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This study describes the development and testing of a magnetic microfluidic chip
(MMC) for trapping and isolating cells tagged with superparamagnetic beads
(SPBs) in a microfluidic environment for selective treatment and analysis. The
trapping and isolation are done in two separate steps; first, the trapping of the
tagged cells in a main channel is achieved by soft ferromagnetic disks and second,
the transportation of the cells into side chambers for isolation is executed by
tapered conductive paths made of Gold (Au). Numerical simulations were
performed to analyze the magnetic flux and force distributions of the disks and
conducting paths, for trapping and transporting SPBs. The MMC was fabricated
using standard microfabrication processes. Experiments were performed with E.
coli (K12 strand) tagged with 2.8 um SPBs. The results showed that E. coli can be
separated from a sample solution by trapping them at the disk sites, and then
isolated into chambers by transporting them along the tapered conducting paths.
Once the E. coli was trapped inside the side chambers, two selective treatments
were performed. In one chamber, a solution with minimal nutrition content was
added and, in another chamber, a solution with essential nutrition was added. The
results showed that the growth of bacteria cultured in the second chamber
containing nutrient was significantly higher, demonstrating that the E. coli was not
affected by the magnetically driven transportation and the feasibility of performing
different treatments on selectively isolated cells on a single microfluidic platform.
© 2014 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4883855]

. INTRODUCTION

In recent years, a large amount of research has been conducted on micro devices, which
aim to integrate single or multiple lab processes into micro-sized chips.'™ The feasibility of uti-
lizing micro-chips for cell analysis stems from the fact that the sizes of those targets are in the
micrometer range or below. The miniaturization of analytical devices results in lower sample
and reagent consumption, reduced risk of contamination and faster reaction times.'™

Numerous microdevices have been developed in the last decade for cell analysis.”® In this
paper, magnetic principles are utilized for trapping, transporting, and isolating cells tagged with
superparamagnetic beads (SPBs). SPBs consist of nano-sized iron oxide crystals encapsulated in
an organic (polymeric) or inorganic matrix.” They are magnetized only in the presence of a
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magnetic field. In the absence of a field, the magnetization direction of SPBs flips randomly,
due to thermal fluctuations, resulting in an average net magnetic moment of zero and no resid-
ual magnetic force between SPBs. This means they can be manipulated by a magnetic field, yet
their dispersion is ensured. The organic/inorganic coating may be modified with functional
groups, depending on the applications, based on specific interactions; therefore, a large variety
of cells can be attached to SPBs.®

Different micro-chips have recently been studied, which have magnetic elements integrated
with microfluidic systems, to trap, transport and isolate cells.*® There are also commercially
available products such as MACS®  from Miltenyi, Cell Search® from Veridex, LLC,
BeadRetriever ™ from Applied Biosystems®, and magnetic tweezers, such as from PicoTwist that
are able to separate cells tagged with SPBs in heterogeneous solutions. Recently, novel methods
for purification of cells have been explored, which deviate from the standard macro-scale mag-
netic separation approach employed by commercial products. A device consisting of a column
wrapped around with Ni wire placed between magnets sorted live cardiomyocytes from a hetero-
geneous solution in a label-free microfluidic approach with 93% purity.'® Osman ez al. separated
Jurkat cells labeled with magnetic nanoparticles from a solution spiked with human embryonic
kidney under a continuous flow utilizing an integrated flat micro-patterned hard magnetic film.""
They obtained purification levels greater than MACS and Dynal separators. Darabi et al.
employed an array of thin nickel stripes on a glass substrate excited by an array of external mag-
nets to separate CD4 + T cells from peripheral blood with 90% purity.'?

The magnetic elements can be either passive or active; passive elements are usually soft-
ferromagnetic structures,'”'® while active elements are microelectromagnets.'®> Soft-ferromagnetic
structures can be magnetized by applying an external magnetic field and demagnetized by removing
the field. They usually provide stronger magnetic fields than micro-electromagnets and are employed
to spatially concentrate magnetic fields. The benefit of using micro-electromagnets is that the mag-
netic field can be simply controlled by varying the amplitude of the electric current, leading to pre-
cise local control of magnetic forces. The magnetic microfluidic chip (MMC) presented in this
research combines the advantages of soft-ferromagnetic structures and micro-electromagnets. We uti-
lize Permalloy (NigoFe,o) disks to trap SPBs and tapered conducting paths made of gold (Au) to
transport the SPBs. This method ensures that a single SPB can be trapped at a single disk in a
microfluidic channel, and then transported to a side chamber by the tapered conducting path for
isolation. Inside the chamber, the SPB is again immobilized at a disk, enabling the application of
selective treatments on the cells and monitoring their effects.

The design of the MMC technically allows for cells tagged with SPBs to be separated in
solutions with unlabeled cells; cells tagged with SPBs can be trapped at the disks, unlabeled
cells can be removed from the channel, and then the labeled cells can be moved by tapered con-
ducting paths to chambers for further analysis. However, the separation of tagged cells in solu-
tions with unlabeled cells has been widely explored in the papers mentioned above, and can be
achieved with high purity by the commercially available products. Therefore, in this research,
the emphasis is on the capacity of the MMC to isolate and perform selective treatments on cells
tagged with SPBs on a simple and integrated platform. The approach we have taken in this
paper differs from our previous work?** and from other work in terms of simplicity of fabrica-
tion, operation of the device as well as using living cells and also by the integration of all com-
ponents into a microfluidic chip. Moreover, compared to the commercially available products,
the MMC is an integrated chip of small size (3.1 x 2.3 cm” chip area) that enables both cell
separation and experiments on-chip. Such a device has the potential to become a powerful tool
for drug testing, for genetic engineering, and for studying different biological processes.

1. ISOLATION MECHANISM USING THE MAGNETIC MICROFLUIDIC CHIP
A. Theory

Magnetic manipulation of SPBs requires a magnetic force strong enough to overcome the
dominating viscous effects.”> An SPB, in a liquid medium, travelling through a region with a
magnetic flux gradient, experiences a magnetic force F,,. F,, can be expressed as
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where V is the volume of the spherical SPB (m*), Ay is the difference in volume susceptibility
between the SPB and the surrounding liquid medium, uo=4n x 10~7 Vs/Am is the permeabil-
ity of free space, and B is magnetic flux density (T). Ay in a water medium is equal to the y of
the SPB, since y of water is < y of an SPB.

The velocity, v,,, of an SPB in a liquid medium and a magnetic flux gradient is
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where f;=6mnnyr is the drag coefficient, n is the viscosity of the liquid medium, and r is the
hydrodynamic radius of the SPB. The gravitational and buoyancy forces are neglected in this
study, since the Reynolds number is < 1 and hence, viscous terms dominate inertial terms.

B. Device architecture

The MMC architecture is shown in Fig. 1(a) and has one main channel, two side channels,
and 2 side chambers. The microfluidic system is made from Polydimethylsiloxane (PDMS).
2-D numerical analyses were performed with commercial finite-element software (COMSOL®)
to aid in the design of the MMC. Biomolecules tagged with SPBs are injected at the inlet and a
current through the tapered magnetization path, made from Au, underneath the channel magnet-
izes the disks and aids the flow of SPBs towards the primary disks (magnetization path in
Fig. 1(a)).

The magnetization path provides an increasing value of the magnitude of the magnetic flux
density B towards the narrow section (Fig. 1(b)), causing SPBs to move away from the inlet
along the main channel. The inhomogeneous B produced by the primary disks gives rise to a
magnetic flux density gradient that exerts an attractive force on the SPBs. Once the SPBs are
trapped on top of the primary disks, the current to the magnetization path is turned off and
applied to the tapered transportation paths that extend from the main channel through the side
channels to the side chambers (Fig. 1(a)). This causes the SPBs to move to the side chambers,
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FIG. 1. Schematic of the magnetic microfluidic chip. (a) Chip design displaying the trapping of superparamagnetic beads
by primary disks, and transportation and isolation of beads by tapered transportation paths. (b) Numerical results of the
integrated electromagnet (tapered magnetization path) that is utilized to magnetize the disks as well as aid in the flow of
beads towards the disks.
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where they are trapped at secondary disks. Those are magnetized by the magnetic flux of
the tapered transportation paths. In the current design, the MMC consists of 2 primary and 2
secondary disks per side chamber, two side chambers, and a main channel.

C. Numerical analysis

Fig. 2(a) shows the cross-section of the MMC at a primary disk. The disk is made of
NiggFe,o and the magnetization path is separated from the disk by a 100nm SiNj passivation
layer. The parameters for NigoFe,o were taken from previous studies,>*** the diameter of the
disk is 3 um, and the thickness of the disk is 30nm. The disk’s diameter influences several
parameters like the magnetic properties or the number of SPBs that can be trapped at a disk. In
general, the smaller the disk, the fewer SPBs will be trapped at it; hence, the disk diameter is a
parameter to be optimized for specific applications. By choosing the disk diameter to be
approximately the same as the diameter of the SPBs, only one SPB is usually trapped at a
disk,“’44 and only one strand of E. coli is bound to an SPB due to steric hindrance,45 as
observed during many experiments. This provided better control over the experiments and
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FIG. 2. (a) Cross-section of the MMC showing the magnetic fields of the magnetization path (black) and the stray fields
produced by the disk (red) due to magnetization. (b) The magnitude of the magnetic force produced by the disk on a 2.8 um
SPB in the magnetization direction, along the center, and 2.2 um above the disk. (c) The magnitude of the velocity of a
2.8 um SPB attracted by the magnetized disk along the center and 2.2 um above the disk. (d) Cross-section of the disk and
tapered transportation path showing the magnetic fields of the transportation path (black) and the stray fields produced by
the disk (red) due to magnetization. (e) Force distribution at the disk and the transportation path at different distances above
the disk.
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enhanced the visualization of the SPB-cell complex, making it easier to quantify the number of
SPBs and cells. The current through the magnetization path magnetizes the disk, which generates
a magnetic stray field as shown in Fig. 2(a). The magnetization direction is transverse to the
direction of the SPB motion. Due to the stray fields of the disk, B is reduced above the disk and
changes sharply at its borders. This change attracts the SPBs to the disks (Eq. (1)), which acts
like a trap, at a velocity defined by Eq. (2). Fig. 2(b) shows the magnitude of the magnetic force
F,, along the center of the disk at a height of 2.2 ym above the disk, when a current of 500 mA
was applied to the magnetization path. F,,, calculated for an SPB with a radius of 1.4 um and a
susceptibility of 1.2*° in a solution with a viscosity of 1 x 10™>Pa-s, has a maximum value of
2.2 pN at the edges of the disk, which is sufficient to trap SPBs.*""'? 19:20-22.26-35.47

Fig. 2(c) shows the velocity of an SPB during the trapping process. The beads are attracted
from a distance of about 4 yum with the velocity increasing exponentially and reaching a value
of 80 um/s at the edge of the disk, where the bead eventually gets trapped. This is in agreement
with our observations during experiments, in which SPBs were attracted to a disk as long as
they were in close proximity to a disk. It is worth to mention that a fluid flow could be applied
to aid the movement of the SPBs along the main channel. In this case, the critical flow veloc-
ities at 0.5, 1, 1.5, 2, and 2.5 um from a disk are 68, 43, 24, 11, and 3.5 um/s, respectively.
When the current is switched from the magnetization path to the transportation path, the mag-
netic flux (Fig. 2(c)) exerts a force on the SPB pointing from the primary disk to the secondary
disk in the side chamber. However, this magnetic flux also magnetizes the disk and the stray
field of the disk produces a force on the SPB that opposes its motion along the transportation
path as shown in Fig. 2(c). Fig. 2(d) shows the forces, at the surface of the transportation path,
trapping the SPB at the primary disk, at different thicknesses 7, between the top of the disk and
the bottom of the transportation path, when a current of 100 mA is applied to the transportation
path with a cross-section of 50 um x 200 nm. It can be seen that the influence of the stray field
diminishes with increasing ¢ above the disk, and becomes insignificant at a distance of 2 um.
Therefore, the disk was separated from the transportation path with a 2 um SiNj3 passivation
layer. Once the SPB is removed from the disk, it moves towards the edge of the transportation
path, where the force is highest, as shown in Fig. 2(d), and towards the secondary disk in the
side chamber.

lll. EXPERIMENT
A. Fabrication of the magnetic microfluidic chip

The full fabrication process is described in Fig. 3(a). A 4” silicon wafer was first treated
with Hexamethyldisilazane for better adhesion of the photoresist. Then, positive photoresist AZ
1512HS (micro resist technology GmbH) was spin coated (3000 rpm, 30s), baked (100 °C, 60 s)
and exposed to UV light (EVG 6200 UV contact aligner, exposure dose: 30 mJ/cm?) through a
chrome mask followed by photoresist development (AZ 726, 25 s). The thickness of the pat-
terned photoresist was approximately 1.2 um. Those parameters were used for all lithography
steps. On top of the patterned photoresist, 200nm of Au were sputter deposited as the first
metal layer, and the magnetization path was patterned by a lift-off process. To achieve the
lift-off process, the wafer was left in acetone followed by sonication and thorough rinsing. The
widest and narrowest sections of the magnetization path are 1850 and 80 um, respectively.
Then, SiN3 was deposited (100 nm thick, using a combination of Silane SiH, and Ammonia
NH;) to form an insulation layer, and vias to the Au layer were opened, through a lithographi-
cally defined mask, by dry etching (a combination of Fluoroform CHF; and Sulfur hexafluoride
SF).

Next, the NiggFe,( disks were defined by UV lithography followed by dry etching the SiNj
and depositing a 30 nm thick layer of NigyFe,( using e-beam evaporation. Before the deposition
of the second Au layer, a SiNj insulation layer (2 um thick) was deposited and etched as
described before. The second metal layer (200nm thick), the transportation path, was then
deposited following the same procedure as for the first layer. The widest and the narrowest
sections of the transportation path are 115 and 4 um, respectively.
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FIG. 3. (a) Fabrication of the magnetic microfluidic chip. (b) Image of the MMC with PDMS microchannels.

Finally, the microfluidic channels were fabricated from PDMS (Polydimethylsiloxane)
employing a soft lithography technique.**>° A mold was fabricated using a 7.5 um thick layer
of AZ 9260 that was spin coated on a silicon wafer, exposed to UV light and developed.
Liquid PDMS was spread over the entire surface of the mold, cured at 75°C for 2 h and then
gently peeled off. Finally, the PDMS layer was bonded to the MMC chip using plasma oxygen
bonding (YES R3 Plasma cleaner). The main channel is 1 cm long, 100 yum wide and 7.5 um
high, the side channels are 0.3 cm long. Fig. 3(b) shows a photo of a fabricated MMC chip and
its size compared to a coin.

B. Labeling of E. coli with SPBs

Streptavidin coated SPBs (Dynabeads® M-270 from Life Technologiesm) with 2.8 yum in
diameter and Rabbit polyclonal to E. coli (Biotin) (ab20640, from abcam®) were placed in ice
for 30 min. 100 ul of SPBs in a tube were placed on a magnet for 2 min to separate the beads
from the supernatant. 100 ul of 1 x phosphate buffered solution (PBS) and 0.05% Tween-20
were added along the insides of the tube, where the beads were collected for washing and to
remove preservatives. This step was repeated three times. Next, 20 ul of the antibody (Biotin)
were added and incubated for 30 min at room temperature with gentle rotation. After that, the
beads and antibodies were re-suspended in 100 ul of PBS and Tween. Following this, 2ml of
Terrific Broth (TB) modified were incubated with Sul of E. coli K12 (SHuffle® T7 lysY
Competent) at 37°C for 16 h and then washed three times using PBS and Tween.
Subsequently, 10 ul of SPBs were mixed with 100 ul of E. coli K12 and incubated at room
temperature for 60 min with gentle rotation. Finally, SPBs and E. coli were washed three times
to remove extra E. coli and re-suspended in 200 ul of PBS and Tween.

C. Experimental setup for trapping and isolation of E. coli

Experiments were performed with the aid of a probe station equipped with a microscope.
Seven probes were connected to a DC power supply to provide a current to the magnetization
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path, and the transportation paths extending from the main channel to the side chambers.
Syringe pumps were used to load samples into the main channel or nutrients into the side chan-
nels with a slow flow rate (less than 3 ul/min).

D. Staining of E. coli

Vybrant® CFDA/SE Cell Tracer Kit (carboxyfluorescein diacetate, succinimidyl ester,
Invitrogen), a lipophilic dye that is taken up by cell membranes, was used to stain the E. coli.
The bacterial suspension was washed twice with PBS followed by centrifugation at 4900 G for
3min at 4 °C. Then, E. coli were incubated at 37 °C with CFDA/SE for 30 min in the dark.
CFDA/SE stained cells were harvested by centrifugation, washed and incubated for another
30min at 37 °C. The fluorescent imaging was performed using a ZEISS LSM710 confocal
microscope.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Characterization of soft ferromagnetic disks

Atomic Force Microscopy (AFM) was used to obtain surface information of the fabricated
disks. Fig. 4(a) shows a disk that is 3 um in diameter and 30 nm in thickness. As remainder of
the lift-off fabrication process, the edges show some roughness with a height of about 5nm
(Figs. 4(a)-(i) and 4(a)-(ii). If SPBs would be trapped directly on top of such a disk, they might
get stuck. In case of the developed design, this is not an issue, since the disks are located below
the transportation paths, and the two layers (passivation and transportation path) between the
chip’s surface and the disks smoothen the surface and prevent the direct contact of SPBs with
the disks.

An Alternating Gradient Magnetometer (AGM) was utilized to obtain the magnetic charac-
teristics of the disks. Fig. 4(b) shows the magnetization curve in the in-plane direction for an
array of 125 x 125 Permalloy disks. The inset in Fig. 4(b) shows four disks from this array,
which are separated by a distance of 20 um. It can be seen from Fig. 4(b) that the applied
magnetic field used in the numerical analysis magnetizes the disk to 15% of its saturation value.
This is ideal for our experiments, since the demagnetization procedure could be challenging,
when disks are fully magnetized.”*™** For our experiments, it is important that the disks are
magnetized and demagnetized by simply turning the current on and off.

The magnetic field required for saturation is 7 x 10* A/m and the coercivity is 4500 A/m.
These values agree well with previous studies on permalloy disks.*®*"*> The saturation field
can also be estimated by taking into account the shape anisotropy given by the aspect ratio
s=dft, where d and t are the diameter and thickness of the disk, respectively. The magnetic
field inside the disk H ;g is a function of the applied field H,,, and the demagnetizing field H,

Hgisk :Happ + Hy, (3)

where H;= —N;,M,. M is 8 X 10° A/m and Nj, is the in-plane demagnetizing factor of the disk.
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FIG. 4. Characterization of the disks. (a) Atomic force microscopy results for a disk with 3 um in diameter and 30 nm in
thickness. (i) 3-D profile. (ii) Cross-section profile. (b) Magnetization curve of a 125 x 125 disk array.
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When the disks are approaching saturation, Eq. (3) can be re-written as
Hy=—-H; = Nipra “4)

where H,=H,

- for a disk with s > 1 is expressed as'

at saturation and N;,

s 4
N, — 4n(4—s> (1 _ n—s) 5)

Substituting s =100 into Eq. (5), a value of 7.8 x 10* A/m is obtained for H, from Eq. (4),
which agrees well with the one found by measurement.

B. Optimization of chip surface and channel walls

Friction and adhesion between the SPBs and the walls/surface can have a considerable
effect on the movement of SPBs and significantly influence the transportation of SPBs along
the magnetization and transportation paths. In order to prevent non-specific binding and cell ad-
hesion to the walls of the PDMS structures and to the Au surface, the channels were first
treated with 10 mg/ml BSA (Bovine serum albumin) and 0.1% (v/v) SDS (Sodium dodecyl sul-
fate) solution for 15 min. BSA is known to inhibit cell adhesion and efficiently prevent adsorp-
tion on the walls of PDMS channels,”>* whereas the ionic surfactant (SDS) prevents binding
of SPBs or undesired waste to silicon and photoresist surfaces®> >’ like the MMC surface. This
treatment also removes all dead cells or other small particles left from previous experiments.
However, since the SDS is a strong surfactant,”® a final washing step was performed to prevent
any side effects, especially on cell vitality. For this purpose, the channels were washed for
15 min using a moderate concentration of 0.2% (v/v) of Tween 20, which is a non-ionic, gentle
surfactant that protects the native state of proteins and constitutions of cells and prevents spe-
cific adsorption. It also has long term stability. However, using of Tween 20 will also decrease
the fluorescent background (important for E. coli staining—see Sec. III D).*®" The procedure
mentioned above significantly enhanced the transportation of SPBs compared to the case where
the procedure was not performed prior to experiments.

C. Trapping and selective isolation of E. coli

E. coli bacteria were chosen for the experimental verification of the MMC concept because
it is of high relevance with some strands being pathogenic. It is also a simple organism that is
easy to culture in the laboratory. In this research, we aim to selectively isolate E. coli with the
MMC to enable observation of their response to different cell culture media.

First, the channels were washed by applying a mixture of BSA (Bovine serum albumin),
SDS (Sodium dodecyl sulfate), and Tween 20 for 30 min at the inlet of the main channel with
all outlets open. Second, 10 ul of the solution containing E. coli (see Sec. IIIB) tagged with
SPBs was injected into the inlet of the main channel, while only the outlet of this channel was
open. Next, a current of 500 mA was applied to the magnetization path to move the SPBs along
the main channel and trap them at the disks. This process is shown in Fig. 5, where SPBs
moves along the main channel and gets trapped at the edge of the disk, confirming the result of
the numerical analysis, which showed the trapping site at the surface of the disk, is at the edge
of the disk. Depending on distance between the SPB and the disk after injecting the sample
solution, it would take up to 15min. Once an SPB with E. coli was trapped at a disk, the cur-
rent to the magnetization path was turned off, and a current of 100 mA was applied to the trans-
portation path. Fig. 5 shows that this step caused the SPB to be dislodged from the primary
disk and move towards the edge of the transportation path and through the side channel. A sig-
nificant increase in the velocity of the SPB was observed during this movement, due to the
increasing magnetic field gradient. Finally, the SPB was trapped at the secondary disk located
at the end of the transportation path. Again, the SPB was trapped at the edge of the disk. The
time required for an SPB to travel along the transportation path was generally 30—40s. Using
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Flow direction along the Current applied to magnetization path E. coli tagged with an
main channel SPB trapped at a
primary disk
SPB+E. coli

E. coli tagged with an SPB

Current applied to the transportation path trapped at a secondary disk in a
side chamber

FIG. 5. Experimental results demonstrating the trapping, transporting and selective isolation of E. coli tagged with a super-
paramagnetic bead by the magnetic microfluidic chip. Note, for better visibility, the E. coli is encircled with a dashed line.

the same procedure as above, another SPB attached to E. coli was isolated into the second side
chamber.

Generally, when a bead was moving directly across a disk, as shown in Fig. 5, it always
got trapped at the disk and it stayed trapped until current to the magnetization path was turned
off. When a bead passed a disk at some distance, it could usually be attracted from approxi-
mately 5 um as shown in Fig. 6 for Bead 1. Beads 2 and 3 were too far away to be trapped.
The time taken for Bead 1 to get trapped at the disk was approximately 4s. An increase in
velocity of Bead 1 as it approached the disk was clearly observed during the experiments. In
the case, a bare SPB was trapped at a disk, the current to the magnetizing path was turned off
to allow the SPB to dislodge and move away from the disk.

D. Culturing E. coliin side chambers

At the beginning of the culturing experiment, the chip was washed by applying
BSA (Bovine serum albumin), SDS (Sodium dodecyl sulfate), and Tween 20 (as described in
Sec. IV B) for 30 min from the inlet of the main channel with all outlets open. Then, the cham-
bers were flushed for 5min with a solution of 0.1% glycerol. The first washing step served to
remove any unwanted particles in the side chambers and any binding effect of the SPBs or any
undesired waste to the surface or walls of the MMC. The second step was to prepare a suitable
culture environment for E. coli and to remove any undesirable effects of the previously added
additives. In order to ease the observation of E. coli, they were stained using CFDA/SE dye
(see Sec. IIID). It can be observed from Figs. 7(a) to 7(b) that only a single E. coli attached to
an SPB was present in each chamber. During the culture experiments, which lasted for 6 h, two
different treatments were performed on the E. coli isolated in the side chambers.

A media containing minimal content of nutrition, which is a solution of 0.1% (v/v) glyc-
erol, and 0.1% glucose, was added to both chambers through the side chamber inlets, and an
additional 1% of Terrific Broth, used as enriching media, was added only to chamber 2. The
entire chambers were scanned using optical and fluorescent microscopy to ensure that no

FIG. 6. Trapping of an SPB from a distance of about 5 um.
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FIG. 7. (a) SEM image of single E. coli attached to one SPB. (b) Fluorescent image of a single E. coli at the beginning of
the culturing experiment. (c¢) and (d) Fluorescent images of side chambers 1 (minimal media) and 2 (enriched media),
respectively, taken after 6 h of culturing. (¢) The number of E. coli after 6 h culturing, using minimal media (MM) and
enriched media (EM). The results in columns 1 and 2 are obtained from control experiments. Columns 3 and 4 show the
results obtained from E. coli tagged with an SPB and isolated with the microfluidic chip into side chamber 1 (minimal
media) and 2 (enriched media).

contaminations were found at this point, which demonstrates that the subsequently obtained
culture results were initiated from a single E. coli in each chamber. All experiments were
performed inside an incubator at 37 °C, to maintain the same pH, oxygen, and temperature con-
ditions. The objective of these culture experiments was not to find or use the optimal culture
conditions of E. coli, but to test whether the E. coli can survive the procedures applied so far
(exposure to magnetic fields, transportation along the channels during trapping and isolation
steps and washing). Figs. 7(c) and 7(d) show fluorescent images of the side chambers after 6 h
(further details in the supplementary figure Fig. S1°%). In both chambers, the single E. coli was
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able to divide, and in chamber 2, where the enriched media was used, the number of E. coli
was more than 4 times higher than their number in chamber 1, where minimal media were
used. The average numbers of cells obtained from a single E. coli during similar experiments
using 3 different MMCs are shown in columns 3 and 4 of the table in Fig. 7(e). Comparing
these results with the control experiments (columns 1 and 2 in the same table) reveal that the
isolated E. coli is not affected by the manipulations they undergo in the MMC, and that they
can adapt to the modified culturing conditions.

V. CONCLUSION

A magnetic microfluidic chip was presented in this paper, which enabled the trapping and
isolation of E. coli by tagging them with SPBs. Trapping of individual SPBs inside a main
channel at specific locations was realized by Permalloy (NiggFe,o) disks, which were magne-
tized by the help of an integrated conducting path. This tapered path also provided the magnetic
field gradient to move the SPBs from the inlet of the main channel to the trapping sites.
Controlled motion of the individual SPBs from the trapping sites into side chambers was
enabled by tapered transportation paths. The specific arrangement of the paths and Permalloy
disks allowed trapping of SPBs with current applied to the magnetization path yet released the
SPBs and moved them to the side chambers when the current was switched to the transportation
path. AGM analyses of the disks provided their magnetic characteristics, namely, saturation
magnetization (8 x 10° A/m), saturation field (7 x 10* A/m), and coercivity (4500 A/m), which
agreed well with theoretical results based on shape anisotropy calculations as well as previous
works on permalloy disks. The MMC was fabricated using standard microfabrication techni-
ques. E. coli (K12 strand) tagged with 2.8 um SPBs were trapped and separated individually
into side chambers, and fluorescent images showed that E. coli were successfully cultured start-
ing form a single E. coli. The experiments imply that the procedures employed to trap and
manipulate E. coli tagged with SPBs did not affect the isolated E. coli. The growth rate of E.
coli in a solution containing Terrific Broth in one chamber was significantly higher (more than
4 times) than the one in another chamber, which did not contain Terrific Broth.

In this work, a specific design of the MMC was implemented to trap four SPBs (with E.
coli) and move them individually into two side chambers, where they were exposed to different
environments. The motion of the SPBs was solely controlled by magnetic forces, i.e., electric
currents, which could potentially lead to devices with simple on-chip operation. The presented
concepts can readily be employed and modified for different designs to meet various demands.
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