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Magnetic beads are a popular method for concentrating biomolecules from solution
and have been more recently used in multistep pre-arrayed microfluidic cartridges.
Typical processing strategies rely on a single magnet, resulting in a tight cluster of
beads and requiring long incubation times to achieve high capture efficiencies,
especially in highly viscous patient samples. This report describes a two-magnet
strategy to improve the interaction of the bead surface with the surrounding fluid
inside of a pre-arrayed, self-contained assay-in-a-tube. In the two-magnet system,
target biomarker capture occurs at a rate three times faster than the single-magnet
system. In clinically relevant biomatrices, we find a 2.5-fold improvement in bio-
marker capture at lower sample viscosities with the two-magnet system. In addi-
tion, we observe a 20% increase in the amount of protein captured at high viscosity
for the two-magnet configuration relative to the single magnet approach. The two-
magnet approach offers a means to achieve higher biomolecule extraction yields
and shorter assay times in magnetic capture assays and in self-contained processor
designs. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4946014]

1. INTRODUCTION

Magnetic beads are a simple substrate for benchtop biomolecule isolation and extraction.'™

Flow-through systems deliver magnetic particles via carrier fluid motion, where magnetic beads
are suspended in a fluid and captured by a magnetic field.*'® To overcome the challenges in-
herent in fluid-based delivery of magnetic beads, an alternative technology based on static pre-
arrayed fluid cartridges has been developed where magnetic beads are again used as a mobile
substrate, but transported by magnetic entrainment rather than bulk fluid flow. In these designs,
each chamber is used to perform a single processing or reaction step and instead of pumping
different fluids past immobilized ligands, surface-functionalized magnetic beads are carried by
a magnetic field from fluid chamber to fluid chamber.''™"” These devices typically consist of
fluids contained in processing or reaction chambers separated from one another by an immisci-
ble fluid.'®?* There are several advantages to the pre-arrayed configuration for medical diag-
nostics. First, the solutions and their concentrations are controlled during fabrication, and they
remain unchanged during operation. Second, the entire pre-arrayed cassette can be made as a
closed system, which limits contamination and hazardous exposure. Third, the liquid locations
in pre-arrayed cassettes are at known, reproducible locations, which give them a straightforward
end-user work flow'>?® and the potential for simple automated processing.'®?*2° These benefits
position microfluidic pre-arrayed cartridges for use as ready-made, “off-the-shelf” assays for
biomolecule capture and extraction.

We have previously described a sample preparation approach for diagnostic applications
that relies on a series of pre-arrayed processing solutions separated by immiscible “surface
tension-valves” in an enclosed tube format. The underlying characteristics of these valves have
been studied in detail, and optimal performance parameters have been identified.”” The tube
format has been demonstrated as a method for tuberculosis DNA extraction and amplification,
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protein isolation for malaria detection, cell counting for human immunodeficiency virus diagno-
sis, and clinical chemistry assays.”"**?72? In each of these assays, a single magnet was moved
relative to the length of the tube to transfer the magnetic beads across the immiscible fluid
interface and into the sequential processing chambers. We have recently described a two-
magnet design for processing which worked particularly well for viscous sputum samples used
for tuberculosis diagnosis.'® In this case, the presence of a second magnet, with no other mixing
motions, appeared to be critical for successful DNA isolation.

This report provides a detailed comparison of how the inclusion of a second magnet
improves bead-fluid interactions for a range of patient sample types and viscosities. We demon-
strate enhanced dispersion of magnetic beads inside of a small diameter length of tubing using
only relative motion between the tube and a pair of magnets. The addition of a second magnet
creates a symmetric magnetic field, in both the transverse and axial planes of the tube, which
avoids a “lumped” cluster of beads against the tube wall, as well as maintains bead transfer
across the surface tension valves. In this approach, we also utilize a high-speed relative motion
to place the magnetic beads in a magnetic field with large dispersive forces, rather than the con-
centrating forces seen with a single magnet. We then test our hypothesis that magnetic disper-
sion of beads during the initial binding step results in more rapid capture of biomarkers to
beads and, hence, shorter assay times.

Il. METHODS
A. Theory and numerical analysis

Magnetic forces exerted on beads and bead spatial distributions were analyzed with a
commercial finite-element package (COMSOL Multiphysics v5.0, Burlington, MA). The two-
dimensional circular simulation domain, of radius 100 mm, consisted of a rectangle representing
a tube (100 mm height x 3mm width), and either one or two cylinder magnets (projected as
0.25 in. radius circles when placed perpendicular to the tubing). The theory behind magnetic
fields due to permanent magnets is well-established and provided in detail in the Appendix.
After the solution of the static magnetic field, the force per volume that results on magnetic
beads was calculated from
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To predict magnetic bead distributions that result from these forces, the mixture model was
used to model the magnetic beads as a particulate suspension. The mixture model, as developed

by others,**>! is briefly outlined here. The continuity equation, the conservation of momentum,
and the solid phase species transport equations are
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In these equations, u is the mass-averaged mixture velocity, ¢ is the particulate mass fraction,
ugp is the relative velocity between the solid and liquid phases, @ is the solid phase volume
fraction, p is the volume weighted mixture density, and 5 is the mixture viscosity. The mixture
viscosity follows a Kreiger-type expression, where the viscosity is dependent on the local solid
phase fraction. The magnetic bead force from Eq. (1) was multiplied by the local volume frac-
tion of the magnetic beads and included in the model as a body force on the discrete phase
(magnetic beads) only. In the mixture model, the tubing walls were given no slip boundary con-
ditions and zero dispersed phase flux. The fluid was initially at rest throughout the entire tube
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domain. The volume fraction of the dispersed phase was set to zero throughout the tube, with
the exception of three “seed” locations. These seed locations were created as 1.5 mm diameter
circles, at the center of the tube and 6 mm away in both directions from the center, with a
specified initial dispersed phase volume fraction of 0.4. The transient simulations were run
from O to 3 s, which was sufficient time to reach a stable magnetic bead distribution.

B. Rheology of biofluids

Stress-strain measurements of biofluids were made on a Brookfield DV-II+ Pro (Brookfield,
Middleboro, MA) cone-plate viscometer with a SP-40 spindle. A sample volume of 500 ul for
each of the following was used: pooled Human blood (BioreclamationIVT, Hicksville, NY),
pooled Human serum (BioreclamationIVT, Hicksville, NY), pooled Human saliva (Lee
Biosolutions, Maryland Heights, MO), a synthetic sputum analog (made according to literature®?),
and phosphate buffered saline (PBS) with 0.1% Tween (PBST). In addition, measurements were
made for each of the above biofluids at a 1:1 (v/v) dilution with PBST. All biofluid samples were
allowed sufficient time to reach room temperature, and all viscometer measurements were made at
room temperature. In blood, serum, and saliva, measurements were made at discrete shear rates of
755! 188s7 !, 37557, 755!, 15057, and 375s”!. To remain within instrument torque toler-
ances, the following adjustments were made for sputum and 50% sputum: sputum measurements
were made at 2.25s7 !, 3.75s7%, 45571, 7557, and 11357 50% sputum measurements were
made at 4.5 sfl, 7.5 sfl, 11.3 sfl, 18.8 sfl, 37.5 sfl, and 755" All samples were measured in
triplicate. Stress-strain measurements for each fluid were fit to the power-law function

T=Kp". %)

Apparent viscosities were determined as a function of shear rate through

Herr = K|“/.’|'H~ (6)

Using the apparent viscosity calculated in Eq. (6), molecular diffusivities were estimated from
the Stokes-Einstein equation
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where kg is the Boltzmann constant, T is the temperature, and Ry is the hydrodynamic radius
of the molecule diffusing in a fluid with viscosity of p-.

C. Assay tube preparation

The enclosed assay tube system consists of a small diameter section of tubing, which holds
a series of preloaded solutions separated by surface tension valves to concentrate and elute
Histidine-tagged green fluorescent protein (HGFP) with Cobalt-nitrilotriacetic acid (NTA) sur-
face functionalized magnetic beads. We envision these tubes as pre-prepared cassettes that
could be made available for “off-the-shelf” use. The assay tube, an 8 in. portion of 0.093 in. ID
fluorinated ethylene propylene (FEP) tubing (#9369T24, McMaster Carr, Atlanta, GA), was
long enough to run through the positioning rollers and magnet holder (Figure 1). The bead
chamber solution, which consists of 800 pug of Dynabeads His-Tag Isolation & Pulldown (Life
Technologies Corporation, Grand Island, NY) mixed with 100 ul of phosphate buffered saline
and 0.1% Tween-20 (PBST), was first loaded into the FEP tubing, followed by 100 ul of air.
This air chamber separates the sequential liquid chambers by approximately 0.75 in. From our
previous work, we have found this distance to be large enough to maintain stable separation,
while still enabling reproducible magnetic bead transfer from chamber to chamber. Before use,
the magnetic beads were settled by gravity and collected at the bottom of the bead chamber.
The force due to gravity alone is not sufficient for the magnetic beads to overcome the
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FIG. 1. The magnetic mixing experimental setup (left) and the six steps in the tube motion profile (right).

interfacial tension at the liquid/air interface, and hence the beads remain in their original cham-
ber. Next came the target analyte chamber, which contained 50 ul of 0.1 mg/ml HGFP
(#ab134853, Abcam Inc., Cambridge, MA) in 50 ul of either PBST or biofluid; the analyte
chamber was again followed by 100 pl volume of air. Last, the final processing chamber, which
consisted of 100 ul of PBST, was loaded into the tube. The three chambers were then centered
in the tube by adding additional air to move the chambers down the length of the tube, and the
tube was sealed with clay.

D. Qualitative tube imaging

A Nikon D800 camera equipped with a Nikon AF-S VR Micro-NIKKOR 105 mm {/2.8 G
IF-ED lens was used to take photographs of the magnetic beads inside of stationary and moving
tubes for qualitative comparison between the single and two magnet configurations. For imag-
ing, 800 ug of beads were initially combined with 100 ul of PBST in one chamber of the tube
and imaged during the tube motion.

E. Automated biomarker extraction in tube

A schematic of the automated extraction experimental setup is shown in Figure 1. The
assay tube was threaded between 3D printed (ProJet 3510 HD Plus, 3D Systems, Rock Hill,
SC) positioning rollers and a 3D printed magnet holder, with the magnetic bead chamber first.
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The magnet holder had either one or two diametrically magnetized cylindrical magnets
(#D48DIA, K&J Magnetics, Pipersville, PA), located 1 mm away from the side of the tube.
With a single magnet, the north pole was perpendicular to the tube; with two magnets, one
magnet’s north pole was perpendicular to the tube, while the opposite magnet’s south pole was
perpendicular to the tube. Since the two magnets are magnetically attracted to one another, their
angular position was stable and the poles remain in place. The tube was positioned so that the
top of the bead chamber was at the intersection of the positioning rollers. A stepper motor with
20000 steps per revolution (Applied Motion Products, Watsonville, CA) was controlled through
an ST5-Q stepper motor driver (Applied Motion Products, Watsonville, CA), with commands
generated using the Q Programmer software (Applied Motion Products, Watsonville, CA). The
shaft of the motor was press-fit to one of the custom positioning rollers, which was used to turn
the other roller and drive the assay tube. To collect the beads and move them from the first to
second chamber, the tube was moved at a velocity of 0.35mm/s by setting the motor to a ve-
locity of 0.005 rps. This speed was used as the beads were slowly pulled through the first
chamber and first surface tension valve and into the bottom of the target analyte chamber.
During this slow tube movement, the magnetic beads remained stationary while the assay tube
moved. Since the magnetic beads are engaged with the magnet, we refer to this speed as the
“magnet-engaged speed.” At this point, the tube was rapidly pulled down at a linear speed of
90.7mm/s, by setting the motor to 10 rps. This generates a strong drag force on the magnetic
beads that is greater than the magnetic force, and as such the magnetic beads are no longer
held in place by the magnet. In particular, this “magnet-disengaged speed” is responsible for
dispersing the beads throughout the HGFP chamber. After a 1 s wait time, the tube was pulled
up at the magnet-engaged speed to recollect the beads and move them to the bottom of the
HGFP chamber. This magnet-disengaged motion for dispersion, followed by a magnet-engaged
motion for re-gathering the beads at the bottom of the HGFP chamber, was repeated for 1, 5,
10, 15, 20, and 25 cycles to vary the number of times the beads were dispersed throughout the
HGFP. Finally, the tube was pulled down at the magnet-engaged speed into the third fluid
chamber containing PBST. The magnets were removed from the apparatus, and the tube was
manually removed through the top of the magnet holder.

F. Bead and HGFP quantification

Following biomarker extraction, the assay tube was cut to preserve the contents of each
chamber in separate microcentrifuge tubes and quantify the amounts of magnetic beads and
HGFP in each. The tubes were placed in a centrifuge for 3 min at a speed of 14000 rpm and
then set on a magnetic separator. The supernatant was removed from each tube, and the fluores-
cence of the supernatant from chambers 2 and 3 were measured at 510 nm using a 3 ul aliquot
on a ND-3300 spectrofluorometer (Nanodrop, Wilmington, DE). Next, 100 ul of 500 mM imid-
azole in PBS was added to the beads remaining in the tubes from chambers 2 and 3, and each
were vortexed for 30 s to elute the HGFP captured on the surface of the beads. The tubes were
again placed in a centrifuge for 3 min at a speed of 14 000 rpm and then set on a magnetic sep-
arator. The supernatant was removed from the tubes containing the contents of chambers 2 and
3, and the fluorescence of each was measured at 510nm. After the removal of the supernatants,
100 pl of deionized water was added to the tubes containing the beads from chambers 1 and 2,
and 600 ul was added to the tube containing the beads of chamber 3. The absorbance of each
chamber was then measured, using a 3 ul aliquot, at 700nm on a NanoDrop ND-1000 UV/Vis
spectrophotometer (NanoDrop, Wilmington, DE).

G. Minimum and maximum mixing experiments

To determine the effect of pure molecular diffusion on the isolation of HGFP from the tar-
get analyte chamber, the assay tubes were prepared as described above with PBST as the bio-
fluid analogue. The operating protocol of the automated extraction was modified as follows.
The tube was moved at the magnet-engaged speed, carrying the beads from their initial cham-
ber into the HGFP chamber. Once the beads reached the center of the HGFP chamber, the
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motor motion was stopped. The beads remained held in this position for the equivalent resi-
dence time of a particular number of cycles (the assay times are shown in Table I). After this
time, the tube was moved again at the magnet-engaged speed to move the beads from the
HGFP chamber into the final chamber. The beads and HGFP were then analyzed as previously
described.

To find an upper limit on the effect of uniform bead dispersion, maximum mixing experi-
ments were carried out. Microcentrifuge tubes were loaded with 50 ul of 0.05 mg/ml HGFP in
PBST and 800 pg of magnetic beads. The tubes were vortexed an equivalent residence time of
1, 5, 10, and 15 mixing cycles, as shown in Table I. After separation, the fluorescence of the
supernatant was measured. HGFP bound to the surface of the beads was eluted with 500 mM
imidazole, and the resulting fluorescence of the supernatant was measured.

H. Bulk fluid and bead transport

To analyze the bulk fluid that is carried over with the beads, an assay tube was prepared as
described above with 1 mM fluorescein (Sigma-Aldrich, St. Louis, MO) in PBST in place of
the HGFP. The tube was moved at the magnet-engaged speed carrying the magnetic beads
from chamber 1 to chamber 3. MATLAB (v8.5, MathWorks, Natick, MA) was used to compare
the bulk fluid transport and bead transport efficiency between the one- and two-magnet configu-
rations with an unpaired, two-tailed Student’s T-Test (p < 0.05).

lll. RESULTS
A. Theory and qualitative imaging

The results of numerical simulations (Figure 2) show major differences in forces between
the two magnetic configurations. In the single magnet configuration (Figure 2(a)), there are
strong magnetic field gradients near the poles of the magnet that result in magnetic forces
towards the tube wall at all locations. The magnitude of the magnetic force is strongest at the
equator of the magnet. The force diagram in Figure 2(a) shows a concentrated magnetic field
and large magnetic forces towards the magnet-side of the tube. As expected, the presence of a
second magnet attracted to the first magnet alters the magnetic field considerably. With the sec-
ond magnet present, there are strong forces towards the sides of the tubes, but there is zero
magnetic force directly in between the two magnets (Figure 2(c)). Along the tube and farther
away from the magnets, the magnetic forces are small but are pointed away from the magnets.
This is a unique force field that is not seen with a single magnet; the magnetic force vector
changes in magnitude but also in direction as the beads move through different positions in the
magnetic field in the presence of two magnets. Viewed in the Lagrangian framework, the beads
experience magnetic forces that vary in direction with changing position. It is this characteristic
that enables a new field-driven mixing modality not possible with a single magnet.

The simulations also predict different spatial bead distributions for the two magnetic con-
figurations. The beads are initialized to three seed locations, and after 3 s in the presence of a
single magnet, the beads have formed a cluster along the tube wall (Figure 2(b)). After 3 s, the
beads have reached a stable distribution, and little variation in bead distribution is seen. This
follows the predicted magnetic force-field vectors from Figure 2(a). However, from the same

TABLE I. Residence times in the HGFP chamber and total assay times.

Number of cycles Residence time in HGFP chamber (min) Total assay time (min)
1 1 5
5 7 12
10 12 16
15 17 21
20 23 27

25 28 32
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FIG. 2. Comparison of simulated magnetic field lines and simulated magnetic force vectors (force per volume) for (a) a sin-
gle cylinder magnet and (c) two cylinder magnets. Mixture model spatial bead distributions at: (b) t=3 s with one magnet

and (d) t=3 s with two magnets.

initial conditions but in the presence of a second magnet, the simulation predicts a horizontal
hourglass bead distribution (Figure 2(d)) that is much different from the tightly packed cluster
seen in the single magnet system (Figure 2(b)). Again, this distribution agrees with the pre-

dicted magnetic force field for this configuration.

The simulated bead distributions agree well with the experimental images of the bead dis-
tributions in stationary tubes (Figure 3). In these experiments, the beads were initially dispersed

After
No Motion Magnet-Engaged Motion Magnet-Disengaged Motion Magnet-Disengaged
A B. C. D.
© a ﬂ I
c
i<}
]
=
@
c
o {l I I
E. F. G. H.
‘19 . - ~ L 2
o
c
o
- ~
= 1
o fl |
= ‘ ' ‘

FIG. 3. Photographs of bead distributions with one magnet (a)—(d) and two magnets (e)—(h) under the following conditions:
(a) and (e) bead distribution with no tube motion; (b) and (f) tube moving at the magnet-engaged speed; (c) and (g) tube
moving at the magnet-disengaged speed; (d) and (h) (left) immediately after the tube was stopped after traveling at the
magnet-disengaged speed; and (d) and (h) (right) 2 s after the tube was stopped after traveling at the magnet-disengaged
speed. The magnets are out of the field of view of the camera in panels (d) and (h).
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throughout the solution, and the tube was pulled past the magnets. Though the starting location
of the beads in the experimental setup is different from the simulations, the beads still form the
single cluster against the tube wall with the single magnet (Figure 3(a)) and the horizontal
hourglass shape in the presence of two magnets (Figure 3(e)).

When the tube is in motion, as in Figures 3(b) and 3(f), the distribution of beads through-
out the tube with two magnets instead of clustered along the wall with one magnet suggests
the potential for improved fluid interaction in the two-magnet configuration. As the tube
moves, a relative velocity is created between the magnetic beads and the magnet, which
results in a drag force acting on the beads. For the single-magnet configuration at slow tube
velocities, such as the magnet-engaged speed (Figure 3(b)), the magnetic cluster experiences
a shearing effect, and the cluster elongates along the tube wall. At the same speed in the two-
magnet configuration (Figure 3(f)), the leading edge of the horizontal hourglass shape begins
to flatten due to fluid drag but the overall structure is held in place by the concentrated mag-
netic field.

An increase in tube velocity shows the potential for mixing with a second magnet present.
At a higher tube velocity, the single magnet configuration shows little difference from the tube
moving at the much slower magnet-engaged speed (Figures 3(b) and 3(c)). With a second mag-
net present, the magnetic beads experience strong forces towards the closest tube wall.
Immediately after stopping the tube (Figure 3(h)), the beads were much more dispersed
throughout the solution. Two seconds after stopping the tube motion, the inertia resulting from
the tube motion and the magnetic forces placed on the beads with two magnets results in a
mixed bead solution. Alternatively, there is only a small improvement in the dispersion of the
beads in the single-magnet system after stopping the tube motion (Figure 3(d) relative to Figure
3(h)). In the short time after the rapid tube motion, any improved dispersion of the beads with
the single magnet configuration primarily results from the magnet “smearing” the beads along
the side of the tube wall.

B. Rheology of biofluids

The stress-strain relationships measured for all of the pure biofluids, shown in Figure 4, are
typical of non-Newtonian fluids. Sputum and blood are distinct from the other biofluids in
Figure 4, while saliva and serum appear more similar to PBST. Inspection of the fitted power-
law coefficients, shown in Table II, highlights these differences further.
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FIG. 4. Viscometer results for pure biofluids used in this study. The dashed lines are the fitted power-law relationships for
each biofluid.
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TABLE II. Fitted power-law coefficients, apparent viscosity for biofluids at a shear rate of 10 s~', and the diffusivity of

HGFP in biofluids at their apparent viscosity calculated by Eq. (7). Biofluids with PBST were at a 1:1 (v/v) ratio.

Flow consistency Flow behavior Apparent viscosity HGFP diffusivity

index (K) index (n) (Pa x s),y=10 st in biofluid (mz/s)

PBST 0.0112 0.9778 0.00106 7.1795 x 107"
Saliva 0.0227 0.8700 0.00168 45299 x 107"
Serum 0.0214 0.9515 0.00191 3.9844 x 107"
Blood 0.2214 0.7744 0.01317 5.7785 x 10712
Sputum 2.0460 0.8498 0.14478 5.2564 x 10713
Saliva:PBST 0.0127 0.9620 0.00116 6.5606 x 10"
Serum:PBST 0.0137 0.9673 0.00127 5.9923 x 10~
Blood:PBST 0.0361 0.9135 0.00295 25798 x 107!
Sputum:PBST 0.6712 0.7552 0.03820 1.9922 x 1072

The flow consistency index of a Newtonian fluid has a value of one; therefore, the flow
consistency indices of more non-Newtonian fluids are further from unity. As all of the biofluids
tested have flow behavior indices less than one, they are known as shear-thinning fluids; as the
rate of shear that the fluid experiences increases, the apparent viscosity of the fluid decreases.
At a shear rate of 10s~', pure blood and pure sputum have apparent viscosities nearly one and
two orders of magnitude larger than the other fluids, respectively.

After dilution into a 1:1 volume ratio of the less viscous PBST, all of the biofluids became
more Newtonian, with the exception of sputum which had a slight decrease in its flow behavior
index. For blood and sputum, this dilution resulted in a more than 50% decrease in their appa-
rent viscosity. HGFP, with a hydrodynamic radius of 2.82nm,* has a small diffusivity even in
PBST. In sputum, the molecular diffusivity of HGFP decreases by nearly two orders of magni-
tude. Diluting the sputum with an equal volume of PBST still results in a molecular diffusivity
of HGFP that is smaller than the molecular diffusivity of HGFP in any of the other pure
biofluids.

C. Bulk fluid and bead transport

One of the advantages of pre-arrayed fluid cartridges is that they separate sequential proc-
essing steps and do not contaminate downstream chambers with fluid from the previous proc-
essing steps. Since an air valve separates the fluids, the only means for this contamination to
occur is by bulk fluid transport. Our simulations and qualitative imaging have shown that the
presence of a second magnet increases the contact between the magnetic beads and the sur-
rounding fluid. This increase in available surface area offers the potential for larger volumes of
fluid to be passively carried to the next chamber on the surface of individual beads or in the in-
terstitial space of bead clusters. By replacing the HGFP with a non-binding fluorescent dye, we
measured the passive fluid carryover in the two-magnet system to be nearly identical to that of
the one-magnet system. Both magnet configurations passively brought over approximately 500
nl of fluid. There was no statistically significant difference between the volume of bulk fluid
carried over with one magnet and two magnets.

To maximize biomarker capture, it is important to avoid bead loss. After quantifying the
beads in the final chamber of each biofluid assay (Figure 5), there was no statistically signifi-
cant difference between bead transport with the single magnet and the two-magnet configura-
tions. In addition, there is no correlation between viscosity and bead transport. To this point,
despite more than a 30-fold difference in apparent viscosity, sputum and PBST transported
77.48% and 79.14% of the magnetic beads to the final chamber in the two-magnet configura-
tion, respectively. In most of the biofluids, regardless of magnetic configuration, more than
75% of the magnetic beads from the first chamber were delivered to the final chamber. The
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FIG. 5. Beads in the final chamber. Unpaired Student’s T-Tests indicate that there is no statistically significant difference
between the percentage of beads in the final chamber for a given biofluid using the 1-magnet system or the 2-magnet
system.

only two exceptions to this were blood with a single magnet (72.84%) and serum with two
magnets (64.37%).

D. Biomarker extraction and quantification in buffer

These experiments used HGFP in PBST and Cobalt-NTA surface functionalized magnetic
beads to achieve a specific and rapid surface reaction. This model system served as a measure
of the dispersion of beads throughout the fluid chamber as a function of magnetic configuration.
The importance of convective dispersion of the beads throughout the fluid is highlighted in
Figure 6 and compared to the two extremes of pure diffusion and readily available laboratory
vortexing in a microcentrifuge tube. Vortexing the beads and the HGFP-buffer solution in a
microcentrifuge tube for 7 min, the equivalent residence time of 5 mixing cycles in our assay
tube processing, captured nearly 100% of the HGFP. By contrast, molecular diffusion for 28
min, the equivalent residence time of 25 cycles, resulted in only 8% of HGFP captured.
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FIG. 6. HGFP extraction in PBST for varying number of cycles. The fitted lines are for a sigmoidal mixing curve (Eq. (8))
with fitted parameters shown in Table III.
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TABLE III. Fit parameters for each mixing method (from Eq. (8)).

Poo (%) a (cycles’l) ny (cycles)
Vortexing 98.53 1.715 222%x 107"
2 magnet mixing 94.34 0.3203 5917
1 magnet mixing 78.51 0.1325 18.05
Diftusion 113.7 0.0028 1155

Magnetic mixing showed a strong dependence on the number of cycles. The presence of a
second magnet increased HGFP capture across all of the number of cycles tested, when com-
pared to the single magnet system. Mixing in microfluidic devices has been modeled by a sig-
moidal function,*® similar to that in the following equation:

Poo

The o ®

P cap —
Applying this mixing function to the current mixing system, p.. is the maximum percentage of
HGFP that can be captured, « is indicative of the steepness of the sigmoidal function, and n, is
the number of cycles at which half of the HGFP has been captured. In a mass transfer context,
Do 1s the steady state fraction of HGFP that is bound from solution, a is related to the mass
transfer coefficient, and n, is a time scale.

A sigmoidal function was fit to the data for the vortexing (R*=0.9896), 2 magnet mixing
(R*=0.9751), and 1 magnet mixing (R*=0.9458); it was a poor fit for diffusive mixing
(R?=0.4426). Excluding the values for diffusion, the p., and a values were largest in the
microcentrifuge tube vortexing, followed by the 2 magnet mixing, and then the 1-magnet mix-
ing. The n, parameter followed the opposite trend; it was largest in the 1-magnet mixing, lower
in the 2-magnet mixing, and smallest in the vortexing case.

E. Biomarker extraction in clinically relevant biomatrices

The mixing protocol with 25 cycles was tested in the presence of one and two magnets
in the more clinically relevant biomatrices of blood, sputum, serum, and saliva. For each of
these biofluids, the presence of the second magnet resulted in more protein being eluted
from the surface of the beads than with a single magnet alone, presumably because more
was captured. In buffer, the mean value of biomarker eluted with the one-magnet configura-
tion was higher than the mean value of biomarker eluted with the two-magnet configuration,
although this difference was not statistically significant. The largest difference between one
magnet and two magnets was seen after 25 cycles of mixing in saliva; here the eluted
HGFP concentration increased by 2.5-fold. Figure 7 shows that even in relatively low vis-
cosity biomatrices, the two-magnet mixing approach improves bead-target interaction.
Sputum, with its large apparent viscosity, significantly reduced HGFP capture, and there
was not an appreciable amount of the biomarker eluted after 25 mixing cycles with only a
single magnet in place. However, with a second magnet, more than 20% of the HGFP was
recovered.

The elution of HGFP was fit to an exponential decay equation (Eq. (9)), and the best-fit pa-
rameters are shown in Figure 7

G = 100e~ " 1 C. Q)

The decay constant, b, was greater for a single magnet than for the two-magnet configuration.
The best-fit constant term in Eq. (9), C, was found to be O for a single magnet, and 20.91 for
the two-magnet system.
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PBST in the 1-magnet configuration. The lines are fit to an exponential decay equation (Eq. (9)).

IV. DISCUSSION

From our previous work using magnetic beads to capture biomarkers of infection, we know
that the initial binding step where beads interact with the target biomarker is a major compo-
nent of the overall assay time. In static fluids, where binding is diffusion-limited, the time for a
biomolecule to diffuse over a characteristic length, L, is given by t=L?/D,;,, where D, is the
molecular diffusivity of the biomolecule. Biomolecule diffusivity will decrease proportionally
with an increasing viscosity of the fluid, and our rheological measurements have allowed for
the calculation of an effective diffusivity of HGFP in several biomatrices. For blood, our appa-
rent viscosity is in agreement with rheological measurements taken at room temperature.”>~°
There is approximately a 2.5-fold increase in blood viscosity when the temperature decreases
from physiological (37°C) to room temperature (22°C).>> This magnifies the inefficiency of
molecular diffusion in diagnostic devices, which are typically operated at ambient temperature.
In large reaction chambers or in fluids with small diffusivities, a diffusion time on the order of
days is prohibitively long for medical diagnostic tests. As such, there is a need for methods that
improve bead-biomarker interactions and result in shorter binding steps.

To quantify the extent of mixing in the two-magnet and one-magnet systems, we used
Cobalt-NTA surface functionalized magnetic beads that bind HGFP. Our results show that in
buffer, the magnetic beads bind the target protein in fewer cycles using the two-magnet system.
The fit parameters from Eq. (8) show that the two-magnet system has a larger a value, which
indicates that HGFP is bound at a faster rate (in percent per cycle). The p., parameter repre-
sents 50% of the final bound HGFP, and n, represents the number of cycles necessary to bind
Poo- Despite having a smaller p, the single magnet system would take nearly 12 more mixing
cycles to reach 50% of its p... Given a sufficient amount of time, molecular diffusion alone
would theoretically allow all of the mixing systems to reach 100% binding. Therefore, continu-
ing the 1-magnet experiments to a larger number of mixing cycles would lead to a higher p...
However, the time required for more than 25 mixing cycles is beyond a practical amount of
time for a diagnostic test. As well as the minimum mixing case of diffusion, we have compared
our magnetic mixing strategies to a standard laboratory method for mixing beads in fluid sam-
ples: vortexing in a microcentrifuge tube. Vortexing represents an upper limit on the mixing
that can be obtained using available laboratory procedures. Mixing in a microcentrifuge tube
shows that after the equivalent of 5 assay-tube mixing cycles, nearly 100% of the HGFP is
bound. While this illustrates that vortexing is an excellent means of dispersing beads throughout
a fluid in a microcentrifuge tube, vortexing the pre-arrayed assay tube would result in



024118-13 Scherr et al. Biomicrofluidics 10, 024118 (2016)

hydrodynamic instabilities that would combine the otherwise separated fluid chambers.”” This
re-iterates the importance of mixing strategies to improve the rate of target biomarker binding,
and hence shorten processing times, in pre-arrayed microfluidic cassettes designed for off-the-
shelf use.

In all of the clinically relevant biomatrices, more biomarker was eluted after mixing and
extraction with the two-magnet configuration. Modeling the amount of protein captured and
eluted as an exponential decay function implies that as viscosity increases, the mixing strategy
will exponentially lose effectiveness. The decay parameter, b, is an indication of how rapidly
this decrease will occur, and the baseline parameter, C, represents the amount of protein that
could be recovered at very large viscosities. We have found that as biomatrix viscosity
increases, the 1-magnet system captures and elutes less target biomarker than the 2-magnet sys-
tem. In fact, the 1-magnet system did not capture the HGFP in the more viscous biomatrices,
leading to a baseline parameter of 0. This is in contrast to the 2-magnet system, which had a
baseline parameter of 20.91, indicating that even at large viscosities the increased dispersion of
the magnetic beads improved protein capture. The two-magnet system shows improved per-
formance in the less viscous clinical biofluids and maintains superior efficiency as biofluid vis-
cosity increases. Still, these results would suggest that viscous biofluids should be pre-treated
before sample processing to improve biomarker extraction efficiency.

With a single stationary magnet, mixing strategies in pre-arrayed fluid cartridges are lim-
ited to: magnet-engaged movement of a cluster of beads throughout a solution or magnet-
engaged clustering of beads followed by gravitational settling. Our simulations and qualitative
imaging show that the presence of a second magnet results in greater interaction between the
magnetic beads and the surrounding fluid. The simulated magnetic force field vectors also indi-
cate the potential for capitalizing on a new mixing modality, based on high velocity relative
tube motion. This mixing strategy is based on the premises that with a second magnet present,
there is less clumping of the magnetic beads, and if the beads are rapidly moved away from the
magnets, there is improved bead dispersion throughout the tube and not just unidirectional
translation. This agrees with the work by Long et al., who found three distinct regimes in their
study of the manipulation of droplets containing magnetic beads across a flat surface: steady
droplet transport, magnet disengagement from the droplet, and magnetic bead extraction from
the droplet.’” While there are several distinctions between their work and our study, their force
balance operating diagram is still applicable to our work. At the magnet-engaged tube speed,
the magnetic force is greater than the drag force, and the magnetic beads remain captured.
After the velocity is increased to the magnet-disengaged speed, the drag force is greater than
the magnetic force, and the beads are disengaged from the magnet. As this occurs, the beads
experience varying magnetic fields and magnetic field gradients with the two-magnet system
that improves dispersion relative to the one-magnet system. We believe that most of the HGFP
binding occurs during this dispersed stage. This addition of a second magnet, along with a rapid
magnet-disengaging motion, is straightforward modifications that could improve the processing
of other pre-arrayed microfluidic cassette designs.'®"’

In addition to improving mixing, we have demonstrated that the addition of the second
magnet does not alter the functionality of the surface tension valves, which is critical in multi-
chamber processing applications. There is no statistically significant difference in the amount of
fluid carried from one chamber to the next, regardless of the use of a single magnet or two
magnets. Likewise, for the biofluids tested, there is no statistically significant difference
between the number of beads that are transported to the final chamber for the 1-magnet and 2-
magnet systems. Thus, the function of the surface tension valves remains unaffected with multi-
ple magnets.

With further optimization, specifically of the magnetic field and the tube velocity, the over-
all function of the system can be improved. Ultimately, the amount of beads with bound bio-
marker that arrive in the final processing chamber will dictate the sensitivity of the assay. Our
experiments have demonstrated that bead capture was consistent for a given biofluid, but leaves
room for improvement. Varying the relative tube motion profile and the magnetic field has the
potential to improve biomarker binding, as well as bead carryover to subsequent chambers.
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While vortexing showed faster biomarker capture, it is not feasible for pre-arrayed diagnostic
cartridges. In these types of devices, there must be a balance between assay time and assay pre-
cision, and the two-magnet system has the potential to improve both to the high levels seen
with vortex mixing.

V. CONCLUSIONS

In magnetic-bead based biomarker extraction, strategies to disperse beads throughout the
fluid are limited in the presence of a single magnet. The addition of a second magnet alters the
magnetic field and presents new potential modalities for mixing. The relative motion between
the magnetic beads and a pair of magnets results in superior interaction between the beads and
the fluid compared to a single magnet configuration. This easy-to-implement modification can
be utilized in pre-arrayed diagnostic assay cartridges to shorten assay times and improve effi-
cacy in viscous patient samples.
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APPENDIX: STATIC MAGNETIC SIMULATION THEORY

To determine the spatial magnetic field that arises due to the presence of the permanent mag-
nets, the following equations were solved:

H=-VV,, (A1)
V-B=0. (A2)
The liquid regions were modeled using the relative permeability constitutive relation
B = 1o, H, (A3)
while the magnets were given a remanent flux density of 0.6898 T
B = pyu, H+ B,. (A4)
An insulation condition was chosen for the edges of the simulation domain

n-B=0. (A5)
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