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nol ecul e smaller than the pore size, can flowinto the cell either by
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certain rights in the invention.

10 BACKGROUND
Delivery of exogenous genetic materials into cells can be achieved virally (e.g.,
using an adeno-associated or a lenti-viral vector), chemically (e.g., using calcium
phosphate, liposome, or polycation), mechanically (e.g., microinjection), and or
physically (e.g., electroporation).

15 Among these deferent delivery methods, electroporation is achieved by placing
cells in a uniform electric field formed between two parallel electrodes. When the
transmembrane potential exceeds a threshold level around 0.25 to 1 V, the lipid bilayer of
cell membrane rearranges to form hydrophilic pores (typically between 20-120 nm in
diameter). Any molecule smaller than the pore size, can flow into the cell either by

20 electrophoresis or diffusion. Typically, for electroporating cells suspended in a solution,
pulses of around 1000 V (varying with cell size) lasting a few microseconds to a
millisecond is required.

While this method works effectively for certain cells, electroporation of small
immune cells and neurons is less successful. When a uniform electric field is applied to

25 small cells or neurons for electroporation, the potential over a large fraction of the
cellular membrane is above the breakdown potential, resulting in low cell viability.

There is a need to develop an improved electroporating method for these cells.



25 smal|l cells or neurons for electroporation, the potential over a |large
fraction of the cellular nenbrane is above the breakdown potential,

resul ti ngworeoiomsossel | viability. There is a need to devecomsaniiosreved

el ectroporating nethod for these cells. SUMVARY This invention is
based on an unexpected discovery that a voltage waveformof |ess than 10 V
in anplitude can efficiently electroporate a cell using a set of

el ectrically conductive nanowﬁresﬁggwbigkrvely as an intracellul ar

el ectrode. 5In one aspect, this i features a nol ecul ar delivery

devi ce i ncl udirgg ifvehtién ?stlﬁ%cf&ﬁeﬁlﬁfé‘éipédté&dlé‘co%ﬂftﬁhﬂé%lﬁ ¢ WAPawi 88 attached
to a surface of the surface. The substrate is electrically conductive, and

t he nanolesy bsn 49 & incapdidudei qah e&"mleitbcﬁtlfrqn@abﬂa;c conidsotg st bhgleetricathe
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a 10substP At e rdif8oBH “R° ohatd injacd 8%ductive material having a
surfsace coat eth yMetaBpam, tﬁﬂs%@&ehh@@kdamr@mﬂlu%umaawegr daficeanelutiig (5ur face is
el ectrically communicative with the nanowires. Alternatively, It can be

made of subsiteend (DAl nlyrabbrefuenpyechettashedlo a wfam@ae ofrfagemdiberi al for the
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substra Slbtst%:te ?s eq%&rlgﬁqmﬁ%gﬁ%%%%%n)d(tﬁe gaﬂow%es %FE %? wah gnogg%HQaﬁleo and It

sem conduc met al™ oxi
15OXI de)corﬁlndna: logdral (e.g., Au, Pt, Ag, Ir, and Cr) The term
"nanow re" (or_ "NwW hereafter refers to a material in the shape of a wre,
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NW are pre attach e surface along a su vertlcal
directi OW1t(1|aneleptrﬁ>@H§9601dEgnme1)1a1tenaltahﬂtR@sufafcameeleeTh@lymmﬂnaueitﬂe hei ght of

20- 10, 000 (e.qg., 100-5,000 . nm and 800-1,200 a dianeter of. 10-500 nm
(e.g. 58”3%‘% ‘?ﬁ’ilg‘éfﬁfas 718“%@%19; it cap ge age 9k py 9168 cpllypeondycipyeaatesal \ o

(e. 9., OplamplWi s@SmitchiM Br ﬁfé@u@stl?a’tezm\é’luﬁgﬁ sblln%galuct&g ¥. (S@Bnclp@ej qrmed of a
sem conductor (e.g., Si and Ge), a conmpound sem conductor . GaAs and

InP), a mmundm:me“opéucgor (cZn0hk and Gedal, a feety oxidade.gAgnQ, ﬂTOFmd Ircar bon,
borl%n ni 8{188%11(9 a rnetal (e.g., Au, Pt, Ag, Ir, and Cr).
The term “nanowire” (or “N'W” hereafter) refers to a material in the shape of a
wire, rod, or cone having a diameter in the range of 1 nm to 1 um. Herein, the cone has a
half angle in the range of 0-90 degree (e.g., 0-15 degree). The NWs are preferably
attached to the surface along a substantially vertical direction (i.e., 60-90 degree) to the
20 surface. They can have a height of 20-10,000 nm (e.g., 100-5,000 nm and 800-1,200
nm), a diameter of 10-500 nm (e.g., 50-250 nm and 70-180 nm), and a density of 0.05-10
wires um™ (e.g., 0.1-5 wires um™ and 0.2-2 wires um™). They can be formed of a
semiconductor (e.g., Si and Ge), a compound semiconductor (e.g., GaAs and InP), a
metal oxide (e.g., ZnO), a metal (e.g., Au, Ag, Ir, Pt), carbon, boron nitride, or a
25 combination thereof.
The conductive layer coated on the NWs and the substrate can be formed of a
metal (e.g., Au, Ag, Pt, Pd, Cr, Ni, Ir, Al, W, Ti, and Fe), a metal oxide (e.g., Ir oxide,
ITO, and ZnO), a semiconductor (e.g., Si and Ge), a compound semicoductor (e.g.,
GaAs, GaP, InP, InAs, InGaAs, and GaN), a metal nitride (e.g., TiN, ZrN, and TaN), or a

30 combination thereof.



25conbi nati on t hereof The conductive | ayer coated on the NW and the
substrate can be forned of a netal (e.g., Au, Ag, Pt, Pd, C, N, Ir, A,
W Ti, amlOoRej)2osessmet al oxide (e.g., Ir oxide, ITO andPZm@)S201a/053646

sem conductor (e.g., Si and Ge), a conpound sem coductor (e.g., GAs, &P,
InP, InAs, InGaAs, and GaN), a netal nitride (e.g., TiN, ZrN, and TaN), or
a 30conbi nati on thereof. Conmpound semi conductor can be fornmed of two

or nore elenments, such as IV-IVse conductor (e.g,, SIiC and SiGe), a
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one or nore dopants). The term "conbination" refers to a m xture, an all oy,

or a sui ®xiBe semigenrduicion (pgoTudL GO, end CorOhoWelesotappethentiss. tor exanple, "a
combi nat ée%ﬂcor{duééor u§e%%fﬁ% e%cp%aﬂiewg &tﬁ? ifve 1"1%}%1 fu L b?th' %[ GRRngRd the

metal or a silicide of ano aspec hi's |nvent|on

rel ates foomdi.eepinedomdi) idldopet fong (88, mgﬁmguﬁlemh@wdi@anm OTke te@thl . The
met hod i ncl udes prow ding (1) a substrate having a surface and a plurality
of NW atabadioporef ﬁfét%amlé &, ap gloy abgt%&bée @ﬁ‘&loéldlfﬁdw of o MABOKei ng
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penetratio he NV |ntot e ce applying a current or
vol t age sihwef ordthbeteva ena sihieids wif dicrrattel. and an el ectrode in the bath

solution. As result, th rmecule nters into, t cell through
transiently forife eb@)‘?‘pggtf S EPRIqRg, Feéﬁ%é‘me%?%ic‘i#rae&&?rf% aé’o?%‘&ﬁ%ﬁ%e NWS can

be (1) mREeRcEk iRoRQ1ICaRE wdhoteinOLISSFHEAMIYDA s\ﬁ%stﬂﬁé ﬁ&xhﬁ‘é b@yicegnd surface
coated with an 20el ectrically conductive material and the surface IS
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and an electrode in the bath solution. As a result, the molecule enters into the cell
through transiently formed pores in cell membranes. Electrically conductive NWs can be
(1) made of a non-conductive or semiconductive material having a surface coated with an
20 electrically conductive material and the surface is electrically communicative with the
surface of the substrate, to which NWs are attached; or (2) made of an electrically
conductive material.
The device used in this method is the same as the one described above except that
the NWs used in this method can be coated or not coated with an electrically conductive
25 layer.
The molecule to be delivered can be a nucleic acid (e.g., DNA and RNA
including siRNA and microRNA), a protein, a polysaccharide, or a small molecule. The
term “small molecule” refers to any molecule with a molecular weight below 1000 Da,

including various drug molecules, fluorescent dyes, oligosaccharides, oligonucleotides,

30 and peptides.



The nol ecule to be delivered can be a nucleic acid (e.g., DNA and RNA

i ncluding si RNA and m croRNA), a protein, a polysaccharide, or a snall

nol ecul e.wbhe1zsoss1 " smal | nol ecul e” refers to any nol ecece/useaih/ossenwl ecul ar
wei ght bel ow 1000 Da, including various drug nol ecul es, fluorescent dyes,

ol i gosacchari des, oligonucleotides, 30and pepti des. The cell can be
a prokaryotic cell (e.g., E. coli) or a eukaryotic cell (e.g., a yeast cell

and an human |1). The human cell _can he a.primry cell, t r ansf or ned
cell (e.g., Bl e f&@fﬁe)a, PR radr gl edh) or e iAryoe fl| & et Y95 The
primary &8 dndCamuBfin@RI12 0P fimd RAYaRBe a Prinbly 041, a%tansBril&d &ICR!d, 2
myocyte, an osteoblast, a fibroblast, a keroti’nocyte, a 5nonocyte, an

i mune cal HEKoeella s tasanaedus. cellife gi, mtlole ceB). | Tlegmirhary aclinnar bpdmgeytaaanat ur al
killer cell, a T cell nd a,.B cell, and ndritic.cell. The stem cell
can be aieutbATSHIEISH el s P arvia i s RoPER & I ST KRy St ot ¢
st em cel hoaddtd aNBSBRGE YR or atseM &1, I The iFmAfrRIRIcin beaetichipah@ghcal cell is
penetrat ed bﬁktwo or nore NW. 10The el ectrical signal can either be an

el ect ri cedtuighkiflengellop Tuastls angea Bicghaind adsadatpeslt ke seim eelecapdiaaige wavef or m
is 0.1-1 . il - Th f f ' 1s a plot of a
1/0I t age ?n&%/ry(gzﬁlrc %([ae'rﬁl% ?elh%pﬁnﬁ%glggtegﬂsé%t @[%T?}e%lgao@g%e%;é%erféﬂ aI{ldsa a gener al term

for a pumsenchyralsemacel). Préfamplyl, aich Belvgioatdell iOperstroied dydab oshmpe. Stil |
anot her aspect of the invention relates to a nethod of delivering an
15exogend¥$ mol ecul e into a cell. The nethod includes (i) providing a

subgrat e havi g &b\ AU ds,C0BUALI WLkt BHERLGLGR! i | nsul t ed
ura e re

| ayer, and a p Ity ectrically conductive nano , each of which,
havi ng aarhplitetic efttic anllage waetorch i810d,-10 ¥ (c@at3ed Vwndt-aiv)elleetarmcal | y

insul ating | ayer, except .for the first and second ends, the first end being
at t ached %Ve? dbA Pt of aNaltagrd oL BEEHY WIS A5G fﬁa%ﬂ%loo Wit Thiy 2

el ect ri calyeyal 6QROME b pURe 204 @ckﬁ_%fe’, tﬁdﬂgﬁlaﬁ%ﬁ@vﬁ%ﬂ% Y sﬁllh%i&tﬁ@%er es with the
utl

cell imersed in a bath sol on containing the nolecule to allow
penet rati on oftilbaeother asprce ofdindmiantien ralates torremetbbd of deleting k) appl ying a

FiTIgt  onthogr RO BI Y LS ARHbwl Fogod neRus B g g R LG B, "

sol uti onsurfge,aviies il doatetl At &@dﬂﬂi@é@ﬁhﬁﬂt&d ilagie@ ahf@ peehlitylofeRegRally
transiently fornmed pores on cell nenbranes. 25The substrate used in this
nmet hod cegidpetivegrappyires, cachsefmviiehdaringr fizst gd andja)secendengpis gagied with

sen cond . g—@gi‘ \ i .S coat ed
with an %féelg{nrql&gg’%fl@ull n Ia%%rgg C?pgé(g rthgﬁﬁsé gﬁ&%*ﬁ@‘{ee |S§m§ Wsst eh‘étb hlglg are the
sane as ithobed dakesurbied aad hescevitlaptl behgtcohted withginodledngtagenni@ivewo ends

of each of the NW are coated with an electrically_ insulated layer. In
addVt i onlay@a R aQniestuRg e NARRI UFSIUAR ‘[hy cell immersed in a bath solution containing

the molecule to allow penetration of one or more nanowires into the cell; and (iii)
applying a current or voltage waveform between two electrodes, one connected to the
first end of each of the nanowires and the other placed in the bath solution. As a result,
the molecule enters into the cell through transiently formed pores on cell membranes.
25 The substrate used in this method can be formed of a semiconductor (e.g., Si), a
compound semiconductor (e.g., GaAs, InP, GaN, and GaP), or diamond. It is coated with
an electrically insulated layer. The NWs used in this method are the same as those
described above except that the region between the two ends of each of the NWs are
coated with an electrically insulated layer. In addition, each NW can be individually
30 addressable by a voltage waveform. The electrically insulating layer is formed of an
oxide (e.g., silica, alumina, and hafnium oxide), a nitride (e.g., silicon nitride), or a

4



30addr essabl e by a vol tage waveform The electrically insulating layer is
formed of an oxide (e.g., silica, alumna, and hafniumoxide), a nitride
(e.qg., siwocoreasbgsni de), or a conbination thereof Alterrarivsedy/o5iche
electrically insulating layer is forned of an organic material, such as
Paryl ene (e.g., Parylene C, N, AF-4, SF, HT, A, AM VT-4, or CF),

pol ydi met hyl si | oxane, nethyl net hacryl ate, a photoresist (e.g., SU-8), and
an el ectron .beam eS| | met h cryI ate, ZEP- and
hydr ogenSBRY P ?r89§r(%§emﬂlV613pt %/ allydngy %@géaw&élf% Plikel | and a

eukaryot br%aﬁ@'nﬁatéf?al ngBh h@P@r?leﬁ@@éfg Pé'@%n@@ RCWreq tar, AT, 9\3|AM9V?04 ean al so
be a nucl€ic acid, a protein, a polysaccharide, or a snal'l nolecule. The

el ectri c@F) $>pgirdaheth:alml®1anh,emetb§al raethedrglote; i phdtotsist @y, S-S oindage si gnal .
The anpli,tude ,of the v e advant age of the
Toe abovedEE RS R R e e and B SRl Pow vol £ age

vvavgforn@,lrsgwlldxgge)to achl eve nol ecul ar delivery, i.e., under 10 V in
anplitude. It is about 100 tinmes |ower than those used by conmerci al

el ect ropor at i bh¢ @%}lsqa@tjf’é? a nrekasy otirgeel vad peglipnyetic ¢l ftSafg@lt@@@% abpye. diiky nake
i nstrume cHl%Qo L8k Jaoéaﬂ%l?gggvaet%ﬁucfeéégc@ec rgf%f opy%a%cﬁ ﬁ!ié %99‘31%15’,{1

ar Ccl ng, cause ce S’Can be used to

del i ver ﬂioleealul Gﬁeb&cﬁicﬁbﬁgnaalchn €itheaby o tleciiaal q@mktacw@tltage sighdlsThy varying
their geonetr g size) qr vol tag@i pul ses (e.g., anplitude and pul se
durati on?mphtu eOft‘\*FéﬁH%"i&elweﬁﬁmt ¥ryotic cells enables a wealth of new

appl cations Hpe 'a&%g{h%e oii{h%w%gl%@e E?é’s%ﬁbr%]cﬁkl\xaﬂ&éhﬁ' %tc{rg%(ﬁgﬁ(ﬁ?ﬁ'efﬁgds V6 on

silicon wafers can be~mass produced I's hi | ow cost
product i the lak Ivomsgevwaj&fcrrarn@qmmmblacmm@mom‘culahéeld&ky ver, yndetllodsm of this

LA 1 TN AR e P ER AR
will be gnpare rLtovJehggﬁtﬁéﬁ[%qm@éd QMDY dQéséﬁM By RalkahdiathGesRhinRSEon of
enbodi nerits, and also fromthe appendi ng

affordable it also decreases the likelihood of arcing, which may cause cell death.

15 Further, these methods can be used to deliver molecules to almost all eukaryotic and
prokaryotic cells by varying their geometry (e.g., size) or voltage pulses (e.g., amplitude
and pulse duration).

Transitioning to prokaryotic cells enables a wealth of new applications including
large-scale parallel antibiotic screening. NWs on silicon wafers can be mass produced.

20 This high-throughput, low-cost production allows wide-range application of the delivery
methods of this invention.

The details of one or more embodiments are set forth in the accompanying
description below. Other aspects, features, and advantages will be apparent from the
following drawing, detailed description of embodiments, and also from the appending

25 claims.

BRIEF DESCRIPTION OF DRAWINGS
FIG. lais a scanning electron microscope (SEM) image of a human fibroblast
cultured and fixed atop an array of vertical Si NWs; FIG. 1b is a SEM image of platinum

coated Si NWs; and FIG. 1c is a picture showing finite element simulation of electric



25cl ai mrs. BRI EF DESCRI PTI ON OF DRAW NGS FIG la is a scanning

el ectron m croscope (SEM image of a human fibroblast cultured and fi xed
atop an awopayi2ofsossertical Si NWs; FIG | b is a SEM i magecofuspdiaisisuen coat ed
S NW§; and FIG Ic is a picture showing finite el enent sinulation of
electric field enhancenent at the tip of an electrically conductive NW
Scal e bars: (a) 10 lam (b) 200 nm and (c) 200 nm FIGs. 2a and b

are two scence i es show n escht nu el i f HEK293
cell's wi { Hdsp a&‘ﬁﬁ@ﬁ%% ?fﬂ@ C(tlg@ﬂgrcapﬁlucaﬁa ﬁczlsgw. 1§ g Eﬁﬂes of
vol t age gphsesmdiaybd@n@n anmplitude of 5.75 V, respectively; FIGs. 2c and d

are two fluorescence i nages showi ng the absence and presence of a
non- nenbr ane- pérsréabhdeb gregen ﬁuomspmemagﬁwéo'&uglhi@scbt nunleHEKlz@@gmél S

2ot 1 ¢ ugBEbO8 o8 DGR ahBePy G AR n B R franp B gp SR T Stice o

I mages SHAVdsHav %hfﬁhﬂﬂht&fe cﬁtgam CalebgecAidI@IFIaRPYAnid 410 tRu fisereseaé rol ) and
10a series of vo taq@ %u ses having an anplitude of 5.75 V, respectively;
g}

FIG 2g imagss posting herabstneaiang pessericaloa s npmsnelyarmpamicakle gsieni es: and FI G
2h is a B&&re&%ﬁ‘{& S(héiwlﬁﬁctﬁﬁﬁéf&ﬁfs% PF%)p'l ebge{gﬁ%\b@fclo%%gg W?%;Jlésto\f

FIG 3aT1s scannin tron 1'ma ectrodes

fabri cat e(cltalge pBistd leingodh drslithdd 6fF 5. 125T WerdspseitvellysFEGsz 00and har¢itew of the NW
el ectrodes 15where the termnation of the insulating oxide can he seen at
the baseflBpresagaconmgges shomingpamngpfgepd %ffl@ri‘tﬂi%ilpﬂlﬁfléfﬂf’@P@ﬁé@n&réﬁtaﬁést i mage

of 13 HEK@?e% %k’vol etpﬂfs%Qh'% a@arﬁgﬁtﬁh@{%fﬁ?@"’%‘/ népor tﬁreﬂl@ {§a SEEn

approachl ng rom I ower used to nd current injected
into thehlstegfanvslwwahgcdslhﬂmdhmtesomceIﬁitéimtihs arsl Bl i2a gy abarsthestishgwmgvol t age

wavef orm appl i.ed e ctrode; and FIGs. 3d and e are di agrans
show ng tf@fgsﬁeﬁlﬂl Eggcéenﬁ?’ aE{iJPQtVW@LII?Fﬁ ected into a cell in response to voltage
wavef orms W t PIG. 3ais a scanning clectron image of a set of Pt-tipped NW electrodes
fabricated in Silicon on Insulator (The inset is a zoom-in view of the NW electrodes
15 where the termination of the insulating oxide can be seen at the base of the NWs); FIG.
3b is a differential interference contrast image of a HEK293 cell cultured atop a NW
electrode. A patch pipette, seen approaching from the lower left, is used to monitor the
current injected into the cell via electroporation; FIG. 3¢ is a diagram showing a voltage
waveform applied to the Si NW electrode; and FIGs. 3d and ¢ are diagrams showing
20 amplitudes of current injected into a cell in response to voltage waveforms with
amplitudes of 4.5 V and 5.5 V, respectively.
FIG. 4a is a bright field image showing a Si NW electrode with HEK293 cells
cultured atop it; FIG. 4b is a fluorescence image of the same area after red fluorescent
dye was delivered to a single cell via electroporation; FIG. 4c¢ is a corresponding
25 fluorescence image of the nuclei; and FIG. 4d is a overlay of the above three images.

The arrow denotes location of Si NWs.

DETAILED DESCRIPTION
This invention relates to a NW-based electroporation device and methods of

electroporating exogenous molecules into cells.



anplitudes of 4.5 V and 5.5 V, respectively. FIG 4a is a bright
field image showing a Si NWel ectrode with HEK293 cells cultured atop it;
FI G 4b iwoaofdosessescence i mage of the same area after Ppew/Ustmonemxaeent dye
was delivered to a single cell via electroporation; FIG 4c is a
correspondi ng 25fl uorescence image of the nuclei; and FIG 4d is a overlay
of the above three inmages. The arrow denotes |l ocation of Si NW. DETAILED

DESCRI PTI ON Thi.s .inventjon relates.to NW based el ectr ation

devi ce and melNHGUSCHN MOy THIof AL ?lﬁaﬂeillygf&r@u%mﬁ&ﬁ@em@@ HEBRRE s v
used in ﬁb&ﬁcMHHﬁﬂkfQﬂaﬁﬂ%ﬁﬁkeﬁkfhﬁ@h&%k%@&ﬂ#&&hy@dﬁﬂ%n%%%ﬁ&ﬁ%@ preferably
in a vertical manner, to a substrate. For in vitro el ectroporation, cells

can be cwmmﬂw@dderebﬂvymmmasuuWu&mNWpswmgﬁmam@m@ﬂeamdbmmgunowCémmther

SUNW sapSaa? o PO Ny A Rarfedafe SECH ARy PiBptrn DY nprehe S iR Tautitig °UC"

deIsveryyzﬂn”mmngggﬂgngho&yone or nore NW penetrates the basal nenbrane of
a cell and is located inside it. A set of these NW with their ends inside
a cel | col | ecPneendokenc exanara N'Hs pencaitos it bagal r]lmbra@@of ypdrand|igct r ode

paired V‘fo%ﬂeg rhsf" tl{ \l&%t olfl?l{ ? W& wﬂﬂ?henn € td[s] sl?(%t ce?l O'ﬂE t%%l I &t@?iﬁ? h the

cell was T mrer ric poten curren

10acr os slnhiacesllumlorr szftacellelat él@dﬁfde pTahed wﬁthraacegirhcwlﬂaar ﬁﬂﬂdro@f: irethe h.baﬂdvv can
focus the electric field to regions conparable to the radius of curvature

at the Nwigtigesinethyeh tgcpl was 1romef§ﬁsi. When srwetestric potitia] pgisabisePPidusi ng of
thegel eciabg tfns%hﬁl ofdfd @d&setﬁe @Taqglgﬂﬁeen forfh & ?st refnb oEmhggfégﬂnEWt of

el ectroporati on protocols ectric |eId ution can
cont r ol | edefignt enrhiearaliigtd tht habusagiuucathryg at the NWrtgist(typicalpectOOmat ino, and
radi us of. curvatyre 150f the vertj an determ ne_.the fractional

| )
area of HAECEE) | Tispanescals oqusingg t%gﬂ?g\é%sﬁ‘i fadgs SHneXfa1dastse CERETIOM ¢ hus

enabl i ngioahf U6l ESPmandr él@é’Vr&p@%‘dtféhtpYotE&&EtT"h‘%F%‘Pécﬁ’id Qéldgfstr‘i’&itlloﬁ,caﬁﬁ@em ally
hard-to-transfect-cells, (e.g., stemcells and imune cells). In addition,

vol tage emdrotied by tﬂllorleg élltls),grq@lhloghly dwr@msm.m asqurangm:;@rra@ms pltweguran be
Opt I m Zedf tile vait 1cal%¥ﬁ7st IE')ene can Idgt%ldmllng\{ éac%onglfafréacolﬁﬂ Xelf%l?qr n\llelrn t}rlarllel tIhXt

exceeds the threshold potential, thus enabling efficient and low toxicity electroporation of
cells, especially hard-to-transfect-cells, (e.g., stem cells and immune cells). In addition,
voltage and current levels, pulse duration, and number of pulses can be optimized to
achieve the desired levels of efficiency and viability.

20 In one embodiment, both NWs and their substrate are electrically conductive.
NWs are evenly spread out on the substrate. The NWs can be fabricated on conductive
Si wafers in a high-throughput fashion as described in (Shalek, et al., 2010, Proceedings
of the National Academy of Sciences, 107, 1870-1875). These NWs can be then coated
with metals, which enhance their electric conductivity. Molecular delivery can be

25 achieved by culturing cells atop the NW substrate and applying a current or voltage
waveform between the substrate and an electrode in the bath solution. The amplitude
required for biomoleular delivery is only a few volts. Almost all of the cells atop the
substrate are electroporated and remain viable.

NWs and substrates can be formed of any materials including conductive,
30 semiconductive, and insulating materials, such as silicon, silicon oxide, silicon nitride,

silicon carbide, iron oxide, aluminum oxide, iridium oxide, tungsten, stainless steel,
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20l n one enbodi nent, both NW and their substrate are electrically
conductive. NW are evenly spread out on the substrate. The NW can be
fabri cat esoani2osostuct i ve Si wafers in a hi gh-throughput pCadaisc@n/0az46
described in (Shal ek, et al., 2010, Proceedings of the National Acadeny of
Sci ences, 107, 1870-1875). These NWs can be then coated with netals, which
enhance their electric conductivity. Ml ecular delivery can be 25 achi eved

by cul turjn ells atop t NW substrate and applying.a current or voltage
wavef or n%ll«}’gg\mgaéwu%goléu%{] %ﬁ%&Se @HGFGSWCQF%‘QP?}H&HP%@W @“E‘ﬁ%l H¥§8}aﬁﬁqa n. The
anpl i t udgith @Sy ®diclipic. bl 9oM! §HkAnd@ladiMemy IS only a few volts. A nost all

of the cells atop the substrate are electroporated and remain viable. NV
and subst r at ek anathebembodimedt, dtic SinyWisateghoainoni axibsiditegs mdnadied satefo

30sem conduct.ive d, i.nsul ating,mater.ials, such.as siljcon, silicon oxide,
ST don R bt hese el o bl b RIS B R hs S AT LT B ot U

oxi de, tH@ﬂﬁk@@hn@b@&ﬁkﬁﬁS)@&Q@W@inﬁkk%@ésdﬂ&@@k&ﬂﬂﬂh@ﬁhﬁaﬁ&ﬂﬂuﬂ'aSS- The
el ectrical conducting layer is forned of a material with low cytoxicity

(e.qg., g#ldicssahle hep volipse waveferpuimylependently from gifsr hetp. Amosdiaelister of he Si N
¢ i ¢ I e tic deli
are gr OV\?@IB{}?I@% 3%1'? ?élfl% a qud% %glgi]dyu:aﬁg-%hdrggsaﬁle SsgttoafliveﬂgafNWs a%rlaer%&ell g ae 1 very

of bi onolec I'hto ce I'Vi S ectricall'y Sinsul ated
f rom ot hfttiors&kht dy@evia broporatibe. Eoiiie &t céll-eclebead kigabikyineernieas ed and
addressabl e by a vol tage waveform i ndependently from other sets. Anong a
cluster &M Reeftydicd bypspvisting spspificipsrtaibapionsfoindiyidpel sslls yithianasissstiae set of
veqbicalyywﬁrand recei ved fluorescent dyes via electroporation. In this
way, cel?-ce | or cell-network interactions can be studied by providing
speci fic pertlihbmsuletisg lager cvdiediodtathe N8VE & forhdd of amateriblew@lctawmg 10system
The insul ati.ng | ayer...coat ed over. the is.formed of a material with | ow
cyt oxi ci ?390’6181%@%6,@/'55}41‘?%]&?1&(?]d’@}m‘éerSﬁi u?ﬁ‘gﬁlil‘ifél,m"é‘rﬁiﬂ)'si licon nitride).

Two approachesyg @ﬁl?lwaéiﬁk YreUsiRidlyfREd RRIOBLIMAG aR BrrdY 6AMWAf 0NV HGRatR
substrate. One is the so-calleg>botton}up approach, which essentially

i nvol vesOge owhe sp-tilsdibogmmigmagpresshy which wescetiallyl invalakd grgwateNWesdroreapor
deﬂ%Si ti g Bre 1%\5/8) m];t%{ialexl%ﬂgllg%her%pc%l \lf\%lor deposition (CVD) for example, the NW
growth process begins by placing or patterning catalyst or seed particles (usually with a
diameter of 1 nm to a few hundred nanometers) atop a substrate; next, a precursor
material is added to the catalyst or seed particles; and when the particles become
saturated with the precursor, NWs begin to grow in a shape that minimizes the device’s
20 energy. By varying the precursor, substrate, catalyst/seed particles (e.g., size, density and
deposition method on the substrate), and growth conditions, NWs can be made in a
variety of materials, sizes, and shapes, at sites of choice. Another approach, the top-down
process, essentially involves removing (e.g., by etching) predefined structures from a
supporting substrate. For instance, the sites where the NWs are to be formed are first
25 patterned into a soft mask (e.g., photoresist), which is either used to protect the sites that
NWs will be formed during a subsequent etch or to pattern a hard mask; an etching step
is subsequently performed (either wet or dry) to develop the patterned sites into three-
dimensional wires.
Efficiency of Molecular delivery to different cell types can be manipulated by
30 varying the NW size or density.

Contemplated uses of the electroporation methods described above include:
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growt h process begins by placing or patterning catalyst or seed particles
(usually with a dianeter of 1 nmto a few hundred nanoneters) atop a

subst r at evonextosossipr ecursor nmaterial is added to the cacalussaiiosieseed
particles; and when the particles becone saturated with the precursor, NW
begin to grow in a shape that m nimzes the device's 20energy. By varying
t he precursor, substrate, catalyst/seed particles (e.g., size, density and

deposition meth on th r.owt h _condi be made
inavariety Qﬁ%—&r 91@ Cu%ﬁéal 2 pargieulay, @ Rar, gfto trﬁleﬁ e ¢ 01 her
appr oachapp i@ tibRAPmeRYA t@ﬁ%ﬁ)ﬁ cEREL N rabhnliRY QR Sell EIRYVINEG§E a8d. DY

et chi ng) predeflned structures froma supporting substrate. For instance,

t he S|teBKthneﬁah@immxCaﬂéamﬂgmémg@aﬂadmare first 25patterned into a soft
mask (e.dg., t he. sites that

e w1 b POT ORISR A get el B bR B ES BB nd o RGOt S Vet maske - an

et cli ng mk@fcting csuPsequent |y perforned (either wet or dry) to devel op the
patterned sites into three-dinensional wres Ef ficiency of
Vbl ecul ar  del {3) &lsetroporation ef edherane pellsidifisylt dareshwend fiughy PaRdonsy. 30var yi ng

Lhe NWsize olaienSif o SOGIRbRLEHmRRRUAL phR 1P ARERROLALL B gt hods

descri bed abo |onD ecu

del i ver ysanidmpRtiile @ubaﬁoustd@sésajfdllff@eﬁtrrﬁtnsm@tto@1@5 da,ﬁle Rfpl That |celm§cainncl ude
transfection, cellul ar reprogramm ng, stemcell differentiation, and
probi ng TeAtaimom e NWswbsteat pefasn elie@tmor%@néawﬁa\é‘éfs penetrating the * ( 2)

Celjlg- speglful UQ?I%:lBSI‘%{Ig 28 1H€raé%}1§{5PLé§%a‘%§ M At HmBﬁo%n‘ﬂ?é ﬁ.ﬁelrsg%tt) ifiystems of

5i nteracting ectroporation IIs difficult
to resus pend Pathoht fastheretiabonatjon, it is believédifhaRdpabotd deecrqjtmthaepor ation at

different tinme points with different doses of the sane ule or various
doses. of i e Rt R gl el POSHiD: Jhndolor e C FRNCEmE ohPS i riOPEmi 1 on
the NW syhstial & rﬁ@r*eléﬁﬁﬁstﬁa!tl%tarnﬁ%f ﬁﬁﬂn@@% ofShOEEndWWior oPBR&fJCRIsLRGNt he
10cel lul ar menbrane as intracellular electrodes, do not conpronise cel

vi abi | i t gny way Whath:vmuThefmxbilh@mn@Ilta@bmmn istereby incorentedbpeefeieace ishe above

degr |pt%on h s adequately enabled the present invention. The follow ng
ﬁples %?8 herefore, to be construed as nerely illustrative, and not

limtative of the remainder of the disclosure in any way what soever. The

publication cited herein is hereby incorporated by reference in
Example 1: Fabrication of NW electrode substrates for electroporation

An array of NWs on a silicon substrate was formed by dry-etching a silicon wafer
coated with a 200 nm thick thermally-gown silicon oxide layer. To fabricate NWs over
20 large areas, colloidal gold nanoparticles (average diameter 100 nm, purchased from Ted
Pella, used after concentrated the purchased sample by about 17 times) were resuspended
in a solution of 3% polymethyl-methacrylate (PMMA) in chlorobenzene to form a
suspension. The silicon wafer was then spun coated at 3000 RPM with the suspension to
produce a 100 nm thick PMMA -nanoparticle film on the wafer’s surface. The wafer was
25 then treated with a CF4 plasma in a reactive ion etching (RIE) device (NEXX DEVICES
CIRRUS 150) for 3 minutes to etch the silicon oxide in the regions that were not directly
under the gold nanoparticles. The gold nanopaticles were then etched away with a TFA
gold etchant to generate a pattern of disconnected silicon oxide dots. The pattern,
covering the silicon wafer, acted as a mask for etching the wafer to form vertical NWs.
30 The wafer was etched with an inductively-coupled HBr:O; plasma for 10 minutes in

another RIE device (SURFACE TECHNOLOGY DEVICES ICP RIE) to form an array
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15its entirety. Exanple 1: Fabrication of NWel ectrode substrates for

el ectroporation An array of NW on a silicon substrate was fornmed by
dry- et chiwg 2a128i5b8saon waf er coated with a 200 nmt hi ck trhemsaéiipszsecn
silicon oxide |ayer. To fabricate NW over 20l arge areas, colloidal gold
nanoparticles (average dianeter 100 nm purchased from Ted Pella, used
after concentrated the purchased sanple by about 17 tinmes) were resuspended

Lnsﬁszgké’f%ﬁ%?ca%&@ﬁ%%o ST S 0D Sk BB S000 TRV wi ¢ h ¢ he
SuSpensi g, P8 QSN 300, e Bl ok TR CARGRR W Ghn i hapins. Al er s

surf ace. en treate n a reactive ion
et chi ng (Rfdyd cade cehdMEXKe RRYErGES iIGhieRld& 1t kd)led mito 3n acctadrelscatro et ch t he

Panopar ¢ FEPESTOrTHiETGHE AT LY U5 AE hU G el ady Tl AR OF A gol d
etckant p0 \IeARTALRtaR BRRd BIR st ARCOMEGLEthaAE I £QmiRAXEARIHOLS. The
pattern, covering the silicon wafer, acted as a mask for etching the wafer

to formvertical NW. 30The waf er was etched with an inductively-coupled
HBr: 02 pl.as f) fd m, ute anot her RIE device (SURFACE TECHNOLOGY
DEVI CES lefing &5 Odln Yof vertically aligned Si NW (average

l'ength: 1000 Hmay@élm fdiratsmgtﬁbetwééosmoo%%ﬁﬂﬁem wWrdrewiovedkigR) .  The
silicon oxide mask was renoved by dipping the wafer in 5:1 buffered oxide

et chant . cultyee {lagke by wefty cimirati tetpeinytrdagaeid d Aifier auenghimigdle eraynigedith evapor at or
\glrlgtelroe the fu% [Rg&ESHak @?wg’é“@é susrcf)%nddhﬁ Sa% ﬁ§ n%ﬁo&f BriR3h e ls‘%ih 100 nm of
0 e

Metat 11 ¢ cont act He b was - ma asimlar
f ashi on. Next, 200 uL of the cell suspension was added to each well of a 48 well cell culture plate

containing a silicon substrate with vertically etched NWs prepared in Example 1. The
cell culture plate was placed in an incubator (5% CO,, 90% relative humidity). After 15
minutes of incubation, 150 uL of additional media was added. After 18 hours of

15 additional incubation, the samples were imaged. As shown in FIG. 1a, a human
fibroblast cell was attached to the substrate and spread out as a viable cell, despite that it

was penetrated by numerous NWs.

Example 3: Molecular delivery via NW electroporation

20 Using the method described above, HEK293 cells were plated and cultured atop a
silicon substrate with vertically etched NWs prepared in Example 1. NW electrodes were
grounded by forming a backside electrical contact to the substrate. A PDMS well
surrounding the cell culture was used to confine a solution of phosphate buffered saline
(PBS) containing 1 nM of a membrane impermeant dye (calcein). An Ag/AgCl counter

25 electrode was placed into PBS about 0.5 cm above the NW substrate. A biphasic 100 Hz
square wave voltage train was applied between the counter electrode and the NW
substrate for 0.4 seconds, after 30 seconds the voltage train was repeated. Thirty seconds
later the substrate was removed from the dye-loaded PBS and washed through clean PBS
and imaged. The amplitude of the voltage pulses was 0 and 5.75 V for the control and

30 delivery experiments, respectively. To assay cell viability, after the electroporation, cells
were incubated in EthD-1 for 20 minutes at room temperature and imaged fluorescently.
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Example 2: Plating cells on a NWarray HEK293 cells or fibroblasts between
80- 100% confl uent were renoved fromculture flasks by a five mnute trypsin
t r eat mentwoAbt20s0s3uenchi ng the enzyme with 10cul t ure nedcajustée/oszmshé s wer e
re-suspended to a concentration of 1 mllion cells/nL. Next, 200 iut of the
cell suspension was added to each well of a 48 well cell culture plate
containing a silicon substrate with vertically etched NW prepared in
Exanple 1. The cell cultyre plate wa | aced in an jncubator. (5% CO2, 90%
relati ve&ﬁl&ﬁwﬁww@mwleeér adgbpithoeEes %gnﬁtﬁi:glsalmpaﬁ%ﬂom_wem SRR onal
medi a "Vaﬁor@géj%fg’w ﬁoﬁ@huél%iazrr%&%i?ceﬁée cﬂtéacQ@tﬁlb-Qr‘tﬁJiin? REHRAL BNA L TReganpl es

wer e i maged. shown in a, a human fibroblast cell was attached to
t he substdlatveraneinégk sattad wind asmpared abthe totel hymopictlés donatedivia was

penetrated by numerous.NWs. Exanple 3: Ml ecular delivery via NW
el ectropﬁ?%ﬁc?% C%%Ugﬁ%ﬁ]én%he net hod described above, HEK293 cells were

pl atsed and cuht yli®sh RLEKIG. 2, thisd NWOgle&kipdtdtidh endthddexhifiteld Galrbaterahghed NS
prepared in Exanple 1. NWelectrodes were grounded by form n%tza backsi de

el ect ri cAl%ebmigney in delivesy alipsremarae-impPoMRbIgedye (stleqiplint HEKEAR cells |
| t . t f ' f N PBS
cont ai ni R AR RO B B0 200 VLAY OMePARBR AR Erel AN RIS AR e

25el ect r NéesviBGateladd @duld e @1dBSp@bRUrefRatedBnif abeyary.he NW substrate. A
bi phasi ¢ 100 Hz square wave voltage train was applied between the counter
el ectrode and the NWsubstrate for 0.4 seconds, after 30 seconds the

volihage i Thi substrate was renoved
1029 E%aﬂhé!ﬁ‘ﬁ@g%tg?c&ﬁ@ﬁ gpléldbm\édslﬁﬁe%-a? 1%%"3% N QEcthdis

fromthe PBS an rough clean PBS and i maged. The
anpl i tude of Aherrapbf SgEWaUses livassubstaatd was Taméd fvor sevbial Bibography,and
30del i very, experiments, respectively. To assay cell viability, after the

el ect ropﬁ%l%ﬂlg’cﬂ’il,d BPYidon steps.

First an etch mask was defined via electron beam lithography (EBL). The silicon
on insulator wafer was coated with XR-1541 6% solids negative E-beam resist (Dow

15 Corning) at 2000 RPM to produce a layer of resist approximately 200 nm thick. The
wafer was then baked for 2 minutes at 225 °C before electron beam exposure. The Raith-
150 EBL tool was used to define 100 nm diameter circles at the locations desired for NW
formation. After exposure at a dose of 1000 uC/cm” the wafer was baked again at 225 °C
for 4 minutes. The pattern was then developed for 15 seconds in 25%

20 Tetramethylammonium hydroxide (TMAH). The resist left behind after developing acted
as a hard mask for the subsequent etch process. An inductively-coupled plasma (ICP) of
HBr:0, was applied for 10 minutes in an ICP-RIE system (SURFACE TECHNOLOGY
SYSTEMS) to afford an array of Si NWs (average length: 1000 nm; average diameter:
150 nm; density: 0.5 wire/um?). The resist mask was then removed by dipping the wafer

25 in 49% hydrofluoric acid. The NWs were then insulated using low pressure chemical
vapor deposition (LPCVD) of SiO; at 800 °C. To remove the SiO; at the NW tips, S1818
photoresist (Microchem) was spun at 3000 RPM and then stripped back using an O,
plasma (Unaxis RIE) to leave a 500 nm film on the Si substrate. The tips of the NWs
which protrude above this layer were then etched (STS ICP-RIE) using a CF,4 plasma to

30 remove the Si0; covering the tip. The device was then treated with a 1-min O, plasma

descum followed by a 10-second dip in buffered oxide etch (BOE) 5:1. The substrate
11



were incubated in EthD-1 for 20 mnutes at roomtenperature and i naged
fluorescently. Cells whose nenbranes had not recovered fromthe

el ect r opowatznmsessiwer e ot herwi se porous show strong nuelcears2diiosmseence
due to EthD-1 biding to nuclear DNA. These cells were counted as dead, and
conpared to the total nunber of cells counted via Hoescht nuclear |abeling.
5As shown in FIG 2, this NWelectroporation nethod exhibited a greater

than 97% efficiency.in delivery of a menbrane-jnperneabl e dye (cal cein)
into HEK%_%thee?lqa_Qeimo AHRE] PO OYEr AP BEBRRE L siAh 45FTRor eover
celI's repahnedpyiad! anatQisWis thNWEUBREH #6884 KR cikereheed pepor at ed
repeatedly if necessary. 10Exanple 4: Fabrication of

| ndi vi du@VlicyoGebdr)es 80BC dcaNilveethe atetad digsr only at thalNWrtipgy of Si NW on a
silicon substrate was f d via. several lithography, etching, and

deposi ti on ot Gpguake the NWF?TE@ Odaﬁméi_wdﬁuﬁasaédwa%a% o FeRERa g dEhBn beam
| i togr aﬁ?&iﬁérr(eﬁ%)spinéﬁgg §1§1'8$%to95&i§60 @@I‘iﬂfé&f%hl)%ftﬁé w%.‘ﬁg aCRV0GRW Wk eKR- 1541

6% sol i ds negati've E-beamresist (Dow 15Corning) at 2000 RPMto produce a
| ayer of bakesd the vaybgrfoxi mateb yt PIBC( RV hortket liflivesraphfyevaswasd tohexposratked for 2

m nutes at, 225 C before el ectron beam exposyre., The i thl150 EBL tqol was
used to HEIAMECHEE i Ep e OF CTIRET B oAp ot Hen Bt onars ads e S w
for mat i ofvicR§dhBh) EXRORM iRk rc%lTsﬂ 0§6eP]s AN} (¢ EREE %&%lid@@(fs%? YR lkaked

again at 225 C for 4 m nutes. e pattern was then devel oped for 15 seconds
i n 25% 29ibetratameinp ylGiwbhi plasrhy dAGxi siepimg/id)resiSihveith Reingyer|PéT, tthdoehi nd aft er

devel opi ng acted as .a,h sk t he subsequent ,etch pr S. An

oot P Bty S Ses REhd oPREs! SkoLing SOREE SR aPLileBIRER N nutes i an
| CP- Rl E gyttt NdREAGH) TEGHNG Q&Y ISNSEEMS), 20 riabhfighab: abdaverdf Si NS
(average length: 1000 nm average dianmeter: 150 nm density: 0.5 wire/gnR).

The resi etpopessicovsthe ABNs.ras eollead by 0. dinpipiaress ferccoptcbpads5iAiten9% hydr of | uori ¢
acid. Th t I Sj Q r e e a
oposi ¢ 1 S LTBEShERED: LG AN S BB G TSRO o

S1818 phpiicasesibiSkas(i¥mok et ieieapmizd 3pd fheadonBP0R cRNVa A weheskpobdd gided back

using an 02 plasma (Unaxis RIE) to |leave ,a 500 nmfilmon the Si substrate.
Thd5ti psderlopae NsT fHPRIRE Hhcotita dethgprorpgionpusing BEHs Silet Bt kEavet ched (STS

L 2 AR oS e S 2 cover g the [ip. he
Example 5: Tonic current injected via electroporation
HEK293 cells were plated and cultured atop a silicon substrate with an

20 individually-addressable set of vertical NWs prepared in Example 4. Transmembrane
currents were measured by performing conventional patch clamp measurements in
voltage clamp mode while a voltage pulse was applied to the NW electrodes
(approximately 0.5 cm away from an Ag/AgCl electrode in the extracellular solution).
As shown in FIG.3, an external voltage waveform having an amplitude as low as 5.5V

25 creates ionic current through a permeabilized cell membrane.

Example 6: Site-specific biomolecule delivery
HEK293 cells were plated and cultured atop a silicon substrate with an
individually-addressable set of vertical NWs prepared in Example 4. Cell specific
30 delivery was achieved following a voltage stimulus similar to FIG. 3 with an amplitude

of 4.5 V. The extra cellular solution was PBS containing 1 mg/mL of membrane
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descum fol l omed by a 10-second dip in buffered oxide etch (BOE) 5:1. The
substrate was then | oaded into a thernmal evaporator where 70nm of

evapor at esorsizmngossm el ectron beam evaporator. The resi srcras2athameds ssol ved
for several hours using Renover PG (M croChem) at 80 C | eaving the netal

| ayer only at the NWtips. To make the NWel ectrodes individually
addressabl e, electrode tracts were then 5 patterned by spinning S1818

phot oresj st (M cr.oche n e er at 3000 PRM  After baking the wafer
for 1 ni FRRCENGENT (8T fgnfﬁyec%ﬂqxag%-i%ﬁ%fgtﬁsﬁwg\ml%é%ceﬂlé Ny Baine

regi ons betuweeanc£lR6JHEES befbhenfraReRd ihRgingt AV NBIFIdeyel aped anay
using M~-319 (M crochen). The remaining resSist served as a mask for ICP-RIE

et chi ng gEBncaft fluheesQint dubwhs dtleyermlitngn anddaEeal SHEK P asteatopMit er st ri ppi ng
th ist.wth R P he .1 trat . t i.th 100 f Al 203
usi ng. ot OHNE SR o ATty Calily Fe KERBTEehyC B8 P RYEBT act

| it gogr aphy, 20 m cron-di aneter areas were exposed around the NW, as well
as 1 x 0.5 mm areas for contact pads. After devel opnent, the Al 203 in these

regi ons was renoved using TransEtch (Transene). The photoresi st was renoved
and reapplied and the cont act OTEFROBMBLIIAEENESe exposed and 15devel oped.
n

After stripping the 5102 in these regi ons usi CE 5:1, Pt |ayer was
evapor at ed asAﬁé)lfg}eet%%tHEFstdl%Eoﬁﬁ%fnpti‘&sﬂ’g‘ilﬁ&?é’é)né’?arﬁffp‘é’&?b%éﬁﬁ% 5. lonic
current iohsichiRfh. Wadh elaeet URRRKA! InQRisHFKZAR toR Inhay atFlaBl@syesh and cul tured
atop a silicon substrate with an 20i ndi vi dual | y-addr essabl € set of vertical

NV pr epatahtiva f@staepbeying thf sans eeniyrkzne ocsinmlenpspess. e neasur ed by

per.form ng conyventi.onal pat.ch, cl measur ts j.n,voltage cla de
whi'le a vol t abR b ES GRE Y sy Ve ciai et psinssd (Sl s Ty o. 5
cm avay §ff Dpendtic Ae1AGEL @l Aehtr RWanildd fédigregxt racel lul ar sol ution). As shown
in FIG 3, an external voltage waveform having an anplitude as low as 5.5 V

25cr eat es i onfiontthenbore dasemariign. anpekilhskipithe seerrceasily psetsriatks csssadinpl e 6:
Si te-spegl iRkl Sfttrﬁg g%ee‘i%ﬂﬁy'e}éﬁ&x A Ao fpaftinSfin HlALRf A8 despdl t ur ed

atop a silicon su
thereof, can make various changes and modifications of the invention to adapt it to
15 various usages and conditions. Thus, other embodiments are also within the scope of the

following claims.
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i ndi vi dual | y- addressabl e set of vertical NW prepared in Exanple 4. Cel
specific 30delivery was achieved following a voltage stinmulus simlar to
FIG 3 wiwb ar/@ogsiii t ude of 4.5 V. The extra cellul ar seCwitisen 108346BS
containing 1 ng/ mL of nenbrane inperneant fluorescent dye (al exa 647).
After the voltage pulse the cells were washed several tines through PBS

before fluorescence imaging. As shown in FIG 4, a cell inperneant
fluoresc [vered to an individual HEK293 cell atop an

i ndi vi dug{ﬁ@dﬁgygjy&ﬁ ‘'set of vertical NW after the application of a
vol tage waveform 5 OTHER EMBODI MENTS Al'l of the features disclosed

in this specificat\QRolB@MaRRIiCOYIORE chMpAfi¥gconbi nation. Each feature
disclosed in this specification nay be replaced by an alternative feature

serving the sapdstrelglieviatersurfagy, agd mi | ar pur pose. 10Thus, unl ess expressly
stated otherw s ach feature disclosed is only an exanple of a generic
series of equ‘fi1 efiliraeh‘r%] Oglrlan iwﬁrielsgtrtacfhgé%ouﬁiggmfgce’ From t he above descri ption,

one ski | Whékelntht Bebsatie iSaBcteidslly sondaedrct aidtht hen®eisanid¢ adatehaitiaed eri stics
of the present invention, and w thout departing fromthe spirit and scope
t her eof , clegHcHtke@ndastivédaeyehanges and nodi fications of the invention to
adapt it to 15various usages and conditions. Thus, other enbodi nents are
also within the scope of the follow ng clains.

2. The device of claim 1, wherein each of the nanowires is attached to the

surface along a substantially vertical direction to the surface.

3. The device of claim 1, wherein each of the nanowires is formed of a
semiconductor, a compound semiconductor, a metal oxide, a metal, carbon, boron nitride,

or a combination thereof.
4, The device of claim 3, wherein the semiconductor is silicon.

5. The device of claim 1, wherein each of the nanowires is 20-10,000 nm in

height and 10-500 nm in diameter.

6. The device of claim 5, wherein the height is 100-5,000 nm and the

diameter is 50-250 nm.

7. The device of claim 6, wherein the height is 800-1,200 nm and the

diameter is 70-180 nm.
8. The device of claim 1, wherein the electrically conductive layer is formed

of a metal, a metal oxide, a semiconductor, a compound semicoductor, a metal nitride, or

combination thereof.

14



VWHAT IS CLAI MED | S: 1. A nol ecular delivery device conprising: a
substrate having a surface, and a plurality of nanowres attached to the
surface; wbeaneyososshe substrate is electrically conducti peT/tsaa10b3546

nanowi res are coated with an electrically conductive | ayer. 2. The
device of claim1l, wherein each of the nanowires is attached to the surface
al ong a substantially vertical direction to the surface. 3. The

devi ce of cl aj n11 rein each of the nanowires.js forned.of a

sem conduct orb %ﬁ’r’ﬁ?%f ”610]nd\’.5]8feé?ﬂl éi%%fya‘?ft SMHOWILES it al , car bon,
boron ni§pkde. QF. a conblnatlon t her eof 4. The devi ce of clain13,
wherei n the sél conductor is silicon. 5. The device of claiml,
wherei n each of the nanowi res i s 20- 10 000 nmin height and 10-500 nmin

di aneter. The device of claim5b, wherein the height is 100-5, 000
nm and t he dlgﬁeteTh?gﬁ@W?Qﬁﬂyq%ﬁ‘Whﬂen“h?dﬁ¢ﬁ§”égﬁiéénbf claim6, wherein
the height is 800-1,200 nmand the dianeter is 70-180 nm 8. The
device of claim1l, wherein the electrically conductive layer is forned of a
metal, a netall.oxi Uk dévicast ckomdils tdereithe depatyrid 09emeoduct or, a net al

nitride, or conbination thereof WO 2012/ 050881PCT/ US2011/ 053646 9.
The device of claiml, wherein the density of the nanowires is 0.05-10
i: m g 120- INfetlSY bEG1RE S 2B RuIB & 8l b B afandhdp¥islng: 0- 15

providing a substrate having a surface and a plurality of nanowires attached to the
surface, wherein both the substrate and nanowires are electrically conductive;

contacting the nanowires with the cell to allow penetration of one or more
nanowires into the cell, wherein the cell is immersed in a bath solution containing the
molecule; and

applying a current or voltage waveform between the substrate and an electrode in
the bath solution, whereby the molecule enters into the cell through transiently formed

pores on cell membrane.

13. The method of claim 12, wherein the nanowires are coated with an

electrically conductive layer.

14, The method of claim 12, wherein the molecule is a DNA, a RNA, a

protein, a polysaccharide, or a small molecule.

15.  The method of claim 12, wherein the cell is a prokaryotic cell or a

cukaryotic cell.

16.  The method of claim 15, wherein the cukaryotic cell is a primary cell, a

transformed cell, or a cancerous cell.

15



11. The device of claim 10, wherein the density is 0.2-2 1lim2. 12.
A nethod of delivering a nolecule to a cell, the nmethod conpri sing:

provi di ngve 2e12hs088at e having a surface and a plurality eCTnsrawiosissge
attached to the surface, wherein both the substrate and nanowires are

el ectrically conductive; contacting the nanowires with the cell to
all ow penetration of one or nore nanowires into the cell, wherein the cel

is imrersed in a bath solyti.on. contajning, the nolecule;, and appl yi ng
a current or g@ltagéeﬁﬁ&@HBf aHEﬁ&E@ creindhe pRRARACH I5AGCYALE ectrode in the

bat h sol gt ast WEsE M1, bRy JleEb Qe M aSritrBb1ast HRerbBhdcytd) b Mt cyte, _
transiently formed porés on cell menbrane. 13. Thé nethod of claim

12, wher & mmiee eedinawicmesllapeancamtyted with an el ectrically conductive | ayer.
14. The method of claim 12, wherein the nolecule is a DNA, a RNA, a

protein, a polysaccharide, or a small nol ecul e. 15. The met hod of
claim12, whergi n Themesbl off &lagn PD OkREYBLthE akiflitud©bf the Sk NOAcEorgE! | -

16. The met hod of claim 15, wherein the eukaryotic cell is a primary cell,
a transfrked0del |, or a cancerous cell. WD 2012/050881PCT/ US2011/ 053646
17. The method of claim 16, wherein the primary cell is a neuron, a
neur obl ast, a beta cell, a nyocyte, an osteoblast, a fibroblast, a

kerotinocyte, 14 nombekcthod afi claimmBewb@tin th@ampkinde sl 3-7 Vor an oocyt e.
18. The method of claim 12, wherein the anplitude of the voltage waveform

is 0.1-10 V. 19. The nmethod of claim18, wherein the anplitude is
3-7 V. 280 FREnTBLAH cffm §bA LS thihepEbe Ihec P! i tude is 4-6 V.
21. A method of delivering a molecule to a cell, the method comprising;:

providing a substrate having a surface and a plurality of electrically conductive
nanowires, cach of which has a first end and a second end, wherein the substrate and each
of the nanowires are coated with an electrically insulating layer except for the first and
second ends of each of the nanowires, the first end is attached to the surface, and the
second end is coated with an electrically conductive layer;

contacting the nanowires with the cell immersed in a bath solution containing the
molecule to allow penetration of one or more nanowires into the cell; and

applying a current or voltage waveform between two electrodes, one connected to
the first end of each of the nanowires and the other placed in the bath solution, whereby

the molecule enters into the cell through transiently formed pores on cell membrane.

22. The method of claim 21, wherein the molecule is a DNA, a RNA, a

protein, a polysaccharide, or a small molecule.

23.  The method of claim 21, wherein the cell is a prokaryotic cell or a

cukaryotic cell.
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21. A nethod of delivering a nolecule to a cell, the nethod conprising:
providing a substrate having a surface and a plurality of electrically
conduct i weonarsosses, each of which has a first end andraTascandssae,
wherein the substrate and each of the nanowires are coated with an
electrically insulating |layer except for the first and second ends of each
of the nanomﬁres the first end is attached to the surface, and the second

end is coated n el egt |caII conduc | ayer . _contacting the
nanow res. vi t P theT o9 SEn 2 nwlaerslatth a@fqﬂar?e@b%%ﬁli“i‘??‘ﬁ’g“ﬂh% mol ecul e
to all ow RRASHALERbrafcafR€o@ celOr € nanowires into the cell; and

appl ying a current or voltage waveform between two electrodes one
connected to the first end of each of the nanowires and the ot her pl aced in

t he bath sol ution, whereb ters intg.the cell through
transiently f $ dTB%Wﬁglgﬁ& @FﬂghéWE gﬂep”n““ycagésa?ﬂgoﬁé{hod of clalm
21, wher gluotilhe, Imdteesl @rhy?oc eDMPost@otﬁﬁ%,a forpbladteh ReroBndit9tey 8 desilday or a
smal | nol ecul e. 23.” The nethod of claim 21, wherein the cell’ |s a

pr okar yo#1 dngend cedly a steavdedly 9loan @ocytsl | . WO 2012/ 050881PCT/ US2011/ 053646

24. The nethod of claim 23, wherein the eukaryotic cell is a primary cell,
a transfornmed cell, or a cancerous cell. 25. The nethod of claim 23,
wher ei n the pzé.mar Yhe€gkethol $f alafie @l ORherainnken@pliagé of the Bolt@zcoedlefortn nyocyt e,
an osteobl ast, a fibroblast, a kerotinocyte, a nonocyte, an imrune cell, a
stem cel 80-510 X oocyte. 26. The method of claim21, wherein the
anplitude of the voltage waveformis 0.1-10 V. 27. The net hod of
claim 26, wherein the anplitude is 3-7 V. 28. The nmethod of claim
27, wherein the anphé tnuthedio chird 2¥, wherein the amplitude is 3-7 V.

28. The method of claim 27, wherein the amplitude is 4-6 V.
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