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for deciphering cancer genes†
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Gene-editing techniques such as RNA-guided endonuclease systems are becoming increasingly popular

for phenotypic screening. Such screens are normally conducted in arrayed or pooled formats. There has

been considerable interest in recent years to find new technological methods for conducting these gene-

editing assays. We report here the first digital microfluidic method that can automate arrayed gene-editing

in mammalian cells. Specifically, this method was useful in culturing lung cancer cells for up to six days, as

well as implementing automated gene transfection and knockout procedures. In addition, a standardized

imaging pipeline to analyse fluorescently labelled cells was also designed and implemented during these

procedures. A gene editing assay for interrogating the MAPK/ERK pathway was performed to show the util-

ity of our platform and to determine the effects of knocking out the RAF1 gene in lung cancer cells. In ad-

dition to gene knockout, we also treated the cells with an inhibitor, Sorafenib Tosylate, to determine the ef-

fects of enzymatic inhibition. The combination of enzymatic inhibition and guide targeting on device

resulted in lower drug concentrations for achieving half-inhibitory effects (IC50) compared to cells treated

only with the inhibitor, confirming that lung cancer cells are being successfully edited on the device. We

propose that this system will be useful for other types of gene-editing assays and applications related to

personalized medicine.

Introduction

Recent efforts in cancer characterization are shifting towards
a more personalized approach rather than hierarchical classi-
fications based on chemosensitivity experiments.1 Cancer is a
heterogeneous disease that highly differs in genetic makeup
and relies on different pathways for survival, which gives rise
to a wide-range of potential responses to different anti-cancer
agents.2,3 One method that has been rapidly growing in inter-
est is to use CRISPR-based screens to systematically identify
the genes that are required for the survival and proliferation
of mammalian cells.2–9 Such a method enables complete and
permanent inactivation of genes and can offer insight into
the genetic basis of the disease and lead to the identification
of new drug targets.5,10–13 Several groups have reported suc-
cessful editing of endogenous genes in cells in culture via
transfection of plasmid DNA14 or stable delivery into cells

through the use of lentiviruses or other retroviruses.15 These
systems contain the Cas9 gene which can be expressed to tar-
get a specific location in the genome by a single guide RNA
that complements the target DNA and be used for loss-of
function screens aimed at identifying potential drug targets
for cancer treatment.5,10–17

The most common format for these loss-of-function per-
turbations is in vitro ‘pooled’ screens5,11,15 relying on the de-
livery of Cas9 nucleases and a ‘pool’ of guide RNAs (sgRNAs)
into the cells by transfection or transduction. Pooled libraries
enable screens that simultaneously assess the effect of
knocking out hundreds to thousands of individual genes at
multiple loci in a phenotypic readout, such as proliferation
or metastasis assays. Although such developments provide
new opportunities for drug target identification and valida-
tion, interpretation of results in a pooled format rely on dif-
ferential representation of guide RNAs after vs. before (as
assessed by next-generation sequencing) and rely on enrich-
ment of multiple guide RNAs as a validation of target rele-
vance.11,16 Furthermore, the complexity of population dynam-
ics, each cell being in competition with many others, may
contribute to biases resulting in higher relative abundance of
some perturbations compared to some others. An alternative
to ‘pooled’ screens is to implement ‘arrayed’ screens where
cells are genetically perturbed only with one known gene
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target.18,19 This can potentially enable use of a wider range of
cellular phenotypes to be investigated.20–22 Limitations of
arrayed experiments are the associated costs (usually an or-
der of magnitude more expensive than pooled libraries23)
since they require special facilities that use automation for
the handling of plates and the inefficient workflow that in-
cludes labor-intensive preparatory work to build and produce
individual guide libraries and transferring the samples to
other platforms for analysis. Thus, an automated and inte-
grated platform that will culture cells for days, enable effi-
cient handling of mammalian cells and reagents, express the
gene editing machinery targeting an individual gene or locus
in cells, and assay cell phenotypes will be beneficial for these
arrayed-type experiments. This will save on overall costs and
improve the workflow by minimizing the time frame between
perturbation and measurement.

Arrayed libraries are typically generated in multi-well
plates, where each well contains a virus or vector, or reagents
with a guide targeting a specific gene. The tools used for
these types of experiments, such as automated robotics
coupled with flow cytometry, can provide an exploration of
complex phenotypes arising from single perturbations. De-
spite their outstanding features in reducing cell death or lim-
iting off-target mutagenesis associated with editing,24,25 these
techniques suffer from three key limitations. First, available
liquid handling technologies, data acquisition equipment
and data storage/processing systems have traditionally been
expensive and have large footprints that are well outside of
the budgetary reach of many laboratories. In addition, the
programming software packages are not standardized be-
tween laboratories which frequently discourages inter-
disciplinary scientists and researchers to use robots as it usu-
ally requires more time and effort to instruct a robot to per-
form a task. Second, liquid handlers for cell culture and sam-
ple preparation have multiple sources of variability
(especially at the nL volumes) which can cause unintended
perturbations related to the gene-editing process – e.g., differ-
ent volumes can alter cell growth resulting in unequal num-
ber of cells across wells of a plate. This can pose variability is-
sues with downstream analysis in terms of measuring
transfection and knockout efficiencies related to cell density.
Third, there is a lack of standardization in assay and in in-
strument set-up for flow cytometry and especially for how
flow data are analyzed and reported. Thus, these approaches
may present additional challenges to the already complex
procedures of gene editing.

A strategy to alleviate the challenges described above is to
use flow-based microfluidics and fluorescent microscopy
techniques.26–28 The development and maturation of these
microdevices and optical techniques have been a boon to be
used for cell-based assays and genomics.29–35 Microfluidics
allows the manipulation of small volumes of liquids in nano-
liter (or smaller) scales in interconnected micron-sized di-
mension channels and enables the automated delivery of
chemical stimulant to cells. The resulting cellular responses
can be imaged with fluorescent reporters or fluorescent label-

ling techniques. For gene-editing assays, this includes deliv-
ery of Cas9 into the cells and visualizing them via a fluores-
cence reporter or using flow cytometry techniques to
determine if the Cas9 has been delivered into the cell.36,37

These methods offer an exciting new framework into gene-
editing, but do not incorporate two key steps in the gene-
editing process. First, the serial nature of flow-based micro-
fluidics present challenges in delivering many reagents (i.e.
lipids, DNA, culture medium, drugs, etc.) needed for the
gene-editing process. Indeed, valves can be integrated into
the PDMS-based microdevice, but this can be very compli-
cated to setup (in terms of alignment and insertion of tubing)
and to operate.38,39 Second, two key steps in gene editing –

cell culturing and analysis have been performed off-chip –

i.e. the cells have been cultured in flasks and analyzed by
flow cytometry. Hence, a standardized automated gene-
editing platform that can automate all the steps would im-
prove the workflow.

To address the challenges described above, we report here
a new droplet-based method for gene editing called micro-
fluidic Automated CRISPR–Cas9 Editing (ACE) which can au-
tomate all the steps for gene-editing – culture, delivery, and
analysis. In this work, we report the application of ACE to
evaluate the well-characterized mitogen-activated protein ki-
nase or extracellular signal-regulated kinase (MAPK/ERK)
pathway40,41 by editing the Raf-1 gene with and without a
Raf-1 inhibitor Sorafenib Tosylate. The results recapitulate
what is known about the pathway and its effect on cell viabil-
ity, but the technique presented here shows that we are capa-
ble of conducting an automated gene-editing workflow from
cell culturing to analysis with an open-source automation sys-
tem coupled with a standardized pipeline to analyse the
transfected/knockout fluorescent cells. These results (to our
knowledge) are the first of their kind and serve as examples
of what is possible for the future – a new technique for prob-
ing other types of cancer and serve as a platform for ex vivo
applications relating to personalized medicine that require
automated cell culture, transfection, CRISPR–Cas9 editing,
and drug inhibition.

Materials & methods

Device fabrication and assembly, automation setup and oper-
ation is described in the ESI.†

Reagents and materials

Microfluidic device fabrication reagents and supplies in-
cluded chromium-coated glass slides with S1811 photoresist
from Telic (Valencia, CA), indium tin oxide (ITO)-coated glass
slides, RS = 15–25 Ω (cat no. CG-61IN-S207, Delta Technolo-
gies, Loveland CO), FluoroPel PFC1601V from Cytonix LLC
(Beltsville, MD), MF-321 positive photoresist developer from
Rohm and Haas (Marlborough, MA), CR-4 chromium etchant
from OM Group (Cleveland, OH), AZ-300T photoresist strip-
per from AZ Electronic Materials (Somerville, NJ), DuPont AF
from DuPont Fluoroproducts (Wilmington, DE).
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Transparency masks for device fabrication were printed from
CAD/Art Services (Bandon, OR) and polylactic acid (PLA) ma-
terial for 3D printing were purchased from Shop3D (Missis-
sauga, ON, Canada). General chemicals for tissue culture
were purchased from Wisent Bio Products (Saint-Bruno, QC,
Canada). Invitrogen Lipofectamine 3000 transfection reagent
was purchased from Thermo Fisher Scientific (Waltham,
MA). Unless specified otherwise, general-use chemicals and
kits were purchased from Sigma-Aldrich (St. Louis, MO). Plas-
mids for this study were purchased from Addgene or donated
(see Table S1†) and primers were purchased from Invitrogen
(Waltham, MA), and genes (438 bp) were synthesized by IDT
(Coralville, IA). Sorafenib Tosylate was purchased from
Selleckchem (Houston, TX).

Plasmid construction and purification

CRISPR guide RNAs (gRNA) were synthesized (Fig. S1†) by
IDT Technologies after being designed via the Benchling on-
line platform (https://benchling.com/), and were PCR ampli-
fied to create g-blocks flanked with Esp3I type IIS restriction
sites (see Table S2† for primers). Individual PCR reactions
consisted of 10 μL 5× Phusion buffer, 1 μL dimethylsulfoxide
(DMSO), 20 ng template DNA, individual dNTPs and primers
to a final concentration of 200 μM and 0.5 μM each respec-
tively, 0.5 μL Phusion polymerase and distilled water up to 50
μL. The following PCR thermocycling conditions were used:
initial denaturation at 98 °C for 30 s followed by 35 cycles of
denaturation at 98 °C for 10 s, annealing at 55 °C for 30 s
and extension at 72 °C for 30 s kb−1, and a final extension
step at 72 °C for 10 min. PCR products were loaded into a
0.8% agarose gel in TAE buffer and resolved at 130 V for 30
min. The corresponding bands from a gel (Fig. S2†) were
extracted using a gel extraction kit from BioBasic (Markham,
ON, Canada). The one-step gRNA cloning method was
adapted from the Findlay et al. protocol.42 The gRNAs were
assembled via restriction digestion/ligation into the All_in_
one_CRISPR/Cas9_LacZ backbone containing Esp3I cut sites
on both the 3′ and 5′ ends of LacZα gene fragment. Individ-
ual reactions consisted of 25 ng of the g-block (10 ng μL−1),
75 ng all_in_one_CRISPR/Cas9_LacZ1 μL BsmBI (10 U μL−1),
1 μL T4 ligase (Thermo Fisher, Waltham, MA), 2 μL T4 buffer
and nuclease-free water to 20 μL total. The mixture was incu-
bated in a thermal cycler at 37 °C for 5 min, 16 °C for 10 min,
37 °C for 15 min and 80 °C for 5 min. Assembled products
were heat-shock transformed into the LacZα deficient DH5α
E. coli strain. The transformed products were grown on LB/S-
Gal agar blend and assembled products were discriminated
by a color bias for colonies – blue colonies contained the
LacZα fragment required for S-Gal hydrolysis, whereas white
colonies possessed the g-block insert (i.e. without the LacZα
gene). White colonies were picked and grown overnight before
being DNA purified and sent out for sequencing by Eurofins
Genomics (Toronto, ON, Canada) (see Fig. S3† for a schematic
of the procedure). All constructed plasmids were deposited to
the online Addgene repository (Cambridge, MA).

Macro-scale cell culture, transfection, and knockout

Human lung squamous cell carcinoma dual-labeled stable
NCI-H1299 cell line was purchased from Genecopoeia, Inc
(SL001, Rockville, MD). H1299 cells were grown in RPMI 1640
containing 10% fetal bovine serum with no antibiotics in an
incubator at 37 °C with 5% CO2.

For macroscale transfection experiments, cells were seeded
(1.0 × 105 cells per mL) a day before transfection (day 0) to
reach 70–80% confluency in 24 well-plates. On day 1, 500 ng
μL−1 of DNA were pre-mixed with 1 μL of P3000 reagent in 25
μL of Opti-MEM and added to 1.5 μL Lipofectamine 3000 that
was pre-mixed in 25 μL Opti-MEM. Lipids were then incu-
bated with the DNA at room temperature for 10 min to form
lipid–DNA complexes. The complexes were pipetted into each
individual well containing the adhered cells. On day 2, after
incubation, the lipid complexes with DNA were removed by
aspiration and fresh complete media was replenished into the
wells. Cells were stained with Hoechst 33342 and incubated
for 30 min on day 3. The cells were imaged with a 20× objec-
tive on an Olympus IX73 inverted microscope (Olympus Can-
ada, Mississauga, ON, Canada) that has fluorescence imaging
capabilities (Hoechst: λex = 350 nm and λem = 461 nm; GFP: λex
= 488 nm and λem = 509 nm; mCherry: λex = 585 nm and λem =
608 nm). Fluorescence images were further analyzed using
the CellProfiler transfection pipeline.

For knockout experiments, the cell seeding followed the
steps described in the transfection experiments. For transfec-
tion (day 1), 600 ng μL−1 of assembled pCRISPR plasmid
(with the inserted sgRNA) were mixed with the same reagent
compositions as above (1 : 10 ratio of lipid complexes to me-
dia in wells). After cells were maintained (i.e. replaced with
fresh media) on day 3, cells were sub-cultured at a 1 : 4 ratio
in a new 24-well plate on day 4 by washing the cells with 200
μL of PBS and removing the cells with 150 μL of 0.25% tryp-
sin–EDTA. Following further maintenance on day 5, on day 6
the cells were stained with 1 μM Hoechst 33342 and imaged
using the same microscope (and filters) for knockout analysis
using the CellProfiler knockout pipeline. Data were tested at
P < 0.05 for statistical signficance using a Student's t-test.

Microfluidic cell culture, transfection, and knockout

DMF was used to automate the protocols required for gene
editing including cell seeding, culture, lipid transfection, re-
agent delivery, staining, washing, and drug inhibition (see
Fig. S4† for fabrication procedure, Fig. S5† for automation
system; ESI Video†). In all droplet manipulation steps (which
was in ‘air’ instead of oil43), the device was oriented in stan-
dard configuration, with the top plate on top, while in all in-
cubation steps, the devices were inverted, with the top plate
on the bottom and in a 3D-printed humidified chamber (Fig.
S6a†). Before seeding cells onto DMF devices (day 0), cell cul-
tures were grown in T-75 flasks and were rinsed with PBS,
trypsinized and suspended in 10 mL of complete media. After
centrifugation at 1000 × g for 5 min, the cell pellet was
suspended in 2 mL of complete media (and supplemented

Lab on a ChipPaper

Pu
bl

is
he

d 
on

 1
0 

Ju
ly

 2
01

8.
 D

ow
nl

oa
de

d 
by

 C
on

co
rd

ia
 U

ni
ve

rs
ity

, M
on

tr
ea

l o
n 

10
/2

4/
20

18
 7

:5
5:

17
 P

M
. 

View Article Online

https://benchling.com
http://dx.doi.org/10.1039/c8lc00470f


Lab Chip, 2018, 18, 2300–2312 | 2303This journal is © The Royal Society of Chemistry 2018

with 0.05% w/v Pluronics F-68) such that the initial concen-
tration of cells is ∼1.5 × 106 cells per mL.

To seed and culture cells (day 0), 2 μL of cells at 1.75 × 106

cells per mL in culture medium were pipetted onto the edge
of the ITO and actively dispensed using potentials ∼200 VRMS

and with a frequency of 10 kHz from the reservoirs (size: 5.8
× 5 mm; volume: 4 μL) into 690 nL unit droplets (unit
electrodes: 1.6 × 1.6 mm). These droplets were sequentially
passively dispensed on each vacant lift-off spot (∼1.2 mm
dia.) forming 160 nL droplets on the hydrophilic sites. The
excess liquid from the spot was actuated to a waste reservoir
and removed with a KimWipe. The device was inverted and
incubated in a 37 °C incubator with 5% CO2 overnight
allowing the cells to adhere onto the hydrophilic spot. A 7-
step actuation sequence was programmed for mixing trans-
fection reagents to form lipid complexes and for delivery (via
passive dispensing) to each hydrophilic site that contains
cells on day 1, as follows: (1) 1 μL of Lipofectamine was di-
luted in 25 μL of Opti-MEM and premixed and 2 μL was
added to a reservoir. (2) 500 ng μL−1 of the plasmid DNA to
be inserted and 1 μL of P3000 reagent diluted in 25 μL of
Opti-MEM was also added to another reservoir. (3) Both re-
agents were actively dispensed (360 nL each), merged and
mixed in a square configuration using 2 × 2 electrodes and
incubated for 10 min to form lipid complexes. (4) The lipid
complexes were diluted in a 1 : 1 ratio by combining with a
690 nL unit droplet of Opti-MEM. (5) After mixing, the com-
plexes were delivered to the cells via passive dispensing 6 ×
160 nL and incubated for 24 h overnight. (6) The lipid com-
plexes on the cells were removed by passively dispensing 6 ×
160 nL of fresh complete media. (7) After 24 h, 6 × 160 nL of
1 μM Hoechst stain in liquid media was passively dispensed
to each well and fluorescence images were acquired to mea-
sure transfection efficiency. In transfection optimization ex-
periments, lipid :media ratios in step 4 were changed by
performing serial dilutions – by splitting the initial droplet
containing the 1 : 1 diluted complexed DNA into two daughter
droplets (360 nL each) and mixing it with a unit droplet of
liquid media (690 nL). mCherry transfection efficiency was
monitored on the device by microscopy, mounting the de-
vices on a custom 3D-printed microscope holder (Fig. S6b†).
Fluorescence images were further analyzed using the
CellProfiler transfection pipeline.

For assessing GFP knockout efficiency, 2 μL of cells
(∼1.75 × 106 cells per mL) were pipetted onto the reservoir
and a unit droplet was actuated to the vacant lift-off spot. Af-
ter overnight incubation, the adhered cells were transfected
with 600 ng μL−1 of pCRISPR (with the inserted sgRNA) fol-
lowing the steps for transfection (steps 1–6). Cells were
maintained until day 5 by passively dispensing fresh media
daily (6 × 160 nL) to each cell culture site. GFP knock-out was
monitored on the device by using microscopy and mounting
the devices on a custom 3D-printed microscope holder to en-
sure healthy cells during image acquisition. On day 5, the
microwells were rinsed with PBS followed by 0.25% trypsin–
EDTA by passively dispensing a unit droplet across each well.

Following incubation at 37 °C for 5 min, the top-plate was
disassembled from the bottom-plate and 100 μL of complete
media was pipetted directly onto each hydrophilic spot and
transferred to an individual well of a 96-well plate and incu-
bated for 2 days. On day 6, 1 μM Hoechst stain in liquid me-
dia was added to each well and fluorescence images were ac-
quired to measure knock-out efficiency using the custom
CellProfiler knock-out efficiency pipeline.

Cell imaging and CellProfiler pipeline

Top plates bearing stained and fluorescent cells were ana-
lyzed using an inverted Olympus microscope. Typically, im-
ages were acquired using a Hamamatsu digital camera
(Model C1140-42 U) camera with the HC ImageLive software.
We typically acquired images using a UV (250 ms exposure
time), GFP (500 ms), or mCherry filter set (1000 ms).

Images from the microscope were analysed using the
open-source CellProfiler 2.2.0 r9969F42 software package
(http://www.cellprofiler.org/).44 A custom pipeline was devel-
oped, including image cropping, identifying individual and
overlapping cells from Hoechst-stained and mCherry fluores-
cent images, counting total number of cells, measuring the
size and shape of cells, creating binary images of the cells
(i.e. black and white images), and comparing knocked-out
and non-knocked out cells (UV and GFP channels). For trans-
fection analysis, the pipeline is divided into four modules. In
module 1, the software was instructed to smooth the
Hoechst-stained image with a Gaussian filter (σ = 1) and uses
the Otsu Global thresholding method to detect objects with
diameters of 20–100 pixel units (two classes, threshold cor-
rection factor = 0.8). Neighboring pixels are grouped into ob-
jects and undesired clumped objects (i.e. two close
overlapping objects) are declumped using intensity segrega-
tion. In module 2, the software was instructed to threshold
the mCherry image to select cells that have the plasmid
(threshold correction factor = 1) and binarize the image to
have black (corresponding to mCherry-negative) and white
(mCherry-positive) regions. In module 3, the software was
instructed to overlap images from module 1 and 2 where the
image from module 2 served as a mask for the identified nu-
clei in module 1. All the nuclei-stained cells (from module 1)
overlapping with an mCherry-positive region (module 2) were
retained and counted which gave the total of transfected
cells. In module 4, we use the eqn (1):

Efficiency (%) = [overlapping nuclei/total nuclei] × 100%

The result corresponds to the proportion of mCherry-
positive nuclei (i.e. transfected cells) versus the total number
or nuclei. Each data point was further corrected from the
negative control cells (i.e. non-transfected cells) using the
same pipeline.

For the knockout pipeline, four similar modules were cre-
ated to analyse knockout efficiencies. In module 1, the soft-
ware followed the instructions for the transfection pipeline.
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In module 2, a GFP image was thresholded using the Otsu
method (two classes, 0.65 threshold correction factor). Mod-
ule 3 consisted of overlapping the image with the image from
module 2 serving as a mask for the image from module 1.
Nuclei-stained cells that overlap with GFP-positive cells (90%
of its total pixels) were not considered as knocked-out cells.
Module 4 followed eqn (1) – total number of knocked out
cells from module 3 divided by the total number of cells
obtained from module 1 to obtain knockout efficiencies.

MAPK/ERK pathway experiments

MAPK/ERK pathway experiments consisted of two key compo-
nents: CRISPR–Cas9 genomic disruption of Raf1 and drug in-
hibition using Sorafenib Tosylate. In the macroscale, 0.75 ×
105 cells per mL of H1299 cells were seeded on day 0 in 24-
well plates. 600 ng of the pCRISPR plasmid targeting eGFP
(control) or RAF1 was applied to the wells containing the cells
on day 1. On day 3, drug conditions were added at different
concentrations: 0 μM, 7.5 μM, 15 μM, 30 μM, 60 μM, 120 μM
which were diluted in complete media. On day 5, 5 μM
Calcein-AM violet stain (λex = 408 nm and λem = 450 nm) di-
luted in 250 μL fresh serum-free media was added to the cells
and incubated at 37 °C for 30 min. The viability of cells was
assessed by performing a fluorescence well scan using the
CLARIOStar well-plate reader. The measured fluorescence
was normalized to the control to determine the % viability.

Similarly, in the microscale, we followed the transfection
protocol for seeding cells and the 7-step protocol for transfec-
tion of the pCRISPR plasmid containing sgRNA targeting eGFP
or Raf-1. The standard step 7 was replaced with step 7a and
step 7b. In step 7a, Sorafenib Tosylate in complete media was
actively dispensed into unit droplets and then diluted in liquid
media to form six different concentrations (0 μM, 7.5 μM, 15
μM, 30 μM, 60 μM, 120 μM) of which one droplet (0.7 μL) was
used to passively dispense onto each hydrophilic spot and the
other droplet was saved for future dilutions. After all cells were
interrogated with the drugs, they were incubated for two days.
In step 7b, six unit droplets of 5 μM Calcein-AM violet stain
were passively dispensed to the cells and incubated for 30 min
in which images were taken to count the cells using a single
module imaging pipeline. Calcein-stained image was smoothed
with a Gaussian filter (σ = 1) and used the Otsu Global
thresholding method to detect objects with diameters of 20–
100 pixel units (two classes, threshold correction factor = 1.25).
Neighboring pixels are grouped into objects and undesired
clumped objects (i.e. two close overlapping objects) are
declumped using intensity segregation. The counted cells were
normalized to the control (i.e. cell interrogated with no drugs).
All curves were fit with a sigmoid function and probed for sta-
tistical significance using an F-test in the linear region.

Results and discussion
Digital microfluidic platform for gene-editing

Gene editing techniques have been applied to a wide range
of applications, specifically those involving gene silencing or

developing gene therapy strategies to cure diseases.45–47 Such
applications would benefit from a miniaturized automated
technique that is capable of integrating the gene-editing pro-
cess on one platform. Here, we present an automated
CRISPR-based microfluidic platform that is capable of cultur-
ing, editing, and analysing cells. We call this platform “ACE”
after the function of this platform – Automated CRISPR
Editing.

The ACE platform was developed to automate the pro-
cesses related to gene-editing and to address the limitations
in current techniques to evaluate genes related to a cancer
pathway. ACE relies mainly on digital microfluidics (DMF)
that will automate the gene-editing processes through its ver-
satile liquid handling operations: dispense, merge, mix, and
split droplets. This work builds upon several DMF and cell-
culture studies that have established proof-of-principle
protocols.48–51 To our knowledge, this is the first DMF-based
technique that is capable of cell culturing, gene editing, and
image analysis for lung cancer cells, shown in Fig. 1. Specifi-
cally, this platform was tailored to rapidly deliver single-
guide RNAs (sgRNA) in an all-in-one pCRISPR plasmid format
to effectively knockout targeted genes in lung cancer cells.
The device was customized with reservoirs to hold necessary
reagents for lipid-mediated transfection and designated re-
gions for incubation, along with a cell culture region to ac-
commodate cell seeding, maintenance, and transfection
(Fig. 1a). Genomic disruption can be assessed phenotypically
on the same device using a microscopy-based imaging analy-
sis workflow to determine plasmid delivery efficiencies
through monitoring fluorescent protein expression and cell
viability using various fluorescent dyes. The device comprises
of two parallel-plates separated by a 140 μm spacer. The
bottom-plate consists of metal-patterned electrodes with di-
electric and hydrophobic layers and serves to manipulate the
droplets containing the constituents for gene-editing. One of
the primary reasons for using DMF in this work is the indi-
vidual addressability of droplets that allows for controlled au-
tomated liquid handling on the device. However, a continu-
ous challenge with DMF is the reproducibility of droplet
movement on the device, especially for liquids that are high
in viscosity (e.g., complete cell media). To alleviate this chal-
lenge, there are studies that introduce chemical additives or
an immiscible fluid to prolong droplet movement.52–54 In this
study, one of the primary challenges we initially observed is
that droplet movement of protein rich solutions (e.g.,
suspended cells) are difficult to move after two days of cultur-
ing and maintenance (see Fig. S7† for designs). This is prob-
lematic given that typical gene-editing phenotypic readouts
are usually observable beyond two days. Previous work has
shown that changing the electrode shape can enhance the
driving force of the droplet.55,56 Here, we have modified the
electrode design such that the boundary between electrodes
are interlaced and have added chemical additives in the
droplet. We observed that droplet movement was improved
and we were able to complete all the droplet movements nec-
essary (∼300 total movements for five days) for cell culture
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and maintenance, and the gene editing assay. As described
in previous studies, the primary reason for this improvement
could be due to the overlap of the droplet on the adjacent
electrode which increases the applied force on the droplet
and thereby increases the velocity of the droplet movement.57

This will minimize the time a droplet is on an activated
electrode which can minimize biofouling on the hydrophobic
surface and allow more actuations on the device.

The top-plate is responsible for adherent cell culture and
relies on the microfabrication of six 1.2 mm diameter hydro-
philic sites. Typically, the cells in suspension are manipu-
lated by applying an electric potential which has shown not
to have an effect on cell viability.58 When moved across the
hydrophilic spot, a fraction of the droplet remains pinned to
the hydrophilic spot and will serve as the cell culture micro-
vessel – this operation is called “passive dispensing”
(Fig. 1a, inset).48 The delivery of cells to these hydrophilic
spots will enable cells to adhere, spread, and proliferate in
an upside-down configuration (i.e. top plate on the
bottom).59–61 To prevent evaporation, devices are incubated
in a 3D printed humidified chamber (Fig. S6a†). After the
cells are fixed, the device is flipped to its standard configura-
tion and at designated periods, the cells are transfected with
CRIPSR-based plasmids that are complexed in lipid vesicles
for efficient delivery of exogenous material to the cells. As
shown in Fig. 1b, successful gene-editing in individual cells

using our method occurs when cells co-express both the Cas9
and the sgRNA that assemble into a ribonucleoprotein (RNP)
complex and is delivered to the nucleus for targeted cleavage.
The complex will seek the target sequence, complementary to
the seed sequence, using the designed sgRNA and will cleave
the target DNA which results in a double stranded break and
ideally causes a knockout. For downstream analysis, the cells
are incubated and labeled with a fluorescent dye delivered in
liquid media by passive dispensing to determine efficiencies
of transfection and gene knockout. Using a custom 3D-
printed microscope holder (Fig. S6b†), images of the top
plate containing cells (without disassembling the device) are
captured which can be analysed by CellProfiler to calculate
the percentage of transfected or knocked-out cells to the total
number of cells.44 There have been other studies which have
cultured adherent cells with DMF, but this is the first time
that lung cancer cells have been cultured, edited, and
analysed on such a platform. Using the passive dispensing
technique, we tested the reproducibility and viability of the
lung cancer cells on the hydrophilic spots. A significant
amount of trial-and-error was required to ensure cells were
healthy and growing to enable gene-editing. Factors such as
cell seeding density and microwell culture volume are critical
to the maintenance of the cell viability and morphology on
the device. Cells were seeded at densities between 1–2 × 106

cells per mL and maintained over five days by exchanging

Fig. 1 Digital microfluidics for automated gene-editing assays. (a) Top: A schematic of a digital microfluidic device used for cell culturing,
transfection, gene-editing, and analysis. Bottom: Side-view schematic showing adherent cells culture on the top-plate. The cells are transfected
using lipid-mediated delivery of plasmids and then measured for knockout by imaging techniques. (b) Step-by-step CRISPR–Cas9 knock-out pro-
cess at the cellular level. (1) Assembly of DNA–lipid complex, (2) endocytosis, (3) endosomal escape, (4) transduction of Cas9 and sgRNA, (5) trans-
lation of Cas9 mRNA, (6) Cas9 ribonucleoprotein assembly, (7) nuclear localization, (8) double-strand break, (9) DNA repair by non-homologous
end joining and subsequent genomic disruption by indels. (c) Timeline showing the process of automated gene-editing on chip.
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media once per 24 h to sustain viable lung cancer cells with
appropriate morphologies. Depending on the assay, the
seeding densities were altered to ensure cells were ready for
the experiments. For example, for transfection optimization,
cells were required to be 70–80% confluent to ensure opti-
mal transfection and therefore we seeded cells at a higher
density – 1.75 × 106 cells per mL (see Fig. 1c for gene-

editing assay timeline). For longer term experiments – such
as knockout experiments which required 5–6 days – cells
were seeded at a lower density to achieve the desired
confluency for gene editing. At higher densities >1.5 × 106

cells per mL, the cells reached confluency quickly, resulting
in cell senescence prior to endpoint knock-out efficiency
measurements.

Fig. 2 Lipid-mediated transfection experiments. (a) A schematic showing the imaging pipeline used for analyzing transfection. (b) Microscopy
images of mCherry-transfected NCI-H1299 cells in the well-plate format and on DMF devices. (c) A video sequence from ESI Movie† depicting the
mixing of lipids and DNA and the passive dispensing procedure onto the hydrophilic spot. Frame (i) shows dispensing of droplets containing DNA
and lipids from separate reservoirs and merging both unit droplets. Frame (ii) displays mixing of DNA and lipids on a 2 × 2 electrode array. Frame
(iii) shows incubation of complexes for 10 min. Frame (iv) shows the preparation of the dilution by dispensing a droplet of liquid media. Frame (v)
show the 1 : 1 dilution of lipid complexes in media. Frame (vi) shows the passive dispensing of dilute lipids onto the cell culture spot. (d) Plot show-
ing the optimization of the lipid complex to media ratio for transfection on device. (e) Plot of the transfection efficiency for a mCherry plasmid in
the well-plate and on DMF devices. All plots show error bars with ± 1 s.d, n = 3 and *P < 0.05.
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Optimizing gene-editing – transfection and knock-out

One of the advantages of digital microfluidics is its compat-
ibility with external equipment and amenability with
microscopy techniques for cellular analysis.52,62–64 In this
study, microscopic imaging is used to analyse transfection
and gene knockout of lung cancer cells on a DMF platform.
Fluorescence-based imaging is enabled by staining with
fluorescent dyes or by the integration of fluorescent pro-
teins and the use of reporter genes (e.g., mCherry, GFP)
which can also help reveal information about cell state,
phenotype and possibly provide some valuable insight on
gene expression. As shown in Fig. 2a, two images (using
UV and mCherry filters) displaying fluorescently labelled
cells are counted, thresholded, and overlapped to measure
the transfection efficiency. The simplicity of positioning the
top plate on the bottom (such that the top plate was adja-
cent to the objective) is unique to digital microfluidics
since there is no requirement of moving parts or tubing
that may interfere with the imaging. Fig. 2b shows a repre-
sentative image that displays two overlapped fluorescent-
labelled images grown on the hydrophilic spot on DMF de-
vices and, for comparison, an overlapped image showing
lung cancer cells grown on standard 24 well-plates. As
shown, the morphologies of the cultured cells were similar
on both surfaces.

For gene-editing assays, transfection is typically a neces-
sary procedure and the successful delivery of sgRNA and
Cas9 into cells is critical in producing double-stranded
breaks at the target DNA.65 Lipid-mediated transfection re-
mains popular due to the ease of use, the availability of re-
agents on the market, and is of reagents on the market and
is usually less harmful than electroporation techniques.66,67

One of the factors that affects cationic lipid-mediated trans-
fection is the bioavailability of lipids assembled with the an-
ionic nucleic acids or the negatively charged proteins, which
can be effectively directed to and engulfed by a large propor-
tion of target cells. Concentration of lipid reagents and of
nucleic acids are essential to maximize transfection efficiency
while minimizing cytotoxicity. Seeking validation of our plat-
form for the transfection of nucleic acids, we generated the
lipid–DNA complexes by encapsulating an mCherry plasmid
and delivering it to the cells on-chip to optimize transfection
and measure the delivery efficiency. A portion of the experi-
ment is depicted in Fig. 2c. Briefly, droplets of diluted lipids
and DNA are dispensed, merged, mixed, and incubated. The
droplet of complexed DNA–lipids is split and one droplet is
used for passive dispensing to transfect the cells while the
other droplet is used for further dilutions on the chip. We
varied the dilutions of lipid complexes in media from 1 : 1 to
1 : 10 and determined that transfection efficiency is highest
(∼65%) when a ratio of 1 : 1 is delivered to the cells on chip.
Off-chip manufacturer's protocols suggest 1 : 10 ratios as the
optimal,68 however, low efficiencies (∼15%) are observed
when this ratio is performed on chip (Fig. 2d). We addition-
ally conducted higher ratios (>1 : 10) in well-plates, but ob-

served that this ratio exhibited cytotoxic effects. We hypothe-
size that the presence of larger quantities of lipids may
have cytotoxic effects due to the increase in likelihood in
forming higher charge ratio complexes.69 On device, higher
ratios are required to compensate the increase of surface
area to volume ratio and enable transfection in microscale
conditions. As shown in Fig. 2d (inset images) and Fig.
S8,† the morphology of the cells at the 1 : 1 ratio is very
similar to the 1 : 10 ratio (and the other ratios) on device
and do not show any signs of cell detachment or toxicity.
Next, with the optimal ratios for each platform (1 : 10 in
well plates, 1 : 1 on device), we assessed the transfection
efficiency 24 to 48 h post-transfection. As shown in
Fig. 2e, we successfully delivered plasmids encoding
mCherry to H1299 cells using our device with transfection
efficiencies that were highest after 48 h exhibiting ∼74.7%
± 6.8 compared to ∼45.7% ± 5.9 after 24 h (P < 0.05).
We also compared on-chip with well-plate techniques and
observed no significant differences (P > 0.05) in their effi-
ciencies suggesting that DMF is a suitable alternative plat-
form for transfection.

To test the efficacy of our ACE platform in achieving
knockout of endogenous gene targets, we used H1299 cells
that stably express enhanced GFP (eGFP) at the AAVS1 har-
boring sites, where there are no known adverse effects on
cells resulting from the inserted DNA fragment.70 This allows
simple phenotypic readouts of gene knock-out using GFP
fluorescence to monitor the success of our platform in pro-
ducing CRISPR-mediated genome editing. Initially, we
performed three experiments to test the starting material for
transfecting Cas9: (1) directly transfecting the Cas9 protein,
(2) co-transfecting plasmids encoding Cas9 only and sgRNAs
targeting GFP, and (3) transfecting an all-in-one pCRISPR
plasmid containing both the Cas9 and sgRNA. As shown in
Fig. S9,† transfecting the all-in-one pCRISPR plasmid enabled
high levels of Cas9 expression in 24 h while protein transfec-
tion showed lower levels at 24 h. In the Cas9 protein trans-
fected cells, the level of Cas9 protein peaked at the first mea-
sured time point 4 h, then rapidly decreased and is barely
detectable in the blot after 24 h. Upon realizing favorable ex-
pression patterns of the all-in-one pCRISPR plasmid, we
opted for this format for three reasons: (1) plasmid DNA is
more stable as opposed to RNA and protein, (2) there is gen-
erally higher success for transfecting cells with one plasmid
that can co-express both the sgRNA and the Cas9 protein as
opposed to co-transfection, and (3) the ease by which such
plasmids are redesigned (Fig. S2 and S3†). For proof-of-
concept knock-out experiments, we targeted the eGFP and
cultured and transfected the cells on-chip. We analyzed the
knockout using a pipeline similar to the transfection pipeline
(Fig. 3a); however, performed the knockout cell analysis off-
chip since visualizing the GFP knockout is ∼7 days process
and during this time the cells are continually proliferating.
The high confluency of the cells on day 7 makes counting
cells difficult on-chip. After washing and sub-culturing off-
chip, a Hoechst stained image and a GFP image (Fig. 3b) are
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processed by identifying nuclei and thresholding GFP regions
– overlapping these images will highlight all the nuclei that
are not overlapping GFP-positive regions, thereby being
counted as cells exhibiting GFP knock-out. Comparing the
number of knock-out nuclei to the total number of nuclei al-
lows for a calculation of GFP knock-out efficiency. We
designed and assembled three pCRISPR plasmids that con-
tain an sgRNA targeting different loci in the GFP: upstream
(sg_12), middle (sg_497), downstream (sg_683) where the
number represents the location of the base pairs for targeting
(Fig. 3c). Cells were transfected with a larger pCRISPR plas-
mid (∼10.5 kb), with a reported transfection efficiency simi-
lar to a ∼5 kb mCherry plasmid (∼60% vs. 70%, as seen in
Fig. S10†) and knockout is observed on day 6. As shown in
Fig. 3d, we observed an average efficiency of ∼35% on-chip
which is comparable to the well-plate experiments ∼39% (P
> 0.05). By analyzing the three different loci, we observe that
the knockout efficiencies for the middle and downstream loci

using both technologies are very similar. However, we did ob-
serve a difference between the upstream loci knockout effi-
ciencies (32.8% vs. 47.7%). We hypothesize that this variation
is due to the use of well-plates for cell culturing in which
adding medium (or any reagent) to the wells can result in un-
even distribution, attachment, and growth of cells.71 This can
cause a high variation in counting the cells using the pipeline
especially after knockout. However, we observe that there are
no differences in the loci (32.8% for sg_12, 38.5% for sg_497,
and 32.6% for sg_683) when using DMF and we believe this
is attributed to the homogeneity and reproducibility of cell
culturing on device.60 Therefore, this demonstrates the com-
patibility of DMF for knockout assays related to gene editing.

Evaluating MAPK/ERK pathway

To evaluate the potential of using our platform for gene
editing, we explored the relationship between gene function

Fig. 3 Knockout of stably integrated eGFP. (a) A schematic showing the imaging pipeline used for analyzing knockout. (b) An image set (Hoechst,
GFP, overlap) processed by CellProfiler to assess eGFP knock-out efficiency. (c) Plasmid map of the pCRISPR plasmid used showing the transgene
integration in NCI-H1299 and sgRNA target regions of eGFP. (d) Plot shown for the knockout of GFP in well-plates compared to the microscale.
Error bars are ± 1 s.d. with n = 3 and *P < 0.05.
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and cell phenotype by studying a cellular signaling pathway.
Cellular signaling is an intricate process driving various cellu-
lar activities such as protein synthesis, cell growth and cell
senescence, which hold major implications regarding our un-
derstanding of tumor cell behavior and progression.72 Specif-
ically, the MAPK/ERK (or also known as RAS–RAF–MEK–ERK)
pathway is a highly conserved signaling cascade that plays a
crucial role regulating cell fate decisions and is often
upregulated in human cancers.73,74 The pathway is depicted
in Fig. 4a, where a tyrosine receptor kinase serves to relay ex-
tracellular signaling to individual cells, through mitogen-acti-
vation. RAS and RAF genes are upstream components of the
MAPK/ERK kinase signaling cascade, and therefore are a
nodal point in cell proliferation, flagging them as potent on-
cogenes and natural targets for therapy. Generally, the RAS
protein kinase gets phosphorylated and activated and the
resulting RAS-GTP will complex with RAF in the plasma
membrane. The order of subsequent events is still largely un-
known, but a series of phosphorylation and dephosphoryla-

tion enable the dimerization of Raf protein kinases, essential
for the catalytic activation of RAF.75,76 Once activated, RAF ki-
nases activate various effector proteins which govern cell pro-
liferation. RAF proteins have been studied for characteriza-
tion of human cancer – notably RAF1 (also known as c-RAF)
was the first isoform to be identified as an oncogene, but
interestingly, mutations of RAF1 are rare in human cancers.77

Uncertainties surrounding the precise role of RAF1 have
driven our interest in studying the effects of disrupting its
encoding gene. We initiated this by regulating RAF1 protein
expression at both the gene level by CRISPR-mediated knock-
out and at the protein level by enzyme inhibition using pro-
tein inhibitor Sorafenib Tosylate.78

To assess the coupled effects of genome editing and drug
inhibition, we transfected the H1299 cells with a pCRISPR
targeting RAF1 or a control sgRNA and added 15 μM
Sorafenib Tosylate on day 2. Cells with RAF1 gene editing
showed a minimum viability of ∼50% on day 4 over a 7-day
experiment (Fig. S11†). However, after day 4, cell viability

Fig. 4 Identification of cancer genes in the MAPK/ERK pathway. (a) A cartoon illustrating signal transduction in the Ras pathway that leads to
eventual cell proliferation. The targeted genes using sgRNAs and the added drug (i.e. sorafenib) are indicated on the diagram. (b) Microscopy
images of the H1299 cells with sorafenib inhibitor (0 and 120 μM in DMSO) and with guide targeting RAF1 and eGFP (control). (c) On-chip and (d)
off-chip dose–response curves for H1299 cells transfected with and without individual guides targeting Raf-1 at different concentrations of
sorafenib.
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levels started to increase while cells interrogated with both
pCRISPR and sorafenib maintained low basal viability levels
(∼25%) after day 4. We hypothesized that this may be due to
the heterogeneity of the cell population after transfection and
knock-out or off-target effects caused by the single guide
RNA. Evolving the Cas9 enzyme to be more versatile79 or
using other types of RNA-guided endonucleases80 can per-
haps alleviate these lower basal levels and efficiencies.

To verify the effects of targeting RAF1 by genome editing
and enzymatic inhibition, H1299 cells were cultured, edited,
assayed and analysed on the ACE platform following proce-
dures for measuring transfection and knockout efficiencies.
Here, given the shorter time to obtain a phenotypic readout
(5 days), we did not observe the same cell confluency as the
GFP knockout experiments and are able to perform the cell
analysis on chip. Images of the lung cancer cells that are
transfected with and without pCRISPR targeting RAF1 and
treated with the sorafenib inhibitor are analysed using the
standardized imaging pipeline (Fig. 4b, Fig. S12†). Fig. 4c
shows a dose–response curve for Sorafenib Tosylate (using
ACE), illustrating the cell viability of the edited H1299 cells.
We examined the effects of RAF protein kinase inhibitor
Sorafenib Tosylate with and without CRISPR-mediated RAF1
targeting. For the case with CRISPR-mediated RAF1 targeting,
the edited H1299 cells showed sensitivity in the linear micro-
molar range (∼7–35 μM) upon treatment of sorafenib (similar
to previous studies81). In addition, the viability of cells de-
creased compared to the control. Specifically, the fitted dose–
response curve based on the sigmoid equation revealed that
the inhibitory sorafenib concentration achieved half-maximal
viability level (IC50) at 7.54 μM for the control while there is a
∼1.8-fold reduction (13.2 μM) when using pCRISPR targeting
RAF1. An F-test revealed a significant difference between
these two curves for concentrations in the linear regions of
the curve (2.5–50 μM) (P < 0.05). These on-chip results dem-
onstrate that the addition of the single guide RNA targeting
RAF1 shows a lower dose level to reduce cell viability. These
results are also verified using well-plates and we observed
similar results through fluorescence well-plate measurements
and microscopy images (Fig. 4d; see examples of raw data in
Fig. S13†). Moreover, this is the first demonstration of gene-
editing on a DMF platform. The ability to edit genes in can-
cer cells and to detect a phenotypic response highlights the
potential of the ACE platform to investigate other pathways
using gene-editing techniques.

Conclusion

We present the first demonstration of automated gene
editing using digital microfluidics with an application to de-
cipher cancer genes. We characterized the integration of
gene-editing with DMF in terms of transfection and knockout
efficiencies. A new standardized imaging pipeline was devel-
oped for the first time to analyse transfected and knockout
cells. A gene-editing assay that targets the RAF1 gene in the
MAPK/ERK pathway was performed to demonstrate the func-

tionality in DMF-cultured lung cancer cells and to highlight a
standardized imaging pipeline platform. The combination of
automation, DMF, and gene-editing presented here provides
a basis for future studies that can potentially analyze a wide
range of cancer genes.
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