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A Microfluidic Multiplex Sorter for Strain Development

Chiara Leal-Alves, Sebastien Dumont, Zhiyang Deng, Sarah Alkhaldi, Ziuwin Leung,
Michelle Oeser, and Steve C. C. Shih*

Selecting strains with superior traits from strain improvement strategies
is challenging, as it involves navigating the fitness landscape by applying
selective pressures that drive variants from peaks of improvement to valleys
over time. In recent years, the screening and selection is conducted via droplet
microfluidic methods due to its high throughput capabilities. However, the
oft-used binary strategy, targeting only the high levels of improved traits, may
not reflect the overall enhancement. A multiplexed sorting method capable
of applying an additional threshold to sort traits by phenotypic strength
is reported. The novel approach uses a droplet-digital microfluidic sorter to
screen different volumes of droplets using the same device design and sorting
parameters. This method is used to sort glucoamylase enzyme mutants
with two levels of activity (medium and high) from libraries of diastatic yeast
that have been mutated with non-genetically modified techniques. Using
the multiplex system, medium-performing strains with enhanced (up to 60%)
fermentation kinetics in synthetic beverage media, which would have been
missed with a binary screening approach, are identified. The multiplex sorting
strategy efficiently finds strains with superior fermentation traits in the fitness
landscape without requiring extensive screening rounds and mutations.

1. Introduction

Strain improvement is a frequently used industrial method
aimed to boost efficiency and yield of a microorganism to
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enhance their metabolic capacities. Cur-
rent strain improvement methods re-
volve around generating genetic diver-
sity through selection or adaptive lab-
oratory evolution techniques. However,
these methods do not always yield iso-
lates with diverse phenotypes that meets
the demands of industrial strains. Selec-
tion of isolates that have improved phe-
notypes depends on how we explore the
fitness landscape.[1,2] Much like a rugged
terrain with peaks and valleys, the fit-
ness landscape illustrates the distribu-
tion of variants across different levels of
fitness with peaks usually correspond-
ing to high-level of the desired trait with
valleys representing low-levels of it.[1,2]

The selective pressures acting on strains
can vary over time due to changes in
environmental conditions. Variants fre-
quently go through a temporal shift mov-
ing from peaks to valleys that could
only be biologically relevant at a given
time. A typical example is the evolution

of an enzyme where variants can start high on the fitness land-
scape for native activity and then is found in the valleys of the fit-
ness landscape at a different time point and again move toward
the higher fitness later.[3,4]

To discern different functions or exploring different fitness
landscapes has been traditionally performed by high-throughput
screening and selection.[5–7] Using such a technique, generally in-
volves a functional assay to identify a desired phenotype (e.g., cell
growth or activity of a protein) and then selection for the top vari-
ants. Consequently, high throughput screening techniques have
been extensively developed, with droplet microfluidics emerging
as a leading cost-effective high-throughput approach.[8–10] Single
cells are encapsulated in pico-nano liter droplets containing a
chemical substrate that serve as a fluorescence or an absorbance
reporter for the activity or function of the protein of interest.[11–13]

This process is followed by incubation, to provide time to ex-
press the proteins of interest and to interact with their substrate.
Finally, a sorting technique is implemented to obtain the most
active based on their fluorescence or absorbance signals. With
droplet microfluidics, the most common technique is to use di-
electrophoretic (DEP) sorting, which is known to be able sort at
100 Hz to kHz range allowing to collect of at least 106 cells per
day.[12,14,15] This type of system is generally performed using bi-
nary selection criteria and has been applied to many different
enzymatic directed evolution screens.[8,12,16] However, a binary
search strategy, at a given time point, influences the effective-
ness of finding the enzyme with the desired function. A more
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Figure 1. Development of a multiplex high throughput screening (HTS) workflow for strain improvement of S. cerevisae var diastaticus for beverage
fermentation based on glucoamylase production. Step 1 – Generation of a diverse population library of STA1+ yeast strains through genome shuffling
(self-mating) technique. Step 2 – High throughput screening of mutant yeast cells using a multiplex droplet microfluidic approach. First, yeast cells are
encapsulated in droplets containing a fluorescent substrate for glucoamylase, then incubated off-chip for 48 h, and sorted based on two thresholds of
fluorescence intensity to identify and to recover mutants with desired enzymatic properties. The sorted mutants are recovered in agar plates to collect
individual colonies. Step 3 – Post high throughput screening analysis in maltodextrin, evaluating growth as a parameter. Cells are incubated for 48 h at
30 °C, and the best performant strains are selected for fermentation. Step 4 – The selected mutant strains are tested in a beverage fermentation setup.
The fermentation process is monitored through weight-loss measurements (i.e., CO2 release) and at the end of fermentation, biomass was assessed.

effective strategy is to perform a multiplexed technique that will
sort protein function according to the strength of the phenotype.
Although there have been efforts to integrate multiplex sorting
with DEP,[11,17–19] these approaches face significant challenges
as the number of sorting channels increases. The system’s per-
formance is highly dependent on the droplet’s dielectric proper-
ties, the material in which the droplet is immersed, and the pre-
cise control of pressures, making it difficult to maintain consis-
tency across multiple channels. Additionally, as we increase the
number of sorting channels and electrodes, balancing the pres-
sure and managing the arrangement of electrodes becomes in-
creasingly difficult. This complexity is further compounded when
variable droplet sizes are involved, which require frequent sys-
tem redesign to ensure accurate sorting. Consequently, expand-
ing the platform to accommodate diverse applications or organ-
isms becomes a significant challenge, requiring constant recon-
figuration to maintain precision and efficiency. Another option

is to use electrostatic forces as a physical method to sort. The
advantage with such sorters is that it uses much lower voltages
(≈10 VRMS)[20] and uses the electric field between the activated
and ground electrodes to directly attract the droplet toward the
desired channel.[21] Using such an approach does not require
balancing of pressures or different potentials for sorting a wide
range of droplet volumes. Currently, there are examples that use
binary electrostatic sorters for enzyme screening,[20] finding tol-
erant strains,[22] and for antibody selection.[23] We expand on the
previous work and implement a multiplexed electrostatic sorter
to select for different phenotypic strengths. By using the electro-
static approach, we were able to design a more versatile device
capable of sorting droplets ranging from 30 to 1000 pL without
requiring any redesign.

Figure 1 summarizes our pipeline employing our multiplex
electrostatic droplet sorting system to sort model variant strains
of Saccharomyces cerevisiae, specifically S. cerevisiae var diastaticus,
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that secretes an industrial relevant glucoamylase enzyme. This
yeast is frequently used in the beer and distilled beverage indus-
tries for its unique ability to ferment complex sugars that other
yeast strains cannot metabolize. Thus, there is a strong inter-
est in evaluating this strain for improved fermentation capability.
In this work, we show that by sorting different strength pheno-
types from a library of self-mated (>106 mutants) diastatic yeast,
their catalytic performance of the mid-level strength strains was
effectively enhanced more than the higher phenotypic strength
yeast. We validated our workflow by demonstrating applicabil-
ity for growth on starch-based media and further evaluated the
top- and medium-performing strains in a fermentation setup cul-
tured in a synthetic beverage media.[24]

2. Results and Discussion

2.1. Multiplex Electrostatic Sorter and Characterization

A key requirement for multiplex sorting based on multiple crite-
ria is to design a device that will effectively drive the droplets into
the selected channel. Patterned co-planar electrodes creates an
electric field gradient between the activated and grounded elec-
trode, directing the droplets toward this field, as shown in pre-
vious studies.[20–23,25] In our design, we expanded the typical bi-
nary sorting technique to create a symmetrical electrode geom-
etry to be able to sort two different levels of fluorescence with a
central channel for the nonselected “waste” droplets. The mul-
tiplex sorting device consists of three layers: electrode, dielectric
and channel (Figure S1, Supporting Information). There are two
inlets for the re-injected droplets and the spacer oil and three
outlets for the sorted channels. As a first test, in the absence
of the applied potential, we verified that all the droplets flowed
into the central channel for different droplet volumes (30, 110,
and 1000 pL) (Figure S2, Supporting Information). We re-injected
each droplet population, varying the spacer oil flow rate from 100
to 600 nL s−1, and as shown in Figure 2A, all the droplets were
directed into the central channel regardless of their volumes for
flow rates above 200 nL s−1. These results also matched our simu-
lations (Figure S3, Supporting Information), such that lower flow
rates (<100 nL s−1) do not provide sufficient pressure to consis-
tently divert all droplets into the desired channel. Additionally,
the increased resistance due to the droplet plugs, i.e., the 1 nL
droplets in the main channel, often leads to droplets entering the
nonselected channel.

Next, we investigated the functionality of our sorter by activat-
ing the electrodes such that the droplets are deflected toward the
desired channel. We pulsed the potential to an electrode, either
sorting electrode 1 (SE1) or sorting electrode 2 (SE2), as well as
varied the oil flow rate to determine the number of successful re-
injected droplets being sorted. Experimental outcomes demon-
strate successful sorting across all droplet sizes and flow rates
(>200 nL s−1) at potentials above 105 VRMS (Figure 2B), which is
consistent when compared to our previous electrostatic sorter[20]

(12.5 VRMS and 50 nL s−1). Our sorting technique is different com-
pared to other works for multiplex sorting.[11,17,19] First, the elec-
trodes can be aligned directly below the sorting junction and into
the sorting channel. When a potential is applied to SE1 or SE2,
the field laterally displaces the droplets directly into the sorting
channel 1 (SC1) or sorting channel 2 (SC2), respectively (Figure

S4, Supporting Information). Second, the electrode gaps between
the ground and activated electrode are small (<25 mm), and this
allows for a lower voltage (≈100 VRMS) to be applied for sort-
ing. Third, as droplets and plugs have different flow profiles in
the channel. The uniform electrical field generated by the elec-
trodes can intersect with the droplet or plug (Figure S5, Support-
ing Information), enabling sorting for both types of fluidic struc-
tures. Our simulations demonstrate that with a potential exceed-
ing 105 VRMS, the electrical field at mid-height of the channel, a
field higher than 4 × 105 V m−1 is achieved, which consequently,
regardless of the droplet size, is sufficient for high efficiency sort-
ing (Figure S4, Supporting Information). Therefore, a co-planar
electrode design enables a robust and repeatable sorting method
that does not require significant trial-and-error.

Using the optimized potential and re-injection flow rates, we
evaluated the design for binary sorting using 1 mm fluorescein
and phosphate buffered saline (PBS) droplets to quantify the ef-
ficiency and the sorting throughput (Figure S6, Supporting In-
formation). We achieved high sorting efficiency (above 90.2%),
a low false negative (Fn) rate (≈1.3%) and no significant differ-
ence in the sorting efficiency between channels (SC1 and SC2)
across droplet sizes, similarly to our previous electrostatic droplet
sorter (≈96% efficiency and ≈3% Fn, for 1 nL droplets at 7 Hz
throughput).[20] For throughput of 30 pL droplets, we experimen-
tally achieved screening rates of up to 160 Hz using our co-planar
electrode system (Figure S7, Supporting Information). In addi-
tion, our multiplex sorter can efficiently collect two concentra-
tions of fluorescein and nonfluorescein PBS droplets. We gener-
ated droplets for each volume and pooled them in a 1:1:5 ratio
containing 0.1, 1 mm fluorescein, and blank PBS droplets, re-
spectively (see Table S1, Supporting Information, droplet quan-
tities). As shown in Figure 2C, sorting 30 pL volumes were very
efficient for both concentrations (98.6% and 100% for 0.1 and
1 mm fluorescein, respectively). In fact, we were able to achieve
a low false negative rate (≈3%), which means the sorting algo-
rithm that we employed is an optimal method for sorting dif-
ferent fluorescent thresholds (Figure S8, Supporting Informa-
tion). Similarly, we tested larger volumes (110 pL and 1 nL) and
observed a very similar efficiency and even lower false negative
rates, suggesting that our system is robust for sorting a range of
droplet volumes. This discovery holds significant implications,
particularly in the realm of droplet-based microfluidics where dif-
ferent organisms are encapsulated in a range of volumes from
4 to 1000 pL.[14,20,26–28] Numerous biological processes involve
different droplet sizes and different operations, such as the fu-
sion of droplets to establish reaction conditions[22,29–31] or in-
cubation of droplets at higher than room temperatures.[10,32–34]

These processes can alter droplet volumes and potentially com-
plicating sorting processes. Our sorter eliminates the need for
re-design and recalibration, distinguishing it from other types of
sorters.[14,17,35]

2.2. Optimization of Cell Growth and Glucoamylase Activity from
Diastatic Yeast

Enzymes that hydrolyze starch are essential in industrial pro-
cesses such as alcoholic fermentation and food production.[36–38]

Amongst the enzymes used for saccharification, glucoamylase
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Figure 2. Assessment of our device’s adaptability across varying droplet dimensions. The circles represent the different droplet sizes, and the throughput
for all graphs was 100 Hz for 30 pL, 50 Hz for 110 pL, and 20 Hz for 1 nL. A) Characterization of spacer oil flow rates to direct all droplets into the waste
channel without the activation of any electrode. Efficiency was measured by the amount droplets in the waste channel relative to the total amount of
droplets. B) Characterization of the applied voltage’s correlation with oil spacer flow rates when the sorting electrode is actuated with different VRMS
potentials at 15 kHz for the three different droplet sizes. C) Multiplex sorting efficiency based on two thresholds of fluorescence intensity across various
droplet sizes. The re-injected were part of a population containing PBS, 0.1 and 1 mm fluorescein. Efficiency is quantified by the proportion of fluorescent
droplets in each respective sorting channel (SC1 or SC2) relative to the total number of droplets in that channel. False negatives (Fn) represent the
percentage of fluorescent droplets in the waste channel. Error bars representing standard deviation N = 7, Unpaired t-test at 95% CI – p values: 0.1234
(ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****).

is frequently used in the industrial scale given their capabilities
to release glucose units from starch molecules. In recent years,
yeast strains have been engineered[39] to produce glucoamylase
during fermentation because fermenting yeast from starch and
dextrin represents a cost-effective method to produce ethanol and
other metabolites. Saccharomyces cerevisiae var. diastaticus, usually
seen as a brewing contaminant, has increased attention due to its
potential for achieving higher ethanol concentrations and serving
as a potential strain for carbohydrate-reduced and high-alcohol
beverages.[40] Therefore, given the interest in these industrial are-
nas, we used our droplet microfluidic approach to screen mutant
populations of two diastatic yeast strains (which we call, “Isolated

Diastatic Yeast”, IDY1 and IDY2) isolated from beverage industry
to increase their ability to ferment starch and dextrin.

Screening enzyme activities has been demonstrated previously
with absorbance[41,42] or fluorescence-based readouts.[8,20,35,43]

Finding substrates to measure glucoamylase activity is challeng-
ing given that they have specific pH requirements to produce
absorbance or fluorescence outputs. Currently, 4-nitrophenyl-
𝛽-d-maltoside (4-NPM) is a commonly used substrate to mea-
sure glucoamylase activity via absorbance,[44] and we tested
4-NPM as well as a glycosidase substrate 4-nitrophenyl-𝛼-d-
glucopyranoside (4-NPG).[45,46] Only 4-NPM showed distinguish-
able signals for both isolated strains (IDY1 and IDY2) compared
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Figure 3. Characterization of droplet size and incubation time to screen diastatic yeast in droplets using glucoamylase activity as a metric. A) Pipeline to
evaluate and to optimize growth conditions and glucoamylase activity in droplets. Single cell encapsulation in droplets with media (YPD) and fluorescence
substrate, incubation off chip at 30 °C, and droplet observation using an inverted fluorescence microscope. Growth curves of B) IDY1 and C) IDY2 wild
type in YPD droplets of varied volumes measured as number of cells per droplet. Evaluation of D) IDY1 and E) IDY2 wild type glucoamylase activity
shown as fluorescence in different volumes of droplets over different incubation times. Error bars representing standard error N > 9.

to the negative control IY1 (isolated nondiastatic yeast) that does
not secrete glucoamylase (Figure S9, Supporting Information).
However, using an absorbance-based substrate is not favorable
for high throughput screening of diastatic yeast as it requires a
pH change (>10) to measure their activity, and at this high pH, it
can lower their cell viability. Furthermore, droplet detection with
absorbance substrates is not as sensitive as fluorescence tech-
niques and usually require methods to increase the droplet path
length for higher sensitivity.[22,42] Instead, we validated a fluo-
rescence version, 4-methylumbelliferyl-𝛼-D-glucopyranoside (4-
MUG-𝛼) that have been used yeast strains[47] (Figure S10, Sup-
porting Information) and verified their activity under neutral and
alkaline pH using a commercial glucoamylase. Although at alka-
line pH there is higher measurable activity compared to the neu-
tral, the fluorescence activity when incubated at neutral pH is dis-
tinguishable between the different concentrations of the added
glucoamylase (Figure S11, Supporting Information). In addition,
we evaluated the kinetics at pH 7.5 and observed a significant

difference in the fluorescence of the isolated IDY1 and IDY2
strains versus the negative control (Figure S12, Supporting In-
formation), confirming the suitability of this pH for our droplet
system.

As far as we are aware this is the first report of work in which
a droplet microfluidic activity screen was performed on diastatic
yeast secreting glucoamylase. Figure 3A shows our workflow to
systematically explore both diastatic yeast strains with YPD me-
dia at neutral pH and incubated with 4-MUG-𝛼 in different vol-
ume droplets (30, 110, and 1000 pL) up to 72 h and measured
their droplet fluorescence using an imaging workflow (described
in Figure S13 and Note S1, Supporting Information) and cell
growth over time. As shown in Figure 3B, cell growth for IDY1
shows similar trends for all droplet volumes, with the 1 nL vol-
ume droplets growing at the fastest rate of ≈0.096 h−1 (Table S2,
Supporting Information). In contrast, for IDY2 (Figure 3C) only
30 pL significantly showed growth in comparison to the other vol-
umes with a rate of ≈0.091 h−1. Even though IDY1 and IDY2 were
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both isolated from the beverage industry, they originate from dif-
ferent industrial settings. IDY2, from a low-sugar, low-alcohol
setting, is less adaptable to higher sugar levels. While media
concentration was consistent across droplet sizes (30, 110, and
1000 pL), the larger droplets had more sugar per cell, likely caus-
ing metabolic imbalances and reduced growth due to glucose re-
pression in the IDY2 strains.[48–51] In contrast, IDY1, from a high-
sugar, high-alcohol setting, is more robust and better suited for
metabolizing elevated sugar levels, explaining its superior growth
in larger droplets.

For fluorescence activity, IDY1 showed the highest glucoamy-
lase activity (≈3 a.u.) when incubated in 30 pL droplets for 48 h
(Figure 3D) and IDY2 showed similar trends as IDY1, but with
lower peak fluorescence activity (≈1 a.u.) (Figure 3E). Therefore,
we used 30 pL droplets and 48 h incubation time for the screen-
ing assay below due to the higher fluorescence and their faster
throughput as well as optimization of cell growth.

2.3. Selecting and Evaluating Mutant Variants of Diastatic Yeast
with Medium and High-Fitness Levels

Strict regulatory compliance and consumer preference has
pushed the agro-food industries to use non-GMO mutagenesis
techniques, such as mating and genome shuffling[52–54] to en-
gineer libraries containing >107 variants. Selecting improved
strains of a library of that size and genetic variability requires
not only high throughput screening, but a better alternative for
the selection approach.[7,55–59] When a trait undergoes directed
evolution, it navigates a high-dimensional fitness landscape with
the aim to find peaks representing optimal performance.[6,60]

However, studies indicate that partitioning populations into
sub-populations during screening for large libraries can expe-
dite the discovery of desired traits faster than the typical bi-
nary approach.[61–65] Below we describe how a multiplex method
of selection is particularly beneficial for non-genetically modi-
fied libraries,[60,66,67] aimed at improving the fermentation effi-
ciency for glucoamylase.

We initially assessed the performance of our genome shuffled
library in comparison to the wild-type (parental strain) by eval-
uating growth on maltodextrin (Figure S14, Supporting Infor-
mation) and their enzyme activity (Figure S15, Supporting In-
formation). The maltodextrin growth assays revealed no signif-
icant difference between the genome shuffled populations and
the wild type. Although the IDY1 mutants exhibited a 1.5-fold
increase in activity, the enzyme activity assays showed insignif-
icant difference between the mutant populations and the wild
type (Figure S15A, Supporting Information). These evaluations
indicate minor differences between the mutant populations and
their parental strains, poses a challenge for screening the genome
shuffled populations for improved traits. To address this chal-
lenge and the fitness landscape, we used our multiplex device
to sort the mutants into two distinct sub-populations.

Using the multiplex sorter, we encapsulated single mutant
cells (via genome shuffling) diastatic yeast in YPD media and in-
cubated in the dark with 4-MUG-𝛼 (the fluorescence substrate)
in 30 pL droplets at 30 °C for 2 d. Representative distributions
for the IDY1 (Figure 4A) and IDY2 (Figure 4B) strains after
2 d of culturing shows an expected Gaussian distribution. We

Figure 4. Histograms displaying droplet fluorescence used for multiplex
sorting with different gates: high intensity (GT1) and medium intensity
(GT2). A) IDY1 and B) IDY2 genome shuffled populations are single cell
encapsulated in 30 pL droplets containing glucoamylase fluorescent sub-
strate and incubated for 2 days at 30 °C.

screened ≈7 20 000 droplets at 160 Hz and sorted ≈1 08 000
droplets that we separated into two sub-populations gated as
high-fluorescence intensity into gate threshold 1 (GT1 – dark
blue), and midfluorescence intensity into gate threshold 2 (GT2
– purple).

We performed a quantitative comparison of the two selected
subpopulations by picking 24 single colonies for each subgroup
(Note S2, Supporting Information) and separated into single cul-
tures. We measured enzyme activity and maltodextrin growth as
both parameters are relevant in selecting improved strains for
starch-based fermentation.[36] In maltodextrin, mid- and high-
selected IDY1 mutants showed very little growth improvement
compared to the wild-type, with only one and two high- and mid-
strains respectively showing higher growth improvement after 24
and 48 h (Figure S16A, Supporting Information). However, for
IDY2, every selected strain showed an improvement in growth,
achieving on average 1.7 and 2.2 times more growth for mid-
and high strains, respectively, than the wild type (parental strain)
(Figure S16B, Supporting Information). The difference between
the IDY1 and IDY2 growth rates could be due to the genome
shuffling technique, such that IDY2 is starting with an enhanced
growth phenotype in the maltodextrin and thus growing at a
higher rate than IDY1 (Figure S14, Supporting Information).

The most significant difference was seen in the fold change en-
zyme activity data for IDY1 and IDY2, as shown in Figure S17A
and S17B (Supporting Information), respectively. Using the se-
lected gates, as expected, we observed the highest fold improve-
ment for the high IDY1 selected strains (≈3.7 average) compared
to the mid strains (≈1.2 average). However, for IDY2, 13 mid-
selected strains and 7 high-selected strains showed improvement
at the 24 and 48 h incubation points and with similar fold-change
(≈2x improvement). This is a surprising result given that the
selected high-variants are supposed to significantly outperform
the wild-type (as shown from IDY1 and other studies[9,68]). From
the growth and fluorescence data, we selected the most suitable
mutants to be evaluated for fermentation efficiency using a lab-
scale method intended to mimic industrial conditions (Figure
S18, Supporting Information).[69,70]

In addition, we evaluated statistically their enzyme activ-
ity and maltodextrin growth in comparison to the wild type
(mother strain). As shown in Figure 5A, all mutants except
IDY1-H2 showed higher growth at both time points, however,
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Figure 5. Evaluation of selected mutants in comparison to their wild type (mother strain). A) IDY1 and C) IDY2 mutant strains are grown in maltodextrin
and measured by optical density after incubation at 30 °C for 24 and 48 h. B) IDY1 and D) IDY2 mutants showing glucoamylase activity using 4-MUG-𝛼
as the fluorescent substrate. M (Medium-level) and H (High-level) strains are mutants sorted into the medium (GT2) and high-level (GT1) sorting gates,
respectively. Error bars representing standard error N = 3, one-way ANOVA at 95% CI compared to WT – p values: 0.1234 (ns), 0.0332 (*), 0.0021 (**),
0.0002 (***), <0.0001 (****).

when analysing significant improvements, IDY1-H2 and IDY1-
M2 showed ≈2.5 and ≈1.4 times more growth in maltodextrin
in 24 and 48 h of incubation, respectively. For enzyme activ-
ity (Figure 5B), only IDY1-H2 showed statistical improvement
over the wild type (approximately threefold improvement) after
48 h incubation. In contrast, for IDY2 (Figure 5C,D), all mu-
tants showed statistically significant improvement in maltodex-
trin growth and enzymatic activity at both time points, except
for IDY2-H13 at 24 h incubation, which shows similar growth
in maltodextrin as the wild type (Figure 5C).

Genome shuffling of a strain with a heterozygous genome gen-
erates a genetically diverse population of variants derived from
the parental strain, some of which may be enhanced over their
parental strain for a trait of interest. However, other isolates of
the population will be similar or worse than the parental strain
for the trait of interest, necessitating an efficient sorting method
for retrieving the desired isolates. Additionally, using a binary se-
lection technique limits the landscape on finding a desired strain.
Instead, dividing sorted strains into mid- and high-level of glu-
coamylase subpopulations using our multiplex sorter offers a
broader landscape for screening those lacking genetic diversity.
We examined a potential alternative, reducing the sorting thresh-
old to include both high- and mid-level strain via binary sorting.
Such a sorting experiment will sort more droplet samples; how-
ever, the probability to obtain a high- or a midlevel strain is not
uniform (≈65% for the mid- and 35% for the high; Notes S2 and
S3 and Table S3, Supporting Information). This creates a bias in
the sorting and requires more sampling (at least 14 times more
sampled strains) and testing compared to a multiplex screen to
achieve the same confidence level of 95%. Based on a random
sampling calculation,[71] the large sampling size as well as the
nonuniform exploration of both fitness performing groups po-

tentially leads to the loss of hits compared to simultaneous mul-
tiplexing them into two subpopulations (as in our study).

2.4. Fermentation of Mid- and High-Level Diastatic Yeast
Mutants in Synthetic Beverage Media

It is well known that Saccharomyces cerevisiae var. diastaticus yeast
have a well-established ability to produce higher ethanol content
beverages,[37] carbohydrate-reduced beverages,[72] and facilitating
starch-based one-pot fermentation for biofuels.[40] These types of
yeast carry the STA genes that produce extracellular glucoamy-
lase, which gives the yeast the ability to convert starch into sug-
ars. Although this type of yeast is generally seen as a contami-
nant for the brewing industry, diastatic yeast can be useful for
fermentation of malt or starch-based substrates. In the context of
beverages, brewers may choose to use diastatic yeast to achieve
a desired level of attenuation (i.e., sugars fermented into alco-
hol), to ferment complex substrates in applications where addi-
tion of exogenous enzyme is prohibited, or to create different
beverage styles (such as those with lower final gravity). Using
this as motivation, we evaluated the typical fermentation param-
eters: kinetics of the conversion, the yield, and their production
levels.[73,74] Knowing such parameters can help provide decisions
on strain selection based on performance of mutants relative to
their parent strains. Hence, we conducted a fermentation assay
with the selected mutant strains (Figure S18, Supporting Infor-
mation) and evaluated the mass loss via CO2 measurements (fer-
mentation rate and yield) and their ability to produce ethanol in
synthetic media (efficiency).

Figure 6 shows the mass loss over time and the ethanol con-
tent at the end of 72 h fermentation experiment for the selected
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Figure 6. Evaluation of fermentation ability of the sorted mutant strains.
A) IDY1 and B) IDY2 mutant’s fermentation kinetics based on CO2
released per biomass in a bioreactor using synthetic beverage media.
Ethanol content normalized by dried biomass of C) IDY1 and D) IDY2
high and medium mutant strains from 72 h fermentation in synthetic me-
dia. Error bars representing standard deviation N = 3, one-way ANOVA at
95% CI compared to WT – p values: 0.1234 (ns), 0.0332 (*), 0.0021 (**),
0.0002 (***), <0.0001 (****).

mutant strains. As shown in Figure 6A and Table S4 (Support-
ing Information), mutant strains showed a similar mass loss
rate over time (i.e., fermentation rate) compared to the wild-
type. There is only one mid-level sorted strain IDY1, M23 (green
line), shows the highest mass loss of ≈7.8 mg of CO2 per mg
biomass at 72 h fermentation compared to the wild-type IDY1
strain (≈5.01 mg of CO2 per mg biomass at 72 h fermentation).
In addition, this mutant is the only one to show significant im-
provement over the wild type for ethanol content (Figure 6C).
In comparison, IDY2, most of the strains undergo CO2 mass
loss, but two strains, M9 and H13, showed improvements in the
mass loss rate (≈0.128 h−1 – orange curve and ≈0.105 h−1 – blue
curve; Figure 6B) and achieve a higher loss of CO2 than the wild-
type strain after 72 h. Similarly, the two strains IDY2-M9, H13
(and IDY1-M23) exhibited a higher ethanol yield (normalized to
biomass) compared to the wild-type (Figure 6D) with the top pro-
ducers being mid-level sorted strains (IDY1-M23, IDY2-M9). We
also compared their fermentation rate (Table S4, Supporting In-
formation) and observed very similar rates between all the sorted
strains and the wild-type. This observation is expected, given that
there was no statistical difference between the genome shuffled
populations in comparison to the mother strain (as shown in
Figures S14 and S15, Supporting Information).

The observation that different mutant strains show different
mass loss rates, yields, and production capabilities is not surpris-
ing; however, the outperformance of the medium strains is. The
results show the importance of using a multiplex fluorescence

screening method in selecting strains for complex traits like fer-
mentation. Among the notable strains, two emerged from mid-
level fluorescence selection (IDY1-M23, IDY2-M9), which would
not have been selected if we used a binary screening approach.
Selecting mid-level fluorescence strains avoids the growth trade-
offs associated with high enzyme-expressing yeast, and the ad-
ditional rounds of mutations or enhancement screening.[16,75,76]

We hypothesize that the outperformance of mid-level strains
can be attributed to a balance between enzyme production and
metabolic burden, a well-studied phenomenon in heterologous
protein production.[77–80] This concept, defined as the pressure
on cellular resources caused by genetic manipulation and envi-
ronmental factors, also applies to laboratory evolution techniques
aimed at increasing native protein production or tolerance to
harsh environments.[81–83] In our case, the high mutant strains
exhibited lower fermentation efficiency, likely due to an increased
metabolic burden from elevated glucoamylase expression. This
burden could result from higher demands on ATP, increased
consumption of amino acids for protein synthesis, and the redi-
rection of cellular resources away from other essential processes
like growth and energy generation (fermentation). As the cells
prioritize glucoamylase production, their overall efficiency in fer-
mentation may be compromised. In contrast, mid-level strains
maintain a balance on enzyme secretion without overloading
their metabolism, potentially leading to a better overall fermen-
tation performance.

In summary, our approach identifies strains with optimal fer-
mentation performance by balancing enzyme production and
metabolic load, avoiding the inefficiencies that could have been
seen in high-expression mutants. This method streamlines strain
selection, reducing the need for further mutations or additional
screening rounds while maintaining fermentation efficiency.

3. Conclusion

A novel high throughput (100 Hz) multiplex screening approach
was developed using a droplet-digital, low-voltage, microfluidic
sorter. The system was established by screening a genome and
sorted them based on two levels of glucoamylase enzymatic ac-
tivity. Given the ability of sorting into two populations (medium
and high), we were able to decrease the sample size (≈14x) for
post-analysis, which was previously not possible by just decreas-
ing the threshold in binary sorters. Using this approach, we were
able to select strains in the medium range with improved overall
fermentation capability in beverage synthetic media. We believe
our approach is the first step to accelerate the screening of more
complex engineered microbes with varying activity that are used
for many industrial applications.

4. Experimental Section
Reagents, Materials, and Equipment: Materials for fabrication and sur-

face treatment of microfluidics devices included: transparent photomasks
(Artnet Pro Inc., Bandon, OR), chromium-coated glass slides with AZ-
1500 positive photoresist (Telic, Valencia, CA, USA), MF-321 developer
(Kayaku Advanced Materials, Westborough, MA, USA), CR-4 chromium
etchant (OM Group, Cleveland, OH, USA), AZ-300T photoresist stripper
(Integrated Micro Materials, Argyle, TX, USA), silicon wafers (Silicon Val-
ley Microelectronics Inc., Santa Clara, CA, USA), SU-8 series photoresists:
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SU-8 5, SU-8 2035, SU-8 2075, and SU-8 developer (Kayaku Advanced Ma-
terials, Westborough, MA, USA), DI Water (resistivity of 15 MΩ cm−1),
acetone (cleanroom lab grade) and isopropanol (cleanroom lab grade)
Sigma–Aldrich (Oakville, ON, CA), Chlorotrimethylsilane (Sigma–Aldrich
– Oakville, ON, CA), Polydimethylsiloxane (PDMS) 184 Sylgard (Dow,
Toronto, ON, CA), and 3M Novec 1720 (M.G. Chemicals, Burlington,
ON, CA). Microfabrication equipment included: Harrick Plasma PDC-001
(Ithaca, NY, USA), Quintel Q-4000 mask aligner (Neutronix Quintel, Mor-
gan Hill, CA), Laurell spin coater (model WS-650MZ-8NPPB, Laurell Tech-
nologies Corporation, North Wales, PA, USA), and mask aligner UV-KUB
3 (Kloe, Montpellier, France).

Materials for device operation included: Hamilton glass syringes (Reno,
NV, USA), tubing and fittings (IDEX Health & Science LLC – Oak Harbor,
WA), Optical fibers and bandpass filter (Thorlabs – Newton, NJ, USA), 3M
Novec 1720 (M.G. Chemicals, Burlington, ON, CA), PEG fluoro-surfactant
dissolved in HFE7500 (20 g of 5 wt%; Ran Biotechnologies, Beverly, MA,
USA). All liquids were filtered using Nylon filter cartridges (0.22 μm, Millex
GP, Millipore).

The hardware for sorting has been described previously by our
group.[20,22,23,84] Equipment for device operation and automation hard-
ware included: Low-pressure neMESYS pump system (Cetoni, Korbussen,
DE), TREK high-voltage amplifier PZD700A (Advanced Energy Inc., Den-
ver, CO, USA), 33210A Keysight function/arbitrary waveform generator
10 MHz (Keysight Technologies, Santa Rosa, CA, USA), GW Instek GPE-
4323 Linear DC Power Supply with 4 Channels (GW Instek America Corp.,
Montclair, CA, USA), inverted microscope (Olympus IX73; Tokyo, Japan)
mounted on a vibration-dampening bench (Thorlabs; Newton, New Jersey,
USA), filter block (FOFMS-UV, Thorlabs; Newton, New Jersey, USA), mul-
tichannel LED light source MCLS 2073 (Ocean Optics; Orlando, FL, USA),
bandpass filters (FB450-40 and FL457.9-10), fiber optics (FG105UCA – Ø
105 μm, FG200UEP – Ø 200 μm, and FG200LCC – Ø 200 μm) and UV
LED light source (M375F2) (Thorlabs; Newton, New Jersey, USA), and a
Hamamatsu ORCA-Flash 4.0 (Township, NJ, USA), and Flame spectrome-
ter (Ocean Optics, Largo, FL). The above equipment list was summarized
in Table S5 (Supporting Information) with their connectivity between the
components shown in Figure S19 (Supporting Information). The software
is available in the Github repository (https://bitbucket.org/shihmicrolab/
f_ahmadi_2023_uflowcontrol).[23]

Fluorescein, yeast culture reagents, 4-methillumbeliferyl fluorescent
substrates, 4-nitrophenyl absorbance substrates, and other general-use
chemicals and kits were purchased from Sigma–Aldrich (St. Louis, MO)
unless specified otherwise.

Glucoamylase Enzymatic Assay and Maltodextrin Growth: Saccha-
romyces cerevisiae var. diastaticus STA1+ strains (IDY1 and IDY2) isolated
from beverage industry, Saccharomyces cerevisiae STA1- strain (IY1; neg-
ative control), recombinant Saccharomyces cerevisiae (IRY1) containing a
heterologous glucoamylase gene (positive control) were obtained from
Lallemand Inc.

To measure glucoamylase activity, three different substrates were used:
4-nitrophenyl 𝛽-D-maltoside (4-NPM), 4-nitrophenyl 𝛼-D-glucopyranoside
(4-NPG-), and 4-methylumbelliferyl-𝛼-D-glucopyranoside (4-MUG-𝛼).
Prior to an end-point measurement, yeast strains were cultured on
yeast peptone dextrose (YPD broth) for 48 h at 30 °C and shaking
at 300 rpm. The optical density at 600 nm was measured using a
Tecan Sunrise microplate reader (Tecan, Salzburg, Austria), and the
enzyme activity was measured in 96-well plates containing 50 μL of
the enzyme substrate (2 mm final concentration) and 50 μL of the
supernatant cell culture, followed by incubation at 30 °C for 2 h, and
the addition of stop buffer (pH 11). Absorbance activity (for the ni-
trophenyl substrates) was measured at 405 nm in a Tecan Sunrise
microplate reader and the activity was calculated based on the extinc-
tion coefficient of 4-nitrophenyl (Ɛ = 18 000 M−1 cm−1) and Beer’s
Law equation. The fluorescence (lex = 360 nm, lem = 450 nm) was
measured in a CLARIOstar Plus (BMG LABTECH, Ortenberg, Ger-
many), and activity was calculated using a methylumberiferyl standard
curve.

To evaluate the pH dependence of the fluorescence substrate, the activ-
ity curve of commercial Aspergillus niger amyloglucosidase enzyme using

the 4-MUG-𝛼 substrate at pH 7.5 and 11 at the same volumes and concen-
trations as above was measured. For evaluation of enzyme activity during
cell growth, the yeast strains IDY1, IDY2, and IY1 were grown overnight
at YPD broth at 30 °C and shaking at 300 rpm. In a 96-well plate, 20 μL of
the culture was added to 150 μL of YPD broth and to 30 μL of 4-MUG-𝛼
(2 mm final concentration). The solution was incubated at 30 °C and 200
rpm, and the fluorescence (lex = 360 nm, lem = 450 nm) was measured
every 1 h for 15 h in the CLARIOstar Plus.

To measure the growth on maltodextrin, the strains (IDY1, IDY2, IY3,
and IRY1) were grown for 48 h in YPD broth at 30 °C and shaking at 300
rpm. Five microliters of the culture was added to 1 mL of maltodextrin
media (2 g L−1 yeast extract, 4 g L−1 bactoTM peptone, and 20 g L−1 mal-
todextrin), and optical density at 600 nm was measured at 24 and 48 h.

Genome Shuffling Library Generation and Culture: Sporulation of the
two diastatic strains IDY1 and IDY2 was induced by inoculation of satu-
rated cultures into sporulation medium (1 g L−1 yeast extract, 10 g L−1

potassium acetate, 0.5 g L−1 glucose) with a starting OD600 of 0.3 fol-
lowed by incubation for 5 days at 23 °C with 150 rpm agitation. Sporula-
tion was confirmed by microscopic inspection. Spores were prepared ac-
cording to the ether-zymolyase ascospore technique.[85] Spores were then
incubated in a small volume (≈50 μL) of YPD with 2% glucose at 30 °C
overnight. The culture was then pitched in 5 mL of 2% YPD medium and
incubated at 30 °C overnight. Multiple single-use freezer stocks were pro-
duced by adding glycerol (25% final) to the saturated YPD culture.

Microfluidic Device and Fabrication: The devices were fabricated by
photolithography and soft-lithography methods. Photomasks were de-
signed using AutoCAD 2022 and printed (Artnet Pro Inc., Bandon, OR).
Different channel heights and widths were patterned onto a 100 mm Si-
wafer that were cleaned with acetone, isopropyl alcohol, and DI water, fol-
lowed by treatment under plasma oxygen for 2 min 30 s prior to use. SU-8
2075 was used for 75 μm channel heights and widths and followed manu-
facturer’s instructions for spin-coating (10 s – 500 rpm, 30 s – 2500 rpm,
and 10 s – 500 rpm), baking, and exposure time. SU8-2035 was used for
35 μm channel heights and widths and followed manufacturer’s instruc-
tions for spin-coating (10 s – 500 rpm, 30 s – 3250 rpm, and 10 s – 500
rpm) and 50 μm channel heights and widths and followed manufacturer’s
instructions for spin-coating (10 s – 500 rpm, 30 s – 2500 rpm, and 10
s – 500 rpm) baking and exposure time. The resulting master mold was
exposed to chlorotrimethylsilane vapor deposition in a desiccator for 45
min. Next, PDMS (1:10 w/w ratio curing agent to prepolymer), degassed
and poured over the mold and left to cure in an oven (65 °C, 2 h). PDMS
layers were cut to size with an X-Acto knife. Inlets and outlets were made
using 0.75 mm biopsy punchers (World Precision Instruments, FL, USA),
and were fitted with 1/32″ OD tubing after which the PDMS was carefully
washed with isopropyl alcohol, DI water, air dried, and cleaned with tape to
remove dust before device assembly. The PDMS channel layer and a glass
slide were treated with oxygen plasma for 45 s and bonded together and
baked at 90 °C for 30 min. Device channels were then treated with Novec
1720 fluorosilane polymer surfactant, followed by a baking step of 160 °C
for 30 min.

The co-planar sorter device consisted of an electrode and dielectric layer
prior to incorporating a channel layer, as previously reported.[20,22,23,25]

Briefly, chromium-coated 50 × 75 mm glass slides (Telic, Valencia, CA,
USA), with S1811 positive were UV exposed (7 s at 38–50 mW cm−2),
then developed in MF-321 developer, etched with CR-4 chromium etchant,
and stripped with AZ-300T photoresist stripper. For the dielectric layer, the
resulting patterned electrode substrate was placed under plasma oxygen
(Harrick Plasma PDC-001, Ithaca, NY) for 2 min, after which they were
immediately spin coated with an SU-8 5 layer (10 s – 500 rpm, 30 s – 2000
rpm, and 10 s – 500 rpm), soft baked, and exposed to a patterned mask.
After post-baked, substrates were developed with SU8 developer, rinsed
with isopropyl alcohol and DI water, and underwent a hard baked cycle
(200 °C, 30 min, gradual ramping) to obtain a 7 μm thick layer.

For the channel layer, SU-8 2075 was spin coated (10 s – 500 rpm, 30 s
– 2000 rpm, and 10 s – 500 rpm) to obtain a 100 μm thick layer, followed
by a baking and exposure cycle according to the manufacturer’s datasheet.
A second layer (for the emission optical fiber only) containing SU-8 2075
was spin coated on top of the nondeveloped first layer (10 s – 500 rpm,
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30 s – 2000 rpm, and 10 s – 500 rpm) to obtain a 100 μm thick layer. After
pre-exposure bake, the second layer mask was aligned and exposed (UV-
KUB 2, Kloé, France), followed with baking and development according to
the manufacturer’s datasheet. The master mold was silanized and used
for PDMS creation following the protocol above. The PDMS channel con-
taining the sorter channel was manually aligned with the dielectric coated
electrodes using an inverted microscope 4X (Olympus IX73; Tokyo, Japan).
Device channels were then treated with Novec 1720 fluorosilane polymer
surfactant. Two flat cleaved multimode optical fibers were prepared for
droplet excitation (100 μm core, 0.22 N.A.) and detection (200 μm core,
0.49 N.A.) (Thorlabs, NJ, US). Fibers were fixed with Kapton tape directly
on the device. To collect droplets from the sorter, three pipette tips (200 μL)
were positioned at the outlets and 30 μL HFE oil was added before running
the system.

Sorter device operation and validation: Gastight 500 mL glass syringes
were prepared with fittings and tubing as reported previously by the
group.[20,22,25,84] The syringe for droplet reinjection were set up with a
1/32″ OD, 0.381 mm ID PEEK tubing. All other syringes had a 1/32″ OD,
0.127 mm ID tubing. Syringes were installed on a low-pressure neMESYS
pump system (Cetoni, Korbussen, DE). The sorting device with installed
optical fibers was fixed in a 3D-printed holder (Figure S20, Supporting In-
formation) and clamped in place with a pogo pin PCB providing contact
with the electrode pads. The holder base plate fits in the scanning stage
(XYZ Tango, Marzhauser, Wetzlar, DE) of an inverted epi-fluorescence mi-
croscope (Olympus IX78, Olympus, Montreal, Québec, CA). Next, the
SMA end of the excitation fiber was coupled to a 500 nm short-pass fil-
ter in an in-line fiber optic filter mount (Thorlabs, NJ, US), connected to a
high power (1 mW) 470 nm fiber coupled LED light source. The SMA end of
the emission fiber was coupled to a portable mini-spectrometer (FLAME-S
UV–VIS, Ocean Insight, NY, USA). The flow inside the microfluidic chan-
nel was observed under a 4x or 10x objective under bright-field illumina-
tion. The spectrometer, pressure driven fluid flow and electrode actuation
were controlled using an in-house automation system and graphical user
interface.[23]

The multiplex sorter design was evaluated by generating different
droplets volumes (30, 110 pL, and 1 nL) from a droplet generator (Figure
S2, Supporting Information), respectively and reinjecting them into the
sorter by changing the spacer oil flow rate (100–700 nL s−1) with no elec-
trode actuation. The design efficiency was calculated by dividing the num-
ber of droplets flowing into the waste channel by the total number of
droplets generated.

To optimize voltage conditions, the different droplet sizes and spacer oil
flow rates were evaluated by a two-sorting experiment (droplet flowing into
the sorting channels, SC1 and SC2 or flowing into the waste channel, WC).
Both the applied AC signal amplitude (15 kHz, sine wave, 7–175 VRMS, 8
levels) and the spacer oil speed (200–600 nL s−1, 5 levels) were varied,
however, the droplet re-injection rate was kept the same (30 pL – 100 Hz,
110 pL – 50 Hz, and 1 nL – 20 Hz). Droplets were sorted by actuating the
sorting electrodes SE1 or SE2, and the sorting response was measured
by droplets moving toward the activated sorting channel, and the droplet
travel time and actuation time were experimentally recorded. For data anal-
ysis, images were recorded using a Hamamatsu Flash LT+ 4.0 camera.

To validate autonomous sorting, the sorting efficiency was measured
for all droplet sizes (30, 110 pL, and 1 nL). A mixed population of 1 mm flu-
orescein and PBS droplets were injected into the sorter (for 30 pL: 4 nL s−1

droplet flow rate, 400 nL s−1 spacer oil flow rate, 0.4 ms travel time and
10 ms actuation time; for 110 pL: 6 nL s−1 droplet flow rate, 400 nL s−1

spacer oil flow rate, 0.4 ms travel time and 20 ms actuation time; for 1 nL:
25 nL s−1 droplet flow rate, 500 nL s−1 spacer oil flow rate, 0.4 ms travel
time and 30 ms actuation time). The fluorescence intensity was measured
using the optical fibers from the devices and an in-house program will use
the intensity to route the droplets into one of the two sorting channels
(15 kHz sine wave and 105 VRMS). The efficiency was measured by cal-
culating the true positive percentage of fluorescent droplets being sorted
into the sorting channels (see Equation 1) and the false positives (Equa-
tion 2). False negative percentage was determined by the percentage of
fluorescent droplets into the waste channel based on the Equation (3).
Images of the droplets in the sorting channels and waste channels were

recorded using a Hamamatsu Flash LT+ 4.0 camera. Moreover, to vali-
date the multiplex autonomous sorter, efficiency was measured following
the same protocol above, except using a mixed population of PBS, 1 mm,
and 0.1 mm Fluorescein droplets.

True positive (%) =
(

1 −
(TSD − FD)

TSD

)
× 100 (1)

False positive (%) =
(TSD − FD)

STSD
× 100 (2)

where TSD is the total number of sorted droplets into the sorting channel,
and FD is the number of sorted droplets that are fluorescent.

False negative (%) =
( FD

TWD

)
× 100 (3)

where TWD is the total number of droplets into the waste channel, and FD
is the number of sorted droplets that are fluorescent.

Microscale Culture and Screening of S. cerevisiae var. diastaticus:
Parental strains of IDY1 and IDY2 were inoculated in YPD broth at 30 °C
with shaking at 200 rpm overnight. The cultures were sonicated and
washed using PBS by centrifugation and repeated three times. The final
pellet was resuspended into 2x YPD broth (buffered at pH 7.5). Since the
cell solution would be co-encapsulated (1:1 ratio) with the substrate solu-
tion, the OD600 were adjusted for twice the single cell droplet ratio based
on Poisson distribution (𝜆 = 0.3) for the different droplet sizes (30 pL –
2 × 107 cells mL−1, 110 pL – 5 × 106 cells mL−1, 1 nL – 6 × 105 cells mL−1).
Once cell concentration was adjusted, 10 %(w/w) Bovine serum albumin
was added to the cell solution. The cell solution in 2x YPD broth were co-
encapsulated with 4 mm (2 mm droplet concentration) 4-MUG-𝛼 (buffered
in 0.1 m phosphate buffer pH 7.5) in the T-junction droplet generators (for
volumes 30, 110 pL, and 1 nL) using 2% fluorosurfactant in HFE7500 oil,
and the droplet generation was monitored and measured using Fiji (Image
J) to form the desired droplet sizes (Figure S2, Supporting Information).
Droplets were collected into a PCR tube with 50 μL of 2% fluorosurfactant
in HFE7500 oil and incubated at 30 °C in the dark for 72 h. Fluorescence
and bright field images were taken every 24 h to measure cell growth and
glucoamylase enzyme activity.

Cell growth was measured by counting the number of cells inside the
droplets, and glucoamylase activity was measured based on 4-MU fluo-
rescence. The fluorescence intensities were measured using Fiji (image J)
based on previously reported technique[86] with modifications (see Figure
S13 and Note S1, Supporting Information, for reference). To measure flu-
orescence intensity in droplets and correction for fluorescent background
signals, the freehand ROI tool was used to outline the desired regions.
Subsequently, the area was measured, density was integrated, and the
mean gray value was selected. To calculate the corrected total droplet flu-
orescence (CTDF), Equation (4) has been used and the results have been
averaged based on eight data points.

CTDF = DF
DA × Mean BR

−
DFt0

DAt0 × Mean BRt0
(4)

where DF is the integrated density of the droplets that refers to the sum of
the values of all the pixels in a selected area or region of interest (ROI) in
an image, DA is the droplet area, and Mean BR is the mean fluorescence of
background readings. DFt0, DAt0, and Mean BRt0 denote the same mea-
surements, but they were taken immediately after droplet generation and
before incubation.

Mutant Droplet Generation, Sorting, and Recovery: The genome-
shuffled mutant population of S. cerevisiae var. diastaticus strains (IDY1 and
IDY2) was prepared and encapsulated in droplets as the protocol above for
30 pL droplets, collected in PCR tubes and incubated for 48 h. After incu-
bation, the droplets were re-injected into the sorter through a flow rate of
3 nL s−1 and spacer oil flow rate of 300 nL s−1. The fluorescence of the pop-
ulation was measured and graphed into a histogram to set up the sorting
gates (gate-SC1 – high fluorescence 95th percentile, and gate-SC2 – mid

Adv. Mater. Technol. 2025, 10, 2401209 2401209 (10 of 13) © 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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fluorescence 85th percentile). Each gate was selected to sort droplets into
two separated channels (SC1 and SC2) by actuating (15 kHz sine wave and
105 VRMS) the sorting electrodes SE1 and SE2, respectively. The droplets
were collected by pipetting the top layer of the emulsion from the pipette
tips positioned at the outlets. From sorted populations (high and mid fluo-
rescence), 5 μL aliquots were taken and diluted into 50 μL of YPD broth and
plated on YPD agar plates, the remaining emulsion was pipetted in YPD
broth and grew overnight to generate subpopulation glycerol stocks. The
plates were incubated at 30 °C for 48 h, and several colonies were taken for
post-sorting mutant analysis such as fold improvement in enzyme activity
(Equation 5) and growth (Equation 6) on maltodextrin as described in the
macroscale culture section.

Enzyme Activity Fold Improvement =
Mutant Enzyme Activity

(
U

mL⋅OD

)

Wild type Enzyme Activity
(

U
mL⋅OD

) (5)

Maltodextrin growth Fold Improvement = Mutant OD
Wild type OD

(6)

Fermentation Evaluation of Mutant Strains: Fermentation improve-
ment was evaluated through CO2 release measured by weight loss follow-
ing the previously described method[24] with modifications. A preculture
of the mutant strains and the wild type were done in YPD broth for 48 h
with shaking at 300 rpm and incubated at 30 °C. Hundred microliters of
the inoculum was added to 3 mL of synthetic medium (125 g L−1 maltose,
60 g L−1 maltodextrin, 1 mL ethanol, 1.25 mL (50% in water) glycerol,
3 mL 85% lactic acid, 2 g L−1 yeast extract, 6.4 g L−1 bactopeptone, pH
adjusted to 5.9 and 25 mg mL−1 chloramphenicol). The synthetic media
was added to 6 mL mini vials (VWR, Mississauga, ON) and sealed with
rubber caps pierced with needles for gas exchange. The initial weight for
each vial containing media and inoculum was recorded using a precision
scale and set as time = 0. The samples were shaken for 5 min at 180 rpm
to ensure proper mixing of cells with the medium. Subsequently, they were
incubated without agitation at 20 °C for 22 h, followed by an increase in
temperature to 30 °C until the end of the fermentation. Weight loss was
measured at 0, 18, 24, 42, 48, 66, and 72 h (time intervals and fermentation
was considered complete at 72 h (final mass loss point)). Additionally, the
dry biomass weight was measured by pelleting the cells and drying them at
60 °C overnight. Calculations were conducted using the equations shown
in Note S4 (Supporting Information).

Modeling and Data Analysis: Data and statistical analysis were per-
formed using GraphPad Prism v10.2.3. Image analysis and droplet sizes
calculations were done using Fiji (Image J). The applied electrical sig-
nal was measured using an oscilloscope. The graphical figures were
generated with Adobe Illustrator and Biorender. 2D Flow velocity and
3D electrical field simulations were performed with COMSOL Multi-
physics v5.4 with modeling parameters described in Table S6 (Support-
ing Information). All in-house codes were previously described by the
group.[20,23]

Statistical Analysis: Statistical analysis was performed using Prism
v10.2.3 (GraphPad). For Figure 2, Figures S6 and S15 (Supporting Infor-
mation), unpaired t-test was performed at 95% CI with n = 7 replicates
for Figure 2, n > 3 for Figure S6 (Supporting Information), and n = 3 for
Figure S15 (Supporting Information), p-values included in the captions.
For Figures 5 and 6, Figures S9, S10, and Table S4 (Supporting Informa-
tion), we performed One-way ANOVA at 95% CI, with n = 3 replicates for
Figures 5 and 6, Figures S9, S10, and Table S4 (Supporting Information),
p-values included in the captions.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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