 10
pL/h. On the other hand, the variation between membrane properties
demonstrates, once again, a relatively passive role in controlling the
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Fig. 16. . Summary of the results provided, with a hierarchical display of the influence played by setups and parameters on certain desired outputs. In green, it is
highlighted the parameters with the best performances. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

transport of molecules across the membrane. This is displayed in Fig. 16
d) by the small differences between the same-coloured curves, plotted
with continuous and discontinuous lines for respectively the 3.0 and 0.4
um membranes, manifesting minor morphological changes as a result of
the different porous properties tested.

Crucially, both experiments demonstrate the biological impact of
permeability mechanisms and, more importantly, the significance of the
developed numerical guidelines in predicting the most relevant
permeability parameters in regard to specific devices and biological
applications.

4. Conclusion

A finite element model of a microfluidic bilayer device with inte-
grated porous membrane has been established, providing extensive
knowledge on the correlation between membrane integration parame-
ters and resulting fluid dynamics and mass transport. The respective
model enabled the development of a large-scale, systematic study,
where eight distinct parameters, related to membrane, geometry, flow,
and diffusion properties were individually researched. At the same time,
four different fluidic conditions were, in parallel, tested, this way
addressing a wider range of microfluidic architectures. All these pa-
rameters were then studied in relation to four distinct response vari-
ables, characterizing the steady state fluid flow, wall shear stress, and
concentration distribution, as well as the transient convective-diffusive
mass transport.

The obtained results provide a comprehensive analysis, with design
guidelines for membrane integration in OoaC and microfluidic appli-
cations. The results are summarized below and complemented by Fig. 16
which highlights, in grey, the conditions providing significant influence
over a certain desired output, and in orange and blue, those offering the
most effective control.

m Passive control over flow rate: primarily relevant in SCP,
with membrane properties and channel design parameters
playing fundamental roles in modelling fluid flow in the CC. It
is highlighted r, capable of modelling flow in the CC across 9
orders of magnitude, and Hp¢, with the ability of reversing the
flow ratio between channels. Otherwise, in PP, the flow
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dynamics are predominantly governed by Q;;, whose influence
hinders the effects the remaining parameters potentially
trigger.

Passive control over shear stress: primarily relevant in SCP,
where both membrane properties and channel geometry play
crucial roles. More significantly, r is capable of modelling shear
stress from high levels, for large pores, to virtually shear-free
conditions, for nano pores, ranging a total of 7 orders of
magnitude. The influence of Ly, and H is also of great interest,
both capable of uniquely establishing different levels of shear
on opposing surfaces of the same channel. On the other hand, in
PP, WSS is primarily dominated by the influence of Qj;,. The
only exceptions are Hgc and Hpc, whose influence enables
modelling the shear stress whilst keeping flow at a constant
rate.

Passive control over transient transport: significantly
modelled by the majority of passive parameters across both SCP
and PP. While r provided virtually no influence, a very sharp
change was measured for P < 0.1. H¢g, Hpc and ty; demon-
strated instead a more gradual control over the transient
transport. On the other hand, Ly displayed a quadratic rela-
tionship in SCP, suggesting the existence of an optimal value for
increasing the exchange rate, and provided better performance
for PPop when compared with PPgp. Finally, it was verified that
an increase to Q;; widely contributes to increasing the exchange
rate and reduce the transient interval.

Passive control over molecular concentration and distri-
bution: only possible in PP. Whereas for SCP, Fick’s Law de-
termines the molecular concentration distribution is
necessarily equal to the inlet value, for PP, this balance can be
modelled by the design parameters. Membrane properties, in
particular P, for P < 0.1, and ty, play influential roles. H¢c and
Hpc evidence a linear correlation, and present a unique
behaviour for PPpp, with the ability of respectively saturating
or depleting the microenvironment. The more significant con-
tributions are, however, provided by Ly and Qj,, capable of
modelling the concentration from a uniform distribution to an
extreme heterogeneity between the channels, the CC and the FC
becoming respectively depleted and saturated.
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On-chip experiments were further carried out, providing fluorescent
and biological evidence in support of the present numerical data. An
experimental platform and protocol were developed to replicate PPgp
and analyse the transport of molecules across the membrane as a func-
tion of both membrane parameters, namely r and P, and flow properties,
Qin- Experiments with fluorescein evidenced a mainly convection-driven
permeability, with Q;, displaying a dominant role over both r and P,
whose control over ssCy,cc was limited. A similar trend was seen with the
transport of Cytochalasin D, whose actin-disruptive effect, quantified by
the angular second moment as a measure of cell retraction, manifested
the dominant role of Qi in controlling porous transport of Cytochalasin
D and defining ssCpcc. By verifying the same trends as numerically
predicted, both experiments, fluorescent and biological, ultimately
demonstrated the experimental significance of the provided numerical
data.

As concluding reflection, it is crucial to realise the influence played
by confluent tissue barriers in further shaping both the fluidic and mass
transport dynamics within microfluidic bilayer devices with integrated
porous membranes. By adopting an electrical circuit analogy, it is
possible to defer that the permeability of a tissue barrier formed on a
membrane, K, is the combined result of both the diffusive permeability
of the tissue barrier, Ky, and of the membrane, K;,, [44]. The respective
relationship can be expressed by the following expression:

1 1 1
K~ K 'K, 12
The implications of Equation 12 can be further appreciated through the
work of Frost et al. 2019 [84], where the permeability of a microfluidic
bilayer device was measured, using several different molecules, for a
membrane with and without a confluent tissue barrier model. Not only
does this work demonstrates the similarities between the permeability
behaviours of each model, but also, the necessity of knowing the indi-
vidual contributions of both the membrane and the tissue barrier. It
highlights that, the design of a specific membrane platform, should
contemplate the contributions of each, towards ensuring accurate
biochemical outputs. Finally, membrane properties should also be
considered regarding the cell behaviour and migration patterns they
might induce and should be selected appropriately.

Finally, it is important to highlight the usage of hydrogel matrices
which, combined with microfluidics, has generated wide interest. It is
appreciated that, when it comes to replicating biological tissue con-
structs, the elasticity and 3D porous networks of hydrogels prove
desirable for tissue emulation [85]. However, contrary to porous
membranes, whose physics are extensively characterized and well
established, hydrogel matrices can be notoriously unpredictable, due to
their dynamic, irregular properties. Nonetheless, tortuosity models, and
more noticeably, the Millington and Quark and Bruggeman models,
have been growing as accurate models to predict hydrogel dynamics.
Therefore, an effective diffusivity, such as the one described in Equation
7, can be calculated to describe the motion of a specific molecule more
accurately within a certain hydrogel. Ultimately, it follows that the data
here presented can be translated into hydrogels, by applying a tortuosity
model and resulting diffusion factor.
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