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Implementing complex bioanalytical assays on fully integrated and scalable lab-on-a-chip
(LOC) devices has great potential in key biomedical applications such as point-of-care
diagnostics and high-throughput screening [1-51. However, there are significant challenges
because the current LOC devices mostly rely on continuous flow microfluidics and require
multifaceted fluidic architectures, components such as pumps and valves, and an external
fluid interface to carry out complex bioassays. To address the challenges of these channel-
based, continuous flow systems, there is increasing interest in developing droplet-based
microfluidic systems [6-91. Diverse mechanisms have been used for droplet actuation,
including electrowetting[10-14] magnetic force [15-18] photo-actuation9-211, surface
acoustic wave [221and dielectrophoresis [23]. Of these, electrowetting is most widely used
because it is capable of comprehensive fluidic operation including dispensing, splitting, and
transport. Nonetheless, such a wide range of fluidic operation by electrowetting requires a
closed or two-plate configuration, in which droplets are tightly sandwiched between two
substrates patterned with electrodes, resulting in a restricted operating liquid volume (100s
nl-1 pl) [8 81, This small assay volume may be impractical for assays that require large
sample volume, such as PCR-based detection of infectious agents due to statistical sampling
errors. Furthermore, electrowetting alone is limited to liquid handling, and cannot be used to
manipulate the solid materials used in heterogeneous assays. Usually a secondary
mechanism, such as magnetic forces or dielectrophoresis, is needed for particle

handling [14. 24-28],

In contrast, magnetic actuation uses an external magnetic field to manipulate droplets
containing magnetizable particles (MPs). Besides functioning as droplet actuators, MPs also
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serve as a solid substrate for molecule absorption and separation. Therefore, magnetic
actuation provides a promising approach to implementing bioanalytical assays in open
surface droplet microfluidic systems. However, magnetic actuation alone performs only a
limited set of simple fluidic operations, thus significantly hindering its applicability in
complex assays. For example, liquid dispensing, which is a universal process required for
sample aliquoting, serial dilution, and droplet splitting for parallel and multiplexed
reactions, has not been achieved on any magnetic droplet platforms.

We have now developed a surface energy traps (SETs)-based magnetic droplet manipulation
platform that enables a full range of fluidic operations. A SET is an etched area of high
surface energy on a glass substrate coated with a low surface energy Teflon film to assist
droplet manipulation (Fig. 1A-C). Similar designs can also be implemented to functionalize
Teflon coated surface for molecule and cell adhesion in electrowetting-based microfluidic
systems [29-31] We have developed a rapid single-step process to precisely pattern SETs of
varying geometries on the substrate, which enables a unique magnetic droplet microfluidic
platform capable of a full range droplet manipulations, including droplet transport, fusion,
particle extraction, and liquid dispensing (Fig. 1D-G). The SETs design enables complex
assays which could not be achieved by traditional magnetic droplet systems.

Results and Discussion

SETs are fabricated by etching pre-deposited Teflon AF film (Fig. 1A, B) using O,

plasma [32. Polydimethylsiloxane (PDMS) stamp was previously used as the etching
stencil [33-361, We have developed a lithographically defined reusable SU8 shadow mask as
stencil. Using the ready-made shadow mask, the patterning process bypasses lithography
and consists of only a single step (see “methods and materials” and Fig. S1 in supporting
information), which completes in 3 minutes, and the SU8 shadow mask is reusable.

Droplet manipulation was demonstrated on the SETs-enabled magnetic droplet microfluidic
platform. The MPs were added to droplets, which had been stained with food dye to aid
visualization (Fig. 1D-G). By moving a magnet beneath the substrate, the MPs formed a
plug and dragged the orange droplet, travelling freely on the low-energy regions of the
Teflon film, and transferring the material to pre-designated locations where the green droplet
sat (Fig. 1D and supporting information Video V1). When two droplets were brought into
proximity, they fused together, thus mixing their materials and allowing reactions to occur
(Fig. 1E and supporting information Video V1).

The extraction of MPs was facilitated by large SETs which immaobilized the entire droplet
by pinning down the contact line. MPs continued travelling until they broke the surface
tension, and separated themselves from the droplet (Fig. 1F and supporting information
Video V1). MP extraction is an intricate process, which depends on the interplay between
magnetic force, capillary force, and frictional force [37]. The operating conditions, such as
droplet volume, MPs amount, and magnet moving speed, require fine-tuning within a
narrow range in order to extract MPs [37]. Early work used physical energy barriers to
restrict droplet movement and facilitate MPs extraction [17: 381, On our new platform, the
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SETs restrict droplet movement by pinning down its contact line, which is far more
efficient.

Our method for droplet splitting, allowing liquid to be dispensed and new droplets to be
generated, takes advantage of the fact that small SETs withhold only the minority of the
liquid, while majority of the droplet escapes from SETSs together with MPs (Fig. 1G and
supporting information Video V2). Droplets containing fluorescein were dispensed using
SETs of various sizes, and their volumes were estimated based on the fluorescent intensities.
We show that the volume of the daughter droplet was determined by the size of the SET
(Fig. 1H).

Droplets dispensed by SETs exhibited high uniformity. For droplets generated on the same
chip with SETs of the same size, the coefficient of variation (CV) in volume was
approximately 3% (supporting information Fig. S2). For droplets dispensed on different
chips, the CV was larger, approximately 10%, due to chip-to-chip variation (Fig. 1H).
Nonetheless, this method enables the dispensing of sub-microliter volumes on a magnetic
droplet microfluidic platform with reasonable accuracy. Its simplicity and accuracy provides
a rapid and reliable method of generating droplet microarrays on an open surface droplet
platform (Fig. 11). We were also able to dispense daughter droplets using SETs when they
were submerged in mineral oil (supporting information Fig. S2 and supporting information
Video V3). This would be a significant advantage because mineral oil is often included in
droplet based assays to prevent droplet evaporation during transportation and reactions.

As describe earlier, when the MPs pull a droplet over a SET, one of three phenomena are
observed, (i) particle extraction, (ii) droplet dispensing, and (iii) magnet disengagement (Fig.
2A-C). In particle extraction, the entire droplet is immobilized by the SET, while the MPs
travel with the magnet and are extracted from the droplet. In droplet dispensing, the SET
only holds a small portion of liquid within its boundary, and majority portion of the droplet
travels with the MPs, leaving behind a daughter droplet. In magnet disengagement, the SET
contains the entire droplet as well as MPs as they disengage from the moving magnet.

To be able to predict which of these three phenomena will occur, we need to understand the
governing dynamics. SETs function by immobilizing the liquid through contact line pinning.
When MPs are pulled from the SET, they stretch and deform the droplet, leading to the
formation of two necking points with around the SET (NP1) and the other around MP plug
(NP2) (Fig. 2D). As the MPs continue travelling away from the SET, the radius of curvature
at the two necking points gradually decreases until one reaches a negative value, causing
breakage at the necking point. Breakage at NP2 results in particle extraction, breakage at
NP1 results in droplet dispensing, and either necking point breaks in the case of magnet
disengagement. Whether the necking points break and which necking point breaks first
depends on the MPs amount, SET size, and droplet volume. Simply speaking, the SET and
the MPs engage in a tug-of-war with the droplet until one of the necking points yields.

The phenomenon can be explained by the interaction between four elements: the magnetic
force, the surface tension around SET, the capillary forces around the MPs plug and SETS,
and the friction imposed on the droplet (Fig. 2D). The magnetic force F, along the travel
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direction is proportional to the amount of MPs M [37]. At a constant speed, the friction Farag
is approximately proportional to the base radius of the droplet, or V43 where V4 is the
volume of the droplet, assuming the droplet is hemispherical [37]. The surface tension F;
around the SET is proportional to its diameter D.

The unique interactions of the four elements that produce particle extraction, droplet
dispensing, and magnet disengagement, are now described. In particle extraction, NP2
breaks first when Fp, is greater than the combined force of Fgrag and Fj, and greater than the
capillary force F, at NP2. Under these conditions, the MPs can overcome the surface
tension and split from the droplet (Fig. 2D). In droplet dispensing, NP1 breaks first when F,
exceeds the combined force of Fgrag and Fj, and the capillary force around the SET Fy is
smaller than F;. Meanwhile, F, is smaller than the capillary force F, at NP2 in order for
MPs to remain in the droplet. In magnet disengagement, F, is smaller than F ., and smaller
than the combined force of Fgrag and Fj. Similarly, the capillary force F¢; at NP1 is greater
than F;. As a result, the droplet is immobilized by the SET, and MPs are contained within
the droplet, in which case neither the droplet nor the MPs can move with the magnet.

With a fixed droplet volume (Fig. 2A), large SETs stabilize NP1, and hold the droplet in
position until NP2 breaks, leading to particle extraction. In comparison, large amount of
MPs stabilize NP2, and drag the entire droplet until NP1 breaks. Magnet disengagement is
observed with small amounts of MPs, in which case F, is too weak for the MPs to either
overcome the surface tension or to pull the entire droplet. The effect of droplet volume on
SET operation was examined while keeping the SET diameter constant (Fig. 2B). At a given
speed, larger droplets tended to facilitate particle extraction, and larger amount of MPs
tended to promote droplet dispensing. This can be explained by the fact that, with all else
constant, friction increases with droplet volume, thus causing NP2 to yield first; Fp,
increases with MPs amount, thus causing NP1 to yield first. To visualize these results, we
have constructed a 3D phase diagram by summarizing our observations (Fig. 2C and
supporting information Fig. S3).

The additional force provided by the SETs enables unique droplet operations on the SETs
magnetic droplet platform. In particular, SETs allow liquid dispensing, thereby providing a
full range fluidic operations and greatly extending the applicability of magnetic droplet
systems.

SETs of diverse sizes and functions were arranged on a fully integrated device capable of
sample-to-answer, multiplexed genetic detection, from crude samples. Each SET on the
device held a specific buffer for the assay, and MPs were used to transfer and combine
materials and reagents.

Here we demonstrate the entire process using food color to aid visualization (Fig. 3 and
supporting information Video V4). There were a total of 3 stages involved. First, the
platform isolated DNA from whole blood using MPs-based solid phase extraction (Fig. 3A
and B). Second, the isolated DNA was dispensed into multiple aliquots using SETSs (Fig.
3C). Last, DNA aliquots were mixed with droplets containing gene-specific PCR reagents,
and the reaction droplets were subjected to thermal cycling (Fig. 3D-F).
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In the first stage, buffers required for DNA isolation, including the lysis/binding buffer and
washing buffers, were held in position by 4 large SETs on the right side of the chip (Fig.
3A). Whole human blood was incubated with the silica coated MPs and lysis/binding buffer,
in which cells were lysed, and DNA adsorbed onto the silica surface. After incubation, MPs
were extracted from the lysis/binding buffer droplet with the assistance of SETs (Fig. 3B).
MPs were then moved through washing buffer A droplet to remove any carryover
contaminants. After that, MPs moved through two other washing buffer droplets in a similar
fashion, for further rinsing (Fig. 3B). The 4 SETs-immobilized buffer droplets facilitated
MPs extraction, thus greatly improving the performance of DNA extraction on the magnetic
droplet platform.

In the second stage, the MPs with surface-bound DNA were incubated with the elution
buffer, and the DNA molecules detached from MPs. To detect multiple biomarkers, the
eluent containing isolated DNA was split into three aliquots by moving the droplet with MPs
over three small SETs (Fig. 3C).

Last, three smaller PCR buffer droplets, each containing a pair of unique primers specific to
a different biomarker, were driven by MPs to merge with the three aliquots (Fig. 3D).
Subsequently, MPs were removed from the mixture droplets which were held in place by the
large SETs (Fig. 3E). The three reaction mixture droplets on the left side of the chip were
then placed on a commercial flatbed thermal cycler and subjected to thermal cycling for
PCR (Fig. 3F).

The SETs-enabled droplet PCR was monitored in real time using a customized,
miniaturized, fluorescence detection system. The detector of the optical system uses a lock-
in configuration that allows fluorescence to be measured in ambient light (supporting
information Fig. S4). We used the portable optical system for real time PCR detection of the
genetic biomarker RSF1, after performing DNA extraction from whole blood. We
successfully identified RSF1 in the blood sample, but not in the no-template control (NTC)
(Fig. 3G). Multiplexed biomarker detection was achieved by fluorescence scan, which
showed stronger signals in human whole blood than in NTC, indicating successfully
identification of all three genes (TP53, HER2 and RSF1) in blood samples (Fig. 3H). All
primer and probe sequences are provided in supporting information Table S1.

Conclusions

We have, for the first time, demonstrated a full range of fluidic operations on a magnetic
droplet platform which include droplet transport, fusion, particle extraction, and dispensing.
The incorporation of SETs provides an additional mechanism that interacts with the
magnetic force for more versatile liquid handling. The SETs anchor the droplet and compete
with MPs over the control of the droplet. The SETs enabled magnetic droplet platform takes
the advantage of this interaction, and offers a full range of fluidic operations that tradition
magnetic droplet platform cannot handle.

In summary, SETSs enable a simple and cost-effective microfluidic platform that is able to
translate all of the liquid operations required for assay preparation into the droplet format,
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thus allowing complex tasks with microliter volumes, and providing a versatile system for
portable bioassays. With SETs, we have developed several droplet assay platforms with
functions that may not be realized with traditional droplet systems. We advocate that SETs
can significantly enhance the functionality, and broaden the applicability, of magnetic
droplet platforms to numerous fields of life science.

Experimental

SU8 shadow masks fabrication and SETs patterning

The detailed fabrication steps are listed in supporting information.

Droplet manipulation on SETs-enabled platform

MPs (MagAttract Suspension G, Qiagen) were washed with water, dried, and added to
droplets as the motion actuator. The density of the MPs was estimated by measuring the
dried weight of particle suspension (200 uL). An N52 grade cylindrical neodymium
permanent magnet (DiameterxLength=3/8"x1/4") was placed beneath the substrate for MPs
actuation. The permanent magnet was either controlled manually or by a motorized
translational stage. Detailed operation conditions for each experiment are listed in
supporting information.

Estimating droplet volume dispensed by SETs

Droplets containing fluorescein (100 nM) were dispensed by SETs from the stock droplet.
Water (10 uL) was added to each dispensed daughter droplet. The volumes of the daughter
droplets dispensed by SETs were calculated based on the relative change in fluorescent
intensities according to Equation 1.

Ve Cr A\
d_Cz‘_Cf o (1)

Where C; and C; are the initial and final fluorescein concentrations respectively measured by
fluorescent intensities, Vq is the volume of the daughter droplet and V¢ is the volume of
water added.

SETs-enabled integrated sample preparation and genetic detection

Buffers and MPs for DNA extraction is purchased from Qiagen. PCR reagent, primers
sequence, and thermal cycling conditions are listed in the supporting information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Droplet Operations with SETs. (A) The shadow mask made of SU8 photoresist,

lithographically fabricated by a lift-off process, is used to pattern SETs on the Teflon-coated
glass substrate. (B) SETs are patterned by selectively etching the Teflon AF film with O,
plasma passing through perforations in the SU8 shadow mask. (C) The Teflon AF film
provides a low energy surface for (1) droplet transport and (1) droplet fusion. SETs are used
to (111) pin down the contact line for extraction of MPs from the droplet and (1V) to withhold
portions of the liquid to generate new daughter droplets. (D-G) Full-range droplet
manipulation on a glass substrate with SETSs is achieved on SETs enabled droplet platform.
MPs are shown in black. (D) Droplet transport. (E) Droplets fusion and mixing. The MPs
oscillate in the fused droplet, thus speeding up mixing. (F) MPs extraction. (G) Droplets
dispensing. Compared to droplet and MPs size, SETSs are not large enough to trap the entire
droplets, and thus only a small portion of the liquid is held back by each SET. (H) Liquid
dispensing using SETs. The volume dispensed by SETSs is determined by size of SETs. For
droplets generated on the same chip with SETs of the same size, the coefficient of variation
(CV) in volume was approximately 3% (supporting information Fig. S2). For droplets
dispensed on different chips, the CV was larger, approximately 10%, due to chip-to-chip
variation. (1) Droplet microarray generated using 3 different sizes of SETS.
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Figure 2.
(A) SETs operation phase diagram with constant droplet volume (10 uL), and variations in

magnetic particle input and SET diameter. (B) SETs operation phase diagram with constant
SET size (2 mm diameter), and variation in magnetic particle input and droplet volume. (C)
3D phase diagram of SETs enabled magnetic droplet operation (constructed based on the
data shown in supporting information Figure S3). (D) Force diagram of the droplet being
stretched by the MPs moving over the SETS.
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Figure 3.

Integrated platform for multiplexed genetic detection on a SETs-enabled magnetic droplet
platform. (A) The layout of chip with buffers pre-deposited on the designated locations. (B)
The crude sample is first mixed with the lysis/binding buffer droplet and MPs (Not shown
here). The SETSs assist the MPs extraction from the lysis/binding buffer droplet. MPs move
through washing buffer droplets to rinse off the contaminants. (C) The eluent containing
DNA molecules are made into 3 aliquots by SETs. (D) The PCR reagent droplet is merged
with the eluent aliquot. (E) The SETSs assist the extraction of the MPs from the reaction
mixture. (F) Samples are ready for PCR. (G) Real time amplification curve of PCR on the
SETs-enabled droplet platform monitored with customized miniaturized optical detection
system (Supporting Information Fig. S4). (H) Multiplexed detection of TP53, HER2 and
RSF1 genetic biomarkers on the SETs-enabled droplet platform. Dark spots indicate positive
amplification.

Adv Mater. Author manuscript; available in PMC 2014 September 26.



