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High-Throughput and Dosage-Controlled Intracellular
Delivery of Large Cargos by an Acoustic-Electric
Micro-Vortices Platform

Mohammad Aghaamoo, Yu-Hsi Chen, Xuan Li, Neha Garg, Ruoyu Jiang,
Jeremy Tian-Hao Yun, and Abraham Phillip Lee*

A high-throughput non-viral intracellular delivery platform is introduced for
the transfection of large cargos with dosage-control. This platform, termed
Acoustic-Electric Shear Orbiting Poration (AESOP), optimizes the delivery of
intended cargo sizes with poration of the cell membranes via mechanical
shear followed by the modulated expansion of these nanopores via electric
field. Furthermore, AESOP utilizes acoustic microstreaming vortices wherein
up to millions of cells are trapped and mixed uniformly with exogenous
cargos, enabling the delivery of cargos into cells with targeted dosages.
Intracellular delivery of a wide range of molecule sizes (<1 kDa to 2 MDa)
with high efficiency (>90%), cell viability (>80%), and uniform dosages
(<60% coefficient of variation (CV)) simultaneously into 1 million cells min−1

per single chip is demonstrated. AESOP is successfully applied to two gene
editing applications that require the delivery of large plasmids: i) enhanced
green fluorescent protein (eGFP) plasmid (6.1 kbp) transfection, and ii)
clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9-mediated gene knockout using a 9.3 kbp plasmid DNA
encoding Cas9 protein and single guide RNA (sgRNA). Compared to
alternative platforms, this platform offers dosage-controlled intracellular
delivery of large plasmids simultaneously to large populations of cells while
maintaining cell viability at comparable delivery efficiencies.

1. Introduction

Intracellular delivery is an important yet challenging step in gene
and cell-based therapies,[1–3] biomanufacturing,[4,5] and basic
research (e.g., cell biology, drug discovery, and genetics). Viral
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vectors are the most widely adopted in-
tracellular delivery method in clinical ap-
plications due to their high efficiency and
specificity. However, key challenges re-
main in terms of cytotoxicity, immuno-
genicity, risk of insertional toxicity, manu-
facturing, and limited packaging capacity.[6]

Cationic lipids and polymers are among
attractive non-viral candidates to replace
viral methods, as they cause lower ad-
verse immune responses and have the
potential for low-cost and large-scale pro-
duction. Nevertheless, low delivery effi-
ciency for suspension cells and concerns
over cytotoxicity are two major obstacles for
these synthetic vectors.[7,8] Bulk electropo-
ration is another popular non-viral method
for intracellular delivery. Despite its suc-
cess in the delivery of a wide range of car-
gos into most types of cells, including hard-
to-transfect cells, high cell mortality is still
a major challenge.[9–11] In addition, due to
their bulk nature, cationic lipids/polymers
and electroporation do not offer uniform
and dosage-controlled delivery across cell
populations.[12]

To address the challenges facing viral
and conventional non-viral techniques,

microfluidics and nanotechnology have appeared as powerful
tools that have shown tremendous potential for adoption in
clinical settings and research labs.[13] Notable examples in-
clude methods based on cell deformation,[14–17] nanostructures
for localized electroporation,[12,18–20] mechanoporation,[21,22]
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Figure 1. Design and operation of AESOP. A) AESOP’s operational principle is based on three steps: 1) loading the cells and cargos into the chip.
Once the solution primes the main channel, air-liquid interfaces will be formed between the main and side channels. 2) Turning on LCAT by applying a
resonating square-wave signal to a PZT underneath the chip. The acoustic wave, transmitted from the PZT to the chip, oscillates the air-liquid interfaces,
resulting in the formation of acoustic microstreaming vortices. The cells trapped in these vortices experience modest and uniform average mechanical
shear that creates nanopores on their membrane. 3) Uniform enlargement of pores by uniform average exposure of the cells, rotating in vortices, to the
electric field. The cargos are uniformly delivered into cells by chaotic mixing generated by acoustic microstreaming vortices. B) AESOP device setup, and
C) Microscope image of cells rotating in acoustic microstreaming vortices, on top of electrodes.

acoustofluidics sonoporation,[23] flow-through electropora-
tion,[24] droplet microfluidics,[25,26] and inertial
microfluidics.[22,27] For safe, efficient, and controllable intra-
cellular delivery, these methods focus on precise control of
cellular permeabilization and uptake, down to the single-cell
level. To achieve this, cells are usually treated in a 1D or 2D
manner. 1D methods flow cells one-by-one and/or usually have
channel dimensions at the scale of single cells,[14,22–25] while
2D methods are based on monolayer cell culturing or cell in-
teraction with a substrate.[12,18–21] Particularly, several existing
micro- and nanotechnology methods have adopted such strate-
gies to outperform viral and conventional non-viral techniques
in i) dosage-controlled delivery,[12,27–31] which enables the cell
population to receive the right concentration of cargo and, thus,
minimizes overdose and underdose intracellular delivery, and
ii) intracellular delivery of large cargos,[15,19,32–34] which plays
a key role in many genome-editing approaches such as those
using clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 technology. However, these methods are either
low in throughput, limited to specific cell types (e.g., adherent vs
suspension cells), or complicated to operate with.

To address these limitations, here, we present an Acoustic-
Electric Shear Orbiting Poration (AESOP) platform for intracel-
lular delivery of a wide range of cargos with high efficiency, uni-
formity, cell viability, and throughput of 1 million cells min−1 per
single chip. Compared to existing methods that offer intracellular
delivery of large cargos and/or dosage-controlled capability, AE-
SOP is an order of magnitude higher in throughput, compatible
with both adherent and suspension cell types, and simple to op-
erate. AESOP incorporates our lateral cavity acoustic transducer
(LCAT) technology assisted by interdigitated array (IDA) elec-
trodes for intracellular delivery (Figure 1A–C; and Video S1, Sup-
porting Information). Once the cells are introduced into the plat-
form, they are consecutively trapped in the array of acoustic mi-
crostreaming vortices generated by the LCATs. Since delivery car-
gos are also pumped along with the cells, they uniformly mix with
cells trapped in the micro-vortices. We hypothesize 3 underlying
principles of our AESOP platform: 1) cells trapped in acoustic
microstreaming vortices experience modest and uniform average
mechanical shear near oscillating air-liquid interfaces that opens
nanopores on their cell membranes; shear-induced cell mem-
brane poration facilitates intracellular delivery of small molecules
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(<10 kDa) into cells, is cell-dependent, and can be controlled by
tuning acoustic transducers, 2) rapid tumbling of cells in the
streaming orbits expose them to uniform-strength electric fields
that uniformly enlarges the pre-existing pores; for the formation
of large pores, our two-step membrane permeabilization strategy
only requires gentle and low-strength electric fields that, alone,
are not effective in the absence of micro-vortices, and 3) vortices
induce chaotic mixing, enabling uniform, dosage-controlled and
rapid delivery of exogenous materials into the cells.

We tested the performance of AESOP with different sizes
of molecules, ranging from <1 kDa to 2 MDa, and obtained
>90% delivery efficiency with >80% cell viability for both ad-
herent and suspension cell lines. In the next step, we trans-
fected HeLa, K562, and Jurkat cells with a green fluorescent pro-
tein (GFP)-expressing plasmid (pmaxGFP, 3.5 kbp) and obtained
high transfection efficiencies of >90%, >70%, and >60%, re-
spectively, with >80% cell viability. To evaluate AESOP perfor-
mance for intracellular delivery of large cargos, we first picked
a 6.1 kbp enhanced green fluorescent protein (eGFP)-expressing
plasmid, and could achieve >80%, >50%, and >40% transfec-
tion efficiency for HeLa, K562, and Jurkat cells, respectively, while
still maintaining high cell viability of >80% for all these cell
lines. Using AESOP platform, CRISPR-Cas9-mediated gene edit-
ing was demonstrated by a 9.3 kbp plasmid DNA encoding Cas9
and single guide RNA (sgRNA) to knockout phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) gene in K562
cells. We showed >80% intracellular delivery of CRISPR plasmid
and up to 20% gene knockout across cell population. The large
size of the plasmid DNA for eGFP transfection (i.e., 6.1 kbp)
and CRISPR-Cas9 gene knockout (i.e., 9.3 kbp) was chosen to
challenge the packaging limit of some of the common viral vec-
tors including adeno-associated viruses (AAVs).[35] In AESOP,
dosage-controlled delivery capability is achieved by the acoustic
microstreaming vortices in the key steps of intracellular delivery:
i) membrane disruption: by uniform average exposure to me-
chanical shear and electric field, and ii) cellular uptake: by uni-
form mixing of cells with exogenous materials. Delivery analysis
of YOYO-1 labeled plasmid DNA confirmed uniform and con-
trollable intracellular delivery across cell populations.

Compared to existing methods, our system not only can deliver
a wide range of molecular sizes at high efficiency, viability, and
uniformity, but it also offers unique sample processing advan-
tages. For example, the unique design of LCATs generates a bulk
flow that eliminates the need and complexity of external pump-
ing. In addition, since cells are trapped and suspended in mi-
crostreaming vortices, the microfluidic channels are wider, mak-
ing them higher throughput and less prone to clogging. Further-
more, we have demonstrated a single-chip AESOP platform at
a relatively high throughput of up to 1 million cells min−1 per
single chip. This scalability in throughput is relatively straight-
forward without a reduction in system performance.

2. Results

2.1. Shear-Induced Cell Membrane Poration by Acoustic
Microstreaming Vortices

To eliminate the need for applying high electric fields for intracel-
lular delivery, AESOP initiates nanopores on the cell membrane

by mechanical shear and enlarges the pre-existing nanopores at
lower electric field strengths. To achieve this, AESOP incorpo-
rates LCAT technology to trap cells inside acoustic microstream-
ing vortices and uniformly expose them to modest mechanical
shear. The basic structural design of LCAT is illustrated in Fig-
ure 2A consisting of a main fluid channel with slanted dead-end
side channels. Once the main channel is primed with the sample,
air-liquid interfaces are formed along the channel length. When
placed on a piezoelectric transducer (PZT), the acoustic energy
is transmitted to the air-liquid interfaces of LCATs, causing them
to oscillate and generate microstreaming vortices in the microflu-
idic channel. The orientation and positioning of the air-liquid cav-
ities result in both bulk flow liquid pumping and size-selective
trapping of cells.[36,37] The trapped cells orbiting in these micro-
vortices are subjected to oscillatory mechanical shear near the
oscillating air-liquid interfaces. Based on the theory developed
by Nyborg for acoustic microstreaming velocity near an oscillat-
ing bubble,[38] Rooney estimated the viscous shear stress near the
bubble as

S =
2𝜋

3
2 𝜖

2
0

(
𝜌f 3𝜂

) 1
2

R0
(1)

where 𝜌 is the fluid density, 𝜂 is the fluid shear viscosity, f is
the oscillation frequency, R0 is the bubble radius, and ϵ0 is the
displacement amplitude of the vibrating bubble (Figure S1 and
Video S2, Supporting Information).[39–41] For the case of a mov-
ing cell rather than a stationary point near an oscillating bubble,
Equation (1) can be used to estimate the upper bound of shear
stress. According to Equation (1), the mechanical shear exerted
on cells can be controlled by varying the interface oscillation am-
plitude excited by the PZT.

In the first step, particle tracking velocimetry (PTV) was em-
ployed to characterize micro-vortices and measure the velocity
and trajectory of cells at different PZT applied voltages (Fig-
ure 2C,D; Figures S2–S4, Supporting Information). For all three
different cell types (HeLa, K562, Jurkat) tested, although the gen-
eral patterns of microstreaming vortices are similar, a higher
number of Jurkat cells can be trapped per each vortex due to their
smaller size (≈1200 cells/vortex for Jurkat, ≈700 cells/vortex for
HeLa and K562). This results in the formation of more stream-
ing orbits for Jurkat cells per each vortex. The PTV results also
indicate that the cells’ maximum velocity is reached near the air-
liquid interface (Figure 2C), and its magnitude is directly pro-
portional to the PZT applied voltage (Figure 2D). In addition, by
increasing the PZT applied voltage, the device pumping rate in-
creases linearly (Figure S5, Supporting Information).

In the next step, we tested the hypothesis of using acoustic mi-
crostreaming vortices for shear-induced initiation of nanopores
on cell membrane based on intracellular uptake of cargos with a
wide range of molecular sizes. For this purpose, we introduced
cells (HeLa, K562, or Jurkat) with different molecules (EthD-1 dye
(≈857 Da) or fluorescein isothiocyanate (FITC)–dextran with dif-
ferent sizes, ranging from 3 to 70 kDa) into the chip and activated
the LCAT for 5 min (standard operation time of LCAT through-
out this study). To evaluate the effect of mechanical shear force
on intracellular delivery, we picked three different PZT applied
voltages corresponding to “low shear (LS)” (PZT voltage = 2V,
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Figure 2. Shear-induced initiation of nanopores on cell membrane by acoustic microstreaming vortices. A) Basic design structure of LCAT technology
incorporated by AESOP for shear-induced small pore formation; LCATs are arrays of acoustically actuated air-liquid interfaces generated using dead-end
side channels, B) Microscope image of K562 cells trapped in acoustic microstreaming vortices generated by LCAT, C) PTV analysis results of K562 cells
orbiting in acoustic microstreaming vortices (PZT voltage = 6V), D) Cells’ maximum velocity orbiting in micro-vortices; the maximum velocity is reached
near the air-liquid interface, and is proportional to the PZT applied voltage, E–G) Shear-induced delivery of small molecules into (E) HeLa, (F) K562, and
(G) Jurkat cells at three different operational modes: “low shear (LS)” (PZT voltage = 2V), “moderate shear (MS)” (PZT voltage = 6V), and “high shear
(HS)” (PZT voltage = 10V). Quantitative data were presented as mean ± SE. For all experiments, sample size n = 3. *P<0.05, **P<0.01, ***P<0.001,
and ****P<0.0001 were determined by Tukey’s honest significant difference criterion.

SLS = 4.3 Pa), “moderate shear (MS)” (PZT voltage = 6V, SMS =
69.4 Pa), and “high shear (HS)” (PZT voltage = 10V, SHS =
272.9 Pa) (Note S1 and Video S3, Supporting Information).
Based on the results (Figure 2E–G), there are four key findings:
1) Mechanical shear facilitates delivery of small molecules into
the cells, indicating the formation of nano-sized pores on the
cells’ membrane, 2) At a given shear rate, the delivery efficiency
of larger cargos is lower than smaller cargos, 3) Increasing
the shear increases the delivery efficiency of molecules into
the cells by creating larger pores, 4) there exists a pore size
threshold for shear-induced cell membrane poration; for the
three shear modes (low, moderate, and high) tested, shear alone
could not deliver >1 kDa molecules into Jurkat cells and ≥70
kDa molecules into HeLa and K562. Based on these results, the
size of generated pores is mainly dependent on PZT applied
voltage and cell type. Even though HS mode provides higher

delivery efficiency, for the rest of the studies, we chose MS
mode (PZT voltage = 6V) as our optimum operational mode for
LCAT. This mode offers effective small pore formation (>80%
delivery efficiency for molecules up to 3 kDa in size for K562 and
HeLa, and >90% delivery efficiency of ≈857 Da EthD-1 dye for
Jurkat). Importantly, in HS mode, we observed the cell viability
to drop below 80% (Figure S6, Supporting Information). This
is especially important because coupling with electric field pore
enlargement modality might further reduce the cell viability.

Within each acoustic microstreaming vortices, although all
trapped cells experience approximately equal maximum me-
chanical shear near oscillating air-liquid interfaces, the cells that
follow larger orbits experience lower time-averaged shear than
those following the inner orbits, which results in non-uniform
shearing of cells. In addition, if not controlled, some cells can
escape from one vortex to another while other cells (especially
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those with smaller circular paths) will be trapped in one location
for the entire duration of treatment. This can also potentially con-
tribute to inhomogeneous shear. To improve the performance
of AESOP by enabling more uniform shearing of cells, PZT was
turned OFF periodically (every 30 s) throughout device operation
to mix and redistribute cells into different orbiting streamlines.

2.2. Uniform Electric Field Enlargement of Shear-Induced Pores
for Cargo Delivery

Once nanopores on cells’ membrane are initiated by acoustic
microstreaming vortices, AESOP enlarges the pores by apply-
ing a sinusoidal alternating current (AC) electric field via IDA
electrodes. For each different cell type, electric field voltage, fre-
quency, and applied time were optimized (Note S2 and Figures
S7–S9, Supporting Information). Specifically, we found 12.5 Vmax
(|E|RMS = 0.4 kV cm−1), 10 kHz, and 10 ms for HeLa cells, 35
Vmax (|E|RMS = 0.99 kV cm−1), 30 kHz, and 10 ms for K562 cells,
and 25 Vmax (|E|RMS = 0.85 kV cm−1), 20 kHz, and 10 ms for Ju-
rkat cells, as the optimum electric field parameters. Numerical
modeling was used to calculate the applied field strengths (|E|)
corresponding to each different electric field voltages (Note S3
and Figures S10–S12, Supporting Information). We, then, tested
the performance of AESOP in delivery of dextran with molecu-
lar sizes ranging from 3 kDa to 2 MDa (Figure 3A). According to
the results, for all three different cell lines tested, >90% delivery
efficiency was achieved for any given molecular size of dextran.

In the next step, to evaluate the role of shear in AESOP perfor-
mance, we fixed the optimum applied electric field parameters
for each cell type and compared AESOP with: 1) Flow-through:
with LCAT off, the cells were flown through the chip and on top
of the electrodes using a syringe pump, 2) Static: with LCAT off,
the cells were loaded into the chip and settled down on top of
the electrodes, and 3) LCAT Only: with LCAT on and electrodes
off, the cells were loaded into the chip to be trapped in acoustic
microstreaming vortices and experience mechanical shear with
no electric field. Based on the results (Figure 3C), compared to
AESOP, flow-through and static groups that use only electric
fields (LCAT off) are inefficient at intracellular delivery of large
molecules in the absence of mechanical shearing. Specifically,
the results for delivery of 2 MDa dextran (Figure 3D–F) indi-
cate that AESOP achieves significantly higher delivery efficiency
(>90%) compared to flow-through (low,<30%) and static (moder-
ate, <60%). The moderate delivery efficiency of static approach is
because the cells are close to or in contact with the electrodes and,
thus, experience high electric field strengths (Note S3 and Figure
S12, Supporting Information). Like bulk electroporation, the ex-
posure to a high electric field in a static approach is particularly
unfavorable for applications that long-term cell viability is critical
after the delivery process (e.g., plasmid and mRNA delivery).

2.3. Dosage-Controlled Capability and Mechanism of Intracellular
Delivery

In AESOP platform, acoustic microstreaming vortices play a key
role in the efficient and precise intracellular delivery of cargos.
The cells in these vortices are not only exposed to uniform aver-
age mechanical shear and electric field, but also uniformly mixed

with exogenous cargos by chaotic mixing. Thus, we hypothesized
that the imposed uniformity in membrane disruption and cellu-
lar uptake would result in dosage-controlled intracellular deliv-
ery across cell population. To test this hypothesis, we delivered
YOYO-1 labeled plasmid DNA (6.1 kbp) into K562 cells using
AESOP and two other control groups (static and flow-through).
Since the amount of plasmid DNA delivered to a cell is directly
proportional to the measured fluorescent intensity of YOYO-1
dye within the cell, fluorescent intensity distribution among the
cell population was analyzed by flow cytometry. According to the
histogram of fluorescent intensity (Figure 4A), AESOP offers a
narrow peak distribution of YOYO-1 labeled DNA, indicating de-
livery of uniform doses across the cell population. In contrast,
for the two control groups, where the effect of vortices was elim-
inated by turning LCAT off, the intensity peak distribution of de-
livered DNA is wide and not uniform among the population of
cells.

To better quantify controllable intracellular delivery, we calcu-
lated the percentage coefficient of variation (%CV, defined as the
percentage ratio of standard deviation to the mean) of fluores-
cent intensity across cell populations processed by the control
groups and AESOP with DNA concentrations of 50 ng, 500 ng,
1 μg, and 2.5 μg per million cells (Figure 4B). Unlike the two con-
trol groups with %CV>120, all AESOP groups offer %CV around
50%. We also compared the performance of AESOP with a com-
mercial electroporation system (Lonza Nucleofector). According
to the results (Figure S13, Supporting Information), AESOP re-
duces the %CV by half compared to the Lonza Nucleofector. The
low %CV achieved by AESOP groups not only confirms delivery
of uniform doses across the cell population, but also is an indi-
cator of performance consistency when working with different
cargo concentrations.

In addition, for each different DNA concentration, we calcu-
lated the mean fluorescent intensity of YOYO-1 dye delivered to
the cells (Figure 4C). Based on the results, the average dose de-
livered to the cells is linearly proportional to DNA concentration,
indicating that AESOP offers controllable intracellular delivery.
We also evaluated how cargo size would affect the uniformity of
intracellular delivery across cell populations. For this purpose, we
calculated the %CV for intracellular delivery of 3.5 kbp, 6.1 kbp,
and 9.3 kbp plasmids. The results (Figure S14, Supporting Infor-
mation) show that AESOP offers a low and consistent %CV of
intracellular delivery regardless of cargo size.

In the next step, we investigated whether high-throughput cell
processing affects the performance of AESOP for gene delivery.
For this, two different AESOP designs were tested with the same
DNA concentration: 1) moderate throughput: capable of process-
ing up to 200K cells min−1 (Figure 1B,C), and 2) high throughput:
capable of processing up to 1M cells min−1 (Figure S15 and Video
S4, Supporting Information). Based on the results (Figure 4D,E),
except for overdose delivery into a small percentage (≈5%) of cells
in the high-throughput version, there is no significant difference
in delivery efficiency and uniformity between the two versions.
This indicates that the scalability of the platform is straightfor-
ward and does not significantly affect system performance. Fig-
ure 4F shows the corresponding efficiency and cell viability for
delivery of labeled plasmid into cells. Similar to the trend ob-
served in intracellular delivery of 2 MDa dextran, the results in-
dicate that both moderate and high-throughput AESOP versions
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Figure 3. AESOP for intracellular delivery of different sizes of cargo. A) Performance of AESOP in delivery of dextran, with a wide range of molecular
size, into HeLa, K562, and Jurkat cell lines, B) Brightfield and GFP image of HeLa, K562, and Jurkat cells tested for delivery of 2 MDa dextran with AESOP
platform, C) Comparison of the performance of the AESOP with “Flow-through”, “Static”, and “LCAT only” in delivery of a wide range of molecular sizes
(EthD-1 dye (≈857 Da) or FITC-dextran with different sizes, ranging from 3 kDa to 2 MDa), D–E) Comparison of the performance of the AESOP with
“Flow-through” and “Static” in delivery of 2 MDa dextran and corresponding cell viability for (D) HeLa, (E) K562, and (F) Jurkat; the results indicate that
AESOP offers significantly higher delivery efficiency compared to the “Flow-through” and “Static” groups. Quantitative data were presented as mean ±
SE. For all experiments, sample size n = 3. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 were determined by Tukey’s honest significant difference
criterion. The scale bars in (B) are 100 μm.

achieve high delivery efficiency of plasmid (>80%) while static
and flow-through control groups result in <60% and <30% effi-
ciency, respectively.

In the next step, we evaluated how AESOP facilitated the in-
tracellular delivery of plasmid DNA into cells. The main ques-
tion was whether LCAT entangles the plasmid DNA to the cell
membrane,[42] or delivers directly to either the cytoplasm or
nucleus.[18,43] For this purpose, cells’ nuclei and membranes were
labeled with DAPI and CellMask plasma membrane stains, re-
spectively. After the experiment, confocal microscopy was per-

formed to observe the distribution of labeled plasmid DNA in
K562 cells. Based on the results (Figure 4G), the plasmid DNA is
mostly delivered into the cells’ cytoplasm. Since AESOP utilizes
AC electric field with frequencies ≥10kHz, the effect of DNA elec-
trophoresis can be neglected. This indicates that the chaotic mix-
ing induced by microstreaming vortices acts as the major active
force to guide the plasmid DNA through the cell membrane, and
into the cytoplasm. As a result, LCAT eliminates the need for any
other active force, such as electrophoresis, to guide DNA into the
cells.
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Figure 4. Intracellular delivery of fluorescent-labeled plasmid DNA A) Histogram of fluorescent intensity of YOYO-1 labeled plasmid DNA delivered
into K562 cells. For better comparison, the histograms were normalized by relative frequency (%). Compared to control groups, AESOP offers a sharp
and narrow intensity distribution, indicating AESOP’s capability for precise and controlled delivery, B) %CV of intracellular delivery for control groups
(flow-through and static) and AESOP operated with different DNA concentrations, C) Mean fluorescent intensity of YOYO-1 dye delivered to the cells
by AESOP operated with different DNA concentrations. A linear model is fitted to the obtained data, indicating controlled delivery by AESOP, D) The
histogram of fluorescent intensity of YOYO-1 labeled plasmid DNA delivered into K562 cells using moderate and high throughput AESOP platforms,
E) %CV of intracellular delivery for moderate and high-throughput AESOP versions; increasing the throughput resulted in a slight increase in delivery
distribution across cell population, F) The Delivery efficiency and cell viability for intracellular delivery of labeled DNA into cells; the results show that
>80% plasmid DNA delivery efficiency can be achieved using AESOP platform, and G) Confocal microscopy image of cells after intracellular delivery
experiment with AESOP; for this experiment, the cells’ nuclei and membranes were stained with DAPI and deep red CellMask plasma membrane stains.
Based on the results, acoustic microstreaming vortices directly deliver the plasmid DNA to the cell cytoplasm. Quantitative data were presented as mean
± SE. For all experiments, sample size n = 3. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 were determined by One-way ANOVA with Tukey’s
honest significant difference criterion for (B) and (F), and student t-test for (E).

2.4. Gene Delivery Analysis: eGFP Plasmid DNA Transfection &
CRISPR-Cas9 Gene Editing

We also explored the performance of AESOP for intracellular
gene delivery applications in protein expression and targeted
gene knockout. First, we transfected HeLa, Jurkat, and K562 cells
with a ≈3.5 kbp GFP-expressing plasmid (pmaxGFP). The pro-
tein expression levels were analyzed by flow cytometry 48 h after
the gene delivery experiments. Based on the results (Figure 5A;

Figure S16, Supporting Information), high GFP protein expres-
sion efficiencies of >90%, >60%, and >70% were obtained for
HeLa, Jurkat, and K562 cells, respectively, with cell viability of
>80% for all the three cell types tested. In the next step, a rela-
tively large eGFP-expressing plasmid DNA (6.1 kbp) was chosen
and delivered into cells using the AESOP platform. For this large
eGFP plasmid, we could achieve >80%, >40%, and >50% trans-
fection efficiencies for HeLa, Jurkat, and K562, respectively, while
still maintaining cell viability to be >80% (Figure 5B,C). To rule
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Figure 5. Gene delivery analysis. A) Transfection efficiencies and cell viability 48 h after delivery of 3.5 kbp GFP-expressing plasmid DNA; AESOP achieved
>90%, >60%, and >70% transfection efficiencies with >80% high cell viabilities, B) Transfection efficiencies and cell viability 48 h after delivery of 6.1 kbp
eGFP-expressing plasmid DNA; AESOP achieved >80%, >40%, and >50% transfection efficiencies with >80% high cell viabilities, C) Flow cytometry
quantification of eGFP expression for experimental (blue) and control (red) groups. The cells in control group were incubated for 48 h with plasmid DNA,
D) Flow cytometry quantification of delivery of YOYO-1 labeled plasmid DNA encoding Cas9 protein and PTEN sgRNA into K562 cells for experimental
(green) and control (purple) groups. Plasmid DNA was mixed with the cell sample in the control group. For better comparison, the histograms were
normalized by relative frequency (%), E) IF staining of K562 cells with PTEN monoclonal antibody recognized by Alexa Fluor 647 secondary antibody.
DAPI was used to stain the nucleus. The scale bars in (D) are 10 μm.

out the possibility that AESOP is only an electroporator coupled
with mixing provided by acoustic microstreaming vortices, we
performed K562 cell transfection with 6.1 kbp eGFP plasmid us-
ing a “Static” approach (loading the cells on top of electrodes and
applying the same optimized E parameters) followed by imme-
diately turning on acoustic microstreaming vortices to perform
mixing. According to the results (Figure S17, Supporting Infor-
mation), without shear-induced initiation of nanopores before
applying an electric field, very low transfection efficiency (≈5%)
was achieved.

We then evaluated AESOP for CRISPR-Cas9 gene editing ap-
plications. For this purpose, a 9.3 kbp plasmid DNA encoding
Cas9 protein and sgRNA targeting PTEN gene knockout were
chosen and delivered into K562 cells. Based on the flow cytometry
analysis of cells treated with AESOP, CRISPR-plasmid intracel-
lular delivery efficiencies of >80% were achieved for K562 cells
(Figure 5D). After gene delivery, the cells were cultured for 48 h,
selected with eGFP marker (up to 20% of cell population were
eGFP positive with >80% viability), cultured for an additional 7
days, and analyzed by immunofluorescence (IF) staining. Com-
pared to the control group, where PTEN proteins were detected
in the cytoplasm, the experimental group showed a clear knock-

out of the gene (Figure 5E). Thus, based on the eGFP marker, we
estimate up to 20% gene knockout via AESOP platform, which re-
quires future confirmation by comprehensive DNA sequencing
analysis. No significant changes were observed in cell viability for
48 h and 7 days culture.

As a proof-of-concept, we also tested AESOP for transfection
of human primary T cells. Based on our preliminary results,
we could achieve up to 30% GFP protein expression efficiency
and >80% cell viability (Figure S18, Supporting Information). To
further enhance AESOP performance in engineering primary T
cells, the next stage of our research involves a more in-depth op-
timization of mechanical shear and electric field parameters.

3. Discussion and Conclusion

AESOP is a multimodal non-viral intracellular delivery platform
that meets the key criteria needed for adoption in gene/cell-based
therapies, biomanufacturing, and basic research. These criteria
include: i) High delivery efficiency while maintaining cell viabil-
ity, ii) Dosage-controlled delivery of cargos, iii) High throughput,
iv) Compatibility with both adherent and suspension cell types,
and v) Simplicity in fabrication and operational protocol. For this,

Adv. Sci. 2022, 9, 2102021 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2102021 (8 of 13)



www.advancedsciencenews.com www.advancedscience.com

AESOP controls cell membrane permeabilization and cellular
uptake in an efficient, precise, and high-throughput manner.

To permeabilize cell membranes effectively and gently, AE-
SOP adopts a two-step membrane disruption strategy that
uniquely combines two robust and well-known cell-membrane
mechanical-disruption approaches: mechanical shear and
electroporation.[13,44,45] First, it forms nanopores on the cell
membrane using mechanical shear. Second, it enlarges these
nanopores upon the cells’ uniform exposure to gentle electric
fields. Stable bubble oscillations have been known to apply local
shear force and permeabilize nearby cells by inducing localized
deformation on the plasma membrane.[46–50] Similar to this
principle, AESOP employs LCAT’s acoustic microstreaming
vortices to apply tuned and moderate mechanical shear on cells
near oscillating air-liquid interfaces and, consequently, creates
nanopores on their membrane. As pore resealing occurs in the
order of milliseconds to seconds,[47,51,52] detection of pores by
techniques such as scanning electron microscopy[53] or atomic
force microscopy[54] imaging is challenging due to the long
preparation time required. Thus, in this study, we relied on
intracellular uptake of different sizes of molecules to confirm
the formation of pores and estimate their sizes. One of our
important findings indicates that shear-induced cell membrane
poration is cell type dependent. This can be explained by the
fact that each cell type has different mechanical properties
(e.g., cell membrane stiffness and cytoskeleton arrangement)
and, consequently, experiences different shear-induced local-
ized membrane deformation near the oscillating air-liquid
interfaces.[49,55] To open larger pores, AESOP needs only gentle
and low-strength, rather than undesirable high-strength, electric
fields. We hypothesize that by shear-induced transient formation
of nanopores, AESOP does not need to apply a high electric field
to overcome large transmembrane threshold potential to create
hydrophobic pores. Instead, we speculate that only a low electric
field is required to expand the pre-existing hydrophobic pores to
lower-energy hydrophilic pores without creating new pores.[56]

This strategy is indeed similar to dual-pulse electroporation
strategy where the cells experience a short, high-strength pulse
followed by a long, low-strength pulse. The former creates
several nanopores on the cell membrane, and the latter expands
the pores and electrophoretically guides the charged cargos into
the cell.[57,58] This strategy has been shown to improve delivery
efficiency and cell viability.[13] AESOP outperforms dual-pulse
electroporation technique because it does not rely on high-
strength pulse to initiate the creation of nanopores. As a result,
it overcomes fundamental challenges of using high-strength
electric fields in electroporation such as joule heating, metal con-
tamination, electrolysis, and pH change in buffer. In addition,
since cells are tumbling in acoustic microstreaming vortices,
they are uniformly exposed to both mechanical shear and electric
field, resulting in uniform membrane permeabilization across
the cell population.

In terms of cellular uptake, AESOP uses chaotic mixing, in-
duced by acoustic microstreaming vortices, to deliver cargos effi-
ciently and uniformly into cells. The majority of intracellular de-
livery approaches rely on either passive diffusion or electrophore-
sis to guide the cargos into cells. Compared to passive diffusion,
electrophoresis significantly improves the intracellular delivery
of cargos into permeabilized cells. Recently, micro-vortices have

also been shown to enhance cellular uptake by mixing cells with
the exogenous cargos.[24,25,27] In our previous work, we devel-
oped a droplet microfluidic platform for lipid-mediated single-
cell transfection. We showed that chaotic advection, formed in-
side droplets moving in a winding channel, can significantly en-
hance cell transfection efficiency and uniformity.[25] Here, in AE-
SOP, we took a new approach for high-throughput and efficient
mixing, and designed hundreds of whirlpool-like microstream-
ing vortices to simultaneously mix hundreds of thousands of per-
meabilized cells with exogenous cargos. Our presented results
indicate the important role of these vortices to increase cellular
uptake efficiency.

As a result of uniform average exposure to both mechanical
shear and electric field as well as uniform cellular uptake, AE-
SOP offers dosage-controlled delivery capability. This is an im-
portant requirement for many cell engineering applications. For
example, Mali et al. showed that precise control over Cas9-sgRNA
dose is critical for achieving desired targeting specificity in Cas9
gene editing.[59] In this paper, we evaluated dosage-controlled in-
tracellular delivery by flow cytometry analysis of the cells pro-
cessed by AESOP. We used %CV as an indicator of relative
dispersion of the amount of DNA delivered to the cell popula-
tion and showed that %CV<60 can be achieved by AESOP. In
the next step, AESOP performance was evaluated at different
DNA concentrations (Figure 4B,C). We found out that: i) %CV
is independent of the cargo concentration and size, showing the
performance consistency, and ii) the average dose delivered to
individual cells is linearly proportional to the cargo concentra-
tion. Utilizing this precise intracellular delivery approach, we
could lower the cargo concentration, down to 1 μg of plasmid
per million cells. This is particularly important for reducing the
cost and minimizing toxicity associated with plasmids.[60] Over-
all, several promising micro- and nanotechnology approaches
have been developed for dosage-controlled intracellular deliv-
ery such as nanostraw-electroporation,[12] nanofountain probe
electroporation,[28] nanochannel electroporation,[29] micro/nano-
injection,[30,31] cell-induced acoustic microstreaming,[61] and mi-
croscale symmetrical electroporator arrays.[27] Compared to these
methods, AESOP is an order of magnitude higher in through-
put and compatible with both suspension and adherent cells, as
cells are suspended in acoustic microstreaming vortices. Build-
ing on this foundation, future research will be focused on fur-
ther enhancing the uniformity of membrane permeabilization
and cellular uptake. In our current AESOP version, it is reason-
able to assume that the streaming flow has a 2D profile.[62] As a
result, cells orbiting in different orbits will experience different
time-averaged mechanical shear. To circumvent this, here we pe-
riodically turned off the LCAT (needs to be further optimized) to
redistribute cells into different orbits and achieve uniform time-
averaged mechanical shearing. As an alternative strategy, in ef-
fective 3D vortices, not only better mixing can be achieved, but
also the cells’ shearing is more uniform due to the widening and
tightening of the orbits along the height of the microchannel. In
future experiments, we will explore the effects of channel dimen-
sions (especially the height), oscillation mode, amplitude, and
frequency of air-liquid interface, and cells’ size on enhancing the
3-D streaming.[62]

In recent years, there has also been a growing need for intra-
cellular delivery of large cargos for gene editing. For example,
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most plasmid-based CRISPR-Cas9 gene editing cargos are
>9 kbp. Another powerful recent development is base editing,
which uses a cytosine base editor or an adenine base editor with
a guide RNA and, as a result, requires delivery of complexes
with an approximate size of 6 kbp.[63] For these applications,
the use of viral vectors is challenging due to their limited
packaging capacity. For example, AAVs, as popular vectors for
gene/cell-based therapies, have a packaging capacity of 4.7 kbp
and, thus, dual or triple AAV delivery approaches are required for
cargos that exceed such a limit.[63,64] Recently, methods based on
membrane deformation,[15] bubble cavitation,[32,33] nanochan-
nel electroporation,[19] and high-frequency ultrasound[34] have
demonstrated successful delivery of large cargos (>6 kbp). De-
spite encouraging results, compared to AESOP, these methods
are lower in throughput and/or require cell interaction with a
substrate that limits their application mostly to adherent cells.
Our presented results with 6.1 kbp eGFP plasmid and 9.3 kbp
CRISPR-Cas9 plasmid show that AESOP also addresses two
other key challenges associated with the delivery of large cargos:
low delivery efficiency and cell viability. Overall, it is more
challenging to deliver larger cargos, as diffusion-limited intracel-
lular delivery becomes extremely inefficient. One solution is to
increase the cargo concentration to achieve acceptable transfec-
tion efficiency. Thus, for large cargos, not only are larger pores
needed, high concentration of cargos greatly reduces the cells’ vi-
ability, in particular for plasmid-based gene editing applications
as there exists specific toxicity associated with large plasmids.[60]

The chaotic advection provided by AESOP not only increases
the transport of larger cargo molecules to overcome their lower
diffusion rates, but it also reduces the required concentration of
cargos to minimize overdose delivery across cell populations.

For adoption in clinical settings, intracellular delivery plat-
forms should also satisfy the requirement for high-throughput
cell processing. As an example, Tisagenlecleucel (Kymriah),
the anti-CD19 chimeric antigen receptor (CAR) T-cell therapy
for pediatric patients with B-cell precursor acute lymphoblastic
leukemia, requires an average dose of 1 × 108 transduced viable T
cells.[65] Our current 2 cm × 5 cm high-throughput AESOP chip
can already process up to 1 million cells min−1 (<1 h for pro-
cessing 1 × 108 cells). It should be noted that several promising
microfluidic platforms can process cells with the same through-
put or higher.[66–68] However, compared to these methods, AE-
SOP’s presented capabilities in uniform and dosage-controlled
intracellular delivery of cargos at such level of throughputs make
it an attractive candidate to be used in clinical settings. In this
work, by comparing moderate (200k cells min−1/chip) and high-
throughput (1M cells min−1/chip) AESOP versions, we demon-
strated the scalability of our platform without sacrificing the de-
livery efficiency and precision across cell populations. This is
mainly because AESOP consists of hundreds of micro-vortices,
each holding thousands of cells, that act as independent reac-
tors. With flow control and optimization, our next step will be
focused on achieving 10 million cells min−1 (<10 min for pro-
cessing 1 × 108 cells). This would require optimization of the
microfluidic channels and LCATs to maximize cell processing
density and speed. Increasing the channel dimensions (length,
width, and height) is the most direct way to increase throughput.
However, this may require an increase in PZT applied voltage
or duration of operation. As a result, careful attention should be

paid to PZT-induced local heating and bubble stability over the
duration of operation. In this work, under optimum operational
parameters (PZT voltage = 6V, applied time = 5 min), we did not
observe significant PZT-induced local heating or instability in the
air-liquid interfaces (Note S4 and Figures S19 and S20, Support-
ing Information). As an alternative strategy to increase system
throughput, parallelization of multiple chips (stacking) would be
also adopted. One of the intrinsic advantages of the AESOP tech-
nology is that the whole system is compact with pumping, trap-
ping, shearing, and interdigitated electrodes, all on one common
microfluidic chip platform. Consequently, the whole system is
simple, easy to operate, test, and characterize.

4. Experimental Section
Materials and Reagents: Dulbecco’s modified Eagle’s medium

(DMEM), fetal bovine serum (FBS), Iscove’s modified Dulbecco’s
medium (IMDM), Roswell Park Memorial Institute (RPMI) 1640, Dyn-
abeads CD3/CD28, and Human interleukin-2 (IL-2) Recombinant Protein
(Invitrogen) were purchased from Thermo Fisher Scientific. HeLa,
K562, and Jurkat (human acute T cell leukemia cell line) cells were
purchased from American Tissue Culture Collection (ATCC; Manassas,
VA). ImmunoCult-XF T Cell Expansion Medium was purchased from
STEMCELL Technologies. FITC-dextran molecules were purchased from
MilliporeSigma. pcDNA3.1+C-eGFP plasmid and plasmid encoding Cas9
and sgRNA were purchased from GenScript. For PTEN targeted gene
knockout experiment, the 20bp sgRNA sequence of TTATCCAAACAT-
TATTGCTA was used. YOYO-1 dye (1 mm solution in DMSO; Invitrogen,
cat. no. Y3601), DAPI (4′,6-diamidino-2-phenylindole) stain, CellMask
Deep Red Plasma membrane Stain, PTEN Monoclonal Antibody, and
Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 647 were purchased from Thermo Fisher Scientific.

Device Fabrication: AESOP integrates IDA electrodes with LCAT chip
(Figure S21, Supporting Information). Lift-off technique was adopted for
batch electrode fabrication. For this, the glass slides were, first, cleaned
with acetone, isopropyl alcohol, and methanol, and dried overnight at
120 °C. Standard photolithography, using MICROPOSIT S1813 positive
photoresist, was performed to fabricate patterns on the glass slides.
Using e-beam evaporation, 300°A chromium (Cr) followed by 1000°A
gold (Au) were deposited on the slides. The Cr layer was chosen to im-
prove the adhesion of Au layer to the substrate. After thin film depo-
sition, the glass slides were sonicated in a bath of acetone to remove
the photoresist and, subsequently, stripping away unwanted metal lay-
ers. Soft lithography technique was employed for the fabrication of the
LCAT chip. For this, negative photoresist SU-8 2050 (Kayaku Advanced
Materials, Inc.) was used for pattern fabrication on a silicon wafer. The
silicon wafer was then silanized overnight by (TRIDECAFLUORO-1,1,2,2-
TETRAHYDROOCTYL)TRICHLOROSILANE (Gelest, Inc.) to avoid PDMS-
mold adherence. Poly (dimethylsiloxane), PDMS (Sylgard 184, Dow Corn-
ing) base, and curing agent were mixed at the ratio of 10:1, poured on the
mold, degassed for 1 h in a desiccator, and cured at 65 °C overnight. The
cured PDMS was peeled from the wafer, cut to size, and cleaned. Both
the LCAT chip and glass slide, with patterned electrodes, were aligned and
bonded by oxygen plasma treatment. Finally, to make the AESOP device
hydrophobic, it was baked overnight at 65 °C.

Standard AESOP Operation and Intracellular Delivery Protocol: For ef-
ficient transport of acoustic waves from PZT to the device, an ultrasound
gel (Aquasonic) was first smeared between the AESOP chip and the PZT
(STEMiNC, STEINER & MARTINS, Inc., Resonant frequency = 50.2 kHz).
The PZT and AESOP chip were separately connected to a signal generator
(Agilent 33220A) and a power amplifier (JUNTEK). The cell solution was
suspended in electroporation buffer (Bio-Rad Laboratories, Inc.), mixed
with the desired concentration of exogenous cargos (e.g., dextran, eGFP
plasmid, CRISPR plasmid, etc.), and pipetted into the device inlet in 30 μL
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sample batches. For pumping the sample into the chip and applying tun-
able mechanical shear to the cells, the PZT was then excited by a square
wave at a fixed frequency of 50.2 kHz and the desired amplitude. For elec-
trical expansion of shear-induced pores on cells’ membrane, while cells or-
biting in acoustic microstreaming vortices, a sinusoidal wave was applied
three times (with 30 s intervals) to the IDA electrodes with the desired fre-
quency, amplitude, and duration. It should be mentioned that throughout
5 min device operation, LCATs were turned OFF periodically (every 30 s)
for uniform mechanical shearing of cells and better mixing of cells with
cargos. After delivery, the cells were collected from the device and recov-
ered in a cell culture medium without FBS for 20 min. After recovery, the
cells were dispersed in their respective culture media supplemented with
10% FBS and incubated in a humidified atmosphere of 5% CO2/95% air
at 37 °C.

Cell Culture: HeLa cells were grown in DMEM supplemented with
10% FBS. K562 cells were grown in IMDM supplemented with 10% FBS.
Jurkat cells were grown in RPMI 1640 medium supplemented with 10%
FBS. All cells were cultured in a humidified atmosphere of 5% CO2/95%
air at 37 °C.

Primary T Cell Isolation and Culture Protocols: Whole blood samples
from healthy donors were obtained from Institute for Clinical & Transla-
tional Science (ICTS) at the University of California Irvine. Within 12 h
following blood collection, primary T cells were isolated using immuno-
magnetic negative selection kits (STEMCELL Technologies). After isola-
tion, they were suspended with (PBS)-washed Dynabeads CD3/CD28 at
a cell-to-bead ratio of 1:1. Isolated T cells and Dynabeads were cultured
in ImmunoCult-XF T Cell Expansion Medium with 30 U mL−1 Human IL-
2 Recombinant Protein at 37 °C in a humidified 5% CO2 incubator for 3
days. The seeding density of T cells was 1 × 106 cells mL−1.

Labeling Plasmid DNA, Immunofluorescence (IF) Staining, Flow Cytome-
try, and Confocal Laser Scanning Microscopy: For studying mechanism, ef-
ficiency, and uniformity of intracellular delivery, plasmid DNA was labeled
with YOYO-1 dye at a ratio of 1 dye molecule per 5 bp of the DNA.[24]

For this, the desired concentration of plasmid DNA was mixed with the
YOYO-1 dye and incubated for 1 h at room temperature in the dark. The
fluorescently labeled DNA was then mixed with the cell sample and in-
tracellular delivery was performed. After sample collection, the cells were
washed three times in 1X PBS to remove background and any nonspecif-
ically adsorbed plasmid DNA from the cell surface. The cells were then
resuspended in 1X PBS for flow cytometry and confocal laser scanning
microscopy.

IF analysis was adopted to evaluate the CRISPR-Cas9–mediated tar-
geted gene knockout efficiency. For this, the cells were first fixed using 4%
formaldehyde (pH 7.4) (Polysciences, Inc.) for 10 min at room tempera-
ture. Then, they were permeabilized by 0.1% Triton X-100 (ICN Biomedi-
cals, Inc.) in 1X phosphate-buffered saline (PBS) for 15 min at room tem-
perature and blocked with 3% bovine serum albumin (BSA) in PBST (PBS+
0.1% Tween 20) for 30 min at room temperature. Cells were then probed
with the diluted primary PTEN antibody in 1% BSA in PBST (1:10 dilution
ratio) overnight at 4 °C. They were then incubated with the secondary an-
tibody (5 μg mL−1) in 1% BSA for 1 h at room temperature in the dark.
The cells were then resuspended in 1X PBS and plated on a microscope
slide for confocal laser scanning microscopy. In between all the IF steps,
the cells were washed in 1X PBS three times.

Flow cytometry was performed by an ImageStream Mark II Imaging
Flow Cytometer (Amnis Corporation) at 60×magnification under the laser
excitation of 488 nm. Confocal laser scanning microscopy was performed
by a ZEISS LSM 700 laser scanning confocal microscope (Carl Zeiss) with a
63x oil objective and three laser lines: 405nm for DAPI, 488nm for YOYO-1
labeled plasmid, and 639nm for detecting Alexa Fluor Plus 647 secondary
antibodies.

Particle Tracking Velocimetry (PTV) Analysis: Cells’ motion in acoustic
microstreaming vortices was captured using a high-speed camera (Phan-
tom, vision research) connected to a L150 Nikon Eclipse upright micro-
scope. For improved particle detection, high pass filter was used for edge
detection. The video was then analyzed by an open-source MATLAB code
to track the cells and obtain their velocity components in microstreaming
vortices.[69]

Cell Viability Test: The Calcein Red AM (AAT Bioquest) was used to
determine the cell viability. For analysis, the cells were resuspended in 1x
PBS buffer (ThermoFisher Scientific) and a stock solution of Calcein Red
AM was added to the cells’ solution with 1:100 volume ratio. The flow
cytometry was used to evaluate the viability.

Statistical Analysis: Quantitative data were presented as mean ± stan-
dard error (SE). For all experiments, unless otherwise stated, n = 3. The
error bars were obtained by technical replicates. Statistical analyses were
performed using MATLAB. Student t-test, One-way ANOVA, and multiple
comparison with Tukey’s honest significant difference criterion were per-
formed to evaluate the statistical significance of differences. P < 0.05 was
considered as statistically significant (*P<0.05, **P<0.01, ***P<0.001,
and ****P<0.0001) and P > 0.05 as nonsignificant (ns).

The percentage coefficient of variation (%CV) of fluorescent intensity
of YOYO-1 dye delivered to the cell population were calculated on at least
95% of YOYO-1 dye positive (gated) cell population as:

%CV = SD
𝜇

× 100 (2)

where SD and 𝜇 are standard deviation and mean of fluorescent intensity,
respectively.
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Supporting Information is available from the Wiley Online Library or from
the author.
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