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Clustered regularly interspaced short palindromic repeats (CRISPR)-based
editing tools have transformed the landscape of genome editing. However, the
absence of a robust and safe CRISPR delivery method continues to limit its
potential for therapeutic applications. Despite the emergence of various
methodologies aimed at addressing this challenge, issues regarding efficiency
and editing operations persist. We introduce a microfluidic gene delivery
system, called droplet cell pincher (DCP), designed for highly efficient and safe
genome editing. This approach combines droplet microfluidics with cell
mechanoporation, enabling encapsulation and controlled passage of cells and
CRISPR systems through a microscale constriction. Discontinuities created in
cell and nuclear membranes upon passage facilitate the rapid CRISPR-system
internalization into the nucleus. We demonstrate the successful delivery of
various macromolecules, including mRNAs (-98%) and plasmid DNAs (-91%),
using this platform, underscoring the versatility of the DCP and leveraging it to
achieve successful genome engineering through CRISPR-Cas9 delivery. Our
platform outperforms electroporation, the current state-of-the-art method, in
three key areas: single knockouts (-6.5-fold), double knockouts (-3.8-fold), and
knock-ins (-3.8-fold). These results highlight the potential of our platform as a
next-generation tool for CRISPR engineering, with implications for clinical and
biological cell-based research.

Genome editing has transformed biological research by enabling
precise modifications to the genomes of various organisms, especially
those of living cells'. This capability has allowed scientists to manip-
ulate innate genetic functions, to their specific objectives, with
unprecedented accuracy. Key genome editing technologies include
zinc-finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALENs), and the clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas9 system’. Notably, the
CRISPR-Cas9 system has garnered significant attention due to its

simplicity, versatility, and high efficiency in genome manipulation,
paving the way for complex and precise genomic engineering’. It
should be mentioned that the efficacy of CRISPR as a therapeutic
modality is contingent upon the successful internalization of the
CRISPR systems into the targeted cells. This highlights the importance
of developing a suitable delivery method and specifying the structural/
morphological format of the CRISPR systems for optimal therapeutic
outcomes. CRISPR-associated complexes can be delivered in various
forms, including plasmid DNAs (pDNA), mRNAs encoding the Cas9
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protein and single-guide RNAs (sgRNA), as well as ribonucleoprotein
(RNP) complexes, which involve the fusion of sgRNA with the Cas9
protein®. Characterized by its stability and cost-effective large-scale
production in laboratory settings, pDNA is a versatile molecular entity.
Although its stability contributes to enhanced efficiency, it carries the
risk of undesired prolonged expression of Cas9 and sgRNA, potentially
increasing the probability of off-target effects®®. Furthermore, trans-
fection utilizing plasmids has been documented to induce cell death in
specific cell types, including embryonic stem cells®”. In contrast, mRNA
delivery expedites the gene editing process, as transcription is not
required®. Although mRNA has the advantage of reducing the chances
of unintended genetic modifications when compared with that in
PDNA, its low stability renders it susceptible to rapid degradation,
reducing the editing efficiency. As an alternative, RNP has garnered
widespread adoption as the preferred delivery format for the
CRISPR-Cas9 engineering. Introducing RNP into the cells establishes a
state ready for CRISPR activity, circumventing the transcription and
translation processes required by other delivery forms, thereby
enabling rapid editing®. In contrast to pDNA, RNP exhibits a relatively
short lifespan, mitigating the risks associated with off-target editing’.
Furthermore, RNP ensures greater stability against degradation when
compared with that achieved with the mRNA delivery form®.
Although delivering the CRISPR-Cas9 system as RNP offers numerous
advantages, the internalization process has certain challenges, mainly
due to the considerable size of the Cas9 protein (approximately
160 kDa), which necessitates delivery into the nucleus. Therefore,
selection of an appropriate delivery method is of paramount
importance'.

To facilitate effective RNP delivery for CRISPR-mediated applica-
tions, delivery strategies such as lipofection'>", electroporation*”,
and cell-penetrating peptide'® are commonly employed. Electropora-
tion is predominantly used because of its operational simplicity and
relatively high editing efficiency. It is a technique that creates transient
nanopores in the cell membrane through electrical pulses, allowing the
passage of biomolecules via electrophoretic migration”. This method
has been demonstrated to be effective across a range of cell types.
However, a notable drawback of electroporation is its dependence on
high-voltage electrical pulses, which can result in substantial cell death
and modulation of gene expression. Furthermore, reports indicate
that electroporation alone often induces unintended DNA double-
strand breaks, which significantly limits its potential for genomic
editing applications®.

To address these limitations, several microfluidic platforms have
been proposed to provide enhanced efficiency, consistency, stability,
and throughput, along with reduced reagent consumption®, For
example, microfluidic mechanoporation, using fluid-cell-structure
interactions, has been utilized for RNP delivery. Deng et al. reported an
inertial, microfluidic cell hydroporator, which enabled cell elongation
to create discontinuities in the cell membrane. Successful editing of
the COL11A1 gene in A2780cis cells* was demonstrated; however, the
wedge-shaped design is susceptible to channel clogging. Another
example is constriction-based microfluidic intracellular delivery,
known as cell squeezing® %, This platform passes cells through a series
of narrow constrictions, allowing the delivery of biomolecules includ-
ing mRNA and RNPs into different cell types. Since the delivery relies
solely on the passive diffusion of RNPs into cells, a limited knockout
efficiency via non-homologous end joining (NHEJ) was reported®. In
addition, it has been documented that this diffusion-based method
fails to perforate the nuclear envelope, preventing pDNA-based
transfection”®. Therefore, additional demonstrations and validations,
such as pDNA transfection, highly effective knockout, large deletions
through multiplexed knockouts, and gene insertion (knock-in via
homology-directed repair (HDR)) are warranted. Furthermore, a newly
developed method must exceed the capability and scalability of elec-
troporation, which is the current standard for gene editing.

Here, we present a microfluidic platform called the droplet cell
pincher (DCP), designed as a highly efficient and safe CRISPR-mediated
genome editing tool. Our approach integrates droplet microfluidics
with cell mechanoporation, allowing the encapsulation and controlled
passage of cells and CRISPR-Cas9 RNPs through a microscale con-
striction. This process results in the creation of discontinuities in both
the cell and nuclear membranes, facilitating the internalization of
CRISPR-Cas9 RNPs into the nucleus. We demonstrated that this plat-
form could be used for the delivery of diverse macromolecules,
including mRNAs and pDNAs, underscoring the versatility of the DCP.
Next, the DCP platform was successfully employed to perform various
genome editing operations, including single knockouts, double
knockouts, and single knock-ins. Notably, the editing efficiency sur-
passed that of electroporation, firmly validating its potential as a highly
efficient gene editing tool.

Results and discussion

Device characterization

The DCP platform operates on the principle of droplet cell mechan-
oporation, integrating droplet microfluidics with physical cell per-
meabilization. Recently, we introduced a droplet cell squeezing
method involving the passage of droplets containing cells through a
series of narrow constrictions”. Although the system exhibited high
transfection/delivery performance in delivering various biomolecules
and cell types, it often experienced channel clogging due to the pre-
sence of multiple constrictions and slow droplet passage speed. Fur-
thermore, this method demonstrated suboptimal gene delivery
outcomes, limiting its applicability to genomic engineering, particu-
larly in CRISPR-mediated applications. A high flow-rate operation is an
option to overcome these challenges; however, such flow conditions
compromise stable droplet generation and cell encapsulation
upstream. Therefore, we hypothesized that these problems could be
fundamentally resolved by separately achieving stable droplet gen-
eration upstream and subsequently passing the droplets through a
single constriction at a high speed downstream. Our redesigned plat-
form not only enhances throughput and addresses clogging issues
while preserving cell viability but also significantly improves delivery
and transfection efficiency. This demonstrates that the proposed
platform is capable of achieving various highly efficient CRISPR-
mediated genome editing tasks that have not been accomplished
before.

To this end, we designed a DCP platform presented in Fig. 1a, b
and Supplementary Movie 1. The cell suspension, mixed with the target
biomolecules (e.g., CRISPR-Cas9 systems) and oil for droplet genera-
tion, was pumped independently into the microchannel using con-
ventional syringe pumps. The microfluidic flow-focusing geometry
facilitated the generation of uniform droplets, allowing stable droplet
formation and upstream cell and biomolecule encapsulation. The
generated droplets were accelerated by injecting an additional oil
sheath flow. The accelerated droplets containing cells and biomole-
cules were then rapidly guided through a single constriction, inducing
transient permeabilization of the membrane (Fig. 1c and Supplemen-
tary Movie 2). This high-speed cell mechanoporation process allows
the convective internalization of external biomolecules into both the
cytosol and nucleus through secondary flows developed in droplets, a
capability that conventional cell squeezing methods, which rely solely
on diffusion, do not possess. It should be noted that additional oil
injection does not require additional biomolecules, and any excessive
oil is fully recycled owing to the immiscibility and density difference
between the two phases. Moreover, adopting a single constriction with
a high-speed droplet passage substantially decreases the risk of
channel clogging.

To validate the effectiveness of the DCP in internalizing the bio-
molecules into cells, we first attempted to deliver 0.3 mg/mL of
3-5kDa fluorescein isothiocyanate (FITC)-conjugated dextran (FITC-
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Fig. 1| Overview of the droplet cell pincher (DCP) platform and delivery
characterization. a Schematic representation of DCP. b High-speed microscope
images demonstrating stable droplet generation with cell encapsulation, droplet
acceleration through additional sheath flow, and droplet cell-pinching process.

¢ Detailed illustration of the intracellular-delivery mechanism through droplet cell
mechanoporation, encompassing encapsulation, pinching and transient cell
deformation, and internalization. d Bright-field (BF) and fluorescence (FL) images
showing the delivery of 3-5 kDa fluorescein isothiocyanate (FITC)-dextran into
K562 cells via DCP (scale bar: 200 pm). e Confocal images of a K562 cell (scale bar: 5
um). fFluorescence intensity histograms and g Delivery efficiency of different FITC-
dextran sizes into K562 cells. h 2000 kDa FITC-dextran delivery efficiency, and i Cell
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k Cell viability as a function of cell concentration. I Plots of fluorescence intensity
histograms, and m MFI fold change and cell viability for cell squeezing (SQZ) and
DCP. All bars indicate mean + standard error of the mean (N =3 biological repli-
cates). Each data point is based on flow cytometry analysis performed indepen-
dently on different cell flasks. n.s. stands for no statistical difference; *, **, ***, and
*** indicate P values below 0.05, 0.01, 0.001, and 0.0001, respectively. Statistical
analyses were performed using one-way ANOVA and Tukey’s post-hoc tests for
multiple comparisons. Source data are provided as a source data file. Detailed P
values are provided in the source data file.

dextran) into the K562 cells. FITC-dextran was specifically selected for
its size variety, strong fluorescence, and minimal cell surface-binding
characteristics attributed to its negative surface charge®. For evalu-
ating the FITC-dextran delivery after processing the cells via the DCP,

imaging of the K562 cells was conducted 18 h post-delivery. As shown
in Fig. 1d, e, strong and uniform fluorescence signals were observed in
the cytosol and nucleus. In contrast, the endocytosis group (positive
control), comprising cells co-incubated with FITC-dextran during the
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DCP process, exhibited no detectable fluorescence, validating the
success of the DCP-induced FITC-dextran delivery.

Next, we investigated the delivery dependence of the DCP plat-
form on the cargo size. We postulated that a single yet rapid cell
mechanoporation process could facilitate the effective internalization
of large dextrans. To validate this, different molecular weights of
3-2000 kDa FITC-dextran, equivalent to a size range of approximately
3-50 nm, were delivered into the K562 cells under optimized fluidic
and geometric conditions (a detailed description of the optimized
parameters is presented in the next section). For quantitative char-
acterization, we conducted a flow cytometry-based analysis. As shown
in Fig. 1f, g, nearly 100% delivery efficiency was consistently achieved,
regardless of the dextran size.

Additionally, we evaluated the effect of the cell type on the
delivery efficiency. Under the same experimental conditions, 2000
kDa FITC-dextran was internalized into each cell type at the same
concentration (0.3 mg/mL), with cell density of 2 x 107 cells/mL. The
results depicted in Fig. 1h, i, consistently demonstrate highly efficient
delivery exceeding 90%, with concurrent preservation of the cell via-
bility at levels higher than 75% across all tested cell types. The fold
changes in the mean fluorescence intensity (MFI) are plotted sepa-
rately in Supplementary Fig. 1. All these results highlight that the DCP
platform can be used for both suspension and adherent cells in various
delivery applications.

Next, we assessed the scalability of the DCP platform by evaluat-
ing the delivery efficiency as a function of the cell concentration. This
investigation is crucial because high scalability should be guaranteed
for an intracellular delivery platform to be used in cell-based therapy.
For example, the production of ex vivo CAR-T cells for patient rein-
fusion requires approximately 1 x 10® cells per kg of body weight,
indicating the necessity for high-throughput processing”. With the
DCP, we can routinely process 2 x 107 cells/mL, a notably higher density
than that possible with existing microfluidic platforms, which typically
operate within the range of 10°-107 cells/mL**"%%°32_ At increased cell
concentrations, the platform exhibited stable performance without
compromising the delivery efficiency and viability, achieving levels as
high as 6 x 107 cells/mL, as shown in Fig. 1j, k (refer to Supplementary
Fig. 2 for MFI values). As the platform operates continuously with
channel parallelization, it is expected to meet the increased scalability
demands for cell-based therapeutic applications.

To characterize the performance of the DCP platform in com-
parison with that of the representative microfluidic delivery method,
namely, cell squeezing®, under identical operational conditions, we
delivered equivalent quantities of cargo (2000 kDa FITC-dextran) into
the K562 cells. As illustrated in Fig. 11, m, both scenarios (with and
without the use of droplets) exhibited effective dextran delivery (see
Supplementary Fig. 3 for the delivery efficiency) and no discernible
differences in viability; nevertheless, a significant MFI fold change was
evident in the DCP method (192.7-fold) when compared with that in
cell squeezing (15.1-fold). Substantially higher delivery performance of
the DCP platform was observed, which could be attributed to the
effective concentration of dextran and secondary flows in droplets
which enhance convective transport of cargo into cells?’. Considering
that the DCP microchannel is mostly filled with oil, the use of droplets
decreases the aqueous volume; therefore, even with an equivalent
amount of analytes, the cells are exposed to an environment with a
higher concentration than that in cell squeezing (see Supplementary
Fig. 4). Collectively, these results suggest that our DCP platform is a
competitive solution with superior delivery and minimal analyte
consumption.

Optimization of device operation

Delivery efficiency is critically influenced by the operational condi-
tions, specifically the fluidic and geometric parameters, as illustrated in
Fig. 2a. To identify the optimized operational conditions, our

investigation initially focused on assessing the effects of the flow
conditions on delivery efficiency, MFI fold change, and cell viability.
The upstream flow condition was fixed for stable droplet generation
and encapsulation®, and the cell density (2 x 107 cells/mL) and FITC-
dextran size and concentration (2000 kDa and 0.3 mg/mL, respec-
tively) were set identically. Under these circumstances, we first
attempted to internalize dextran into the K562 cells with different oil
sheath flow rates while utilizing the same microfluidic channel geo-
metry with a width of 8 pm and length of 70 pm. The downstream oil
sheath flow rate was systematically increased from O to 1.5mL/h in
increments of 0.5 mL/h. Subsequently, we calculated the correspond-
ing delivery efficiency, MFI fold change, and cell viability. As depicted
in Fig. 2b, nearly 100% delivery efficiency was achieved at all flow rates,
including the case with no oil sheath fluid. For a comprehensive
comparison of the delivery performance, MFI fold changes were cal-
culated relative to those in the control group and the results are pre-
sented in Fig. 2c. The introduction of oil sheath fluids resulted in a
significant increase in the MFI change. Broadly speaking, a higher oil
sheath flow rate resulted in an increased MFI fold change; however, a
decrease in MFI was observed as the flow rate was further elevated to
1.5 mL/h. Concurrently, the viability exhibited a monotonous decrease
with increasing oil sheath flow rate; a substantial decrease in viability
was observed at 1.5mL/h (Fig. 2d). Considering both aspects, it is
postulated that at the highest oil sheath flow rate, excessive cell
deformation is induced beyond the self-repairing capacity of the cell
(i.e., membrane resealing), resulting in a diminished MFI fold change.

To determine the optimal flow conditions for effective cargo
delivery, we evaluated a new metric, defined as the product of the MFI
fold change and cell viability. This metric serves as a practical measure
of the net intracellular delivery of biomolecules, assuming both MFI
fold change and viability are presented simultaneously. The calculated
values for each tested flow rate of the oil sheath fluid were 117.8,130.2,
143.7, and 110 (A.U.). Upon careful consideration of these calculations,
a sheath fluid flow rate of 1.0 mL/h was identified as the optimal con-
dition that maximizes the delivery efficiency while concurrently pre-
serving the cell viability.

Subsequently, we investigated the influence of the geometric
parameters of the microchannel on the overall delivery level and cell
viability. As previously noted, a single constriction was employed to
avoid potential clogging; therefore, we investigated two primary fac-
tors: the constriction (i.e., gap) width and length. Initially, three dif-
ferent constriction gap widths of 6, 8, and 10 um were evaluated while
maintaining a constant constriction length of 70 um and sheath flow
rate of 1.0 mL/h. As illustrated in Fig. 2e, f, close to 100% delivery
efficiency was attained in delivering 2000 kDa FITC-dextran into the
K562 cells; however, the MFI fold change decreased as the channel gap
width increased. As expected, a reduction in cell viability was observed
with decreasing gap width, as shown in Fig. 2g. The application of the
metric describing the net intracellular delivery indicated that a con-
striction width of 8 pm was optimal.

We also examined the effect of the constriction length on dextran
internalization into the K562 cells. The constriction length was varied
from 40 to 100 um, with a constant gap width of 8 pm and sheath flow
rate of 1.0 mL/h while keeping other parameters unchanged. The width
of 8 um provides a sufficiently narrow gap for pinching the K562 cells;
thus, it was observed that the delivery efficiency exceeded 99% across
all cases, as shown in Fig. 2h. We hypothesized that increasing the
constriction length would enhance the intracellular delivery level,
potentially leading to reduced cell viability. As anticipated, the longest
pinching length of 100 um resulted in the largest fold change in MFI of
307.47 (Fig. 2i). However, this enhancement in the MFI fold change was
accompanied by the lowest viability of 36.8%, as shown in Fig. 2j.
Furthermore, only a slight difference was observed in both the MFI fold
change and viability (p < 0.5) at the pinching lengths of 40 and 70 pum.
We postulated that the relatively short constriction lengths of 40 and
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data point is based on flow cytometry analysis performed independently on dif-
ferent cell flasks. n.s. stands for no statistical difference; *, **, ***, and **** indicate P
values below 0.05, 0.01, 0.001, and 0.0001, respectively. Statistical analyses were
performed using one-way ANOVA and Tukey’s post-hoc tests for multiple com-
parisons. Source data and detailed P values are provided in the source data file.

70 pm may not allow for maximal cell deformation, thus explaining the
subtle differences. Nevertheless, when evaluating the product of the
MFI fold change and viability, the pinching length of 70 pum was
identified as the most suitable dimension.

In summary, for the delivery of 2000 kDa FITC-dextran into K562
cells, the optimal conditions were determined to be a flow rate of
1.0 mL/h, constriction width of 8 um, and pinching length of 70 pm.
These optimized conditions were employed for various biomolecule
delivery experiments, as described in the subsequent sections.

Intracellular delivery of functional biomolecules through DCP
To assess the versatility of the DCP platform beyond its application to
FITC-dextran delivery, we aimed to internalize functional biomole-
cules, such as eGFP-encoded mRNA and GFP-encoded pDNA, into the
K562 cells. Transfection efficiency and cellular viability were investi-
gated using the optimized operational conditions identified above.
First, a 2 pg/mL of 996-nucleotide eGFP-mRNA construct was inter-
nalized into the K562 cells using the DCP platform, with varying mRNA
concentrations. As shown in Fig. 3a and Supplementary Fig. 5a, uni-
form and strong fluorescent signals were observed only in the cells
treated with the DCP platform, whereas negligible fluorescence was
detected in the positive control.

To quantify the transfection efficiency based on the mRNA con-
centration, 0.2, 2, and 20 pg/mL of mRNA were internalized using the
DCP under the optimized delivery conditions (see Methods for more
details). Subsequently, flow cytometry analysis, presented in Fig. 3b

(with Ne;;=5000), was used to systematically measure the signal from
each cell. The corresponding MFI fold changes are presented sepa-
rately in Fig. 3¢. At a concentration of 2 ug/mL, a transfection efficiency
of ~99% and a 47-fold change in the MFI were achieved; the highest
concentration resulted in a 726.1-fold change in the MFI. Notably, this
transfection performance surpassed that of previously reported
microfluidics-based mRNA transfection results based on substantially
higher mRNA consumption and concentrations?2%313+35,

Next, we prepared the GFP-encoding pDNAs of various sizes
ranging from 4.1-9.1 kbp for delivery into the K562 cells. In contrast
to mRNA, the transfection of cells with pDNA presents a greater
challenge, as pDNA must pass not only through the cellular mem-
brane but also navigate through the nuclear envelope. Moreover,
owing to its distinctive morphological shape and larger molecular
footprint, successful pDNA delivery presents a notably greater com-
plexity. We hypothesized that the DCP platform can facilitate pDNA
cell transfection. To validate this, 7.9 kbp pDNA was first internalized
into the K562 cells. As depicted in Fig. 3d and Supplementary Fig. 5b,
cells treated with the DCP platform exhibited high fluorescence
intensity, indicating successful transfection. At a concentration of
50 pg/mL, the transfection efficiency was evaluated for different
pDNA sizes, as shown in Fig. 3e. As anticipated, larger pDNA sizes
posed greater challenges for internalization, resulting in a relatively
lower transfection efficiency. However, it should be noted that
conventional microfluidic platforms, which rely on cell squeezing, fail
to demonstrate pDNA-based transfection**”%; therefore, the DCP
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the mean (N =3 biological replicates). Each data point is based on flow cytometry
analysis performed independently on different cell flasks. n.s. stands for no sta-
tistical difference; *,**, ***, and *** indicate the P values below 0.05, 0.01, 0.001, and
0.0001, respectively. Statistical analyses were performed using one-way ANOVA.
Source data are provided as a source data file. Detailed P values are provided in the
source data file.

platform exhibits significant potential for application to DNA-
mediated engineering.

To assess the performance in comparison with that of electro-
poration, we tested 4.1 kbp pDNA transfection using a concentration of
50 pg/mL while maintaining the same cell concentration for each
method. While both methods appear to have similar transfection
efficiencies, as shown in Fig. 3f (with the DCP method statistically
exhibiting superior transfection efficiency), the MFI fold change
revealed clear distinctions between the two approaches. Specifically,
the DCP method achieved an approximately 286.7-fold increase, sur-
passing that of electroporation, which resulted in an approximately
115-fold increase. In addition to comparing the transfection perfor-
mance, we analyzed the changes in the cell shape following treatment
with DCP and electroporation. Given the documented evidence that
the cell mechanoporation process has superior capability to preserve
the cell functionality and stability than electroporation®, our objective
was to directly compare the alterations in the cell morphological
phenotype after treatment. As can be seen in Supplementary Fig. 6, we
confirmed that electroporation induced more significant alterations,
consistent with previous findings®. In short, these differences clearly
highlight that the DCP platform is a superior and safer alternative than
electroporation.

CRISPR-Cas9-mediated genome editing

The sgRNA guides Cas9 to the targeted DNA sequence, creating
double-strand breaks (DSBs). Subsequently, two primary repair
mechanisms are activated, NHE] and HDR™. As illustrated in Fig. 4a,
NHEJ repairs the DSBs by directly rejoining the ends, often resulting in
small insertion and deletion mutations (indels). In contrast, the HDR
mechanisms facilitate precise insertion of a foreign genetic sequence
at a specific genomic locus. This process involves the utilization of
external DNA or RNA sequences introduced alongside the

CRISPR-Cas9 complex, which serves as a template for the precise
integration of genetic material at the designated genomic site
(see Fig. 5a).

We hypothesized that our DCP platform could effectively facil-
itate both NHEJ for knockout and HDR for knock-in applications. By
employing the optimized operational conditions, we attempted to
deliver the CRISPR-Cas9 RNPs at a concentration of 100 pg/mL into
the K562 cells, targeting the EMX1 locus (see the Methods section for
more details). The CRISPR-Cas9 RNP complex was prepared and
directly delivered into the cells through the DCP while ensuring a
uniform cell density of 2 x 107 cells/mL in all the experiments. Note that
genomic editing can only be achieved if the RNP complex is localized
in the nucleus. Following the delivery of the RNPs into the cells, the
cells were collected after 72 h of incubation, providing sufficient time
for the RNPs to engage and induce NHEJ or HDR within the nucleus.
Subsequently, for editing efficiency characterization, the cells were
harvested to extract the DNA. For a direct one-to-one comparison with
other benchtop methods, including electroporation (EP) and lipofec-
tion (LP) (Figs. 4 and 5), we consistently employed the same experi-
mental conditions unless specified otherwise.

The EMXI knockout efficiency was evaluated using the T7E1 assay,
which is known for its effectiveness in detecting indels greater than 1 nt
in length®. As shown in Fig. 4b-d, the analysis of the average band
intensities indicated an indel frequency of 1.3% for lipofection, 7.6% for
electroporation, and over 50% for DCP, thereby demonstrating an
editing frequency approximately twenty times greater than that of
lipofection and efficiency approximately five times higher than that of
electroporation.

To precisely validate the successful occurrence of indels at the
target loci facilitated by the DCP, we conducted next-generation
sequencing (NGS), specifically focusing on indels within 50 base pairs
from the target site (Fig. 4e, f). Among the reads with no modification,
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37.84% (3,227,127 reads) were identified, whereas the remaining reads
exhibited evident indel events, accounting for 62.16% knockout editing
efficiency (slightly higher than that in the T7E1 analysis). Notably, the
most prevalent alteration involved adenine insertions, accounting for
23.8% (2,025,764 reads), followed by 11.1% (951,250 reads), which were
characterized by deletions of six nucleotide sequences (Supplemen-
tary Fig. 7a).

Next, we assumed that the DCP platform could generate dual
cleavage by facilitating the delivery of two distinct CRISPR-Cas9 RNPs
into the nucleus, thereby enabling multiplexed genome editing, as
illustrated in Fig. 4g. The assessment of multiplexed NHE) efficiency
was conducted through the internalization of two separate RNP
complexes, each with a concentration of 50 pg/mL. Two distinct loci
within EMX1 were targeted and delivery was achieved using the DCP
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Fig. 4 | Various genome editing via CRISPR-Cas9 ribonucleoprotein (RNP)
delivery into K562 cells followed by subsequent editing efficiency character-
ization through the NHE) pathway at the targeted site(s). a Schematic of NHEJ
repair pathway. Percentage of indel formation verified by T7E1 assay using

b Electroporation (EP), DCP, and c Lipofection (LP). d Editing efficiency of each
method. e PCR product sequencing data for the EMX1 targeting region in K562 cells.
Representative sequences for indels. The inserted sequence is highlighted in red,
and the deletions are denoted by the gray box. f Ratio between unmodified and
modified genes quantified using next-generation sequencing (NGS). g Schematic of
the dual-DSB approach and ligation. h Bands representing the amplified multiplex
products using electroporation and DCP for comparison. A 50 bp DNA ladder (left,

NEB N3236S) and a 1 kb DNA ladder (right, NEB N3232S) were used as size markers.
i Relative band intensity of EP and DCP. j PCR product sequencing data for the EMX1
targeting region. Representative sequences for large deletions (with or without
indels). k Ratio between unmodified and modified genes quantified using NGS. All
bars indicate mean + standard error of the mean (N =3 biological replicates). Each
data point is based on gel image analysis performed independently on different cell
flasks. n.s. stands for no statistical difference; *, **, ***, and *** indicate P values
below 0.05, 0.01, 0.001, and 0.0001, respectively. Statistical analyses were per-
formed using one-way ANOVA. Source data and detailed P values are provided as
the source data file.
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Fig. 5 | Genome editing via CRISPR-Cas9 RNP delivery into K562 cells and
subsequent editing-efficiency characterization via the HDR pathway at the
targeted site(s). a Schematic of the HDR repair pathway. b Restriction enzyme
(RE)-cleaved PCR products indicative of HDR. ¢ Quantification of HDR frequency
targeting EMX1 in K562 cells. d Representative sequences for accurate insertion of
donor-template sequences and other indels. e Ratio between unmodified and
modified genes, including those with accurate insertion, quantified using NGS. All

CCTGAGTCCGAGCAGAAGAAAGAAGGGCTCCCATCACATC 26%
Unmaodified : CCTGAGTCCGAGCAGAAGAAGAAGGGCTCCCATCACATCA 12%
CCTGAGTCCGAGCAGAA===GAAGGGCTCCCATCACATCA 7%
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bars indicate mean + standard error of the mean (N =3 biological replicates). Each
data point is based on gel image analysis (RE assay) performed independently on
different cell flasks. n.s. stands for no statistical difference; *, **, ***, and **** indicate
Pvalues below 0.05, 0.01, 0.001, and 0.0001, respectively. Statistical analyses were
performed using one-way ANOVA. Source data are provided as a source data file.
Detailed P values are provided in the source data file.

platform and an electroporator. Lipofection was excluded owing to its
inferior editing efficiency (Fig. 4c, d) in the single RNP editing trials.
Following the induction of DSBs at the designated sites, deletions were
observed within the genomic sequences located between the targeted
loci. Subsequent ligation mechanisms were activated to repair the
genomic remnants resulting from the induced DSBs. Multiplexing
efficiency was indirectly evaluated by quantifying the amplification of
the cleaved region using polymerase chain reaction (PCR) primers. The
primers were designed to amplify a 2069 bp segment encompassing
the wild-type target site, which facilitated the detection of bands at the
specified “NC” location. The induction of two DSBs led to the targeted
deletion of a sizable genomic fragment measuring 1355 bp, as intended
(Fig. 4h). Consequently, a 714 bp residual fragment emerged, which
was attributable to either direct ligation or potentially small-scale
deletions and insertions. Gel electrophoresis of the PCR amplicons
revealed distinct bands, confirming successful genome editing at the
anticipated 714 bp location. The identification of small-scale insertions

and deletions based on band patterns posed a challenge, whereas
larger-scale insertions were evident as smeared band patterns located
prominently above the 714 bp threshold.

To assess the editing efficiencies of DCP and electroporation, the
band intensities at the specific positions were analyzed for samples
prepared using equivalent amounts of amplified genomic DNA
(gDNA). The results indicated average values of 11.9 and 45.3 for
electroporation and DCP, respectively (Fig. 4i). In comparison to
electroporation, DCP demonstrated approximately 3.8-fold higher
efficiency in achieving successful double knockouts, indicating its
superior multiplexing editing efficiency over the current state-of-the-
art method. Although agarose gel electrophoresis facilitated a quali-
tative comparison of the two platforms, quantifying the exact effi-
cacies of both CRISPR-Cas9 RNPs remained challenging. Therefore,
NGS was employed to scrutinize the modifications within the target
region (Fig. 4j, k). The analysis revealed that only 6.36% of the ampli-
cons remained unmodified, whereas 93.64% exhibited various forms of
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modification. Direct ligation following cleavage was observed in 6.26%
of the cases. The remaining modifications encompassed various sizes
of indels, with 6.9% sequence deletions and 53.8% sequence insertions
(Supplementary Fig. 7b).

As another key example of genome editing, we demonstrated
gene knock-in through HDR. It is worthwhile to mention that there are
limited reports on knock-in demonstrations via microfluidics. There-
fore, we hypothesized that our DCP platform is capable of effectively
inserting genes at the desired locations. The initial objective was to
deliver the same RNP targeting EMX1, accompanied by single-stranded
DNA (ssDNA) serving as the HDR donor template (112 nt) (see Fig. 5a).
This ssDNA template contained a sequence recognized by the
restriction enzyme (RE), Eco-RV HF, which facilitates the convenient
calculation of the insertion efficiency. Considering that gene insertion
is conventionally less efficient than deletion, as reported in a previous
study®, we opted to increase the concentration of RNP two-fold during
the delivery process.

When assessing the gene insertion efficiency by comparing the
band intensities in gel electrophoresis and RE assay, electroporation
demonstrated 3.9% efficiency, whereas DCP exhibited a significantly
higher efficiency of 14.7%, yielding an approximately 3.8-fold increase
in the insertion efficiency (Fig. 5b, c). Subsequently, NGS analysis was
conducted to validate the precision of gene insertion (Supplementary
Fig. 7c). The observed occurrences of various types of indel mod-
ifications within HDR accounted for 86.03%, as shown in Fig. 5d, e.
Notably, instances where the donor template sequence was accurately
inserted without indels and subsequently ligated comprised 28% of the
outcomes, indicating that a significantly higher editing was achieved
than that obtained from the RE assay. It is important to acknowledge
that the HDR efficiency can be further improved by synchronizing and
capturing cells in the S and G2 phases*’; therefore, we expect that the
DCP platform has the potential to achieve even greater efficiency.
Thus, this outcome underscores the immense potential of the DCP
platform for diverse applications in genome editing, providing
enhanced efficiency, safety, and cost-effectiveness compared to
electroporation.

The genome editing process begins with internalization of the
CRISPR-Cas system into the cells. However, the editing efficiency is
constrained by the delivery method; this is recognized as a sig-
nificant obstacle that prevents the realization of the full potential of
the editing process. In this study, we developed a microfluidic gene
delivery platform, which is a highly efficient genome editing tool
capable of gene deletion and insertion along with multiplexing. Our
current study primarily demonstrated genetic engineering using
CRISPR-Cas9 systems. However, it is crucial to emphasize that the
platform is adaptable to next-generation genome editing approa-
ches, such as base editors* and prime editors*. Given its capacity for
facile macromolecule internalization, this platform holds consider-
able promise, particularly for prime editing, which involves proteins
of substantial size (-240 kDa), albeit these are smaller than those
tested in this study®. Furthermore, our platform demonstrated
highly effective mRNA and pDNA cell transfection, underscoring its
versatility. In contrast to other microfluidic technologies, our plat-
form leverages the unique secondary flows developed within dro-
plets and employs highly rapid cell mechanoporation to achieve high
levels of delivery. Most notably, a comparison with electroporation,
which is the current standard for gene editing, indicated that the
proposed platform outperforms electroporation in terms of both
editing and transfection results. This confirmed the high potential of
the DCP platform to establish a new standard for ex vivo genome
editing. Additionally, as we previously mentioned, the DCP platform
relies on cell mechanoporation for delivery; therefore, it is antici-
pated to achieve greater cell functionality and stability than
electroporation®.

While the DCP platform utilizes droplet microfluidics and requires
an additional demulsification step for cell retrieval, this requirement
can be effectively addressed through system automation, unlike with
other microfluidic platforms®**, Nonetheless, the DCP platform dis-
tinguishes itself due to its near clog-free operation, high scalability, low
analyte consumption, elevated editing/transfection efficiency, super-
ior cell viability, and cost-effectiveness. In summary, we introduced a
microfluidic platform for gene delivery that holds promise as a next-
generation tool for CRISPR engineering, with significant implications
for clinical and biological cell-based research.

Methods

Microfabrication

The microchannel mold was fabricated using conventional photo-
lithography with an SU-8 photoresist (Microchem Corp., USA). Poly-
dimethylsiloxane (PDMS Sylgard 184, USA) channels were replicated
using standard soft lithography. The inlets and outlets were created by
punching holes into the PDMS using a pin vise. Subsequently, oxygen-
plasma treatment (CUTE, Femto Science, South Korea) was applied to
bond the PDMS to a standard glass slide. The bonded chips underwent
a baking process for a minimum of 24 h in a 75°C oven, ensuring
robust adhesion.

Cell culture

K562 (KCLN no.: 10243) and Jurkat (KCLN no.: 40152) cells were pur-
chased from the Korean Cell Line Bank. HEK 293 T (Cat. no.: CRL-3216)
cells were obtained from the ATCC. NK-92 cells were generously pro-
vided by the group associated with Professor J. Doh at Seoul National
University (South Korea). The K562 and Jurkat cells were cultured
according to the standard protocols in RPMI-1640 medium (Corning,
USA) and supplemented with 10% fetal bovine serum (FBS; Gibco, USA)
and 1% penicillin-streptomycin (Gibco, USA). HEK 293 T cells were
cultured in DMEM with the same supplements. NK-92 cells were grown
in an RPMI 1640 medium with L-glutamine (Corning, USA) supple-
mented with 10% FBS, 1% penicillin-streptomycin, and 100 Ul/ml IL-2
(PeproTech, USA). All cell types were incubated, maintained, and cul-
tured at 37 °C with 5% CO,.

Intracellular delivery procedure
The droplet generation oil (Bio-Rad, USA) was filtered using a 0.2 pm
polytetrafluoroethylene syringe filter (Advantec, Taiwan). The cells
were mixed with the target nanomaterials and loaded into 1-3 mL Luer-
Lok plastic syringes (BD, USA). Opti-MEM (Thermo Fisher Scientific,
USA) was used for 996 nt eGFP-mRNA (TriLink Biotechnologies, USA),
pDNA, and CRISPR-Cas9 RNP delivery. FITC-dextran (3-2000 kDa;
Sigma-Aldrich, USA) was resuspended in a complete cell medium at a
concentration of 2 x 107 cells/mL. pCMV-T7-eGFP (4.119kbp, BPK1098)
pDNA (cat. No. 133962), 7.9 kbp pGreenPuro pDNA (cat. no. SIS05A-1),
and 9.1kbp pDNA with the backbone vector pCDH-EF1-MCS-T2A-
copGFP (System Biosciences, USA) were kindly provided by the
laboratory under Professor S. Cho at Konkuk University (South Korea).
The sgRNA sequence was designed as 5 GAGTCCGAGCAGAA-
GAAGAA 3’ to target the EMXI (chromosome 2, 72933853 - 72933872,
NCBI reference) site using chop-chop and Synthego (USA). For NHEJ
demonstration, the Cas9 RNP complex was prepared using 30 pM
endotoxin-free Cas9 protein, provided by Prof. J. Lee at NUS (Singa-
pore), and 100 pM sgRNA purchased from Synthego. The 500 pmol
RNP complex was formed by mixing the components at the same
molar ratio for 10 m at room temperature in 1 mL Opti-MEM. In the
case of NHEJ multiplexing, an additional sgRNA (5 AGTAAA-
GAACCACGGAGTCA 3) targeting a different site of EMX1 was used.
Two types of RNP complexes, each consisting of 250 pmol, were pre-
pared in separate tubes in 500pL of Opti-MEM using the
method mentioned above. For HDR, a 112 nt ssDNA donor template
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(5 TACAAACGGCAGAAGCTGGAGGAGGAAGGGCCTGAGTCCGAGCAG
AAGAAGATATCAAGCTTGAAGGGCTCCCATCACATCAACCGGTGGCG
CATTGCCACGAAGCAGGCCA 3’) containing the restriction enzyme
site was utilized, purchased from Integrated DNA Technologies (IDT;
USA). After preparing the RNP complex as described above, it was
mixed with an equal amount of 500 pmol donor template and trans-
fected into cells. During the experiments, the fluid flow was regulated
using syringe pumps (Harvard Apparatus, USA). 1H,1H,2H,2H-Per-
fluoro-1-octanol (PFO, Thermo Fisher Scientific) was used to demulsify
the droplets, allowing for cell retrieval. Subsequently, the collected
cells were washed with Dulbecco’s phosphate-buffered saline (DPBS;
Modified, Hyclone, USA) and resuspended in the standard cell med-
ium. Incubation durations of 18, 24, and 72 h were implemented for
post-analysis of the delivery of FITC-dextran, nucleic acid transfection,
and genome editing, respectively. Cell viability was assessed using a
0.4% trypan blue solution (Lonza, Switzerland).

Delivery efficiency calculation

Delivery or transfection efficiency is defined as the portion of the
fluorescence signals surpassing the threshold, corresponding to the
top 5% of fluorescence of the control group.

Electroporation and lipofection

The Neon transfection system (Thermo Fisher, USA) and CRISPRMAX
reagent (CMAX00003, Invitrogen, USA) were used for electroporation
and lipofection, respectively. The electroporation parameters, speci-
fically those outlined in recipe #22 for K562 cells, were used according
to the manufacturer protocol. Lipofection assays were performed
according to the guidelines provided by the manufacturer.

Flow cytometry

The cells were harvested and suspended in DPBS for subsequent flow
cytometry analyses. Flow cytometry was performed using a Guava
EasyCyte flow cytometer from Luminex, USA. Cells of the control
group were initially gated on their FSC and SSC to exclude debris and
dead cells. The fluorescence of the gated cells was then measured
using flow cytometry. An example of the flow cytometry gating scheme
is provided in Supplementary Fig. 8.

DNA substrate construction and primer design

gDNA was extracted from the cell using the G-spin total DNA extrac-
tion kit (Intron Biotechnology, South Korea). Primers for the experi-
ments were purchased from IDT, and their sequences of primers were
as follows: EMX1 FP; GGG TCA TAG GCT CTC TCA TTT AC, EMXI RP;
CCATTGCTT GTC CCT CTG T, Multiplex EMXI FP; CCATTG CTT GTC
CCT CTG T, Multiplex EMX1 RP; CCA TTG CTT GTC CCT CTG T. The
target region was amplified from 150 ng gDNA using the Q5 high-
fidelity DNA polymerase (NEB, USA) and the specified primers. For the
NHEJ and HDR samples, the PCR program consisted of an initial
denaturation step at 98°C for 305, followed by 30 cycles of dena-
turation at 98 °C for 10 s, annealing at 65 °C for 20 s, extension at 72 °C
for 20 s, and a final extension at 72 °C for 2 m. The PCR program for the
multiplex editing sample involved an additional extension step at 72 °C
for 1 m. The final PCR product was purified using the Monarch PCR and
DNA cleanup kit (NEB, USA).

T7E1 assay

The purified 200 ng PCR product was denatured at 95 °C for 5 m, fol-
lowed by re-annealing through a two-step ramping process: first from
95 to 85 °C at a rate of 2 °C/s, and then from 85 to 25 °C at a rate of 0.1
°C/s. The resulting heteroduplexed PCR product was subjected to
digestion at 37 °C for 15 m with 10 units of T7 endonuclease 1 (NEB,
USA). Finally, the analysis was performed using 1.5% TBE agarose gel
electrophoresis. DNA sample was loaded together with low molecular
weight DNA ladder (NEB N3233S).

Restriction enzyme assay

For HDR analysis using restriction enzyme digestion, the 200 ng pur-
ified PCR product was incubated with 5 units of EcoRV-HF(NEB) in
rCutSmart buffer at 37 °C. After 2 h, the reaction was stopped with heat
inactivation at 65 °C for 20 min. The product was analyzed by elec-
trophoresis using 1.5% TBE agarose gel.

NGS sample preparation

For targeted deep sequencing analysis, a DNA substrate was prepared
by following the upper DNA substrate construction protocol using
distinct primer sets: EMXI NGS FP; GCCTCCTGAGTTTCTCATCTG,
EMXI NGS RP; CTAGTCATTGGAGGTGACATCG, Multiplex EMX1 NGS
FP; TCTGGAGCAAGAATCCAAGAG, Multiplex EMX1 NGS RP; CTAGT-
CATTGGAGGTGACATCG. The resulting PCR product was purified
using a Monarch PCR and DNA cleanup kit and subsequently subjected
to deep sequencing analysis. The genomic sites of interest were
amplified from genomic DNA samples and sequenced on a NovaSeq
6000 system (Illumina, USA).

High-speed microscopy, and image and data processing
High-speed images were recorded using a Phantom VEO 701L
high-speed camera (Vision Research, USA), and fluorescence
images were captured using a standard inverted microscope
(Axio Observer Al, Carl Zeiss, Germany). Both the high-speed and
fluorescence images were analyzed using the Image] software
(https://imagej.nih.gov/ij/). Guava flow cytometry data were ana-
lyzed using Guava software, Incyte 3.3.

Statistical analysis and reproducibility

For all experiments, at least three independent biological replicates
were used unless otherwise noted. Statistical analysis was performed
using a one-way ANOVA and Tukey’s HSD post-hoc test for multiple
comparisons using SPSS Statistics 27 (IBM, USA). A P value of <0.05
was considered as statistically significant. All data were replotted using
the OriginPro software (OriginLab, USA). Error bars and symbols in the
plots represent the mean + standard error of the mean.

Confocal microscopy

Fluorescent-stained cells and internalized 3 kDa FITC were imaged
using a confocal laser scanning microscope (Zeiss, Germany). The cells
were fixed with 4% formaldehyde and stained with DAPI. Subsequently,
the processed cells were affixed onto a poly-L-lysine (PLL)-coated glass
slide covered with a mounting solution for confocal imaging.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this
published article and its supplementary information files. The NGS
data generated in this study have been deposited in the NCBI Sequence
Read Archive (SRA) under accession numbers SRR28563326,
SRR28563327, SRR28563328, and SRR28563329, associated with NCBI
BioProject PRINA1096627. Additionally, the GenBank accession num-
ber for the relevant sequences is PP645754. All datasets are publicly
accessible and will be permanently available, with no restrictions on
data availability. Due to its size, the raw flow cytometry data is available
upon request, and requests will be fulfilled within 2 weeks. Source data
are provided with this paper.
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