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Rapid and continuous magnetic separation in droplet 
microfluidic devices 

Eric Brouzesa,*, Travis Krusea, Robert Kimmerlinga, Helmut H. Streya,*  

We present a droplet microfluidic method to extract molecules of interest from a droplet in a 
rapid and continuous fashion. We accomplish this by first marginalizing functionalized super-
paramagnetic beads within the droplet using a magnetic field, and then splitting the droplet 
into one droplet containing the majority of magnetic beads and one droplet containing the 
minority fraction. We quantitatively analysed the factors which affect the efficiency of 
marginalization and droplet splitting to optimize the enrichment of magnetic beads. We first 
characterized the interplay between the droplet velocity and the strength of the magnetic field 
and its effect on marginalization. We found that marginalization is optimal at the midline of 
the magnet and that marginalization is a good predictor of bead enrichment through splitting at 
low to moderate droplet velocities. Finally, we focused our efforts on manipulating the 
splitting profile to improve the enrichment provided by asymmetric splitting. We designed 
asymmetric splitting forks that employ capillary effects to preferentially extract the bead-rich 
regions of the droplets. Our strategy represents a framework to optimize magnetic bead 
enrichment methods tailored to the requirements of specific droplet-based applications. We 
anticipate that our separation technology is well suited for applications in single-cell genomics 
and proteomics.  In particular, our method could be used to separate mRNA bound to poly-dT 
functionalized magnetic microparticles from single cell lysates to prepare single-cell cDNA 
libraries. 
 

 

Introduction 

Droplet microfluidics permits the encapsulation of samples into 
low volume droplets which are immersed in an inert carrier oil 
fluid, and it also permits the high-throughput manipulation of 
these droplets in microfluidic channels to carry out basic 
operations required by biochemical workflows. Compared to 
conventional or other microfluidic methods, the droplet format 
confers many advantages: 1) contamination is prevented by the 
physical and chemical isolation of droplets from each other and 
from the surfaces of the devices; 2) droplets can be fully 
manipulated and easily retrieved at high throughput (up to 10 
kHz) without any moving parts or elaborate automation; and 3) 
this technique is compatible with molecular biology techniques 
such as nucleic acid amplification by polymerase chain reaction 
(PCR) 1-4 or isothermal amplification 5. In the past decade, 
droplet microfluidic technology has experienced tremendous 
growth 6, 7 and has been used to develop a wide range of 
applications such as: enzyme evolution 8, 9, drug screening 10, 
genetic analysis 4, 11, and single-cell and organism analysis 12-16. 
These applications have been enabled mostly by the 
development of robust and high-throughput methods which 

allow controlled droplet generation 17-19, fusion 20, 21, injection 
22, on-chip incubation 23, 24, sorting 25, 8, and splitting 26-34.  
 Unfortunately, it is difficult to adopt droplet microfluidics 
to more complex molecular biology workflows because it is 
lacking a robust method to enrich or extract target molecules.  
Such a method is important in situations where the target 
molecule is in a mixture that interferes with detection (e.g. 
background noise) or with biomolecular reactions (e.g. 
inhibition of desired enzymatic reactions).  Our long-term goal 
is to develop an enrichment method for mRNA which is 
compatible and capable of performing single-cell RT-PCR. It is 
now well established that the cell lysate inhibits the RT step at 
high cell lysate concentration 35, 36. Specifically, it has been 
shown in the context of microfluidics that the detection 
threshold for GADPH, a highly expressed gene, by RT-PCR is 
equivalent to 1 cell per 5 nL 37. Some researchers addressed this 
problem by diluting the cell lysate through the addition of 
buffer to a droplet sub-volume obtained by splitting 38 or by 
using very large droplets 39. In contrast, we have developed an 
approach based on the extraction of mRNAs bound to oligo-dT 
magnetic beads from droplets. In essence, we seek to adapt a 
macroscale method that has proven its utility in numerous 
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 In our case, the magnetic moment m is virtually saturated and 
therefore independent of B.  Since the vectors m 	and	B are 
parallel, we can simplify the expression for the force on a 
magnetic bead as follows: 

	 .   (3) 

Using the same conditions as in Fig. 1, we estimated that the 
force due to the magnetic field gradient on a single microbead 
is about 50 pN at 200 µm and 20 pN at 600 µm. In our 
experimental conditions, gravitational forces are negligible 
compared to viscous, magnetic and capillary forces. 

Flow fields inside droplets under plug flow 

The main factor limiting the ability to separate particles inside a 
droplet plug are the interactions of the beads with the internal 
flow field which disperse beads and counteract the effect of the 
magnetic field. The hydrodynamics of droplet plugs has been 
reviewed recently 51 and we will summarize the main points 
here. Internal flow fields of droplet plugs strongly depend on 
the channel geometry. Plugs flowing in a cylindrical tube move 
slightly faster than the sheath liquid and therefore recirculating 
flows observed are similar to those in spherical droplets moving 
in the middle of a channel 52. In rectangular channels the 
situation is reversed.  In this case, droplets move slower than 
the sheath liquid, which passes by the droplets through the 
gutters at the four corners of the channel. This leads to internal 
flow fields, which follow the flow fields at the interfaces. The 
liquid is dragged toward the front of the droplet by the faster 
sheath liquid along the gutter, whereas the internal flow is 
directed backward next to the surfaces that are close to the 
channel walls 53, 54. In the case of a train of droplets, counter-
flows present in the gap between consecutive droplets can lead 
to stagnation zones in the flow field within the droplets and 
hydrodynamic interactions 34. 

Coupling between magnetic and hydrodynamic forces 

The distribution or dispersion of beads within droplets will 
depend on the interaction of assembled chains of magnetic 
beads with the flow field. Chains of magnetic particles exposed 
to rotating magnetic fields result in ensembles of rotating 
chains of average length 55.  As the frequency of the rotating 
magnetic field is increased the hydrodynamic friction forces 
overcome the dipolar magnetic forces and the chains break up.  
This behaviour applies to our system considering that a static 
magnetic field in a shear field should exhibit similar 
characteristics.  As the magnetic chains grow longer the viscous 
forces acting on them in a uniform shear field get larger and 
ultimately will limit their size. Furthermore, the presence of 
these particles will also have an inherent effect on the flow 
fields. Therefore, we are faced with a complex coupling 
between all the interactions in this system. While this coupling 
needs to be understood to optimize the separation process, its 
detailed understanding is beyond the scope of this report which 
focuses on studying the effects of experimental parameters such 

as magnet strength, droplet velocity, and design of the splitting 
fork on the efficiency of the separation of magnetic beads 
within microfluidic droplets. 

Design constraints for single-cell genomics 

Since our goal is to capture the complete set of mRNAs from a 
single-cell lysate we first need to estimate the necessary 
number of magnetic beads per droplets.  According to the 
manufacturer of our poly (dT) magnetic beads, each bead binds 
at least 2 fg of poly (A)+ mRNA.  The amount of mRNA per 
cell is highly variable but can be as high as 0.5 pg in cultured 
cancer cells.  We therefore estimate that we require at least 250 
beads to capture all mRNAs.  Since the encapsulation of beads 
is a statistical process (see also Supp. Fig. 2), we increased the 
number of beads to 350 per droplet to ensure that there are 
enough beads in each droplet to reliably bind all poly (A)+ 
mRNA. 
As compared to previous works 40, 41, we significantly reduced 
the droplet size from several nanoliters to 0.2 nl in order to 
make the magnetic separation technique compatible with 
single-cell encapsulation approaches 56, 57.  The smaller volume 
also helps with reducing the time for mRNA binding to the 
beads. 

Experimental 

See supplemental information. 

Results and Discussion 

Encapsulating magnetic beads in the presence of a magnetic field 

We first investigated the antagonistic effects of the magnetic 
field and the internal flows of droplets on the marginalization of 
magnetic beads. To do so, it is necessary to maintain the droplet 
size and the number of magnetic beads per droplet constant 
across the various experimental conditions. We first sought to 
encapsulate magnetic beads in the presence of a magnet, as 
previously described 40, 41, to simplify the experimental set-up. 
In the presence of a magnet located 16 mm away from the inlet, 
the magnetic beads form chains oriented along the magnetic 
field lines (Supp. Fig. 1a). Observation at the injection port 
reveals the presence of lateral magnetic interactions between 
these chains. The ensemble of magnetic beads exhibits a 
behaviour resembling granular media with the occurrence of 
dramatic events of bead release which result into an uneven 
flow of beads into the nozzle (Supp. Fig. 1b, Supp. Movie 1). 
The consequence of the presence of the magnetic field upon 
encapsulation is a large variation in the number of beads in 
different droplets (Supp. Fig. 1c). To further characterize the 
effect of the magnet on the encapsulation of the magnetic 
beads, we quantified the distribution of the number of beads 
across droplets as a function of droplet throughput, and 
compared those to the distribution of beads in the absence of a 
magnetic field (Supp. Fig. 1c). We can infer four different 
behaviours by comparing the distribution of magnetic beads in 
droplets to the case without magnet, with increasing throughput 
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of beads which depends on the quantity of target molecules, 
and hence the application, would remain the same and 
concentrate into a similar volume. That would allow the use of 
a greater splitting ratio and result into a larger enrichment factor 
per pass. However, the possibility of employing capillary 
effects to tailor the splitting profile may be altered because the 
capillary pressure scales as the inverse of the larger cross-
section. Practical considerations, such as sample 
concentrations, reagent use, droplet stability and other more 
specific requirements (as in our case, see Background section) 
may place a lower bound on the droplet size. Finally, increasing 
droplet volume generally results in lower throughput droplet 
manipulations. 
 

Conclusions 

We have successfully demonstrated a method for rapid and 
continuous magnetic separation in droplet microfluidic devices.  
We have characterized the efficiency of marginalization of 
magnetic beads in droplets as well as the efficiency of splitting 
droplets as function of velocity and magnetic field strength.  In 
addition, we designed and characterized novel splitting 
junctions that selectively capture the front bottom part of the 
droplet where the majority of magnetic beads are concentrated. 
We have shown that our method can be customized to the needs 
of the specific molecular separation or enrichment application. 
Generally, we found that an increase in throughput or flow 
velocity will decrease both bead retention and enrichment ratio.  
Our novel splitting junction increases the enrichment ratio per 
pass but is limited to lower throughput because they rely on 
capillary effects. Our detailed characterization allows us to 
design custom separation chips with known bead retention and 
enrichment ratio per cycle. 
We believe that our separation technology is well suited for 
applications in single-cell analysis.  In particular, our method 
could be used to separate mRNA bound to poly-dT 
functionalized magnetic microparticles from single cell lysates 
to prepare single-cell cDNA libraries, or to capture cytokines 
released by single-cells.  
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