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Electroporation is an esctive approach for drug
and gene delivery, but it is still limited by its low-throughput |[———
and severe cell damage. Herein, with a self-powered tribot— — :‘
electric nanogenerator as the power source, we demonstratedja .
high-throughput electroporation system based on the design of
biocompatible and exible polypyrrole microfoam as the
electrode within the ow channel. In particular, to lower the _ ) o "o tion
imposed voltage, one-dimensional (1D) Ag nanowires We€pp, microfoam
modi ed on the microfoam electrode to build up a locally: agnw
enhanced electric eld and reduce cell damage. The self-
powered electroporation system realized a successful delivery of
small and large biomolecules into drent cell lines with eciency up to 86% and cell viability over 88%. The handl
throughput achieved as high as®1€ells min! on continuously owed cells. The high-throughput and self-powere
electroporation system is expected to have potential applications irette of high-throughput drug and gene deliveryifor
vitro isolated cells.

electroporation, microfoam electrode, high-throughput, self-powered, triboelectric nanogenerator, drug |

@ Cell before electroporation

ondestructive delivery of biologically active speciegreatly ampled?® Di erent from the conventional bulk

into cells has a great sigaince for biotechnological electroporation with high electrigd applied up to thousands

research and therapeutic applicatidridowever, it of volts per centimeter, nanostructure-improved electrop
is challenging because the selective permeability of the arlh could enhance the localized electradlintensity, thus
membrane prevents most biomolecules from accessing tee@ucing the imposed voltage and its accompanied dama
cytosof. ’ Physical delivery methodsg microinjectiofi; cells. 1D nanostructures, including nanosttamas)onee-
electroporatiotf;** and sonoporatiéh =) primarily disrupt  dles’” and nanowiré§ have been introduced into the systen
the cell membrane to increase membrane permeability fgy realize a localized electroporation for intracellular d
exogenous molecule delivéry! Among them, high-voltage delivery. More importantly, recent research, including ours
electroporation can achieve fast intracellular deliverg/ to Val’i%cessfu”y integrated a triboelectric nanogener:
cell lines by optimization of the exerted eleciid® *° TENG)?® *Z into the systems, thus realizing self-power
Nowadays, ele(_:troporation has been pra}ctically appligd Bctroporation without any additional power sappi7
monoglzonal antibody prodgctﬁ)““ntherapm"“C DNA vaccl-  pye to its advantages of simple fabrication, @giveness,
nation;” and T-cell-based immunotherapjdowever, the adjustable output, and availability of multifrequency res

low cell throughput, high cell damage, and bulky size of t $4 39 the TENG has shown great potential in th
electroporation device have severely prohibited the broad '

applications of this technique.

To decrease the imposed voltage and reduce heat-induced July 21, 2020
cell damage, recent research advances have spawned” i September 29, 2020
nanostructure-improved electroporation based oftigthie September 29, 2020

ening rod eect.?*?® The lightening rod ect happens when

a conductive 1D structure is placed in a uniform elesdttjc
and the electriceld strength near the vicinity of tip can be
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Figure 1. Schematic illustration of the TENG-driven high-throughput electroporation system.

biomedical eld for bothin vivoandin vitro application$’

generated by the TENG are applied to the microfoam

However, for practical biomedical applications, a large numleectrodes, which forms a pulsed electe@lbetween the
of cells need to be handled in one process to ensure consisteathode and the anode for cell electroporation. For the anode,
transfection. Nowadays, the existing high-throughput electiPy microfoam is moeid with Ag NWs to generate a locally

poration system typically has high cell da‘fﬁ‘éﬁg@glatively
low-throughput’** or complicated operatiof'* Further-
more, most nanostructured electrodesid microchan-
nels’** were fabricated by micromachining, which is time

enhanced electrield for electroporation, thus reducing the
external electrieeld and cell damage. The PPy microfoam as
the cathode is not modid to reduce the cell mortality rate
around the cathode?®

consuming, prohibitive, and requires professional operationq ensure the cells with diameters of several to dozens of

Hence, it is still challenging to agently deliver active

molecules into a large number of cells with low cell damag
To solve these problems, herein, we proposed a hig

throughput and self-powered electroporation system driven

a multilayered TENG, which could break through the

limitation of traditional electroporation with low-throughput,
low cell survival, and bulky device size. A biocompatible a

exible polypyrrole (PPy) microfoam electrode with a por
size of 300 m was fabricated to ensure the free passage o
cell suspension through the microchannels to achieve a hi

micrometers freely and continuously pass through the
icrofoam electrodes for high-throughput electroporation,

E”D nickel (Ni) microfoam with a pore size &0 m (2

Y4 cm, 2 mm thick) was chosen as the template on which to

lectrochemically grow PPy, whose pores were larger than the
lIs to ensure theirow through FEigure S1 Supporting

nformation). The fabrication process of the PPy microfoam is

e

slepwisely illustrated iRigure 2a. In a three-electrode

actrochemical workstation, the pyrrole monomers adsorbed

throughput electroporation. To realize high transfection the Ni framework were polymerized into a RRywhich

e ciency without sacding the cellular viability, 1D silver
nanowires (Ag NWs) were maell on the PPy microfoam
anode to build up a locally enhanced eleetidc The pulsed

forms a PPy@Ni corshell microfoanHgure S2Supporting
Information). To improve the biocompatibility of the electrode
and prevent possible cytotoxicity caused by the precipitated

voltage generated from the TENG as a power source providégkel ion$’ or generated reactive oxygen species (ROS)
a steady and direct current pulse for self-powered electigader the applied voltadehe Ni substrate was etched away

poration. When the cells pass through the Ag NW-edodi

with 1 M FeCJ solution to obtain a hollow PPy microféam

PPy microfoam electrode, the continuously applied extern@igure b,c). The as-prepared PPy microfoam duplicated the
electric eld disrupts the cell membrane and drives exogenogsentinuous and interconnected 3D network structure of the Ni
molecules into the cytoplasm. This TENG-driven self-poweredicrofoam. The exibility and hollow structure of PPy

electroporation system could deliveeréint kinds of foreign

microfoam indicated the complete removal of the Ni template.

species into various cell lines, including hard to transfegt addition, it was exible enough to be repeatedly bent

primary stem cells with a high-throughput dté&lls min®.
The delivery eciency could reach 529% with a cell viability
over 88%.

RESULTS AND DISCUSSION

without breakingHigure B, inset), ensuring the prepared
electrode was stable and durable for long electroporation
times. The X-ray diaction (XRD) result Kigure S3a
Supporting Information) shows that the broad peedctibn

at 258 is the characteristic peak of PPy. From the Fourier

Figure lillustrates the schematic diagram of the highiransform infrared (FT-IR) spectraigure S3bSupporting
throughput electroporation device, which comprises thrégformation), the peaks at 1527 E@®y ring vibration), 1452
parts: a multilayered TENG as the source of electric pulsesé® * ( C H in-plane vibration), 889 and 766 ¢ifi C

recti er bridge that converts alternating current (AC) pulses! out-of-plane vibration), 1292 c¢m(C N stretching

into direct current (DC) pulses for electroporation; and (iii) a
pair of microfoam electrodes placed in parallel withiowhe

vibration), 1141 cm (C C stretching), and 1022 ch(in-
plane deformation of G and N H bonds of the pyrrole

channel. When the cell suspension driven by a syringe pumipg) indicated that the microfoam consisted of PPy.

ows through the microfoam electrodes, the electric puls

B

€ompared with the Ni microfoam, the surface of the PPy
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A e ect is still far from satisfactory. To avoid it, a low external
voltage was applied and a locally enhanced elelttrizas

PPy etch Ni built using 1D Ag NWs to modify the anode PPy microfoam,
which would generate a local strong eleidcnear the Ag
NWs, especially at the sharp nanoscaled-tips€ a). The
diameter of the Ag NWs waS0 nm, and the length ranged
from 20 to 30 m (Figure S9Supporting Information). The
high-resolution transmission electron microscopy (HRTEM)
image Figure B) shows that the spacing of the lattice planes
was 0.235 nm, ascribed to the (111) plane of the face-centered
cubic (fcc) silver crystal. The selected area electraatidin
(SAED) pattern Figure 8) shows there were two inter-
penetrated draction patterns: the square symmetry one (pink
lines) originated from the [001] zone axis, and the other (blue
line) corresponded to the [112; zone axis, indicating the
twinned structure of the Ag NWs:? After the modication,
the Ag NWs were evenly distributed on the framework of the
PPy microfoam, and the structure of the microfoam had no
obvious changeFigure 3a). The resistance of the PPy
microfoam decreased from 650 to 126m after being
modi ed with low-resistivity Ag NWs({.006 -cm). From
the electricaleld simulation ifrigure 8,e, the electriceld at
Figure 2. Fabrication and biocompatibility of the PPy microfoam. the tip of the Ag NWs could reack 9@ V cm * under an
(a) Process diagram of PPy microfoaria the electrochemical  imposed voltage of 20 V. In comparison, it was only 10tV cm
deposition method. (b,c) SEM images of the PPy microfoam. (d) for the unmodied PPy microfoam electrode. Thus, thke 9
Cell viability assay of MCF-7 cells on the PPy microfoam after 48 h 1¢* times enhancement of the electiétd intensity was
culture; live cells were stained with calcein AM (green), and dead generated at the tip of the Ag NWa(ire 8) compared with
cells were stained with propidium iodide (red) (scale bar = 200 {ha nmodied PPy microfoam electrodégure &). After

m). () 3D uorescence microscopy images of MCF-7 cells on o 15 s were loaded, a lower external applied voltage

the PPy microfoam after 48 h culture. F-actin was stained with id b d ntly hiah | I
phalloidin Alexa Fluor 488-labeled (green) (scale bar = 264). would be adequate to generate acmmtly high loca

(f) SEM image of MCF-7 cells on the PPy microfoam after 48 h €lectrical eld for cell electroporation. Furthermore, as the
culture (scale bar = 50m). electroporation occurred only within the limited area of the

cell membrane near the Ag NWSs, it coutdtérely avoid cell
microfoam was rougher, which was léadeto the attach- damage caused by heat generation in uniform high-voltage
ment of the Ag NWs. electroporation.

MCF-7 breast cancer cells and rat bone mesenchymal stenThe multilayered TENG was employed due to its
cells (rBMSCs) were used as the model cells to study trgvantages of small size, light weight, and convenient driving,
biocompatibility of the PPy microfoaia a live/dead cell  and its output voltage can be easily adjusted by changing the
staining assay, where live cells were stained with green (calégimber of parallel units or the friction layer area. To meet the
AM) and dead cells with red (propidium iodide, PI). Aftervoltage required for electroporation, we prepared a multi-
being cultured on the PPy substrate for 498.,7% of MCF-  layered TENG composed ofe independent contact-

7 cells and 95.2% of rBMSCs were still alive, indicating thaseparation mode TENG basic units (3<xcicm) in parallel,

the PPy microfoam did not have an adveesg en the cells  and a serrated Kapton strip (50 in thickness) served as the
(Figure @ andFigures S4 and SSupporting Information). substrate. As shown fingure 4 of the enlarged schematic

To further conrm the biocompatibility of the PPy microfoam, diagram, each basic TENG unit was based on the contact and
the cytoskeleton of the cells after being cultured for 48 h wasparation between the bottom copper (Cu) electrode and the
stained with phalloidirilexa Fluor 488, and the cell nuclei upper polarizeduorinated ethylene propylene (FERN

were stained with 8-diamidino-2-phenylindole (DAPI) attached on another Cu electrode. To increase the stability and
(Figure 2 andFigures S6 and S3upporting Information).  durability of the TENG, a 1 mm thick sponge layer was bound
The distribution of the cells was consistent with the skeletdpetween the Kapton substrate and theFE® Im as a stress
structure of the microfoam, indicating that the cells coulthu er (Figure S10 Supporting Information)rigure #,c

attach and survive well on the framework of the PPghows the working principle of the TENG basic unit. When the
microfoam. The morphologies of the cells cultured on th€u and FEP Im contact each other under pressing, the
PPy microfoam were also observiedscanning electron positive and negative triboelectric charges are generated on the
microscopy (SEM). The cells on the PPy microfoam displaydmbttom Cu and FEP surface, respectively. Upon releasing
a natural spreading state compared to the control cells growontact, an electric potentialedence is induced between the

on the tissue culture platéqure 2andFigure S8Supporting  two electrodes, which drives the free electranfrom the
Information), suggesting that the PPy microfoam waspper Cu to the bottom Cu electrode in the external circuit.
biocompatible, and it would not disrupt the growth andThe periodic presselease would produce an alternating
attachment of the cells. current. The open-circuit voltayg ) and transferred charge

In traditional electroporation, its uniform high voltage anaf the multilayered TENG driven by a mechanical linear motor
strong electriceld induce low cell viability. Strict temperatureunder 2.5 Hz were 220 V and 780 nC, respecthiglyré
control is often needed to reduce thermal damage, but thiel,e). The TENG had an outstanding durability, an®the

C https://dx.doi.org/10.1021/acsnano.0c06100
ACS NanoKXXX, XXX, XXXXX


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06100/suppl_file/nn0c06100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06100/suppl_file/nn0c06100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06100/suppl_file/nn0c06100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06100/suppl_file/nn0c06100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06100/suppl_file/nn0c06100_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06100?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06100?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06100?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06100?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06100?ref=pdf

ACS Nano WWW.acsnano.org

25

-d=0. 235nm
(111)

X 10
2.5

2 0.5

1

0
Vem! _ Vem?

Figure 3. Ag NW-modied PPy microfoam enhanced the localized electrield. (a) SEM image of the Ag NW-modd PPy microfoam.
(b) HRTEM image and (c) SAED pattern of the Ag NW. The simulated electriell distribution of the (d) Ag NW-modied PPy
microfoam and (e) PPy microfoam at an imposed voltage of 20 V.

maintained high stability after 10000 cydieguie 4). stimulation frequency and pulse numbers on the delivery
Further investigation of the power-resistance relationship ef ciency and cell viability. At theed pulse number of 200,
the multilayered TENG showed that the instantaneous voltagjfee delivery eciency gradually increased from 21% (at 2 Hz)
increased with the increase of the load resistaimpes (). to 86% (at 8 Hz) when the electrical stimulation frequency
The instantaneous output power of the TENG reached thimmcreased. However, for electrical stimulation with 8 Hz, the
peak of 20 mW under the 1 Mnatched resistance. A remti TENG was driven by a linear motor (4 Hz) to generate
bridge was employed to transform the alternating currermbntinuous electrical pulses because it @iltlito achieve
pulses into direct current pulses. Because the internstich a high frequency with human hand-slapping. In addition,
resistance of the TENG is relatively large, its open-circuithen the other parameters were the same, extension of the
voltage is higher than the voltage on the application circuit efectrical stimulation time could improve the drug delivery
electroporation, and the output voltage of the TENGe ciency from 84% (200 pulses) to 90% (400 pulses) for 20
transferred to the electroporation system ws V, as V. However, the cell viability was siganitly reduced from 86
measured by a digital oscilloscépeufe 4). to 72%. The delivery eiency and cell viability after
We veried the feasibility of the self-powered system for cedllectroporation with dérent electrodes (whether or not
electroporation. Two parallel microfoam electrodes wemodi ed with Ag NWs) were also performed, and group +/
immobilized in the 24-well plate with a distance of 2 mm(anode: Ag NWs modid PPy microfoam; cathode: PPy
We rst investigated the ext of voltage magnitude on the microfoam) showed the optimal delivergiency without
electroporation to delivetorescein isothiocyanate (FITC)- obviously sacking cell viability Higure S1,3 Supporting
labeled dextran (FITC-dextran, 10 kDa) into MCF-7 celldnformation). Therefore, with comprehensive consideration of
(Figure S1,1Supporting Information). At theed frequency  delivery e ciency, cell viability, and convenience of operation,
of 5 Hz, pulse number of 200, and pulse width of §G8e we chose the electroporation parameters of 20 V, 5 Hz, and
cell viability gradually decreased from 92% (at 10 V) to 74200 pulses in the following work, and Ag NWs were only
(at 80 V) when the voltage increased. However, the delivenyodi ed on the PPy microfoam anode.
e ciency at 10 V was only 5%05.9%. In contrast, the A membrane-impermeable molecule Pl (weight = 668.39
delivery eciency at 20 V was 8373.1% with a high cell Da) was used as the model drug to observe its delivery
viability of 84.3%. We also investigated thet ef electrical e ciency into MCF-7 cells. Electrical pulses were applied onto
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Figure 4. Structure and output performance of the multilayered TENG. (a) Schematic diagram of the multilayered TENG and local enlarged
structure of the basic unit. (b) Working principle and (c) COMSOL simulation of each TENG unit of the multilayered TENG. (d) Open-
circuit voltage and (e) transferred charge of the multilayered TENG driven by a linear motor under 2.5 Hz. (f) Voltage and peak power
density at dierent load resistances. (g) Voltage transferred to the electroporation system aftecatoti.

the electrodes by the multilayered TENG with periodic handaoration) had only a 10% cell killing percentage in our
slapping (2.5 Hz, 40 s), and a control group test waprevious resultsThese results show the advantages of an
performed under identical conditions without electric stimelectroporation system for drug delivery, with a very short drug
ulation of the TENG. Theuorescent images showed that the action time. For macrobiomolecules, delivery into cells is
TENG-enabled electroporation realized an 89.4% PI delivergther di cult due to the large molecular weight and low
(red uorescence iRigure @) into MCF-7 cells, sigeantly di usion rate. Our self-powered electroporation system
higher than that of the control group without electroporatiorsuccessfully delivered mawtecular FITC-dextran (10
(6.9%) and that with at electrode and TENG-enabled kDa) into MCF-7 cells with a high @ency of 89.5%-{gure
electroporation (<3%)F(gure S14a,[Bupporting Informa-  5b,d). After 24 h of electroporation, the cell viability was still
tion). In addition, antitumoral doxorubicin hydrochloride higher than 77%~{gure &). These results demonstrated the
(DOX) as a functional biomolecule was also employed tadvantages of the system with high deliveriercy and
further improve intracellular delivery for both MCF-7 breastninimal cellular disruption.

cancer cells and corresponding DOX drug-resistant MCF-7/ Intracellular delivery into hard to transfect primary cells has
ADR. FromFigure S1%n the Supporting Information, DOX always been challenging. To demonstrate our 'system
successfully entered most cells after electroporation, withpatential as a promising universal alternative for cytosolic
delivery e ciency of 94.2% for MCF-7 and 65.3% for MCF-7/delivery, we tested the delivergiency in hard to transfect
ADR. At 24 h post-electroporation, the cell viability was 31.08BMSCs. The delivery eiency of FITC-dextran was up to

for MCF-7 and 55.1% for MCF-7/ADR. In comparison, a 24 t66.1%, and the cell viability was higher than Bg%¢
treatment of MCF-7/ADR with DOX (without electro- €). These results demonstrated that our self-powered TENG-
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Figure 5. Delivery of biomolecular species into multiple cell types. (a) PI delivery into MCF-7 cells. Successfully delivered cells are red.
FITC-dextran delivery into (b) MCF-7 cells and (¢c) rBMSCs. Successfully delivered cells were green (scale ban): @)@uantitative
delivery e ciency of MCF-7 cells and rBMSCs. (e) Cell viability of MCF-7 cells and rBMSCs after electroporation.

Figure 6. High-throughput intracellular delivery of diverse biological species. (a) Photograph of the high-throughput electroporation system.
Photograph of the (b) multilayered TENG and (c,d) pair of PPy microfoam electrodes intéreshell. (e,h) High-throughput Pl delivery

into MCF-7 cells. Successfully delivered cells were red. (f,i) High-throughput FITC-dextran delivery into MCF-7 cells. Successfully delivered
cells were green. (g) Quantitative deliveryaency of MCF-7 cells.

driven electroporation system couldiently deliver a broad the high-throughput electroporation required long-term
range of exogenous materials into multiple cell types witHectrical stimulation onto continuoustywed cells, the
minor damage to cells. multilayered TENG was driven by a linear motor (7 N, 2.5
After proving the high delivery aéency and low cell Hz) to generate continuous electrical pulSgsie 6), and a
damage of the self-powered electroporation system, we set updai er bridge was employed to convert AC pulses into DC
high-throughput electroporation systéigure @). Because pulses. A pair of microfoam electrodes were placed in parallel
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within the ow channel (in alter shell): the Ag NW-modid throughput electroporation. The locally enhanced electrical
PPy microfoam was connected to the positive output terminag¢ld in the limited area near the tip of the nanowires decreased
of the rectier bridge as the anode, and the PPy microfoanthe imposed voltage and caused minimal cell damage. The
without Ag NWs was connected to the negative outpuTENG as an emerging energy technology was employed to
terminal of the recter bridge as the cathodeiqure 6,d). transfer biomechanical energy to electric pulses for self-
Thus, there was a pulsed electrielal between the cathode powered electroporation. Due to its advantages of adjustable
and the anode when the electric pulses generated by thatput, cost-eectiveness, and excellent durability, the
TENG were imposed. According-tgure B, the pore size of integrated electroporation device is lightweight and portable.
the PPy microfoam wa800 m, which was much larger than We anticipate that such a high-throughput and self-powered
the cells. So, the cells could smoothly pass through tlmetracellular delivery will have great potential in fundamental
electroporation ow channel, and the celjgost-electro- biology and medical applications.

poration could be collected into a collection tube. The

MCF-7 cells suspended in the electroporatiogr 2 x 10

cells mLY) were passed through the high-throughput

electroporation system ataw rate of 30 mL f driven by strip (24 cmx 4 cm) was folded evenly into six squares (4 dm

a syringe pump. When the Ce”S. Were located between the t , forming a serrated structure that served as the substrate of the
foam electrodes, the permeability of the cellular membraR@NG. Then, a Cu foil and a CEEP Im (3 cmx 3 cm) were
increased under the strong electatd, and the foreign  adhered on the two opposite surfaces of the Kapton strip, and a 1 mm
molecules could dise into the cells. The deliverciency of  thick sponge layer (3.2 cm3.2 cm) was attached between the

Pl and FITC-dextran was 86 and 52%, respectivelyg Kapton strip and the C&#EP Im to ensure an intimate contact

6e g). In comparison, it was only 29% for Pl and 12% fobetween two triboelectric materials (the Cu foil and the IREP
FITC-dextran when the celbwed through the microfoam Electrons were injected to the FEP layer surfaces to increase the
electrodes but without TENG electric pulsgésufe S17 surface charges ata p(_)larlzatlon voltage of 5 kV for 5 min. Th_e electric
Supporting Information). The cell viability of the MCF-7 ceIIsol‘“&‘#ésmg{erth?Kernﬁ:g;aygéii) TEES aﬂgﬁatﬂzascuurﬁgntw ':)leaéns
after the electroporation was higher than .88%’ indicating th nerated by the TENG were transformed to direct current pulses
most cells passed through the PPy microfoam electrodgs, gh a recter bridge, and the output performance was measured
without cell damage. From therescence images of the cells yiin a digital oscilloscope (Agilentriiivision 2000X).

after delivery, some cells displayed a uniform cytosolicSynthesis of 3D PPy MicrofoamThe Ni microfoam (4 cm 2

Fabrication of the Multilayered TENG.A 50 m thick Kapton

distribution of red and greeruorescenceF(gure &,i), cmx 0.2 cm) was ultrasonically cleaned in 1 M HCI, ethanol, and
implying that the Pl and FITC-dextran were likely to bedeionized water for 10 min. Pyrrole (Py, Aladdin) monomer (5 mL)
directly delivered into the cyto%?bl. was added into 0.3 M NaGl€blution (100 mL) and stirred for 10

High-throughput delivery of biological species into cells isgin. The electropolymerization of Py was carried out in a three-
prerequisite for biological and medical applications. The m gctrode electrochemical workstation (CHI 660F Instruments). The

- - I microfoam, Pt, and Ag/AgCl were used as the working, counter,
common method to increase the throughput is to execu d reference electrodes, respectively. The electropolymerization

electroporation in a mul’ngg(lal plate by modifying the array,,cess was performed in the Py/NaGtiition under the potential
electrodes in the wedf} which could increase cell of 0.8 v for 300500 s. Subsequently, the fabricated PPy@Ni
processing capacity to some extent, but it is too cumbersomgrofoam was immersed in 1 M Es6lution for 68 h to etch the

for high-throughput delivery. A convenient way for highNi microfoam and to obtain the 3D PPy microfoam.

throughput delivery is to allow the cell suspension parallel Synthesis of Ag NW/PPy Microfoam.The Ag NWs (Nanjing

ows through the electrodes, which can achieve a highFNANO Materials Tech Co., Ltd.) was dispersed in water at the
throughput of % 10’ min %, but the viability of the cells after concentration of 1 mg miand dispersed by ultrasound for 15 min.
electroporation was only HD%'’ Recent research has 'he as-prepared PPy microfoam was dipped in the Ag NW ink,
designed micraidic devices to create rapid mechanicaloscmated with a shaking table for 30 min, and dried’&t @ben,

def i ; I b foll d b lect the samples were washed with deionized water to obtain Ag NW/Ppy
elormation In cefl membranes, iollowe y €leclroporgygicrofoam. The surface morphology of the samples was characterized

tion"***" This system has high deliverciency with low y'SEM (SU8020, Hitachi). The TEM images of the Ag NWs were
cell damage, but due to the single-cell treatment, multipl&quired on a FEI/Tecnai G2 F20 S-TWIN TMP microscope with an
parallel channels are required to increase throughput. Bpyerating voltage of 200 kV. XRD pattern was obtained with a Bruker
contrast, our self-powered electroporation system achieveB&Advance powder X-raymictometer with Cu Kradiation ( =

cell throughput of 2@ells min® with high delivery eciency ~ 0.15406 nm). The FT-IR spectrum was obtained with Bruker
of 86% and cell viability over 88%, proving the advantages‘¢fRTEX 80v. Micro-computed tomography imaging was acquired
the TENG-driven electroporation system for high-throughpdtth @ Quantum GX (PerkinElmer).

: . 3 lectroporation. The 1x 1 cm Ag NW/PPy microfoam and PPy
intracellular delivery. Furthermore, the self-powered systenrﬁErofoam were pasted on the bottom and the cap of a 24-well plate

that could be operated by a biomechanical energy-driV%g the anode and the cathode, respectively. The distance between the

TENG would realize energy economy and emergengyo microfoams was 2 mm. Before electroporation, the electrodes
applications. were sterilized with 70% ethanol and UV exposure and rinsed three
times with sterilized water. Then, the cells were collected, rinsed three
times with Dulbect® phoshate-bered saline (DPBS), and
pesuspended in DPBS with 1@0mL 1Pl or 200 g mL! FITC-

Our self-powered electroporation system is able to delive dBtran or 100M DOX (1 x 10° cells mLY). Electrical pulses were

V"?‘”e“/ of molecules |n_to the _cytop_lasm of m”'t!p!e cell typerfpplied by the multilayered TENG (2.5 Hz, 40 s) with periodic hand-
with high-throughput, high deliveryceency, and minimal cell - gjapping.” To estimate whether the electric potentiatedce

damage. The 1D Ag NW-maeli PPy microfoam as the generated by the TENG was transferred to the electroporation
electrode decreases the imposed voltage and allows the §gitem, and the voltage between the two microfoam electrodes was
suspension to freely pass through the system to achieve a highasured with a digital oscilloscope. After electroporation, 0.5 mL
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