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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 mሬሬԦ 	and	BሬԦ are 
parallel, we can simplify the expression for the force on a 
magnetic bead as follows: 

Ԧܨ ൌ ׏	 ൬
௠஻ሬԦ

ห஻ሬԦห
. ሬԦ൰ܤ ൌ  ሬԦหܤห׏݉ (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 

Page 4 of 12Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



ART

4 | J

we 
vari
aver
III- 
drop
num
conc
pres
main
We 
bead
a m
mar
func
1e).
form
also
allo
drop
appl
mRN
drop
expe
 

Fig.  2

relat

reach

with 

Micro

quas

the c

Abs
with

Mar
abse
and 
inte
insid
mag
bead
cond

TICLE 

J.  Name., 2012, 

observe: I- mu
iation in the nu
rage number an
an increase of

plets; IV- a lo
mber of beads 
clusion is tha
sence of a weak
ntain a constan
thus adopted 

ds and collect t
magnetic field,
rginalization of
ction of magne
 This approach

mulation which
o permits to un
w us to study 
plets of consta
lications wher
NAs can be e
plets was 376 w
eriments (Supp

2: Magnetic  partic

ive  to  the magnet

h  the midsection o

respect  to  the 

oscopic  pictures  w

i‐static conditions, 

channel. 

sence of margin
hin droplets in t

rginalization o
ence of extern
stagnation zon

rnal flows 58, 

de droplets flo
gnetic field to
ds was due 
ditions and in

00, 1‐3 

uch lower aver
umber of beads
nd variation for
f the variation 
ower average n

similar to th
at if we perfo
k magnetic fiel
ncy of the numb

a strategy wh
the droplets (Su
, and then re
f magnetic be
etic strength an
h is made possi
h produces very
ncouple droplet

the effect of 
ant size. This 
re cells are en
extracted. The 
with a standard 
p. Fig. 2). 

le  distribution  and

t.  Particle  aggrega

of  the magnet. Bea

magnet  midsectio

were  taken  at  low

with  the N52 ¼” 

alization of ma
the absence of m

f particles can
al field becaus
nes (or trapping

59. We exami
owing at differ

check if the 
to such effec

ndependently o

rage number an
s at low throug
r a narrow rang
in the number 
number but a 
he case withou
orm the encap
ld we are unabl
ber of beads be

here we encap
upp. Fig. 1d) in

e-injected them
eads within the
nd droplet velo
ible by the use 
y stable emulsio
t size from the
a wide range 
approach also

ncapsulated an
average numb
deviation of 24

d  orientation  as  a 

tes  are most  com

ad distribution  is no

on  because  of  in

w  velocity  (0.8  mm

cubic magnet  locat

gnetic beads an
magnetic field 

n occur in plu
se of the prese
g mechanism) i
ned the distrib

rent velocities 
marginalizatio

cts. Under ou
of the travel ti

nd much greate
hput; II- simila
e of throughpu
of beads acros
variation in th
ut magnet. Ou
psulation in th
le to control an
etween droplet
sulate magneti
n the absence o

m to study th
e droplets as 

ocity (Supp. Fig
of a fluorinate

ons. The schem
e velocity whic
of velocities o

o better reflect
nd lyzed befor
ber of beads i
4 throughout th

function  of  positio

pact  when  drople

ot mirror symmetr

nternal  flow  field

m/s)  to  approximat

ted at 635 µm  fro

nd flow pattern 

ugs even in th
ence of vortice
in the pattern o
bution of bead
in absence of 
on of magneti
ur experimenta
ime of droplet

er 
ar 

ut; 
ss 
he 
ur 
he 
nd 
s. 
ic 
of 
he 

a 
g. 
ed 

me 
ch 
on 
ts 
re 
in 
he 

on 

ets 

ric 

ds. 

te 

m 

he 
es 
of 
ds 
a 

ic 
al 
ts 

inside the
distributed
our exper
affected b
marginaliz
in the abse
We then c
the absenc
magnetic b
average pr
pattern wh
cannot be
Second, w
of droplets
analysis u
flow inside
be made o
lateral forw
same velo
extremities
similar to 
ratio than w
the presen
increase t

instance. I
pattern and
the absenc
 

The distrib
droplets re

In order t
droplets w
fork. This 
to the m
distribution
that conta
velocity to
recirculatio
droplets un
and the ma

This jou

e channel, m
d within the dr
riments, the b
by gravity wh
zation of larger 
ence of other ex
characterized th
ce of external 
beads as tracer
rojection of th

hich comprises 
e resolved in t

we extracted a q
s by performin

using the same 
e the droplets (
of a backward
ward flows in 

ocity amplitude
s to maintain 
those observed
water and HFE

nce of numero
the effective v

In conclusion, t
d the absence o
ce of an externa

bution of magne
elative to the m

to optimize th
we first identifie

question is equ
magnet which

n of beads wi
ain magnetic be
o approximate q
on within dro
nder these con
agnitude of the 

rnal is © The Roy

magnetic bead
roplets (Supp. 
behaviour of 
hich plays an
r glass microbea
xternal field 59. 
he flow pattern
field using hig
r particles (Sup
he high-speed 
four vortices-l

the third dime
qualitative flow 
ng a Particle Im
 video frames 
(in the frame o

ds plug-flow in
narrow region

es on both sid
flow continuit

d previously bu
E-7500 fluorina
ous magnetic p
viscosity of th

there is a consi
of marginalizati
al field. 

etic beads depe
agnet 

he extraction o
ed the optimal 
uivalent to find

allows for 
ithin droplets. 
eads past a pe
quasi-static con
oplets. Fig. 2 
nditions as well
 magnetic flux 

Journ

yal Society of Chem

ds are homog
Fig. 3). At the
magnetic bead

n essential rol
ads (38 m) ins
 

n inside those d
gh-speed video
pp. Movie 2). 
video frames 

like structures b
ension (Supp. 
pattern in the m

mage Velocime
(Supp. Fig. 4

of the droplet) a
n the central re
ns along the wa
des, with vortic
ty. This flow 
ut for a higher

ated oil 54. It ap
particles inside
he inner phas

istency between
ion of magnetic

ends on the posi

of magnetic be
position of the

ding the positio
the most con
We re-injected

ermanent magn
nditions and neg

shows microg
l as magnetic f
as a function o

nal Name 

mistry 2012 

geneously 
e scale of 
ds is not 
le in the 
side plugs 

droplets in 
os and the 

First, the 
exhibit a 

but which 
Fig. 4a). 

mid-plane 
etry (PIV) 
4b-5). The 
appears to 
egion and 
alls of the 
ces at the 
pattern is 

r viscosity 
ppears that 
e droplets 
se in this 

n the flow 
c beads in 

ition of 

eads from 
e splitting 
on relative 
ncentrated 
d droplets 
net at low 
glect flow 
graphs of 
field lines 
of position 

Page 5 of 12 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



Jou

This 

rela
corr
mag
Our
tow
past
forc
Sup
ther
the 
drop
aggr
reac
perp
exer
mag
alon
show
expe

The
velo

 W
mag
quan
drop
mid
drop
vary
forc
valu
this 
mag
a co
310 
56 p
pyth
inte
velo
whi
hyd
usin
repr
abou
mag
mag
proj
 A
mag
corn
The
drop
rela
mag
chan
betw

rnal Name 

journal is © The 

tive to the m
responds to th
gnet and the mi
r data show th
ards the front a
t the magnet. T
ces acting on th
pp. Fig. 6, there
re is a force wh

magnet. At lo
plets follow the
regation of ma
ch the midsecti
pendicular to th
rted on beads a
gnetic field (Su
ng the channel 
wn). For thes
eriments at this

e distribution of
ocity and field st

We further ch
gnetic and hyd
ntifying the 
plets. In Fig. 3,

d-section away 
plet velocity an
ying the distan
ces are tabulate
ues of the magn

case, ¼” cub
gnet to the chan
ontour plot of d
 µm and 675 µ
pN, 34 pN and
hon/numpy/scip
rpolating the e

ocity. We perfo
ch were sepa

drodynamic cou
ng a double 
resented by an 
ut one hundre
gnet for each co
gnetic beads, w
jection of these
Above a critic

gnetic force, som
ner while most 
e higher the ma
plets to achiev
tionship betwe

gnetic strength 
nges in the val
ween 34 pN and

Royal Society of C

magnet. The 
he plane that s

crofluidic chan
hat magnetic p
and bottom of t
This is consiste
he magnetic b
 is a force whic
hich acts paral
ow flow rates
e orientation o

agnetic beads is
ion of the mag
he channel. At 
along the flow d
upp. Fig. 6). Th

remains true 
e reasons, we

s position. 

f magnetic parti
trength 

haracterized th
rodynamic forc
partitioning o
 we report the 
from the magn
nd magnetic st
nce of the mag
ed for a single 
netic field are b
bic N52 magn
nnel (see Back
data for channe
µm which corre
d 20 pN magni
py/matplotlib 
experimental d

ormed the exper
arated by 3-3
upling 34. Dro

exposure sys
open circle w

ed images tak
ondition. To ill
we inserted p

e series of imag
cal droplet vel
me beads start 
of the beads re
agnetic field st

ve the same be
een bead fractio

does not appe
lues of velocit
d 56 pN magne

Chemistry 2012 

plane shown 
supports the u
nnel (see also F
particles aggreg
the droplet as th
ent with the m
ead aggregates
ch acts towards
llel and toward
s, bead chains 
f the magnetic 
s more compac

gnet where field
this location, t

direction due to
his pattern of b
for higher velo
e conducted a

icles depends on

he effect of t
ces on particle

of magnetic p
fraction of bead

net (top region) 
trength which i
gnet to the cha

MyOne bead 
based on magn

nets), and the 
ground section

el-magnet distan
spond respectiv
tude. Fig. 3 wa
(www.scipy.o

data as functio
riments with a 
.5 droplet len
oplet velocity 
stem. Data f

were compiled f
ken at the mid
ustrate the loca

pictures showin
es. 
locity, which 
accumulating i

emain in the low
trength the fast
ead distribution
on in the top b
ear linear. The
ies which sepa
etic forces. How

in the figur
underside of th
ig. 1). 
gate and collec
he droplet flow
agnetic gradien
s.  As shown i
s the magnet an
ds the middle o

formed withi
field lines. Th

ct when droplet
d lines are full
there is no forc
o the gradient o

bead aggregatio
ocities (data no
all our splittin

n droplet 

he coupling o
e distribution b
particles withi
ds located in th
as a function o

is modulated b
annel. Magneti
using eq. 2, th

net properties (i
distance of th

n).  Fig. 3 show
nces of 175 µm
vely to forces o
as created usin
rg) by linea

on of force an
train of droplet
ngths to avoi

was measure
for each poin
from a series o
dsection of th
al distribution o
ng the minima

depends on th
into the top bac
wer front corne
ter we can flow
n. However, th
back corner an
ere are minima
arate behaviour
wever, there is 

re 
he 

ct 
ws 
nt 
in 
nd 
of 
in 
he 
ts 
ly 
ce 
of 
on 
ot 
ng 

of 
by 
in 
he 
of 
by 
ic 
he 
in 
he 
ws 
m, 
of 
ng 
ar 
nd 
ts 
id 
ed 
nt 
of 
he 
of 
al 

he 
ck 
r. 
w 
he 
nd 
al 
rs 
a 

significant
the bound
forces of 2
distribution
cases whe
extraction.
 It is di
behaviour
the magne
due to the
magnet in 
componen
6). Howev
bead chai
droplets. 
channel ge
and drople
spacing be
zones at t
presence o
fields such
strength o
engineerin
efficiency 
quantitativ
to future e
 

Fig.  3:  Cont

percentage o

droplet  veloc

points.    The

velocity.    Ins

forces. Each i

Splitting d

The secon
droplets t
respectivel
buffer. Th
containing

t change in the
daries of the se
20 pN and 34 
n at higher ve
ere marginaliz
.  
ifficult to prov
observed. Whe

et, the force ex
e gradient of m

n a direction pa
nt in the third d
ver, the analys
ins and the d
The internal 
eometry and on
et liquids 54. W
etween consecu
the front and 
of bead aggre
h that the latte

of the magnetic
ng and experim

of magnetic b
ve explanation 
fforts in flow s

tour  plot  of  the 

of magnetic beads a

city  and  magnetic

e  contour  plot  wa

erts  illustrate  simi

image is the minim

droplets for extr

nd step of our s
to generate a
ly contain mo
his step will r
g enriched ma

J

e values of vel
eparation behav
 pN. Here, we
elocities becau

zation is favou

vide a quantita
en beads are lo
xerted on the c
magnetic field 
arallel to the N
dimension not 
sis is complica
description of 
flow fields d
n the viscosity 
We could also
utive droplets 
back of dropl

egates is likely
r will depend 
c field 60. We 
mental efforts 

beads inside dro
for our observ

simulations and

partitioning  of  m

above the midline (

c  force.  The  circle

as  created  by  line

lar bead     margina

al projection of at l

racting magneti

strategy consist
a pair of da

ost of the mag
result into the
agnetic beads 

. Name., 2012, 0

locities that ch
viour between 
e are not repor
use we are inte
urable for biom

ative explanatio
ocated within th
center-of-mass
pulls beads to

North-South ax
shown here) (S
ted by the form
the flow fiel

depend strongly
difference of t

o expect that 
there is no rec
lets 51. In add
y to influence 
on the presenc
therefore focu
to improve s

oplets, and ref
ved distribution
d hydrodynamic

magnetic  particles 

(see top insert) as a

es  represent  the  e

ear  interpolation  in

alization  for differe

least 45 individual d

ic beads 

ts of physically
aughter drople
gnetic beads an
e formation of

and attached 

ARTICLE 

00, 1‐3 | 5 

haracterize 
magnetic 

rting bead 
erested in 
molecular 

on for the 
he span of 
 of beads 
oward the 
is (with a 
Supp. Fig. 
mation of 
lds inside 
y on the 
the sheath 
given the 

circulating 
dition, the 

the flow 
ce and the 
us on our 
separation 
fer a more 
n patterns 
c theory. 

 
plotted  as 

a function of 

experimental 

n  force  and 

ent magnetic 

droplets. 

y splitting 
ets which 
nd mostly 
f droplets 

analytes. 

Page 6 of 12Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



ART

6 | J

Dro
exte
para
capi
forc
num
exte
inte
syst
occu
we v
beca
sepa
both

Fig. 4

junct

sequ

chan

drop

effici

drop

bead

fits to

We 
mag
func
acco
two 
the 
This
bran
show
idea
low
enri
by m
two 
usef
diffe
the 
(Fig
 I
upp
forc
data

TICLE 

J.  Name., 2012, 

oplet breakup o
ensively in the
ameter that con
illary number w
ces versus surfa
mber is defined 
ernal phase, ν t
rfacial tension
tem to minimiz
urs above a thr
vary the capilla
ause we aim a
aration and we
h phases consta

4: Symmetrical split

tion. b) We can infe

ences and measur

nel (see Supp. Fig. 

lets  are  split  into

ency  measured  b

let as a function of

d by the permanent

o a parabola to guid

analysed the
gnetic beads w
ction of dro
omplished mid
 channels with 
width of the m
s design assur
nches are equa
ws a droplet b
al case where 
er daughter 
ichment of mag
measuring the 
 channels durin
ful to compare 
ferent velocities
1:1 symmetrica

g. 4b). 
In Fig. 4c, we 
er or “waste” d

ce. For both ma
a to a parabol

00, 1‐3 

or splitting ha
e literature 26

ntrols the occur
which represent
ace tension acti
as Ca = ,

the characterist
n. Since the i
e the total inter
reshold value o
ary number by 
at improving t

e keep the surf
ant. 

tting of droplets. a)

er the detailed split

ing the projected s

7). Splitting profile

  two  nearly  ident

y  percentage  of  b

f droplet velocity a

t magnet (20 and 6

de the eye. 

e efficiency o
with a 1:1 sym
plet velocity 

dline splitting b
the same dime

main channel (25
res that the h

al and that the 
being split into
all magnetic b
droplet, this 

gnetic beads. W
relative amoun

ng the splitting 
the splitting pr

s. The measured
al design produ

reported the re
droplet as a fun
agnetic field str
la to guide th

s been discuss
-34. In summa
rence of drople
ts the relative e
ing on a system
, where η is the
tic velocity and
interfacial tens
rface, droplet b
of the capillary
changing the d

the overall thr
face tension an

) Design and param

tting profile by ana

surface areas of th

e generated by the 

tical  daughter  dro

beads  present  in 

and force exerted o

60 pN). The solid  li

of separating 
mmetrical spli

and magnet
by appending 

ensions and who
5 µm and 50 µ
hydraulic resis

splitting ratio
o two daughter
beads are segr
case results 

We deduced the 
nt of droplet w
(Supp. Fig. 7)

rofile of differe
d splitting profi
uces identical d

elative number
nction of veloci
rength conditio

he eye. For lo

sed and studie
ary, the critica
et splitting is th
effect of viscou
m. The capillar
e viscosity of th
d γ the oil-wate
sion drives th
reakup typicall

y number. Here
droplet velocity
roughput of th
nd viscosities o

meters of the splittin

lyzing the time‐laps

e two fronts  in eac

design confirms th

plets.  c)  Separatio

the  distal  daughte

on a single magnet

nes are  least‐squa

and enrichin
t junction as 
tic force. W
a fork made o
ose width is ha
m respectively

stances of bot
o is 1:1. Fig. 4
r droplets in a
regated into th

into a 2-fol
splitting profil

which enters th
. This method i
ent designs or a
file confirms tha
daughter droplet

r of beads in th
ity and magneti
ons we fitted th
ow to moderat

ed 
al 
he 
us 
ry 
he 
er 
he 
ly 
e, 
y, 
he 
of 

 
ng 

se 

ch 

at 

on 

er 

tic 

re 

ng 
a 

We 
of 
lf 

y). 
th 
4a 
an 
he 
ld 
le 
he 
is 
at 
at 
ts 

he 
ic 
he 
te 

velocities 
Fig. 3 whi
front corn
beads pre
separated 
velocities 
explained 
front corn
which resu
droplets. W
droplet flo
efficiency 
midline sp
of magne
recirculatio
velocity an

Harvesting

 In the 
separation 
counteract
droplets. T
this goal 
combinatio
enriching 
improve se
by reducin
This wou
analyte-bo
enrichmen
would be h
with fewer
volume. In
same fina
complexity
To minim
maximizin
to optimiz
in the low
splitting ra
The first c
resistances
It is expec
directly re
would resu
Fig. 4b to
because be
midline. A
more likel
midline ar
The secon
to retain th
of the drop
certain reg
ratio of da
resistance 

This jou

the splitting ef
ich means that 

ner are separate
esent in the t

into the “w
this correspon
by the fact that

ner is not as tig
ults into the lo
We conclude th
owing past a m

at low to mo
plitting. In this 
tic beads is m
on whose ma
nd hence drople

g capillary effec

previous conf
n efficiency wou
t the dispersion
There is howev

if we consi
on of minimiz
beads in the s
eparation effici

ng the volume o
uld result into
ound magnetic 
nt/purification f
higher, and the
r cycles if the 
n general, it w
al enrichment 
y. 
mize the vo
ng bead retentio
ze the capture o
wer front corn
atio and the sp

component con
s of the fork br
cted that the vo
eflect the ratio
ult in sliding t
owards one ch
eads form chai

As a result, the 
ly beads at th

re lost.  
nd component o
he lower front 
plet that is devo
gime of low to m
aughter droplets

of the branch

rnal is © The Roy

fficiency follow
most particles 

ed into the low
top back corn

waste” droplets
ndence is no lo
t the distributio
ghtly concentra
oss of some of 
hat characterizin

magnet is a good
oderate velocit
configuration,

mainly limited
agnitude depen
et throughput.  

cts to tailor the 

figuration, the 
uld be to increa
n of beads due 
ver another mo
ider that sepa
zing the loss 
split droplets. 
iency by minim
of the daughter 
o a higher re

beads over th
factor obtained

e overall target 
bead-containin

would be prefe
in fewer step

lume of ext
on, we develop
of the magneti
ner. It involve
plitting profile

nsists of changin
ranches to crea

olume ratio of t
o in hydraulic 
the horizontal 
hannel wall. T
ins which can 
more pronounc
e lower front 

of our strategy 
region while re
oid of beads. It
moderate capil
s does not follo

hes of an asym

Journ

yal Society of Chem

ws the distribu
aggregated in 

wer droplets an
ner of the dro
s. However, a
onger true. Thi
on of beads at th
ated at higher 
f those beads in
ng bead distrib
d predictor of s
ties in the ca
, the efficient s
d by the inter
nds directly o

splitting profile

only option to
ase the magneti

to the internal
ore subtle way
aration efficien
of magnetic b
In other words

mizing the bead
droplet that ret
lative concent
he initial solu
d at each of t
factor would b
ng droplets ha

erable to accom
ps to reduce 

tracted drople
ped a two-pron
c beads that ac

es modulating 
e generated by 
ng the ratio of 
ate asymmetric
the daughter dr

resistances 26

splitting line a
This approach 

stretch up to th
ced the splitting
corner but clo

employs desig
etaining less of
t has been noted
lary number, th
ow the ratio of 
mmetric design

nal Name 

mistry 2012 

ution from 
the lower 
d that the 

oplets are 
at higher 
is may be 
he bottom 
velocities 
n “waste” 

bution in a 
separation 
se of 1:1 
separation 
rnal flow 
n droplet 

e 

o improve 
ic force to 
l flows of 

y to attain 
ncy is a 
beads and 
s, we can 
d loss and 
tain them. 
tration of 

ution. The 
the cycles 
be attained 
d a lower 

mplish the 
workflow 

ets while 
g strategy 
ccumulate 

both the 
the fork. 
hydraulic 

c splitting. 
roplet will 
6, 27, 61. It 
as seen in 
is limited 
he droplet 
g ratio the 
ose to the 

n features 
f the back 
d that in a 
he volume 
f hydraulic 
n 32, 62, 34. 

Page 7 of 12 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



Jou

This 

Inst
volu
inte
the 
imp
the 
(con
flow
the 
adde
curv
curv
sect
inte
beca
to e
cros
split
cros
resis
fron
amo

 

Fig.5

two b

symm

(here

with 

is  loc

effec

serie

total 

locat

lowe

indic

light 

insta

prese

beha

rnal Name 

journal is © The 

tead, the hydra
ume ratio reac
rpreted that thi
specific design

pact on the spli
capillary num

nsider the extr
ws split accordi
range where c
ed effect of 
vature. When 
vatures of the t
tions in the 
rfacial tension 
ause of the low
employ the eff
ss-section of th
tting fork is sim
ss-sections is th
stance ratio (F

nt of the dropl
ount collected f

: Tailoring the split

branches of differe

metrical box  to  fav

e a 50 mm long box

a 1:3 dark:light co

cated at 2 droplet 

cts. c) –  j) depict  th

s of a droplet flowi

sequence). The sc

tion of  splitting. d)

r branch, that late

ates the entry of t

solution follows th

nt velocities of the

ence of  three phas

avior  of  the  drople

Royal Society of C

aulic resistance
ched as the cap
is effect was du
n of a splitting 
tting profile in
mber. Indeed,
reme case whe
ing to the ratio 
capillary forces

the Laplace 
droplets flow 

two fronts are 
case of non-w
will tend to f

wer Laplace pre
fect of the cap
he splitting ch
milar to the sym
hen modified t

Fig. 5a). The in
lets at their mi
from the back o

 

tting profile. a) The

ent hydraulic resista

vour  the separation

x in front of a 1:3 sp

‐flow to emphasize

lengths  to avoid m

he detailed splittin

ing at 2.3 mm/s (2 

ale bar indicates 50

  the  arrow points 

r retracts into the u

the  light solution  in

he upper branch (g‐

 two (lower and up

ses during  the split

et  front  in  the  high

Chemistry 2012 

e ratio defines
pillary number
ue to capillary 
fork could ha

n the low to mo
, at high ca
ere there is no
of hydraulic re
 are not neglig
pressure due 
through a sp

dictated by the
wetting fluids
favour the larg
essure to overco
pillary forces b
annel: the firs

mmetrical 1:1 f
to provide a sp
ntention is to 
idpoint and th

of droplets .  

e design of the split

ances where we in

n of  the  front  lowe

plitting fork). b) We

e the details of the 

mixing  inside  the d

g  in a high‐speed 

ms between conse

0 mm. c) the arrow

to  some dark  solu

upper branch (arro

nto the upper bran

‐i), until splitting. k

pper) fronts of the d

tting. Those phases

her  resistance  chan

s the plateau o
r increases. W
forces, and tha
ve an importan
oderate range o
apillary numbe
o interface) th

esistances, but i
gible there is a

to the drople
plitting fork th
e channel cross
s. As a resul
ger cross-sectio
ome. We sough
by changing th
t section of th

fork, the channe
pecific hydrauli
first collect th
en decrease th

tting fork consists o

corporated an initi

er  region of drople

e generated drople

splitting. The nozz

roplet and entranc

(500  fps)  time‐laps

ecutive panels, 14 m

w indicates the initi

ution present  in  th

ow in e). f) the arro

nch. Gradually, mo

k) The analysis of th

droplet indicates th

s are defined by  th

nnel  (lower  branch

of 
We 

at 
nt 
of 
er 
he 
in 
an  
et 
he 
s-
lt, 
on 
ht 
he 
he 
el 
ic 
he 
he 

 

of 

ial 

ts 

ts 

zle 

ce 

se 

ms 

al 

he 

ow 

re 

he 

he 

he 

h), 

because the 

(upper branc

the end of th

front  (corres

value  (panels

(panels j). l) W

sequences an

channel (see 

c‐j averaged o

of the splittin

  To tes
with light 
hydraulic 
splitting pr
should be 
dark solu
comprises 
with a 50 
of channel
two drople
the co-flow
conducted 
which is in
images wi
(Fig. 5 c-j
the splittin
higher res
the lower 
into the lo
high resist
does not g
solution k
confirmed 
measuring
instant ve
resistance 
around a m
the splittin
the highe
reaches a l
of the 1:1 
splitting is
droplet wh
between c
generated 
experimen
higher res
and that t
profile at 
capillary e
number. F
can modu
extraction/
front corne
 
 

instant velocity of 

h) is constant. The 

he box  is defined b

ponding  to  the  pa

s  e‐j),  until  the  d

We can infer the de

nd measuring the p

Supp. Fig. 7). The p

over three droplets

ng profile).  

st our design h
and dark solu

resistances of 
rofile. In the ab
split following

utions. We d
a nozzle fed by
m long 1:1 b
ls. The distanc
et lengths to a
w inside the dro

d the experime
n the low range
ith a high-spe
j; Supp. Movie
ng fork at its m
istance channe
resistance cha

ower resistance
tance reaches th
grow much un
keeps flowing 
d the behaviou
g the instant ve
elocities of bo
channel and of

mean velocity 
ng. On the contr
er resistance c
low constant v
box. Its instan

s complete. We
hich entered t
consecutive fra
by the design 

nts, we can con
istance channe
the specific fo
low capillary 

effects to tailo
From a practical
ulate the split
/enrichment of
er. 

J

the droplet front i

first phase that las

by a decrease of th

anels  c‐e).  The  vel

droplet  splits  and 

etailed splitting pro

projected surface a

panel depicts the sp

s (the blue range in

hypothesis, we 
utions in the r
the channels i

bsence of capil
g the boundary

designed a m
y a co-flow ups

box before a 1:
ce of the nozzl
avoid both entr
oplets before th
ent at a drople
e of the capillar
ed camera at 
e 3). Chronolo

midpoint; some 
el; this dark so
annel; the light
e channel when
he end of the 1
ntil the droplet

into the low 
ur of the drop
elocity of its tw
oth the dropl
f the droplet ba
and can be con

trary, the veloci
channel gradu

velocity when t
nt velocity abru
e finally comp
the low and h
ames to extra
at this velocit

nclude that the c
el acts as a cap
ork design is c

number. We 
r the splitting 
l point of view
tting profile i
f magnetic bea

. Name., 2012, 0

n the lower resista

sts until the lower f

he  instant velocity 

ocity  then  reaches

the  small  droplet

ofile by analyzing th

areas of the two fr

plitting profile on t

ndicates the standa

 split droplets 
ratio set by the
in order to visu
llary effects, th
y between the 

microfluidic cir
stream of a spli
:3 hydraulic rat
e to the fork is

ry effects and m
he splitting (Fig
et velocity of 
ry number, and
500 frames pe

ogically: the dr
dark solution 

olution later ret
t solution start
n the droplet fr
:1 box; the sma
t is split while
resistance cha

plet during sp
wo fronts (Fig.
let front in t
ack (not shown)
nsidered consta
ity of the dropl

ually decreases
the front reache
uptly increases 
ared the amou

high resistance 
act the splittin
ty (Fig. 5l). Fr
channel restrict
pillary valve/di
critical for the
can effectively
profile at low
, it demonstrate
n order to fa

ads located in 

ARTICLE 

00, 1‐3 | 7 

ance channel 

ront reaches 

of the  lower 

s  a  constant 

  accelerates 

he time‐lapse 

ronts  in each 

he sequence 

ard deviation 

patterned 
e ratio of 
ualize the 

he droplets 
light and 

rcuit that 
itting fork 
tio couple 
s equal to 
mixing of 
g. 5b). We 
2.3 mm/s 

d captured 
er second 
roplet hits 
enters the 
tracts into 
ts flowing 
ront in the 
all droplet 

e the light 
annel. We 
litting by 
. 5k). The 
the lower 
) fluctuate 
ant during 
et front in 
s until it 
es the end 
when the 

unts of the 
channels 

ng profile 
rom these 
tion in the 
iode 63, 64, 
e splitting 
y employ 

w capillary 
es that we 
avour the 
the lower 

Page 8 of 12Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



ART

8 | J

Opt

 A
strat
the 
sepa
of 5
lost 
(Fig
and 
25 
 T
repo
prof
alon
resis
drop
split
drop
data
at a 
stro
mor
the 
desi
box 
teste
thes
bead

Fig. 6

box  d

resist

whic

(see 

the  d

veloc

of th

Cha
extr

 W
mm
velo
cont
drop
also
bead
 A
drop

TICLE 

J.  Name., 2012, 

timizing the for

After validatin
tegy to quickly
1:1 fork desig

aration efficien
5 mm/s which c

for the 1:1 sp
g. 4c). The desi

1:7, to which 
m, and 50 m
The splitting 
orted in Fig. 6
files for the di
ng the droplet l
stance ratio de
plets. In contr
tting fork favo
plet by generati
a show that our
higher droplet 
nger with the 5
re pronounced 
corresponding 

ign with a 1:3 
 offers the best
ed and a clear 
se conditions (
d extraction for

6: Splitting profiles 

designs  on  the  spl

tances. We perform

h the performance

Fig. 4c). The addit

different  forks  (on

city). Its effects per

e droplets, which is

aracterizing the
raction 

We further cha
m 1:1 box 1:3 sp
ocity. In Fig. 
taining drople
plets, and the f
o superimposed
d dispersion for
As expected, d
plet velocity w

00, 1‐3 

k design 

ng our appro
y identify a de
gn by measurin
ncy of 9 differen
coincides to th

plitting ratio wi
gns are based o
we appended a
. 
profiles due 

6. In the absen
ifferent split ra
length. As expe
ecreases the v
rast, inserting 
ours the extract
ing an inhomog
r strategy is val
velocity. The e

50 m long box
slopes of their 
cases with the
hydraulic resis

t magnetic bead
improvement u

(see Supp. Fig
r the whole seri

as a function of de

litting  profiles  of  f

med  the experime

e of separation star

tion of a  symmetri

nly  a  representativ

rmit to relatively co

s devoid of magnet

e optimized desi

aracterized the 
plit ratio fork d
7a we reporte

ets normalized
fraction of bead
d the splitting 
r each velocity.
droplet splitting

which is 2 mm/s

oach, we deve
sign that would

ng the splitting 
nt designs at a 

he regime wher
ith the stronger
on 3 split flow r
a 1:1 ratio box 

to the differe
nce of a 1:1 b
atios remain fl
ected, increasin

volume of the 
a 1:1 box at 

tion of the fron
geneous splittin
lid for different
effect on the sp
x in all cases, a
splitting profi

e shorter 1:1 b
stance ratio an
d extraction am
upon the 1:1 fo
g. 8 for typical
ies of designs). 

esign. We tested th

forks with  different

nts at 5 mm/s whi

rts degrading for a 

cal box affects  the

ve  splitting  profile

ollect more of the f

tic beads in our case

ign for magneti

separation effic
design as a fun
ed both the v
d by the init
ds lost in “wast
profile on ima
. 
g occurs above
s in our experi

eloped a rapi
d improve upo
profile and th
droplet velocit

re few beads ar
r magnetic fiel
ratios of 1:3, 1:
of length 0 m

ent designs ar
box the splittin
lat and constan
ng the hydrauli
small daughte
the tip of th

nt region of th
ng profile. Thes
t split ratios an
plitting profile i
as shown by th
les compared t

box. Finally, th
d a 50 m lon

mong the design
ork design unde
l data image o

he effect of differen

t  ratios  of  hydraul

ich  is  the velocity 

50:50 no box desig

e  splitting profiles o

  is  shown  for  eac

front versus the bac

e. 

c bead 

ciency of the 5
nction of drople
volume of bea
tial volume o
te” droplets. W
ages that depic

e a threshold i
ments (Fig. 7a

id 
on 
he 
ty 
re 
ld 
:5 

m, 

re 
ng 
nt 
ic 
er 
he 
he 
se 
nd 
is 

he 
to 
he 
ng 
ns 
er 
of 

nt 

lic 

at 

gn 

of 

ch 

ck 

50 
et 
ad 
of 

We 
ct 

in 
a). 

Below thi
when the 
Movie 4): 
lower hyd
both bran
hydraulic 
additional 
remains b
valve/diod
described 
is blocked
Supp. Mo
different b
the regime
 The vo
the capilla
correspond
conditions
absence of
splitting ra
similar to
asymmetri
to the ch
proposed m
ratio on c
changes o
experience
 The sp
capillary n
essentially
the capilla
number, c
strongly af
velocity is
and start 
capillary e
large rang
The splitti
region of 
velocities 
splitting pr
and we o
capillary n
to be ext
conclusion
hypothesis
range of v
droplets. 
 The ex
the moder
to those in
the enrichm
fold enric
extracted 
limited on
diagonally

This jou

s critical veloc
capillary numb
1- where the d

draulic resistan
nches but its f
resistance retra
case where sp

blocked by the
de. These beh

65, 31 with the a
d in the chann
ovie 4). We d
behaviours at lo
e of interest for 
olume fraction 
ary number unti
ds to the ratio o
s where interfac
f an interface) (
atio vs. velocity

o the ones pre
ically split by s

hannels 32, 34. 
model to expla

capillary numb
of channel cros
ed by droplets w
plitting profile
number, while 
y the same; the
ary number in

capillary effects
ffected compar
s increased visc
dominating th

effects modify t
ge of droplet ve
ing profile fav
f droplets com

up to 6 mm/s
rofiles as a fun

observed a sca
number. The ra
tended to con
n, the exper
s that we can 
velocities in o

xtraction data s
rate velocity ran
n the 1:1 split f
ment of the ex
chment, becau
droplet. In thi

nly by the di
y opposite to

rnal is © The Roy

city we observ
ber (droplet ve
droplets enter o

nce (not shown
front in the b
acts and no spl
plitting occurs 
e constriction t
aviours are si
additional case 

nel by the restr
did not seek t
ow capillary nu
r our application
of the extracte
il it reaches a p
of hydraulic res
cial tension can
(Fig. 7a). Our m
y (or capillary 
eviously repor
short or long ob

However, exp
ain the depende
ber 34 would n
ss-section, and 
which flow thro
e also exhibits
the point of sp

e splitting profi
ncreases (Fig. 
s dominate and
red to the case 
cous effects co
he behaviour o
the detailed sp
elocity validatin
vours the extrac
mpared to the
s. We also rep

nction of the cap
aling law betw
ange of experim
nfirm the exis
riments confir
employ capilla

order to tailor 

show that the 
nge (between 2
flow conditions
xtracted beads 
use of the re
is region the 
ispersion of b
o the bead a

Journ

yal Society of Chem

ved different b
elocity) increas
only the branch
n); 2- the drop
branch with th
litting occurs; 
but the smalle

that acts as a 
imilar to thos
where the sma

riction (second
o consistently 

umber because 
n. 
ed droplet incre
plateau close to
sistances under 
n be neglected 
measured depe
number) is qu

rted where dro
bstacles that ru
panding the p
ency of drople

necessitate to r
hence capillar

ough the box de
s a dependenc
plitting initiation
iles become mo

7b). At low 
d the splitting 
without the 1:

ounteract surfac
of the system.
litting of dropl
ng our design 
ction of the lo

e back of dro
ported the slop
pillary number 

ween the slope
mental data wo
stence of this
rm and vali
ary effects ove
the splitting p

amount of lost
2 and 6 mm/s) 
s (Fig. 7a, 4b); 
is two-fold hig
educed volum
separation effi
eads into the 
aggregation. T

nal Name 

mistry 2012 

behaviours 
ses (Supp. 
h with the 
plets enter 
he higher 
3- and an 
er droplet 

capillary 
e already 
all droplet 
d scene in 

map the 
this is not 

eases with 
o 0.27 that 

operating 
(or in the 
ndence of 
alitatively 
oplets are 
un parallel 
previously 
et splitting 
reflect the 
ry effects, 
esign.  
ce on the 
n remains 
ore flat as 

capillary 
profile is 

1 box. As 
ce tension 
. Overall, 
lets over a 
approach. 

ower front 
oplets for 
pe of the 
(Fig. 7c), 

e and the 
ould need 
s law. In 
date our 
er a wide 
profile of 

t beads in 
is similar 
however, 

gher, at 4-
e of the 

ficiency is 
quadrant 

The data 

Page 9 of 12 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



Jou

This 

dem
perm
high
high
drop
cond
velo
in th
 I
capi
imp
of m
mor
fully
buil
drop
also

 
Fig. 7

at 56

at 17

perce

as a f

the d

Supe

a  rep

splitt

whic

the 
by u
insta
cont
mN/
40 o
 T
reten
mm
leng
is us

rnal Name 

journal is © The 

monstrate the u
mit to extract 
her split ratio 
her droplet ve
plets increases
dition. This de
ocities is not pr
he lower front r
In theory, we 
illary effects p

proving the desi
measured splitt
re systematic s
y understanding
ld a set of de
plets in differe
o expand  

7: Characterization 

6 pN (1:3 resistance

75 mm). a) The grap

entage of beads los

fraction of the initi

distribution of mag

er‐imposition of the

presentative  splittin

ting  slope  as  a  fu

h tends to follow a 

velocity range 
using a droplet
ance, the inter
taining 1% we
/m for the HFE

oil 66, 67. 
The throughpu
ntion of magne

m/s in the case 
gths. The upper
sually set by dr

Royal Society of C

utility of the im
beads in the 
resulting into 

elocities, the n
s more drama
monstrates tha

ronounced enou
region of drople
should be able

permit to mod
ign of the splitt
ting profiles of
studies and m
g the paramete
sign rules to 
ent velocity ra

of magnetic bead s

e ratio and 50 mm

ph reports both the

st in waste droplets

al droplet as a func

gnetic beads and th

e different splitting

ng profile  is  shown

nction  of  the  cap

power law with an

where capillar
t system with 
facial tension 

eight PEG-base
E7500 oil but a 

ut of the magn
etic beads is ab
where droplets
r limit of throug
roplet generatio

Chemistry 2012 

mproved splitti
lower front c
an improved e
number of be
tically in the 

at the splitting p
ugh to efficientl
ets in those cas
e to expand th
dulate the split
ting fork. This i
f droplets, and 

modelling would
rs at work and 
fine tune split
nges. Alternati

separation for the o

  long box, distance

e separation efficie

s and the volume o

ction of droplet ve

he splitting profile 

g profiles as a funct

n  for each velocity

illary  number  indi

n exponent close to

rity affects the 
higher interfac
of a water and
ed surfactant h
value of 20 mN

netic bead sepa
out 15 droplets
s are separated
ghput for dropl
on, while we ex

ing profiles tha
corner despite 
enrichment. Fo
eads in ‘waste

1:3 split flow
profile at highe
ly capture bead

ses.  
he regime wher
tting profile b
is the first repo
we believe tha

d help in mor
in permitting t

tting profiles o
ively, we coul

optimal splitting fo

e magnet to chann

ncy measured as th

f the smaller drople

locity. Images depi

for each velocity. 

tion of velocity (on

y). c) The plot of  th

cates  a  relationsh

 ‐3/4. 

splitting profil
cial tension. Fo
d fluorinated o
has a value of 
N/m for the FC

aration at 98.1%
s per second at
d by two drople
let microfluidic
xpect to perform

at 
a 

or 
e’ 
w 
er 
ds 

re 
by 
rt 
at 
re 
to 
of 
ld 

rk 

el 

he 

et 

ct 

b) 

nly 

he 

ip 

le 
or 
oil 

1 
C-

% 
6 
et 
cs 
m 

droplet m
throughpu
droplet ge
throughpu
of droplet
separation 
throughpu
merging 14

workflow 
each cycle
to run a s
other to m
efficiency.
 The op
application
retention, 
the detect

GADPH i
droplets w
achieved w
dilution du
situation th
detection 
increased 
overall re
enrichmen
for applica
analysis it
lower velo
enrichmen
mm/s and
respectivel
For other 
increase th
maintain t
scale as th
smaller fo
dispersion 

manipulations 
ut. In our exper
eneration is 1

ut is thus two o
t generation. 

n with good b
ut of other dro

4. On the othe
is determined 

e. One option f
series of separa
maintain simila
. 
ptimal regime o
n which determ
throughput and

tion threshold 

is 1 cell per 5
we would need
with two 4-fold
uring the addi
the bead retenti
of a low expr
and the enric

etention rate 
nt per cycle and
ations that seek
t would be ben
ocity in the r

nt: the bead rete
d 6.1 mm/s, fo
ly.  

r enrichment 
he droplet size
the droplet-slug
he inverse of 

or the same dr
n would be less

J

at one order
rimental condi
1.5 kHz for 1
orders of magni

This shows th
bead retention
oplet manipula
er hand, the th

by the enrich
for further impr
ation modules 

ar magnetic for

of separation w
mines the optim
d total enrichm
of a highly e

5 nL 37. In ou
d a 28-fold d
d enrichment c
ition of the RT
ion would not 
ressed gene, th
chment perform
of (0.85)2 or

d 13-fold total 
k to perform qu
neficial to perfo
regime of high
ention rates are 
for a 5-fold an

applications it
. If we conside
g aspect ratio, 
the typical cro
roplet velocity
s pronounced. 

. Name., 2012, 0

r of magnitud
tions, the throu
15 psi. The s
itude lower tha
hat the magn

n cannot yet r
ations such as 
hroughput of th
hment ratio obt
roving the thro
stacked on top

rces and thus s

will depend on
mal balance betw
ment factor. For
expressed gene

ur case, using
dilution which 
cycles followed
T-PCR reagent
be as critical 

he throughput 
med at 9 mm
r 72% for a
enrichment. In

uantitative tran
form enrichmen
her bead reten
 99.5% and 98.
nd 3.6 fold en

t may be des
er scaling the c

the shear forc
oss-sectional le

y. As a result,
In addition, th

ARTICLE 

00, 1‐3 | 9 

de lower 
ughput of 
separation 
an the rate 
netic bead 
reach the 
pair-wise 

he overall 
tained for 
oughput is 
p of each 
separation 

the target 
ween bead 
r instance, 
e such as 

g 0.18 nL 
could be 

d by a 1:2 
ts. In that 
as for the 
could be 

m/s for an 
a 3.6-fold 
n contrast, 
nscriptome 
nt steps at 
ntion and 
.1% at 3.4 
nrichment 

sirable to 
channel to 
ces which 
ength, are 

the bead 
he number 

Page 10 of 12Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE  Journal Name 

10 | J.  Name., 2012, 00, 1‐3  This journal is © The Royal Society of Chemistry 2012 

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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