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ABSTRACT

This work proposes a comprehensive approach to optimize the design of microfluidic concentration gradient
generators (MGGs) for biomedical applications. Exposing biological systems to controlled gradients enables fast
screenings of induced concentration-dependent signals and surpasses several limitations of conventional cell
culture techniques. The MGG working principle is the formation of diffusion-driven concentration gradients
between a source and a sink, both connected to a cell culture chamber through an array of microchannels. The
devices were modeled with Comsol Multiphysics®, in a combined fluid-dynamic and mass-transport study
allowing prediction of the internal fields and guiding design optimization. Ideal MGGs must ensure fast transients
(< 1 h) to reach a steady gradient. To identify the key features determining the device performance, we analyzed
design specifications and operating parameters including: the shape of the source and sink (width 1-2 mm), the
number and length of the microchannels (17-34, and 2.5-5 mm), the flow rate (5-10 pl/min). Our results prove
that the formation and shape of the gradient are strongly affected by the device geometry, and mostly by the
microchannels length. In addition, higher flow rates lead to the generation of stagnation zones and increase the
gradient steepness. The model optimized MGG was fabricated and proved successful in the generation of stable

concentration gradients over cell monolayers inside the culture chamber.

1. Introduction

Inside our bodies, concentration gradients of biomolecules, gases,
and chemicals, are essential to regulate several biological processes and
cell functions including development, embryogenesis, and cancer
metastasis [1]. Our cells evolved to recognize the directional informa-
tion encoded in gradients, and translate it into processes such as neuron
guidance, recruitment of immune cells, and angiogenesis. Traditional
methods like Boyden chambers and collagen matrices are strongly
limited by the spatial and temporal instability of the gradients they
generate. Moreover, their relatively large dimensions are not ideal for a
precise control [2,3].

The use of microscale devices for the generation of controllable and
stable concentration gradients is beneficial for many reasons. First, the
miniaturization of channel sizes in a microfluidic gradient generator
(MGG), directly correlates with a reduction of the time required to
transport specific concentration doses to cells, providing physiologically
meaningful time scales. MGGs also enable the integration and

manipulation of multiple design parameters such as time, chemical
species, and concentration into a single platform. Finally, the use of
small quantities of reagents and materials minimizes all operational
Costs.

MGG can be assimilated to reactors in which the desired concen-
tration field is defined across a region of the device [4,5]; this general-
ization makes them amenable to be adapted to several experimental
needs and applications. If an increased throughput and/or paralleliza-
tion are required, integrated platforms composed of several gradient
reactors can be assembled in series or parallel configurations. For
example, Rho and co-authors [6] discussed an array of 16 parallel
mixing reactors for pH gradient generation, while others [5] chose a
configuration in series for the control of concentration fields across a
defined range. Parallel microreactors can also be integrated to expose
biological substrates to a vast combination of concentration patterns [7,
8]. While highlighting the versatility of microreactors, researchers must
be aware of some limitations, including possible concentration unifor-
mity issues and controllability of configurations for high throughput
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a Fig. 1. Proposed MGG design. a. Building
blocks of a general MGG. SoBB: source building
block; DBB: delivery building block; TBB: target
! building block (cell culture chamber); SiBB:
1 sink building block. Arrows indicate the domi-
nant direction of transport phenomena in the
associated microdevice: vertical for convection,
horizontal for diffusion. b. Fabricated device
with geometrical variables and building blocks
clearly marked. c. Details on the specific inlets
and outlets and direction of convective (vertical
i arrows) and diffusive (horizontal block arrows)
| transport.
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operations [4], as well as on the effect of controlled diffusive mixing of
reactants on stable gradients [9]. Microreactors were also successfully
applied in fast exothermic reactions with very short residence time for
the synthesis of pharmaceutical intermediates [10]. Moreover, several
studies were focused on flow maldistribution in microreactors to design
proper configurations that enhance the overall performance [11]. Other
authors discussed mixing as a function of microchannels types, also from
the perspective of pressure drops [12]. Padoin and co-authors focused
on flow patterns in microchannels to assess expected flow morphology
[13], while others investigated the topic of mass and heat transfer in
microscale geometries [14] with a special focus on main phenomena
that occur in Taylor flow regime in mini- and microchannels in multi-
phase systems [15].

Together with the recent fabrication technology advances, theoret-
ical investigations and numerical simulations became crucial to predict
the effects of variations in key operative parameters and to provide both
design guidelines under a given set of constraints, and identify perfor-
mance limitations of a given microfluidic system [16,17]. A careful
modeling-based design optimization also enables a faster and better
understanding of the experimental findings [18] while avoiding the
costly and time-consuming trial and error fabrication steps [19,20].

Different approaches can be adopted, including Molecular Dynamics
(MD), Direct Monte Carlo Simulations (DSMC), Dissipative Particle
Dynamics (DPD), Continuum Method (CM), and Computational Fluid
Dynamics (CFD) [21]. Among these approaches, CFD tools combine
several advantages that facilitate a detailed investigation of microscale
phenomena in systems characterized by low Reynolds number and/or
Stokes flow, with dominant diffusion-driven mixing [18,22]. Different
studies on the application of CFD to the optimization of the design of
microreactors can be found in the literature, but are mostly focused on
microreactors for chemical synthesis, solid-gas phase catalytic reactions,
and multiphase systems. For example, Gavrilidis discussed the

P soon

Seeding
Flow OUT ouT  FlowoOUuT

it

technology driven by optimization criteria of microengineered reactors
and relevant mass and heat transfer phenomena [23]. Details on hy-
drodynamics and mass transfer mechanisms with CFD applicative ex-
amples can also be found [15,24,25]. A similar approach to
heterogeneous reactions was proposed by Patil [26], and based on a
CFD-assisted analysis of thermal gradients in a microreactor for
steam-reforming. Bettermann proposed a digital and lean development
method for 3D-printed reactors based on a coupled CAD modeling and
CFD simulation [27]. An approach based on CFD is discussed by Mbodji
and coworkers, investigating heat and external mass transfers in a
channel geometry made of coated catalytic walls [28]. Recently, a study
addressed the phenomenon of droplet-based flow in poly(dimethylsi-
loxane) (PDMS) devices [29].

Nevertheless, the investigation on these topics for biologically tar-
geted applications is still limited, and systematic practical guidelines for
microfluidic devices and reactors that operate with living, cell-based
samples are still missing.

We here discuss and propose a systematic optimization of micro-
fluidic gradient generators through numerical simulations, presenting
guidelines and design specifications amenable to adaptation to different
experimental needs. We finally present a case study, resulting from the
synergy between modeling, design, manufacturing, and validation. Our
device enables repeatable and reliable high throughput experiments and
was optimized to perform screen studies on biological samples such as
exposure to drug concentration gradients for antibiotic susceptibility
tests or therapy development.
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Table 1
Key MGG design parameters and their main effects.

Building block Key parameters Effects and governed
phenomena

SoBB, SiBB Geometry: width and height, Average velocity, velocity

(feeds) shape; Inlet flow rate; Inlet distribution in space and
concentration time, flow regime

DBB Geometry: hydraulic diameter, ~ Pressure drops, flow regime,
(microfluidic length; Spatial arrangement; mass transfer regime, entry
channels) Number of channels length

TBB(culture Volume; Geometry: width and Diffusion characteristic time,
chamber) height, shape mixing, manufacturing, cell

viability

2. Materials and methods

2.1. General geometry of microfluidic gradients generators (MGGs) and
implications

MGGs are experimental tools providing stable concentration gradi-
ents in space and time, an essential feature to accurately study biological
systems reproducing physiologically sound microenvironments match-
ing the characteristic time and space scales of biological phenomena
[30]. A successful geometric and fluid dynamics parameter coupling not
only ensures an accurate performance and control over the culture
microenvironment, but also provides conditions for the establishment of
a steady-state, essential to ensure maintenance of constant levels of the
specific species of interest.

From a general perspective, a MGG can be represented as a basic 5-
building blocks system (Fig. 1) with axial symmetry. The source and sink
building blocks (SoBB and SiBB, respectively) drive the culture medium
inlet feeds; the SoBB typically delivers media added with a species of
interest, while the SiBB is depleted in the same species. The delivery
building blocks (DBBs), systems of microfluidic channels, link the source
and sink to the target building block (TBB), which is the culture chamber
where cells will be seeded. These building blocks are physically and
geometrically connected, and the arrows in Fig. la represent the
dominant directionality of fluxes: convective transport follows perfusing
streams entering from the SoBB and SiBB top inlets and exiting from the
bottom ones, while diffusion is mainly perpendicular with a source-to-
sink direction. Schematics of the proposed device are also given in
Fig. 1b and c, introducing the key geometrical parameters and locations
of all inlets and outlets for fluid perfusion and cell seeding.

Each constitutive block is characterized by a set of physical and
geometric parameters ultimately determining the shape of the gradient
inside the TBB and the time-to-steady-state. The key parameters for each
block and their main effects are listed in Table 1.

All geometric constraints are tied to both operational requirements
and manufacturing limitations (i.e. the microfluidic channels must be
within defined aspect ratios to ensure structural stability while ensuring
the desired flow and transport regime). The key geometrical feature for
the SoBB and SiBB is their width that, according to the imposed inflow of
culture medium, determines the dominant flow regime. When a laminar
flow is established, viscous forces dominate over convective transport
and controlled molecular diffusion ensures the formation of a stable and
predictable concentration profile in the TBB. Other operational param-
eters are the culture medium inlet flow rate and the species concentra-
tion, all imposed as system boundary conditions. Mass and momentum
are transferred from the SoBB and SiBB to the TBB across the delivery
building block DBB; microchannels should thus be designed to minimize
convective contributions to transport phenomena. Considering the
intended biological application, the main determinants of the di-
mensions of the TBB, the cell culture chamber, are its volume and shape.
The volume will establish the quantity of culture media available to
cells, and the surface area the total number of cells. Nutrients and re-
actants are distributed in space and time across the DBB, designed to
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operate as a pressure drop generator where induced shear stresses and
velocity gradients determine the reduction of convective contributions.
Geometry, number, and arrangement of the microchannels are key pa-
rameters that determine the success in realizing a stable diffusive
gradient. Each channel of the network contributes to the overall pressure
drops AP,y; as a rule, pressure drops scale according to ~ < v > Ldeq’z,
where <y > is the mean laminar flow velocity, L the microchannel
length and d,,; the equivalent hydraulic diameter. While the mean ve-
locity is controlled by operative conditions in the SoBB and SiBB, the
geometric constraint on d,q and L depends on both manufacturing lim-
itations and time-to-gradient-establishment (see Section 3).

2.2. FEM numerical simulation of micro-gradient generators

Numerical modeling applied to MGG design plays a crucial role in
investigating fluid dynamics and mass transport phenomena. We here
describe our Comsol Multiphysics®-based CFD modeling approach to
shed light on detailed features that cannot be easily experimentally
screened given the time- and resource-demanding processes for the
production of microscale platforms [18].

2.2.1. Constitutive equations and phenomena

Numerical simulations are based on the detailed description of
physical domains through discretization and solution of mathematical
equations in a finite number of points of the domain (mesh). The solution
region is discretized in small sub-regions (typically triangular and
quadrilaterals) where linearized or non-linearized equations are solved
simultaneously. The Finite Element Method (FEM) approach is intended
as an example of the discretization procedure of problems in continuous
domains [31,32]. Solving procedures typically involve the following
steps: discretization, selection of interpolation functions, formulation,
mathematical system assembling, and solving.

The investigation of the performance of a MGG requires the simul-
taneous analysis of two physical phenomena: fluid dynamics and mass
transfer. Since living cells are typically kept at 37 °C inside culture in-
cubators, the system is treated as an isothermal domain and energy
balances can be discarded [33]. The small characteristic lengths in
microfluidic systems enable the application of the laws for laminar flow
in closed conduits (in most cases Re < 100), with negligible inertial
forces, mixing determined by diffusional mechanisms and, overall,
simplification of the mathematical models[16,30,34]. Mass transport
inside an isothermal MGG is related to convection and diffusion through
the dimensionless Péclet number (Pe = Re-Sc,[35]). Microscale systems
typically operate at low Pe numbers (ideally Pe<1), where diffusive
mass transport becomes dominant over convection enabling the estab-
lishment of complex and controlled concentration gradients [36]. In this
scenario, an effective mixing should maximize the action of diffusion
without significant increases in the time required for gradient stabili-
zation [37].

On this basis, the equations to be solved are the Navier-Stokes for the
conservation of momentum Eq. (1), and the continuity equation for the
conservation of mass Eq. (2):

I LG a (o) = 0 @
ot
opu
o +Ve(puu)= —VP+Ver+F 2

where p is the density, u the velocity vector, P the pressure, 7 the viscous
stress tensor, F is the vector of forces.

Concentrations at play justify the adoption of the built-in module for
the transport of diluted species in solvent (culture media). In the pres-
ence of both diffusion (described by Fick’s law) and convection, the
combined mass balance equation for the transported species of choice is
solved (Eq. (3)):
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Fig. 2. Fluidic resistances in circular and rectangular microchannels. Values of R for a single channel are plotted: for circular channels as a function of the internal
diameter dp (left); and for rectangular channels as the ratio with the reference fluidic resistance of a circular channel with internal diameter d = H.
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Fig. 3. 2 analysis for circular microchannels. Curves represent average 2
values inside the TBB with fixed inlet medium flow rate, feed channel diameter

ds; and TBB geometry. Curves are parametric in the total number N of parallel
microchannels with diameter d; forming the DBB.
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without stress condition, restricting the solver to maintain the pressure
at a given value p, (i.e. zero relative pressure). No-slip BCs (zero ve-
locity) were imposed at all internal walls (Eq. (7)). For mass transport, a
solute concentration Cy was specified in combination with inflow con-
ditions (Eq. (8)), while the outflow was imposed to ignore diffusive
transport across the outlet border (Eq. (9)). Concentration values are

1000 T T

Diffusion limited

Convection limited

70 80 90 10(

dg/W [-]

Fig. 4. 2 analysis for rectangular microchannels. Curves represent average 2 values inside the TBB with fixed inlet medium flow rate, feed channel diameter d; and
TBB geometry. Curves are parametric in the geometric ratio H/W (height/width) of rectangular microchannels. Left plot: the number of channels is N = 5; right plot:

N = 20.
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Table 2
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Main characteristics of the modeled MGGs. W is the relevant width, H the height, L the length, A the surface area, and V the volume. Superscripts and subscripts specify
the BB and the x-y orientation, as highlighted by annotations in the schematics of the last column.

A B C
Building Block Geometrical Feature
SoBB Wsx [mm] 2.00 2.00 1.00
SiBB H [mm] 0.12 0.12 0.12
Lgy [mm] 18.20 16.00 14.00
Wpy [mm] 0.20 0.15 0.25
H [mm] 0.12 0.01 0.03
DBB Lpy [mm] 5.00 5.00 2.50
N [-] 26 34 20
Wry [mm] 5.60 5.60 4.00
H [mm] 0.12 0.12 0.12
TBB Lyy [mm] 11.80 10.00 10.00
A [mm?] 66.08 56.00 40.00
V [uL] 7.92 6.72 4.80

0.7

0.5

0.3

0.1

Fig. 5.. Concentration heatmaps in the modeled MGGs. Expected gradient after 1 h since initiation of perfusion at a constant flow rate of 5 pl/min for the modeled
set of devices (A, B, and C) with varying characteristics for the SoBB, SiBB, and DBB. The color-coded scale bar gives normalized concentration C/Cy values.

typically represented as normalized by the IC of Cy.
Initial and boundary conditions are listed below:

u(t=0)=0 @
7/ p(u o n)ldS = niy, 5)
o]
[-pI+Kn= —p,n 6)
u=0 (2]
w=wy , wo—COM (€))
P
—nepDVw =0 ©)

where, [ is the channel thickness, m;, the inlet mass flow rate, M the

molecular weight, D the diffusion coefficient.

2.2.3. Meshing and numerical solver

The domain was meshed according to basic modeled phenomena and
numerical requirements; discretization was based on unstructured
meshes with up to 500,000 elements. A number of mesh elements and
grid arrangements were selected to avoid numerical instabilities and
ensure the desired degree of detail. Combinations of prismatic and
tetrahedral blocks filled the simulation domain and special quadrilat-
eral, and prismatic meshing were built close to the MGG walls and near
critical points. Inaccuracies originated from the discretized approach
were avoided by ad hoc mesh-sensitivity studies to get grid-independent
and correct computational results.

A 3D transient model using a pressure-based solver with variable
time steps was employed. In all simulations, a numerical scheme with an
order of accuracy 2 was consistently adopted together with a
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Fig. 6.. Concentration profiles in the TBB and velocity profiles for the modeled MGGs. All graphs report values obtained after 1 h since initiation of perfusion at a
constant flow rate of 5 pl/min. The curves on the left panels plot normalized concentrations (C/Cp) along representative sections of the culture chamber. Inset in
panel B reports the curves in the entire 0-1 range for C/Cy. On the right, velocity profiles along the horizontal mid-section of the entire MGG; shaded areas
correspond to each BB, with labels specified in the top plot. Inset in panel B reports a zoomed imaged of the velocity profile.

preconditioning scheme to avoid undesired solving issues. The order of
magnitude of the time step was in the range 10731072 s to ensure
Courant-Freidrichs-Leewy (CFL) condition CFL<1 and directly
managed by the numerical solver [38].

2.3. Fabrication and validation of the MGG

The microfluidic platform was produced by replica molding from an
aluminum master. The master was fabricated by micro-milling an

aluminum block (Kugler MICROMASTER® 5X) based on the chosen
design digitalized using 3D-CAD software. Polydimethylsiloxane
(PDMS) replicas of the MGG were obtained using standard techniques
[39]. Briefly, PDMS was prepared by mixing the base and the curing
agent in a 10:1 w/w ratio, degassed, and cast on the aluminum master.
After an additional degassing step, the mold was baked in a convection
oven for 75 min at 65 °C. After cooling, the PDMS was carefully peeled
from the master, and the inlets, outlets, and seeding doors cored using
stainless steel biopsy punches (1 mm diameter). The device was



S. Micheli et al.

1000 : . " .
H ——HwW =
— —HW=2
100 | W H. Hw=5 H
----- H/W = 10
10 I }
} Diffusion limited
o 1 t t +
© { Convection limited
2 o1
0.01
0.001 ;
\'\
~
1E-4 S

1 10 20 30 40 50 60 70 80 90 100
dg/W [-]

Fig. 7. 2 analysis for the MGGs simulated. Progression of the ratio 2 based on
the simulated microdevices reported in Fig. 5. The detailed parameters of
configurations A, B, and C are given in Table 2. Concentration profiles, instead,
are given in Fig. 6.

irreversibly bound to a glass slide by air-plasma treatment (Harrick
Plasma). The assembled unit was connected via Tygon tubing to a sy-
ringe pump (PHD Ultra, Harvard Apparatus) controlling fluid flow rates
dictated by the results of the fluid dynamic modeling.

The assembled MGGs was validated with dyes, using different color
combinations for the inlets and following the formation of the concen-
tration gradient inside the TBB. Images were acquired using a digital
camera at a specified magnification and at different time points: 30 min,
8, and 24 h. Pictures were captured focusing on the cell culture cham-
ber. Additional validation was performed using fluorescent dextran as a
tracer (Isothiocyanate-dextran, Sigma-Aldrich, St. Louis, MO, USA)
dissolved in DI water at a concentration of 0.5 mg/10 mL. Images at

a
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different time points were acquired using a fluorescent microscope
(EVOS Floid Imaging System) at 4x magnification, allowing to recon-
struct the entire culture chamber. Image analysis was performed using
ImageJ. Briefly, images were converted in 16-bit, the average fluores-
cence intensity in selected areas was quantified, correlated to the con-
centration profiles, and plotted along the TBB.

2.4. Cell culture

Human embryonic kidney cells (HEK-293 T) were used to study the
biocompatibility of the assembled platform. Cells were maintained in
culture in 75 cm? flasks in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% of fetal bovine serum, 1% of glutamine, and 1%
of antibiotics (Penicillin/Streptomycin). Before cell seeding, the MGG
was autoclaved (121 °C for 35 min) and then the surface of the TBB was
coated with 25 pg/mL Fibronectin (Thermo Fisher Scientific) for 1 h at
room temperature. The cells were seeded at a density of 1000cells/mm?
and cultured for 24 h in static conditions. For biocompatibility studies,
cells were stained with a Posphate Buffer Saline (PBS) solution of
Hoechst marking all nuclei in blue (1:1000 dilution, Sigma-Aldrich, St.
Louis, MO, USA), Calcein-AM marking the cytoplasm of living cells in
green (1:1000, Sigma-Aldrich, St. Louis, MO, USA), and Propidium Io-
dide marking dead cells nuclei in red (1:500, Sigma-Aldrich, St. Louis,
MO, USA) for 30 min. Images were acquired on a fluorescence micro-
scope (EVOS Flois Imaging System) and analyzed with the “Analyze
particles” tool of ImageJ software. Automated cell counting enabled the
quantification of living cells over the total number of cells, as a measure
of cell viability. Cell counting was repeated on at least 10 images.

3. Modeling, sizing guidelines, and case study

This section will present our computational results and describe the
general features of the proposed MGGs. The results have general validity
and were here used to guide the parameter selection for a representative
case study MGG.

Fig. 8.. Fabricated MGG. a. Aluminum mold during the micro-milling process and b. after cleaning. c. Replica of the MGG irreversibly attached to a glass slide after
plasma treatment. A dye is used to fill the device and ease visualization of the building blocks showing details of each geometrical feature. All building blocks

are marked.
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Fig. 9.. Fluid-dynamic validation of the MGG. a. Bright field (top) and fluorescence (bottom) images reconstructing the entire section of the TBB. Perfusion rate was
set at 5 pl/min and pictures were taken after 30 min. A solution of green fluorescent dextran in DI was injected from the SoBB (left channel) and pure DI from the
SiBB (right channel). b. Image of the entire MGG and a zoomed view of the TBB at the same perfusion conditions used for panel a. obtained flowing colored dyes (red
from the SoBB, and yellow from the SiBB). c. Concentration profiles obtained from the semi-quantitative image analysis on fluorescent gradients obtained as in panel
a. Data represent normalized fluorescence intensity across a section of the TBB. The solid curve represents the concentration profile obtained through Comsol

Multiphysics Simulation.

3.1. Sizing guidelines

The core of a MGG is the DBB: besides posing the biggest challenges
in terms of fabrication, its configuration is the main player in deter-
mining the capability of the device to sustain a specified gradient inside
the TBB and the time-to-steady state. The number, layout, and geometry
of its microchannels are key variables that can be manipulated. The
combination of geometric and operative parameters for the DBB deter-
mine the fluidic microchannels resistance R, and the average flow rate
Q = APy /Ry Manufacturing solutions could include both circular and
rectangular microchannels geometries with corresponding channel
resistance R; under laminar flow given by Egs. (10-11) [40],
respectively:

L
R =ML (10)
’ dp
”(2)
-1
12uL H (192 o 1 nnW
Riy = s [1W<7r5 *”’(W) ” an

Eq. (11) refers to a rectangular microchannel with width W and
height H. y is the fluid dynamic viscosity, L is the microchannel length.
The hydraulic diameter of rectangular microchannels is calculated ac-
cording to the definition d,q = % The resistance of a rectangular duct
under laminar flow with a high aspect ratio, i.e. W<H or HKW, is
approximately given by R;, ~ (12uL)/(WH®).

Fluidic resistances of circular and rectangular microchannels are
reported in Fig. 2.

Another key geometric parameter for the DBB is the microchannel

length, determining the hydrodynamic entry length L. ensuring the
establishment of a fully developed flow [41], in turn required to sustain
a stable flow feeding the TBB where cells are cultured. Given the laminar
flow field, L. depends on the equivalent diameter d.; and the duct ge-
ometry. For circular channels L, varies almost linearly with Re e d [42]
and a similar correlation can be found for rectangular ducts [43]. Since
microdevices usually operate at Re < 100, L. is generally < 25 pm.
Microchannels with L>L, dilate transients and reduce the system
response to input variations [30], slowing the effect of diffusion and the
establishment of the desired concentration field. A minimal overdesign
margin is always considered to accommodate constraints related to the
manufacturing procedure of choice [44]. In addition, since the device is
typically replica-molded using Polydimethylsiloxane (PDMS), to ensure
structural stability and geometrical uniformity throughout the entire set
of microchannels, features must have a width-to-height ratio greater
than 1:10 and smaller than 10:1.

The microchannel network induces both distributed pressure drops
and localized flow dissipations (i.e. junctions, piping connections, flow
contractions/expansions, ...). Localized losses are proportional to the
network complexity, and the overall resistance Ry, can be calculated
considering a parallel arrangement of N channels as of Eq. (12):

1
N 1 1
i\t —
Do (R:M RigcmintRiotc—ous

Each channel contributes with a resistance related to distributed
pressure drops R}, as of Eq. (10—11), and localized losses mainly

Rmr,n = (1 2)

i

ascribable to the piping inlet (contraction) R,,, ._;, and outlet (expansion)
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Fig. 10.. Cells viability after MGG culture. HEK-293 T were cultured for 24 h in the TBB of the MGG in static conditions. Bright-field images show the connection
between the DBB and the TBB. Hoechst marks all cell nuclei in blue, while Calcein AM marks the cytoplasm of live cells in green. Finally, Propidium Iodide stains
nuclei of cells in the final stage of apoptosis in red. From top to bottom, the rows of images are representative of a section: close to the left DBB, at the center of the

TBB, and close to the right DBB.
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Fig. 11.. Cells exposure to a double concentration gradient. Images reconstruct
an entire cross-section of the TBB after 24 h of exposure to the concentration
gradient. The concentration of the fluorescent markers varies as follows:
Calcein-AM (green) has a maximum towards the left inlet and is zero at the
right; Hoechst (blue) is symmetric, with a maximum on the right and zero on
the left. The experimental evidence correctly mirrors the results of the CFD
simulation reported in the bottom panel as a reference.

Rl . ou The contribution related to concentrated pressure drops is
increased with the complexity and number of elements that compose the
DBB. Similarly, the concentration field in the TBB is affected by an
increased time for stabilization and higher pressure drops.

We now understand how the DDB configuration is the main deter-
minant of the device capability to sustain a specified gradient inside the
target TBB, but its fast establishment and stability also depends on the
geometric configuration of the culture chamber itself and by the
convective and diffusive mechanisms with their associated time and
length scales [30]. The choice of the key parameters for the TBB is
mainly determined by biological requirements (sufficient number of
cells and volume ensuring correct nutrients availability) and
manufacturing constraints. In addition, the desired concentration profile
and the time required for establishing the required profile in the TBB are
sensitive to such key parameters.

2
The ratio between the time scale of diffusive rp = % and convective

Wi Ly H
processes 7¢ = —"5"

port regime inside a MGG [30]. This ratio depends on the diffusive
properties of the chemical species (D is the diffusion coefficient), the
TBB geometry (Wry and H are respectively the relevant width and height
of the TBB), and the flow rate (Q). A ratio :—IC’ > 1 is related to
diffusion-controlled conditions, 2 < 1 is representative of processes that

is an important indicator of the dominant trans-

are convection-limited, and 7p ~ 7¢ indicates competition between the
two mechanisms. Crossing from a diffusion- to convection-limited
regime can be tuned acting on the operational and geometrical param-
eters according to the system’s degrees of freedom. If we were to fix the
medium inlet flow rate and the SoBB geometry with its feed channel
hydraulic diameter ds (and the symmetric SiBB counterpart), changes in
the size and number of microchannels in the DBB would affect the 2

ratio inside the culture chamber. Plots of the 2 profiles in the TBB when
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the DBB is composed of N circular microchannels with a diameter dj, are
shown in Fig. 3, and by N rectangular microchannels with aspect ratio
H/W in Fig. 4. Fig. 3 shows that for N > 10 circular channels, a threshold
geometric constraint g—z >~ 6 is required to cross from a diffusion- to a
convection-controlled regime inside the culture chamber.

The generalized curves presented in Fig. 3, and 4 can thus be used as
guidelines for the design of a DBB determining the desired 2 ratio inside
the TBB.

In a biological setting, different solutes with sizes spanning several
orders of magnitudes can be added to culture media and used in a MGGs.
According to the definition, the solute’s diffusion coefficient contributes
to determining the time scale for diffusion. Greater molecular weights
will decrease the diffusion coefficient, increasing the associated time
scale. For example, a molecular size of 10 kDa corresponds to a diffusion
coefficient on the order of 10711-1071° m? s™!, one order of magnitude
higher of slower-diffusing 70 kDa molecules. In summary, for a given
geometrical configuration of a MGG, the behavior in the TBB may evolve
from a convection- to a diffusion-limited regime for molecules with
increasing molecular weights.

Based on the above-listed guidelines proving that the geometry and
numerosity of microchannels shift the MGG from a convection to a
diffusion-limited regime, we modeled a set of devices (A, B, and C) with
varying characteristics for the SoBB, SiBB, and DBB to obtain an ideal
gradient. Table 2 lists the main geometrical specifications, chosen
respecting constraints derived from fabrication (minimal dimensions
obtainable through micro-milling), biological (volume and surface area
of the TBB), and transport (highlight regime shifts) standpoints.

In our study, we screened a simulated range of inlet flowrates from
0.1 to 100 pl/min (Supplementary Fig. S1). Fig. 5 shows the simulated
gradients as normalized concentration heatmaps (C/Cyp) at t = 1 h after
initiation of perfusion where we fixed: i. the inlet flowrate (5 pl/min), ii.
the fluid density (998 kg/ms) and iii. viscosity (8.9~1O’4 Pa-s). The inlet
flow rate of 5 pl/min was chosen since it resulted in the fast establish-
ment of a stable concentration gradient inside the culture chamber
(within 1 h) with low shear forces.

Fig. 6, left column, further analyzes the concentration profiles in the
TBB for the modeled configurations by plotting normalized values along
3 representative sections: i. top, located between the 1st and 2nd
microchannel; ii. middle, located at the middle of the TBB, and iii. bot-
tom, located between the last and 2nd to the last microchannel. Plots on
the right report also the modeled plug-flow velocity profiles along the
horizontal mid-section of the entire MGG for the same configurations (A,
B and Q).

Finally, Fig. 7 locates the operating range of each modeled config-
uration (A, B, and C) in terms of the }lc’ ratio superimposed to the curves

obtained with the calculations for the case of N = 20 microchannels (as
in Fig. 4, right plot). This further highlights how key parameter modi-
fications in the SoBB/SiBB and DBB shift the transport regime from
convection- to a diffusion-dominated regime in the TBB. As of Fig. 7, the
condition 2 > 1, which consists of a diffusion-limited regime in the TBB

(culture chamber), is always satisfied once rectangular microchannels
are manufactured according to ds/W < 10 and H/W > 2.

Taken together, the results presented in Figs. 5-7 prove how key
features of the MGG affect the characteristics of the concentration
gradient formed in the TBB. Each of the three designed and fabricated
configurations generated a specific concentration field in the TBB.
Although both A and C resulted in an appropriate concentration field in
the TBB within 1 h since initiation of perfusion at a constant flow rate of
5 pl/min, configuration C was preferred for its intended application. C
optimized both concentration and velocity profiles: concentration pro-
files were smoother than those generated by A, thus enabling to expose
more cells to different concentration levels; velocity profiles in the
culture chamber were flat and uniform, their low values also ensured
that the developed shear stresses wouldn’t be harmful to the cultured
cells.
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Based on our biological target application and experimental re-
quirements such as time-to-steady-state (<1 h), stability, symmetry, and
shape, the optimized microfluidic device is represented by case C.
However, all modeled devices were produced and validated to confirm
the results obtained through the fluid dynamics simulation (please see
supplementary Fig. S2 for case A, and S3, S4 for case B). Briefly, our
results highlight how case A refer to MGGs that are configured to pre-
cisely control time, shape, and size of fluid interfaces, allowing limited
diffusive transport between the left and right compartments. This system
could thus enable fine-tuning of specific interface properties. If fluids are
immiscible, the interface between the two phases can act as a semi-
permeable wall; if they are miscible, a “moving interface” generates under
laminar conditions so that the boundary between the fluids moving and
mixing only through diffusion can be manipulated and adapted to spe-
cific experimental needs. An additional interesting feature emerging
from case B simulations is the manifestation of the Coanda Effect inside
the microchannels (supplementary Fig. S4). In jet-like flows, the high
friction at the walls determines a “sticky” behavior in the fluid streams,
which attach to the surface even when curving away from the original
jet direction.

3.2. Results and discussion of a case study

3.2.1. MGG fabrication

The optimized device was designed based on the modeling results
and to obtain a stable concentration gradient within 1 h. To summarize,
the MGG had the following geometrical features:

e SoBB and SiBB: two symmetric lateral channels, each with an inlet
and an outlet used to flow fluids at different concentrations inside the
platform (1.00 x0.12 x14.00 mm; Wsy, H, and Lsy);

e DBB: two series of 20 rectangular
(0.25 x0.03 x2.50 mm; Wpy, H, and Lpy);

e TBB: a cell culture chamber equipped of two seeding doors
(4.00 x0.12 x10.00 mm; Wry, H, and Lry).

microchannels

The aluminum master and an assembled MGG are shown in Fig. 8.
The aluminum master had an overall size of 50 x 75 mm, while the
replica MGG was cut as a 20 x 50 mm rectangle to fit over a standard
25 x 75 mm microscope slide.

3.2.2. MGG fluid-dynamic validation

The platform was experimentally validated, and its performance
compared with the fluid dynamics simulations; representative results
are shown in Fig. 9. Qualitatively, images taken after 30 min since fluid
flow initiation show the correct formation of a colored gradient in the
cell culture area. The platform also succeeded in maintaining a steady-
state gradient for at least 24 h in all tests performed. The semi-
quantitative image analysis of the dextran fluorescence intensity
across the width of the TBB led to the concentration profiles plotted in
panel c. A comparison with the reference curve obtained from the cor-
responding fluid dynamics simulation (solid line) highlighted great
accordance between experimental and modeled data.

3.2.3. MGG biological validation

Fig. 10 reports representative images for the three markers used in
the biocompatibility validation of the device. The percentage of living
HEK-293 T cells after one day inside the microfluidic device was 95.9%
+ 4.3%.

HEK293-T were then seeded at the same density of the biocompati-
bility experiments and exposed to a double concentration gradient. In
detail, 24 h after seeding the two inlets were connected through Tygon
tubing to two syringes filled with DMEM solutions with Hoechst
(marking cell nuclei) on one side, and Calcein-AM (marking the cyto-
plasm of live cells). The syringes were connected to the pump setting a
constant flow rate of 5 pl/min, and the MGG was correctly placed in the
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incubator. The Calcein-AM solution was connected to the SoBB (left
inlet), and Hoechst to the SiBB (the right one), enabling the formation of
a double left-to-right and right-to-left gradient. Given the fast estab-
lishment of the steady-state and rapid uptake of the dyes by the cells, the
formation of the gradient was assessed 30 min after starting perfusion
and at the 24 h time point using a fluorescent microscope (EVOS Floid
Imaging System).

Images in Fig. 11 prove the correct formation of the concentration
gradients in the culture chamber with fluorescent signals detected only
in one-half of the chamber and with intensity reflecting the graded
concentration generated by the device.

4. Conclusions

Numerical simulations are of great support in the sizing and devel-
opment of microfluidic gradient generators, where desired concentra-
tion patterns can be adequately controlled. Device features and
manufacturing parameters are crucial in determining a suitable stable
gradient, to be generated within a proper time and under imposed
experimental boundary conditions.

In this work, a conceptual systematization of microfluidic gradient
generator devices was proposed as a foundation for a synergistic
approach between numerical modeling and device manufacturing.

Simulations were used to optimize the size and the fluid dynamics of
each device key component (lateral channels, microchannels, culture
chamber) to give a stable concentration gradient within a suitable
experimental timing. Sizing and manufacturing guidelines were illus-
trated and discussed to correlate geometric features, device perfor-
mances, and the required gradient. Our guidelines, which are of general
use, successfully supported the device conceptualization and develop-
ment, and were validated experimentally via a case study. Results of the
numerical simulations led to an optimized geometry that was fabricated
using micro-milling techniques to produce the aluminum mold, and
replica molding in PDMS to obtain several copies of the device. The case-
study device was successfully reproduced and used for several validation
experiments, first with colored tracers and then with live cells. The
microfluidic platform, which design was optimized based on the results
of numerical simulations, proved suitable to rapidly obtain a continuous
and stable concentration gradient.

Although used to respond to specific biomedical requirements, our
approach can be translationally applied to different fields spanning from
applications in traditional reaction engineering systems to peculiar
mixing problems and used to guide the design of development of ad hoc
microreactors.
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