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In order to create a high-throughput electroporation based cell transfection system, it is required

that each cell has localized delivery and minimal membrane damage to ensure optimal transfection

and longevity post-biomolecule delivery. To meet these requirements, a three-dimensional (3D)

nanochannel device was fabricated on a Si platform due its ease of etching, wide industrial

availability, and mechanical stability. The device is designed to shoot desired biomolecules into a

seated array of target cells to achieve the high-throughput of bulk electroporation, but with greatly

reduced cell mortality. To accomplish this, a wafer-scale Bosch etching process was optimized to

etch a 3D array of channels consisting of larger microchannels feeding into smaller nanochannels

that cells are ultimately seated on for transfection. The microchannel array consists of 50 lm wells

spaced 50 lm apart, which are etched from the “back side.” The wafer is then flipped over to etch

the smaller 650 nm channels on the “front side.” In the creation of the 3D silicon device, other

feature sizes were explored, and their Bosch etching was characterized for comparison. The results

show that when etching samples with the same feature sizes, but different densities, there was no

relation between feature density and etch rate for our recipe. However, when etching features, or

more specifically, circular channels of different sizes (650 nm–150 lm), the results show a positive

correlation with etch rate (1.10–4.06 lm/min). Standard deviations indicate very uniform etching

with an average value of 0.1 lm/min across all etches. After optimization, the 3D Si device was

tested to ensure successful cell seating and transfection via electroporation, using fluorescence as

the tool of evaluation. Fluorescent imaging (postelectroporation) indicates a transfection efficiency

of approximately 70% with a cell viability of roughly 90%. VC 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4932157]

I. INTRODUCTION

The manipulation of cells and cellular behavior has

become of great interest from a clinical standpoint and may

deliver advances in regenerative medicine via cell reprog-

ramming1–5 and chemotherapeutic delivery into tissue.6,7

Electroporation is a physical transfection, or delivery,

method allowing foreign biomolecules to be introduced into

a cell or cell population of interest. This is done using a

short, but significantly strong, electrical pulse to porate the

cell membrane, resulting in increased permeabilization and

the endocytosis of molecules.8,9 Electroporation is a desira-

ble delivery method due to its simplicity, rapid transfection,

minimization of excess chemical components, and control-

lable operation. Bulk electroporation (BEP) is a commer-

cially available method which involves a large population

of cells (millions) suspended in a media between two large

(typically plate-style) electrodes for applying the pulses.

While effective at delivery, this method can overstimulate

cells causing irreversible cell membrane damage and cell

death.10 Cell positioning is also very difficult to control due

to the nature of the system, resulting in cells in the same

transfection event being exposed to very different electrical

potentials.

In an attempt to improve upon the controllability of

electroporation-based cell transfection, the introduction of a

pore or channel in proximity to target cells has been intro-

duced to both lower the electrical field experienced by the

cell as well as localize it. It has been shown that as the chan-

nel size is reduced, the more localized electrical field allows

biomolecules to be primarily driven into the cell rather than

diffusing into the cell.11 Indeed, a great deal of research has

been done on 2D systems making use of a single microchan-

nel setup or a small array (between 5 and 100) channels.12,13

These systems are excellent for single cell diagnostics and

the examination of electroporation-based phenomena.

However, they do not have the high-throughput characteris-

tic of BEP. Some systems have integrated microfluidics into
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microelectroporation style devices,11,14 which increase the

number of cells that can be transfected, but not on the scale

of thousands to millions at one time. In order to maintain

both the high-throughput benefits of BEP and the great con-

trollability and uniform delivery of small channel electropo-

ration, a three-dimensional (3D) silicon nanochannel

electroporation system (NES) needs to be designed.

Previous work has been done on 3D microchannel based

designs that move in the direction of this requirement.15

Yet, in addition to the merits of microchannel electropora-

tion, nanochannel electroporation has shown higher cell via-

bility and dosage control capability due to the enhanced

drive-in delivery.16,17 Thus, we have designed a 3D cell

transfection system, henceforth called the 3D “NES.” To

create the 3D NES, deep reactive-ion etching (DRIE), or the

Bosch process, was employed as the primary method for

fabrication. The Bosch process consists of alternating cycles

of C4F8 and SF6 plasma to yield an anisotropic etch with

smooth side walls and a high aspect ratio.16–20 The C4F8

plasma passivates the silicon (specifically the channel walls)

by depositing a thin layer of carbon-based polymer, while

the SF6 is responsible for etching by generating volatile

SiF4. Previous work has shown that Bosch etching has the

ability to etch features into silicon varying from hundreds of

microns21,22 to submicron or high nanometer scale.23–25

While using the same technology, we combine these two

different feature size etching processes to create a 3D

microfluidic device allowing for cells to be electroporated

using a small channel (650 nm), but maintaining 50 lm

channels for cargo feeding and giving the device more me-

chanical stability and user friendliness. During the fabrica-

tion of the 3D NES, we explored the etching flexibility of

the Bosch process in order to visualize the etch rates and

depths if the channel or feature size of the 3D NES were to

require alteration for handing cells or cargos of variable

sizes.

II. EXPERIMENT

A. Three-dimensional NES fabrication and etching

The device fabrication process, beginning from a thinned

silicon wafer, is illustrated in Figs. 1(a)–1(c). The 3D NES

was designed as a high-throughput and uniform cellular

delivery system with high viability (or very little cell death

post transfection). The device works by seating a target cell

population in top of the nanochannel opening on the top side

of the 3D NES, as shown in Fig. 1(d). Molecules or “cargo”

to be delivered are placed on the opposite side of the 3D

NES prior to transfection. In order to carry out electropora-

tion, electrodes are placed on the back and front side of the

3D NES. The polarity of these electrodes depends on the

charge associated with the cargo or molecules to be deliv-

ered. A short (10 ms) pulse was applied to drive the mole-

cules through the microchannels, then the nanochannels, and

finally into the cells themselves. The 3D NES was primarily

fabricated using conventional photolithography and DRIE

etching techniques. Five hundred micrometers thick, double-

side polished Si (100) wafers were first cleaned using ace-

tone, isopropyl alcohol, and piranha solutions (H2SO4 and

H2O2 mixture). The wafers were then thinned down to

approximately 250 lm by submersion into a potassium hy-

droxide solution. The thinning process was done at 80 �C
and has an etch rate of approximately 1 lm/min. Patterning

of small feature sizes (650 nm, 3 lm, and 6 lm) was per-

formed using a GCA 6100C stepper (i-line) in conjunction

with AZ-5214 E photoresist to mask all etches in the afore-

mentioned range. All etching work was done with an Oxford

Plasmalab 100 system using C4F8/SF6 chemistry only.

Alternating cycles of C4F8 and SF6 were set at 7 and 13 s,

respectively (100 sccm flow rate for both gases). C4F8 cycle

time was determined by etch profile viewing. C4F8 cycle

time was varied until a 90� etch profile and acceptable etch

rate are observed. ICP power was set at 700 W for both

FIG. 1. (Color online) Fabrication process from Si wafer to electroporation. (a) Si wafer thinned to 250 lm, (b) 650 nm nanochannels etched into the top side

of the wafer, (c) 50 lm microchannels patterned into the backside of the wafer creating an array of continuous channels, and (d) the electroporation setup illus-

trating cell seating in preparation for transfection with the desired cargo material.
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gases, and RF power was set to 40 and 12 W for SF6 and

C4F8, respectively. Etching was done at 30 mTorr and at a

temperature of 20 �C. Temperature control was maintained

by use of a chiller and LN2 to ensure temperature deviation

was minimized. Twenty standard cubic centimeters per

minute helium back-side cooling was also used to assist in

this process. Larger feature sizes (15, 50, 100, and 150 lm

diameter) were patterned using SPR-220-7 photoresist

(10 lm thickness) and an EVG 620 mask aligner. 650 nm,

3 lm, and 6 lm diameter feature sizes were all etched for

15 min, while 15, 50, 100, and 150 lm features were etched

for 32 min during characterization. Each processing condi-

tion was checked in three areas across the 2 � 2 in. feature

region, allowing determination of etching uniformity across

the wafer. Etches for final device fabrication are approxi-

mately 20 min for the 650 nm channels (depth 23 lm) and

approximately 90 min for 50 lm channels (depth 230 lm).

B. Cell handling and electroporation

K562 (human immortalized myelogenous leukemia) cells

were used for testing the transfection performance of 3D

NES. The cell line was cultured in RPMI 1640 (catalog No.

11875-093), with the addition of 10% (v/v) fetus bovine se-

rum (FBS, heat-inactivated, catalog No. 26010). GATA2

molecular beacon (GATA2 MB, 50 lM/ml, Sigma-Aldrich,

excitation/emitting wavelength, 495/515 nm) was used as the

fluorescence marker. An inverted microscope (Nikon Elipse

Ti) was used to check the fluorescent signal. The nuclei of

cells were stained with Hoechst (Sigma-Aldrich, catalog No.

654434, excitation/emitting wavelength, 350/461 nm) to

mark the cell location on the chip.

III. RESULTS AND DISCUSSION

A. Bosch etching feature size comparison

Different circular feature sizes were patterned and etched

to gain insight on etching phenomena. Using the same

patterned area size (2 � 2 in.), trials were conducted using

the given etching process on feature sizes varying from

650 nm to 150 lm. This feature range was studied for its

relevance to 3D NES design. When fabricating the 3D NES,

the 650 nm nanochannel array is necessary for dosage con-

trol. The large size range was entertained for feeder micro-

channels allowing a 3D nanoscale electroporation device

to be fabricated with good mechanical stability for ease of

handling. Figure 2(a) shows the etch rates for features of

650 nm, 3 lm, and 6 lm in diameter. The etching time for all

samples was 15 min. The relationship between etch rate and

feature size here is linear and has good uniformity across the

patterned area (highest Std. Dev.¼ 0.031 lm/min). Figure

2(b) shows an SEM image of the 3 lm etching condition

result. The etch again appears uniform with very vertical

sidewalls. Figure 2(c) evaluates etch rate versus feature size

at larger diameters, specifically 15, 50, 100, and 150 lm.

Due to the robustness of the SPR-220-7 resist, etching for

each of these four cases was carried out for 32 min. The rela-

tionship here also appears linear, but with a slightly reduced

slope. The etch rates at each point are 2.21, 2.80, 3.07, and

4.06 lm/min for 15, 50, 100, and 150 lm feature arrays,

FIG. 2. (Color online) (a) Etch rate vs feature size for 650 nm, 3 lm, and 6 lm circular features. (b) Example etching profile of 3 lm feature array using an

etch time of 15 min. (c) Etch rate vs feature size for 15, 50, 100, and 150 lm circular features. (d) Example etch of 50 lm feature array using an etch time of

32 min.
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respectively. A difference in slope between Figs. 2(a) and

2(c) is observed, which is accounted for by considering the

amount of ions and radicals that reach the silicon surface and

the difference in etching time. Smaller features (i.e., a

smaller opening) make etching more difficult resulting in a

lower etch rate. For large feature sizes (15–150 lm), the

etching rate dependence on feature size was reduced. This

can be attributed to feature sizes becoming sufficiently large

so as not to limit the amount of radicals reaching the etching

surface, eventually allowing a saturation in etch rate for

even larger patterns. Also, during longer etches, the pore

depth becomes deep enough to impact etch rate due to the

diffusion limited transport process. Results for all etches are

summarized in Table I. Standard deviation was calculated as

mentioned previously. Based on all etching data, we see that

across all etches, there is a positive correlation with feature

size and etch rate. This is consistent with what has been

reported in the literature, though the etch rate should saturate

if the feature size is large enough due to the diffusion limited

process.26,27

B. Bosch loading effect

Based on the previous section (Sec. III A), we have

observed that etch rate is dependent on feature size for our

given recipe at feature sizes between 650 nm and 150 lm,

with this trend being more pronounced at smaller feature

sizes. However, the relationship between the percentage of

Si exposed and etch rate has not been evaluated. Concerning

Bosch etching and processing, it has been shown that the

etch rate is dependent on the percentage of silicon exposed

(nonmasked area) on a to-be-etched silicon sample, which is

called the loading effect.28,29 The loading effect refers to the

overall influence of the percentage of silicon exposed (non-

masked area) on etch rate.30 In order to determine the exis-

tence (or absence) of the loading effect in our 3D NES

etching recipe, three samples with the same feature size

(6 lm circular array), but with variable feature densities (15,

25, and 75 lm spacing) were etched. Feature size and sample

area (2 � 2 in.) were kept the same, and only the percentage

of silicon exposed to plasma and feature density were

changed. Figure 3(a) shows the results of the etching test and

an essentially constant etch rate as the 6 lm circle pattern

density was varied from 15 to 75 lm (center to center dis-

tance); thus, a variable percentage of silicon is exposed to

plasma. The 15 lm spacing condition corresponds to a value

of 12.57% silicon exposed, the 25 lm array a value of 4.52%

silicon, and the final 75 lm spacing condition, a value of

0.50%. These densities were chosen to allow for high-

throughput transfection, but still keep joule heating low

enough as not to impact cell viability. However, all condi-

tions have an etch rate of approximately 2.7–2.8 lm/min.

This indicates that the loading effect was not present under

these circumstances. However, loading effects might be

observed if the percentage of silicon exposed was signifi-

cantly increased. It is suggested that significant changes in

pattern density and/or the percentage of silicon exposed

would be required for any noticeable loading effects to occur

with this recipe due to the relatively low pressure and high

flow rate we are using.26,31 If the process parameters are

altered or the percentage of silicon exposed is sufficiently

increased, two results are possible: first, the conditions are

such that the amount of radicals present during etching are

sufficient as not to limit the etch, in this case, the loading

effect will not be observed and the results will be similar or

identical to the data seen in Fig. 3(a). Alternatively, the

TABLE I. Summary of different feature sizes etched using the Bosch recipe from 650 nm to 150 lm. Feature sizes 650 nm–6 lm were etched for 15 min, while

feature sizes 15–150 lm were etched for 32 min.

Feature size 650 nm 3 lm 6 lm 15 lm 50 lm 100 lm 150 lm

Etch rate (lm/min) 1.10 1.80 2.74 2.21 2.80 3.07 4.06

Std. Dev. (lm/min) 0.020 0.001 0.031 0.046 0.067 0.109 0.432

Etch depth (lm) 21.86 27.31 42.87 70.67 86.30 98.23 129.90

FIG. 3. (Color online) (a) Etch rate vs percent of exposed Si using arrays

with identical feature sizes (6 lm) with error bars. (b) Example etch of a sin-

gle nanochannel feature (approximately 670 nm).
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amount of radicals present during the etching process is lim-

ited in the diffusion process, and a negative correlation

between etch rate and percentage of silicon exposed would

be observed (i.e., the loading effect is present). In terms of

the 3D NES, the presence of the loading effect is not a large

concern as long as the uniformity of the etch across the

wafer is good. This allows the nanochannels and microchan-

nels to all connect at the same point during the final etch.

Figure 3(b) shows an example of a single 650 nm pore

etched during characterization. Pertinent values such as the

percentage of silicon exposed, etch depth, and the standard

deviation are succinctly summarized in Table II. Standard

deviation is given for single etches and calculated using

three locations in each region (for example, three locations

in the 6 and 15 lm spacing area) indicating excellent uni-

formity, with the worst case scenario being 0.052 lm/min).

Based on these results, the relationship between etch rate

and percentage of silicon exposed appears independent for

our 3D NES Bosch etching recipe.

C. Three-dimensional NES fabrication and
electroporation

Finally, the 3D NES chip fabrication process was com-

pleted, and the device was fabricated. Figure 2(d) shows the

backside etch of 50 lm microchannels for the first 32 min

used in the characterization above. Figure 4(a) shows an

SEM image of the fabrication process further along as the

etched nanochannel array is clearly observed with the 50 lm

channel (undergoing the etching process) approaching them.

A distance of 81.7 lm was needed to complete the device in

this case and enables channel connection. Figure 4(b) shows

a snapshot of the final device cross-section taken by SEM.

The front side nanochannel array has made connection with

the 50 lm microchannel array. Multiple effective

nanochannels are accounted for using only one 50 lm micro-

channel as shown.

We finally evaluate the performance of the 3D NES

system for high-throughput cell electroporation. For our per-

formance test, we use a GATA2 MB for delivery into living

K562 cells (a human myelogenous leukemia cell line) for

proof of principle and investigating the expression level of

GATA2 mRNA in cytosols. The GATA2 molecular beacons

are designed with both fluorescent and quencher elements;

this allows for the opening of the hairpinlike structure in

the presence of the complementary DNA sequence. This

opening separates the fluorescence element from the quencher

element, allowing a fluorescent signal to be observed.

Mutations and overexpression of the GATA2 gene have been

linked to leukemia. Detection of GATA2 is thus of great sig-

nificance for the study of the hematopoietic stem cells. Here,

the idea was to prove the device is capable of performing suc-

cessful electroporation with uniform, high-throughput trans-

fection along with good cell viability. The GATA2 molecular

beacons are thus “driven” into the cell via electroporation

using the 3D NES. The molecular beacons then open up and

bind to the GATA2 present within the K562 cells. This open-

ing of the beacons allows the attached fluorescent molecules

to be optically observed. In the experiment, K562 cells were

seated on the nanochannel openings (top-side), with GATA2

MB’s loaded into the microchannels on the bottom side of the

3D NES. To achieve efficient cell trapping, we applied

dielectrophoresis (DEP) force to trap cells onto the nanochan-

nel array reported in previous work.32,33 Briefly, polarized

particles like cells experience a translational dielectrophoretic

force when exposed to an electric field. Depending on the dif-

ference of permittivity and conductivity between target cells

and the physiological buffer solution, cells are attracted or

repelled along the direction of the electric field depending on

frequency. Using the Clausius–Mossotti equation, simulation

results suggest that when using a sucrose solution with a con-

ductivity of approximately 0.03 S/M a positive DEP (pDEP)

force was exerted when the frequency was roughly between

100 kHz and 100 MHz.34 Experimentally, a custom power

TABLE II. Summary loading effect investigation using 6 lm feature at vari-

able center-to-center array spacing. Etching time was 15 min.

Region

spacing (lm)

Etch depth

(lm)

Etch rate

(lm/min)

Percentage of

Si exposed (%)

Etch rate Std.

Dev. (lm/min)

15 40.52 2.70 12.57 0.052

25 42.50 2.83 4.52 0.037

75 40.46 2.68 0.50 0.004

FIG. 4. (a) Electroporation device during fabrication with �82 lm to go until

(b) connection achieved, where the microwells and nanopores meet to form

a continuous channel array.
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supply was connected to the top electrode and the bottom

electrode used for electroporation, with manual switches used

to switch from DEP to NEP (Nanoelectroporation) power af-

ter cell trapping. The frequency of pDEP moves cells toward

the nanopores using a 100 V (peak–peak voltage) nonpolar-

ized square signal with a frequency of 100 kHz. Under these

DEP conditions, we achieved efficient cell alignment with

the nanochannel array, which was indicated by a DAPI (40,6-

diamidino-2-phenylindole) nuclei stain [Fig. 5(a)]. NEP con-

ditions were applied and GATA2 MBs were delivered into

the K562 cells. Strong green fluorescence (from GATA2 MB

signal) was observed 1 h after NEP [Fig. 5(b)], which demon-

strates expression of GATA2 mRNA in K562 cells. With

assistance of pDEP, a transfection efficiency of �70% and a

cell viability of 90% are achieved simultaneously. The high

percentage of GATA2 positive cells, on the other hand, vali-

dated the high transfection efficiency benefited by the NES

platform.

IV. SUMMARY AND CONCLUSIONS

A Bosch DRIE etching process has been optimized and

characterized for the purpose of fabricating a 3D nanochan-

nel electroporation system based on a silicon platform. The

3D NES allows for high-throughput, efficient, and high cell

viability transfection. The Bosch etching processes were

characterized in terms of etch rate versus both the percentage

of silicon exposed and feature size. The correlation between

etch rate and feature size (more specifically channel diame-

ter) is clearly observed with a stronger correlation shown at

smaller feature sizes as compared to larger ones. The per-

centage of silicon exposed is varied between 0.50% and

12.57% for 6 lm feature arrays. The results indicate that this

Bosch etching process has an etch rate of 2.8 lm/min which

is independent of the percentage of silicon exposed during

the etching of micropore arrays. Different results may be

observed when changing parameters specific to the Bosch

process (feature size, flow rate, pressure, etc.). The 3D NES

system was then evaluated for effective cell seating/trapping

and efficient cell transfection using fluorescent imaging for

confirmation of successful GATA2 delivery into K562 cells.

One hour after transfection, the results show that the

GATA2 MB, K562 cells display strong green fluorescence

indicating successful transfection by the system with good

uniformity. Final quantitative analysis shows approximately

a 70% transfection efficiency with a cell viability of approxi-

mately 90% (or around 10% cell death).
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