Research Article
pubs.acs.org/synthbio

Scalable Device for Automated Microbial Electroporation in a Digital
Microﬂuidic Platform
Andrew C. Madison,*,† Matthew W. Royal,† Frederic Vigneault,‡ Liji Chen,† Peter B. Griﬃn,§
Mark Horowitz,∥,⊥ George M. Church,‡,# and Richard B. Fair†
†

Department of Electrical and Computer Engineering, Duke University, Durham, North Carolina 27708, United States
Wyss Institute for Biologically Inspired Engineering, Boston, Massachusetts 02115, United States
§
Stanford Genome Technology Center, Stanford University, Palo Alto, California 94304, United States
∥
Department of Computer Science, ⊥Department of Electrical Engineering, Stanford University, Stanford, California 94305, United
States
#
Department of Genetics, Harvard Medical School, Harvard University, Boston, Massachusetts 02115, United States
‡

S Supporting Information
*

ABSTRACT: Electrowetting-on-dielectric (EWD) digital microﬂuidic laboratory-on-a-chip platforms demonstrate excellent
performance in automating labor-intensive protocols. When
coupled with an on-chip electroporation capability, these
systems hold promise for streamlining cumbersome processes
such as multiplex automated genome engineering (MAGE).
We integrated a single Ti:Au electroporation electrode into an
otherwise standard parallel-plate EWD geometry to enable
high-eﬃciency transformation of Escherichia coli with reporter
plasmid DNA in a 200 nL droplet. Test devices exhibited
robust operation with more than 10 transformation experiments performed per device without cross-contamination or
failure. Despite intrinsic electric-ﬁeld nonuniformity present in
the EP/EWD device, the peak on-chip transformation eﬃciency was measured to be 8.6 ± 1.0 × 108 cfu·μg−1 for an average
applied electric ﬁeld strength of 2.25 ± 0.50 kV·mm−1. Cell survival and transformation fractions at this electroporation pulse
strength were found to be 1.5 ± 0.3 and 2.3 ± 0.1%, respectively. Our work expands the EWD toolkit to include on-chip
microbial electroporation and opens the possibility of scaling advanced genome engineering methods, like MAGE, into the
submicroliter regime.
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A

our results suggest that EWD DMF is a viable approach to
realizing microbial EP in EWD actuators of arbitrary size.3,4
Many strategies have emerged as a means of automating and
miniaturizing gene transfer, but the process remains, to a great
extent, uncharacterized for EWD systems. Current literature
demonstrates a variety of EP electrode geometries, including
parallel plate electrodes,5−12 coplanar electrodes,13−26 and
three-dimensional microstructures fabricated into channel side
walls27−33 as well as more exotic approaches that exploit
nanostructure for local electric ﬁeld enhancement.7,11,26,34
Recent eﬀorts have demonstrated microbial electroporation in
a range of ﬂuidic formats as well. Static microwell,16,17,22,23,35
continuous,5−9,11,12,21,24−27,30,31,36−39 and discrete20,33,40,41
droplet-based pressure driven ﬂow formats as well as
hydrodynamic formats that utilize dielectrophoresis,13,18,19
ﬂow-focusing,10 and vortex-assisted42 approaches have been

utomation and miniaturization of gene delivery methods
hold the promise of revolutionizing synthetic biology.
Such advances may fundamentally alter our approach to human
health, security, and manufacturing, but current protocols rely
on cumbersome experimental systems that limit the rate of
biological construct development. Microﬂuidics-based gene
transfer technologies overcome these barriers through the
development of devices that couple scalable ﬂuid handling and
gene transfer capabilities,1,2 yet few microﬂuidics gene transfer
technologies have been adopted by the biological research
community. To address this technological gap, we reﬁne
conventional bulk electroporation into an electrowetting-ondielectric (EWD) digital microﬂuidic (DMF) format, enabling
the characterization of high-eﬃciency microbial transformation
in a programmable, submicroliter droplet-based workﬂow for
the ﬁrst time. The present work describes microbial survival,
molecular transport, and transformation rates associated with
an electroporation (EP) device that scales with the geometry of
a coupled EWD DMF actuator. Building on our previous work,
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Figure 1. (A) Photograph of the complete EP/EWD device assembly. (B) Micrograph of the integrated EP/EWD device. (C) Average electric ﬁeld
strength within a 200 nL droplet region plotted as a contour surface for the fraction of EP coverage, AEP/AEWD, and applied EP bias. (D) Contours of
the probability density of the computed electric ﬁeld strength resulting from a range of EP biases applied to the EP electrode. The proﬁle plot (right)
shows the distribution of the electric ﬁeld at an optimum EP bias for electroporation in single pulse experiments, 370 V. The proﬁle plot reﬂects an
average ﬁeld of 2.25 ± 0.50 kV·mm−1. (E) Estimated temperature change for single (circles) and 10-fold (triangles) pulses assuming a 5× increase in
solution conductivity due to bacterial permeabilization during electroporation.

implemented as ﬂuid handling strategies in microelectroporation devices. The wide assortment of microﬂuidic and
electrostatic capabilities is a testament to the demand for
scalable and automatable electroporation microsystems, which
highlights the importance of matching the ﬂuid handling
technique with an appropriate electrode conﬁguration.
The versatility and scalability of the EWD DMF toolkit
suggest that the technology is poised to make a deep impact in
the growing industry of genome engineering research.43−49
EWD involves modulation of the wetting behavior of a
polarizable liquid droplet on a hydrophobic, insulated electrode
through the application of an electric ﬁeld and has been proven
for the manipulation of biological samples.46,50−55 In 2014,
Illumina, Inc. unveiled a library preparation tool that uses EWD
DMF for the automated preparation of libraries for wholegenome and whole-transcriptome sequencing.56 Similarly,
EWD DMF has been commercialized by Genmark Diagnostics,
Inc. for completely automated and multiplexed nucleic acid
extraction, ampliﬁcation, and detection.57 Moreover, Shih et al.
recently highlighted the utility of DMF for automating gene
assembly through the demonstration of a hybrid discrete ﬂow
microﬂuidics platform that leveraged EWD to assemble plasmid
constructs and a pressure-driven stage to expose droplets of an
Escherichia coli suspension to EP ﬁelds.39 Although striking in
their execution of scaled combinatorial DNA assembly and
microbial transformation, their hybrid platform did not
integrate electroporation into the droplet-based format native
to EWD DMF, which underscores the need for an integrated
EP/EWD solution. While our past work focused on proof-ofconcept demonstrations of EP in EWD devices, it failed to

include characterization of on-chip transformation rates with
respect to EP pulse conﬁgurations.3,4
The present work addresses the technological gap of EWDbased microbial transformation through the characterization of
a device capable of supporting discrete ﬂuid transport and
robust electroporation of microbial cells in a submicroliter
droplet. The integration of EP functionality into a format
compatible with EWD is motivated by the concept of
embedding an additional metallic structure into an otherwise
conventional parallel plate EWD platform. This article extends
our previous work, which outlines a proof-of-concept for EP
and droplet transport in partially shielded EWD devices.3,58

■

EXPERIMENTAL METHODS

The primary objective of our experimental approach involves
the characterization of an EP/EWD device with respect to cell
survival, plasmid transport, and transformation eﬃciency for a
range of EP pulse strengths and pulse numbers. As shown in
Figure 1A,B, a meandering electrode patterned on the EWD
dielectric was chosen as a prototype EP device geometry.
Common EWD microfabrication methods were employed for
the batch production of the EP/EWD devices.58,59 As
previously outlined for bench-scale MAGE, our experimental
procedure followed six steps for the EWD-enabled transformation of E. coli cells: cell growth, media exchange,
electroporation, cell recovery, sample dilution, and quantiﬁcation of survival and transformation rates.1
Cell Growth and Media Exchange. The EcNR2 E. coli
strain used in this study is resistant to chloramphenicol,
protecting against contamination during sample preparation
and storage.1 Liquid cultures of the EcNR2 strain (Addgene no.
1702
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Figure 2. EWD-enabled transformation of 200 nL droplets containing E. coli and pGERC. (A−C) A single 2× (200 nL) aqueous droplet containing
E. coli and pGERC is dispensed from the inlet reservoir and transported to the EP/EWD electrode in preparation for EP pulse delivery. (D−E) EP
pulses of various strength (0−3 kV·mm−1), number (1 or 10), and shape (exponential decay or trapezoidal) were administered to the droplet before
(F−H) the droplet is merged with a 200 nL recovery droplet and actuated to the outlet reservoir, where the entire content of the outlet reservoir was
then collected.

EWD gasket walls near the EP/EWD and voltages measured
during EP pulse delivery informed the simulation geometries
and boundary conditions. The family of solutions of the average
electric ﬁeld strength within a 200 nL droplet region is plotted
as a contour surface for the fraction of EP coverage, AEP/AEWD,
and applied EP bias in Figure 1C. Figure 1D shows contours of
electric ﬁeld distributions computed for a 200 nL droplet
centered over an EP/EWD device with a fraction of EP
coverage of 0.34. Anticipated temperature responses for single
and ten pulse EP schemes is shown in Figure 1E. As
summarized in the Supporting Information, our calculation of
Joule heating within the EP/EWD assumes a 5× increase in
electrical conductivity due to microbial permeabilization during
electroporation pulse delivery.63−66
EP/EWD Chip Staging. Individual EP/EWD devices were
loaded into a test jig and secured in place by stage-mounted
slide clips as shown in Figure S6. A CCD camera (model
avA1000-120kc, Basler) and telephoto lens (Optem Zoom 125,
Qioptik) mounted beneath the EWD stage allowed real-time
microscopic image capture of each experiment. Electrical
connections to the bottom and top plates were made by
attaching a ribbon connector to the EWD test clip and the EP/
EWD ground clip to the lateral side of the top plate.58 Alligator
clips were used to connect the EP (+) electrode contact and the
EP/EWD ground to the positive and negative terminals of the
MicroPulser electroporator unit (Bio-Rad Laboratories, Inc.),
respectively.
Once the electrical connections were established, ∼25 μL of
2 cSt silicone oil (Advanced Liquid Logic, Inc.) was added to
the EWD device via the pipet inlets. The EW voltage was set to
a 1 kHz, 50 Vp−p sine wave, and a custom EWD graphical user
interface59 (GUI) (available upon request) was used to
energize all four EWD reservior electrodes in the reservoir on
one side of the EP/EWD device. With the EWD reservoir
electrodes activated, 2 μL of the EcNR2 cells and DNA mixture
was pipetted into one EWD reservoir. Then, 2 μL of recovery
media, which consisted of LB containing 0.05% (v/v) Tween
20, was pipetted into the second EWD reservoir.
On-Chip Transformation. A simple EWD protocol was
developed for the demonstration of on-chip EP in the EWD

26931) were obtained and immediately streaked onto Luria
Broth (LB) (Aﬀymetrix, Inc.) agar plates containing 12.5 μg·
mL−1 chloramphenicol (Teknova, Inc.) and stored at 4 °C. As
outlined in the Supporting Information, common procedure for
the production of electrocompetent E. coli cultures was
followed.1,2
Aliquots of 1 mL of mid-log-phase cultures were washed
twice with ice-cold 0.01% (v/v) Tween 20 in nuclease-free DI
water and resuspended in 200 μL of ice-cold 0.05% (v/v)
Tween 20 in nuclease-free DI water, resulting in an
electrocompetent cell concentration of 2.67 ± 1.2 × 109
cells·mL−1. To this suspension was added 5 μL of 77.0 ± 7.1
ng·μL−1 pGERC reporter plasmid DNA (Addgene plasmid no.
47441), resulting in a ﬁnal DNA concentration of 1.88 ± 0.03
ng·μL−1.60 The pGERC plasmid carries a gene that encodes
resistance to kanamycin, an antibiotic that inhibits protein
synthesis in nonresistant bacteria.61,62 As outlined in the
Supporting Information, the conductivity of the cell/DNA
suspension was measured to be 4.14 ± 0.38 × 10−2 μS·cm−1.
EP/EWD Device Design. The EP/EWD device design
included an EWD electrode length of 700 μm and an EP wire
width of 60 μm, which shielded 34% of the EWD electrode
area. A fully assembled EP/EWD device and a photomicrograph of the EP electrode are shown in Figure 1, panels A and
B, respectively. The bottom plate comprised 22 EWD
electrodes that make up two 3.5 × 2.1 mm reservoirs and a
single lane of sixteen 700 × 700 μm channel electrodes, spaced
with a 15 μm interelectrode gap, a 2 μm thick SU-8 EW
dielectric, a 20 nm SiO2 adhesion layer, a single Ti:Au (5:200
nm) EP electrode, a 174 ± 3 μm Duralar polyester gasket, and
a 70 ± 10 nm ﬁlm of Cytop hydrophobic coating. The
meandering EP electrode is 60 μm wide and shields 34% of the
underlying EWD electrode from a centered droplet.
As summarized in the Supporting Information, a coupled
quasi-static ﬁnite element model (FEM) of electric potential
and temperature proﬁles in the EP/EWD device was developed
using Comsol Multiphysics to estimate the probability density
of intradroplet electric ﬁeld strengths and temperature changes
in the device during single and multiple pulse experiments for
the experimental range of EP biases. Proﬁlometry traces of the
1703
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Figure 3. Cell survival, transformation, and plasmid transport observed in the EP/EWD device for a single pulse (circles) and ten pulses (triangles).
Cell survival fraction (A), transformation fraction (B), and transport probability (C) plotted with respect to average intradroplet electric ﬁeld
strength. Cell survival fraction (D), transformation eﬃciency (E), and transport probability (F) plotted with respect to pulse scheme energy density
(σE2τN1/2). For direct comparison to recent work regarding the electroporation of E. coli, transformation fractions and eﬃciencies reported in
cuvette (solid) and microﬂuidic (hollow) systems are included in (B) and (E).

environment. The on-chip protocol is summarized in Figure 2.
With the EWD reservoirs loaded with the EcNR2 culture/DNA
mixture on one side of the EP/EWD chip and the recovery
media in the opposing reservoir, the EWD control GUI was
used to dispense and transport a 2× (200 nL) droplet of
recovery media to an EWD electrode adjacent to the site of the
EP/EWD device.
Once the recovery droplet was in place, a 2× (200 nL)
droplet of cells/DNA was transported to the EP/EWD device,
as shown in Figure 2A−D. With the cell/DNA droplet
positioned over the EP/EWD electrode, EP pulses of variable
strength and number were administered to the droplet. Figure
2D,E shows the droplet before and after the delivery of a single
EP pulse. The actual voltage applied between the EP (+)
terminal and the EP/EWD ground was measured with an
oscilloscope (model 54624A, Agilent Technologies) and a
1:100 probe. We used the electrostatic FEM to estimate the
average electric ﬁeld strength inside of the droplets using
knowledge of the gasket geometries and the EP biases
measured during pulse delivery. As shown in Figure 2F,G,
the recovery droplet was actuated to the EP/EWD device
immediately after the EP pulse to rescue the porated cells and
facilitate droplet removal from the device.
Once the cell/DNA and recovery media droplets were mixed,
the resulting 4× droplet was actuated to the recovery reservoir
for collection as shown in Figure 2G−H. The entire content of
the recovery reservoir as well as additional silicone oil, which
totaled 5 μL, was collected. The collected ﬂuid, 2.4 μL of which
was aqueous, was added to 1 mL of LB in 15 mL plastic cell
culture tubes prewarmed to 30 °C. Collection was noted, and
the tubes were incubated with agitation at 30 °C for 2.5 h.

This protocol was repeated for a range of EP pulses that
varied in average strength from 0 to 3 kV·mm−1 (0−600 V) for
single decaying eponential pulses with a time constant, τ, of 6.0
± 0.1 ms and for ten trapezoidal pulses of width 3.0 ± 0.0 ms.
[A simple CMOS circuit was used for rapid delivery of ten EP
pulses.59] Obvious anomalous behaviors associated with the
pulse delivery and postpulse appearance of the EP/EWD chip
were noted. The EP/EWD chips were reused for multiple
experiments but were ﬂushed with silicone oil between pulses.
To test for cross-contamination, 2× droplets of LB were
actuated through freshly ﬂushed devices and cultured. Zero
growth was observed after 2.5 h of recovery and plating on LB
agar containing 12.5 μg·mL−1 chloramphenicol, indicating the
reusability of the devices.
Oﬀ-Chip Sample Processing. Common cell recovery,
dilution, growth, and quantiﬁcation methods were employed to
determine survival and transformation rates for each EP
experiment.1−3 Cell recovery was conducted at 30 °C for 2.5
h with agitation. Serial dilution of recovered samples was
carried out to factors of 10−1, 10−2, 10−3, and 10−4.
Experimental controls were established by plating 50 μL of
the 10−3 and 10−4 dilutions on separate halves of LB agar plates
containing 12.5 μg·mL−1 chloramphenicol (cat. no. L1013,
Teknova, Inc.). An experimental group was established by
plating 50 μL of the original sample and the 10−1 dilution on
separate halves of LB agar plates that contained 12.5 μg·mL−1
chloramphenicol and 50 μg·mL−1 kanamycin (cat. no. L1257,
Teknova, Inc.). Both groups of plates were then incubated at 30
°C for 18 h.
Photographs were taken of all plates using a standard
compact digital camera (PowerShot A2300 HD, Canon Inc.),
and resulting colonies were counted manually using the Cell
1704
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mm−1. The ten-pulse EP/EWD protocol exhibited signiﬁcantly
higher lethality than the single-pulse EP/EWD protocol, which
is likely an eﬀect of excessive electropore accumulation as well
as Joule heating, as predicted in the thermal analysis
summarized in Figure 1E. Curve ﬁts are shown to illustrate
the general trends observed for one (solid line) and ten (dotted
line) EP pulses. The decay constant, α, for the single and tenpulse curve ﬁts according to eq 1 were determined to be 0.843
± 0.028 and 1.91 ± 0.22 mm2·kV−2, respectively. As shown in
Figure 3D, survival fraction trends for the one and ten pulse
experiments collapsed to a single trendline when plotted against
the product of pulse energy density and the square root of the
number of pulses (στE2N1/2). Linear regression was used to
determine the slope and intercept of this relationship, which
were found to be −0.0300 ± 0.001 cm3·mJ−1 and 0.009 ±
0.074, respectively (R2 = 0.91).
Transformation. The transformation of EcNR2 cells in the
EP/EWD device exhibited global optima that depended heavily
on the average electric ﬁeld strength and pulse number. As
shown in Figure 3B,E, the transformation fraction observed for
single pulse trials peaked at 3.8% (8.56 × 108 cfu·μg−1) for an
electric ﬁeld strength and energy density of 2.25 kV·mm−1 and
70.9 mJ·cm−3, respectively. The single pulse peak transformation ﬁeld strength of 2.25 kV·mm−1 represents a 25%
increase in the reported optimum ﬁeld strength of 1.8 kV·mm−1
for a standard EP cuvette.1,68 In contrast, the transformation
fraction observed for experiments that utilized ten pulses
peaked at 0.013% (1.21 × 107 cfu·μg−1) for an average electric
ﬁeld strength and energy density of 1.18 kV·mm−1 and 36.9 mJ·
cm−3, respectively.
Diﬀerences in optimum average EP ﬁeld strengths between
the on-chip and standard cuvette formats are likely the result of
a nonuniform electric ﬁeld proﬁle produced by the EP/EWD
device. EP ﬁeld nonuniformity that results from the nonplanar
EP electrode geometry reduces the eﬃciency of the applied
ﬁeld to porate exposed cells during pulse delivery. As shown in
Figure S2, electric ﬁeld proﬁles include regions of low ﬁeld
strength near regions of the EWD dielectric that are uneclipsed
by the EP electrode. Hence, a higher average ﬁeld strength is
required to compensate for these regions of low ﬁeld strength.
In terms of transformation eﬃciency, the EP/EWD device
outperformed comparable cuvette-based trials as well as recent
on-chip results reported elsewhere.39 Figure 3E shows peak
transformation eﬃciencies for single pulse experiments in EP/
EWD transformed E. coli that are in excess of 15 times more
eﬃcient than our most eﬃcient cuvette-based control (solid
circles) and recent on-chip EP results (hollow squares)
reported by Shih et al.39 Although this eﬀect is due in part to
diﬀerences in the concentration of DNA used in each study, it
reveals that the transformation eﬃciency in the EP/EWD
device is comparable to that of standard bench-scale methods
and recent advancements of droplet-based EP. Despite the high
transformation eﬃciency observed in the EP/EWD device,
fractional transformation observed in the device did not
compare as well to comparable trials executed in standard EP
cuvettes and on a recently reported commercial DMF
platform.4 As shown in Figure 3B, cuvette-based transformation
for both the single (solid circles) and ten (solid triangles) pulse
experiments from the present work as well as single pulse
experiments reported by Moore et al. (stars) consistently
yielded transformation fractions 1 order of magnitude greater
than the EP/EWD device presented in this work (hollow circles
and hollow triangles).4 This disparity may be explained as a

Counter plugin in the image processing suite ImageJ (National
Institutes of Health, USA). Survivors (S) were counted as the
number of colonies that grew on the LB−chloramphenicol
control plates, and transformants (T) were counted as the
number of colonies that grew on the LB plates that contained
chloramphenicol and kanamycin. Colony counts for each plate
were adjusted for their respective dilutions.
The statistical model oﬀered by Canatella and Prausnitz was
adopted for characterizing the fraction of cells that survived,
received at least one copy of the plasmid, and was transformed
by the EP pulse.67 As shown in eq 1, the survival fraction, Sf, of
each sample in the control group was deﬁned as the ratio of
survivors to the number of survivors determined for droplets
that were not pulsed, S0. Hence, each group contained a control
sample that was actuated in the EP/EWD device but not
exposed to an EP pulse. The transformation fraction, Tf, of each
sample in the experimental group was deﬁned as either the ratio
of transformants to the number of survivors that were counted
for corresponding samples in the control group or the product
of the survival fraction and the likelihood of plasmid transport,
Nf, as shown in eq 2. Trends in survival, plasmid transport, and
transformation were investigated as functions of average electric
ﬁeld strength and energy density through the application of this
simple model.
Sf =

2
S
= e−α ∥ E̅ ∥
S0

(1)

Tf =

2
δ
T
= Sf Nf = e−α ∥ E̅ ∥ (1 − e−β ∥ E̅ ∥ )
S

(2)

Cuvette-Based Transformation. To contextualize on-chip
results, the transformation procedure described above was also
execued in standard 0.1 cm EP cuvettes (no. 1652089, Bio-Rad
Laboratories, Inc.). A pGERC reporter plasmid concentration of
1.53 ± 0.10 ng·μL−1 was present during the cuvette-based EP
of EcNR2 suspensions that ranged in volume from 50 to 100
μL per cuvette. Exponentially decaying EP pulses of strengths
0.0, 1.1, 1.8, and 2.5 kV·mm−1 (τ = 5.5 ± 0.2 ms) were applied
as single pulses in one set of trials and with strengths of 0.0, 0.7,
1.0, and 1.3 kV·mm−1 (τ = 5.1 ± 0.1 ms) for ten pulses in a
second set. Recovery was initiated in the EP cuvettes with 1 mL
of LB, and the suspension was immediately transferred to
growth tubes for a 2 h incubation with agitation at 30 °C.
Recovered suspensions were then diluted by factors of 10−4 and
10−1 for plating on control and selection plates, which
contained 12.5 μg·mL−1 chloramphenicol and 12.5 μg·mL−1
chloramphenicol plus 50 μg·mL−1 kanamycin, respectively. All
samples were plated with a volume of 50 μL. Resulting colonies
were counted and anaylzed as previously described.

■

RESULTS AND DISCUSSION
On-chip, EWD-based EP was successfully demonstrated. A
total of 6 EP/EWD chips were used in 44 individual, on-chip
EP experiments. The EP/EWD chips were found to be
reusable, robust, resistant to contamination from previous
experiments, and able to withstand hundreds of EP pulses with
minimal signs of dielectric breakdown or ﬂuidic failure.
Cell Survival. Cell survival decreased exponentially as the
average electric ﬁeld strength and energy density of the EP
pulses increased. Figure 3A shows a semilog plot of the survival
fraction measured for the electroporation of EcNR2 cells in the
EP/EWD device for one (circles) and ten (triangles) EP pulses
ranging in average electric ﬁeld strength from 0 to 2.6 kV·
1705
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Table 1. Comparison of Recent Microﬂuidic Platforms for Microbial Electroporation
microﬂuidics platforms for electroporation
parameter
type of microﬂuidics
dispensing volume
microbe strain
DNA construct
DNA construct size
pulse ﬁeld strength
exposure time
pulse shape
number of pulses
peak eﬃciency
a

unit
μL

kb
kV·mm−1
ms

cfu·μg−1

Shih et al.39

Moore et al.4

Garcia et al.64

this work

DMF, droplets in channel
0.2
E. coli DH5α
multiple plasmids
3
0.18
100
trapezoidal
3
4.5 × 106

DMF
0.35
E. coli EcNR2
oligonucleotide
0.09
2.4
6
exp. decay
2, rev. polarity
9.0%b

continuous ﬂow
500a
E. coli K12 WT
plasmid
3
1.25
5
triangular
1
4.0 × 107

DMF
0.2
E. coli EcNR2
plasmid
5
2.25
6, 3
exp. decay, trapezoidal
1, 10
8.6 × 108

Flow rate reported as 500 μL·min−1. bTransformation fraction reported.

result of EP ﬁeld nonuniformity and moderate Joule heating on
the order of a few degrees, as predicted in the Joule heating
analysis summarized in Figure 1E.
Plasmid Transport. The fraction of cells that received a
copy of the plasmid was computed as the quotient of the
transformed colony count and the survival cell trend. As shown
in Figure 3C,F, the transport probability for single pulse EP/
EWD experiments asymptoted to unity near an average electric
ﬁeld strength of 2.25 kV·mm−1. Transport probabilities for the
ten-pulse experiments peaked at 0.02, which occurred around
1.13 kV·mm−1 and 50 mJ·cm−3. The discrepancy in performance between the single and ten pulse experiments can likely be
attributed to the exponential proportionality between the
electric ﬁeld strength and electropore population for a given
cell.69,70
Nonideal Device Behavior. Several instances of nonideal
behavior were observed. Failure mechanisms observed for the
EP/EWD device included electryolysis of the aqueous droplet
during the EP pulse, postpulse contact line pinning, EW
dielectric charging and breakdown, and top plate breakdown.
Droplet electrolysis was by far the most commonly observed
fault, occurring in all EP experiments with EP pulses greater
than ∼0.75 kV·mm−1 in average strength. Postpulse contact line
pinning and top plate breakdown were also observed, but they
were not as frequent as droplet hydrolysis. The application of a
single 2.25 ± 0.50 kV·mm−1 EP pulse was capable of producing
a distribution of bubbles inside of the pulsed droplet. This
eﬀect was found to occur more frequently and more intensly at
higher electric ﬁeld strengths.
The eﬀect of electrolysis on cell survival, plasmid transport,
and transformation in the EP/EWD device reported here
remains unclear. However, localized pH variations caused by
the electrolysis of water and subsequent ion ﬂux near EP
electrodes are known to degrade cell survival in EP
protocols.71−73
In addition to hydrolysis, EP pulses were found to
occasionally cause contact line pinning near edges of the
device layer. Following the delivery of an EP pulse of suﬃcient
strength, in several instances cell/DNA droplets were slow to
actuate away from the EP/EWD device or were pinned to the
EP device. In cases where postpulse contact line pinning was
observed, merging the recovery droplet with the pulsed droplet
aided in droplet removal. Even after such an occurrence, the
EP/EWD devices were typically able to be reused for multiple
subsequent transformation experiments. The cause of postpulse
contact line pinning could be due to several possibilities,
including dielectric breakdown, deformation of the hydro-

phobic layer, or changes in the physicochemical properties of
the aqueous droplet. Although the precise mechanisms of the
nonideal device behavior remain uncharacterized, our work
identiﬁes droplet electrolysis and contact line pinning as
primary targets of optimization for future iterations of the EP/
EWD device.
Performance Comparison. In terms of volume scaling and
peak eﬃciency, the performance of the EP/EWD device
compares favorably against recent reports of microﬂuidicsenabled microbial transformation platforms, which included
DMF,4 discrete,39 and continuous64 ﬂow formats. Table 1
summarizes the performance of several recent microﬂuidic
platforms including the EP/EWD device reported in the
present work.
Our EP/EWD device was matched in volume-scaled
operation at 200 nL in the DMF/discrete-ﬂow hybrid device
reported by Shih et al.39 The reduction of droplet size is
important for future eﬀorts that aim to process many droplets
in massively parallelized assays on DMF platforms of
manageable size. Thus, the demonstration of EP in microﬂuidics platforms that scale well into the picoliter regime is an
essential milestone in the path toward automating advanced
genome engineering methods.
One drawback of volume-scaled EP/EWD is the intrinsically
reduced yield associated with transformation in reduced ﬂuid
volumes. To match the yield of the continuous ﬂow platform
reported by Garcia et al., which continuously produced
transformants at rates approaching 1 × 1011 cfu·(μg·h)−1, our
EP/EWD device would have to process 100 droplets per hour
with a transformation eﬃcency approaching 1 × 109 cfu·μg−1.64
Although matching such a high yield with a single EP/EWD
device would be an arduous task in its current form, parallel
device operation could oﬀer comparable performance to the
continuous ﬂow strategy with the additional beneﬁts of it being
a reconﬁgurable, pumpless, and software-driven ﬂuidic system.
With the exception of the 350 nL proof-of-concept EP/EWD
work oﬀered by Moore et al., the scaled EP/EWD device
surpassed other recent devices in terms of peak transformation
eﬃciency.4 The EP/EWD device reported herein was nearly 20
and 200 times more eﬃcient than devices reported by Garcia et
al. and Shih et al., respectively.39,64 The capability of the EP/
EWD device to transform cells with eﬃciencies exceeding those
of devices in which uniform ﬁelds were used underscores the
ﬂexibility of EP in terms of ﬁeld nonuniformity. Although much
work remains in the optimzation of each technological
approach, the positive results observed with the EP/EWD
device along with the beneﬁts of programmatic and
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■

CONCLUSIONS
The integration of an EP device layer into an EWD digital
microﬂuidic LoC environment is a response to the increasing
demand from the synthetic biology community for instrumentation capable of handling a multitude of volume-scaled gene
transfer experiments in parallel and under programmatic
control. Our work demonstrates an eﬀective EP/EWD device
and characterizes its performance in terms of cell survival,
plasmid transport, and transformation rates with respect to
average electric ﬁeld strength, energy, and pulse number. The
proposed meandering electrode design proved capable of
exposing droplets of E. coli to tunable EP ﬁelds of suﬃcient
strength to drive transformation at eﬃciencies comparable to
those of benchtop EP cuvettes while minimally impacting
electrowetting-driven droplet transport.
Advancement of EWD-enabled microbial transformation will
drive the development of next-generation platforms and
facilitate the use of labor-intensive genome editing protocols
that rely on iterative and parallel processes. Demonstrations of
high-performance on-chip cell growth, media exchange,
recovery, and selection remain unreported, but they must be
addressed to enable fully automated multicycle operation.
Improvements in the transformation eﬃciency must also be
investigated to identify optimal electrode designs and EP pulse
parameters. Additionally, the use of pH buﬀering agents in the
droplets and active cooling elements coupled to the EP/EWD
chip are two strategies that may mitigate the extensive cell
death observed in multiple pulse experiments.
A mature EP/EWD capability would profoundly impact the
ﬁeld of synthetic biology by accelerating the pace of automated
genome engineering and expanding the reach of current
experimental protocols to simultaneously handle many dropletbased genome modiﬁcation experiments. Future implementations of the EP/EWD approach will deliver next-generation
automated genome engineering methods, like volume-scaled
MAGE or droplet-based cell-free expression systems, that may
revolutionize biomaterial development and discovery.
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