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Abstract

Molecular targeting using ligands specific to disease markers has shown great promise for early
detection and directed therapy. Bead-based combinatorial libraries have served as powerful tools
for the discovery of novel targeting agents. Screening platforms employing magnetic capture have
been used to achieve rapid and efficient identification of high-affinity ligands from one-bead-one-
compound (OBOC) libraries. Traditional manual methodologies to isolate magnetized “hit” beads
are tedious and lack accuracy, and existing instruments to expedite bead sorting tend to be costly
and complex. Here, we describe the design and construction of a simple and inexpensive
microfluidic magnetic sorting device using standard photolithography and soft lithography
approaches to facilitate high-throughput isolation of magnetized positive hit beads from
combinatorial libraries. We have demonstrated that the device is able to sort magnetized beads
with superior accuracy compared to conventional manual sorting approaches. This chip offers a
very convenient yet inexpensive alternative for screening OBOC libraries.
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Molecular targeting using ligands specific to disease markers has driven significant
advancement in molecular imaging and drug delivery for various pathologies. One-bead-
one-compound (OBOC) combinatorial libraries, together with rigorous screening strategies
are powerful tools for ligand discovery and have been successfully used for the identification
of homing agents for numerous biological targets.13 OBOC libraries are chemically
synthesized to produce tens of thousands to millions of unique compounds on a solid-phase
support, and they confer distinct advantages over biological peptide library methods (i.e.,
phage display libraries) because their synthetic nature allows for the incorporation of D-
amino acids, non-natural amino acids, and even non-amino acid building blocks to produce
ligands that are more resistant to proteolytic degradation.!

Despite the importance and value of OBOC libraries, conventional screening methods taking
after the notion of searching for “a needle in a haystack” are tedious and challenging. High-
throughput screening approaches that exploit magnetic labeling have been developed to
facilitate efficient identification and sorting of high-affinity ligands.#> Small magnetic
particles conjugated with a target protein are able to associate with the ligand-coated library
beads in an affinity-dependent manner, resulting in the magnetization of high-affinity beads
(positive hits), which can then be isolated through magnetic sorting. The most common
sorting method involves placing a strong magnet at the side of a tube containing the library
to separate the magnetized hit population from the nonmagnetic (negative) beads. One can
then either manually remove the negative beads or collect the positive hit population using a
micropipette.*:6 Although this bulk sorting technique is quick and inexpensive, sorting
accuracy is extremely low, resulting in a high false positive rate. Automated sorting based on
measuring optical parameters using the Complex Object Parametric Analyzer and Sorter
(COPAS) instrument (Union Biometrica) has been adopted to improve the precision of the
conventional manual screening method.”8 Nonetheless, the utility of this instrument is
limited to sorting library beads based on fluorescence. Furthermore, the COPAS large-
particle sorter is exceedingly costly and remains unaffordable to many laboratories.

Microfluidics has proven to be extremely useful in facilitating rapid and precise particle
sorting, highlighting its value for application in high-throughput drug screening. Several
miniaturized continuous flow systems have been described for magnetophoresis or magnetic
isolation of cells and small particles.®-12 For example, Tan et al. have presented a “trap- and-
release” microfluidic device, where beads are immobilized inside a channel and selectively
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retrieved based on fluorescence labeling through microbubble displacement.13 Although this
design is elegant, the authors have expressed that the hits were manually selected for
heating/displacement, which can be tedious and greatly limits the throughput of this system
to the speed of the operator. Pamme and co-workers described a free-flow chip containing a
separation chamber with multiple laminar flow paths,1% and Donolato et al. demonstrated an
on-chip magnetic particle conveyor coupled with permalloy microstripes to separate
magnetic particles based on magnetophoretic mobilities.® Similarly, others have used high-
gradient magnetic concentrators!2.14 or microfabricated ferromagnetic strips!! to obtain
continuous sorting of magnetic particles or cells with high purity and throughput. Although
all of these microfluidic devices have served as valuable tools to accelerate magnetic sorting,
their designs tend to be rather complex and require multiple construction steps.

In this article, we describe a simple-to-construct, inexpensive, and reliable microfluidic
device that offers a convenient method to screen large OBOC libraries with high-throughput.
The device is made entirely out of polydimethylsiloxane (PDMS), and its fabrication is
appealing for its simplicity, entailing very few steps. We show that this device can perform
high-throughput and rapid bead sorting with great accuracy. In addition, the excellent
recovery rate permits for comprehensive retrieval of beads for multiple additional rounds of
screening.

Design of a Simple and Cost-Effective Microfluidic Magnetic-Activated

Bead Sorter

To achieve automated high-throughput screening of OBOC libraries without a complex and
expensive setup, we have fabricated a simple and reproducible on-chip magnetic-activated
bead separator. The microfluidic design and dimensions are illustrated in Figure 1a—c. The
total width and height of the channel are 0.6 and 0.4 mm, respectively, with ample space to
accommodate a single file of 90 m beads. We rationalized that shifting of a flowing bead
from its original trajectory within the channel could compromise sorting accuracy. To
prevent negative beads from exiting through the positive outlet, we designed the width of the
source path (0.4 mm) to be larger than the collection path (0.2 mm) (Figure 1a) to
accommodate for bead oscillation orthogonal to the flow by means of diffusion.
Additionally, we expect that the narrower positive outlet would select for the most positive/
highly magnetized beads drawn toward the magnet. The length of the channel was designed
to be 20 mm (2 cm) so that the device can easily fit the stage of a microscope to allow for
real-time analysis of the sorting process. Indeed, these dimensions can be scaled up to
increase sorting throughput.

Library beads are introduced into the device through the “sample inlet”, and flow buffer is
inserted through the “buffer inlet” simultaneously at a constant flow rate to generate two
continuous laminar streams: (1) source flow path and (2) collection flow path (Figure 1b).
Once inside the channel, beads should remain in the source path and exit through the
negative outlet when no external force is present. When an external magnet is placed along
the channel wall adjacent to the collection flow path, magnetized beads should be diverted
from the source path into the collection stream toward the positive outlet (Figure 1d).
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Fabrication of the Microfluidic Device

To construct the microfluidic device, we first prepared a master mold of the channels by
soft-lithography (see Experimental Procedures). The tendency of library beads to stick and
aggregate on a glass surface but not on PDMS (data not shown) presents the necessity to
construct a channel that is surrounded entirely by PDMS. For this, two identical pieces of
PDMS channel were oxidized in Piranha solution, resulting in increased surface
hydrophilicity.1® Both channels were then aligned and bonded to form a closed PDMS
channel (Supplementary Figure 1a). A neodymium-iron-boron (NdFeB) magnet was placed
adjacent to the collection path, and the inlet and outlet tubing were assembled to complete
the setup of the device (Supplementary Figure 1b). The field strength and size of the magnet
can be varied to achieve the desired screening stringency (for example, a weak magnet can
be utilized to isolate the most highly magnetized beads, and a stronger magnet may be
required for sorting beads with modest magnetic labeling). Because this device is primarily
made out of PDMS and requires very few steps of production, the fabrication cost and time
would be substantially lower than those of other existing microfluidic devices for OBOC
library screening.13.14.19.20

Magnetic-Activated Sorting

As a proof-of-concept, we generated a mock “positive” magnetized bead population using
biotin-coated red-fluorescent magnetic particles (2—4 um) to capture streptavidin-coated
polystyrene beads (90 pm) (Figure 2a) as well as a “negative” green-fluorescent control
population by mixing the streptavidin-coated polystyrene beads with biotinylated
fluorophore (Biotin-488) (Figure 2b). For generation of the positive beads, precautions were
taken to ensure that the magnetic particles were evenly distributed for unbiased association
and that the polystyrene beads were resting in a single layer without touching each other to
avoid cross-linking of magnetic particles with several polystyrene beads. Unconjugated
streptavidin sites on the polystyrene beads were subsequently blocked with an excess of
biotin to prevent further cross-reaction with biotinylated magnetic particles bound onto other
polystyrene beads. For the control beads, all streptavidin sites on the polystyrene beads
should be saturated with the fluorophore, thereby preventing any potential association with
biotinylated magnetic beads when mixed together during the screen.

We determined the accuracy of the device by calculating its sorting sensitivity and
specificity. Sensitivity signifies the device’s ability to successfully isolate positive
magnetized hits, and specificity is characterized by its capability to separate/remove the
nonmagnetic control population. We analyzed the device by sorting the following bead
combinations: magnetized beads alone (Figure 2a), control beads alone (Figure 2b), and a
mixed population of magnetized and control beads. All beads from each output were
collected and imaged under a fluorescent microscope. The number of non-green-fluorescent
(positive) vs. green-fluorescent (negative) beads from each population was counted, and the
accuracy (specificity and sensitivity) of each run is summarized in Table 1 and Figure 2c.

We observed that this device can sort control or magnetized beads alone with >98%
accuracy (Table 1). When sorting green-fluorescent control beads (Figure 2b) mixed with
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non-green-fluorescent polystyrene beads (Figure 2a), we saw approximately 48 + 2% of
control beads in the negative output (actual input = 48.5%), whereas 40 + 3% of positive
beads were observed in the positive output (actual input = 51.5%) (Figure 2c¢ and d). These
values represent 99 + 1% specificity (control beads in negative output), and 77 £ 3%
sensitivity (positive beads in positive output) when sorting a mixed bead population. Real-
time imaging revealed that highly magnetized beads “rolled” gradually along the wall of the
collection stream (adjacent to the magnet) and into the positive outlet, whereas control beads
traveled rapidly without resistance into the negative outlet (Supplementary Figure 2).

The false positive rate (control beads in the positive output) was determined to be
approximately 2% using the calculation

#control beads in positive output

total beads in positive output

A higher false negative rate (positive beads in the negative output) was observed at 20% as
determined by

#positive beads in negative output

total beads in negative output

Sorting errors were mostly noted when bead “clumping” was observed. Therefore, it is
imperative to ensure a continuous flow of beads in a single file to preserve high sorting
accuracy. We found the optimal bead concentration to be no more than 5000 beads/mL. The
false negative rate could also be attributed to the dissociation of magnetic particles from the
polystyrene beads during the washing and sorting processes. Nevertheless, the high recovery
rate of the device (>99%) allows for a comprehensive retrieval of beads for multiple rounds
of screening and sorting for further enrichment of the positive hit population.

All in all, this instrument demonstrates great potential for facilitating large combinatorial
library screens with great accuracy and recovery compared to the widely used manual
sorting technique, where a magnet is typically placed at the side of a tube containing the
beads to separate magnetized positive hits from negative beads.21:22 Although convenient,
this bulk sorting approach is very crude and tends to yield very low sorting accuracy. To test
this, we used this method to sort a bead population containing a 1:1 mixture of magnetized
beads (Figure 2a) and control beads (Figure 2b). In fact, we sought to improve sorting
sensitivity by allowing the beads to rest in PBS at the bottom of a 6-well plate, then gently
inserting a magnet directly into the solution and holding the magnet in the closest possible
proximity above the beads. Magnetized beads should be pulled onto the magnet, and the
associated beads can then be retrieved from the magnet by washing with PBS using a
micropipette. Within the sorted population, we observed only 49% of true positive hits with
a false positive rate of 51% (Table 2). Meanwhile, the remaining population in the 6-well
plate consisted of 41% positive beads and 59% control beads. We calculated that only less
than 2% of the positive hits were successfully isolated manually (Table 2), indicating that
sorting accuracy is dramatically compromised using this method compared to our automated
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device. The low accuracy rate attributed to this technique emphasizes the value of automated
microfluidic sorting. Additionally, the manual sorting strategy, which implements an open
system concept (one that interfaces and interacts with its environment) resulted in a
substantially lower recovery rate of 80% (2650/3300 beads recovered) compared to our
device (>99%).

Numerical Simulation to Characterize Device Performance

Computational simulations further confirmed that beads in the fluidic channel can be
efficiently and accurately separated within a magnetic field (Figure 3a). The flow rate value
indicates the flow speed at each inlet, and the trajectories of the magnetized positive
population are highlighted in blue. We varied the following two experimental parameters: (1)
the flow rate within the channel and (2) the number of magnetic particles attached to each
library bead. We used six different magnetization levels in combination with four flow rates
and characterized the separation efficiency of the positive bead population. The percentage
of beads collected at outlet 2 was determined, and the results are summarized in Figure 3a
and b. As expected, sorting efficiency is directly related to the number of magnetic particles
present on each bead. We also observed that lower flow rates resulted in better sorting
accuracy, particularly for beads with low levels of magnetic particles. A typical positive hit
bead that we would select for isolation from an OBOC library screen is usually associated
with >100 magnetic particles. Our simulation studies revealed that the device is most
efficient at the lowest flow rate tested (3 mL/h) with the capability to sort 100% of positive
beads containing as few as 30 magnetic particles (Figure 3b). This result is comparable with
our experimental data (Figure 2c and Table 1). As we increased the flow rates in our
simulation analysis, we observed that separation sensitivity decreased accordingly.
Nonetheless, we demonstrated that our system has the potential to sort with great
consistency and accuracy even at a high flow rate of 10 mL/h (Figure 3b and c). Our
simulation results indicate that, at a working concentration of 5000 beads/mL, it is possible
to achieve a throughput of 10° beads within 2 h, although further studies will be required to
fully evaluate the capacity of the system at higher flow rates.

OBOC Library Screen

An OBOC library was synthesized using the “split-mix” synthesis method? to produce
random 8-amino acid peptides on 90 ym Tentagel beads. When streptavidin-coated magnetic
particles (red) were mixed with the library beads, we observed that less than 1% of the
library beads appeared to be “positive” (binding >100 magnetic particles), although the level
of magnetization across all beads varied greatly. We demonstrated that our microfluidic
system was able to isolate highly magnetized positive hits (Figure 4a) from the great bulk of
negative library beads containing little to no bound magnetic particles. Analysis of beads in
the negative output revealed the presence of a minor population of highly magnetized beads
(16%) (Figure 4a). This is expected given our earlier observation of a false negative rate of
~20% (Figure 2c). Nevertheless, the extraordinary recovery rate of this device allows
multiple rounds of sorting for further enrichment of the positive hits population.
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Next, we incubated the positive bead population (from Figure 4a) with Alexa Fluor 647-
conjugated streptavidin (SA-647) to validate the affinity of these hits. We found that
approximately 95% (142/149) of the hit beads were labeled with SA-647, although the level
of fluorescence labeling varied between each OBOC bead (Figure 4b). The remaining 5% of
the beads displayed a similar fluorescence level to that of unlabeled beads, suggesting that
these were likely false positives that could have arisen from nonspecific association, such as
avidity-driven bead—bead interactions or hydrophobic aggregation. Nonetheless, these results
provide further affirmation that the majority of the positive output population indeed
displayed “true” binding to their target protein that they were screened against.

As with any screening methodology, specificity and affinity of a ligand to its target must be
further validated once it has been identified (e.g., using kinetic analyses and/or cellular
uptake assays). In fact, prior to meticulous sequencing and characterization, a secondary
screen of the positive hits isolated above using cells expressing the target on their surface
can be included as a means to further select for genuine homing agents* while reducing the
burden of cost and tedious workload associated with sequencing and ligand synthesis/
purification. We expect that our device can also facilitate hits sorting from a cell-based
screen if the cells are labeled with magnetic particles.23 Overall, although this article focuses
on the value of the device for sorting combinatorial library beads, its capacity is certainly not
limited to this application. We foresee that this device could confer potential benefits in
magnetic sorting of other large objects, including microparticles,2425 cellular spheroids,26 or
even small embryos/larvae.?’

The versatility and flexibility of our instrument allows diverse screening conditions to be
fashioned. PDMS is a stable polymer that is compatible with most screening conditions (i.e.,
flow buffer, temperature, etc.). Furthermore, magnets of various field strengths can be used
interchangeably to achieve desired screening stringency (magnets with low field strength
would result in high screening stringency). In fact, block magnets can be readily replaced
with an electromagnet?8 if desired so that precise regulation of magnetic field strength can
be accomplished. In addition, this miniature instrument can also be readily integrated with
standard laboratory equipment (i.e., syringe pumps and inverted microscopes). Simulation
studies revealed the potential of our system to screen with great accuracy and with a
throughput that is comparable with other microfluidic systems. However, in contrast to
existing technology,13-14.19.20 gur chip does not require complex fabrication steps, thus
substantially simplifying its construction, leading to reduced cost and time of production.
This makes our device an attractive and valuable screening tool for researchers interested in
drug discovery.

Without the need for elaborate and costly equipment, we have established a high-throughput
and reliable microfluidic large-particle magnetic-activated sorter. This automated “lab-on-a-
chip” platform is inexpensive, reproducible and simple-to-construct, making it practical for
most laboratories to devise. Our results here highlight the precision and efficiency of this
device for sorting large magnetized particles and demonstrate its potential in facilitating
large OBOC library screens.
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EXPERIMENTAL PROCEDURES

Microfluidic Magnetic Sorter Design

A microfluidic channel with dimensions of 20 x 0.6 mm (L x W) (source flow path: W = 0.4
mm; collection flow path: W = 0.2 mm) was designed using AutoCAD (Automated
Computer-Aided Design) and printed on a photomask in dark-field. The microfluidic system
was generated using soft lithography. Briefly, a master mold was prepared on a silicon wafer
(University Wafer) using the SU-8 2150 photoresist (Microchem) to produce a height of 0.2
mm. PDMS was poured onto the master and allowed to cure overnight at 65 °C. PDMS was
peeled off the master to produce a single layer of open-faced channels. Each channel was cut
out individually, yielding an open-faced PDMS channel. Two open-faced channels are
required to generate a closed channel. To create the inlets and outlets, holes were created on
the upper PDMS channel using a 0.75 mm hole-puncher. Both the upper and lower PDMS
surfaces were then exposed to Piranha solution (composed of 2:3 H,0,:H2S0,) for 50 s.
After rinsing with H,O and drying with N, gas, both open-faced channels were aligned
precisely under a magnifying glass to form one closed channel completely surrounded by
PDMS with a final height of 0.4 mm. The PDMS layers were allowed to bond overnight in a
65 °C incubator, and the device was then adhered onto a glass slide (either by incubating at
65 °C overnight or using high-adhesive glue) for structural support.

Device Operation

Four 21-gauge dispensing needles were disconnected from their hubs using a pair of pliers
and fitted into four separate silicone tubing pieces (0.6 mm inner diameter, 1.5 mm outer
diameter, 30 cm (inlet) or 10 cm (outlet) length). The tubing was then connected to the
microfluidic channel via the needle through the inlet and outlet holes in the upper PDMS
layer. The tubing and flow channel were filled with flow buffer (PBS with 18% (v/v)
glycerol) while ensuring no air bubbles were present within the system. Collection tubes
were placed at the outlets and a strong neodymium magnet (5251 G; NdFeB, grade N52,
K&J Magnetics Inc.) was placed along the collection path of the channel. Polystyrene beads
(90-100 pm, Spherotech) were inserted into a BD Luer-Lok syringe, which was then
connected to the sample inlet. A syringe of the same size was filled with flow buffer and
attached to the buffer inlet. Both “beads” and “buffer only” syringes were mounted on a
multisyringe pump to regulate the flow rate. Beads and buffer were injected simultaneously
at a constant flow rate. It is imperative to ensure that no air bubbles are formed during the
assembly of the device and throughout the sorting process as air bubbles will cause
disruption of the laminar flow and therefore diminish sorting accuracy.

Generation of Magnetized (Positive) vs Fluorescent Control Beads

For generating a mock positive population, streptavidin-coated polystyrene beads (90-100
um, Spherotech) were mixed with biotin-coated red-fluorescent magnetic particles (2—4 zm,
0.1% w/v, Spherotech). Approximately 20,000 polystyrene beads (in 500 yL of PBS) were
added to a 6-well plate. One milligram of magnetic particles was added into the well, and

the beads were incubated for at least 1 h at room temperature, ensuring that the magnetic
particles were evenly distributed and that the polystyrene beads were not touching each other
to avoid cross-linking of magnetic particles with several polystyrene beads. Unconjugated
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streptavidin sites on the polystyrene beads were blocked with an excess of biotin (10 g/
mL). Binding of magnetic particles to the polystyrene beads was confirmed under a
fluorescent microscope, and the mixture was then washed gently with PBS to remove
unbound magnetic particles. As a negative control, streptavidin-coated polystyrene beads
were incubated with 10 tg/mL of biotinylated PromoFluor-488 (PromoKine) to generate a
population of nonmagnetized green-fluorescent beads.

Accuracy of the Microfluidic Magnetic Bead Sorter

The accuracy (specificity and sensitivity) was calculated as detailed below. Specificity is
represented by the percentage of control beads in the “negative output”, whereas sensitivity
is characterized by the population of magnetized beads in the “positive output”. We mixed
the magnetized and control polystyrene bead populations described in the previous section
(in known ratios) and subjected them to sorting using our device.

The device was operated as described in the previous section. Beads were resuspended in
PBS (at a concentration of 5000 beads/mL) containing 18% glycerol (v/v) to increase buffer
density and prevent bead aggregation. Insertion of beads (through the sample inlet) and flow
buffer (through the buffer inlet) into the channel was maintained at a constant flow rate by
the syringe pump. All beads collected from both the positive and negative outlets were
imaged under a Nikon Eclipse Ti inverted microscope. The numbers of green-fluorescent
(control) and nonfluorescent (positive hit) beads in each outlet were counted manually from
the images. Specificity was calculated by

#observed control beads in negative output
total beads

While sensitivity was calculated by

#observed positive hit beads in positive output
total beads

Recovery of beads was determined by

total bead output

total bead input

Magnetophoresis Simulation to Characterize System Performance

To further evaluate the performance of our device, we carried out a series of numerical
simulations.1>16 We used the COMSOL Multiphysics software to calculate the trajectories
of beads labeled with varying numbers of magnetic particles. The dimensions of the fluidic
channel were those of an actual device (described above). The fluidic field U in the channel
was first obtained by solving the Navier—Stokes equation for low Reynolds number

piU - VU= — Vp+uV3U
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where pof and y are fluidic density and viscosity, respectively, and pis the pressure. The
magnetophoretic force Fyp on a particle by the external magnet was calculated using the
equation

Fyp=n -m,VB

where 77is the number of magnetic particles on a polystyrene bead, /7, is the magnetic
moment of individual magnetic particles, and B is the magnetic field. We used /77, and B
values provided in the manufacturers’ data sheets. We then solved the velocity field V of a
magnetic object from the coupled equation

dv
ppEJrGW,urp(U - V)+F,,,=0

where pp and 7, are the density and the radius of a polystyrene bead, respectively.

OBOC Library Screen

A one-bead-one-compound (OBOC) combinatorial library was synthesized on 90 zm ANP-
TentaGel resin using a “split and mix” strategy so that each bead carries multiple copies of a
unique ligand, as described previously.1:17 Initially, a photolabile linker, 3-amino-3-(2-
nitrophenyl) propionic acid (ANP), was manually added to Tentagel resin beads (1.0 g of
Tentagel S —NHo, 90 4 particle size, 0.33 mmol/g loading) using standard Fmoc peptide
synthesis procedures. The resin was kept in the dark during the synthesis process while
conducted in an automated peptide synthesizer (Biotage Syro Wave, Charlotte, NC).

In the automated synthesizer, the Fmoc group was removed using a 20% piperidine in DMF
solution (800 i_/well, x2). A different D-amino acid was used in each well (3 equiv)
together with the reagents HCTU (3 equiv) and DIPEA (6 equiv) in DMF. A total of 18
wells were used, one for each of the common amino acids (as the D isomer), excluding Cys
and Met to avoid oxidation products. After each coupling step, the resin was rinsed with
DMF and DCM multiple times, recombined in a peptide vessel, and shaken thoroughly
before being split again into the synthesizer wells for another round of Fmoc deprotection
and coupling. The process of deprotection and coupling was then repeated until the library
reached the desired length of eight amino acids.

Library beads (500 mg) were then washed using DMF (x2), MeOH (x2), 5% DIPEA in
DMF, DMF (x3), DCM (x3), and finally 50% DMF in water to completely remove all
unbound reagents. Ethanol (70%) was later added to the library beads to remove traces of
organic solvents, and the beads were then resuspended in phosphate buffer saline (PBS).
Library beads were blocked with 3% BSA (w/v) (Sigma-Aldrich) in PBS containing 0.025%
Tween-20 (v/v) for 1 h at RT and then mixed with 50 wg of red-fluorescent streptavidin-
coated magnetic beads (2 um, Spherotech Inc.) for 5 h. Beads were washed gently with PBS
containing 0.025% Tween-20 by gravity sedimentation to remove unbound magnetic
particles. Library beads were sorted as described in previous sections. All beads collected
from both the positive and negative outlets were imaged under a Nikon Eclipse Ti inverted
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microscope. Hits can be easily identified from their interaction with red fluorescent
magnetic particles. Beads associating with =100 magnetic particles, as counted manually,
were considered positive.

Beads from the positive output were collected and incubated with Alexa Fluor 647-
conjugated Streptavidin (ThermoFisher Scientific) overnight (final concentration = 5 zg/mL)
in PBS containing 3% BSA (w/v) and 0.025% Tween-20 (v/v). Beads were then washed
gravity sedimentation (x3) with PBS containing 0.025% Tween-20 and imaged under a
Zeiss Axio Observer.Z1 confocal microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a.

Buffer inlet Positive outlet

Figure 1.
Design of the microfluidic magnetic sorter. (a) Pattern and dimensions of the microfluidic

channel (generated in AutoCAD, version 2014) for photomask printing. (b) Microfluidic
channel constructed from PDMS (dark gray) is composed of the source flow path (green)
and the collection flow path (blue). A magnet is placed adjacent to the collection flow path.
(c) The microfluidic channel is made by aligning and bonding two identical open-faced
PDMS channels to form one closed channel. (d) The target protein is conjugated onto
magnetic particles and mixed with the OBOC library beads. Beads containing ligand that
binds to the target protein will become magnetized. The bead mixture is then inserted
through the sample inlet, whereas buffer is administered through the buffer inlet
simultaneously at the same flow rate to produce two laminar flow paths. Control
(nonmagnetized) beads should remain in the source flow path and exit through the negative
outlet, whereas the magnet diverts positive (magnetized) beads into the collection flow path
and into the positive outlet.
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Magnetic Particles
+ Control Beads

Determining sorting accuracy of the microfluidic device. (a) Generation of magnetized
positive hits: streptavidin-coated polystyrene beads were incubated with biotin-coated red-
fluorescent magnetic particles, and unconjugated streptavidin sites were saturated with free
biotin to block nonspecific cross-linking of magnetic particles with surrounding polystyrene
beads. (b) Generation of control green-fluorescent beads: streptavidin-coated polystyrene
beads were incubated with biotinylated PromoFluor-488 dye. (c) Graph depicting the
percentage of magnetized positive hits (red) in the positive output and control
nonmagnetized beads (green) in the negative output. The dashed line represents perfect
sorting, where the percentage of positive/negative beads in each output matches exactly with
the actual positive/control bead input. The device was tested for sorting control beads alone,
magnetized beads alone, and a mixed population of control:magnetized beads (48.5:51.5
ratio). (d) Fluorescence images showing the bead population in the negative and positive
output following sorting of a mixed population of control and magnetized beads. (red:
magnetic particles; green: control beads). Scale bar, 0.5 mm.
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Figure 3.
Magnetophoresis simulation of the microfluidic device. (a) Schematic of the system in our

simulation analysis. The trajectories of the magnetized positive population are highlighted in
blue. (b) Graph depicting the percentage of positive beads (associated with different
numbers of magnetic particles) isolated at outlet 2 under varying flow rates. The flow rate
value indicates the flow speed at each inlet. (c) The trajectories of a positive bead bound to
100 magnetic particles (representing a typical positive hit in a library screen) within the
fluidic channel under varying flow rates, showing the potential of this device to consistently
and accurately sort positive hits even under a high flow rate of 10 mL/h.
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Figure 4.
OBOC library screen. (a) OBOC library beads (90 xm, white) were mixed with small

streptavidin-coated magnetic particles (2 um, red) and subjected to sorting in the
microfluidic device. Beads from the positive output were highly magnetized (associating
with more than 100 magnetic beads), whereas the majority of the beads in the negative
output had little to no association with magnetic particles. A minor population (16%) of
highly magnetized beads was observed in the negative output (yellow arrows). (b) Beads
from the positive output were subjected to Streptavidin-Alexa Fluor 647 (SA-647) at 5
Lg/mL concentration (white: Alexa Fluor 647 (AF-647); red: magnetic particles; green:
intrinsic autofluorescence of OBOC beads). The majority of the OBOC beads displayed high
affinity for SA-647. Scale bar, 0.1 mm.
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Table 2

Accuracy of the Microfluidic Device in Sorting Magnetized Beads from Control Beads in a Mixed Population
of Beads

bead population sorting methods ~ sensitivity (%) falsepositive (%) false negative (%)

1:1 mix automated (3 mL/h) 77 18 20.4
1:1 mix manual sorting 1.6 51 41

ACS Comb Sci. Author manuscript; available in PMC 2017 February 22.



	Abstract
	Graphical abstract
	Design of a Simple and Cost-Effective Microfluidic Magnetic-Activated Bead Sorter
	Fabrication of the Microfluidic Device
	Magnetic-Activated Sorting
	Numerical Simulation to Characterize Device Performance
	OBOC Library Screen
	EXPERIMENTAL PROCEDURES
	Microfluidic Magnetic Sorter Design
	Device Operation
	Generation of Magnetized (Positive) vs Fluorescent Control Beads
	Accuracy of the Microfluidic Magnetic Bead Sorter
	Magnetophoresis Simulation to Characterize System Performance
	OBOC Library Screen

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2

