Supporting Information
for

Ultralocalized thermal reactions in subnanoliter droplets-in-air

Numerical simulation:

The temperature of the droplet was determined by a systematic and self-consistent numerical
solution of coupled electrical and thermal responses of droplet. The details are described below.

Calculation of electric field distribution by electrostatic simulation:

In order to calculate the heating of the droplet, we must first calculate the power-dissipation,
P = 1/20EZ,, at every point within the droplet, see Egs. 9, 10. The electric field E,, is obtained
by solving the Poisson equation (Eq. 1) numerically for the device shown in Supplementary Fig.
5 by using a well calibrated commercial device simulator [1]. Due to high frequency of applied
ac bias (10 MHz), the electrostatic screening due to the ac field may be neglected [2], hence p is
set to zero in the RHS of Eq. S3. Finally, the source and drain are grounded; therefore we assume
the channel potential to be zero (Eq. 5). The solution of Egs. 3-5 allows us to calculate E,,
throughout the device, including the droplet.

Next we calculate the spatially resolved conductivity (o) within the droplet by solving for
distribution of ion concentration through Eqs. 6-8. The surface charge, g,y is calculated by
assuming droplet pH = 7 and surface OH group density, N;~10'* c¢m~2 [3]. Since the
potential, V,;. due to surface charges (due to formation of double layer) is small (< 0.1V), the
effective conductivity is essentially identical to that of bulk solution. Regardless, the approach
described here is general and should apply to any biasing conditions. Note that the decoupling of
the ac and dc Poisson equation (Eq. 2) is justified because the ac voltage V,.,,,s (22 — 36V) >
Vie (< 0.1V).

Calculation of temperature distribution by thermal simulation:

The spatially resolved power dissipation (P) obtained from the numerical simulation of Poisson
equation, is used to calculate the heat generation in the buffer solution (Eq. S10, S11) and the
oxide (Eq. S10,S13). Time transient heat equation (Eq. S9) was solved using MATLAB® PDE
toolbox [4] to determine the temporal and spatial heat profiles throughout the device. The heat
generation terms include both Joule heating of ions in solution as well as dielectric relaxation in
water and oxide, see Egs. 11,13. Also, we assume that the electrical conductivity of the solution
is proportional to the ionic concentration (Eq. S12). Convective transfer of heat from the droplet
to the air was approximated by assuming that the droplet is covered by a 5 um thick boundary
layer of air. Radiative heat transfer, however, was neglected in the simulation. The buffer
solution and oxide are assumed to be free of any trap charges. The physical constants used in the
simulation are listed in Supplementary Table 2, 4. Dirichlet boundary condition (Eq. S15) was
applied on all the outer boundaries for the simulation and thermal fluxes were assumed to be
continuous across the interfaces.



Discussion of the numerical results:

Supplementary Fig. S1 shows the electric field profile in the droplet obtained from the solution
of Eq. (3) and Eq. (4). As expected, maximum electric field occurs near edges of the active
device due to fringing effects. Consequently, the Joule heating of ions is maximum near the
surface of the device. Also, as we increase the voltage (a-c), the fringing fields increase and
hence, the temperature increases (Supplementary Fig. 1 a-c). The bottom panel in Fig. S1 a-c
shows the temperature cut at the center of the device along the direction perpendicular to oxide
surface.

Simulations for different droplet sizes (Supplementary Fig. S7), shows that the temperature
becomes more uniform as the radius of the droplet decreases. Due to significant mismatch in
thermal conductivity of the droplet vs. the substrate, we find that the maximum temperature is
essentially independent of the droplet size, i.e ~ 4 degree change in temperature for 64 times
increase in the volume of the droplet. This relative insensitivity of temperature to the droplet size
allows precisely tuning of the droplet temperature regardless the inevitable variation in the
droplet size.

Supplementary Methods:

Droplet evaporation:

To quantify droplet evaporation using the AC heating technique compared to a bulk heating
technique, the diameter of droplets were measured before and after heating. Volume was
calculated assuming a hemispherical shape of the droplet. AC Heating was accomplished by
applying 30 Vs for 2 minutes. This value corresponds to around 60°C in the core of the
droplet. For the bulk heating, a stage heater from Instec Corporation was used to heat the chip
and droplets to 60°C. Images were taken before and after heating and the diameter was
measured using Imagel.

Image capture and analysis:

To observe the changes in fluorescence, heating of the device took place on a Nikon Eclipse FN-
1 fluorescence microscope stage. A B-2E/C FITC filter was used for monitoring the change in
the fluorescein fluorescence. As the voltage was swept from 0-40V s at 2.4V s steps for 12
seconds each, a video was taken using NIS-Elements from Nikon, Inc. controlling a Nikon DS-
Ril camera. These videos were then imported as a stack into NIH’s software ImageJ. Each
droplet’s area was selected using oval selection. The mean grey value of the area selected
through the entire stack was then measured. This provides a quantitative measurement of each
individual droplet’s fluorescence. This raw fluorescence was normalized and then plotted along
with its derivative to provide the melting voltage for each droplet.



Supplementary Figure Legends

Supplementary Fig. S1: Simulations of heating (A) and (B) Plots of electric field and
temperature for 22 V.. (C) and (D) Plots of electric field and temperature for 30 V. (E) and
(F) Plots of electric field and temperature for 36V,ms. (G) Thermal profile within the droplet at X
=0 um for 20, 30 and 36 V.

Supplementary Fig. S2: AC vs. bulk heating evaporation The AC heating technique shows a
2.5% average decrease in volume (n = 9, st. dev. 2.2%). The bulk heating technique shows a
16.7% average decrease in volume (n =9, st. dev. 1.1%). The two-tailed P-value is < 0.0001.

Supplementary Fig. S3: Fluorescent images of droplet fluorescence through a voltage sweep
(A), (B), and (C) show fluorescent images of the 50, 61 and 80°C FRET constructs, respectively,
as the voltage is increased from 0-42V,ys. These images represent the data in Fig 4B.

Supplementary Fig. S4: SYBR Green melting vs. FRET construct melting A plot of the
melting voltage vs. melting temperature plot with the FRET construct method and the SYBR
green method. The melting voltages extracted from SYBR green melting fit the pattern
established by the FRET construct melting points.

Supplementary Fig. S5: Cross-sectional view of simulation schematic

Supplementary Fig. S6: Maximum temperature uniformity with varying droplet diameter
(A) 3 different diameter droplets were spotted on 3 linked devices. (B) Fluorescence increases
uniformly with a voltage sweep. (C) The derivative of (B) is shown. The uniform peak for all 3
droplets implies a uniform maximum temperature in the droplets.

Supplementary Fig. S7: Simulation of temperature profile uniformity in droplets of varying
radius Temperature becomes more uniform as the droplet radius becomes smaller.

Supplementary Fig. S8: Uniform, parallel droplet heating (A) Shows a bright field image of 5
droplets on linked devices where a single lead connects multiple heating elements. (B) A
fluorescent image taken before the heating process. (C) A fluorescent image taken after heating
of the 5 droplets simultaneously. The FRET construct has denatured resulting in an increase in
observed fluorescence. (D) Raw fluorescence data taken during the voltage sweep. (E) A
derivative of (D) provides the melting voltage for each droplet. The melting voltage is the same
for all 5 devices which indicates uniform heating across the linked devices.

Supplementary Fig. S9: Commercial data for the heteroduplex experiment (A) and (B) show
commercial melting curve and derivative data for the FRET constructs used in Fig. 4D and 4E.
The heteroduplex shows a melting temperature 6-7°C less than either of the fully complementary
strands.

Supplementary Fig. S10: FRET construct dehydration and rehydration (A) A schematic of
the dehydration/rehydration process. A probe ssDNA sequence is dried on the device surface.
The probe ssDNA is rehydrated using low evaporation solution containing the target ssDNA



sequence. (B) and (C) The melting curve and derivative of the initial heating-cooling step. The
fluorescence increases in dual-peak manner, implying improper initial DNA hybridization.

Supplementary Fig. S11: Dehydration/rehydration of dSDNA FRET construct (A) Pictures of
the process flow are presented. (i) Shows bare device. (i) dSDNA FRET construct is dehydrated
on the surface. (iii) A fluorescence image of the spotted dsDNA. (iv) 3 of the dsSDNA spots are
rehydrated with the low evaporation Protein Carrier Solution. (v) A fluorescence image of the
rehydrated dsDNA. (B) & (C) A melting curve of the rehydrated dsDNA is taken. The
fluroescence shows a single distinct peak implying proper DNA hybridization and melting.



Supplementary Table S1: Description of symbols

Supplementary Table S2: Parameters for electrostatics simulation (Refer to Egs. (1-8) in
Supplementary Table S3)

Supplementary Table S3: Summary of model equations (Refer to Supplementary Table 1, 2,
and 4 and Supplementary Figure S5)

Supplementary Table S4: Thermal simulation parameters (Refer to Egs. (9-15) in
Supplementary Table S3)

Supplementary Table S5: Averages and standard deviations from Fig. 1 Multiple single
droplet denaturation studies were completed using the 50, 61 and 80°C FRET constructs.

Supplementary Table S6: Sequence, melting temperature and melting voltage for the
dsDNA fragments used in the SYBR Green denaturation experiment from Supplementary
Fig. Se6.

Supplementary Table S7: Averages and standard deviations from Fig. 4B and 4C. Multiple
parallel droplet denaturation studies were completed using the 50, 61 and 80°C FRET constructs.

Supplementary Table S8: Averages and standard deviations from Fig. 4D and 4E. Multiple
parallel droplet denaturation studies were completed using the 71.7, 70.2, and Heteroduplex of
71.7 and 70.4° FRET constructs.



Supplementary Figure S1
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Supplementary Figure S2
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Supplementary Figure S3
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Supplementary Figure S4
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Supplementary Figure S5
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Supplementary Figure S6
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Supplementary Figure S7
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Supplementary Figure S8
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Supplementary Figure S9
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Supplementary Figure S10
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Supplementary Figure S11
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Supplementary Table 1

Symbol Description

¢ Net potential
Pac Potential due to applied ac bias
P e Potential due to surface charges
o} Density of charges
Den Channel potential
Pk Potential at the bulk contact
Vis Applied ac bias
Oon Surface charge due to ionization of Silanol (SiOH)
groups
Pion lonic charge in droplet
T Temperature
t Time
o Conductivity in the specified region
Oion Conductivity due to NaCl
E.. Field obtained from ac simulation
T, Temperature at all outer boundaries




Supplementary Table 2

Parameter Symbol Numerical value/units Ref
Permittivity in Free Space € 8.85*102 F/m [5]
Relative Permittivity in Air €, 1 -
Relative Permittivity in €, 78.8 [7]
Water
Relative Permittivity in €ox 3.9 [8]
oxide
Relative Permittivity in €g; 11.8 [9]
silicon
Electronic Charge q 1.6*10"° C [5]
Boltzmann Constant kg 1.38*1023m?kgs2 [5]




Supplementary Table 3

Boundary Conditions: T, = 298K (Temperature at all outer boundaries)

(15)

Equations for electrostatics: Ref
—V.(eVp) =p M| 6]
¢ = ¢ac + bac (2)
AC Simulations (for obtaining the electric field profile):
V.(eVyec) =0 (Region: R2-R6) 3)
Eqc = —Voac (4)
Boundary Conditions: Gch = 0; dpuik = Vpe )
DC Simulations (for obtaining the conductivity):
—-V. (Ev¢d0) = Pion (6)
— : qPac . .
Pion = 2qng sinh (kB—T) (Region: R2) (7)
Boundary Condition: —€wVhac = don (Region: R2-R3, R2-R5 interface) @) | 6]
Equations for Thermal conduction:
oT
pC oz =V.(VT) + P 9)
P=-0F% (10)
T = €yEoW + Ojon (Region: R2) (11) | [7]
Oion = Pion®Ayg+ + Acr-) (12)
0 = €pxEqW (Region: R3, R5) (13) | [5]
c=0 (Region: R1,R4,R6) (14)




Supplementary Table 4

Parameter Symbol Numerical value/units Ref
Thermal conductivity of Air Kk, 0.024 W/m.K [10]
Thermal conductivity of Water k, 0.568 W/m.K [11]
Thermal conductivity of oxide Kox 1.4 W/m.K [12]
Thermal conductivity of silicon K 149 W/m.K [12]
Mass density of air Pa 1.2 kg/m?3 [10]
Mass density of water Puw 1000 kg/m?3 [12]
Mass density of oxide Pox 2600 kg/m?3 [12]
Mass density of silicon s 2300 kg/m?3 [12]
Specific Heat Capacity of air C, 1000 J/kg.K [10]
Specific Heat Capacity of water C, 4180 J/kg.K [13]
Specific Heat Capacity of oxide Cox 1000 J/kg.K [12]
Specific Heat Capacity of silicon C,i 710 J/kg.K [12]
Loss factor in oxide at 710 MHz €ox" 3.9*104 [5]
Loss factor in water at 10 MHz €, 0.1 [7]
Limiting Molar conductivity of Na* Ana+ 50 Scm?/mol [14]
Limiting Molar conductivity of Cl- Ac. 76 Scm?/mol [14]
Surface Silanol (SiOH) group N 5*10" cm? [3]
density
lonic concentration of NaCl ny 225 mM -
pH of buffer solution pH 7 -
Frequency w/21T 10 MHz -
Calibration parameter a 0.20 -




Supplementary Table 5

FRET construct with
melting temperature

Average melting voltage Standard deviation

(1) 50°C 21.84 1.00 (n=5)

(2) 61°C 30.3 2.70 (n=8)

(3) 80°C 36.0 1.81 (n=8)




Supplementary Table 6

Measured
melting

temperature
T (Vi)
m

Measured
melting voltage

Sequence

5’-AGGCTTAGCTACA-3’

1 55°C 28.8 V.
3-TCCGAATCGATGT-5’

5’-CGCACCCAGGCTTAGCTACAAACAT-3

2 75°C 336V, .
3-GCGTGGGTCCGAATCGATGTTTGTA-5

5'-CGCACCCAGGCTTAGCTACAAACCGTCACTGGCATTGCAGTT-3

3 82°C 372V,
3-GCGTGGGTCCGAATCGATGTTTGGCAGTGACCGTAACGTCAA-5



Supplementary Table 7

FRET construct with
melting temperature

Average melting voltage Standard deviation

(1) 50°C 17.04 1.31 (n=5)

(2) 61°C 26.16 2.15 (n=5)

(3) 80°C 33.36 1.31 (n=5)




Supplementary Table 8

FRET construct with

melting temperature

Average melting voltage

Standard deviation

(4)71.7°C 35.76 3.64 (n=5)
(5) 70.2°C 35.76 2.15 (n=5)
(4-5) Heteroduplex 64.1°C 28.08 1.07 (n=5)
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