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1| Ion concentration polarization focusing (ICPF)
ICPF is based on the differential migration of charged analytes in an electric field gradient. The electric 
field gradient is created via a salt concentration gradient caused by the phenomenon of ICP1. When two 
microchannels are connected by an ion permselective zone and an electric potential is applied across it, 
the difference in flux between anions and cations in this zone creates ICP. In the case of a cation 
permselective region (in our case Nafion), the majority of the current through that region is carried by 
cations. The cations are then being removed from the anodic side of the Nafion resulting in a local 
reduction of their concentration. The anions will migrate away from the Nafion to the anode, so their 
concentration is also reduced on the anodic side of the Nafion. This results in the formation of a depletion 
zone: a region close to the anodic side of the permselective region (Nafion) where the concentration of all 
ionic species is much lower than their bulk concentration. A concentration gradient then arises between 
the bulk and this depletion zone. When subsequently a current is sent through the channel across this 
depletion zone, an electric field gradient is created at the location of the concentration gradient (Figure 
1b in the main article). When introducing analytes in the microchannel, they will move due to various 
influences. Firstly, all ions will move by convection, mainly due to the electroosmotic flow (EOF), with a 
constant convective velocity towards the cathode, and therefore towards the depletion zone. Anionic 
analytes in addition experience an electrophoretic velocity (  [m s-1] ) in the opposite direction of the 𝑣𝑖,𝑒𝑝ℎ

convective velocity which scales linearly with the local electric field ( ) by:𝐸[𝑉 𝑚 ‒ 1]

𝑣𝑖,𝑒𝑝ℎ = 𝜇𝑖,𝑒𝑝ℎ𝐸 (1)

with  the electrophoretic mobility. As the anions move up the electric field gradient, 𝜇𝑖,𝑒𝑝ℎ[𝑚2𝑠 ‒ 1𝑉 ‒ 1]
their electrophoretic velocity increases until it matches their convective velocity. The position in the E-
field gradient were the two velocities are equal is their focusing position. A different anionic analyte with 
different electrophoretic mobility (and thus velocity) requires a different electric field to acquire the 
same velocity; hence it will focus at a different location in the E-field gradient. The result is a 
simultaneous separation and focusing of anionic analytes in the concentration gradient, based on their 
electrophoretic mobilities.

The convective flow in ICPF has multiple contributions. Firstly, the electric field across the separation 
channel creates an EOF which scales according to the Helmholtz-Smoluchowski equation:

𝑣𝐸𝑂𝐹 =
𝜀𝜀0𝜁

𝜂
𝐸 (2)

with  the viscosity of the liquid,  the zeta potential and   the relative and 𝜂 [𝑘𝑔 𝑚 ‒ 1𝑠 ‒ 1] 𝜁 [𝑉] 𝜀,𝜀0 [𝐹 𝑚 ‒ 1]
vacuum permittivity. The EOF is of unequal magnitude in different parts of the separation channel, since, 
as mentioned earlier, there is an electric field gradient due to the buffer concentration gradient in the 
depletion zone. The high electric field in the depletion zone results in a locally higher EOF than in the bulk 
region. In addition to the low ionic concentration of the depletion zone, there is a space charge region in 
the separation channel close to the Nafion 2–6. This space charge region has a net positive charge creating 
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a secondary EOF (a.k.a EOF of the second kind 7) with the same direction as the main EOF. This EOF of the 
second kind further increases the difference in EOF between the bulk and the depletion zone. Due to the 
incompressibility of the liquid, this difference in EOF induces a local negative pressure. In addition the 
presence of vortices have been reported in ICPF which in combination with the aforementioned induced 
pressure result in a complex 3D velocity profile 3,8,9. 

2| Droplet generator designs
On figure ESI 1 all the different droplet-on-demand(DoD) generator designs that were tested are shown.

Figure ESI 1 – Representation of the designs tested for the DoD generator. The dimensions were kept the same for the 
integrated designs with the ICPF chips, where the sample channel (marked with “Sample Inlet” at the reservoirs) was 
used as the separation channel a) Full design. The red square indicates the location of the droplet generator. b) 
individual designs. The sample channel is 50μm wide and orifice and oil channel widths range between 10-40μm.

3| Equilibrium pressure calculations and observations
An electric equivalent circuit can be used for the calculation of the effect of the pressures and their 
combination in the system as shown in figure ESI 2 10. All the pressure sources are thereby represented as 
voltage sources, the hydraulic resistances as electric resistances and the volumetric flow as electric 
current.

Figure ESI 2 - Electric network equivalent of the microfluidic network. Where Vd represent the pressure at the 
reservoirs of the dispersed phase. Vin and Vout represent the pressures applied at the Pin and Pout reservoirs (Figure 
1a). Vc is the pressure at the oil-water interface due to the Vin and Vout. VLP represent the Laplace pressure at the oil-
water interface. Rd,1 and Rd,2 represent the hydraulic resistance from the dispersed phase reservoirs to the oil-water 
interface. R1 represents the hydraulic resistance from the Pin reservoir to the oil water interface and R2 represents the 
hydraulic resistance from the Pout reservoir to the oil water interface.



Based on the droplet generator dimensions the expected pressures in order to achieve equilibrium were 
calculated for every design shown in table 1. The experimentally observed pressures that were required 
for the pressure equilibrium are shown in table 2

Table 1 – Expected theoretical pressures in mbar for Pin and Pout resulting in Pc, and the expected PLP at the oil water 
interface. The hydrostatic pressure Pd is assumed to be 2mbar for all designs. The sum of pressure equals to zero 
(equilibrium state)

Desig
n

1 2 6 10 12 15 16 17 19 24

Pin 43.
8

38.
0

36.
4

50.
2

37.
5

39.
0

37.
1

37.
1

43.
0

43.
0

Pout -60 -60 -60 -60 -60 -60 -60 -60 -60 -60
Pc -3.4 -6.6 -6.5 -4.4 -6.5 -3.3 -4.4 -4.4 -2.4 -3.4
PLP 5.3 8.5 8.5 6.4 8.5 5.3 6.4 6.4 4.3 5.3

Table 2 – Observed pressures in mbar for Pin and Pout resulting in zero pressure at the interface. The hydrostatic 
pressure Pd and Laplace pressure are assumed to be the same as in the expected theoretical pressures case. The sum 
of pressure equals to zero (equilibrium state). Pdiff indicates the pressure difference at the interface between 
observed and the theoretically expected values

Desig
n

1 2 6 10 12 15 16 17 19 24

Pin 34 41 31 40 27 37 30 38 30 55
Pout -60 -60 -60 -36 -70 -60 -69 -70 -59 -70
Pdiff -5.4 1.6 -3.0 -6.7 -10.3 -1.1 -7.9 -3.8 -6.9 2.1

4| Droplet on demand evaluation
We investigated the success rate of the DoD generators. Either a single or five droplets were requested of 
each design and the success rate established. If the generator created more or less droplets than the 
requested number, the attempt was counted as a fail. Some actuation pressure schemes for single or 
multiple droplets on demand is show on figure ESI 3. In figure ESI 4 the percentage of success per design 
for a single droplet is shown. On average in 77% of the cases, a successful single droplet was produced. 
For 12% of the cases, no droplet was created and in 11% of the cases two droplets were created. Taking 
into account also the multiple (5) droplets requests out of the total 213 requests (for all the designs) on 
average 74% of cases were successful.



Figure ESI 3 - Pressure actuation schemes a) and b) for a single DoD and c) and d) for multiple DoD with Pin (purple) 
and Pout (black). The dotted line indicates the pressure command that was given, and the solid line is the actual 
pressure measured by the pump. The volumetric flow was also measured (red). Note that Pout is a negative value, but 
it is given here as an absolute value. a,c) a single DoD by decreasing Pin for 5 seconds. b,d) a single DoD by decreasing 
Pin and increasing Pout for 4 seconds. Note that Pout is a negative value, but it is given here as an absolute value. The 
system was returned to the equilibrium state after the application of the pulse.

Figure ESI 4 - The percentage of success of DoD formation. The designs with 0% success were not capable of forming 
a stable equilibrium. In the table, the design number, the number of attempts and the success rate is given. The 
success of a single DoD was 77% and the overall success was 74%.

5| Droplet size
Figure ESI 5 shows the droplet size generated for each design. The droplet size is mainly determined by 
the geometry of the T-junction and more specifically the size (width) of the continuous phase channel. For 
designs 1,2,12,15 and 16 the width of the continuous phase channel is 20 μm compared to 10 μm for the 
remainder of the designs. From figure ESI 5, it is clear that the 20 μm wide designs produce on average 
larger droplets. 



Figure ESI 5 - The average volume of droplets and the volumetric flow rate of the continuous phase for each design in 
the same pressure range. The error bars represent the standard deviation (the number of tests N per design is shown 
at the table on the right). Droplets were generally smaller than 20 pL.
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