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Microscale Symmetrical 
Electroporator Array as a Versatile 
Molecular Delivery System
Mengxing Ouyang1, Winfield Hill1, Jung Hyun Lee2 & Soojung Claire Hur1

Successful developments of new therapeutic strategies often rely on the ability to deliver exogenous 
molecules into cytosol. We have developed a versatile on-chip vortex-assisted electroporation system, 
engineered to conduct sequential intracellular delivery of multiple molecules into various cell types 
at low voltage in a dosage-controlled manner. Micro-patterned planar electrodes permit substantial 
reduction in operational voltages and seamless integration with an existing microfluidic technology. 
Equipped with real-time process visualization functionality, the system enables on-chip optimization 
of electroporation parameters for cells with varying properties. Moreover, the system’s dosage control 
and multi-molecular delivery capabilities facilitate intracellular delivery of various molecules as a single 
agent or in combination and its utility in biological research has been demonstrated by conducting RNA 
interference assays. We envision the system to be a powerful tool, aiding a wide range of applications, 
requiring single-cell level co-administrations of multiple molecules with controlled dosages.

The delivery of macromolecules such as protein1,2, DNA3,4 and RNA5,6 into cells is a crucial but challenging 
task for biological and clinical research to elucidate the role of these molecules in regulating cellular functions. 
Particularly, intracellular co-delivery of multiple molecules would enable identification of optimum combinato-
rial molecular ratios for various applications, including drug screening for combination therapy7–9 and cellular 
reprogramming, utilizing multiple transduction factors10–12. The main hurdle of intracellular macromolecule 
delivery lies with the difficulty in simultaneously achieving high transfection efficiency, prolonged efficacy, and 
low cytotoxicity for a wide range of molecules. Among prevalent delivery methods, viral-mediated gene delivery 
provides predominant efficiency; however, it is limited for nucleic acid delivery and retains safety concerns associ-
ated with immunogenicity13 and viral genome integration11. Consequently, it is inapplicable for recent combinato-
rial therapeutic approaches utilizing co-delivery of genetic and other therapeutic materials14. Chemical-mediated 
exogenous molecular delivery, on the other hand, is suitable for limited applications due to its impractical effi-
ciency. An attractive alternative method for multi-molecular delivery is electroporation because of its capability 
to introduce countless types of molecules into cells via transiently formed pores on cellular membranes upon 
exposure to short high-voltage pulses15. However, conventional electroporation12,16,17 is unsatisfactory for fragile 
cells because of high mortality and cytolysis rate associated with inevitably high operational voltages (≥ 200 V) 
required to obtain practical efficiency. Recent advances in microfluidic-based electroporation systems18–23 oper-
ating at lower voltages enable enhancement in efficiency and viability, even providing single-cell level molecular 
delivery. Challenges in dose-controlled multi-molecular delivery into fragile cells, however, still remain because 
of their limited throughput and/or single-directional flow scheme employed in such systems.

To address these limitations, we developed a robust, efficient and versatile on-chip vortex-assisted electropo-
ration system, namely Microscale Symmetrical Electroporator Array (μ SEA), enabling simultaneous target cell 
enrichment and multi-molecular delivery in one integrated process (Fig. 1). By utilizing the vortex-assisted elec-
troporation method24,25, μ SEA provides benefits, including real-time visualization of the process, precise dosage 
control, uniform cytosol distributions of delivered molecules, multi-molecular delivery with high efficiency and 
viability. Even though μ SEA shares the core vortex-assisted electroporation concept with its predecessors24,25, 
extensive modeling and empirical iterations implemented for the μ SEA’s electrode design offers unprecedented 
design flexibility and integrability. It additionally provides differentiated benefits such as substantial operational 
voltage reduction (Vapplied <  20 V), and most importantly, enhanced electroporation efficiency and cell viability. 
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In addition, the sequential multi-molecular delivery capability was expanded to the co-delivery of three types 
of macromolecules accompanied with quantitative analyses, which has rarely been reported to the best of our 
knowledge. The versatility and robustness of μ SEA is further evidenced by efficient delivery of a wide range of 
biomolecules, including fluorescent dyes, proteins, siRNA and miRNA, into various cell types. By taking advan-
tage of the high-throughput rare cell purification capability that the adopted Vortex chip’s chamber geometry pro-
vides26, the current system has great potential to extend applications of electroporation directly to cells purified 
from complex bodily fluids.

Results and Discussion
Device Design. μ SEA is composed of a vortex cell trapping chamber array enclosed by a glass slide with 
micro-patterned Au electrodes, generating sufficient electric fields for electroporation on orbiting cells. Dimensions 
and arrangements of micro-patterned electrodes are optimized to minimize undesired voltage drops across the 
connecting electrodes and the voltage variation across chambers while ensuring irreversible sealing between the 
PDMS layer and the glass substrate. Extensive COMSOL and Simulation Program with Integrated Circuit Emphasis 
(SPICE) simulations were conducted to predict the optimum electrode design and to estimate initial electric parame-
ters to be experimentally tested. Various microelectrodes and layout designs (Table S1, Supplementary Information) 
were evaluated and optimized using SPICE simulation by modeling the electrode network as a complex circuit 
(Figure S1, Supplementary Information). In general, increase in the number of electroporation chambers and rows 
lead to larger voltage variations due to the increased complexity of electrode layout. Thus, the goal of optimization 
was to maximize the voltage efficiency, Veff, and to minimize the voltage variation across chambers, Δ VC. Here, Veff 
is the ratio between the voltage measured across the electroporation array and the actual voltage applied, Vinput, 
while Δ VC is the maximum voltage differences among all electroporation chambers. The staggered chamber design 
(Design 1 in Table S1) permitted to arrange higher number of chambers in a given field of view, thus increasing 

Figure 1. Schematics of μSEA. (a) Illustration of the device structure, operational principles and explored 
applications. (b) The assembled microfluidic electroporator, and (c) the electrode arrangement within a single 
cell-trapping chamber. Lc =  720 μ m; Wc =  480 μ m; Le =  450 μ m; We =  20 μ m. Additional dimensions can be 
found in Methods in detail. (d) The connecting electrode arrangements, and (e) the electroporator array. 
Boxes shaded in purple and turquoise represent cell-trapping microfluidic chambers in inner and outer rows, 
respectively, while yellow lines indicate Au electrode arrays. (f) Cross-chamber voltage variations in outer 
and inner rows of the chamber array (Vinput =  20 V) were less than 5%. Each node in this figure represents an 
electroporation chamber as denoted in (e).
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overall throughput (22 chambers in a given footprint); however, it resulted in undesirable lengthening of electrodes 
connecting the interdigitated electrodes in the chambers to the common bus line, yielding dramatically increased 
Δ VC. On the other hand, the vertically aligned chamber arrangement (Design 2 in Table S1) lowered the overall 
throughput (16 chambers in a given footprint), but it exhibited increased Veff with reduced Δ VC. Accordingly, the 
arrangement of electrodes and chambers for μ SEA (Design 3 in Table S1) was built upon that of Design 2 while 
enhancing the overall throughput by parallelizing more channels and attaining competitive Veff by shortening dis-
tances between chambers (40 chambers per device, detailed device geometry in Methods). μ SEA achieved Veff =  80% 
and Δ VC <  5% with 10-fold lower operational voltage and 4-fold increase in throughput from the previous vor-
tex-assisted electroporation system24,25. The voltage distribution and electric field intensity inside a single chamber 
were computed using COMSOL (Figure S2, Supplementary Information) to predict the voltage range that surpasses 
the electric field threshold (E >  0.6 kV/cm)24, as required for successful vortex-assisted electroporation. In addition, 
micro-patterned Au electrodes could be seamlessly integrated with microfabrication process flows, allowing batch 
production at low cost.

Electroporation Parameter Optimization. Our previous works, consisting of a single-24 and 
10-chambers25, utilized a pair of bulk Aluminum wires (1 mm in diameter) across each chamber, and relatively 
high voltage pulses (≥ 100 V) generated using a direct current (DC) power source were required to achieve opti-
mal electroporation results. In contrast, the current 40-chamber μ SEA, composed of microscale planar electrodes 
operating with alternating current (AC) electric fields to minimize the disadvantages of utilizing DC pulses, 
including inevitable bubble formation and pH changes27,28, was able to provide more gentle and controllable 
membrane permeation process.

The electroporation performance evaluations revealed AC square wave pulses at 20 kHz as the optimum 
for the current configuration. Square waveform was chosen over sine waveform because square waveform 
required simpler design for voltage source electronic circuitry than its counterpart and it performed slightly 
better when the identical peak AC voltage was applied (Figure S3, Supplementary Information). Lower frequen-
cies (f ≤  10 kHz) induced unwanted electrolysis that interferes with cell-trapping vortices and causes electrode 
damage while higher frequency (f ≥  40 kHz) yielded degraded efficiency due to overquick shifts between electric 
polarities. Although the optimum voltage for successful electroporation varied slightly depending on cell types, 
the real-time visualization of the fluorescent traces of electroporated cells orbiting in vortices enabled prompt 
modifications of electroporation parameters (i.e., voltage, frequency, and pulse width) and incubation duration 
(Fig. 2a). This implies that the versatility and flexibility of μ SEA allow electroporation of cells from unknown ori-
gins with no prior information. The standard electrical parameters used for all the experiments described in this 
manuscript were set as square wave pulses with frequency, f =  20 kHz, pulse width, τ  =  1 ms, and pulse interval, 
Δ t =  1 s, unless stated otherwise. The optimum voltages for MCF7, HeLa and both HEK293 and MDA-MB-231 
were found to be 17 V (1.02 kV/cm), 16 V (0.96 kV/cm) and 15 V (0.90 kV/cm), respectively (Fig. 2b–e). The cor-
responding electric field intensities were computed via COMSOL simulations and the values represent the aver-
age electric field intensities estimated at 20 μ m above the electrode surface where the trapped cell orbits, exposed 
to the highest electric fields are located. At voltages greater than the optimum value, the efficiency remained high 
but the total number of electroporated cells collected off-chip decreased, presumably caused by bursting of cells 
with larger diameters. This phenomenon can be strategically utilized for various applications, preferably requiring 
transfected cells with higher purity and reduced cell density in single-cell resolutions29–31.

Dosage Control and Multi-Molecular Delivery. By eliminating laborious sequential pipetting processes or 
undesired cell loss in-between treatments24,25, μ SEA’s sequential multi-molecular delivery capability would enable 
the performing of various assays that require combinational administrations of multiple substances32,33. μ SEA’s rapid 
multi-solution exchange scheme allows precise control of delivery dosages of individual molecules, and the ease 
of response evaluations for cells exposed to a wide range of molecular administration ratios. We have previously 
demonstrated that incubating trapped cells for varied durations allowed for the delivery of varying doses of small 
molecules, such as fluorophores and chemotherapeutic drugs as single agents or in combination25. Here, a similar 
approach has been utilized to deliver proteins and siRNA. Quantitative analyses of fluorescent intensities of electro-
porated cells revealed that the amount of delivered proteins and siRNA increased with incubation durations (Figs 2f 
and 3). The wider fluorescent intensity distribution for electroporated cells incubated in a GFP solution for 120 s 
might be originated from the saturation of the molecular uptake or resealing of the cell membrane.

To evaluate sequential delivery capability of μ SEA for macromolecules that are considered to be more difficult 
to deliver, three types of proteins with various molecular weights (27k–66kDa) and structures were injected into 
the electroporated HEK293 cells (Fig. 4 and Figure S4, Supplementary Information). The delivery efficiencies 
of single proteins ranged between 26% and 71% when cells underwent co-delivery of three types of proteins 
under the same electroporation procedure. Given that surface charges for all of tested proteins are negative, 
the large variations in protein delivery efficiency are probably related to protein structures. The aspect ratios 
of OVA (45 kDa), GFP (27 kDa), and BSA (66 kDa) are 1.4, 1.8 and 3.5, respectively, and the most spherical 
OVA with a size in between GFP and BSA exhibited highest efficiency. It suggests that intrinsic morphology of 
the molecules34 in addition to molecular weights presumably is a crucial factor to affect the delivery outcome. 
Their contributions to final delivery efficiency should be carefully examined to enhance overall combinatorial 
delivery efficiency. Relatively low efficiency for GFP delivery is presumably associated with difficulties in fluo-
rescent signal detections because synthetic Alexa fluorophores may have more stable and stronger fluorescent 
signals compared to that of GFP. Interestingly, the sequential co-delivery efficiency of dual-proteins ranged from 
20% to 31% and that of triple-proteins was 20%. This suggests that the limiting factor for co-delivery efficiency 
might be protein-type dependent rather than the electroporation parameters. Efficiency enhancement could be 
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achieved if electroporation conditions are optimized for the hardest-to-deliver candidate among all molecules to 
be co-delivered.

siRNA and miRNA Delivery. Safety concerns associated with viral-mediated exogenous gene delivery fue-
led the development of non-viral delivery approaches35–37, in particular for those desiring expedited clinical adop-
tions. RNA interference (RNAi)38 exhibits substantial potential for gene therapy and has advanced into clinical 
stage. siRNAs’ clinical applicability has been demonstrated for the treatment of various cancer, virus infection 
and genetic disorder39. On the other hand, miRNAs have shown to regulate essential genes known to have a key 
function of cell survival or death and to target multiple oncogenes or pathways simultaneously13 with reduced 
immune response and toxicity40. Thus, miRNAs are implicated in the clinical management of diseases, such as 
cancer41,42 and Hepatitis C43.

To assess μ SEA as an alternative gene delivery tool, we first demonstrated gene knockdown using siRNA 
delivery. MCF7 cells expressing GFP (MCF7-GFP) transfected with GFP-siRNA showed suppression of 
GFP fluorescent intensity as compared to that of electroporated MCF7-GFP without GFP-siRNA (Figure S5, 

Figure 2. (a) Representative microscopic images illustrate successful molecular delivery into trapped cells 
using μ SEA. The white dashed lines outline the cell trapping chambers. HEK 293 cells, pre-stained with 
Hoechst 33342, were isolated and maintained in the cell trapping orbits in each chamber. Successful delivery of 
a membrane-impermeable fluorescent molecule Propidium Iodide (PI) into orbiting cells via electroporation 
was confirmed by detecting fluorescent signals emitted from trapped cells. The results were obtained by 
electroporating cells with AC square wave pulses with V =  15 V, f =  20 kHz, τ  =  1 ms, and Δ t =  1 s, followed 
by 30 s incubation in the PI solution. Scale bar represents 200 μ m. (b–e) Optimization of electroporation 
parameters for various cell lines. Viability and electroporation efficiency of collected cells for (b) HEK293,  
(c) MDA-MB-231, (d) HeLa, and (e) MCF7 cells. The electroporation parameters that were kept consistent to 
obtain these results were AC square wave pulses with f =  20 kHz, τ  =  1 ms, and Δ t =  1 s. Error bars represent 
standard errors from experiments in triplicates. (n ≥  280 cells per experiments). (f) Histograms of the intensity 
profile for the HEK293 cells after GFP delivery for delivery dosage control. The delivered amount of GFP 
increased with increasing incubation durations from 30 s to 120 s. 20 pulses were applied for all three conditions. 
Green lines overlaid on the histogram represent the Gaussian distribution (n ≥  18 cells per experiment).
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Supplementary Information). The median fluorescent intensity of the cell population transfected with siRNA 
decreased to 66% of that of the control (Fig. 5a).

In addition to assessment of gene knockdown, μ SEA was utilized for miRNA-mediated phenotype induc-
tion by protein regulation using miR-29. The miR-29 family is one of the topmost cancer-associated miRNAs44 
and miR-29 has been identified as the positive regulators of p53, a tumor suppressor that induces apoptosis by 
several harmful conditions, through inhibition of p85α  and cell division cycle 42 (CDC42)45. Control exper-
iments using μ SEA revealed that electroporation alone neither affects viability nor alters morphology of pro-
cessed cells. p53 wild-type cells (MCF7 and HeLa) transfected with hsa-miR-29a-3p (miR-29) exhibited apoptotic 
phenotype, assessed through colony size measurements and Annexin V staining (Fig. 5b,c, and Figures S6–S7, 
Supplementary Information). The mean colony size of the entire population for MCF7 and HeLa shrank to 31% 
and 35% of that of the control, respectively, and their Annexin V intensities were 49% and 58% higher than 
their control counterparts, respectively. In contrast, no significant difference was found for p53 mutant cell line 
(MDA-MB-231) for either criterion. Note that cells transfected with miR-29 using μ SEA exhibited higher apop-
totic tendency although the amount of miRNAs used for μ SEA (5 nM of miR-29, 2 pmol per run) was 2-fold 
lower than that used for lipofectamine-mediated transfection (20 nM of miR-29, 4 pmol per well). The optimum 
concentration for lipofectamine transfection, 20 nM of miR-29, was determined to be incompatible with μ SEA 
because the transfection induced apoptosis yielded too low cell counts to draw statistically meaningful conclu-
sions at 48 hr post-electroporation. This suggests that μ SEA would allow efficient multi-molecular delivery assays 
with much lower consumption of reagents. The drive to achieve cost-effectiveness is particularly important for 
assay development46 and high throughput screening47. Furthermore, cells processed with μ SEA are collected in 
dispersed single-cell manner, implying that the technique would benefit downstream assays preferring single-cell 
colony formation such as stem cells gene transfection29, and the study of gene expression patterns and regulation 
dynamics at single-cell resolution30,31.

Figure 3. (a) Delivered amounts of siRNA conjugated with fluorescein (BLOCK-iT™  Fluorescent Oligo) in 
HEK293 cells increased with incubation durations and were significantly higher than that of non-electroporated 
cells (without electroporation, w/o EP). The annotated numbers indicate fluorescent intensity in arbitrary units. 
(b) Microscopic images of processed HEK293 cells indicate successful intracellular delivery of various proteins 
conjugated with fluorophores. Scale bars represent 20 μ m. The tested proteins include green fluorescent protein 
(GFP), ovalbumin (OVA) conjugated with Alexa 555, and bovine serum albumin (BSA) conjugated with Alexa 
647. The delivered amounts of (c) OVA and (d) GFP in HEK293 cells increased with incubation durations. The 
annotated numbers indicate fold increases in intensity compared to that of the control. Error bars represent 
standard errors of electroporated cells (n ≥  49, 18, 249 cells for (a),(c) and (d), respectively). ***p <  0.001 for 
control group versus all electroporation conditions, suggesting burst molecular delivery occurs within 30 s, 
followed by gradual accumulation of delivered amount as incubation duration further increased.
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In summary, we developed a miniaturized electroporation platform for in vitro delivery of various biomol-
ecules with high efficiency, viability, and incomparable versatility. μ SEA operates at low voltage with negligi-
ble cross-chamber voltage variation, enabling the construction of a system with low power consumption. The 
micropatterned electrodes promote flexibility to integrate with various microfluidic systems while real-time 
visualization facilitates prompt cell-type dependent fine-tuning of electric parameters, aiming to achieve opti-
mal performance for a wide range of target cells. Various molecules and cell types were utilized to evaluate  
μ SEA’s unique functionalities, including sequential multi-molecular delivery, delivery dosage control and RNA 
interfering assays. Unlike commercial cuvette-type electroporations, the solution exchange scheme integrated 
in the μ SEA protocol not only eliminates laborious and time-consuming pipetting steps but also removes any 
post-electroporation by-products that adversely affect cell viability16 and downstream analyses. In addition, the 
system is cost-effective for reagent consumption because transfected cells using μ SEA exhibited higher efficiency 
even though lower amounts of reagents were administered. Moreover, single-cell level transfection allows for the 
ease of colonogenic assays. In the future, μ SEA could purify target cells from complex bodily fluids26,48, enabling 
direct administration of molecules into purified target cells, such as circulating tumor cells. μ SEA could also be 
potentially used to process cells with unknown properties since optimum electroporation parameters for such 
cells could be determined via real-time process visualization. Taken together, we envision μ SEA to be a powerful 
tool for in vitro research applications particularly for which combinatorial multi-molecular delivery or circum-
venting viral-mediated transfection is preferred.

Methods
Device Geometry. μ SEA is composed of two layers: A glass slide with patterned Au electrodes on the surface 
enclosed with a PDMS layer of cell trapping chamber arrays. Each device includes 40 chambers (4 rows and 10 
chambers per row). The microfluidic component of μ SEA consists of an inlet with multiple solution injection 
ports, coarse filters, 4 parallel inertial focusing channels (L =  7 mm, W =  30 μ m, and H =  70 μ m) and an outlet 

Figure 4. Multiple proteins, including GFP, OVA conjugated with Alexa 555, and BSA conjugated with 
Alexa 647 were sequentially delivery into HEK293 cells. The histograms illustrate OVA fluorescent intensity 
exhibited by cells incubated in OVA for 1 min (a) without or (b) with electroporation. Dashed lines indicate 
the intensity thresholds above which successful delivery of OVA was determined (ThresholdOVA =  700). 
The cell populations found above the threshold were 0.7% and 73.2% for those processed without or with 
electroporation, respectively. Cells sequentially incubated in OVA, BSA and GFP (c) without electroporation or 
(d) with electroporation exhibited distinctively different fluorescent signals. The fluorescent intensity maps were 
constructed from (c) the same cell population as in (a) with 99.3% of the population showing intensities below 
thresholds, and (d) cells with successful OVA delivery (population found above the threshold indicated in  
(b)). The population was divided into 4 subpopulations with circles, respectively, representing cells displaying 
signals from all three proteins (27%, blue), BSA and OVA (16%, red), GFP and OVA (9%, green), and OVA only 
(48%, grey). The order of injected molecules was randomized. (n =  272, 963, 705 cells for (a,c),(b) and  
(d), respectively). (e) Representative microscopic images illustrate the successful delivery of all three proteins 
into an identical cell. Scale bars represent 20 μ m.
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(Fig. 1b). For all the geometries discussed in this section, the longer dimensions on the device plane indicate the 
length, whereas shorter ones denote the width. Individual straight inertial focusing channel consists of 10 elec-
troporation chambers in series, which are placed 250 μ m apart. There are 5 pairs of interdigitated Au electrodes 
(We ×  Le =  20 μ m ×  450 μ m) underneath each cell-trapping chamber (Lc =  720 μ m; Wc =  480 μ m; Hc =  70 μ m)  
(Fig. 1c). For each row of the cell trapping chambers, electrodes with the same polarity are connected to a sin-
gle wire transferring electric signals from the source (denoted as E3 in Fig. 1d, WE3 =  80 μ m). The connecting 
wires were designed to have two sections of varied electrode widths. The length and width of the first electrode 
section (denoted as E1 in Fig. 1d) are LE1 ≈  16 mm and WE1 =  500 μ m, respectively. These electrodes are then 
branched into the second set of 4 connecting electrodes (denoted as E2 in Fig. 1d) with length, LE2 ≈  3 mm, and 
width, WE2 =  20 μ m. The width of 20 μ m is critical to irreversibly seal the PDMS device onto a glass slide with 
micropatterned 300 nm-thick Au electrodes, ensuring no leakage under high operational pressure (> 30 psi). The 
purpose of the parallel configuration of E2 (4 ×  20 μ m), instead of a single wide electrode design (1 ×  80 μ m), was 

Figure 5. Transfection of RNAi molecules using μ SEA revealed that (a) GFP-siRNA transfection via 
electroporation (EP) suppressed GFP expression level of MCF7 cells, and (b,c) miR-29 transfection selectively 
induced apoptosis only in cancer cells with wild-type p53. (a) Comparison of median fluorescent intensities of 
single cell colonies from processed cells without or with GFP-siRNA incubation. The representative images of 
MCF7 cells 2 days post-electroporation are located under the corresponding experimental conditions (n =  598 
and 729 cells for without and with siRNA delivery, respectively. (b) Colony sizes and (c) Annexin V intensities 
of two p53 wildtype cell lines (MCF7 and HeLa) and a p53 mutant cell line (MDA-MB-231) transfected with 
miR-29 were compared to those electroporated with a blank solution. Scale bars represent 50 μ m. Analyses 
in (b) and (c) were obtained from the identical cell population. Error bars represent standard deviation from 
experiments in triplicates. n =  648 (w/o) and 157; 1217 (w/o) and 337; 1142 (w/o) and 754 cells for MCF7, 
HeLa, and MDA-MB-231, respectively. p-values were determined by two-tailed student t-tests. **p <  0.05, 
***p <  0.001.
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to eliminate leakage at the contact surface between Au electrodes and the PDMS layer without increasing the 
overall electrical resistance across these microscale electrodes.

Device Fabrication. Two-dimensional projections of the microfluidic chambers and the electrode geom-
etry were designed using AutoCAD (Autodesk, Inc., USA) and the CAD file was converted to a GDSII file 
using LinkCAD. The micro-patterns were written on a 5 in ×  5 in photomask blank using a laser mask writer 
(Heidelberg Mask Writer, DWL-66). The mask was developed following the manufacturer’s protocol. A negative 
photoresist (KMPR 1050, Microchem, USA) was used to fabricate the casting mold by following the standard soft 
lithography technique. The heights of fabricated microstructures were measured using a surface profiler (Dektak 
6 M, Veeco, USA). Polydimethylsiloxane (PDMS, Sylgard® 184 silicone elastomer kit, Dow corning, USA) rep-
licas were created by mixing base and curing agents at 5:1 ratio. The mixture was degassed for 45 min and cured 
at room temperature on a leveled surface for 24 hr. We deliberately chose to cure PDMS at room temperature to 
avoid misalignment induced by geometry changes due to escalated thermal shrinkage at higher temperature. The 
solution injection ports and outlet were created using a pin vise (Pin vise set A with a 20 G punch, Syneo, LLC.). 
The Au electrode array was fabricated by a lift-off process using a positive photoresist (S1813, Microchem, USA). 
The electrodes were created by depositing 10 nm Cr and 300 nm Au on glass slides using an e-beam evaporator 
(Denton, USA). The microchannels were enclosed by bonding PDMS replicas to glass slides with patterned Au 
electrodes using oxygen-plasma treatment (Technics Micro-RIE, USA) at 75 W, 500 mTorr for 7 s.

Experimental Setup. The experimental setup for electroporation consists of (i) an inverted microscope 
(Eclipse Ti, Nikon Inc., Japan) for real-time visualization of electroporation processes, (ii) the in-house built 
pneumatic flow control unit for pressurizing individual solution vials, enabling rapid solution exchanges through 
the microfluidic system, and (iii) electronic components to apply AC square wave. The microscope is equipped 
with an Epi-fluorescent illuminator (Intensilight, Nikon Inc., Japan), fluorescent filter cube sets, and a CCD cam-
era (Clara, Andor, USA). The electronic components include a pulse generator (HP 8110 A), a function genera-
tor (HP 33120 A), a source meter (HP E3630A), a custom-designed square-wave generator, and an oscilloscope 
(Agilent, USA). More details of the pneumatic flow control unit and system setup have been previously reported 
and can be found elsewhere24.

Electroporation Procedure. Multiple vials individually containing cells and reagents were mounted to 
the custom-built pneumatic flow control unit. PEEK tubings connected to each solution vial were inserted into 
the designated solution injection ports on the device for individual flow control. Additional PEEK tubing was 
connected to the outlet port on the device for downstream sample collections. The device was firstly flushed 
with Dulbecco’s Phosphate Buffered Saline Solution (DPBS, HyClone™  GE Healthcare Life Sciences, USA) at 
30 psi for 30 s to initiate and stabilize vortex-formations. Then, cell solution was injected into the microchannel 
at the operational pressure of 35 psi (equivalent to a flow rate of 1.6 mL/min for the 4-parallel-channel device) 
for 60 s for efficient cell trapping. After the cell number trapped inside the micro-vortices was equilibrated, the 
active solution port was switched from the cell solution to the flush to remove cells that are not stably trapped in 
vortices. The solution containing a substance to be delivered was then flown into the device at 35 psi. 10 s post 
molecular injection, the electroporation process was initiated by applying desired electrical pulses to the trapped 
cells while they are incubated in the molecule of interest. All voltage, V, listed in this manuscript represents 
peak voltage, Vpk. A pulse is defined as a burst of 20 cycles at 20 kHz lasting for 1 ms. Unless specified otherwise, 
typical parameters utilized for electroporation are AC square waves with Vpk ranging from 12 to 20 V, frequency, 
f =  20 kHz, pulse width, τ  =  1 ms, and pulse interval, Δ t =  1 s. An oscilloscope (Agilent, USA) was employed to 
monitor pulse waveforms and to measure the magnitudes of voltages, Vpk, as well as currents, I, applied across 
the device in real-time. Upon completion of the electroporation process, the microfluidic system was flushed 
with DPBS at 35 psi for 30 s to remove residual reagent while maintaining the electroporated cell in vortices. The 
treated cells were then released from the trapping chambers by lowering the operating pressure to 15 psi and 
subsequently collected in a 96 well-plate.

Cell Preparation. HeLa, MCF7, HEK293, and MDA-MB-231 cell lines were purchased from ATCC. MCF7 
expressing GFP (MCF7-GFP) was kindly provided by Prof. Stefanie Jeffrey’s Lab at Stanford University. Cells 
were plated with 10 mL of growth media in T75 flasks (Corning Inc., USA) at a concentration of 1 ×  105 cells/
mL. The growth media for HeLa, HEK293, MCF7 and MCF7-GFP was composed of Dulbecco’s Modified Eagle 
Medium (DMEM, Gibco®, Life technologies, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, 
Gibco®, Life technologies, USA) and 1% penicillin-streptomycin (Sigma-Aldrich Co., USA). Cells were grown in 
a humidified incubator at 37 °C with 5% CO2 environment. Metastatic breast cancer cells, MDA-MB-231, were 
maintained in Leibovitz’s L-15 Medium (Cellgro®, Mediatech, Inc., USA) supplemented with 10% (v/v) FBS 
and 1% penicillin-streptomycin (Sigma-Aldrich Co., USA). MDA-MB-231 cell line was incubated in a humid-
ified incubator at 37 °C with 0% CO2 environment. Cells were harvested by treating with 0.25% trypsin-EDTA 
(Gibco®, Life technologies, USA) for 3 min 1–2 days after seeding. Then, cells were pelleted by centrifuging for 
5 min at 1200 rpm and resuspended into the growth media to have a final concentration of 5 ×  105 cells/mL for 
electroporation.

Optimization of Electroporation Parameters. Cells were pre-stained with Hoechst 33342 (NucBlue®, 
Thermo Fisher Scientific Inc., USA) prior to electroporation to visualize cellular trajectories upon successful trap-
ping. A membrane-impermeable fluorescent molecule Propidium Iodide (PI, Life technologies, USA) was used 
to evaluate electroporation efficiency. The electroporation parameter was 10 pulses followed by additional 30 s 
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incubation in 15 μ M PI solution. Electroporated cells were collected downstream into 96 well plates and stained 
with 1.1 μ M Calcium Green AM (Life technologies, USA) to evaluate their immediate post-electroporation via-
bility (< 1 hr). Collected cell count is defined by counting all collected cells, exhibiting Hoechst 33342 signals. 
Viability is defined as the percentage of cells, exhibiting Calcein Green AM signal among collected cells. Efficiency 
represents the percentage of cells, exhibiting both PI and Calcein Green acetoxymethyl (AM) signals among 
collected cells. Only in viable cells, the non-fluorescent Calcein AM is converted into membrane-impermeable 
green-fluorescent Calcein molecules via hydrolysis of esterified subgroups of acetoxymethyl, providing a means 
to visually evaluate membrane integrity and viability post-electroporation. Calcein AM/PI immunofluorescent 
staining and dead cell exclusion methods were performed for rapid and single cell level viability assessments 
because other conventional assays such as MTT assay utilize absorbance variations originated from ensemble of 
cells in the well49 and individual cells electroporated using μ SEA may generate too subtle absorbance variations to 
be accurately and quantitatively distinguished among different experimental groups.

Protein and Protein-Conjugate Delivery. Renilla Reniformis GFP was purchased from NanoLight® 
Technologies, Prolume Ltd., USA. Ovalbumin (OVA) conjugated with Alexa 555 (O34782) and bovine serum albu-
min (BSA) conjugated with Alexa 647 (A34785) were purchased from InvitrogenTM, Thermo Fisher Scientific Inc., 
USA. The electroporation parameter used for protein delivery into HEK293 cell line was 20 pulses at 15 V followed 
by additional 20 s incubation in 600 nM protein conjugate solutions (i.e., 1 min incubation in total). The microfluidic 
control experiment to determine the baseline intensity threshold was performed by incubating the trapped cells for 
1 min in the protein conjugate solution with a concentration identical to those used for electroporation.

siRNA Delivery. For well plate control, Lipofectamine®  LTX with Plus™  Reagent (InvitrogenTM, Thermo 
Fisher Scientific Inc., USA) was used to transfect MCF7-GFP with Silencer® GFP siRNA (siRNA, Ambion™ , 
Thermo Fisher Scientific Inc., USA) one day after seeding (initial seeding concentration of 5 k cells/well in the 96 
well plate) by following the manufacturer’s protocol. siRNA concentrations ranging from 40 nM to 100 nM were 
tested to determine Lipofectamine transfection efficiency. 80 nM was chosen as the concentration to compare effi-
ciencies of lipofectamine- and electroporation-mediated transfections because noticeable GFP expression knock-
down was observed for siRNA concentrations above 80 nM for lipofectamine transfections. For electroporation, 
MCF7-GFP cells were exposed to 20 pulses at 17 V, followed by 20 s incubation in the 80 nM siRNA solution. The 
total 1 min incubation utilizes 32 pmol of siRNA per microchannel. Electroporated cells were collected in a 96 
well plate immediately post-electroporation. The microfluidic control experiment was performed by incubating 
the cells in the 80 nM siRNA solution for 1 min without electroporation. 48 hr after transfection, cells were washed 
with DPBS and stained with NucBlue® for viability assessment. GFP expression levels of treated cells were further 
accessed via quantitative analyses of fluorescent microscopic images.

miRNA Delivery. p53 wild-type (MCF7 and HeLa) and mutant (MDA-MB-231) cells were transfected with 
hsa-miR-29a-3p (miR-29, HMI0434, Sigma-Aldrich®) via Lipofectamine® LTX with Plus™  Reagent as the con-
trol experiment. 20 nM and 5 nM of miR-29 were used for lipofectamine- and electroporation-mediated trans-
fections, respectively. The electroporation procedure and parameters were similar to that of siRNA delivery. The 
optimal voltages (17, 16, and 15 V for MCF7, HeLa and MDA-MB-231, respectively) were used for each cell line. 
The microfluidic control experiment was performed by incubating the cells in a 5 nM miR-29 solution for 1 min 
without electroporation. 48 hr after transfection, cells in the well plate were washed with DPBS and fixed with 4% 
(v/v) paraformaldehyde for 5 min at room temperature. Then, cells were washed twice with DPBS and stained 
with fluorescein isothioyanate (FITC) – conjugated Annexin V (Molecular Probes™ , Thermo Fisher Scientific 
Inc., USA) diluted in a binding buffer (Molecular Probes™ , Thermo Fisher Scientific Inc., USA) for 1 hour by 
following the manufacturer’s protocol. Stained cells were visualized by fluorescence microscopy to quantify cells 
exhibiting apoptotic phenotypes. In addition to Annexin V staining, we evaluated transfected cells’ apoptotic vol-
ume decrease (AVD), which is one of the ubiquitous aspects for apoptotic phenotypes depicted by the loss of cell 
volume or cell shrinkage50, by measuring the colony size as an indication of the 2D projection of AVD.

Quantitative Analyses of Fluorescent Images. Fluorescent microscopic images of the collected cells 
were captured using 10×  objective by setting up multi-point automated sequences to image the entire well in 96 
well plates. In order to quantitatively evaluate fluorescent intensities or colony sizes, the region of interest (ROI) 
was defined by drawing outlines around cells of interest and individual ROIs were analyzed using NIS Elements 
software (Nikon Inc., Japan). The thresholds for successful protein delivery were determined for each protein type 
respectively such that intensities emitted by more than 99% of the cells in the control group were found below 
the threshold. These threshold values were defined to be greater than Imean +  3σ, where Imean and σ are the average 
intensity and the standard deviation of the entire processed cell populations in the control group, respectively. 
For siRNA and miR-29 delivery experiments, histogram of fluorescent signals from the entire cell population was 
analyzed, thus no fluorescent threshold was defined.

Pulse Driver Mechanism. We built a custom bipolar pulse driver for μ SEA, which accepts a programmed 
low-voltage bipolar signal from an Agilent 33120A Arbitrary Waveform Generator, and creates high-power voltage 
pulses (Figure S8, Supplementary Information). It can deliver up to 2 A to μ SEA, with the capability to support up to 
160 chambers (4 times of the current configuration). The bipolar voltages +  V and –V are adjusted up to ±  30 V with 
an Agilent E3630A Tracking Power Supply. Transistors Q1 or Q2 create a 40 mA level-shifting current, and in turn 
a 6 V gate drives across a 150 Ω resistor51. This is applied through a diode to turn on MOSFET Q5 or Q6. At the end 
of each pulse half-cycle, transistors Q3 or Q4 rapidly discharge the high gate capacitance (1.5 nF) and turn off the 
MOSFET. The Waveform Generator is programmed to have a short deadtime between polarity changes.
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