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Supplementary Figure S1
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Figure S 1. Description of microfluidic modules. (a) Dropmaker device: droplets are produced by flow-focusing of the
aqueous stream' with two streams of fluorinated oil containing surfactant. The device was used to produce 10, 18 or 20 nl
droplets depending on the experiment. (b) Fluorescence Activated Droplet Sorter (FADS) device: droplets are reloaded (2) and
spaced-out at a flow-focusing junction with fluorinated oil. The droplets are analyzed by the optical setup and fluorescent
droplets are sorted at 4 to 20 droplet.s~! by applying AC field pulses (30 kHz; 1400-1800 Vppi 10 - 30 ms).
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Supplementary Figure S2
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Figure S 2. Emulsion stability. (a-c) Fluorescence histograms for three emulsions comprising a 1:1 mixture of 10 nl droplet
containing 1 uM or 30 uM sulforhodamine B, respectively after 24 h incubaton at 30°C. Droplets were reloaded in the FADS
device for fluorescence analysis. The droplets with intermediate fluorescence (red zone) corresponding to coalesced droplets is

shown in red text.
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Supplementary Figure S3
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Figure S 3. Validation of the FADS module. (a-b) Finite-element simulations of potential (a) and dielectrophoresis force

(DEP) (b) distributions across the FADS device channels with the same-side electrode configuration (i) or the cross-side

electrode configuration (ii). (c) Color image analysis of the sorting efficiency. Images of the emulsion before sorting (i), of
unsorted (ii) and sorted (iii) droplets were analyzed using a homemade MATLAB R2013a routine to distinguish and count
negative colorless droplets and positive blue droplets. (d) Evaluation of the efficiency of the sorting process. Movies of the
sorting process were analyzed to determine the number of false negatives and false positives using different throughputs and
droplet volumes. The table summarizes the results of the video analysis, as well as the electric field parameters and the flow

rates of the emulsion and the spacing oil.
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Supplementary Figure S4
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Figure S 4. Library construction. (a) Phenotype distribution (o-amylase activity) within different libraries measured at the
single individual level using droplet-based microfluidics. Histograms of the green fluorescence signal (514 nm; related to
a-amylase activity) of the droplets after single spore encapsulation with the fluorogenic substrate and incubation at 30°C
during 24 h in the cases of the O58 wild type strain, chemical treatment (2 or 3 h exposure to 2% MNNG) or UV treatment (30,
60 or 90s exposure to [254 nm, 1.30 mW/cm~2)] light). The wild-type histogram shows data from ~200,000 droplets
(~20,000 clones) while the histograms of the libraries each show data from ~30,000 droplets (~6,000 strains). (b) Survival
curve of Aspergillus niger O58 strain exposed to or UV light (254 nm; 1.30 mW.cm~2). Error bars represent &1 standard
deviation based on triplicate measurements.
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Supplementary Figure S5
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Figure S 5. Microplate o-amylase titration. A calibration curve was produced using an o-amylase standard (7500 U.g™!) for
the 0-300 mU.ml ! range. The o-amylase activity was measured using the BODIPY ®FL-labeled DQ™™ starch assay in
microtiter plate at 45°C (Aex = 480 nm; Aem = 515 nm) in citrate buffer (0.33M; pH3.3). Error bars represent the standard
deviation based on triplicate measurements.
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Supplementary Figure S6
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Figure S 6. Same-side vs. cross-side electrode configuration. (a) Force diagram of a droplet passing through a sorting chamber. The outlet channels have
different widths. By default, droplets flow into the wider channel due to its lower fluidic resistance. When an electric bias is applied to the electrodes, however,
the DEP force (Fpgp) displaces the droplet in the y-axis orthogonal to the flow, directing the droplets into the narrower channel. The fluorinated carrier oil
around the droplet imparts drag force (Fp,qg) that opposes the DEP force. The interplay between these two forces determines the sorting frequency of the
droplets. In the same-side configuration, electrode 1 and electrode 2 are connected to the positive and negative outlets of the high voltage amplifier,
respectively, and electrode 3 is left unconnected. In the cross-side configuration, electrode 1 and electrode 2 are connected to the positive outlet from the
high-voltage amplifier, while electrode 3 is connected to the negative outlet. (b) Setup for modeling the same-side electrode configuration. The origin in the
derivation is located at the mid-point between the tips of the two electrodes. The r represents the distance from the origin to the centroid of the droplet at any
given point in time, while 6 refers to the angle made between the x-axis and the line r, calculated in counter-clockwise fashion. The distance between the
electrodes is g. (c) Distribution of field inhomogeneity |V|E |2| with the same-side electrode configuration. The distance between the electrodes is g. (d) Setup
for modeling the cross-side electrode configuration. The analytical solution to the electric field distribution can be calculated using an approach based on a
point and line electrode. Similar to the previous calculation, the origin in this derivation is located at the mid-point between the tips of electrode 1 and electrode
2. In the cross-side configuration, electrode 1 and electrode 2 are both connected to the positive outlet from the high-voltage amplifier, while electrode 3 is
connected to the negative outlet from the high-voltage amplifier. This connection establishes a voltage bias across the sorting chamber. This is in contrast to the
same-side configuration, in which the voltage difference is set only on one side of the sorting chamber. (e) Spatial distribution of field inhomogeneity |V\E 1|

with the cross-side electrode configuration.
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Supplementary Table S1

Time footprint Cost footprint

Microfluidics ~ Microtiter-plate Microfluidics Microtiter-plate
Emulsification Picking Medium: 18 nl x 5.10* = 0.9 ml  Medium: 1 ml x 10* = 10 |
Compartmentalization  5.10% clones.h! 50 clones.h? . <$1 . <$1
<1h 200 h Syringe, tubing, oil, device 24-well plates x420
$1 $420
Overnight 5 days incubation - Water: 1 ml x 104 = 10 |
. ! 120 h <$1
Culture |nc:t;a|t‘|on Enzyme solubilization Tips x10,000
48 h - $500
Fluorogenic substrate: 25 mg
1 1 Fluorogenic substrate: 45 ug $6,700
Sy 7,000 clones.h 400 clones.h $12 96-well plates x105
1.5h 25h Syringe, tubing, oil, device $150
$1 Tips x20,000
$1,000
Total <24 h 393 h $14 $8,770

Table S 1. Estimation and comparison of time and consumables cost footprints for the screening of 10* fungi using a
traditional plate-based systems or the microfluidic system. Compared to plate-based system, the cost and time footprints of a
microfluidics screen are more than 600 and 16 times lower, respectively. Combining a 10* fungi microfluidic screen with a

subsequent plate-based screen of 1,272 fungi reduces the cost and time footprints by 8 and 2, respectively, compared to a full

plate-based screen.
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Supplementary Video S1

Movie S1. Spore germination and hyphal growth within 250 pl water in oil droplet. Single spores were encapsulated in 250 pl
droplets containing PGS growth medium. Droplets were immobilized in a drop spot array and incubated for 17h at 30°C.

Supplementary Video S2

Movie S2. Production of 10 nl droplets using the dropmaker device.

Supplementary Video S3

Movie S3. Fluorescence-activated sorting of 10 nl droplets using (1.4 kV; 30 ms) AC pulses in the case of the cross-side
electrode configuration

Supplementary Video S4

Movie S4. Fluorescence-activated sorting of 10 nl droplets using (1.4 kV; 30 ms) AC pulses in the case of the same-side
electrode configuration

Supplementary Video S5

Movie S5. Fluorescence-activated sorting of 10 nl droplets using at 4 Hz.

Supplementary Video S6

Movie S6. Fluorescence-activated sorting of 10 nl droplets using at 17 Hz.

Supplementary Video S7
Movie S7. Reinjection of 10 nl droplets in the Fluorescence-Activated Droplet Sorter (FADS) device.

Supplementary Video S8

Movie S8. Sorting of Aspergillus niger fungi based on a-amylase secreted activity in 18 nl droplets.
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Theoritical analysis of dielectrophoretic sorting

In dielectrophoretic droplet sorters,' = droplets flow in carrier oil towards a Y-shaped junction. With no electric field, all drops
flow into the waste channel which offers lower hydrodynamic resistance than the second, collect channel. To direct droplets into
the collect channel, on chip electrodes are energized, creating an electrical field gradient, which generates a dielectrophoretic
force (DEP) acting on the droplets. In order to be sorted, DEP forces must displace the droplet by a critical distance orthogonal
to the flow, d,, in the time, ¢#,, it takes the droplet to traverse the electrical field gradient. The DEP force on a spherical droplet
is given by equation (1),

|Fpep| = 478, R*Re| fom]V |E | (1)

in which, |Fpgp| is the magnitude of the DEP force, R is the radius of the droplet being subjected to the DEP force, Re[fcum|
is the Claussius-Mosscoti factor (which itself depends on &; and &;,: the complex permittivity of the droplet and the carrier fluid,

respectively) and V|E | denotes the electrical field gradient. The carrier oil, however, imparts drag force, which opposes the
DEP force as the droplet moves through the fluid orthogonal to the flow (Supplementary Fig. S6). In the limit of low Reynolds
number, relevant in microfluidic environment, this drag force is described by:!

Fyrqg = 6TMRY 2)

where 1) designates the viscosity of the carrier oil, R denotes the radius of the droplet, and v denotes the velocity of the
droplet. Hence, applying Newton’s second law, the following relationship can be obtained:

. d
Y F, = 4ne,RRe[fcu]V|E|* — 62N Ryy = m% N

Equation (3) describes the movement of the droplet in the y-axis under the influence of DEP and the drag force. By solving
equation (3), we can describe the velocity of the droplet in the y-axis as a function of time:

2R?€,R VIE|? —or
— & e3[fT‘ICM] | | (l_e ﬁman) (4)

Equation (4) shows that the DEP causes the droplet to accelerate along the y-axis, orthogonal to the flow, before reaching a
terminal velocity, v, , when the drag force balances the DEP force (since Fg,q increases with v):

Vy

2R€,Re fom]V|E|?

= 5
Viy 3n &)
Furthermore, equation (4) also shows the transition time, 7, to reach terminal velocity
m
T= 6
67TNR ©
In the regime where the droplet is spherical, the mass of the droplet is related to its radius through relationship:
67R>
m=p=— @)
Substituting equation (7) into equation (6), T can be written as:
2pR?
o=P ®)
om

Taking the typical values for all the variables used in the experiments (p= 1,000 kg.m3; R = 250.107% m; and = 0.77
Pa.s) the transition time 7 ~ 18 ps. This transition time is significantly smaller than the duration of the sorting pulse, (10 - 40
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ms). Hence, the droplet can be assumed to be at terminal velocity throughout the sorting process and equation (5) can be used
to describe the movement of the droplet in the y-axis within the sorting chamber. However, the droplet also travels in the x-axis,
parallel to the flow, carried by the oil. If the droplets do not interact with each other mechanically, the terminal velocity of
the droplet owing to pressure difference is relatively constant.* Hence, equation (5) can be used to estimate the theoretical
maximum sorting frequency, f,,;. Assuming that the critical distance d the droplet must be displaced in the y-axis in order to
be sorted equals the diameter of the droplet: dy = 2R; and that in order to prevent false positives, no more than one droplet can
be in the electric field in the sorting chamber at any one time:

viy iy 1 2R%&uRe[femV|E|

Jeo = o = 3R T 2R 3n

©))

The derivation of Equation (9) assumes that as soon as one drop is sorted the next droplet arrives in the sorter. During our
experiments, however, this was not the case. Droplets were spaced with sufficient carrier oil to prevent false positives due to
two consecutive droplets being in the sorter at the same time (Qgroprers 125-700 ,I,Ll.h’1 and Q,;; 10-21 ml.h~"). Therefore the
ratio between the droplet diameter and the interval to the next droplet is approximately 100:1. This would result in observed
sorting frequencies approximately 100-times smaller than that calculated from the theoretical maximum since the droplet travels
through a distance of d), ~ 2R as it undergoes the sorting operation.

As fsors depends on the electric field inhomogeneity V|E" |2, we derived the analytical form of for both the same-side and
cross-side electrode configurations (Supplementary Fig. S6).

The electric field distribution in the case of electrode with the same-side configuration can be modeled as an electric dipole
field, considering the tips of the electrodes as point electric charges. Standard textbook derivation® dictates that the electric field
distribution of a dipole can be written as:

- 3 ~ ~
E:%sin@cos@i—&-g—;(?»cosze—l)j (10)
r r

where r, g, and 0 are as defined in FIGGGGGGUU. Using algebra, the magnitude of the electric field \E | can be written as:

E= E§+Ey2:%(3cos29+l)l/2 (11)

Hence, the term V|E|? can be derived as follows:

Lo —4g°V2(1+43c0s6?) . —6g°VZcosOsind) ~
V|E|2: g°V4( :— cos )r-i- g~V *cos 6sin )6 (12)
r ”
if expressed in polar coordinate form. Hence, the magnitude of V\E | can be expressed as
., 16g*V4(1+3cos02)2  36g*V*cos 02 sin 62
VIEP] =\/ gVt Scosb ) | 30TV con (13)
r r
which can be simplified to give:
. g2v2
IVIE]*| = 2—5\/4—#36005 64 4 3cos2 0(8 + 3r2sin’ ) (14)
r

The value of cos8 < 1, hence, we can safely neglect the contribution from the term cos*6 < 1. The equation then can be
reduced to:

=2 g2V2 2 2 win
[VIE| |:2r—5\/4+3cos 0(8+3r?sin“ 0) (15)

Supplementary Fig. S6 shows that the magnitude |V|F? |?| depends on position of the droplet in the sorting chamber: as the
droplet traverses the sorting chamber, the magnitude of |V|E|?| varies. The inhomogeneity is extremely large in the region
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very close to the proximity of the tip of the electrodes. However, |V|E|?| tapers off rapidly in the region slightly further away
from the tip. Indeed, equation (15) shows that |V|E|?| decays with the inverse power of five of the distance to the tip of the
electrodes. Supplementary Fig. S6 also reveals that the magnitude of |V|E |?| is always minimum at the y-axis (0,y) and cos8=0.
When cos0=0, equation (15), reduces to:

21,2
- \%
IVIEP in = 455 (16)
Similarly, Supplementary Fig. S6 also shows that the magnitude of |V|E|?| is always maximum on the line y=x and y=-x.

When the terms cos 6 = $1/2 and sin @ = 11/2, |V|E|?| are maximum equation (15) reduces to:

2y/2 2
B} v 9
IVIE P = 2851/ 164+ —- (17)
r 4

Hence, on average, the magnitude of field inhomogeneity that the droplet experiences is:

(4464 +9r2)V?

|V |E|2 |average = 2,5

(18)

Since the droplet travels across the sorting chamber, it travels through a distance of r ~ R as it undergoes the sorting
operation. Hence, through substitution, we can get:

H 2(4+V64 +9R2)V?
|V|E|2|avemge - 8 ( ZRS ) (19)
Substituting Equation (19) in place of |V|E|?| in equation (9) gives:
1 2R?g,Re|fem) g% (4 + V64 +9R2)V?
fsart =3p 5 (20
2R 3n 2R
Which can be rearranged to give:
enRe[foum) g2 (4+ V64 +9R2)V?
fsort = (21 )

3n 2R*

Equation (21) shows the relationship between the sorting frequency, f,, the distance between the positive and negative
electrode, g, the droplet radius, R, and the applied voltage, V. It can be seen that as the applied voltage is increased, the sorting
frequency is also increased in quadratic fashion.

However, there is a limit to the voltage that one can apply before the droplet splits owing to Maxwell stress exerted upon the
droplet as a result from the applied voltage surmounting the resistance to deformation due to interfacial tension. The magnitude
of the electric field, , above which droplets split® is given by the expression:

2 Y
El|pax = 22
Elnee =/ 5 22)
where v, is the interfacial tension, &j is the vacuum permittivity and & is the permittivity of the carrier fluid. Substituting
the expression for |E| = —%; we can hence write:
—dV,
max _ [T 23)
dR & ER
AVinas = — | ——dR (24)
€0ER
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[ Woa== | \ ek 25)

Y
Vinax = 2R 26
max EOELR ( )
Hence,
4Ry
Vi = oy 27)

Substituting equation (27) into equation (21), then we can obtain the theroretical maximum sorting frequency limited by
electrosplitting, f:

1, — EmRelfou] g2(4-+ V64 9R?)V? 4Ry (28)
e 31’] 2R4 &€

The cross-side configurations can be modelled as a point charge and line charge (Supplementary Fig. S6). The total
potential from both point and line charge can be expressed as:

kQ kQ L*++/(w—y)2+12
— e~ Flog|
Vxi+y?r L w—y
Where k (8.9 10° m.F~!) is the Coulomb constant, Q is the electrostatic charge associated with the electrode® and L is

the length of the electrode 3, as shown in Supplementary Fig. S6. From which, we can then calculate the scalar field of the
magnitude of electric field, as follows:

Viotal = ] (29)

(30)

|E*|—\/ 12022 KLO(1+ /L2 + (w—y)?) L kQy
SV (

e Y/ ey e R RN R

From the above equation, we can hence derive the |V|E|?| term which determines the DEP force, and thus the sorting
frequency.

124412+ (w2
1 + +(w—y) )w—y)

o AR/ A cor
|V|E~|2| = (- 6k20%x3 N 2k20%x N Oxy(— L2412+ (w—y)?) T W) B 6k2Q2x2y )2
= (2 +y2)4 T (22 +y2)3 (x2 +y2)5/2 (2 +y2)¢
I RV -2 s NN V20V 2 e N T S
kQ( \/L2+(W*y)2 (w—y)? ) kQ( (w—y)3 \/L2+(W7y)2(w7y) (L2+(w7y)2)3/2 (W y)

+2(

L(L2+ /L2 + (w—y)?) - L2+ /2 + (w—y)2)
kQ(— — 4 VIR 2

Y VP (w—y)2 3kQy* kQ )
L(L2+\/Lz—i-(w—y)z)z\/Lz—i—(w—y)z (x2+y2)5/2 (x2+y2)3/2
VL2 (w-y)?
kQ(— s + ) (1w —y)
w—y (w=y) ki
(- V) d e RIED)

L(L2+\/L* + (w—y)?) (2 +y?)

Supplementary Fig. S6 shows the distribution of |[V|E|?| in the sorting chamber, as calculated using Equation (31). In
contrast to the |V|E|?| distribution in the same-side configuration, the |V|E|?| diminishes more slowly in the case of the
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cross-side configuration as also observed in the finite-element analysis simulations (Supplementary Fig. S3). Within the sorting
chamber, the maximum of |V|E|?| is located at the y-axis (0,y). Hence, if we take limit x approaching to zero, the equation can
be simplified to:

KLOQ(1++/L?+(w—y)?) B kLQ(1 + L2+(w—y)2)
(L + L2+(w—y>2)2(L2+<w—y)2) (L2 + L2+ (w—y)?) /L2 + (w—y)?
kLQ QL2114+ /L2 + (w—y)2) + B+ 22+ (w—y)2)(w—y)?) _2kQ\/)T)2
y4

(L2 + /L2 + (w—y)? )(L2+( )22 (w—y)?

IVIEP| =2v/((RQ*(

( L(1+\/Lz4—$—y2 \/)7)2) 32)
(L2 4+ /L2 4+ (w—y)2)\/L* + w—y)

The width of the sorting chamber is approximately three times the diameter of the droplet, while the droplet itself usually is
positioned at 2R away from the tip of the pointed electrode. Hence, substituting w = 6R, and y = 2R in the above equation, we
can write:

VIE y VR? L(1++/I*+R?) , VR? 4L(1++/I2+R?)
VIEF=3 ﬂ ' (x +R(R2+L2(1+\/L2+7Rz)) ko _(L2+R2)(L2+m)2+
AL+ +R?)  ALRI*(1+VI2+R) + R (3+2VL* +R?))

2
(33)
R2(R2_|_L2(1_|_ /L2+R2)) RZ(L2+R2>3/2(L2+*/L2 +R2) ) )
Rearranging equation (29), we can rewrite:
0= LV, ota1 v x2 +y (34)
/12 )2
k(L—+/x*+y?log| 7L VL) )
Substituting (34) into (33), and simplifying, we get equation (35):
-, V2
VI = Je
1 4, VR? L(1+VL?>+R?) ,, VR? 4L(1++VL?+R?)

VI

(L

+ —
(L— /x4 ) log EHVEHR ) 4R R(RR+I2(1+VIZ+R?)) " RY (124 R2)(L12 +VI*+R?)>

N 4L(1+VL*+R?) 74L(2L2(1+\/L2+R2)+R2(3+2\/L2+R2)))2(x2+2)2)) 35)
RR+ 121+ V2 + B2)) R(L2+ R+ VI L R) Y

Hence, substituting the above equation into Equation (9), we obtain:

iZR 8mRe[fCM] toz‘al><
2R 3n 2

1 YR, LUVETR) VR A+ VR
(L— /X2 +)?log| @])4) AR RRR+L2(1+VIP+RY) - R (L4 R)(L2+ V2 +R)?

ALOA+VIP+RY) ALRL*(1+VIP+R)+R*(3+2VI*+RY))
RA(R2+12(1+VI*+R?)) RY(L2+R2)3/2(L2 4+ VL2 + R?)

f:S‘Orl -

V(

P +y1)?%)  (36)

Similar to the case of same-side configuration, the theoretical frequency calculation above dictates the hypothetical sorting
frequency limit at a certain applied voltage for cross-side electrode configuration. However, the voltage that can be applied is
also limited by the surface tension of the droplet. Hence, if we replace the voltage in the equation above with that of maximum
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voltage allowed by surface tension, described by equation (27), we can write the following equation (37), which describes the
theoretical maximum sorting frequency limited by electrosplitting, f.:

1 2R%gyRe[fem] 1, 4Ry

fe:ZR 3n 2(808c)x
A 1 (Lél(\/ﬁ+ L(1+VI? +R?) 2 VRE  AL(1+ VI +R?)
(L— /a5 P log VIR ) AR TR (14 VR FR) R (PR (PR
w—y
4L(1+VIL* +R?) 4LQ2L*(14 VL +R?) +R*(3+2VL* +R?))

- (¢ +3%)%) (37
RA(R? +L2(1+ VL2 +R?)) RA(L2 4 R2)3/2(L2 + VL2 + R?)

The maximum theoretical sorting frequency, f,, for same-side and cross-side electrode configurations can be calculated by
substituting experimental values into equation (28) and equation (37). The Re[fcum], the Claussius-Mossoti factor, captures
the contribution to the DEP due to dielectric constant difference between that of the object and that of the medium. Owing to
the fact that the dielectric constant changes as a function of the frequency of the applied electric field, the Claussius-Mossoti
factor also changes as a function of the frequency of the applied sorting voltage. However, Ahn et al. reported that the real
part of the Claussius-Mossoti factor Re[fcy] is ~1 for frequencies up to ~1 MHz.! This frequency is much higher than
the voltage frequency used here: 1.4 kV,,, 30 kHz; hence, the Re|fcuy] was assumed to be 1. Using a droplet volume of
10 nl, oil viscosity of 18 mPa.s~1,7 relative permittivity of oil of 2.8 interfacial tension of 10.60 mN.m~!,7 and taking into
consideration the spacing of droplets with carrier oil (the ratio between the droplet diameter and the interval to the next droplet
is approximately 100:1), the maximum theoretical sorting frequency, f., for same-side configuration is 3 droplet.s~!; while that
found for cross-side configuration is 46 droplet.s~!. This calculated value for maximum sorting frequency, limited by Maxwell
stress, is close to that observed experimentally. Furthermore, plotting f, for different droplet volumes reveals that with both
electrode configurations f, is inversely proportional to the droplet volume. However, if the droplet volume is >158 pl (~67 um
diameter), the sorter with the cross-side electrode configuration allows the highest sorting rate, whereas with droplets of <158
pl the sorter with the same-side electrode configuration allows the highest sorting rate.

15/16



Skewness analysis of activities distributions from the microplate screening

For each distribution, we measured the skewness of the distribution as the third moment of the distribution (Pearson’s moment
coefficient of skewness). We obtained a value of -0.5 for the wild-type (O58) distribution (144 replicates) and 1.05 for the
sorted fungi distribution (1,262 strains). For a Gaussian distribution, we performed numerical simulation over 10,000 random
choices of 144 or 1,262 values and each time measured the skewness. The random selection of 144 values gives a Gaussian
distribution of skewness centered around 0 with a standard deviation (Ggkeyness) Of 0.2. The random selection of 1,262 values
leads to a Gaussian skewness distribution centered around 0 with a Gygeymess Of 0.07. These skewness distributions were then
used to calculate p-values. The O58 skewness was not significantly different from a normal distribution (p = 0.0124; o = 0.01).
However, the sorted fungi distribution has a significant positive skew (p < 0.00001; o = 0.01).
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