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A compact microfluidic device with 96 microchambers allocated
within four circular units was designed and examined for cell
distribution. In each unit, cells were distributed to the surrounding
chambers radially from the center. The circular arrangement of the
chambers makes the design simple and compact. A controllable and
quantitative cell distribution is achievable in this device. This design
is significant to the microfluidic applications where controllable
distribution of cells in multipule microchambers is demanded.

Microfluidic devices have shown important advancements in various
aspects of biology from cell culturing to advanced applications such
as digital polymerase chain reaction (PCR),"* nanoparticle synthesis,
nanoparticle-cell interactions* and protein crystallization.> The
advantages of microfiuidic devices over the traditional devices include
miniaturization which requires the use of solvent/drugs with volumes
only from pico to micro liters,*” continuous perfusion to provide
better control over the environment for cell growth,® and convenience
in integration with electronic control.!

In general, a microfluidic device for cell culturing purpose or cell-
based assay requires multiple microchambers in a single assembly for
quantitative and statistic study. One big challenge for this type of
device is to quantitatively control the distribution of cells in each
chamber. Generally, the microchambers of such a microfluidic device
are designed to locate along parallel channels (Fig. 1a) with the aim of
achieving equal resistance in the channels, a prerequisite for even flow
in each chamber.®® This normally requires repeated splitting of
channels. The disadvantages of this design include (a) it needs a large
space to accommodate the microstructures when the number of
chambers required is large, and (b) it is a challenge to ensure the
homogeneity of the dimensons of channels when they are getting
longer with an increase in the number of chambers. In addition, it is
difficult to ensure symmetry due to repeated splitting, a big cause of
uneven flow in parallel channels, which is major factor influencing the
flow and cell distribution into different chambers. In addition, due to
the low density of cells, allocating cells into chambers in a quantita-
tively controllable manner remains a challenge. To address this
problem, several methods have been applied, which include the
incorporation of cell trapping structures such as pillars and sieves to
help physically retain cells in the chammbers." However, incorpo-
ration of fine structures in the design often adds challenges to the
fabrication process. In addition, the presence of these structures leads
to pressure buildup, which is not beneficial to cell function. Thus, it is
important to design simple microfluidic devices with good flow
distribution and allowing an undisturbed (natural) settlement of cells.
To this end, considerations have to be taken into the design that can
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reduce multiple splitting and channel length, as well as eliminate the
use of trapping structures. Allocation of microchammbers in
a circular pattern (Fig. 1b), which offers perfect symmetry and
reduced distribution length, can be a good solution. However, such
a design has not been been reported to the best knowledge of the
authors.

In this work, a microfluidic device with 96 microchambers allo-
cated to four circular units are designed, with each having 24
chambers (Fig. 1c). Cells delivered to the center of each unit were
distributed radially into the surrounding chambers. The short radial
distance to the chambers can minimize the adverse effects of the
dimension difference between channels on flow splitting and cell
distribution. The circular arrangment of the microchambers also
leads to a compact design of microfluidic devices. In this device, flow
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Fig. 1 Illustration of (a) parallel and (b) radial flow distribution and (c)
a microfluidic device with radial flow distribution. The device is filled with
a green food dye.
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in the microchambers is against the direction of gravitational force,
which helps the settlement of cells. The large difference between the
dimensions of the microchambers (500 um diameter x 2 mm thick-
ness) and channels (70 pm in diameter) also leads to the formation of
“zero” flow areas, which is also conducive to the retaining of cells in
the microchambers. These advantages ensures quantitative control
over the number of cells in the microchammbers.

The microstructures were fabricated in PMMA slides, which were
then assembled by thermal bonding. PMMA slides (76 x 25 x 2
mm) with a glass transition temperature around 90 °C were obtained
from Profile Plastics, Melbourne, Australia. A CO, laser (Versa
Laser) with a work area up to 813 x 475 mm and a maximal power
of 60 watts was used to fabricate the microstructures in PMMA
slides. Compared with other techniques such as soft lithography, CO,
laser micromachining provides a convenient way to fabricate
microfluidic devices, since microstructures can be directly created
on substrates."! Microstructures of the device were drawn using
a Coreldraw software and then printed to the laser operating
software. The slides were ultrasonically cleaned in isopropanol to
remove the debris and then assembled by thermal bonding at 140 °C
for 7 min. A hotplate with temperature control was used for this
purpose. The slides were pressurized with a self-made mechanical
clamp. The pressure applied was controlled with a torque wrench. A
torque of 4 Nm was applied, under which no channel blockage was
observed after bonding. A schematic description of the microstruc-
tures fabricated on the slides and the flow directions are given in
Fig. 2.

The capacity of the device to trap and distribute fluorescent
polystyrene microbeads (9.9 um), which has a density similar to that
of cells, was characterized. Fig. 3a and 3b show the transmission
microscopic images of beads in two representative microchambers.
By replacing the thick bottom PMMA layer of the device with a thin
(100 um) PMMA slide/paper, the fluorescence of the beads can be
imaged. Fig. 3(c) and (d) are the combined two-photon fluorescence
and transmission images of beads trapped in two microchambers,
which indicates that higher resolution fluorescence imaging can be
achieved with the microfluidic device. This is important to advanced
applications of the device such as for fluorescence-based cellular
imaging. A quantitative distribution of beads in the microchambers
was characterized using a diluted suspension of microbeads (1.5 x
10°/mL). The numbers of beads in the 24 chambers of a circular unit
(A) are given in Fig. 3(e). The numbers of beads in the chambers are
between 55 and 72, which is close to the homogeneous distribution.
The calculated trapping efficiency is 92%. The numbers of beads in
the other three units are 49-65 (B), 57-75 (C) and 53-76 (D).
Although the radial distance to each chamber is short, slight heter-
ogenity in channel dimension can still cause difference in flow speed.
This affects the number of beads deposited into each chambers. In
addition, we noticed that it is difficult to make each microchamber
the same size due to the fluctuation of laser intensity during the
micromachining process. The distribution can be improved by opti-
mizing the laser parameters to minimize the heterogenity of the
dimensions of channels and microchambers. It was observed a very
small amount of beads (<5%) were retained in the channels, where
the surface of channels is not smooth. This can also be further
reduced by optimizing the laser parameters during the micromaching
process. For cell culture, ways can be found to selectively modify the
surface of the chammbers for improved cell attachment, while leaving
the channels untreated to prevent the sticking and proliferation of
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Fig.2 (a) A schematic description of the design of the device. Line/curve
in red means laser cutting through the slide, blue and black mean etching
and raster on the surface, respectively, and (b) illustration of medium
flow in one circular unit. On the bottom side, medium is distributed into
microchambers from the center in the radial direction, which goes
upwards and converges at the centre on the top side. The radial distance
from the centre of a circular unit to the surrounding chambers is 5 mm;
the distance between the centers of units A and B (C and D) are 15 mm,
and that between A and C (B and D) is 30 mm.

cells in the channels. The smoothness can also be improved by using
fabrication techniques such as electron beam lithography with
a higher resolution other than CO, laser micromachining. While CO,
laser micromachining is a simple method for the fabrication of
microstructures, the resolution is not high. This low resolution makes
CO, laser micromachinning suitable to the fabrication of large
structures only. By using other techniques that can provide higher
resolution, not only the dimensions of channels and microchammbers
can be more homogeneous, but also the surface smoothness can be
improved. This will improve the cell distribution and reduce retention
in the channels.

A human cervical cancer cell line (HeLa) was used to test the
capacity of this device for the quantitative cell distribution. HeLa cells
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Fig. 3 Loading and imaging of microbeads in the microfluidic cham-
bers. (a) and (b) are transmission images of microbeads, (c) and (d) are
combined two-photon fluorescence and transmission images of
microbeads when a 100 pm thick PMMA slide is used as the bottom layer
of the device, (e) distribution of beads in the chambers of one circular unit
of the microfluidic device.

were cultured in a RPMI medium supplied with fetal bovine (10%)
serum at 37 °C under a 10% CO, atmosphere. Cells growing in a 25
cm? culture bottle were suspended with trypsin. Then the cell
dispersion was centrifuged and the cells were redispersed in fresh
medium. The chambers were filled with the cell suspension using
a syringe slowly by hand with a flow rate at approximately 0.25 mL/
min, which results in a flow rate of 2.6 ul./min in each microchamber.
The corresponding average cross sectional flow speed is 0.22 mm/s,
which is about 2% of the speed in the distribution channels (the flow
speed is reversely proportional to the cross section area). Since the
injection takes only about 10 s, cell aggregation can be minimized,
which ensures uniform cell concentration during cell loading. After
the cells settled, the number of cells in each chamber was quantified. It
was observed that most cells in the flow can stay in the micro-
chambers due to the significantly reduced flow speed in the chambers.
In addition, the flow in the anti-gravitational direction and the large
depth of the chambers (2 mm) is also conducive to the settling of cells.
The loading efficency of cells in the chambers was characterized.
When the concentration of cells in influent was 3.6 x 10° cells/mL, the

concentration in the effluent was found to be 3 x 10% which means
a high efficiency of over 90% for cell loading can be achieved. It is
possible that the loading efficiency can be further improved by
reducing the flow rate using a syringe pump. It is worth mentioning
that the suitable flow rates depend on the dimension of the micro-
chambers and channels. A too slow flow will increase the chance of
cell sticking to the channels and sticking of cells to each other,
lowering the loading efficiency and cell distribution quality. When the
flow rate is too high, the pressure buildup may not be good to cells. In
our work, a fast flow rate (hand injection) (> 0.5 mL/min) led to
quick pressure buildup, which cause disconnection of inlet tubing.
The high efficiency of cell loading means that we can control the
number of cells in the chambers by simply varing the concentration of
cells in the influent or by varying the volume of cell suspension at
a fixed cell concentration. Fig. 4(a) and 4(b) displays the cells in
a representative chambers at two different cell concentrations. The
concentration of the cells in the influent in case of Fig. 4(b) (1 x 10°
cells/mL) is ten times of that in Fig. 4(a) (1 x 10* cells/mL). The
number of cells in Fig. 4(b) is 44, while that in Fig. 4(a) is 5. That is,
the number of cells in Fig. 4(b) is about ten times of that in Fig. 4(a),
which is corresponding to the ratio of the cell concentrations in the
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Fig. 4 Low density (a and c) and high density (b and d) cell trapping in
two representative microchambers by controlling the concentration of
cells in the influent, as well as distribution of cells in a representative
circular unit for the high density cell loading (e).
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loading solutions. Fig.4(c) and 4(d) are the corresponding pictures of
cells in another microchambers at the low and high cell loading
densities. A histogram of the cell distribution in the 24 chambers of
a representative circular unit (A) under the high density cell loading is
given in Fig. 4(e), with a range of 35-48 cells in the microchambers.
The distribution of cells in the other three circular units is similar,
which are 32-47 (B), 39-50 (C) and 40-54 (D).

In summary, a compact microfluidic device with circularly
arranged microchambers was designed for radial distribution of
microbeads and cells into each chamber. This pattern of micro-
chamber arrangment can make the design more compact and reduce
the resistance of channels, which is important when a large quantity
of microchambers is needed in a single microfluidic device. A quan-
titative distribution of cells in the microchambers can be achieved in
this device easily by controlling the concentration of cells in the flow.
However, it is not recommended to use very high input cell concen-
tration when the required number of cells in the microchamber is
high. This will make the deposit of a monolayer of cells a challenge,
because cells tend to stick quickly when their concentration is high.
Since the trapping of cells is achieved by reduced flow and gravita-
tional force in the microchambers, the number of cells can also be
controlled by adjusting the volume of the input cell suspension while
using a low or moderate cell concentration. The ideal range of cell
concentration should be based on the dimension of the micro-
chambers. In this work, a concentration not higher than 5 x 10° cells/
mL is good to achieve well distributed cells in the microchambers.

The design of the radial flow distribution can be readily
applied to materials other than the PMMA used in this work
with suitable fabrication techniques. It is expected that long
term cell culture can be achieved by suitable surface function-
alization of the substrate. Consideration can also be given to the
fabrication of such a device with gas permeable materials such
as PDMS. The use of this type of material can eliminate the
necessity of contineous perfusion of the system during cell
culturing, making the application of this device more convinent.
To this end, a combination of PMMA and PDMS can also be
considered. In addition, while it is not possible to vary the flow
into the microchambers of a circular unit, incorporating valves in
the design will make it achievable to deliver species of different
types and concentrations to different circular units (and the
microchambers within), allowing for the culturing of cells under
different chemical environments achievable with a single device.
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