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ABSTRACT

Mechanical stimuli, including fluid shear stress, osmotic pressure gradient, and extracellular matrix
stiffness, significantly affect cellular interactions with drugs in biological structures. This paper in-
troduces an integrated concentration gradient generator (CGG) capable of providing cell monolayers
with these stimuli and demonstrates its design, fabrication, and quantification procedures. The proposed
multi-layer chip consists of a CGG integrated with a membrane-based cell culture chamber (MCCC) and
two bubble trappers for removal of micro-bubbles. The CGG provides cultured cells in the MCCC with
four different concentrations of desirable inlet drug/chemical reagents. The MCCC is able to impose
adjustable shear stresses, as well as osmotic pressure gradients on cell monolayers. The stiffness of the
extracellular matrix (ECM) is also accommodating by utilizing a proper membrane in the MCCC. A nu-
merical simulation based on the finite element method (FEM) is employed to design and optimize the
integrated device, and then, the chip's performance is quantified using the experimental data. Finally, the
biocompatibility of the proposed device is investigated by dynamic culturing of human lung cancer cells
(A549 cell line) on the chip.

© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

From the mechanical point of view, biofluid shear stress,
extracellular matrix (ECM) stiffness, and osmotic pressure gradient
can significantly affect cells' behaviors and consequently, their
cellular responses to drugs in biological systems. These parameters
are among the key features that should be considered to better
recapitulate in vivo features of cultured cells [1—4].

As a mechanical stimulus, shear stress is caused by blood flow,
interstitial fluid flow, or lymphatic flow in biological systems [5].
Cells sense this mechanical signal and develop different biological
responses, such as changes in morphology, orientation, polariza-
tion, adhesion, and differentiation. As such, signaling pathways and
cell proliferation rate can be altered as a result of a mechanical
stimulus while being treated with a drug [6—8]. ECM stiffness is
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also a vital consideration in drug screening studies because it
directly affects cell survival, proliferation, and signaling [1]. Os-
motic pressure gradient arises from the difference in the concen-
tration of solutes as well as the difference in the fluidic pressure
between the luminal and the basolateral sides of cell-monolayers
[8,9]. It causes the transportation of solutes and the fluid across
the semi-permeable medium separating each side [9]. Osmotic
pressure gradient directly affects cells' behaviors because of its role
in cell volume regulation and mechanotransduction that elicit
specific cellular responses [3].

Microfluidic perfusion platforms have recently gained
widespread popularity in drug screening since they can provide
cells with above-mentioned mechanical parameters [10,11].
These devices provide a micro-engineered cell culture model
for high-resolution, cell-based assays and eliminate the massive
gap between in vivo and in vitro conditions [12,13]. However, to
be acceptable to the pharmaceutical industry, these systems
need to be more user-friendly and automate test packages for
real-time monitoring of drug responses and other bio-analyses
in parallel [12,14]. In this regard, high-throughput drug
screening using microfluidic chips has proved to be an efficient,
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reliable method of in vitro biological tests that facilitates par-
allel measurement of several parameters on cells or other
biological elements in a low-cost and time-saving manner
[15,16]. The primary approach in turning microfluidic systems
into high-throughput platforms is to develop engineered, in-
tegrated microfluidic chips [17].

CGGs are microfluidic devices that generate several concentra-
tions of an input drug or a chemical reagent at their outlets for
drug-screening, cell growth, chemotaxis, and other biological pro-
cesses [18—22]. These systems are considered as one of the most
required elements in organ-on-chip and cell-based screening
platforms [19]. CGGs could be subcategorized into diffusion-based,
pressure balance, T-junction, hydrogels, and tree-like CGGs [19].
Utilizing laminar flow properties, tree-like CGGs generate more
stable and continuous gradients and have been used in most drug
screening applications [19,20]. The main idea of designing an in-
tegrated drug screening microchip is to integrate a CGG with a cell
culture chamber on one single chip to function in a series auto-
matically [21]. Numerous studies have developed such microchips
that integrate various subcategories of CGGs with different types of
cell/tissue culture chambers [15,17,23—33]. Park et al. designed and
quantified a perfusion cell culturing platform integrated with a
CGG, which provided separated culturing chambers with different
concentrations of an input reagent simultaneously [31]. The
microfluidic chip proposed by Sun et al. is a drug combinatorial
CGG integrated with several, separate culturing side-chambers
[26]. In another study, Lim presented a CGG integrated with
spheroid culturing chambers for 3D cell aggregates studies [34].
However, in all of these designs, important in vivo factors for cell
monolayers such as adjustable shear stress, osmotic pressure
gradient, and ECM stiffness were absent.

To address the limitations mentioned above, we took a step
forward towards designing an Integrated CGG capable of providing
cultured cells with three primary mechanical stimuli. These me-
chanical stimuli include precise, diverse, and manageable shear
stresses, osmotic pressure gradients, and ECM stiffnesses.

In this work, we demonstrate a multipurpose, membrane-based
microfluidic CGG with potential applications in drug-screening,
drug delivery, and personalized medicine. Consisting of bubble
trappers, a culture medium reservoir, a tree-like CGG, and a
membrane-based cell culture chamber (MCCC), all integrated on
one single chip, the device is able to facilitate rapid, high-content
studies on cell monolayers. The chip is capable of imposing os-
motic pressure gradients on cells since the fluid in its bottom layers'
reservoir, and the flow in the upper MCCC's layer plays the role of
basolateral fluid and the luminal flow for cells respectively. Cell-
monolayers could be exposed to different, precise magnitudes of
shear stress while the CGG maintains its function under different
flow rates, and bubble trappers remove disturbance making micro-
bubbles from the flow before its introduction to the CGG. Also,
various reagents' concentrations could be tested on cells simulta-
neously owing to the CGG. In addition to that, the user can follow
the same illustrated procedure in this manuscript with other
commercial or non-commercial membranes to provide cells with
their required extracellular matrix stiffness. Epithelial or endothe-
lial cells of kidney, lung, liver, and other organs with similar
culturing conditions could be cultured on the chip, where the
in vivo-like conditions of cells can be provided by merely adjusting
the required shear stress (through adjusting the syringe pump's
flow rate), ECM stiffness (by assembling layers with a proper
membrane), and the osmotic pressure gradient (simply by varying
the concentrations of solutes in the bottom layer's reservoir) by the
operator. In the following sections, the performance of bubble
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trappers, the CGG, and the ability of the MCCC in dynamic cell-
monolayer culturing will be shown both numerically and
experimentally.

2. Working principle and model description

Fig. 1 demonstrates the schematic of the integrated microfluidic
package. The device is a two PDMS-layer microfluidic chip with a
porous membrane sandwiched in between. The bottom layer con-
sists of a culture medium reservoir. On the upper layer, there are
two bubble trappers, a concentration gradient generator (CGG), and
a membrane-based cell culturing chamber (MCCC) that mimics the
in vivo-like environment in which cells are exposed to shear stress
and osmotic pressure gradient (Fig. 1(d)). The upper layer includes
two inlets for the drug and its diluter. There are two other ports in
the vicinity of the MCCC to fill or evacuate the bottom layer's quasi-
static reservoir. The flow in upper layer channels first reaches the
bubble trappers, where the buoyancy force removes bubbles and
traps them in the cylindrical bubble reservoirs, each 4 mm in
diameter and 3 mm in height. These bubbles usually form in the
system because of the connections of silicon tubes to the chip and
the remaining micro-bubbles in syringes.

It is crucial to remove bubbles prior to their entrance into the
main system to guarantee the CGG's performance, better on-chip
cell viability, and to control the precise magnitude of fluid shear
stress on cells. It was reported that unwanted bubbles could in-
crease the shear stress on cells by one order of magnitude
[31,35,36]. After the bubble-removing step, the free-bubble fluid
flows through the CGG, consisting of micro-channels 200 pm in
width and 400 pm in height. Finally, four different concentrations
of the injected drug would form a four-drug zone in the MCCC (one
control section and three drug sections). Subsequently, cultured
cells will be treated with these concentrations in the culture
chamber. The proposed integrated microfluidic chip benefits from
novel and unique advantages. It is designed to be a universal
platform capable of culturing cell monolayers on an adjustable
porous substrate and exposing them to various shear stresses in the
range of 0 —4dyn/cm? (which covers the range used in most
organ-on-chip or other cell-based platforms [36—40]), osmotic
pressure gradients, and diverse concentrations of drugs with a
diffusion coefficient of higher than 5 x 10719 m2/s (which is a
typical value for many drugs and chemical reagents [19]). Applying
microscope and image processing techniques, drug metabolism
and cytotoxicity, cell permeability to various substances, and cell
morphology due to different fluidic conditions could be analyzed
all in parallel on this chip rapidly and accurately as some of its
potential applications in on-chip bioassays. The proposed chip
would also lead to consuming fewer materials and reagents than
conventional methods which proved not to be efficient enough,
especially in multi-toxicity bioassays [28]. Also, there is no need to
fabricate several chips and couple them with CGG chips, which
causes several errors in experiments and seems not to be high-
throughput practically.

3. Numerical simulation and optimization

Considering microfabrication limitations and integration of the
chip, it was crucial to perform a theoretical simulation on the
concept prior to any experimental practices. The main challenge in
designing integrated chips is the interconnection between all sec-
tions of the system, so in designing and optimizing each part of the
chip, its effects on other parts of the system should be taken into
account.
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Fig. 1. a) Schematic exploded view of the designed microfluidic chip. b) Upper layer contents in detail. c) The final assembled chip. d) The cell culture chamber which mimics in vivo
conditions to impose controlled shear stress and osmotic pressure gradient on cell monolayers. FSS is caused by the flow of fluid in the luminal channel of the MCCC, while osmotic
pressure gradient is the result of both pressure and concentration differences between the luminal and the basolateral sides. This gradient is responsible for the transportation of

water and solutes across the membrane, which is shown here schematically.

All of the governing equations were solved utilizing the finite
element method (FEM) and structured mesh elements in COMSOL
Multiphysics 5.3 to design and optimize the integrated chip. The
FEM has been proved to be a reliable tool in the microfluidics area
[41]. Optimization procedures for the CGG include channel sizing,
finding mixing lengths, and locating T-junctions to guarantee its

mixing performance at flow rates up to 124 ;n% for various ranges
of drugs with diffusion coefficients higher than 5 x 10-19m?/ s.
For the cell culture chamber, the goal was to find the cell culture

chamber's height and width in order to ensure precise and

uniform shear stress on all cells in width and length of the
chamber, having sufficient cell population, and finding out if the
minimum required amount of oxygen and glucose reach to all
cells. In addition, it was necessary to prevent mixing in the cell
culture chamber in order to generate four equal-sized, distinct
drug concentration zones.

Moreover, the bubble trapper was designed and simulated. The
bubble trapper reservoir's diameter and height were found in a
way so that the buoyancy force could overcome the flow's mo-
mentum carrying the bubbles and removes and stores all bubbles
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Table 1
Summary of the simulated equations.
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Part Physical equations

Consideration

Bubble trapper
CGG
MCCC

Navier—Stokes — Continuity- Two-phase flow (level-set)
Navier—Stokes — Continuity- Transport of concentration
Navier—Stokes — Continuity- Transport of concentration
Michaelis—Menten kinetics - Kedem—Katchalsky equatio

To obtain the bubble reservoir's diameter and height
To obtain channels' sizes, T-junctions' locations, and the mixing length
To obtain the chamber's width and height

in the cylindrical reservoir. Another criterion is to have sufficient
capacity for bubble trappers in order to provide the chip with a
bubble-free flow during culturing. Trapped bubbles finally leave
the system through gas permeable PDMS walls during its opera-
tion [42].

a)

3.1. Theories and relationships
Laminar flow equations, consisting of continuity and

Navier—Stokes equations, govern the flow's field in the whole
system which can be expressed respectively as [43]:

b)
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Fig. 2. a) Luminal section of the MCCC's geometry and its dimensions. The bottom layer's reservoir (basolateral section) has a similar width and length to the luminal side, but the
depth was chosen to be 500um for better microscopy analysis. b) Uniform streamlines of the flow on cells. Because of the engineering of the chip and the properties of laminar flow,
four distinguished fluidic zones are formed regularly in the MCCC which eliminates the necessity of using any physical parts to separate zones from each other. c) Distribution of FSS
on cells cultured in the MCCC at various operational flow rates. The 200 um offset at each side of the MCCC is enough to cut off cells receiving non-uniform fluid shear stresses from
the statistical population. This non-uniformity is the reason for the intense gradient in the velocity profile near walls. d) Four distinct drug concentration zones formed in the MCCC.
The MCCC was designed in a way to inhibit mixing in the MCCC and to have negligible boundary layers that separate zones from each other.
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Fig. 3. a) and b) Glucose and oxygen concentration distributions in the MCCC for the flow rate of 3.1 L which is the critical flow rate for cell viability on the chip. Cells located

min

downstream of the chamber receive fewer amounts of nutrition than those located upstream of the flow, but still, they receive sufficient glucose and oxygen concentrations.
Adjacent to the wall, where is the 200 um non-uniform FSS region, cells receive the least amount of nutrition because of the physic of laminar flow's boundary layer there. ¢) and d)
Glucose and oxygen concentration distributions on the longitudinal midline of the MCCC. All cells receive a sufficient amount of nutrients at all of the chip's operational flow rates.
The higher the flow rate, the more uniformity is observed in the distribution of nutrition alongside the chip; thus, cells would be in similar nutritional states at higher flow rates.

vY.V=0 (1)

p(V¥)V = —V’p+u(727) 2)

where V' is the velocity vector, p is the pressure, u is the dynamic
viscosity, and p is the density. By solving Eqgs. (1) and (2) in the
computational domain, flow's field in all CGG's channels and bub-
ble traps, system's total pressure drop, shear stress on cells, and
flow's hydrodynamic condition in the cell culture chamber are
determined. To evaluate the accuracy of numerical results, values of
shear stress in the MCCC were compared to those predicted by the
analytical relation below [2]:

T=6p0Q /bh2 3)

where Q is the total flow rate in the cell culture chamber, b and h
are the chamber's width and height, respectively. Next, the con-
centration distribution of drug, oxygen, and glucose could be ob-
tained by coupling the laminar flow equations to the equation of
transport of the dilute species as follows [25]:

Dk(VZCk> VNG =0,k=1, 2, 3 (4)

where D, and C; are the drug or chemical reagent's diffusion co-
efficient and concentration, respectively. Also, C, and C3 are oxygen
and glucose concentrations, respectively. In the cell culture cham-
ber, considering the cell monolayer's metabolism and its imposition
to osmotic pressure gradient, Michaelis—Menten kinetics was uti-
lized for active transport phenomena simulation, and the passive
transport was modeled using Kedem—Katchalsky equations in order
to find water and solute fluxes through cell monolayer as [44]:

j}j:h;l(ZRT(cg—cg)ag+Pd—PU>; k=34 (5)
k

ve  CH
max.k k'l:374

ci+¢f)
u_qu(q_ U ( kT "k ufcu _ cd) , maxk~k
Jk _]v (1 Jk) +hk( k Ck) +K#z,k+cll<p

2
(6)

where Ji! is the water flux, Ji! is the solute flux, h is the hydraulic
permeability coefficient of the wall, P? is the hydrostatic pressure in
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the bottom layer's reservoir, P“ is the hydrostatic pressure in the
upper channel of the cell culture chamber, ¢}/ is the Staverman
reflection coefficient, hj} is the permeability of k-th specie through
the wall, I<#l,k is the Michaelis—Menten constant, and V},  , is the

maximum rate of transport.

The bubble trapping process in bubble trapper's reservoirs was
simulated as a two-phase flow model through the level-set
method, in which the interface of two incompressible fluids is
traced by the time-dependent convection equation [44]:

ax,

0

9 Vve =0 (7)
ot

where @ is an implicit function, called the level set function, which
defines the interface of the two discrete phases. All designing
considerations for the simulation are summarized in Table 1.

4. Materials and methods
4.1. Fabrication of the microfluidic device

For each layer, a polymethyl methacrylate (PMMA) positive
master mold (474 mm x 43.65 mm) was fabricated by micro-
milling method (Roland MDX-40a, Japan). The upper layer's mold
contains two bubble trappers (2 mm radius and 3 mm high), a CGG
(microchannels with 200 pm wide and 400 pm high), an MCCC
(44 mm wide, 6 mm long and 100 um high considering the
membrane's surface as the origin) and the inlet/outlet ports. The
bottom layer's mold also consists of the culture medium reservoir
(4.4 mm wide, 6 mm long and 500 um deep). Then, a mixture of
PDMS and curing agent (SYLGARD® 184 SILICONE ELASTOMER KIT,
Sigma—Aldrich, USA) with a weight ratio of 10:1 was cast on molds.
PDMS was cured in an oven at 75 °C for 2 h after degassing for
20 min in a vacuum chamber. Whatman® cellulose-fiber porous
membrane (pore size 2.5 pum) was used as the MCCC's substrate of
on-chip cell culturing.

Eventually, both of the PDMS layers and the porous membrane
were all bonded irreversibly using the plasma cleaning technique.
For aligning layers in the bonding process, we utilized two guide

Journal of Science: Advanced Materials and Devices XXX (XXXX) XXX

pins (diameter: 2 mm) fixed in the bottom layer's reservoir's inlet/
outlet port on the upper layer. For silicon tubes connection (outer
diameter: 2 mm, inner diameter: 600 pum) to the syringe pump,
upper layer's ports were drilled by a 1.5 mm biopsy punch. The
PDMS wall thickness above bubble trappers' ceilings was chosen to
be 500 um to improve gas permeability and facilitate microscopy
and imaging.

4.2. Cells and reagents

Human lung cancer cells (A549) were purchased from Pasture
general cell collection (Tehran, Iran). The culture medium was
based on high glucose DMEM (Dulbecco's Modified Eagle
Medium-Gibco, USA) supplemented with 10% fetal bovine serum
(Gibco, USA) and 1% penicillin-streptomycin. For preparation of
cell suspension and static cell-related tests, cells were cultured in
T-25 flasks (SPL life sciences, South Korea) and placed in an
incubator adjusted for 37°C and 5% CO,. The media was changed
every two days, and for about 85% of confluence, passaging was
performed. The final cell suspension was prepared by diluting of
5 x 105%115 in DMEM. Cell counting was performed by utilizing an
HGB Neubauer counting chamber (HGB, Germany) and Trypan
Blue Solution (ThermoFisher Scientific, Catalog number:
15250061). Visualizing the cell monolayer was performed via live-
cell staining technique with the aid of Acridine Orange (Ther-
moFisher Scientific, Invitrogen™, Catalog number: A1301) as the
staining kit.

4.3. Preparation of the microfluidic chip for cell seeding

To prepare the microchip for bioassays, firstly it was sterilized in
an autoclave and then exposed to UV light for 30 min. Then all
channels and interior parts were washed using 70%,,, ethyl alcohol
for 15 min. Finally, to remove any remaining alcohol in channels,
PBS buffer was perfused through channels several times. In all
stages, we used a precise syringe pump (ET- SP-V1, SATEECO Co.,
Iran). The cellulose-fiber membrane was also treated with plasma
and coated with gelatin prior to cell culture.

Table 2
Numerical values of the simulation parameters.
Parameter Value Reference
DOxygen 26x% 105 ﬁ [24]
’ s
DGlucose 925 x -10—6 ﬁ [24]
’ s
Vrlr‘mxAOxygen Ld [24]
737x 10717 S
cell
Vilﬂllmx.GIucose miol [24]
0.39x 10-16 S
cell
K#I.Oxygen 463 x 106 Lm [24]
) L
K;ln.GIucose 4.00x 105 miol [24]
’ L
ht m3 [45]
U —12
5x 10 Ncs
Tnyen 0.79 [46]
O ucose 6.5x 102 [45]
hgxygen 561 x 10-10 mol Estimated from [45]
. Nxs
hglucuse 9.35x 10~10 mol [45]
Nxs
Concentration of oxygen in DMEM 028 mol [38]
28 3
Concentration of glucose in DMEM mol [38]

5.5 W
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Fig. 4. a) Graphical view of the drug dilution in the CGG (normalized). b) Performance of the CGG at each outlet (qmax =

4.4. Fluorescence microscopy

In the present work, all experimental tests were completed at
least in triplicate independently. Observation of all assessments
and experimental tests was carried out using an inverted fluores-
cence microscope (Labomed TCM400, CA, USA) coupled with a CCD
camera (MD-30, Mshot Co., China).

5. Results and discussion
5.1. Simulation results

Fig. 2 demonstrates simulation results and the optimized
geometrical features of the cell culture chamber. In Fig. 2(a), the
dimensions of the upper layer's channel of the cell culture
chamber are shown. The step-like cross-section at the chamber's
inlet provides more uniform flow and shear stress on all cells at
every location of the chamber, which is illustrated more by
plotting streamlines in Fig. 2(b). As shown in Fig. 2(c), various

4 mm Diameter tewemmmwd

d) m— e)

3 mm Height

! 400
L um

Fig. 5. Tracing the bubble in the trapping process at six different time stages (a to f) for ¢ = 124 4L
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|

2 3
Outlet Number

1248 quin = 3.1;50).

min

magnitudes of FSS are attainable by adjusting the proper infusion
rate at inlets by the user. Each of four drug concentration zones
in the chamber was designed to be 1 mm in width, like former
on-chip works [8], and 6 mm in length [10]. However, a 0.2 mm
offset was considered from both sides because of the non-
uniformity of the shear stress near walls, as illustrated in
Fig. 2(d). So, cells in this limited area will be eliminated from the
statistical population in future analyzing affairs since they are
experiencing different culturing conditions, with respect to the
cells that are out of this margin.

Figs. 2(b) and 3(a) describe glucose and oxygen concentration

distribution on cells for an inlet flow rate of 3.1 m"—:n at each of the

inlets (shear stress equals to 0.1%), which warrants avoiding

hypoxia and anoxia zones formation in the MCCC for this and
higher flow rates. Considering the universality of the chip, to solve
Eqgs. (4)—(6), cancerous cells' parameters were chosen from the
literature. Details are reported in Table 2.

Values of oxygen and glucose concentrations on the MCCC's
centerline for various flow rates are plotted in Fig. 3(c), (d). The

@ value
C) Accumulation of A1l
‘» air due to
! Bubble previous trapped
— trapper’s bubbles (9=1) 0.9
reservoir
0.8
07
eslm N S y
T Liquid phase (9=0)
Inlet channel 0.5
f)
0.4
0.3
0.2
0.1
0
Yo

min’

The bubble is introduced to the system from the inlet and travels through the

channel with a constant morphology (stage a). As soon as the bubble reaches the trapper's reservoir, its morphology starts to change (stage b). Once the bubble starts to enter the
reservoir, the buoyancy force pushes the bubble upward because of the difference in the density of water and of the air inside the bubble (stage c) Then, the bubble exits the
microchannel completely and starts to form a sphere (stage d). The formed spherical bubble travels upward due to the buoyancy force (stage d). Finally, the bubble joins other
bubbles that have been previously trapped and stored in the reservoir's upper region(stage f).
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Fig. 6. Microscopic image of the bubble trapper while operating. Violet-colored water
was injected into the chip for better visualization of the bubble trapping process under
the microscope.

results obtained prove the point that none of the cells at any lo-
cations of the monolayer would ever suffer from lack of nutrients
for all of the chip's operational flow rates. By increasing the syringe
pump's infusion rate, the mass of nutrients reaching the MCCC

would rise. For this reason, the flow rate of 3.1 m"—fn is the chip's
critical operational flow rate and was chosen to be the criterion of
this section's simulations.

Fig. 4(a) demonstrates the dimensions and the performance of
the engineered CGG. Channels' sizes and the mixing length were
designed to have four outlet concentrations with less than 5% de-
viation from the ideal mixing state (0, 33, 66, and 100%). Also, the
CGG must maintain its performance under various inlet flow rates
(Fig. 4(b)). To balance the pressure drop between all of four CGG's

Journal of Science: Advanced Materials and Devices Xxx (XXXX) XXX

outlets, zigzag-shaped dampers were designed for outlet number
two and outlet number three.
The bubble trapper was designed to maintain its reliable per-

formance at high flow rates (124L' or equivalently 4 dyn/cm? of

mmn

the shear stress in the MCCC). This designing criterion ensures us of
the trappers' capability at lower flow rates. Because the lower is the
flow rate of the fluid, the lower is its momentum, so that the
buoyancy force has more time to push the bubbles upward out of
the mainstream of the flow. The bubble's shape and dimensions for
simulation were found from some simple observations of bubbles
in microfluidic chips with similar CGG's channels and experimental
setups. Details of the simulation are expressed in Fig. 5 in which the
bubble's behavior in the bubble trapper's reservoir and the inlet
channel connected to it is observable. In the simulation, it is
assumed that the chip was already working steadily before the
introduction of this bubble into the system, and some bubbles had
been previously trapped and stored in the reservoir and formed a
gaseous phase in the upper region of the reservoir. The red color
represents the region that is occupied with the gaseous
phase(@ = 1, or air) while the liquid phase is shown in blue
(@ = 0,0r culture media). The narrow gradient from red to blue is
also the interface of the two phases.

5.2. Device characterization and quantification

5.2.1. Bubble trapper

First of all, the performance of the proposed bubble trapper was
examined. During experimental tests, it was observed that periodic
connecting and disconnecting the silicon tubes from syringes
(during the process of refilling syringes) was the primary source of
bubble formation. For better visualization, violet-colored water was
used at inlets, as shown in Fig. 6. Bubbles were introduced to the
system by connecting and disconnecting silicon tubes carefully
from syringes periodically to produce micro-bubbles in the system.
The flow rate was set on 124 ul/min. The bubble-free MCCC and
trapped bubbles proved that designed trappers could remove all
the bubbles for cell culturing of about two whole days.

Fig. 7. Fluorescence image of the cell monolayer stained with acridine orange to check the uniformity. A layer of live cells approximately has covered the area completely.
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simulation results and experimental results at high flow rates. q_min_simulation represents the minimum flow rate of the simulation (3.1 ul/min), q_max_simulation represents
the maximum flow rate of the simulation (124 ul/min) and q_max_LIF is the highest flow rate at which the LIF experiment was conducted (124 ul/min). Error bars represent the
deviation of each bar from theoretical, normalized concentrations (0, 0.33, 0.66, and 1).

5.2.2. Membrane-based cell culture chamber (MCCC)

Secondly, the biocompatibility of the chip for both static and
dynamic cell culture was assessed. For static cell culture, the cell
suspension was injected into the chip from the outlet port. Then,
the chip was incubated at 37 °C with 5% CO, for cell attachment.
Next, the upper layer channel of the MCCC was filled with culture
medium, and a slight flow of 0.1 ul/min was applied to the bottom
layer's reservoir to perfuse an abundant amount of culture media to
cells. In this way, cells are cultured in a shear-free environment. The
chip was then placed in a CO, incubator until cells were grown
abundantly to form a confluent monolayer after two days. For dy-
namic cell culturing on the chip, right after the static culturing
reached a confluence level of 85%, and cells were incubated for two
days, a continuous media flow at the rate of 3.1ul/min (in the
upper layer channel) was imposed upon cells. This flow rate is the
critical flow rate for cellular survival and was obtained from nu-
merical simulations. The bottom layer's channel was filled with

Fig. 9. CGG's performance visualization by introducing violet-colored water and golden yellow-colored water at inlets (q = 124

culture medium and maintained in quasi-static mode during the
process of dynamic culturing. After 24 h of dynamic culturing, the
membrane was cut carefully out of the chip using a sharp surgical
blade. After that, the membrane was rinsed by PBS buffer, and then
cells were trypsinized and collected. Then, the trypan-blue assay
was conducted on them. With this approach, unwanted cells that
were seeded in channels and tubes are not counted, and the ac-
quired number will be purely due to the cells in the MCCC. After
each cell seeding, almost 48,000 live cells adhered to the mem-
brane of the MCCC. Results show that the chip possesses a high cell
viability rate (95%). To check the uniformity of the cell monolayer
on the chip, the following staining procedure was performed on the
cells cultured on the MCCC's upper channel. After the dynamic
culturing was completed, utilizing the syringe pump on the suction
mode, we filled the MCCC's upper channel with 1 mg/ml acridine
orange and incubated the chip for 20 min. Then, immediately after
incubation, cells were washed with PBS. Then, the MCCC part was

“—'). a) Single-layer chip without integrating the

min

membrane for better visualization. b) Two-layer chip integrated with a treated membrane.
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excited with a 502 nm laser, and finally, implementing a 525 nm
filter, observations were made using an inverted fluorescence mi-
croscope. Fig. 7 shows the fluorescence image of the stained cells,
which proves the uniformity of the cell monolayer. Also, cell den-

sity was calculated to be 182,000 ﬁ%”zs which is similar to that ob-
tained from culturing A549 confluent cell monolayers on T25 flasks.

5.2.3. Concentration gradient generator (CGG)

The CGG's efficiency was examined experimentally by applying LIF
(Laser Induced Fluorescent) technique. Rhodamine B (diffusion
coefficient = 4.2 x 10*10’%2 which is lower than the diffusion coeffi-

cient that was used for simulation, excitation wavelength = 561 nm)
[47] was injected into one inlet, and pure distilled water was injected
into the other one. The flow rate was chosen to be 124”%1 which s the
maximum desired flow rate of the chip to function. For better imag-
ing, the concentration of Rhodamine B was chosen to be 1.67 x
10~* mol of Rhodamine B/1 lit of pure water. Finally, three im-
ages with twenty-minute intervals were snapped and then processed
using a LIF code in MATLAB after averaging intensities of them. The
required time for a stable gradient at CGG's outputs was also found to
be only five minutes. LIF results show that the CGG operates stably
and deviation from the ideal simulated concentrations are less than
5% (Fig. 8).

For better visualization of the CGG's performance, in Fig. 9,
violet-colored water and golden yellow-colored water were intro-
duced to the chip. Here, just for visualization purposes, we brushed
the membrane with the PDMS/reagent mixture (1:10) and baked it
for 10 min in the oven (75 °C). In this way, the membrane became
more transparent and also easier to handle, so the visualization
enhanced greatly. In addition to visualization, the colored-water
technique is beneficial to observe whether the bonding or con-
nections have any leakages or not.

6. Conclusion

The design, fabrication, and quantification of an integrated,
high-throughput, membrane-based microfluidic CGG were pre-
sented. The CGG facilitates the gradient generation of a vast range
of drugs and chemical reagents for high-content cell-monolayer-
based assays, while the MCCC mimics an in vivo microenviron-
ment for cells by imposing FSS and osmotic pressure gradient
simultaneously upon them. By integrating bubble trappers into the
platform, the stable concentration gradient generation and bubble-
free cell culturing were provided. First, we discussed the vital
importance of osmotic pressure gradient, shear stress, drug con-
centration, and ECM stiffness in cell culturing and related bioassays.
Second, we presented our novel chip and simulated it numerically
via a FEM approach in COMSOL Multiphysics for an optimum and
reliable design. It was observed that a 0.2 mm margin should be
considered from each of MCCC's sidewalls to cut-off cells that are
receiving undesirable values of FSS. Additionally, it was shown that
by increasing the flow rate, glucose and oxygen distribute more
evenly in microfluidic cell culture chambers. Through the next step,
chip fabrication and cell-based practices were defined in details.
After that, the chip performance and the simulation were evaluated
experimentally in three sections. We used Rhodamine B and image
processing techniques (LIF) for CGG's performance quantification.
Probable bubbles’ sizes were observed experimentally, and the
capacity of bubble trappers to remove bubbles for bubble-free
culturing was achieved. Most importantly, the chip was tested for
high cell viability in both static and dynamic cell culturing
conditions.

To sum up, the chip proved to be an easy-to-fabricate, low-cost,
and high-throughput CGG with applications in organ-on-chip, drug

10
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screening, and drug delivery studies. The chip and its method could
be utilized for different drugs and cell types. This approach reduces
time and material consumption in comparison to macro-scale,
conventional methods. Exposing cells to different osmotic pres-
sure gradients, different drug concentrations, and diverse values of
shear stress simultaneously, in addition to the adjustability of ECM
stiffness (regarding the integrated membrane's properties), turn
this chip into a universal package for cell-based bioassays and pave
the way for novel experiments and assessments in cytotoxicity
research areas. For future works, our group aims to investigate the
toxicity effect of different concentrations of Cisplatin on renal cells
utilizing the proposed chip.
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