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presents great challenges.[1] Electropora-
tion uses high-voltage electrical pulses 
(up to 1000 V) to create transient pores 
in the plasma membrane for introduc-
tion of biologically active molecules into 
cells.[2] Compared with vesicle/viral vector-
assisted delivery, a physical electroporation 
method has advantages of good repeat-
ability, feasibility for hard-to-transfect cells 
(e.g., primary cells, stem cells, neurons, 
immune cells),[3] and preclusion of 
undesired perturbations.[4] In vitro elec-
troporation has now become a common 
laboratory transfection method. However, 
in vivo electroporation drug delivery for 
therapeutic purposes is still impeded 
by the lack of applicable, minimally 
damaging methods that could also obviate 
patient compliance issues. Moreover, the 
high voltage during electroporation and its 
induced heat generation often cause irrep-
arable pores in cell membranes, resulting 
in irreversible damage to cells and conse-
quent cell death.[5]

Human mechanical motions in daily 
life, such as limb movement, heartbeats, 

and respiration, produce abundant kinetic energy.[6] Tribo-
electric nanogenerator (TENG) could convert these ambient 
motions into electricity based on the combination of contact 

Nondestructive, high-efficiency, and on-demand intracellular drug/
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Efficient delivery of therapeutics (drugs, proteins, genes, etc.) 
into desired cells and tissues for both fundamental biological 
research and therapeutic purposes has vital significance yet 
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electrification and electrostatic induction.[7] Lightweight, low-
cost, and high-stability TENGs have shown great potential in the 
integration of self-powered systems for energy harvesting and 
sensing.[8] We speculate that if the biomechanical energy could 
be harvested via TENG to power in vivo electroporation, it may 
be a promising way to realize wearable, self-powered, and on-
demand drug delivery, solving the problems of poor-compliance 
and limited tissue accessibility of traditional delivery methods.

We designed a biomechanical energy-driven TENG with the 
assistance of nanoneedle-array electrode for in vitro and in vivo 
electroporation drug delivery. Different kinds of TENG struc-
tures were fabricated that would be suitable for either in vitro 
or in vivo electroporation. The electroporation device used for 
in vitro drug delivery comprises 4 components: i) a portable 
hand-powered TENG, ii) a rectifier bridge, iii) a 5 × 5 mm 
silicon nanoneedle-array electrode in the well of a 24-well 
plate as the anode for cell attachment, and iv) a conventional 
aluminum (Al) electrode on the cap of the 24-well plate as the 
cathode (Figure 1a and Figure S1, Supporting Information). 
The hand-powered TENG generates a pulsed electrical field 
between the cathode and the anode, which passes through each 
nanoneedle to the cells for electroporation. For in vivo elec-
troporation (Figure 1b), a rectangular freestanding TENG or a 
contact-separation mode TENG (Figure S2 and Video S1, Sup-
porting Information) is attached on human forearm skin and 
powered by finger friction or hand slapping. The nanoneedle-
array electrode as the anode is attached to the mice skin at 
the desired location, and a stainless steel needle is embedded 
under the dorsal skin as the cathode. The integrated, wearable 
device driven by TENG is intended to achieve transdermal drug 
delivery and penetration enhancement.

The disk TENG consists of a rotator with a layer of radially 
arrayed copper (Cu) strips as one frictional layer, a stator 
with a layer of polytetrafluoroethylene (PTFE) as another fric-
tional material, and a layer of complementary radially arrayed 
Cu strips as the electrodes (Figure 1c). The output frequency 
with one hand-cranking revolution in 1 s (rps) can satisfy the 
needs of electroporation (20 Hz).[9] In the prototype device, to 
ensure the stability of the output voltage, we used three screws 
to adjust the relative position between the rotator and stator, 
which ensured that the two layers were parallel during rota-
tion. Furthermore, we attached a foam layer between the stator 
and acrylic plate to ensure close contact between the stator 
and rotator. The open-circuit voltage, short-circuit current, and 
transferred charge of the disk TENG under 1 rps were about 
20 V, 4 µA, and 0.06 µC, respectively (Figure S3a–c, Supporting 
Information). Through the rectifier bridge, the alternating 
current pulse of the TENG was successfully transformed into 
a direct current pulse, and the half-peak width of the pulse was 
about 25 ms (Figure 1d). The TENG had an extraordinarily high 
output stability after 30 000 cycles (Figure 1e).

For conventional electroporation, the high voltage and 
its induced heat generation are the main causes of low cell 
viability. In the homogeneous electrode field, the pore forma-
tion in the cell membrane is a stochastic process. It is impos-
sible to control the electricity so as to match all cells of varying 
sizes and orientations in one population to form limited and 
healable electropores.[10] Silicon nanoneedles, as a biocom-
patible biointerface have been used for electrical sensing,[11]  

cell force sensing,[12] and delivering species into cells via 
mechanical penetration.[13] However, intracellular delivery 
via mechanical penetration alone has low efficiency. We 
used a silicon nanoneedle array as the electrode for localized 
electrical field enhancement at the confined nanoneedle–cell 
interface, which reduced the exerted voltage and its concomi-
tant damage to cells. We fabricated the silicon nanoneedle 
array using a lithography and a metal-assisted chemical etching 
process with controllable nanoneedle heights, diameters, 
and intervals (Figures S5 and S6, Supporting Information). 
To minimize physical damage to cells,[13,14] we chose an indi-
vidual nanoneedle with a pointed tip (100 nm in apical width, 
700 nm in base diameter, and 7 µm in height) (Figure 1f). The 
distance between two adjacent nanoneedles was 4 µm, which 
was roughly 15–50 needles per cell (taking adhered MCF-7 
cells as an example). The electrical field simulation showed 
that at an applied voltage of 20 V, the enhanced electrical field 
was confined at the tip of each nanoneedle up to ≈2800 V cm−1  
(Figure 1g). In comparison, a flat silicon electrode and silicon 
nanoneedle with a cylindrical structure (700 nm in both 
apical width and base diameter, 7 µm in height) produced 
only a 200 V cm−1 and 458 V cm−1 electrical field, respectively 
(Figure S7, Supporting Information).

We first delivered a small membrane-impermeable molecule 
of propidiumiodide (PI, Wt = 668.39 Da) by electroporation 
in MCF-7 human breast cancer cells. After electroporation by 
hand-cranking disk TENG (1 rps, 10 s, total 200 pulses), PI 
was successfully delivered into MCF-7 with an efficiency of 
85% (Figure 2a), similar to a commercial electrical simulator 
(87%; Figure S9, Supporting Information). In comparison, the 
delivery efficiencies of cells on the flat electrode with TENG 
electrical pulses (Flat + TENG) and on the nanoneedle-array 
electrode without electrical pulses (Needle), were only 9% and 
22%, respectively (Figure S9, Supporting Information).

We delivered macromolecular fluorescein isothiocyanate 
(FITC)-labeled dextran (dextran-FITC, 10 and 70 kDa) using 
PI as an indicator of dead cells (stained after 24 h of elec-
troporation). The delivery efficiency was about 86% for 10 kDa 
(Figure 2b) and 49% for 70 kDa dextran-FITC (Figure 2c), 
respectively (Figures S10 and S11, Supporting Information). 
The much larger molecular weight and the resulting lower 
molecule diffusion rate of the dextran (≈70 kDa) compared to 
PI may explain its relatively decreased delivery efficiency. The 
cell viability was higher than 94% (Figure 2e), demonstrating 
that the electroporation system was minimally disruptive.

For genes, physical delivery may solve the poor efficiency 
limitation of vector-assisted delivery.[15] TENG-enabled 
electroporation achieved an 82% siRNA delivery (100 × 10−9 m 
Cy3-labeled siRNA of T-type Ca2+ channel protein) into 
MCF-7 cells, with a cell viability of 94% (Figure 2d–e). After the 
siRNA delivery, the T-type Ca2+ channel protein (Cav3.1) expres-
sion was successfully decreased by 71% after another 48 h culture 
(Figure 2f–h). We further confirmed the versatility of the system in 
other cell lines, HeLa cells and rat bone mesenchymal stem cells 
(rBMSCs), a hard-to-transfect primary cell.[14a,16] The delivery effi-
ciencies of dextran-FITC (≈70 kDa) into HeLa and rBMSCs were 
63% and 51%, respectively (Figure 2i–j). For all cell lines, the cell 
viabilities were higher than 94% after electroporation (Figure 2k). 
After delivery, the dextran-FITC was uniformly distributed in 
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MCF-7 cells (Figure 2l). Remarkably, there was strong co-localiza-
tion between the dextran-FITC and the cell nuclei (Figure 2m and 
Figure S12 and Video S2, Supporting Information), indicating 
that the exogenous materials were delivered not only into the cyto-
plasm but also directly into the cell nuclei.

Although high-aspect-ratio nanowire has been proven to 
be able to penetrate the cell membrane, in our results the 
delivery efficiency via passive mechanical penetration force 
alone was low (<23%). With TENG-exerted electrical pulses, 
the delivery efficiency was enhanced by over four times without  

Adv. Mater. 2019, 1807795

Figure 1. Illustrations of TENG-driven electroporation system. Schematic illustration of a) the in vitro electroporation and b) the in vivo electroporation 
system. c) Structural design of the disk TENG and its d) output voltage under 1 rps after rectifying, and e) stability of open-circuit voltage over 30 000 cycles. 
f) SEM images of the silicon nanoneedle array. g) The simulated electrical field distribution of the nanoneedle array at an applied voltage of 20 V.
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jeopardizing cell viability. We researched the cell–nano needle 
interaction and electroporation dynamics at the cell–nanoneedle 
interface. From the focus-ion-beam scanning electron micro-
scopy (FIB-SEM) cross-section images (Figure 3a,b), the cell 
membrane was deformed to engulf the nanoneedle tip. The gap 
between the cell bottom and the substrate could allow the diffu-
sion of exogenous materials into the cell during electroporation. 
Silicon nanoneedles were deformed with cellular traction forces 
in live cells. With the mechanical force, the cell nuclei were also 
deformed but not pierced by the nano needles, as confirmed by 
the absence of fluorescence at only the middle and lower seg-
ments of the nuclei instead of the nuclei top (Figure S13 and 

Video S3, Supporting Information). Being tightly attached on 
the nanoneedles, a large number of focal adhesions of the cells 
were formed at the cell–nanoneedle interface (Figure 3c and 
Figure S14, Supporting Information).

We monitored the dynamic PI transfer into MCF-7 cells 
during electroporation. The intracellular PI fluorescence of a 
total of 17 cells in sight showed that most of the PI molecules 
were introduced into cells in 80 s, and the molecular entry rate 
fell down in the next 80 s (Figure 3d and Video S4, Supporting 
Information). Because the local electrical field enhancement 
was confined at the nanoneedle tip, we considered that at the 
nanoneedle–cell interface it would open transient pores during 
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Figure 2. Delivery of diverse biomolecular species into multiple cell types. a) PI delivery into MCF-7. Successfully delivered cells were stained with red 
PI, and live cells were poststained with green calcein AM. b,c) Dextran-FITC (b: 10 kDa; c: 70 kDa) delivery into MCF-7. Successfully delivered cells 
were green, and dead cells were poststained with red PI. d) Cy3-siRNA delivery into MCF-7. Successfully delivered cells were stained with red Cy3, and 
live cells were stained with green calcein AM. e) Quantitative delivery efficiency and cell viability of MCF-7 in a-d. Expression levels of Cav3.1 protein 
with another 48 h after f) nanoneedle array and g) nanoneedle array + TENG treatment. h) Quantitative Cav3.1 expression in f,g). Dextran-FITC (70 kD) 
delivery into i) HeLa cell and j) rBMSCs. Successfully delivered cells were green, and dead cells were poststained with red PI. k) Quantitative delivery 
efficiency and cell viability of MCF-7, HeLa, and rBMSCs. l) Fluorescence image of MCF-7 after delivering 70 kDa dextran-FITC (scale bar = 10 µm). The 
red fluorescence was from autofluorescence of silicon nanoneedle. m) Line scans measured along red line in l. Nuclei were stained with 4ʹ6-diamidino-
2-phenylindole (DAPI) in all fluorescent imaging. Error bars, mean ± s.d. Scale bar in a–j, 200 µm.
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electroporation, followed by membrane resealing after removal 
of the voltage.[17] The change in plasma membrane potential 
during electroporation was monitored. After the introduction 
of electrical pulses, the plasma membrane potential gradually 
increased over 120 s (Figure 3e and Video S5, Supporting Infor-
mation), illustrating the enhanced membrane permeability.[18]

The resealing of plasma membrane pores after electroporation 
is a requisite for cell survival.[19] Membrane resealing is closely 
related to plasma membrane fluidity, which plays important roles 
in many biological processes and signaling.[20] Although many 
researches have focused on the nanowire–cell interface,[21] a fun-
damental understanding of the influence of nanowire on plasma 
membrane fluidity is lacking. We monitored the influence of  

the nanoneedle on plasma membrane fluidity using the fluores-
cence recovery after photobleaching technique by incorporating 
3,3ʹ-dioctadecyloxacarbocyanine perchlorate (DiOC18(3)) into 
plasma membranes (Figure 3f). For cells with 3 h seeding on 
silicon nanoneedles, membrane fluidity at different cell heights 
was detected, including the top of the cell that did not adhere to 
the nanoneedles (z = 15 µm), the middle of the cell that did not 
adhere to the nanoneedles (z = 13 µm), the middle of the cell 
that adhered to the tip of the nanoneedles (z = 8 µm), and the 
bottom of the cell that adhered to the middle of the nanoneedles 
(z = 3 µm). The diffusion coefficients (D) at the height of 8 µm 
(D = 3.10 × 10−2 µm2 s−1) and 3 µm (D = 2.75 × 10−2 µm2 s−1)  
was lower than that of 13 µm (D = 3.83 × 10−2 µm2 s−1) and 
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Figure 3. Dynamics at nanoneedle–cell interface. a) SEM and b) FIB-SEM image of MCF-7 on nanoneedle array after seeding for 3 h (scale bar = 5 µm). 
c) 3D fluorescence morphologies of MCF-7 on the nanoneedle array after seeding for 3 h. Nuclei were stained with blue, F-actin were stained with 
green, and vinculin was stained with red. Inset shows the vinculin distribution at the middle cross section of the nanoneedles (scale bar = 50 µm). 
d) PI fluorescence image during electroporation, and the change of PI fluorescence intensity (F/F0) for all the cells in sight. e) Fluorescence image and 
normalized fluorescence showing plasma membrane potential during electroporation (scale bar = 10 µm). f) Schematic diagram, fluorescence image, 
and lipid recovery traces after photobleaching at different cellular heights.
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15 µm (D = 4.63 × 10−2 µm2 s−1).[22] At the height of 15 µm, 
D was close to that of the cells seeded on flat electrode 
(D = 4.90 × 10−2 µm2 s−1). This result demonstrated that the 
fluorescence recovery time was hindered by cell contact with 
the nanoneedles. We deduced that the nanoneedles mechani-
cally fixed the cell position, reduced membrane fluidity, and pro-
longed resealing time, which potentially provided additional time 
for permitting more cargo to enter the cells.

We evaluated the TENG enabled electroporation drug 
delivery for in vivo transdermal delivery of dextran-FITC 
(10 kDa; Figure 4a and Video S7, Supporting Information). 
The freestanding TENG (4 × 5.5 cm) attached to a volunteer’s 
forearm skin could be driven by finger friction, achieving 
an active, self-controlled on-demand drug release (Figure 4b 
and Video S8, Supporting Information). Alternatively, a 
contact-separation mode TENG (4 × 4 cm) driven by hand 
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Figure 4. In vivo electroporation drug delivery. a) Photograph of the in vivo electroporation transdermal delivery system. Inset shows the nanoneedle 
electrode after electroporation with schemochrome. b) Open-circuit voltage of the rectangular freestanding TENG in a) powered by finger friction. 
Fluorescent images showing tissue sections for 10 kD dextran-FITC delivery after c) nanoneedle array + TENG, d) Flat + TENG, and e) nanoneedle-array 
treatment. Nuclei were stained with DAPI. f) SEM images of the nanoneedle array after in vivo electroporation.
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slapping could also be applicable (Figure S2 and Video S1, 
Supporting Information). Fluorescent images of tissue cryo-
sections (Figure 4c, Needle + TENG) showed that the dex-
tran-FITC was successfully delivered into dorsal skin of nude 
mice with a depth of ≈23 µm, higher than that of flat elec-
trode with TENG electrical pulses (11 µm, Figure 4d, Flat +  
TENG) and nanoneedle-array electrode without electrical 
pulses (6 µm, Figure 4e, Needle). The drug delivery depth for 
TENG-powered and nanoneedle-assisted electroporation was 
far beyond the height of the nanoneedle (over three times), 
proving the efficient and active penetration of drugs into 
cells and tissue. Furthermore, it had deeper diffusion depth 
(light green area in Figure 4c), which may be attributed to 
the electroporation-enhanced drug diffusion through the rich 
vascular networks in the dermis. After the in vivo electropora-
tion delivery, the silicon nanoneedle array picked off from the 
tissue still kept intact structure without breakage (Figure 4f). 
With a conical structure and tip diameter below 100 nm, the 
nanoneedle array would cause minimal damage and avoid 
possible complication of the mice.[23] These results proved the 
feasibility of using the biomechanical energy-driven TENG for 
drug delivery in vivo.

TENG as a new era energy technology has been widely used 
in self-powered and wearable electronics.[24] In this work, by 
integrating a biomechanical energy-driven TENG with a silicon 
nanoneedle-array electrode, we achieved noninvasive and high-
efficiency electroporation drug delivery in vitro and in vivo. The 
device is potentially applicable for introducing different kinds 
of macromolecules into a variety of cell types, including hard-to-
transfect primary cells. With a sufficiently high local electrical 
field in the limited area of the nanoneedle–cell interface, the 
device had high delivery efficiency and caused minimal cell 
damage when the voltage was imposed. The self-powered and 
wearable biomechanical energy-powered TENG enhanced the 
transdermal delivery of macromolecules into mouse tissue 
with on-demand delivery, minimal skin irritation and good 
compliance. We believe that the high-efficiency self-powered 
electroporation drug delivery system has great potential for 
future wearable medicine.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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