A Menristor Conprising a Protein and a Met hod of Manufacturing
Thereof Cross-Reference To Rel ated Application [0001] This

applicati J.eference to and clains the benefit i Qr of
an appl i c%%@gﬁé?ﬁ"l\ﬂemi st or Nanodevi ces Based on Pr OPéTIRéiO?;IMIOgGa on
Cct ober 15, 2010, with the United States Patent and Tradermark O fice,
and there duly assigned serial nunber 61/393,523. The content of said
application filed on Cctober 15, 2010, is incorporated herein by
reference for all purposes, including an incorporation of any el enment
or part of thdlemigtey %?‘F‘Bﬂ?mgP&’F?F@'W%WW&@W“W’&M{%FTH‘& ein
and referred to in Rule 20.5(a) of the PCT, pursuant to Rule 4.18 of
the PCT. Technical Field [0002] Various enbodinents relate to the
field of menvistors, in Qrass-ReferencehoRalatedApplicationi si ng pr ot ei ns.
Background [0003] Menristor is regarded as the fourth fundanental
two-termnal circuit elenent follow ng resistor, capacitor, and

i nduct or . [0001]hHss applicaddne thakescreéeasnica do rand edaimh thabemedis tof powiingof eni t s
pot enti al ' ' e raf.i - Vo .

br ogr amraBitbeiisft Mohfy o dRAGs Bk Lo PRl T BP8uuobd i b0l o
st at e) andithahe Undted tStatasePadnntaed (Tohdentackt €)ffiay; end abdre zlaly assigned serial

menristive, Wi re,seen t ave a w de use.in el Loni,¢ | stry
in futur epﬂrv}%{erri@@sﬁl‘?g?'efﬁ%lcg? erguoﬁsaéds aﬂéfcgﬁm%)f(i;le@egn gﬁrjcttoc?ﬁléllgbggﬂ#d%s,
anor phousinsbipbiaed leteid dy referenag dorpal]l pumbsespihichuding amaimoppotaiicd ef ahgve
been enpl gyed. Menrisiive devices are,bein evel o f.or | i gation
h hanool SHEFS ket { et S P ragIres ned AR BSren AR BTNt or
ar chi t ect wrrade 20-s(weofelic PCTR pufsant b Rulaudgiofitts POT. expl oi t ati on of

mentri stor nanodevi ces have not been reported so far. Natural

bi omat eri al s have nuch better bioconpatibility than all of the
artificially synthesized nateri alrgchnida€FRIdr e, bi omateri al - based
nanodevi ces can be used in designing 1 nore conplex and functi onal
nanocircuits for bionedi cal and bi odi agnostic applications. 100051 It
has been @emNeidoat embsdimbnts QiiRe Batherfld Bf REMKBSss, RSHRGIudr InYeriritors
redox proteins, can also be used as electronic materials to obtain
sol i d- st atWRISWEPFVHIY r ansport junctions. 100061 Nanogaps can be
generated using On-Wre Lithography (OAL), which is based on

el ectrochem cal deposition of nultisegnented nanorods and sel ective
chenical etching of sacrificial sBadgmeuwnd sing ON, the width of the
nanogaps generated can be tuned fromabout a few mcronmeters to about
2 nm

[0003] Memristor is regarded as the fourth fundamental two-terminal circuit element
following resistor, capacitor, and inductor. It has attracted increasing research interest,
owing to its potential application in next generation memory storage.

[0004] Programmable conductivity switches between high resistance state (OFF state)
and low resistance state (ON state) are realized as memuristive, which are seen to have a
wide use in electronic industry in future. Various materials, such as metal oxides or
chalcogenides, amorphous silicon or carbon, and polymer-modified nanoparticles have
been employed. Memristive devices are being developed for application in nanoelectrornic
memories, computer logic, and neuromorphic computer architectures. However, natural
biomaterials in exploitation of memristor nanodevices have not been reported so far.
Natural biomaterials have much better biocompatibility than all of the artificially

synthesized materials. Therefore, biomaterial-based nanodevices can be used in designing
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00071 Protein transport junctions can be assenbled w thin nanogaps to
explore new suitable biomaterials for nmenory storage in electronic

i ndustry { epppor aneousl y under stand t he natural t of
vari ous rgﬂg%}l%ﬁ%?;egp 100081 Ferritin, the main int rggg’g%q@?&?(flon
storage protein which i s enpl oyed as a bi onanonmaterial in materi al
science and chem stry, has been found to exhibit a very high
stability. This characteristic is due to the particular structure of
the protein, a nearlg spherical shell (-12 nm and an active center
of hydr ouBofegomplex@rfl Suchenabnaspoirpyitsfog jomedipaleand frisjagoestic pepligatiansas a
tenpl ate S Jerf | bt&ind B thé Fedbl?

factor fopmeh?]e%'? %{}%&fr%n&s lre%rq&?; gtrstgbl(rélntl ﬁ%*ﬁ?ﬁﬁ’f ngl}gmbcea gr&fym S.
In additi malsroehemisqdaa elsatmonig mhtstialnth @tmddm@tmqemmaammu@tlmﬁ 0
about 12. a

propertie dN‘JjHog{bur a | %]in@g t%lrsllla v@?e Elt Oé? %ﬂgéévﬁ‘)t ?ggglg%g e
el ectronion dadaantrommxchDGIaﬁdsnidn B nmitmglpeﬁed ofndrbés pnCE$eln¢tmencimnncad)n
to provide bi oIo i cal ry"
Stof age. baghne BhPHESHBrmARE RofE YW BF SRR U I b heBBecBruct THEBL Y o
t he | nventunehfrdB@8dit a fsw midrorh&érs asgbeat 2 nhhe present invention rel ates
to a nenr| r, conprising.two el ectricall onducting ter

bt anged PP ErOREnSomaRalf ioblorB o s Srun et MRBEn woR® 40 FOPE e

di sposed j;d‘ltablbéblcg@dtbriaﬁ foP Fri¥manPstorage ﬁramdlctmdm&pqna cont@rporMitously

bet ween the two ectrlcaldle% conducting termnals, wherein the

prot ei n i Wdetpnd eB’IaE}'“’%\‘RP’i apeot NuIRS IO RP'S et roni ¢ states such

that the @oOS}EreRithaSRs ndiR MeRQEuldrliRs sOfhgk Sproweif Wiildhad dnpleietit4ha
bet ween a_ hi gh resi stance state and. a | ow re i stance sta‘%e in

response PignaORaCEHAR Al 151REC ) Ctharg@uxa&ﬁ eep fqupdyio xRl apvgry high

el ectri Caétbﬁﬂn«}omﬂlu Chhragterdi ik Tk Ak So t}{eoﬂalﬁcluldrrbtﬁct%ﬁ,cé)ﬂ'\ﬂle%ﬁ@t@ﬁt a rarly
met hod of fab rlcatln?za menristor is prqvided. The nmethod conprises

pr epar i ngsPAcTrEh8il(ef2 BEhPutianyaey Vo etUR R hydisuefeds preaminpra ahager ng

term nal stpha8dn ¢hs 99§§.eﬁ§hs% t%ﬁﬁaﬁ‘:‘ f0r sﬂnﬁess@ ogﬂﬂmtpgmf:es While B{elofd R-thased
transport junctlon bet ween th two el ectrical cond UCtln(g termnals

wher ei n t ks fpsten fer ﬁeqt@nrt@vgﬁrsqftfplvnsm ?léﬁ%h@“%%éﬂs ipeddaors fertin ¢
states sugh Jififand QEHI%%E:?Q flork a6&RH 21078 AERR" 5. OJaH&‘ﬁfghQélnﬁe'?at&‘émBoﬁlk‘S@d

to switch between a high resistance state and a | ow resi stance state
in respon¥e %%a@h@ﬁgéagenu%pmerveﬁ phaaagysg)| hiematerdal g is e beyysed to

el ectricapl ca@@g&%ﬁlhggﬂ{_@%r mnals. Brief Description of the Drawinlis
[0012] In the drawi ngs, [Ii ke reference characters generally refer to
t he sane (98021dt tsnn@hghmftthq presegii inventiontto proxids a bipraclasudabaseds mamastant
necessari i t A6

illustrat %hﬁa&r@hﬁﬁﬁ Fillci&ﬁ[pT es ofSS tdtr%% iﬁaﬁgde%tﬁ P@%%%cxmgﬁ‘}ér}goﬁ 0 %SJJQW
descri pt i sleasevari ous enbodi nents of the invention are described with
reference to the follow ng drawi ngs, in which:

Summary of the Invention

[0010] In a first aspect, the present invention relates to a memristor comin‘ising two
electrically conducting terminals arranged with a nanometer-scaled gap therebetween,
and a protein disposed in the gap to form a protein-based transport junction between the
two electrically conducting terminals, wherein the protein is reversibly switchable
between two electronic states such that the protein-based transport junction is configured

to switch between a high resistance state and a low resistance state in response to a
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[0013] Figure 1 shows a schematic bl ock diagram of a nenristor,
according to various enbodinents; [0014] Figure 2 shows a schematic
bl ock di a nenristor accordlng to various. enb

[ 0015] gﬂfg]g%ﬁﬁ%ws a schematic bl ock di agram of a Bgﬁggﬂﬁﬁmmmu
fabricatlng the nenristor, according to various enbodi nents; [0016]
Figure 4 shows (a) SEM inage of a device prepared with an
OAL-fabricated wire with a -12 run gap; (b) its expanded view as

encl osed by the marked rectangul ar area; (c) a scheme of the
fabri cati 6Range inbigs woliage apphiedpsessithe toneleeBcally sondustng tgymigaleheni cal

represent @_dﬂpmoi sebOIfR1 dsﬂéc? ra%éth%ofkﬁﬁlwaaﬁﬁ'g AthefMiof ?sr]frb@lﬂé‘a ITRY RledioRO @

link O N= and a catal yst, in accordance to vari ous
enbodi mentemprisey QOIPALng| %gma@olﬁet@fﬁo@lsd rgapr behwpana iy eelgetrioglly conducting

charact er &éﬁ%nggéﬁraf didolitl Mo @RNR Y £ @38 9@%&9 30 AhiRh Basdb! v

of ferritin er vacu I n acco
vari ous ehttpdemthet syvo electrically conducting terminals, wherein the protein is reversibly

switchable between two electronic states such that the protein-based transport junction is
configured to switch between a high resistance state and a low resistance state in response

to a change in bias voltage'applied across the two electrically conducting terminals.

Brief Description of the Drawings

[0012] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference
to the following drawings, in which:

[0013] Figure 1 shows a schematic block diagram of a memristor, according to various
embodiments;

[0014]} Figure 2 shows a schematic block diagram of a memristor, according to various
embodiments;

[0015] Figure 3 shows a schematic block diagram of a method of fabricating the
mermristor, according to various embodiments;

[0016] Figure 4 shows (a) SEM image of a device prepared with an OWL-fabricated wire
with a ~12 nm gap; (b) its expanded view as enclosed by the marked rectangular area; (c)
a scheme of the fabrication of the ferritin-based ~12nm device; and (d) a chemical

representation of the interaction between Au and ferritin involving a link

/
N

0 ~ N\

HS/\)LOH N=C=N

and a catalyst , In accordance to wvarious

embodiments;



100181 Figures 6a to 6d shows The current-voltage characteristics for
four different about 12 nm gap devices |oaded with ferritin (neasured

in vacuu I rdance to various enbodi nents; [001 Laur

shows cup}ﬁ%%ﬂ%@éﬁ nse of a ferritin-based nanogap dev?bggbgﬁﬁﬁ%gﬂed
bi ases during the tests of wite-read-erase cycle (1 V for witing,
0.6 V for reading, and -1 V for erasing), in accordance to various-
enbodi nents; [0020] Figure 8a shows representative /- V

characteristics of apoferritin-nodified -12nm OAL-generated gaps
bef or e and0®f7l Eigurec ghews irenaesersptivef/-§ elhamctasisécs(ef cd Ainm &K WE-gensrated pass

under vac |As| anof Fol I L&y Burh P i el
enbodinen#%?QT%%§T%QE|guJgBg%hgEﬁggﬁﬁ%éaﬁtﬂ?%giﬁggpgﬁl-ggherg?g ©
nanogaps Wefasioss emebdahendy; assenbly of apoferritin, in accordance to
various e i - 10 i £ Ientevol.

char act er (AL EEpis? o Sl iyt Ak et NN Ao I ol AR sboue
(measur ed 12 mnagap)devices badsirwighnfeeritino(measuralis ewinoa), remtcsrdafdeA@ Idrious
Figure 10 §$Q§s t he current-voltage characteristics for about 12 nm
gap devi cEMPEUHEY Wi th apoferritin before and after added with iron
ion (neasyscdd] Figuial shows, cur@nia@ghstaol @ férfitin-bdaded utinegap aldvioe né applizad
100241 Figure 11 shows /-. V. responses of ritin- i,f.ed the -12 nm
nanogap { SPRCUTRE R ER TiF-GREPBNEIS b Yoot it 00 Y 7 SEBRAY t o
vari ous enbfdem®ngsin abRirdinted oG R eidbiiant00251 The fol | owi ng
detailed description refers to the onpanyij ng.draw ngs t ow,
by way of ?qzﬁﬂtdgvra?@r’éﬁf,’ww%ﬁwaewa EVAHRRRER oS A ok %H?—&@%ﬁ%ﬁwt he
i nvent i on GVR-ghRrddéPdpk Gefbre AR SRBRMINIRA LT idh QoSS fOLH five times
sufficient detail to enable those skilled in the art tgo practice the

i nvent i onYndy KEuugyinsdr araferatingliellpdn arcprdanesdo yarpus embediesls:  and
| ogi cal cm%ﬁpﬁgﬁ@ysmhwe_mmww @w%ehagtearmg@s befPeandf aftde
e

i nvention. vari qus enbodi nents are not necessarily nutually
excl usi ve 2ssgably GhapolerHtiny ipasrpaiapesio parias spbeti@entst h one or nore ot her

embodi ”Em[tﬁJzﬁ]OFiEB’érﬂ S\Ws4he current-voltage characteristics for about 12 nm gap device
loaded with ferritin (measured in air), in accordance to various embodiments;
[0023] Figure 10 shows the current-voltage characteristics for about 12 nm gap device
loaded with apoferritin before and after added with iron ion (measured in vacuum), in
accordance to various embodiments; and
[0024] Figure 11 shows I-V responses of ferritin-modifed the ~12 nm nanogap fabricated

by OWL in different temperatures, in accordance to various embodiments.

Detailed Description

[0025] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilized and
structural, and logical changes may be made without departing from the scope of the
invention. The various embodiments are not necessarily mutually exclusive, as some

embodiments can be combined with one or more other embodiments to form new
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enbodi ments. [0026] Figure 1 shows a schematic bl ock diagramof a
menristor, according to various enbodinents. In a first aspect, a
menri st or OV|ded The nmenristor 100 conpri ses
electrlcaW%gagbﬁ%hctlng termnals 102 arranged with a petRcz011000361
nanonet er -scal ed gap 104 therebetween, and a protein 106 di sposed in
the gap 104 to forma protein-based transport junction between the
two electrically conducting termnals 102, wherein the protein 106 is
reversi bly sw tchabl e between two el ectronic states such that the

pr ot ei n- ba@b@hmﬂﬁﬁsport junction is configured to switch between a

hi gh resi HRBF Figalea! §0894 £ hénga rb?o%k%ﬁ%%x?o%%e Isfor REQAME G0 Lridhs
change in bias v tage applied across the two electrically conducting
t erm nal semedlm[emslzlh] a" ey @spsitp|ay memirisioh alifP eis birpvideh Theomemaistor diddc

T T el

el ect r oni gag t04 therelewenn, mdatmotdmel%disgos‘edmthecgandlﬂﬂt fodnrm apnbt@mhased
change fromth el ec ronl C uant h irs

el et oni SURBH 4URART Ry Wk WaceltRfiea RhdtmE b 02 Bk he
exanpl e, bleeipld Birmvetdidy mc}mbhr‘rgenefenmgrcoumﬂc smlas auchitha the prbtein-

state with | owest ener .to.an excit ate (L.,e.. a state with

i oher | enB1oGY et e S S o uy Rl eR amigpesiviheS spicpl g

may c hangaesfsfaﬁdse srhieineéspohedo atchinpeivbiadh eolgie upidicd kabs thher dedsallyat ,
for exanple,, a. posi tl}%ﬂe \éol tage. The change (or swi tching) of the

st at es nafloné}@ g e [0028] "Protein", as used herein, refers to
a pol ymer [(ak7/aPR &Ry ehsitdhablk be@Mers méls&mﬁfc sk @ieaiitht thotlypeior de

chai ns. Each of the pol ypi‘?ﬁ“ de cha ns ngrthe protein may

consi sts BY thiscase 4 profsan onTﬁ‘ ogici (@54 Sdef®et ed

fromthe pabm @lbctﬂﬁﬁ%f qgmﬁmlmataqhaso a |f'|9&|cUﬁH1ﬁ|&1 gh&@amaaangé ﬂﬂinnlﬁe
val i ne, | eucipe, isoleuc phenyl al ani ne, tyr05|ne t rypt hophan,

proline, &&PRhelectioRiceGR nn@tm%)swﬁ éfg fh?eﬁmfgfla%trgmcﬁer quaniR); jtate Jus i a

gl utam c aghh coBBi%Bh U8y exhiipleNBe prafdh mmay SHARELHOR gﬂﬁgd oRieltl.onhee.
The pI’Otel n ma al so conpri se non- natural or artificial am no acids.

[0029] | nStf"Hé"l PVEsK EncEEY) (et BiGEekside Hicmdritate with Bishenreperey) whenddssed
junction” TRy GeNAL 3l rlegatw%fv%fta%eoaﬁ IQ%F éﬂaﬁge E&H ttﬁeoéﬁcitagsmttbﬁo tfhl: QWuBd

ion and el éctrons between two termnal s all owi ng or disallow ng

i ons and atmecrfhe@rbsas'ecbatp8§§xelnp1&wghosﬂméfoétbgﬂ 8¢ shangs farryitshing) efake ng
conduct i ngatuﬂ bd RpQEdid. vel y. [0030] According to various

enbodi nment s, e protein 106 may conprise a redox protein. As used
herein, alﬂﬂéﬁl Projeiot, @ﬁwsqﬁdgﬂrwefreﬁmtt@ azpopmesr @f Amingzacids shas mpy eonsit of

el cctron STt BEAtREeOP Ao PAKBpbRel AEHF Roge ft PRiciPinesd
accept or ) conists ofhlepitd 00 aminedasidspThe ariino maids ey eie sehztydréromr thanatural
oxi dor edugl A58 lr%ﬁllacld? Yﬁ"cﬁdc@? %g&g% TRlkS; Joifie pr]&tc %&Quéﬂ?ey

conprise a prdtein havin core.” Exangl e e protein
106 may bpheaellahome,dtyqumm triyghaphany prelowes seinengummrfee ﬂsplatagmp, glutamine,
transferrin Iact rri.n an (ijus?dme ure t er

S
nut ants of°F grglccf‘ oy ruéamnl%n I"oned pro ellr’t?isaj""glfl %X(Stemel %ndt gtsl}}}eé) f‘ﬁ Lﬁave
been engi mm:eﬂaytﬂsdmnaemrgﬁmmlsﬂamﬂclaﬂ ymmn acudproved r edox
propertie rotejn 106 nma bea |t| sel ected.fromthe
ot pr o AR P ciola 37 atpy PeBenS UGl absRahAgidr: My
vari ous egémeﬂily&efes to tahBarfieot @itmellingstd flova g [dom tanf Lsetrbn bemgerb éwo
configured to s fromt h resistance state 10 he | o
o0l e ancEmEah don gllosg vir (el fons, S EERF A8 PR QIPBR Sereby
acr oss th@tgbmn@é@qﬁéakﬁlglcbydua@,@w |r5@e§tﬁem nals 102. The first

predet erm ned bi as, vol tage may be about +0.7 V to about +3 V. For
exanpl e, (0830lsAgeerding oy ¥ARqUS mdﬁv% VBt tpafgj@nrrmﬁ B8y A98Wpise @, redex
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[0033] In various enbodi nents, the protein-based transport junction
may be configured to switch fromthe | ow resistance state to the high

resi stanc appl ying a second predeterm ned bi t

acr oss thgv(?é\ﬁ&gﬁo %’t rically conducting term nals 102. ?ﬁg&@éo&ifﬁ@sm
predeterm ned bias voltage is about -0.8 V to about -3 V. For

exanpl e, the second predeterm ned bias voltage is about -0.8V. [0034]
The nmernristor 100 may be configured to exhibit a resistance
hysteresis at bias voltages |ower than -0.8 V or higher than +0.7 V
when appl petpimdsorsed hereing yrsdex piotain may rsfercte gaueieinibat catalyzesdhe tranyfer

[ 0035] Thgf Bé ﬁBBronl%légﬁ%ogé Pécﬁét%n@alﬁ@@aﬂé@ 'eﬁ:[:t'r&?ddn@%'tia En?/d'ill:;eg (the

change. vari ous | ment s nmenr i st or

confi gur edmﬂ@t,paésror iled eleqrtmmcc@ttm}a@pacxwlfby rednyl irotaig raay esadti engyme
vol tage agross;the tmo el ectrically conducting termnals 102 and
obtaining a current value in the high resistance state or in the | ow
resi st anc{il0§1]alhevana'1hveemlmddnam@, ﬂmlpragm lr@ﬁyndye:oaipuast a pfhtén Yaving aletal
-0.7 V. For.,exanple adl abo +0. 6 V. ]
In Fi gure®%9° JlFi TR er?b°5d el Yr S rﬁ‘gFrnr i s? §TOUR GBRsite 24
further céogtid, &Qnsi'erﬁu,li)lscttbﬁfrhl 26Da nﬁ)ﬂumhhﬂbbﬂ Absotingiuded aed muaats on said

conducti ng. t er m hal 102 d.. The substrate 200 be
e ot | it s e, HBR FaLhaF Sr LGRS © Pivas Haher
suL face, aglgg@h&mngaived Aalbk %prdéﬁftleﬂxﬂ'lfmmt,emqlﬂ[ﬁ(r)ﬁagyé also %b asteritihhselected
substrate de .o I Oor The two

el ectri caf}PVﬂE‘gﬁE}Ub’? PRER g‘ft?ﬂaﬁ%‘?“éwfggéﬁéggbe made] of any chenically
stabl e anfbogl]mj&t@fdm/getonﬁhaﬁ§emﬂdduﬁﬁﬁd mp@ﬁhgﬁuséHBﬁar&poreﬁmbn@f mkjBe t WO
electrically conducting ter | s, 102 may be nmade of a rial

sel ect ed FYGRERL Hritsh %"’E‘bﬁ'f ireristagee 36%0 g‘ﬂﬁ‘j“’ IeSHBRS %ﬁ? Fbﬁlaplwns

pl atinum § sk prédbﬁaﬁﬂhéHTblﬁsT banageaéﬂogsdma wé Bﬁbmcm}! &ﬁau&tﬁg)temﬁ&mom
(Cu), alunm num ( gsten an all (%)/tpt ereof. In a further

enbodi menthe fﬁrﬁreprf%er@}r@e Pﬁ&%ﬁaﬂﬁ/ﬂ%HﬁMFﬁW #PoREIE Y02 may be made

of the Saﬁ@reﬂﬁﬁﬁé'tﬁé ﬁrs{ eé’éﬂé?ﬁxlﬂfeﬂ bBIRORHERMY be b 407 ¢l ectrical |y
conducting term nals be nmade o ferent materials.
8)033] In various embodlments the protem—based transport junction may be configured

to switch from the low resistance state to the high resistance state by applying a second
predetermined bias voltage across the two electrically conducting terminals 102. The
second predetermined bias voltage is about -0.8 V to about -3 V.

For example, the second predetermined bias voltage is about -0.8V.

[0034] The memristor 100 may be configured to exhibit a resistance hysteresis at bias
voltages lower than -0.8 V or higher than +0.7 V when applied across the two electrically
conducting terminals 102.

[0035] The memristor 100 may express a non-volatile resistance change.

[0036] In various embodiments, the memristor 100 may be configured to perform a
reading operation by applying a reading voltage across the two electrically conducting
terminals 102 and obtaining a current value in the high resistance state or in the low
resistance state. The reading voltage may be about +0.6 V to about -0.7 V. For example,
the reading voltage may be about +0.6 V.

[0037] In Figure 2, various embodiments provide the memristor 100 may further

comprise a substrate 200, on which the two electrically conducting terminals 102 are
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10039] In the context of various enbodi ments, the term "gap" may
generally refer to a space or spacing | ocated between two term nals.
Such a sp .0e physically described as a volune b ast
by the arg@g”ﬁ?*?ﬁ% respective termnal surfaces in mhgﬁggggnﬁg?kﬁ

t hereof . Dependi ng on the geonetry of the gap 104 , the length
measured across one termnal surface to the other termnal surface
may be referred to as the wdth of the gap 104 or interchangably
referred to as the average width. [0040]_ 1n various enbodi nents, the
gap 104 ndipratadeThe ayhste 00BN be amae o 28 eritliovR the-gropestisrnte,

the gap 1QdniaBoh, TRY Surficd) £l Rh&hicADRL, b2 eLMplel Wuﬁrt%ﬂ%lﬁss@ﬁ‘hé BebsaaR
104 may be anenable to the assenbly of protein nolecules across such

gaps. Mor édvmey bymaderof SierSisydtem a protei n-based singl e-rod
nanodevi C?]O@ﬁﬁ”rmcabﬁﬂﬁﬂy_cgmé&&g fhAMLE 132 SHAVEe AadCHe! gél'tﬁgxl?c!aﬁf;k

di agram of a nethod of fabricating the nenristor, accordin _
vari ous epidlleliand rmogductive anetads; dndvagiope embodimarts.hersh off thebwi cedtnirglls
nentristo ] .0V i i . &
nanoret er - Siarcy oRUAH, R ue/ ondR) d Al SOREA 36D, B ER3E R Ane
302, and di spdgAmy coropriwn €Cn), platirtuve (R} itangurh GFidn pllpdiomdPd), sbee dAg),
transportcgunc

i.on, bet weep:,t.he lLectrical ti m.nal s
50, aher AR HORAE R Dl Tui B8 bl i b B GO YpEEREE
el ectr oni thesvat dsctrialipn colnductingheenpineks €li0R - toays bel ntadarnd phe samaimaterien Ins
configured t.0o switech between i.gh,.resi.stance st at nd a | ow
oo st ancahelies et fent B Betkell EolRiNRNERBhG oA dhes e Bifde of
acr oss t héiffessat mhtexidls.i cal |y conducting termnals. 7 [0042] In
various e i ts, the.protein re as, defined ,above, 043] In
vari ous oSSt Sonost & R <PRainEmE it B Eap SHroY Gty (i he
twlo el ect sgacalol Ypaind Uhied (hetvadetll thal Rrmdals M8)cHC @ngpates .ﬁmgytﬂi bbﬁ;czl'lﬁgl a
mul ti segment .ngnostruct yre ri sing a nangneter-scal ed, sacrificia
layer f or SEertamRASAomeLevnded 2l gt bY e GERs b THATRFF Lnpispl fpigees in
t er m nal swhal8dr pﬁmue'tbeagfneba;d&agcdﬂ the @e@hethayahe t;splmzjc:t e [ngtﬂ'xixﬁ@@ﬁi‘%ht
nanostructure; there rm ng the nanoneter-scal.ed gap, bet ween, fhe
two el ect ?qrasappfytegawaﬁﬁfgﬁ‘gmﬂ% ﬁ‘g?féF@m% 9P Mgy herelrsd r?ga%mtﬁeew"fth
nul ti segnefthe gam@atof WfdrtHaRgdbB)re £ABI I A8hLIVRREE GediRM cal |y depositing
the electrically conducting materials and the sacrificial |ayer

t her ebet WY8H0li1n varions abediEncepiniie gep 104518y dwysp vadthof Sbot 2m e about

tenpl at e @yngOnpri se an anodi zed al um nunoxi de (AAO nenbrane
tenpl ate. The nmenbrane tenpl ate nmay have an averaﬂg pore size of

about 360Fefxapplo4thy 2am 1 QAmpy haveantsigth efabeyt 12 wa. Huhwidh abthaer 484
conpri se RNARQLRMAAbIE ADAR] asbdinti {8 g,rcﬁap%mlmssacr&sb%um gk Mosdolvr,

conducting materials are as_defi1ned above for the electfically
conduct i nepdeesugh pystesn, a protein-based single-rod nanodevice can be achieved.

[0041] Figure 3 shows a schematic block diagram of a method of fabricating the
memristor, according to various embodiments. In a second aspect, a method of
fabricating a memristor 300 is provided. The method 300 comprises preparing a
nanometer-scaled gap between two electrically conducting terminals 302, and disposing a
protein in the gap to form a protein-based transport junction between the two electrically
conducting terminals 304, wherein the protein is reversibly switchable between two
electronic states such that the protein-based transport junction is configured to switch
between a high resistance state and a low resistance state in response to a change in bias

voltage applied across the two electrically conducting terminals.
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100471 According to various enbodi nents, renoving the sacrificial
| ayer may be performed by etching neans. The sacrificial |ayer may be
made of ni 48] I n various enbodi nents, disposi in
in the ga (Sgdiz/gg g%rl ses mxing the two electrically c%ﬁg}égﬁl%&gﬁ
termnals arranged with the nanoneter scal ed gap therebetween with a
buffer of protein and a crosslinlcing agent for about 6 hours to
about 20 hours. The crosslinlcing agent nay be selected fromthe
functional group of carbodiimdes. The crosslinking agent may be
selected {1 g%]\ kharigysempodinisaissihe pgptedts are as defined above.
et hyl-3- (ﬁlﬂgb Rt Moﬂ%ﬁgﬁxﬁ%é) r%_ﬁ iRPdhd MirddtheldFKaled gap between the two
Nfi -di cycl ohexyl carbodiim de, di Tsopropyl carbodiimde, and a
deri vat i veleetieglkyofondueling, ter!mrnabxé%lreay FEomprissy sheihesiving ds nyulfesegment

cat al yst f n e ariﬁlgﬁ.ﬁ
and am neilzg{ o%%ﬂlrgogﬂgﬁf{ FH% %arrﬁgﬁg%te%a%?ng%cggkg?hgyﬁet 0 36% ma{ll)
further c dmptnceéler @odpiting gnatéralnfondb tamwinalse atd remeviny thel saerificdad dayer

prior to in e i e
coupl ed t% ec %u%rs %egcéar%%sg}u %&J' tﬁege%g &%1?510 r %ﬁﬁ%%etr da%ddég bgﬁée/eﬁﬁ
chrom um ﬂndwgelleehqtdibrcnnducdmgmsnmalmn The m cr oeI ectrode may be

bt ai ned |l at h d
esi st - palibadSMitaire Whe R Giran oy, ot v prtonae e Bpengmipany
subsequentdpysitiyg the m\zﬂriﬂglyt doaduceisg siatetinle mul the smifferal lajzélﬁli@ébehveenaﬁ hous

enbodi nent s, ., t he be coval ent|

or capt opFEPRT ARG TRAFTES PRchiriceiomslin BAY "ORRR HyesHiehe
protein. {alﬁﬁﬁﬁ}m}iae (mm)enmme txemplamdqnﬂ:ymaﬂslraﬁoltaﬁmtb ym#s Gievd bed
wi thin the gap. 0052%) ent bondi ng ensures strong el ectronic
coupl i ng BYTagE BAFesHE ohlpy §mémd el ectrodes. This kind of coval ent

assenbly [0%45'»]31%an611§ ehmgdlﬁﬁﬁ@tﬁahanbaﬂduﬁemwwnﬂﬁseacaaﬁd@wgyl group of
thellnker on the el ectrode a m ne_gr.oup of the

mol ecul esi004¢) Iflﬁ‘éesaPiﬂé?fil%iﬂaﬁﬂﬁrle‘f*ﬁ%aél‘lpfrcef@canwa@eabé?ff) }a@q 1% gap

IS dependg,mhe(@[bcmggu)s@crnu@gﬁggngfnatshe protein, nore specificall y, t he
distribution of the am ne group on the surface of the protein. [0053]

Non- coval BA87)i Aseersing srvieeiets embefimenty| Eovig: thej sachf ?lﬁ'a&YFbﬁlaYoPet he

proteins %é?fohlﬂai@ﬁéﬂlﬁg)ﬂ%snﬁhés@drﬁ'ﬁlalpﬁy%@ﬁéllﬁadeld@%léﬁr the
el ectron transport in such a device may affected and not as effective

as conpar E@4§ldnrreouserphiodintentts dispasing. the poty in thetgap 386 AereRisepmixing

various eppodio"ERtSeallyNoddbdtiRe " RRRMks Rfangdd MQXth@aﬁﬁbmete@%cﬁap fgh}?d
to a nuneric val ue en¢onpasses the exact value and a vari ance o
5% of t hethemgbefween with a buffer of protein and a crosslinking agent for about 6 hours to about

20 hours. The crosslinking agent may be selected from the functlonal group of
carbodiimides. The crosslinking agent may be selected from the group consisting of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide '(EDC), N.N'-dicyclohexylcarbodiimide,
N,N-diisopropylcarbodiimide, and a derivative thereof. Here, for example, EDC may be
used as the catalyst for the formation of chemical bond between carboxyl group and
amine group.

[0049] In various embodiments, the method 300 may further comprise coupling the
nanostructure to a microelectrode, prior to disposing the protein in the gap. The
nanostructure may be coupled to the microelectrode by e-beam lithography and
subsequent chromium and gold thermal deposition. The microelectrode may be obtained

by thermally evaporating chromium and gold onto a resist-patterned wafer, followed by
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[ 0055] The phrase "at |east substantially” may include "exactly" and
a variance of +/- 5%thereof. As an exanple and not limtation, the

phrase " A«'ééaﬁ%l?geog%st substantially the sane as B" rraypiwﬁggmg@ﬁ)sm

enbodi nment is exactly the same as B, or where

within a variance of +/- 5% for exanple of a value, of B, or vice
versa. [0056] In order that the invention nmay be readily understood
and put into practical effect, particular enbodinents will now be
descri bed by way of exanples and not limtations, and with reference
to the fi éisukaing thearaferaad sdesmpntly byi reRPeng Big resist &om tBapalgevi ce based
on ferriti el MNATE 1 a

fabri cat eé@s'?'ﬁiﬁls ﬁ[{a&gﬂt \gpkgﬂglle%rt%ﬂh? é] %fggi ?:%.%ﬁgéﬁ?%?pnsﬁ%ﬁ%%ﬁﬁg :)hl I3abl e
and st abl &eraeptopnopippicoeid {MEIA) ¢p Tasiditste covplemtirguplmglobihelprdenas a

menti st or ﬁ]%;. | hi i v al grated to
functi ona Oo-éngt ri gt% vhl%g%1 a?ﬁ%l %ﬁ&%@g@ﬁfﬁfs éedr"rgfﬂltulx ﬁ}!e%@ed

ment i st or [(9&2kConaddnt bedding eipiues shpeg elbéttanicycaupbimg ktiveof thehpgoteins and
artificial nt hesi zed erials,: b it to
2ppl y to- Bleorst i GG E Rl FseRtp s B PRO SRl 6 bRt bR
and Met hodabd30 BdupPofe far Hitkieo nothe @lictrodin enda tled amareograpp [ob GBO prdeeifi St |

Au-Ni - Au nultise nt al _nanor were synthesi zed ,via el ectrochem cal -
Goposi t1 oPISFIES A i iep Bfon i HSfein BRPY RomESS eiean T BPGIBRL e RTU
and N ckebmgulré afretiecpritld, mie€ Bpdcifichiy; .the isaibatian of We, antift\praup on the
anodi zed al um n xi de (AAO nenbrane (0.02, cat. no. 6809-5002,
VWhat r man f FER};‘F%BW?H{%, UK) tenplate (pore dianeter of about 360 nm
wi t h el ecloossihesi-caklest Rirhebilidatién, et hodlectBAGtic alfstion| af &eairbRins ltd,

USA). Troygh conirolli the charge (120 during the i

el et r ochiiclsEots pBx plst Bﬁpwﬁ’ﬂ? Hg‘éfFéefséh%ﬂ%twmipgwn Psh aficHre way

| ayer wasafiicdiafg dot 2AEHEivE b donp@red Ue the Savlldnt hsgbmblyl ayer of N by 1M
HC1 for about 3 hours, -12 nm nano%gjgtl%;aqi?ﬁenerat ed for assenbly of

ferritin HOAYI Byhe coniext 9k vanioyg sebo OB ABAY SR dARPIBAEAFly” as
Li t hogr aphpplied to a numeric value encompasses the exact value and a variance of +/- 5% of the
value.
[0055] The phrase “at least substantially” may include “cxactly” and a variance of +/- 5%
thereof. As an example and not limitation, the phrase “A is at least substantially the same
as B” may encompass embodiments where A is exactly the same as B, or where A may
be within a variance of +/- 5%, for example of a value, of B, or vice versa.
[0056] In order that the invention may be readily understood and put into practical effect,
particular embodiments will now be described by way of examples and not limitations,

and with reference to the figures.

Examples

[0057] A single-rod electrical device based on ferritin assembled within OWL-generated
~12 nm gap has been fabricated. This two-terminal ferritin device performs a controllable
and stable resistive switching under continuous low bias as a memristor. The natural
biomolecule has been availably integrated to functional electrical device and thereby this
ferritin-based memristor have much better biocompatibility than all of the artificially

9



[0061] Si wafers with 600 nm Si 02 | ayer were cleaned via sonicating

I n acetone and ethanol for about 30 mns, rinsed with ethanol and
dried wt the spin coating vmthaphotore5|

PhotoresigY g(g% 0%%{/ USA) at about 3000 rpm for about %6@,6‘;‘{1?2@&&“
wafers were put in an oven (about 95 C) for about 5 mns. The resi st
was subsequently patterned using a mask aligner (SUSS MIB4 Mask
Aligner, @Grching, Germany) and devel oped with AZ 300 MF. Then, Cr
(5 nm and Au (50 nm. were thernmal |y evaporated ontq the patterned
waf er. Fi ﬁwﬂreylze%w@flalﬁ ed gy be aha ey apply to hieeedice] and chigal disldst or
liftoff, thewR ckQelhectrodes were forned. [0062] A suspension of gold
nanorods with OAL-fabricated nanogaps was deposited on a chip

cont ai ni ng prefabricated Au m croel ectrodes, and then the chip was
dried in YaeiManENegidaon beam |ithography (EBL) was enployed to
define an inner el'ectrode pattern that connected the nanorods with
the mcroel ectrodes. A resist |ayer of poI ymet hyl net hacryl ate (PMVR)
was prepa I 950 PMVA C3 was spi n-coated
at about g@%"ﬁn&’?‘%‘““ °¥?¥,ﬂ%ﬂ%' &gg%é *000 rpm (45 s) followed by
10 baki n{f0&?] Boousu-NeAuCnibisegnizntal ndnarbd sveredEBInthesiged: stiar életrochemicdi ng

i hoor apFPoRPR f e skt pye ok PRbe sERHMERGoeths da U 2 eiiy

accel er at swdfamat RE@gTa:hnhcélﬁc perabgem RIUTISA)tin afibdigeiOatainamadxidel (LAO)

Cumst 1 at e TAPPERS {0 OFtp iR Fos D00 SR s YOS DL AP e QB

ket one/ i diapeep)l wbeobed nﬁi)/ﬂaﬁilﬂ{ leR&rochiemital @ﬁtléxor(EabéysﬂorSCBmlnSNesand

connect edLEtdHet Mo Uy baretdernlne (caSee RBmel e atrerpriomisn o

t he nanogagposition of nickel, a approx;mately 12 nm nickel layer was obtamed. After etching such

sacrificial layer of Ni by 1M HCI for about 3 hours, ~12 nm nanogap was generated for

assembly of ferritin monolayer inside.

[0060] Photolithography and E-beam Lithography

[0061] Si wafers with 600 nm SiO; layer were cleaned via sonicating in acetone and
ethanol for about 30 mins, rinsed with ethanol and dried with N». After the spin coating
with a photoresist (AZ 1518 Photoresist, Shipley, USA) at about 3000 rpm for about 30 s,
the wafers were put in an oven (about 95 °C) for about 5 mins. The resist was
subsequently patterned using a mask aligner (SUSS MIB4 Mask Aligner, Garching,
Germany) and developed with AZ 300 MIF. Then, Cr (5 nm) and Au (50 nm) were
thermally evaporated onto the patterned wafer. Finally, after the patterned wafer was
immersed in acetone for liftoff, the microelectrodes were formed.

[0062]} A suspension of gold nanorods with OWL-fabricated nanogaps was deposited on
a chip containing prefabricated Au microelectrodes, and then the chip was dried in
vacuum. Electron beam lithography (EBL) was employed to define an inner electrode
pattern that comnected the nanorods with the microelectrodes. A resist layer of
polymethyl methacrylate (PMMA) was prepared by the following procedure: 950 PMMA
C3 was spin-coated at about 500 rpm (about 10 s) and about 3000 rpm (45 s) followed by

10



100641 After the nanorods with OAL-fabricated nanogaps were
successful | y connected to mcroel ectrodes by e-beam |ithography, they
were oxyd&hy gﬁ?:hcl eaned for about 1 mn to renove 05@‘?@&;901/00361
cont am natl on on e wafer surface, followed by cleaning In e% Planol
and drying wwth N2. The wafer was then inmersed in a solution of 1

ni M mer capt opropionic acid (MPA) for about 2 hours and rinsed thrice
wth water. Then, it was imersed in a 0.1 Mphosphate buf fered

| i buf d 5
T2t hos S Betngitety B8 oG P g A e ot s QUEpEge & IEMHTERL ISM-
Final ly, 53@ Smoﬁﬂ@c: ejaﬁﬁf) réﬁd%p&@@ltﬁ S10LaH SENP%B%@%%Q&HI(RQ& ey

rinsed with PBS and wat er, t hen bl own dr

El ect ri caRuanas Pemsmd Geopgy) aiHbky @Pcreéqnthwwasjeané%rw’ebm QyrTeas g

t he devic (V&S be
station (ngeshore CRXI(]‘Eﬁb fﬁﬁ&g«ggft\};?d %ﬁﬂalgyw Oﬁ{euggﬁgglﬁn%%ﬁ%ee{sge

m cr oel ectoaefesubseerbitped hodt been edwd@vdumtbrl 3 pwdwhmthafl isghetyl) ketpne/
(Kei thl ey f ent, al
and neasu?séé@ﬁ}[’l%q@hoﬂ rent mns"?} 0fltl:fﬁlp‘A be"&%é? ?ﬁg&ﬁ aglatthiﬁgn I%gggg{rhe%nt S
wer e condbimalyl therteve endsard wuemdrdrod v S canpedted Wilatha atigpelzcitoden of
ferritin-based -12nm nanogap devi ce [0067] 360 nm di aneter wire
structures with -12 nm nanogaps 400, according to the size of
ferritin, [0063lcAsepblyyef dertrivinfinterthe admogpp ot ei n- based devi ce 402 on a
substrate Lth, 1 ctrodes 406, th be arranged
o coupl o PAAle harersls o BV B R GRS e sa BB o e 84
first coval mittdelecthmits by edaeumﬂidao@rajdby abqsyt\oq\:te opygm Ipd}asma ictbafiF8) abounal
Au- S bond _and then two ends of. etac z\g recf:g E:Ct ed.to
the el ect PEHLS " FERIGEMRT P B‘ﬁy"" Hd™¥ %e Qe BY P ERMEA Aind
gol d t her ainoll @apd Sirfin® WithFNg UTIRS wifar anad thdn) umﬂerhedgbl qualuhbg/ ofer mM i n

nonol ayer was prepar.e itin nodevi ces S on ;
O borer B R H AL co RV AT ol 7 PRGS GHd Heea BR¢ Vil pater cEheprt
Fi gur e 4cwasiandyRRa-inad. f Nephdaptmgaﬂfeewvsan@ @@S) baferi 0Ty Mm@ derrifin andBS

sol ution ferr tin

1-et hyl - g‘f) glﬂé h@eﬁﬁ-érﬂs w%%wﬁwormea (58P ‘HP’(S‘E @ﬁ%@f‘f%@l@% Fimily, the
rinsed W hdho z@salaﬁ@d&\%ghmcﬁreﬂi floheihe dblugsh Wd Finsbl withovBs Wd Waikf)@nd
activation o D((.‘{ﬂéam de bonds were formed between ferritin 412 and
MPA, and HRRPIEHY dre¥ith Nen ol ecul es 412 were coval ently assenbl ed
wi t hi n nanogaps 400, which ensured a strong coupling between protein
412 and el ectrodes 406 (Figure 4d). Electrical properties of
ferritin- BRI ElpetricyMeasuramenty 0068] El ectrical measurements were

conduct ed[pgféierheut Bt charabtefiftica of Thd déMices QRURB Bﬁﬂ?ﬂ@d aslhlgzﬁ -c1ok¥
t erm nal current voltage (./- P) characteristics of such nm gap

devi ces wecle Gpeasnisewrierarrabestatinn dakeshore GRX-UKn Westsavile, \OH.AdSAh
Figure 5. coﬁ]&fn@n' @13 nﬂm?&flﬂﬁ&&e’sv'c&ﬁﬁbﬂéd t\biﬁl QLM&&R&?%‘(P&QQDMRP&”

be observed with noi se of the nmeasurenent

However , @E@hhaﬁa@hﬁcﬁe@lﬁmdvﬁ)ﬂw%) for gpplicaigm of potentid@ed meaRrenshp

| nsi de Sh&*"’ Hin 15%2@9415& eﬁM}ér@ HETRASHALS bRk LR + ?{Eéd gﬁ@e&'&&m?ﬁ
the proteln rmlnecu act bss Fhe nanogap via coval ent onding to
each of g(5P<d10e10€&>trodes on opposite sides of the gap. Th| s shows the
characteristics and presence of a protein-based transport junction.
[0069]. The TV curves of such ferrl tin nanodevice exhibit a

rever si bl €hayaatageatombif ¢ ged rtnng cdp degicas fol |l ows. Wien t he
potential is applied hi gher than - +0.7 V (Vsea, current abruptly

i ncrease, reflecting a change of the device from high resistance (OFF
state) t o[0DETY 360 ahsdiandaer \(xia\ktmbmes)mth'lihemm fidnegghe u0® acdopdipg tosthakike 1 n

this high nduct i e.until the tial falls to arpound -0.8
Vo b oot BB oS ciipae e i prhtn- et Eaic 40k By grrhihete M o
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of scanning and maintain stable bi-state of conductivity. In
addition, for different ferritin devices, the magnitude of current
nmeasur ed Jerent, the range of which is from to
about 1 |Wﬁ@%"%gbout +1 V bi as, as seen in Figures ggwégzﬁgﬁmgﬁd

t he val ues of Vset and Vreset al so change correspondingly. This
difference is presunmably ascribed to the nunber of ferritin nol ecul es
that actually span the nanogap and chem cally connect with the each

gap-side, since the roughness and norphol ogy of the gold el ectrode
surface skEeldimicioalestendes %& thaban bp arangsd trouplpde a piss veltape 4P s sides

observed i,f3 g gfaﬁ Jdot\bé?e RRPE,AKAly ASIERPWAH 3%&5&0&6&9&@%1&@@&

two-term nal electrical device can be attributed to the category 0

met r ui st oviaghiiS berd and thentwoyeads dieachngnld wira ¢l P eeremepnapted A the F@@ﬁt
charact er zg¢ iy, t l&eiﬂéiihgﬂd hibh NY,
and erasi ngé o? éd)féeagls HO@’{JBE\% a%‘%\%‘é%%e%eg?gg%m[‘%%ﬁd %Q gure \?\é&{lhe
wr it e-r ea(Eigwres dacapd| 4b)ofA dighe guality rferbasedonvdﬂry@gaws ctewac@ awd ferritin
cont i nuous advarlos Q,were a r at e
of the de\l}?né)gevwcib ef on %\Aﬁt nerglf(%nanﬁg?ps vé g%lél %n%g a8 s%lniqraﬁad

t he devi cFiguee 4chFhd MPatmabdifiedndnegapldeVict 402 enaasmmgse(dl m\aﬂ’tBSt dobnioki(sif et )

1S bet wee R VEETS PR 08 sl Gh by Rmitopasion Gandelag

in such tEDG}) edeprsiglof rioked iwith PBS ahd valdeindethei laitd tWhith Npﬂmen“&ithodw

e e AR S Hontt € b et RSP gy o

+0. I6 V. | lsfﬁﬁltlirf inGBElgésy4l2tvl?&?e Bd\@[}hﬂﬁwbhﬂe@wghIhMaﬂ&?ysS 4(33]@&Mbhtdﬂélbai a
cyclically operated, man S .as seen in re nd a steady

OV OFF r abtfO8iceurling Re™ te}?a‘“ﬁt"‘ﬁ?ﬁ‘éﬁmdﬁq ‘é‘iﬁg&lg&‘é‘i roperties of
nanogap devi ce assenbl ed with reconstituted ferritin (Apoferritin and
I ron ion) [0072] Ferritin is not onIy the main intracellular iron
storage pElsegcsl prapsties piferritinhagedinanogapdevice,r ot ej n. The active center
of ferritin, a stabl e ferrl C- oxyhydroxy phosphat e conpl ex core, is
the key factor_of electron transfer wthin el ectrochen cagl devices in

sol uti on. [0fA%l Becirical mgpuppmeatioyere emdustedunsler & vasepm of 5 el 0xtTogial Eegm

with the feﬁ{pl’eﬂaﬁx‘r@ ﬁ@&%imﬁrramﬁﬂaﬁlvonége%w rbhbﬁct%ﬁétic@' PR ~13 P IHe T
to explore he mechani sm of the el ectron
devices were obtained before and after ferritin assembly, as shown in Figure 5. There is

no conductivity of the blank nanogap 500 that can be observed within the noise limit of
the measurement (<10 pA). However, the nanogap devices with ferritin 502, 504, 506,
508, 510 inside show an I-V response, which demonstrate the immobilization of the
protein molecules across the nanogap via covalently bonding to each of gold electrodes
on opposite sides of the gap. This shows the characteristics and presence of a protein-
based transport junction.

[0069]. The I-V curves of such ferritin nanodevice exhibit a reversibly progammable
resistance switching as follows. When the potential is applied higher than ~ +0.7 V (V),
current abruptly increase, reflecting a change of the device from high resistance (OFF
state) to low resistance (ON state). Then, the device keeps stable in this high conductivity
state until the potential falls to around -0.8 V (V). Once voltage is lower than Vg,
the current decreases immediately and the ON state is accordingly changed back to OFF

state with the low conductivity. Such cyclic switches can last for several times or rounds
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transport in this ferritin-based nenristor, the role of this iron
conpl ex center was studi ed by neasuring conductivity of apoferritin
assenbl ed wi 1 hi nogap devi ces as that described heregj v

[ 0073] Fi Jmé%ﬁs"gﬁom the /- V characteristics of the%?@B%1?"{)00361
apoferritin-based device about 12 nm OAL- generated gaps before 800
and after reconstitution of iron core (802, 804, 806, 808, 810; scan
for 5 five times under vacuum inside apoferritin shells. Figure 8b
shows /-V curves of OA-generated nanogaps before 812 and after 814
assenmbl y 6f scapringand maiptain Ybiehi-spieoiregaratiyie Inpdditen: derdifferentfaritin

apoferrit ici@ii%g,ft?? ﬁ%ﬁ?ﬁg@@ of éud-?eﬁt’ REALrAHE 5 d?ffer@iﬁ?ﬂri% Tréhgﬁ of QRRh iéhﬁ‘é’rﬂ

that of the sed device.. At the sane ting, e sw tching
changes ofibque80&na e aboul & onAdiedep plenait +1 Af biag, as easnirs Figungs 6a tohéd, and the

\ : . y g bt :
the. ot hod e VB i ied SHAE obipBihdly MR Fifbe 3RLALRY
G ; Haggi sserited kb thiatnumberl 86 Terrifit Gnolegules] 86 Li®dllY cpamieunaigaphcods,

t he signifjcant, current . transport and the stereticl. V. results.can
bo- det sct gy BpisEllh BDSRR o 36 IR AV RLELE fia mobob BB P
I ron conpke ezotr@leatrficesheld be wdrgiog.parti ci pates the el ectron transfer

in the solid-state, devices: | ays crucikal role.in the nmenristjye
behavi or _MOEBi R BYuEERe ZPhdrBly SHBL R sfe teR it mprolpsfE Bhsctibled
; erric- Oxmyﬁrmyg@lhQﬁﬁ%ftﬁﬁﬁﬁﬁle@ﬁcﬂ&%e@icb I’d:axfa be ra'tt]i;:il'medmﬂme tcategory O
unctions to acconplish electran transfer and performthe nenor)

phenomenofeRERIOr R T8RS FERFIRYET M9THion Yo R115 FoRt ek SRS HR o BT Gt &
based on RS, Uk R abiligh of akddie, CRFfing, | ihdOBRsIAP| FCHAte 1E been
ferritin, Fe (l11l) is deposited as a hydrous ferric oxi.de core

cont ai ni n§VEXBEFLl t housand atom of iron (less than 4500). However,

t here are[@eYEFighre mew%ermh@%udaémse&ﬁble% @%&ﬁin%éb‘dﬂﬂﬁé@p GRGical £0
be acconmpbdat ed t hroughout the core, ich cause ferrifin iron c

: ! are
to form sERFEINBRUS SR HpIERYS bEFO Y. worRarplicd iR coptt Ve sampkihe dpvireriliYin
can be regariiffle ABighRthiAY..5 MRS Hsciab sbithOYEHRSHRRDNC Akl /HIUL £ Wt fop

erasing (lower than V .} was used to reset it back to OFF state. Additionally, +0.6 V,
which is between Vg and Vi, is employed to read the current values 702 in such two
states of device. It is observed that the currents of device in ON state are much higher
than the ones in OFF state, despite having all of them being recorded with the same
reading bias, +0.6 V. Significantly, the programmable switching is shown to be cyclically
operated many times as seen in Figure 7 and a steady ON/OFF ratio is shown to be

maintained.

Electrical properties of nanogap device assembled with reconstituted ferritin {Apoferritin

and Iron ion)

[0072] Ferritin is not only the main intracellular iron storage protein, but also a notable
redox protein. The active center of ferritin, a stable ferric-oxyhydroxy-phosphate
complex core, is the key factor of electron transfer within electrochemical devices in
solution. Therefore, such redox center have a direct relationship with the ferritin-based

transport junction in solid state. In order to explore the mechanism of the electron

13



efficient electron transport through ferritin nol ecul e. Mreover,
after applied bias to the ferritin device, the valent state of iron

may be re romferric to ferrous. As nonoatomc F h re
freedomtﬂ%kﬁ?qggBiOP ) and can flow nore easily, which ?g&é&o&”ﬁlﬁ%&?
mechani smof iron release in vivo, the conductivity of ferritin

nmol ecul e shoul d abruptly increase, once nore nonoatomc Fe (l1) has
been formed with the help of electric field. In solid-state transport

nanoj uncti ons such as the enbodi nent descri bed above, the .
reduct i onfrenspad in bis foritinthasedonaseristas, hneple plthisdioncamplea cemser vom stuied 14

reduced/ o}, d}, 2} Hétﬁzit?[)ffo Ferid faEJeBergdvgﬁl?g%é&?éc}fgic%ﬂas Bl

OBl béifa
neutralization is a slower ess as conpare X reaction.
Thus, t hi dessebedhepdinabave. he hysteretic /- V characteristics of

ferritin- J | .CEs, 6]. B it ts
of the salllaerRRSIRRE My onleeclios Y 56 BhdrBEin phA0D UFRE USRS
t he supponmi (h%geﬁnamtcdtghpsrbeifma BO@andadtedreambtififion eff rark sore (BIL, §(He 806,

controlla resi stiv wi.itching is affected causin he. V' .tq be
chanced 30 SEisE B3 P B vielh S waRFRI el Siaresd oS
proposed mFchars SNOWESgdhelaed naliuss before 8 2 mdyafiens lelanseirblyadfthpbfeitin,
reduction Fe (1)), ta Fe (I1), Besldes, tenperature dependent. TV
Char act or HUTSTERS phenibe of SHEp s RECIECRLET BE ¥\ PO ers T
provi de f wagkitikde @il @mCthitof Shepfedritin-Bised dehice AP kieNdinke Qilne, tHeadwilching
hysteretic behavjor, of /- V curves éloo, 1102, 1104, 110ﬁ‘§£erform

more di st FipRgesyof resistence alsgdisappqay ARy TB(PREHte; the FMRYEPTS FOHiFs FRRIeT Y8 |
coupl i ng ydchibtitufedl it 356 faigitih QEAREdIAd TUE ehefod A0RKbEdLA D risoR A0 AL Eikhbhch,

140K (1104), 60K (1106), .since_under cryogenic condition the freedom

of nonoat Endc Hoyoh GsHoegly G- FhiNagye 195l @b Fa8r ISR fgrebpus 2idhgurs, e
significant current transport and the hysteretic I-¥ results can be detected again (Figure
8b). These results demonstrate that the iron complex core of ferritin also participates the
electron transfer in the solid-state devices and plays crucial role in the memristive
behavior of ferritin as an electronic material.
[0075] Since ferric-oxyhydroxy-phosphate complex core in fermritin undertake the
functions to accomplish electron transfer and perform the memory phenomenon for the
nanodevice, the following mechanism is proposed based on the structure of such ferric
core. In one molecule of ferritin, Fe (III) is deposited as a hydrous ferric oxide core
containing several thousand atom of iron (less than 4500). However, there are several
hundred molecular of inorganic phosphate can also be accommodated throughout the
core, which cause ferritin iron core to form some disordered regions. Thus, the active
center of ferritin can be regarded as natural doped ferric oxides that can ensure the
efficient electron transport through ferritin molecule. Moreover, after applied bias to the
ferritin device, the valent state of iron may be reduced from ferric to ferrous. As
monoatomic Fe (II) has more freedom than Fe (II) and can flow more easily, which is
also the mechanism of iron release in vivo, the conductivity of ferritin molecule should
abruptly increase, once more monoatomic Fe (II) has been formed with the help of
electric field. In solid-state transport nanojunctions such as the embodiment described

above, the reduction/oxidation of the molecule and the neutralization of the

14



100771 A single-rod nmenristor nanodevi ce that conbines ferritin as
el ectronic material with OA-generated nanogap in accordance to

vari ous e%)(?gj rbt 3| s developed for first tinme. There %Egﬁ&%\ﬂ/ﬂ@gﬂg
e 0

evi dence to fonstrate that proteins, especially the redox proterns,
can achieve efficient transport junctions in solid-state electronic
devices. At the sane tinme, the approach all ows easy investigation on
the electric properties of redox proteins, and thereby creating a new

testbed to clarify the nmechani smof electron transport in praoteins.
Mor eover , r@v#@évxsﬂm melesule pre- hoals aHribuierb He Gurecat Have b peutralization is a

char act er gl CsoQks 88npafeR'to theredodRedtliS? TRLE Vhid @arﬁe)ﬁ}ﬁt‘ﬂ‘) fk 8y diQese f or
the exploration of menristive nanodevices, which I ntroduce hatural

bi omat er i é’iobarfa@ms@pmffemlnénsedtnenmedwm| cs and physics. [0078]
Wil e L ne doReBY BRI BRMuRAch 4t AL 'dn® BONELARAnERRGL 9@& Wkl

ref erence to speci Inents, 1t shou r st ood
skilled i nambcboarm dithartd marsuppmstiughaﬁ:gmstmmmfEigmeaﬁchndelthmeveaimt}naﬂJée

Fﬁsgn: Pg;}g%nstromk*lp &t%g Q?Héhl%lsfarf%r%&rl rpl&{heTYfg r{g b% %*cgé ﬁﬁch fower

I nvent i on ONSOFH witiol ﬁﬂesaactbedvdly)ns Iaqapapqoﬂmotﬁdpusbchmeshzmrsdm adsbnmdaabgeis
Are ther oRBIODEPRSACANEE e Teibrort B PRI R F 0B Bl |ty
conpri si n@ependent /-¥ charactevistios| efthe ifeaeifin- yabnexneﬂj dédigegad @r Higmal H piovidaged
it sposed TRUEHsits POUMOTR S GP P oBab s Patresis hebsiny G Py parves
bet ween t hen® Wo02 11864, 1108 IpkiforfOmateCdibti@tly,ethitd i ak Seflected by thiéricedating he
Phat the BrisFein spulia itsfherite [Farmearsn of a0 | Ghr et BT agf”
bet ween a(hoghsoresi 1@6}1@3@3 ghdt Bryd féhicdconBitionh @t Hdedtia &F StoabRorhid iron is
response to a change I n bias %ol tage applied across the two

el ectri calfy IE’Hﬁﬁﬁ%{“F‘W'g' EF A1 IFHPYS: “and wherein the protein conprises

a redox pL@tﬁ]' A single-rod nfemriki® naBdWelisé @at 8Smbihad fRHIN & Aécdbhik Inaterial
wherein t rotein conprises a protein having a_netal oxjde, core.

3. The  memith GIVGk-sreraischianaespi ih aseORIRGEL0 gpriops cThediEen Aevelopedt for first
sel ect ed {lfh@rrTﬁelF@ lgéauﬁlc&gr@ic@héeng &hfmofn@&srté tHaP prd&ifd) SEHLTallP the redox
| actoferrin, and a m xture thereof ﬁe menristor’ as clainmed
in any Ongrogspnscqzaal aghieve effjcignt transport junctions in sohd state electronic devices. At the
same time, the approach allows easy investigation on the electric properties of redox
proteins, and thereby creating a new testbed to clarify the mechanism of electron
transport in proteins. Moreover, since such ferritin-based nanodevice have the
characteristics of memristor, it can also provide a new platform for the exploration of
memristive nanodevices, which introduce natural biomaterials for applications to
electronics and physics.
[0078). While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is

thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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wherein the protein-based transport junction is configured to switch
fromthe high resistance state to the | ow resi stance state by
applying a first predeterm ned bias voltage across the two

el ectrically conducting term nals. 5. The nmenristor as cl ai ned
in claim4, wherein the first predeterm ned bias voltage is about
+0.7 V to about +3V. 6. The nenristor as clainmed in claimb5,

wherein %ﬁﬁﬁ predeterm ned bias voltage is about +0.7 V. 7. The
menti st or ainmed in any one of clainms 1 to 3,

wherein the protein-based transport junction is configured to switch
fromthe | ow resistance state to the high resistance state by

appl yi ng a sedoh®MFHERSCEMRIHEY bi as vol tage across the two

electrically condugfd @Qcﬂ‘ﬁﬁlf? BM®Ricting termirfals a-lH"!ﬁgéEP WithS4 Yhndiset&l Rhagd
inclaim7, wherein the second predeterm ned bias voltage i s about

-0.8 V t gamtherebetwgen and 9. The nmenristor as clained in claimsS§,
wherein the second,_pr t 1 i I i - . .

10. The menri stor %E’@%ﬁiﬁ%’gg%%aﬁﬁﬁ% \eégg&%g?ﬁr%%ﬁ%%?%d 5?115&%%9%1}%0’9 he
MenT i st obetw&er thaftivg eleewichlly eotldudiing tamiiras, St ance hysteresis at bias
vol tages | ower than -0.8V or ta%)gher. t han J.r(i.y?V. ag[%ba |l i ed agross

the two el ectrical ly coWBuERitAgPrekihissgyesibly switc A GiorEeHe

as clained in any 9fies Qfch haRtH¥hrdicinObatéll riMISER LS MBAR g switch
expresses a non-volatile resistance change. ) _
between a high resistance state and a low resistance state in response to a
change in bias voltage applied across the two electrically conducting

terminals; and wherein the protein comprises a redox protein.

2. The memristor as claimed in claim 1, wherein the protein comprises a protein

having a metal oxide core.

3. The memristor as claimed in claim 1 or 2, wherein the protein is selected from

the group consisting of ferritin, transferrin, lactoferrin, and a mixture thereof.

4. The memristor as claimed in any one of claims 1 to 3,
wherein the protein-based transport junction is configured to switch from
the high resistance state to the low resistance state by applying a first predetermined bias

voltage across the two electrically conducting terminals.

5. The memristor as claimed in claim 4, wherein the first predetermined bias

voltage is about +0.7 V to about +3V.,

6. The memristor as claimed in claim 5, wherein the first predetermined bias

voltage is about +0.7 V.

7. The memristor as claimed in any one of claims 1 to 3,
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12. The menristor as clainmed in any one of clainms Ito 11, wherein the
menristor is configured to performa reading operation by applying a
readi ng voltage across the two electrically conducting termnals and
obtaining a current value in the high resistance state or in the | ow
resi stance state. 13. The menristor as clainmed in claim12,
wherein the reading voltage is about +0 6 Vto about -0.7 V.

14. The nmenristor as clainmed.i.n,cl mhereln th in t age
s about 10 6 v, Whereiithd By biced laé’fpo?“‘ Hochqngs ﬁfe%“ﬁe“aﬁ’ “gﬁéqj
cl ai ms 1 tHedoWresibtafidehe@ite COHRrHigh NQisAncaIisk b3t Hplydiy Meécdhd tpkuaeﬁemned

electrically conducting termnals are di sposed. 16. The
menT i st oPlaa¥O42gaREogs ﬁhﬁ twp gheririgally opndvciing tgpinalybst rate i s made of Si
or Si/Si02. 17. The menristor as claimed in any one of clains 1

to 16, wherein each of the two electrically conducting termnals is
made of a mat 8rThd mewmkisiot esl climyd inhdaigr Guphesonghes sdcond pledefotmingdabips

chromlnn8§$%d%ﬁ# Eq&gpéF%&ulivlanlun1(Tl) pal | adium (Pd), silver

(Ag), coppe , tungsten (W and an alloy thereof.
18. The menristor as clainmed in claim17, wherein the two

electrically conducting term pals are de of, the sa teri.al
10, The ment i St bie REMERF BRI WhRER Shéseoppd pirgetomined bias

el ect ri cablkabe GOAMIMEID Y. term nal s are made of different materials.
20. The nemristor as clained in any one of clains 1 to 19, wherein
the gap has a width of about 2 nmto about 100 nm. 21. The

menvistor as ¢ ared ) Nes) AWMl inv%%fro%ie%f LRI, B,%h&ei\ﬁ’itget Bhefistor

about 12 nm
is configured to exhibit a resistance hysteresis at bias voltages lower than -0.8V or higher

than +0.7V when applied across the two electrically conducting terminals.

11. The memristor as claimed in any one of claims 1 to 10, wherein the memristor

expresses a non-volatile resistance change.

12. The memristor as claimed in any one of claims 1 to 11, wherein the memristor
is configured to perform a reading operation by applying a reading voltage across the two
electrically conducting terminals and obtaining a current value in the high resistance state

or in the low resistance state.

13. The memristor as claimed in claim 12, wherein the reading voltage is about

+0.6 V to about -0.7 V.

14. The memristor as claimed in claim 13, wherein the reading voltage is about

+0.6V,

15. The memristor as claimed in any one of claims 1 to 14, further comprising a

substrate, on which the two electrically conducting terminals are disposed.
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22. A nethod of fabricating a nenristor, the method conpri sing:
prepari ng a nanoneter-scal ed gap between two el ectrically conducting

termnals; and di sposing a protein in the gap to forma
prot ei n-based transport junction between the two electrically
conducting termnals, wherein the protein is reversibly

swi tchabl e between two el ectronic states such that the protein-based
transport j ungi-gp Alérpﬁs%f Asgcﬁ‘gie%dh?cl%ﬂ“nE§hw}Pe‘%%in ee”suﬁsuhdt L h&rlgistnge
state and a | OW resistance state in response to a change’in bias
vol t age &pRi0.ed across the two electrically conducting termnals; and
wherein the protein conprises a redox protein. 23. The net hod

as clainmed in claim?22, wherein the protein is selected fromthe

group consi st iNIrRfmédfisibt ddolaitde@ns heY bhdlof L1aedsOf & 14, Rwhefdis ehBoehe!r €
t her eof 24. The nethod as clained in claim22 or 23, wherein

pr epar i ngve kEchiwadyreoedusting éamizals e made of tshwmatenel edlested: froml thg group
conduct i i ri X . .ZI .

mul t1 seg et SR e doR ERUF EhiSBium Gy gl FRLHAFRE (7, Pallodiony 2D,
| ayer f osiived (Hgt vappar @udcdlurhiqainl (A1; amdsted (WY amddredlioghtiseréodr t he
termnals; and renoving the sacrificial |ayer fromthe
mul ti segnent nanostructure; thereby form ng the nanoneter-scal ed gap

between the ty® @k acdniistd!ak ¥lafROH 4R 7t ®hdtRahStwo electricall? coddiRting
method as clained in claim24, wherein synthesizing the nultisegnment

nanost r uErmpalsasppedseidhesama myendni cal |y depositing the electrically
conducting materials and the sacrificial |ayer therebetween in a
menbr ane tenpl at e. 26. The nmethod as clained in claim25,

wher ei n t he nthilihameniresnylastieincainprlaed 7anhaniodiezed ddandaly vondudtng

(AAO) rre{ébrl'll‘llaflgﬁ atrce I%Eéeaéte different materials.

20. The memristor as claimed in any one of claims 1 to 19, wherein the gap has a

width of about 2 nm to about 100 nm.

21. The memristor as claimed in claim 20, wherein the gap has a width of about

12 nm.

22. A method of fabricating a memristor, the method comprising:

preparing a nanometer-scaled gap between two electrically conducting terminals;
and

disposing a protein in the gap to form a protein-based transport junction between
the two electrically conducting terminals,

wherein the protein is reversibly switchable between two electronic states

such that the protein-based transport junction is configured to switch between a high
resistance state and a low resistance state in response to a change in bias voltage applied
across the two electrically conducting terminals; and wherein the protein comprises a

redox protein.
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27. The nethod as clained in claim25 or 26, whether the nenbrane

tenpl ate has an average pore size of about 360 mm 28. The
nmethod as clainmed in any one of clains 24 to 27, wherein the
nanostructure conprises a nanor od. 29. The nmethod as clained in

any one of clains 24 to 28, wherein the electrically conducting
materials are selected fromthe group consisting of gold (Au),

chrom um (Cr) ti . L.t ani (Th)...pall adiu 1]V
(Ag), copper %%)%}% ﬂé%ﬁ%{ %Ajgn% I(Tﬁtd)l%ac?éﬁ%gszf grl?&ﬁﬂ;)%gﬁg an %%ﬁg%/te% ﬁglrnetg%
30. The pmiubedndsinglodifaretn,itransfioiring ketofdirin, aad menizdird heRBf. wher ei n
removing the sacrificial layer is perforned by etching neans. 19

31. The nethod as clained in any one of clains 24 to 30, wherein the

sacrificial |ayerhel fethBdlas OlhinHdCK@laim 22 or 23§3qhef@i}?ﬂ&§z§rk}%dthé%aﬂdxﬁété‘f9d
in any one of clainms 22 to 31, wherein disposing the protein in the
gap conpféadedsgap between the twejekgcitgalin eondpering tegnipale gethprissenduct i ng

term nal s arranged_t.b: I ween, v a
buffer of protein %?%AJ* eglz%ggasﬂs:lﬂﬁg%eg{ %%‘gg‘%& 6r%§1 Eﬁ?ﬁggﬁéurﬁ?\é&{g%%ut
20 hour ssacrificial [a3&:. forhe] v tenctlaaioalla coreldceting mbtarias 872 thadasmiakls; dnde
crosslinking agent is selected fromthe group consi.sting of )
- ot hyl - 3- ( 3- di ot WAHHE B PPl RS ftPHR B (Riegement nanostructure;
N, N- di cyﬂ{e%zanﬁafgbﬂfél haHcdfRter NIl ig89 HeBRMEhC e DR lelBefRall@REnducting
derivative thereof. 34. The nethod as clained in any one of

cl ai ns 2EmEmal3  furt her conpri sing coupling the nanostructure to a
m croel ectrode, prior to disposing the protein in the gap.

25. The method as claimed in claim 24, wherein synthesizing the multisegment
nanostructure comprises electrochemically depositing the electrically conducting

materials and the sacrificial layer therebetween in a membrane template.

26. The method as claimed in claim 25, wherein the membrane template

comprises an anodized aluminumoxide (AAQO) membrane template.

27. The method as claimed in claim 25 or 26, whether the membrane template has

an average pore size of about 360 nm.

28. The method as claimed in any one of claims 24 to 27, wherein the

nanostructure comprises a nanorod.

29. The method as claimed in any one of claims 24 to 28, wherein the electrically
conducting materials are selected from the group consisting of gold {Au), chromium (Cr),
platinum (Pt), titanium (Ti), palladium (Pd), silver (Ag), copper (Cu), aluminum (Al),
tungsten (W) and an alloy thereof.

30. The method as claimed in any one of claims 24 to 29, wherein removing the

sacrificial layer is performed by etching means.
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35. The nethod as clained in claim34, wherein the nanostructure is
coupled to the mcroel ectrode by e-beam|ithography and subsequent
chrom um and gold thermal deposition. 36. The nethod as cl ai ned
in claim34 or 35, wherein the mcroel ectrode is obtained by
thermal |y evaporati ng chrom um and gold onto a resist-patterned

waf er, followed by incubating the wafer and subsequently by renoving
the resist fromthe wafer. 37. The nethod as clained in any one
of clains 22 to 36, where in the gap is covalently nodified with

3- mer capt opr opi.orHeGné@Bddlas( VHA)kd in any one of claims 24 to 30, wherein the sacrificial

layer is made of nickel.

32. The method as claimed in any one of claims 22 to 31, wherein disposing the
protein in the gap comprises

mixing the two electrically conducting terminals arranged with the

nanometer scaled gap therebetween with a buffer of protein and a crosslinking agent for

about 6 hours to about 20 hours.

33. The method as claimed in claim 32, wherein the crosslinking agent is selected
from the group consisting of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
N,N'-dicyclohexylcarbodiimide, N,N'-diisopropylcarbodiimide, and a derivative thereof.

34. The method as claimed in any one of claims 24 to 33, further comprising

coupling the nanostructure to a microelectrode, prior to disposing the protein in the gap.

35. The method as claimed in claim 34, wherein the nanostructure is coupled to
the microelectrode by e-beam lithography and subsequent chromium and gold thermal

deposition.

36. The method as claimed in claim 34 or 35, wherein the microelectrode is
obtained by thermally evaporating chromium and gold onto a resist-patterned wafer,
followed by incubating the wafer and subsequently by removing the resist from the

wafer.

37. The method as claimed in any one of claims 22 to 36, where in the gap is

covalently modified with 3-mercaptopropionic acid (MPA).
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