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Supplementary movie 1 (“Intensity profiles.avi”). Spatial and temporal evolution of fluorescence
intensity from the drops at k.., = 0 (no leakage) and kpem = 10" m/s respectively. The other values

used in the simulation to generate the movie are listed in Table 1.
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ESI note 1. Derivation of mass flux across water-oil interface.

Following the descriptions in “Fundamentals of Transport Phenomena” Fahien R.W., McGraw-Hill
1983 (p.143-144, 154-157),1 and “Analysis of Transport Phenomena” Deen, W.M. Oxford Press,
1998,% we elaborate on how we arrived at our boundary conditions for flux J across the water-oil
interface:

Cioi .
J = DiaropVCiarop = kperm (Ci,drop - K;Z:r) (Eq. 4 in text):

Molecules can have different solubilities in oil vs. in water droplets. The partition coefficient relates

the equilibrium concentration of species i in the oil phase (Ciegil) to the equilibrium concentration of
species i in the water (drop) phase (C;g,,p):
eq
_ Ci,oil
Kpart = Ceq
i,drop

K, < 1 means species i is more soluble in water than in oil.
K, =1 means species i is equally soluble in water and in oil.
K, > 1 means species i is more soluble in oil than in water.

As such, when K,,,» # 1, equilibrium does not mean equal concentrations of species i in the oil
phase and in the water phase. At equilibrium, there is still a concentration discontinuity across the
water-oil interface. In other words, (C; grop — Cjoir) 1s non-zero at equilibrium. The direct use of
(Ciarop — Cioir) to calculate the driving force for net flux across the interface will result in a non-zero
flux even at equilibrium which is incorrect. The expression for the driving force must account for
the differences in the solubilities of the species in the different phases.

The correct driving force should be the difference in chemical potentials (or activities if the standard
states are the same).' At equilibrium, the chemical potential of species i in the water phase equals
the chemical potential of species i in the oil phase at the interface. Thus, flux J of species i across
the water-oil interface with overall permeability or mass transfer coefficient k£ can be written as Eq.
S1. Since we refer to species i only, we will drop the subscript 7 for the derivations below.

] = k(adrop - aoil) (Eq. S1)

with a4,0p and a,;; being the chemical activities of species i in the water and oil phases
respectively; yarop and y,;; being the activity coefficients of species i in the water and oil phases
respectively.

adrop = Cdropydrop

Aoi1 = Coil)/oil



Electronic Supplementary Material (ESI) for Lab on a Chip
This journal is © The Royal Society of Chemistry 2012

Eq. S1 can be written as:

] = k(Cdroderop - oilyoil)

Yoil
] = k)/drop <Cdrop — Cour L)
Vdrop

Coi
] = kperm (Cdrop - : ) (Eq. S2)

Kpart

_ Ydrop
where Kpqre = ”

” (see “Derivation for partition coefficient” on the next page) and kperm =

kY arop- Kpart » Yarop » Yoir are usually assumed to be independent of concentration if the range of
concentration considered is small.!

Alternatively, one can follow the two-film model as first put forward by Lewis and Whitman®, also
discussed in Fahien' (p.154-156) to derive Eq. S2:
Water | Water ol : Ol

drop | fim | film

Cdmp

Actual profile

Two-film theory
approximation

\ g ol fim Coil
' drop, film} ™ !
v Goil

Water-oil interface /' :
Figure S1. Scheme showing two-film model.

a drop

At the interface, the mass flux of species 7 in the water phase equals the mass flux of species 7 in the
oil phase:
Jarop = Jou = at the water-oil interface ~ (Eq. S3)

We can write the mass flux for the droplet phase and oil phase respectively in Eq. S4, where kg0,
and k,;; are the permeability or mass transfer coefficients of species i in each phase:

— {kdrop(cdrop - Cglkrop,film); droplet phase Eq. S4)
koit(Coir itm = Coit), oil phase

Chemical activities are defined as follows with y 4,0y, and y,;; being the activity coefficients for the
water and oil phases respectively.
Aarop = CaropYarop
Aoit = Coir¥oi
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* —_ *
Agrop,fitm = Cdrop,film)/drop
* —_ *
Aoit,ritm = Coir, fitmYoil
Thus, Eq. S4 can be rewritten as:

k
1] * 1 _ Rdrop
k drop(Cdroderop - Cdrop,filmydrop)l k drop —
— Ydrop Ea. S5
] - kl C* C kl _ koil ( q )
oil( oil,fitmYoil — oilyoil)r oil =3

Two-film theory assumes equilibrium exists at the interface, i.e., that the chemical potentials or
activities (not the concentrations) of species i at the interface are equal.

a:lrop = a:;il (Eq' S6a)
Cd*rop,film)/drop = C;il,filmyoil (Eq. Sé6a)

Incorporate Eq. S6 into Eq. S5, and add the mass flux in water phase to the mass flux in oil phase:
(kloil+k’drop)] = kloilk,drop(cdrop)/drop - Coil)/oil)

’ ’ ’ ’ Yoil
(k oil+k drop)] =k oilk drop)/drop <Cdrop - Coily - >
drop
kloilk’dropydrop

Yoil
L P
(k oil+k drop) arop ou Ydrop

] = kperm (Cdmp — Lol ) same as Eq. S2

Kpart

’ ’
k' oitk drop¥drop
(k’oil"'k’

_ Yd _
where Ky, g, = % and kyerm =

oil drop)

Derivation for partition coefficient (adapted from p.143-144 of Fahien')

At equilibrium, the chemical potentials of species i at the water-oil interface are equal (again we
omit the subscript 7):

Garop = Goy, atinterface

where (fdmp= chemical potential of species i in water or droplet phase at interface
G,;;= chemical potential of species i in oil phase at interface

From thermodynamics, G4yopand G,ycan be related to G°gpqp and G°,;; , their respective chemical
potentials at standard states:
G_drgp = éjdrop + RTln(adrop)
Goit = G°i + RTIn(a,u)



Electronic Supplementary Material (ESI) for Lab on a Chip
This journal is © The Royal Society of Chemistry 2012

where agro0p = CaropYaropis the activity of species i in droplets, and a,;; = Cyi1¥,i 1s the activity of
species i in 0il. y4ropand y,jare the activity coefficients of species i in droplet and oil respectively.

eq Lex Goil—Gil
.o . . — ioil yoil p RT
Partition coefficient can be written as: K, 4+ = —6— = ~ —
par cfl Garop—G’drop
i,drop e
drop RT

If G°grop = G°i1» and Ggrop = Gy at interface at equilibrium:

eq

K _ Ci,oil _ Yarop
part = cel - Yoi
i,drop oil
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ESI note 2. Expression for fluorescence intensity.

Fluorescence intensity / can be expressed as:
I=@lps=0(o—Ix) =0l (1 — I/ Iy) = @ly( 1 — e )

where Iy, I , Lips are the incident intensity, transmitted intensity, and absorbed intensity
respectively. o is the ratio of fluorescence intensity to absorbed intensity, and is a property of the
fluorophore. The ratio 1.,/ Iy is given by the Beer Lambert Law. ¢, /, and C are the extinction
coefficient, path length, and concentration of the fluorophore. If £/ C is small, the equation can be
approximated as:

I=0l(1-¢ )~ olh(elC)= & C

&’ 1s the molar fluorescence intensity used in the text.
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ESI note 3. Estimation of partition coefficient from Courtois et al.

In the estimation of the partition coefficient of fluorescein in the work by Courtois et al.,* we
assume fluorescence intensity is linearly proportional to the concentration of fluorescein which is
valid for dilute solutions of fluorescein. By mass conservation, the reduction in fluorescence
intensity in the droplet must be due to the loss of fluorescein to the oil phase. The partition
coefficient of fluorescein between the oil and water phase could be estimated from the ratio of
fluorescence intensity lost from the drop, to the fluorescence intensity remaining in the drop.

We note that, however, the volumetric flow rates of oil and aqueous phase were 100 uL h™ and 60
pL h! respectively in the reported experiment. Since there was no mention of ways to increase the
volume fraction of droplets downstream after the drops were generated, we assume the volume of
oil was 100/60 that of water in the observation chamber or reservoir. This higher volume of oil
would lead to greater loss of intensity from the drop; the K, calculated would be higher than
expected. The actual K, should be adjusted by the volume ratio between the oil phase and the
water phase (or total droplet volume), i.e.,

« = G Lgrop(t = 0) —1230,,<VW> 11— 0.88( 60 ) 0,082
Pt I, Vou/ 088 \100/

Cy = original concentration of dye in water (at time ()
CEI=concentration of dye in oil at equilibrium

oil
e . . .7 .
CEl —=concentration of dye in water at equilibrium

drop
Ny = initial total number of moles of dye in water (zero in 0il)

N:g = total number of moles of dye in oil at equilibrium

eq
Ndrop
Vit = volume of oil

V., = total volume of all water drops

= total number of moles of dye in water at equilibrium

N()/ VW = C()
eq — req
Ndrop / VW = Cdrop
N0=Noeﬁ +N§fop (mass conservation)
Accordingly,
Nyt No — N ggop
eq —__arop
k= Cot _ Vou _ Noi (V_w) _ No = Nayop (V_w> T W (ﬁ)
part — ~eq eq — ar€q - eq - eq
Cdrop Ndrop Ndrop oil Ndrop oil Ndrop Vour
w w
Co—CSl v Lirop(t=0) =131V
= = drop (—W) ~ 5 drop (—W) (for dilute solutions)
Cdrop Voil IdT‘Op oil
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ESI note 4. Order-of-magnitude estimation of micelle size.

Here we seek an order-of-magnitude estimation of the hydrodynamic radius of micelles formed by
surfactant Abil EM 90, to estimate the order of magnitude of micelle diffusivity. The structure of
Abil EM 90, the surfactant used by Courtois et al.,* is reported to have this form:

I
CH3—Ti—O Ti—O Ti—O— Ti—O S|i—CH3
CH, ((|:Hz>p <<|:H2>q CH, | CH,

CH, O

—a |

| PE

—m

where PE=(C,H40)1,—H, 0=2, m=8, n=20, p=9, q=3. The PE group is hydrophilic. When in the
form of a reverse-micelle in a hydrocarbon-based continuous phase, the two silicone tails face
outwards. Assuming a bond length of ~ 0.1 nm, we estimated the head group to have a length of ~
0.2nm x (12 + q) =3 nm. The tails have a length ~ 0.2 nm x n =4 nm. The radius of the micelle is
thus approximately on the order of ~ 7 nm.
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Figure S2. Periodic vs. no-flux boundary condition

We compare the effect of periodic v.s. no-flux boundary condition at the edge of the droplet array in
Figure 3. We simulated an array of 342 hexagonally packed drops, consisting of 155 positive drops
(containing fluorescein only) and 187 negative drops. The locations of the positive drops were
randomly chosen in Matlab. We simulated 1 set of positive drop distributions only. a) Positive drops
are indicated in red, and negative drops are indicated in white. The number in a positive drop
indicates the number of immediate neighboring drops that are negative. The number in a negative
drop indicates the number of immediate neighboring drops that are positive. b) Normalized intensity
from the array of drops at # = 6 hrs in the x-y plane at z=0. The intensity is normalized with respect
to the maximum intensity. ¢) Change in fluorescence intensity from positive drops (/1) as a
function of time, when surrounded by different number of immediate neighboring drops that are
negative. d) Change in fluorescence intensity from negative drops (/..) as a function of time, when
surrounded by different number of immediate neighboring drops that are positive. The solid lines
represent the mean intensity values when the boundary of the array of drops is periodic, and the
dashed lines represent mean intensity values when the boundary of the array is no-flux. The height
of the error bars indicates one standard deviation of intensity values from the mean calculated using
all drops within the array in (a) having a given number of immediate neighbors. ke, = 3.5 x 107 10
m/s, Kpar = 0.082, Doy = 10" m%/s, R =22.5 pum, and C,(t=0) = 10 uM. The values of other
parameters used are marked with * in Table 1.
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Figure S3. Effect of K.,

(a,b) Change in fluorescence intensity along line AC as a function of time, when a central positive
drop containing a fluorophore (fluorescein) is surrounded by 6 negative neighboring drops that
contain a non-fluorescent buffer. We set the border of the continuous phase to be no-flux. The
partition coefficients are (a) K, = 0.082, and (b) K, = 2, respectively. (c) Distribution of drops
used to generate S3d. Positive drops with fluorescein are indicated in red and green. The intensity of
the 6 green drops are monitored to generated the curves in S3d. Negative drops are indicated in
blue. The border of this array of drops is periodic. (d) Average fluorescence intensity (/.+) from the
6 positive drops indicated in green as a function of time at different values of K,,,,,. All these 6 drops
have 4 negative immediate neighbors. The height of the error bar indicates one standard deviation
of intensity values from the mean calculated using these 6 drops. Here, &y = 3.5 X 1071 m/s, D, =
10" m%s, R =22.5 pm and Cy(t=0) = 10 uM. The values of other parameters used are marked with
*in Table 1.
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Figure S4. Effect of the shape of the drop.

Comparison of leakage from drops with vertical sidewalls and drops with curved sidewalls. Here we
consider leakage of a fluorophore (e.g., fluorescein) only without reaction. For cases 2-4, the
contact angle between water and the wall of the chamber is 135°. We assume the curvature profile is
an arc of a circle. For case 5, the drops are spherical. We performed the simulation in 3D. a)
Scheme of the two drops we simulated in cases 2 to 5. b) Scheme in x-z plane. ¢) Fluorophore
concentration in the negative drop as a function of time for the 5 cases. Table S1 lists the geometries
used in the 5 cases. The values of other parameters used are marked with * in Table 1.
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Table S1.
Droplet efl:; d Droplet Area/Volume
Case sidewall | R=h(um) | s(um) Smin(NM) pos P 3 ratio (A/V) Note
to oil Volume(m) ‘1
profile (m?) (m™)
Case 1 vertical 10 4.2 4200 6'21%15_ 3.14E-15 2.00E+05
same A/V
Case 2 curved 9.64 4.2 207.0 7'3IZ)E- 3.69E-15 2.00E+05 ratio as
case 1
same R
Case 3 curved 10 4.2 57.9 791%]3 4.11E-15 1.93E+05 and h as
case 1
same
Cased | curved | 9.14 42 | aar | OO suapas | 2aipees | doplet
10 volume as
case 1
same
droplet
Case5 | sphere | R 099 | 2238 | 4200 | 1.04E-9 | 3.14E-15 | 330B+0s | volumesas
h=2R case 1;
spherical
shape

11
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Figure S5. Effect of spacing between drops.

Variation of SNR with time at various spacing s between the drops. The values of other parameters
used are marked with * in Table 1.
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