Supplementary material: Electronic desalting for controlling the ionic
environment in droplet-based biosensing platforms

The supplementary section expands upon desalting concepts discussed in the main paper through
additional analytical and experimental data. A numerical solution for ion concentration during
desalting in microdroplets is provided, along with plots as a function of applied DC bias for various
initial salt concentrations. An analytical solution for scaling parameters, that ultimately determine
the desalting capacity from high salt conditions, is derived from a composite double layer model.
Independent examination of the desalting effect in droplets was carried out by fluorescent imaging
of immobilized SNARF-5F dye in response to ion separation over the device. Details of surface
functionalization and dye activation for attachment are also provided. Supporting data for these
experiments includes dye calibration, and desalting control experiments in bulk well and DI water.
EIS analysis using circular electrodes, with extracted R and C-components from raw data is also
briefly outlined. The figures are intended to provide the reader with relevant characterization data
for a better understanding of our approach and methods adopted in this paper.

Numerical solution of potential and salt distributions within a microdroplet
Consider the case of two opposite polarity electrodes placed in a droplet with volume V. In a
highly ionic system, DC voltages are subject to rapid shielding by adsorption of counter-ions in
the EDL. The numerical model (Table S-1) solves for the potential, 𝜓, and local ion concentrations,
ni, throughout the droplet. We solve equation (1) for a symmetric 1:1 electrolyte (z = 1) and
implement the right hand side as two discrete functions (equations (2) and (3)). An iterative
solution of equations (1) and (4), subject to the boundary condition (equation (5)), determines .
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Table S-1. Numerical model for calculating ion profiles during desalting
Simulation Geometry

Anode

Cathode
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Using the numerical solution, ion concentration profiles are plotted for microdroplets of various
initial salt conditions as a function of the applied bias with smooth electrodes in figure S-1. For
the same electrode area, the desalting effect (measured by decrease in the bulk concentration of
the droplet ni over the initial concentration n0) decreases with increasing concentration (S-1(a) and
(b)). In S-1(c–h) we see the expected symmetry of positive and negative ions in the numerical
solution. At a low bias of 0.4 V, we again see that the desalting capacity diminishes as we increase
from 1µM (S-1(c) and (d)) to 10µM (S-1(e) and (f)) initial concentration. However, increasing the
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desalting bias to 1 V improves the bulk desalting at higher concentration of 1mM (S-1(g) and(h)).
Note that these electrodes are 4X smaller in area while the droplet volume is only 40% less than
those used in the experiments summarized in table 1 of the main paper. Hence their simulated
desalting capacity is of the order of 50% in S-1(g) and (h).
Analytical model
The potential profile within a droplet can be estimated analytically based on Kilic et al.’s 1-D
compact charge model1. In this model, we incorporate steric effects that arise out of ion crowding
at high salt or large bias by constructing a composite EDL from a compact inner layer and an outer
diffuse layer. Consider a droplet placed on two opposite polarity electrodes.

Based on ionic charge conservation:
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where n  r  and p  r  represent the negative and positive ion distributions, respectively, and
1 2 denotes the region with one-half of the droplet volume.
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If we assume that the double layer is thin,
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In the Boltzmann layer, the potential varies as2
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where, i is the modified Debye length based on the applied desalting bias. At high salt
concentrations and applied bias, ionic charge begins to accumulate in a compact layer of thickness,
lc, adjacent to the Stern layer in the EDL. The critical voltage, Vc, above which we observe the
onset of this phenomenon is given by
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The potential drop across the Boltzmann layer, Vb = min(Ve,Vc). Below the critical voltage, all
charge resides within the Boltzmann layer and, hence, 𝑙𝑐 → 0. The accumulated charge density in
𝑞𝑉

Boltzmann layer increases as exp (2𝑘 𝑒𝑇 ). Subject to this condition, equation (3) gives
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for Ve  Vc and lc  0 for Ve  Vc , with  0  2n0 a3 and f  ni n0 .
ni can be solved using equation (7) for any ionic concentration, no, and applied bias, Ve, for a
given electrode area and droplet volume. Further for very large bias,

layer thickness simplifies to lc  20 n0 a 3
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be depleted to a fraction f with a given electrode area is given by
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The amount of excess surface charge absorbed on the electrodes is given by
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where, - and + signs correspond to positive and negative electrode polarity, respectively.
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Using equation (5), and assuming that the double layer is thin, we get
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SNARF-5F dye functionalization
The HfO2 chip surfaces were functionalized with a monolayer of the SNARF-5F dye molecule
using the covalent NHS-amine attachment chemistry. Prior to functionalization, the chips were
cleaned and surface activated in a diener oxygen plasma RIE (Thierry Corp., MI USA); this was
followed by vapor phase silanization3,4 with 50 µL of 3-aminopropyldimethylethoxysilane
(APDMES) in a septum vial, under mild vacuum, at 85⁰C for 8-24hr to achieve a dense monolayer
surface with a water contact angle of ca. 45⁰. Next, using a well-known activation chemistry5, the
SNARF-5F dye was modified at room temperature with ethyl(dimethylaminopropyl)carbodiimide
(EDC) leaving group and N-hydroxysulfosuccinimide (sulfo-NHS) to form a water soluble
intermediate that, subsequently, reacted with the surface amine in 0.5X PBS buffer at pH of 6 for
2 hr. After reaction completion, the chips were rinsed in DI water, dried and stored in a dark
vacuum dessicator (for short periods only) until experiments. Dye imaging during desalting
experiments was performed on a Nikon Eclipse FN-1 Fluorescent Microscope with high NA
objectives and 540-580/600-660nm Y-2-E/C filterblock (Nikon, Japan).
Imaging surface ionic changes during desalting
The desalting effect was tested in microdroplets (ca. 1000 pL volume) with the ion/pH sensitive
SNARF-5F dye (known to fluoresce well within the 5-8 pH range) under neutral pH conditions as
a function of ionic concentrations. Each experiment was over a duration of ca. 30 seconds, and
repeated for 3 different devices in droplets. S-2(a1-a4) shows a device within a microdroplet and
its fluorescent response at 1V desalting after 30 seconds, with both forward and reverse bias
controls. The placement and configurations of desalting electrodes play a crucial role in
redistributing salts around the device. Both 2-electrode (S-3(c,d)) as well as 4-electrode (S-2(b1b4) & S-3(a,b)) configurations were tested, at 1-100 mM ionic strength range. In the 2-electrode
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configuration, only the East-West electrode pair were biased, while the North-South pair were
floating. In the 4-electrode configuration both pairs were biased such that the North/West and
South/East were at VDesalting1 and VDesalting2 respectively.
Measured relative changes in the fluorescent response of the dye to the desalting conditions were
analyzed over the sensor region. While this region falls within the bulk of the droplet, a net change
in the fluorescence over the gate would reflect on the depletion over the region of interest. We
expected dye partitioning about the vertical (2-electrode) or left diagonal (4-electrode) planes. In
both cases, dye response was consistent with desalting bias and the effect became particularly
apparent at 0.75 V and 1 V, with the -1 V case showing expected reversal symmetry. As visualized
from the transverse profile across the plane of symmetry (S-2(b1-b4)), on-chip desalting was
effective up to the 10.8 mM ionic strength, with no statistically significant change at 100 mM.
Between the two biasing configurations, using the 4-electrode scheme, by virtue of additional
surface area to absorb ions into the EDL, showed increased desalting capacity over the 2-electrode
configuration (S-3).
The calibration curve (S-4) shows dye response over the 0.01-100 mM ionic strength range with
good dynamic range for pH 5-8. S-5 shows fluorescent response across the electrolytes in negative
control experiments from chip regions that were devoid of surface dye (a) and the dye fluorescence
under dry conditions when no ions were present, both without (b) and with desalting bias applied
(c). The dye response during 4-electrode desalting experiments in bulk (S-6) did not show
partitioning and salt depletion over the device—indicative of the overwhelming background
excess. Desalting in a DI water droplet (S-7) returned minimal response at ±1 V due to depletion
of the trace ionic charges.
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Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) measurements provide a convenient and reliable
technique for identifying and analyzing the lengthscales and associated phenomena. Using a low
magnitude 10 mV peak-to-peak signal and a 3/4-electrode potentiostat, we can perturb the
electrodes across the frequency spectrum without driving any irreversible reactions. With this
technique, figure 4(a) was generated and discussed in the main paper. Using the impedance
magnitude (|Z|) and phase angle (Φ) data, it is possible to extract resistive (real, |Zcos(Φ)|) and
capacitive (imaginary, (2πf |Zsin(Φ)|)-1) components. These components are both plotted in S-8
respectively, for smooth Pt, Pt-black conversion as well as for the CV-treated Pt-black from a
single specimen. From both the resistance and capacitance data, we observed that the solutionlimiting response at high frequency was independent of the interface whereas the clear scaling of
nanostructured surface area came into play at low frequencies. The ratios of capacitances
(C/Csmooth) or resistances (Rsmooth/R) were then used to characterize the extent of surface area
enhancement. The surface area ratio was 25 fold for Pt-black over smooth Pt and further, after
CV-treatment, it increased to >100.
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Supplementary Figures

Supplementary Figure S-1. Distribution of positive ions in (a) 1 μM and (b) 10 μM concentration droplet for a desalting bias of
1 V. (c: negative) and (d: positive) ion distributions for 1 μM at 0.4 V desalting bias. (e: negative) and (f: positive) ion distributions
for 10 μM concentration at 0.4 V desalting bias respectively. (g: negative) and (h: positive) ion distributions for 1mM concentration
at 1 V desalting bias. Volume of droplet used for simulation is 300pL and electrode area is 6100 μm2. Note that (a) and (b) are in
log scale, while the rest are in linear scale.
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Supplementary Figure S-2. (a1-a4) Images of desalting in a droplet ([NaCl] = 1.174 mM) in 4-electrode configuration, using
surface functionalized SNARF-5F dye. (b1-b4) Normalized intensity measurement of dye response over the device (spanning -28
µm to +28 µm) shows variation with desalting voltage at each ionic strength.
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Supplementary Figure S-3. Normalized fluorescence intensity of SNARF-5F dye response to ±1 V desalting, showing mean
variations with ionic strength. (a) and (b: reversed voltage) show diagonal dye profile over the -28 µm to 28 µm device region
using 4-electrode desalting configuration. (c) and (d: reversed voltage) show transverse dye profile over the -20 µm to 20 µm device
region in 2-electrode desalting experiments.

Supplementary Figure S-4. Fluorescent response of SNARF-5F dye functionalized on a HfO2 device surface for various ionic
strengths. (a) without pH equalization and (b) with pH equalization.
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Supplementary Figure S-5. Negative control experiments of SNARF-5F dye fluorescence. (a) shows droplets of various ionic
strengths imaged in the absence of the dye (top row: bright field; bottom row: fluorescence), (b) shows the dye imaged a dry chip
(no electrolyte) and (c) shows a device under 1 V applied bias when dry.

Supplementary Figure S-6. Normalized fluorescence intensity of SNARF-5F dye response over the device region to desalting in
a bulk well (150 µL), at different ionic strengths. (a) shows desalting response for 1 V bias and (b) shows reverse control.

Supplementary Figure S-7. Normalized fluorescence intensity of SNARF-5F dye response over the device region to desalting in
a DI water droplet. (a) shows desalting response for 1 V bias and (b) shows variation with applied voltage in the 0-1 V range.
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Supplementary Figure S-8. Plot of (a) resistive (real) and (b) capacitive (imaginary) components from the EIS response versus
frequency for circular test electrodes, showing response of smooth Pt, as deposited Pt-black and post CV-treated samples.
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