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ABSTRACT:Viral-based systems are a popular delivery method for
introducing exogenous genetic material into mammalian cells. Unfortu-
nately, the preparation of lentiviruses containing the machinery to edit
the cells is labor-intensive, with steps requiring optimization and
sensitive handling. To mitigate these challenges, we introduce the� rst
micro� uidic method that integrates lentiviral generation, packaging, and
transduction. The new method allows the production of viral titers
between 106 and 107 (similar to macroscale production) and high
transduction e� ciency for hard-to-transfect cell lines. We extend the
technique for gene editing applications and show how this technique can
be used to knock out and knock down estrogen receptor gene� a gene
prominently responsible for 70% of breast cancer cases. This new
technique is automated with multiplexing capabilities, which have the
potential to standardize the methods for viral-based genome engineering.

Virus-mediated gene editing is a widely used technique in
which short-hairpin RNAs (shRNA)1 or single-guide

RNAs (sgRNA)2 are packaged within viral particles and are
delivered into the target cells. To prepare virus particles, co-
transfection of three plasmids into a packaging cell line (e.g.,
HEK293T) is required to allow for the e� cient production of
viral particles that are released into the cells’ supernatant. The
viral particles (whether adeno- or lentiviral) can be harvested,
puri� ed, and titrated in preparation for infection. Using a viral-
mediated approach leads to applications including editing cells
for the treatment of genetic diseases3,4 and in achieving highly
speci� c immunotherapies5� 7 since viral delivery can integrate
our gene of interest e� ciently into the cells to create new
designer antibodies or to gene-correct genetic de� ciencies.

The most common method for preparing and producing
viral vectors is to� rst seed a“packaging” cell line8 in the
presence of a nutrient-� lled medium to form a monolayer
culture. This is followed by preparing a co-transfection mixture
(containing the packaging, envelope, and transfer plasmids),
which is then added to the cells. This process requires that the
reagent be added in a gentle dropwise manner such that there
is no immediate change to the pH of the medium, allowing for
the cells to maintain good health and to e� ciently uptake the
plasmids for production. The supernatant is harvested and
pooled with several rounds of centrifugation and puri� cation to
improve vector potency and purity, making the overall process
of preparing viral vectors tedious.9 Once harvested, the
titration of viral vectors must be performed to determine the
concentration of the viral titers where di� erent methods can be
selected for measurement.10 Aside from production, optimizing

vector transduction to boost e� ciency is another bottleneck�
which depends on lengthy trial-and-error procedures to� nd
the optimal viral parameters (i.e., viral concentrations,
multiplicity of infection (MOI), transduction times) to achieve
high e� ciency. Working with standard transduction sys-
tems11,12 requires large vector quantities, which calls for large
working volumes (>100� L), with much of the viral titer being
wasted.

The challenges described above have driven much interest in
miniaturizing lentiviral processes, especially transduction using
a micro� uidic device.13� 16 These approaches have been shown
to reduce volumes for transduction, enable faster transduction
rates, and overcome limitations that hinder e� cient gene
transfer. Owing to the increased surface-area-to-volume ratio at
the miniaturized scale, these studies have shown fast lentiviral
gene transfer kinetics and high transduction e� ciency at lower
volumes (� 1 to 15� L).17 Thus, using micro� uidics can be an
enabling platform for lentiviral transduction. While these
represent important steps forward, the methods do not
integrate other important steps that are related to lentiviral
transduction� generation and packaging� because they are
limited in the complexities of cell cultivation of a packaging cell
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line, co-transfection of the plasmids, media and reagent
exchange, and harvesting and puri� cation of the viral particles
for direct on-device functional titration. To address the
challenges described above, we introduce a technique for
expediting LENtiviral GENeration, packaging, production, and
transduction (called LENGEN) on a digital-based micro� uidic
platform (DMF). There are many advantages in using DMF
for automating such a process,18 such as the ability to program
all droplet operations and the ability to address each droplet
individually. DMF is compatible for cell culturing, in which
cells can be cultured in droplets,19 on protein spots,20 or on
fabricated hydrophilic spots,21� 25 enabling automating pro-
cesses like gene editing, which requires culturing cells over
weeks. Finally, because the two-plate DMF system has a
removable top substrate, cells cultured on this platform can be
easily removed by trypsinization and transferred to another
platform (e.g., well plate) for validation (reverse transcription
polymerase chain reaction (RT-PCR), sequencing) and
expansion.

Here, we describe a“proof-of-principle” method for viral
generation, packaging, and transduction by DMF to perform
automated site-speci� c gene editing and silencing. We
demonstrate that our LENGEN device is e� ective for
packaging lentiviral vectors up to 15 kb in size and producing
lentiviral titers comparable to the gold-standard techniques.
Furthermore, to extend the technique to be useful for gene
editing/silencing, we integrated the transduction process on
the same device to directly target the estrogen receptor in

breast cancer cells using the produced lentiviral particles and
performed validation/expansion of the edited cells. Using our
platform, we reduce the time to package, produce lentiviruses
and transduce target cells, analyze their edits while achieving
the same results as in the macroscale, and reduce manual
intervention (i.e., pipetting steps, puri� cation and� ltering,
transferring of precious cells). To the best of our knowledge,
this report is the� rst to describe a micro� uidic technique that
allows for lentiviral packaging, production, and transduction
and we propose that the new techniques will be of value for
automating procedures related to genome engineering
applications.

� EXPERIMENTAL SECTION

Microscale Cell Culture, Reverse Transfection, Viral
Production, and Transduction. Cell Culture.Before
seeding cells onto DMF devices, all cell types (H1299,
HEK293T, MCF-7, MDA-MB-231, and T47D-KBLuc) used in
this study were grown in 100 mm Petri dishes and were
washed with PBS bu� er, trypsinized with 0.25% trypsin�
EDTA, and resuspended in complete medium (with 10% heat-
inactivated fetal bovine serum (FBS)). After centrifugation, the
cell pellet was resuspended in complete medium and cells were
counted such that dilutions made would reach the required cell
density. Aliquots of the cell suspension at densities (from� 1.0
× 106 to 2.5× 106 cells/mL) were supplemented with 0.05%
w/v Pluronics F-127.

Figure 1.LENtiviral GENeration, packaging, transduction, and analysis (LENGEN) on a digital micro� uidic platform. (a) Top-view schematic
representation of the LENGEN device. The bottom plate contains two sets of 80 electrodes each for lentiviral generation and packaging, cell
culturing, transduction, and analysis. For each set, there is one patterned 1.6 mm dia. cell culture site for production and six� 1.2 mm dia. site for
transduction and analysis. The production area houses a 3� L droplet, which is split into unit droplets (� 1 � L) that covers the area of an electrode
and actuated to the cell culturing sites. Two sets of electrodes enable replicates or di� erent conditions to be performed in parallel. (b) Frames from
a movie depicting (i) the droplet resting on electrode 1, (ii) droplet moves to electrode 2 when it is activated, and (iii) droplet shows unidirectional
movement onto electrode 3 (and not electrode 1) when electrodes 1 and 3 are bussed. The“highway track” of electrodes is used to enable the
delivery of the lentiviral particles to the cells with minimal electrode connections and to provide multiplexing capabilities on digital micro� uidic
devices. Droplets in the frames consisted of water, 0.05% Pluronics F-127, and food dye.
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For cell seeding of the target cells, we followed a similar
protocol as described previously.21 Brie� y, 1.5� L of the above
cell suspension was pipetted onto the bottom plate at the edge
of the top plate and loaded by applying driving potentials (
� 500 V total, 15 kHz) into the appropriate reservoirs; 1.5� L
droplets were formed by elongating the liquid from the
reservoir and activating the potential on an active dispensing
electrode. The dispensed droplets from the reservoirs were
actuated across a hydrophilic site (on the top plate) generating
1.5 and 1� L volumes for eventual viral production and
transduction, respectively. Excess liquid from the spot was
actuated to a waste reservoir and removed with a KimWipe.
Viral production steps were then done immediately after cell
seeding.

Viral Production.HEK293T cells were seeded and cultured
on the 1.6 mm diameter hydrophilic spot (following the cell
culture protocol) at a suspension cell density of� 2.5× 106�
3.0 × 106 cells/mL. For viral production, we performed a
reverse transfection protocol by� rst cotransfecting a mixture
containing 0.75� g of pMDLg/pRRE, 0.75� g of pRSV-Rev,
1.5 � g of pMD2.g, and 3� g of the transfer vector pLv-
mCherry with 12.5� L of lipofectamine 3000 and 12� L of
P3000 reagent for a total volume of 500� L with Opti-MEM.
After 20 min of incubation, 0.05% w/v of Pluronics F-127 was
added to the mastermix to prepare for actuation on device; 1.5
� L of the lipofectamine mastermix was actively dispensed and
actuated toward the seeded HEK293T cells. The formulation
(3 � L total volume) was mixed in a circular fashion at the
lentivirus production region by actuating adjacent electrodes
(highlighted in the red box inFigure 1a).

Optimization of Viral Titers and Transduction.HEK293T
cells were seeded and cultured at the“target cell” region at cell
densities between 1 and 1.5× 106 cells/mL following our cell
culture protocol. After 24 h, four dilutions were generated
containing the lentiviral particle-� lled supernatant of the
HEK293T cells at the production area. A dilution of 1:3
(Dulbecco’s modi� ed Eagle’s medium (DMEM) and viral
titers) was implemented by merging 1� L of DMEM (10%
heat-inactivated FBS, 8� g/mL polybrene, 0.05% w/v
Pluronics F-127; dispensed from the cell media reservoir)
with 2 � L of the supernatant containing the viruses (Figure
S1a). One microliter of the merged product was split and
actuated to a“target cell” region, while the remainder (2� L)
was saved for other dilutions. This procedure was repeated
three times to generate dilutions 1:6, 1:12, and 1:24. Two
additional spots were used for controls where cells at the same
density were cultured with a complete medium with 8� g/mL
polybrene on the� rst spot and without polybrene on the
second spot. The device was� ipped upside down and
incubated overnight. After 24 and 48 h incubation, the device
was imaged using an Olympus IX73 inverted microscope
(Olympus Canada, Mississauga, ON, Canada) containing
excitation and emission� lters with wavelengths 585 nm and
608 nm, respectively, for mCherry� uorescence. We counted
the � uorescent cells and estimated the viral titer usingeq 1
(following Gill et al.26)

cells transduced % fluorescent dilution factor
transduction in volume

transducing units per mL

(TU/mL)

# × ×

=

= (1)

For CRISPR and shRNA optimization experiments, we
followed the same procedures for cell culturing, viral
production, and optimization of viral titers. The only changes
to these procedures were the transfer plasmids were replaced
with MISSION shRNA plasmids (i.e., TRCN00000003300,
nontarget shRNA plasmid) and pLentiCRISPR-mCherry-
NeoRv2 (LCMNv2) all-in-one Cas9 and sgRNA plasmids
(Figure S1) for the shRNA and CRISPR experiments,
respectively.

Expansion and Analysis.The next day, the transduced
target cells were retrieved and pooled together with their
corresponding dilutions 24 h post transduction. For example, 2
microwells that were subjected to the� rst serial dilution were
pooled and 2 microwells that were subjected to the second
serial dilution were pooled. The device was brought to a
biological safety cabinet where the top plate was taken apart
from the bottom plate. Five microliters of PBS was pipetted
onto the microwells and aspirated using a Pasteur pipette,
leaving only adhered cells on the microwell. Cells were
detached using 2� L of trypsin� EDTA (0.25% w/v), and the
top plate was placed back in the humidifying chamber into the
37 °C with 5% CO2 incubator for 2 min. Two microwells
subjected to the same serial dilution from the same device were
then pooled together by resuspending each microwell with 10
� L of complete medium and were added to 100� L of
complete media in a 96-well plate. The next day, the cultured
wells were refreshed with complete medium supplemented
with 1 � g/mL of puromycin for RNAi experiments and no
antibiotics for CRISPR experiments. After 7 days post
transduction, the cell lysate was collected for qRT-PCR assays
or gene cleavage detection assays to verify gene knockouts.

� RESULTS AND DISCUSSION
Lentiviral Generation (LENGEN): Digital Micro� uidics

for Viral Production and Transduction. Figure 1a shows a
device to automate the production and the transduction of
viral-derived vectors. Several design iterations were required to
develop a device that is capable of producing and transducing
virus particles. Two challenges were encountered in the
process, including (1) generating the highest lentiviral titers
that will enable e� cient transduction and (2) performing a 12-
plex viral transduction analysis on-chip. These challenges called
for several innovations with the device design. First, to package
and to produce lentiviruses, a host is required (e.g., HEK293T
cells) that is easily transfected and supports a high level of
expression of the viral proteins to allow for the e� cient
production of lentiviral titers. To enable such a process, we
fabricated hydrophilic sites that are patterned on the device top
plate to serve as sites for cell seeding and proliferation. These
hydrophilic sites enable a procedure known as“passive
dispensing” where a droplet is actuated across the site, and a
small volume (� 1.5 � L) of the droplet adheres to the site,
seeding it with media and cells. Although cells have been
cultured on hydrophilic spots previously,21� 25 this is the� rst
time that is being used for continuous cultures to generate,
produce, and deliver lentiviral particles. In initial experiments,
we used a previous device design that cultured cells on� 1.2
mm diameter hydrophilic sites that enabled lipofection-
mediated transfection with high e� ciency.21 However, using
this device, we observed that (1) the production of the
lentiviral titers generated very low or near 0% transduction
e� ciency and (2) the electrode con� guration made it di� cult
to mix droplets containing the DNA and lipids resulting in
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uneven distribution of viral particles when harvesting the virus
from the generation site. We hypothesize that the low
transduction e� ciency is due to the low viral titers being
generated from the low cell density (� 700 cells). Therefore,
we created a larger cell culture site (� 1.6 mm dia.) that houses
� 2500 cells at the optimal 50� 70% con� uency. Although
increasing the cell culture site can generate more viral titers
and increase transduction e� ciency, droplet movement away
from the hydrophilic culture site can be challenging.22 This is
especially problematic if we are to generate a dilution series,
which requires droplet movement away from the generation/
packaging site and then mix/merge with dilution bu� er.
Hence, with a larger diameter (1.6 mm), a balance is struck
between the lentiviral generation and the droplet movement
forces to ensure we can generate dilutions, obtain high
transduction e� ciency, and continue to maintain reliable
droplet movement.

In addition, we created a four-prong electrode system
(highlighted as the“production area”) that is directed toward
the hydrophilic site. The latter innovation was particularly
important for reliable droplet mixing and splitting since the
droplet is continuously circulated around the four-prong
electrode to facilitate uniform mixing and is easily extended
to facilitate“necking” during droplet splitting. To ful� ll the 12-
plex capabilities, the device design contains a“highway track”
to enable one-directional movement toward the cell culturing
site and the delivery of the lentiviral particles to six target sites.
Generally, square or interdigitated electrodes are used to
facilitate droplet operations on a digital micro� uidic
device;21,27,28 however, these types of electrodes require
complicated wiring schemes that can be di� cult to design as
we increase the electrode density (unless you use multilayer

fabrication techniques29). Instead, we modi� ed the electrode
design such that the droplet only moves toward the
overlapping“prong” electrodes (Figure 1b). Using such a
design allows the electrodes to be bussed through a minimal
two connections� i.e., on our device design, we connected 22
electrodes using only 2 wired connections (instead of 22 wired
connections)� saving time during the design phase. Moreover,
the reduction in connections enabled us to incorporate a
symmetrical design on the device to allow 12-plex transduction
assays to be conducted simultaneously� replicating the 6-plex
design on the same substrate. We anticipate that future designs
can use such electrode designs to overcome multiplexing
challenges that are commonly associated with digital micro-
� uidics.

With this con� guration, a� ve-step procedure was developed
to facilitate the automated generation, packaging, and delivery
of the virus system. The schematic shows the events at the
genetic level with an image-based representation of the droplet
movements on the device. As shown inFigure S2, in step (i),
the producer cells (HEK293T) are in a droplet suspension and
actuated to the production area by loading and dispensing
from reservoirs. In step (ii), a unit droplet of liposomes and
viral DNA plasmids (pMDLg/pRRE, pRev, pMD2.G, and
transfer plasmid (Figure S3)) are dispensed and merged and
are thoroughly mixed using a four-electrode linear array (� 1
min for mixing). The lipofectamine mixture was incubated at
room temperature for� 15� 20 min for the DNA� liposomal
complexes to be formed. In steps (iii� iv), the lipofectamine
mixture was actuated to the HEK293T cells and actively mixed
for 1 min via three continuous circulations in the production
area containing eight electrodes to replicate the reverse
transfection procedure on the device (i.e., adding transfection

Figure 2.Optimizing lentiviral production. Schematic (a) showing the imaging pipeline used to measure the� uorescence of mCherry-positive cells.
Plots show the (b)� uorescence e� ciency and (c) mean viral titer as a function of supernatant dilutions (1:3, 1:6, 1:12, and 1:24) for positive
mCherry HEK293T cells after 24 and 48 h lentiviral production and transduction. For panel (a), the schematic shows the work� ow to calculate the
%� uorescence (of mCherry) after viral transduction. Mean viral titer can then be calculated usingeq 1. For panel (b), positive mCherry cells were
counted and divided by nontransduced mCherry cells. For panel (c), the estimated mean viral titer amount was calculated by multiplying the
number of cells transduced with the percentage of� uorescence, dilution factor, and dividing the total by the volume of lentiviral particles used for
transduction (i.e., transducing units (TUs) per milliliter). Student’st test (P< 0.05) was used to evaluate the signi� cance (* for aP� 0.05,** for a
P � 0.01, and ns forP > 0.05) between the dilutions. Error bars for both plots represent±1 SD withN = triplicates.
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mixture to unseeded cells). Finally, in step (v), after 24 h, the
lentiviral particles were produced in the supernatant (cells are
adhered to the hydrophilic spot) and speci� c dilutions (1:3,
1:6, 1:12, and 1:24) are formed via electrode actuation (with
� 98% accuracy28) to infect target cells following the step-by-
step procedure shown in the Supporting InformationFigure
S1a. The� ve-step droplet operation procedures are performed
in � 5 min (see theSupporting Video) with several incubation
periods (step ii:� 20 min; step v: overnight). This is the� rst
(to the best of our knowledge) that is capable of automating
the procedures of preparation, production, and transduction
with viral-derived vectors at a faster rate than the macroscale
techniques.13

Breast cancer cell lines (MCF-7 and T47DKB-Luc) were
chosen as models for our lentiviral study to show that our
automated platform can genetically modify oncogenes and use
this method to potentially� nd therapeutic targets against these
genes.30 For all results described here, a droplet comprised of
the breast cancer cells (at various cell densities) was loaded
into the reservoirs. These droplets were dispensed into smaller
volumes and actuated toward the cell culturing sites using
passive dispensing techniques (as described above). Two
parameters were evaluated: cell viability and transduction
e� ciency. As described in the Supporting Information (Figure
S4), both cell lines were viable on the device and showed
comparable viability when cultured in well plates. We also
evaluated the cell viability after 48 and 72 h (since the gene
knockouts after lentiviral transduction occur within this time
frame31,32), and we observed an average viability of 83.7 and
85.7% for MCF-7 and 98.4 and 88.6% for T47DKB-Luc on the
device.Figure S5ashows representative� uorescently labeled
images of the MCF-7 and T47DKB-Luc cells, and as shown,
the cells are proliferative, and the morphologies of the cultured
breast cancer cells were similar to the cells cultured in well
plates (Figure S4c,d). An additional assay was developed to
determine if transduction can be performed (after generation
and packaging) on device, and as shown inFigure S5b, the
e� ciency is� 43.0% after 48 h post transduction and improves
to � 60.1% after 96 h post transduction for T47DKB-Luc cells.
These e� ciencies are also a signi� cant improvement from
lipid-based transfection (seeFigure S6), which is a trend
usually observed for hard-to-transfect cell lines like T47DKB-
Luc.33

From the literature, a critical factor to determine successful
lentiviral transduction is the functional titer, which is the
transduction unit of a virus capable of infecting cells and
expressing the transgene.34,35 Hence, we performed four serial
dilutions of the lentiviral particles containing a nontargeting
plasmid mCherry to determine the optimal concentration of
functional lentiviral obtained in HEK293T cells. A number of
mCherry-transduced cells were counted (using imaging
techniques, seeFigure 2a) on the hydrophilic spot after 24 h
and 48 h (Figure 2b). As shown, the most optimal
concentration of lentiviral particles was observed after 48 h
transduction� achieving a range of 6.5× 106� 1.33× 107 TU/
mL with the 1:3 dilution. These values were also translated to a
viral titer (usingeq 1from theExperimental Section), and on-
device, we were able to obtain a functional titer of� 1 × 107

TU/mL after 24 or 48 h (Figure 2c)� values very similar to
titers obtained from benchtop methods.36,37

Furthermore, we calculated the amount of transducing units
generated per cell on the device and compared it to the
macroscale techniques. On average, we produced 1.56 and 2.65

TU/cell on device after 24 and 48 h, respectively, which is very
similar to the benchtop after 5 days of harvesting (� 2.80 TU/
cell) (Table 1; seeFigure S7for sample calculations). The fast

production of titers and droplet manipulations (and larger
surface-area-to-volume ratio) enables the drastic time reduc-
tion (approximately 2 weeks32,38 to � 2 days;Figure S12) in
packaging, producing, and transducing on device. In practice, it
was decided that 24 h post-transduction step was su� cient for
the gene silencing and editing assays given the titers generated
at 24 h are su� cient for observing knockdown and knockout
events (see below).

Other factors that a� ect the transduction e� ciency are the
size of the lentiviral payload39,40 and cell type.41 Since shRNA
and CRISPR vectors are usually� 7.0 to 15.0 kb in size
(compared to smaller� 4 kb plasmids containing� uorescent
reporter mCherry), we used the system above to evaluate the
e� ects of the lentiviral payload of� 15.0 kb (using LCMNv2�
seeFigure S3) in hard-to-transfect cell lines like H1299 and
T47DKb-Luc. As shown inSupporting Figure S8a, we
obtained the highest e� ciency for the 1:3 dilution, which
correspond to� 10.8% of H1299 cells that show mCherry
� uorescence. Comparatively to H1299, T47DKb-Luc shows
higher transduction e� ciency with the 1:6 dilution at� 5%
(Figure S8b), which is expected given that di� erent cell lines
have di� erent a� nities for virus uptake.42,43 It is generally
observed that larger lentiviral payloads will lead to lower
transduction e� ciency,44 but there is no clear mechanism to
predict which cell line will transduce more e� ciently.45

However, the results do suggest that for a particular cell type
there should be a focus on optimizing MOIs or lentiviral
dilutions and post-infection incubation times to obtain
e� ective transduction. In the future, it may be important to
further study di� erent strategies46,47 for e� ective transduction
of lentiviral particles, especially if the application calls for a
wide variety of cell types (immortalized, primary, stem, etc.).

LENGEN for Lentiviral Knockdown and Knockout
Assays. To evaluate the potential of our system for
knockdown and knockout assays, we packaged shRNA and
CRISPR plasmids that will target the estrogen receptor�
(ESR1) in breast cancer cells using our LENGEN system and
then isolating single clones for expansion. ESR1 controls a
wide range of physiological and regulatory processes in the
development of the female reproductive system and is
expressed in approximately 70% of breast cancer tumors.48

Thus, there is much interest in systematically investigating
genes whose loss a� ects cell growth or increases the estrogen-
independent growth of ER+ breast cancer cells.49 In this part
of the work, we applied our system to automate the process of
generating, packaging, and transducing the lentiviral particles

Table 1. Comparison of Lentiviral Production on LENGEN
vs Macroscale

microscale (24 h) microscale (48 h) macroscale (5 days)

dilutions TU/cell* dilutions TU/cell dilution TU/cell

1:03 1.23 1:03 3.55 3:10 2.81
1:06 1.92 1:06 2.60 2:10 2.73
1:12 1.77 1:12 2.30 1:10 1.95
1:24 1.33 1:24 2.13 0.5:10 3.73
average 1.56 average 2.65 average 2.80

*TU/cell = transducing units per cell.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.1c05227
Anal. Chem.2022, 94, 4039� 4047

4043

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_002.mov
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05227/suppl_file/ac1c05227_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c05227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


containing the ESR1 target and examining the knockdown
(shRNA) or knockout (CRISPR-Cas9) of the target gene.

To test the e� ectiveness of our method for gene expression
analysis, RNAi assays were performed on the LENGEN device.
The transfer plasmid targeting the ESR1 is packaged and
produced using HEK293T cells, and the supernatant is diluted
to di� erent viral concentrations using DMF actuation (1:3, 1:6,
1:12, and 1:24; seeFigure S1a), which are used to transduce
MCF-7 cells. Expression values from LENGEN protocols were
obtained by qRT-PCR methods by removing the top plate
containing the transduced cells from the DMF device (via
trypsinization) and transferring“pooled” cells (� 2800 cells) to
well plates for analysis after outgrowth for 7 days. For higher
dilution (1:24) and lower dilution concentrations (1:3), the
relative reduction in gene knockdown is 18± 8.8 % and 89±
37.6 %, respectively (Figure 3a), and is very similar to the
observed in lentiviral well-plate conditions (Figure 3b). The
gene expression percentages for both LENGEN and standard
conditions were con� rmed by a�� Cq method50 (values
obtained fromFigure S9� qPCR ampli� cation curves), which
show that the LENGEN method is capable of gene silencing
using viral delivery.

The knockout assay was motivated by the widespread
interest in using CRISPR for identifying essential genes related
to cancer and other diseases.51� 53 Similar to the RNAi assays,
MCF-7 cells were seeded, grown, and transduced by a dilution
series (generated on-chip) of lentiviruses containing an all-in-
one plasmid with the Cas9 gene cassette and an sgRNA guide
targeting ESR1. As shown inFigure 4a, the trend is very similar
to what is observed with the RNAi experiments� i.e., at 1:3
dilution, we observed more cells being transduced� and this
trend was identical to that observed in standard conditions
(Figure 4b) and in the literature.54 To verify the knockout, we
performed downstream analysis by removing the MCF-7 cells
(� 2800 cells) from the device and culturing them in well

plates in preparation for a genomic cleavage assay (Figure 4c).
The band patterns and their cleavage percentages are similar to
what is observed in the genomic cleavage gel from MCF-7 cells
transduced (and lentiviral generation and packaging) in well
plates at di� erent MOIs (Figure 4d). Since genome editing
e� ciency varies with di� erent cell lines,55 we implemented the
gene editing work� ow56 on H1299 cells and similarly observed
the successful knockout of integrated eGFP (gene cleavage
e� ciency of 16.1%) (Figure S10). Although downstream gene
editing analysis of CRISPR knockouts from micro� uidic
devices has been shown previously,57� 60 this is the � rst
demonstration showing the integration of lentiviral packaging,
generation, and transduction on a micro� uidic device followed
by downstream gene editing analysis (single clone isolation
and expansion).

As depicted inFigure 1, this“proof-of-principle” method was
carried out in a 12-plex format (through the use of“highway
tracks”), and we propose that this will be straightforward to
expand this technique to much higher levels of multiplexing
given the electrode and bussing techniques presented here
(and particularly with recent reports of active matrix
methods29,61). We constructed lentiviral plasmids (Figure
S11; available on Addgene) to perform lentiviral packaging,
production, and transduction for knockdown (RNAi) and
knockout (CRISPR) assays and we obtained very similar gene
expression pro� les compared to benchtop assays, with shorter
time scales (days vs weeks) to obtain viral titers at su� cient
levels, 100-fold savings in volumes to save precious lentiviral
samples, and using minimal number of cells (� 1000 to 3000
cells). In addition, in the macroscale, generating very
concentrated amounts of viral titer requires several days of
lentiviral harvests within large batches of culture and rounds of
ultracentrifugation� a process that is not required with
LENGEN techniques. Although this device generates a low
number of transduced cells (i.e.,� 1400 cells per target spot),

Figure 3.shRNA knockdown assays for ESR1. Evaluating the relative gene expression of estrogen receptor 1 (ESR1) in MCF-7 cells that were
performed in (a) LENGEN device and (b) well plates. We generated, packaged lentiviral particles containing shRNAs targeting ESR1, and
transduced them in MCF-7 cells. shRNA-mediated silencing of ESR1 was assessed using a�� Cq method to determine the relative gene expression
from qRT-PCR data with ACTB (� -actin) as an endogenous reference gene. The cells exhibited MOI-dependent viral delivery of the shRNA
targeting ESR1 knockdown, with mRNA transcript reduction by 38, 45, 43, and 89% when cells were treated with an MOI of 0.5, 1, 2, and 5,
respectively. In the case with LENGEN, the cells exhibited dilution-dependent viral delivery of the shRNA targeting ESR1 knockdown, with mRNA
transcript reduction by 89%, 79%, 48%, and 18% when cells were treated with dilutions 1:3, 1:6, 1:12, and 1:24, respectively. Signi� cance between
dilutions 1:3 and 1:24 is signi� cant (shown as* for P� 0.05). Comparison of nontargeting shRNA (not targeting any known genes in any species)
to untreated samples shows no signi� cant e� ect on gene expression. A negative control depicts ESR1’s relative downregulated expression (almost
zero expression levels) in MDA-MB-231 cells. Error bars for both plots represent±1 SD withN = triplicate.
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we believe a future generation of this platform will allow for
more transduced cells via“pooling” of target cells by increasing
the target spot area or increasing the droplet volumes in the
production area to mL range. Therefore, our current platform
is aimed to reduce the time for lentiviral packaging,
production, and transduction of target cells, which has
substantially decreased from generally 2 weeks32,38 to 2 days
(Figure S12), and to eliminate the tedium needed for
packaging and producing (and transducing) lentiviruses.

� CONCLUSIONS

In summary, we report the� rst demonstration of lentiviral
generation packaging, production, and transduction for gene
disruption using a digital micro� uidic platform, with an
application to target the estrogen receptor� gene in breast
cancer cells. The new method incorporates a novel electrode
design, enabling the optimal generation of lentiviral titers and
multiplexing of viral transduction analysis on-device. We
characterized the integration of lentiviral generation and
production on DMF, which showed similar performance as
the gold-standard techniques. Since our platform is automated,
we applied LENGEN to gene disruption (RNAi) or editing
(CRISPR-Cas9) assays, which showed excellent knockdown
and knockout e� ciencies, respectively. We anticipate that this
new method will be useful for researchers seeking to greatly
speed up (days instead of weeks) lentiviral production and

transduction processes and to alleviate the tedium associated
with optimizing lentiviral generation and transduction.
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