A Menristor Conprising a Protein and a Met hod of Manufacturing Thereof
Cross-Reference To Rel ated Application 100011 This application makes

r ef er encewbeondosstai ns the benefit of priority of an applriscasiimooksor
"Menristor Nanodevices Based on Proteins” filed on October 15, 2010, with
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15, 2010, is incorporated herein by reference for all purposes, including
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pursuant to Rule 4.18 of the PCT. Technical Field [0002] Various
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Technical Field

[0002] Various embodiments relate to the field of memristors, in particular memristors

comprising proteins.

Background

[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 memristive, 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 nanoelectronic
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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nore conpl ex and functional nanocircuits for bionedical and biodi agnostic
applications. [0005] It has been denonstrated that sone natural proteins,
especi al lwyotbe/osedex proteins, can al so be used as el eccosicRonmbEssial s to
obtain solid-state electron transport junctions. [0006] Nanogaps can be
generated using On-Wre Lithography (OAL), which is based on _

el ectrochem cal deposition of nultisegnented nanorods and sel ective

chemi cal etching of sacrificial segnments. Usi ng OAL, the width of the
nanogaps ener at ed [ ned from.ahout rorre ers to.about 2 nm
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Descri pt releasef t he Drawi ngs 100121 In the drawi ngs, |ike reference
characters generally refer to the sane parts throughout the different
views. The drawi ngs are not necessarily to scale, enphasis instead

general |y being placed upon iSunvh¥oéfith@Inveatiehi Nnci pl es of the invention.
In the followi ng description, various enbodi nents of the invention are
described with reference to the followi ng drawi ngs, in which:

[0010] In a first aspect, the present invention relates to a memristor comprising 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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100131 Figure 1 shows a schematic bl ock diagram of a nenristor, according
to various enbodi nents; 100141 Figure 2 shows a schematic bl ock di agram of
a nmenri stwo,20emz0s3di ng to vari ous enbodi nents; 100151 Fipguse 28311906868 a
schemati c bl ock diagram of a method of fabricating the nmertuistor,
according to various enbodi nents; 100161 Figure 4 shows (a) SEMinmage of a
device prepared with an OAL-fabricated wire with a -12 nmgap; (b) its
expanded vi ew as encl osed by the marked rectangul ar area; (c) a schene of

e Ot SRl e AR RE By 1o

/- Ny HSOH00L I In sécdadNspdtl AAmeRbAbY FbricAtihgdLmemHsiE & provided. IThidSnethod

embod rTenctofn’prises 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.

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
memristor, 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
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and a catalyst , In accordance to various

embodiments;



[0017] Figure 5 shows representative |- V characteristics of -12nm

OAL- gener ated gaps before and after assenbly of ferritin (scan for 5 five
ti mes und®o 2030888, i n accordance to vari ous enbodi mentsr/slAOEAPoIGL gur es
6a to 6d shows The current-voltage characteristics for four different about
12 nm gap devices |loaded with ferritin (neasured in vacuum, in accordance
to various enbodi nents; [0019] Figure 7 shows current response of a
ferritin-based nanogap device to applied biases during the tests of

wite-read- e cycle (1 Vfor.wijtipg, 0.6.V for. readihg, and -1 V for

o hs ngy 1PN 338 Sahtet Feremmrotis: Lsbaarinies of CoRpB oWl HepEaGd Brdne

r epr esentifdry @nd aftdf SSEabAE befetrdtid GSarCfor 3R INdstinder @Il Gn adedRiince

ONL- gener ated gaps before and after reconstitution of iron core (scan for 5

five tine8 vaneHsempRgimAws: i nsi de apoferritin shells, in accordance to
various e[ggﬂﬁ'lﬁﬁﬂésséa YA%hbwE *rg%fd;regpvglga%\é’zhérhct SIS Y& SR di%hgﬁaﬁ{ at ed

nanogaps re”and after asse rritin, 1n accor ce to various
enbodi meni2snm [gap A2Yicdsi lgaded Witls Fepritsn {theasoredrie vheuwnnd) ag&cofdana@ctoevarists cs f or
about 12 nrH earg‘al?evi ce loaded with ferritin (measured in air), in

accor danc& og‘ ¥ous enbodi ments; [0023] Figure 10 shows the

current - VOb19 Fex 8 " Sl duslehCfespdtise P QUEerrten-Pabed AANGIRYI deQice Gadpplivd t h
apofenitin before and after added with iron ion (measured in_vacuum, in
accor danduasepduring theitests pb waitereead-srasa avrls 008 49r vritng: 8.61Y forieading, and/-

responsew@érefra%fﬂg'?,tihgeazsp&hée% Jalus fpdiihaagogap fabricated by OAL in

different tenperatures, 1n accordance to various enbodi nents. Detail ed
Descr i pt i[0020] Figure 8a shows representative /-V characteristics of apoferritin-modified ~12nm

OWL-generated gaps before and after reconstitution of iron core (scan for 5 five times
under vacuum) inside apoferritin shells, in accordance to various embodiments;

[0021] Figure 8b shows I-V curves of OWL-generated nanogaps before and after
assembly of apoferritin, in accordance to various embodiments;

[0022] Figure 9 shows the 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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[ 0025] The followi ng detailed description refers to the acconpanyi ng

drawi ngs that show, by way of illustration, specific details and

enbodi nenwve 201e/0sbé38h the i nvention may be practiced. These/senbagiesnt s are
described in sufficient detail to enable those skilled in the art to
practice the invention. Oher enbodinents may be utilized and structural,
and | ogi cal changes may be nmade wi thout departing fromthe scope of the

i nvention. The various enbodi nents are not necessarily nutually exclusive,
as sonme enhodi ments can be conbined with one or nore other enbodi nents to
form new® Bient s. [ 0026] Figure 1 shows a schematic bl ock diagram of a

nmenvi st or[omg @ NGhbRs WAChehEic Ui FBBISof d fhefhrisiof,Sdcc@dRRC, vadioiENT | St Or
100 is provided. The nmenristor 100 conprises two electrically conducting

t er mi nal ssmodingnisaniged Hist @AsnEch oh armristors ¢80 a9 nyeydad 4The, srespistare ¥ and a
protein L ed.. e : r i | t
I R R L e L AR
protei n 18p 104 thegsbetvaich) andsaprvemiotadifpmsedmrthe gap 04wt fooniapratattmsedsuch

that the protein-based trangport junction is confjgure switch between a
hi gh resi® %@?f%?%ggwaeré oY g§?t§‘f%lﬁ'08°r§]fl‘étf’£g iegmf"@ pt(%s é”vgtef)e‘% Bhange in
bi as_vol trgeinafsl ik e@beﬁwlﬁgszi&mw RwedeRio Ele@tdnic aoadltichithg theprotdlal s 102.
[0027] "Reversibly sw tchabl e between two el ectronic states"” nmeans that the

el ement  drasqdrrangpagt iwpetion is Renfigusddp switols betwiser a Aipdiaesistanre statg angka loMect roni c
(or quantpipe, b dafe ihFedpoi&iBALh gee%rb%'\@ltﬁg zgfl};‘l’i@{l‘h s thl %@el@&%c&lg}r a first
condi tion; and can change fromthe second efectronic (or quantu tate to
t he fi r stcopdueting amnma(sol02quant un) state due to a second condition. As an

exanpl e, Pt ei n. 106. hange .fro round state (i.e he state with
ooent e feyisbgp e RS b SR HERE R E" Biched s eledfaf i) “when
bi ased atin thi®lca®X &EPpBteird 1 ORGAL thaagd BlohAg EirstéttridBi (6hqagRurhy Slet e exci t ed
state to the ground, state when biased at, for exanple, a I?OSi tive voltage.

The chang&cqndrelesiionicHphgyansym} patecdusita fiisy condition; @ad sap shanggdom the

"Protei nsec i d&H9nRRE0E Ylantliky &5% tbQhé ﬁPsQ'e}’éE?anfo(]gﬁHiuﬂmeﬁ‘ beR dudeab dmay

consi st of one or nore pol ypeptide chains. Each of the pol ypeptides chains

f orm ng tshendrcondition. esyancxamplst thegkotein 1106 asay chatgeaimmgrawddtate (Fee theni no

aci ds may,_ be ect fromithe r ral.oc .ng..am i inel udi ng

al vei ne. ERMRISGER BT MG Yol 8L e Wish el STk Bla 19

try gt hoioha,rfor @(aﬁiﬂldga,nﬁgﬁfde(rjl@ltagdj :aﬁ@ﬁiapeharmpf&rrm@im,citgi sthtand ﬁfg graﬁﬁial’ tic
acid, glutam ¢ acjd, histidine, |ysi.ne, arginjpe, cysteine an t hi oni ne.
The pr ot &3 ﬁ%@n bjasgd %?meglepﬁoﬁpﬂatl&? spliage! The PRINEF 4P STHCHTEAGE e [0029]
I n the copfi@thayte répatBYs embodi nents, the term"transport junction" nay

generally refer to a barrier controlling the flow of ion and el ectrons

bet ween tl0f28]) EProteinl, gs pyedshareini seferoto apelamepaf ayinoqeidsdhyl redyeeansishef t o pass
t hr ough; - Sh ' ' . I jvely.
{00301 AR PRRl FAERIAS IR, Bl Uk pRR EhT oy e FROBRVC' ]
redox preohgstsn of Asleass €0 herimi agidsa The dmingadte imy roeseleeted frono the @atwobkei n t hat

t al the t f qf el . f I I th duct ant, al
Cal Tl oibettign FORDr potls ANLHEF BRECoAAMAT, e el GOGREn

accept or )phedy@4dlai¥é toBine AtriySHEphaR) plofing ¥RiYie POredRAINRNZ3paRaghie, @Mutamine,
oxi dor edlé(s:}ga?tsif acid, glutamic acid, histidine, lysine, arginine, cysteine and methionine. The
protein may also comprise non-natural or artificial amino acids.
[0029] In the context of various embodiments, the term ‘“‘transport junction” may
generally refer to a barrier controlling the flow of ion and electrons between two
terminals by allowing or disallowing ions and electrons to pass through; thereby

establishing or breaking conducting flow, respectively.

[0030] According to various embodiments, the protein 106 may comprise a redox
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[ 0031] In various enbodi nents, the protein 106 may conprise a protein
havi ng a netal oxide core. Exanples of the protein 106 may be selected from
t he groupwoeomiwbizag of ferritin, transferrin, |actoferpcmscand/ oazet xt ure

t hereof. Al so included are nutants of said afore-nentioned proteins, for
exanpl e those that have been engi neered to have a higher stability or

i nproved redox properties. The protein 106 nay also be a ferritin selected
fromthe Interpro protein database entry | PRO01519. [0032] According to

vari ous enbodi nents,, the prqtein-based transport .junction may be nfi gured
o ot PR RS e b, Dl el Bkl R Ry el nbs it |0
appl yi ng of efectréds s @8¢ BioldciRthRiraducyt, tab@ecafled elestrérdrioY)ao @hehbr (tgal | y
conducting ternmnals 102. The first_predeterm ned bias voltage my be about

+0. 7 V t oxispualsezalled degtropaspspter). Hagexpmple; a pedog Srele Me bHra SN age may
be about Q; §xMoredQQR3] N various enbodi ments, the protein-based transport
junction may Ee configured to swtch fromthe | ow resistance state to the
hi gh r esi[80¥hde vatiatseenibpdampguitsy ithegpratese t@hohap ceniptisy arprigein havisg \aahttalge

across the.fwo electrjcally conductjng t.erm,nals.10 The secand
o eaet or e daatngles d s SRR IS i R SRR bR e HerGRSR el o ¢ he
second priegigihefrafsiedn, Hhasferi, bad e mistuad teteof 0ABY indl@ied4le Hhaeintesidagt or 100

may be configured to exhibit a resistance hysteresis at bias voltages | ower

than - 0. gfoyegrentppadairotepsnfor gxample fhpsp that hrvebeeacsngingeref do has &higher i cal | y

conduct i Rgwhgy & | fedok QRGH Rkl En0TBIBiLi 106 A0 aIRYe GXRARRS |

non- vol a??ilbem{’g}sirﬁg{)%h%g cﬁag’g . f60036?sl rﬁ 1vari ou%pgmogi ment s, St céed

ment i st orfrobthedetgrpbe protami gabagelenty PROPOI . a r eadi ng operati on by appl yi ng

a readin tage .across .the two.el ectrically.conducting.ternmnals 102 and

obt o i ndO UL RFEIPL R ER e SR ESREHEsROR Rl sy

r esi st angenfigurédto sWikh fidadihs gighakiiaatcestye foethaon tesistinbe Matedyapplying 0. 7 V.
vol t age nay be about +0 0037] _Iri 'gure 2,

vari gﬁ?”@@%ﬂfﬂ%@ﬁ%@%&%ﬁéﬁdﬁ% A thet Yo qje@ﬂﬁaelﬂyfsch\ﬁllﬁtl%% EiRpR sdoa
substr at erp2 st piedhthmld bie vb e Bl B Y dboad 4+0/7 vaBdb&itiRovterm nal s 102 are 6

For example, the first predetermined bias voltage may be about +0.7 V.

[0033] In various embodiments, the protein-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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di sposed. The substrate 200 may be made of any materials with the
properties of insulation, flat surface, and chem cal inert, for exanple,
quartz orwogl2aps03BBe substrate 200 may be nmade of Si or pBiIr/sGi20Ed/00038038] The
two electrically conducting termnals 102 may be made of any chemically
stabl e and conductive netals. In various enbodi nents, each of the two
electrically conducting termnals 102 nay be made of a material selected
fromthe group consisting of gold (Au), chromium (Cr), platinum (Pt),

titani um {Ti | I adi um (LRd) ... silver .(Ag) .. copper. ( aeal um num ),
tungst en PP ha t6n P aE TRUmag e Fral, Firvr BRGSO M hE PHERRHE, o
el ect ri cahdwativanflaciurfage, tagitd rchemical kR, fayexampleadaar®s of PRss ame subdteid al . 1 n

anot her enbodi nent, tge_two, electrically conducting termnals 102 nay be
made of dPmAYstMIdsod i 9 WS1PP039] In the context of various embodi ments,

the ter mbsH) THEBY 0 A8R%EANY Yeoh&lcBihg iOnfndPAOL nly SPARIOYL LF BR&HichRE ween
two termnals. Such a space may be physically déscribed as a vol ung bounded

at | east staple hed gredustivd metas.r s paotus vembodimena| eashrdfathe stwionelgptokcdlyor part

t hereof . Dependi ng on.t eopetry of th p.104.,. the | ength neasured
ncrose. orf@snne St {12857 BF biale 8 n e B Reitclie biohy B SR ptRRR o
todaﬁ t Pe)fvgfoiii Awf cﬁrbmilgﬂmcﬂ)pglaﬁﬁuxh Per ﬁﬁaﬁiﬁgﬁmi)’, ﬁaﬂﬁcﬁnme(d’dy,@ila&d@?, ?ve[) age
wi dth. [0040] ln various epbodi ments, the gap 104 nay have a wi dth of about
2 nmto &BBRAT (£Bb anm%ﬁAEB%mﬁt@ (%aéldgagpﬁgflf@sah%gﬁ%glﬂﬁewmwummabogt 12
nm  This 4 dih eféfctﬁcgﬁy Qgﬁg&gf\}%'ﬂaﬁi&% WERRR! B hdt N RS I8AD InYat&ial PILT €1 N

mol ecul es across such gaps. reover, under such system a protein-based

si ngl e- r cdothemn oatbedimentc dhe Beo gldeiroalyl copdeting thimynale 192 shawvbe amadehefrat i ¢

bl ock di m.of .a.nethod of fabricating the nenristor, according to

vari ous %oa?tgrneaﬁ&aﬁl n a second aspect, a nmethod of fabricating a

mer nri st go0BPCn itlse gumakk d€ slarioliB enitetindhts3 0k ranpPiEhsemapgepasliyngfa to a
nanonet er - scal ed gap between two el ectri.call onducting term nal 5 302, and
di sposi ngP¥CpPotRAHE fPepls ‘geé‘ﬁe%t%rtmmﬁ?-o ‘é‘i%n?b%?é%"d “?aryaﬁg ﬁ@?’?“’?ﬁh’ncti on

bet ween tdagbu®aeh 6l BALAIIGO LDy tRE afedd 5T thak&pdQtve MhEd2 ki ficREinPr Ot ei n
is reversibly switchabl e between two el ectronic states such that the

pr ot ei n- bghodaion parhihpisef- Daparding An ithe geonetyafdbe gap 194 + &R lenethveepsugechi gh
resi st anggy, %gﬁfteﬁﬂﬁaﬁs&%}é\é {oSthb %f}@p&?mﬁfaf%l%‘fdcg Iﬁcfg/?{é%i%?reh Q 8 GaNdG ' n bi as

vol t age app across the two electrica con i'ng termnals. [ 0042]
| n var i ouwd therdap d Ddeningsrcangaby oif@radso as theaserdeéd il above. [ 0043] In

vari ous iments reparing the ngpnoneter-scal. bet ween the two
orectr: caPP dbRa PR E A S0 ARG Biedf Sl i abreicl g 0%

mul ti segm@0thnfdanostructure conpri sing a nanoneter-scaled sacrificial |ayer
formed between electrically conductigtg materials for the termnals, and

r emovi ng Fonexamplei the gpmil 01 Bprhars sidtReo! fheyt Weymehtis waHbof thecgam W4 ¢ her eby
form ng the PARRERIE 16 R AdedRl HEHVRED nldi&ulddchlseGhel eads GREsiiCt i ng

term nal s.
under such system, 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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[ 0044] Synthesizing the nultisegnment nanostructure may conprise

el ectrochem cally depositing the electrically conducting materials and the
sacri fi ciwb 20my80s38her ebet ween in a nenbrane tenpl ate. Por/sezenphesstt he
menbrane tenplate may conprise an anodi zed al um nunoxi de (AAO nenbrane
tenpl ate. The menbrane tenpl ate nay have an average pore size of about 360
nm [0045] In various enbodi nents, the nanostructure may conprise a
nanorod. [0046] In these enbodi nents, the electrically conducting naterials

are as defi above r .the e ectrlcall termnals. [0047]
Accor di nd BT IR FRENS cuRbiE R e ProeReye Ry SEREUERRITr | ci i ayer mmy be
per f or meqodua) ¢k 6hHOG EEBsH mentt)Epreptiinig§ the indhotheiescalt@ygdpebdimedn tHe tockel .
[0048] I n various enbodi nents, d|3505|ng the protein in the gap 304

conpri seslesinealy ondugting Ereerls 88 |91ar50?fammen§yrtt@smrrga|as tiseREeRt wi t h
the nanongf QknSea e&)nﬁﬁﬁbghear(i bifeRRsidd @achﬂ&ﬁﬁnagér F}Bﬁﬁé‘a Mok

crosslinki ng agent ours to about 20 The crossl i nking
agent nmuyldotricaBy eondisitihg mmteriads farnthe itenmahalgyr andpreofovory the diabnficlalslaydihe

crosslinki ng,a i ma beslete fro t he consi Sti f 1-
et hy1- 3- (Vfg)ng hﬁgxf\ﬂg}ﬁeg sgwcﬁ.lr%gﬁ)qsgml ngQE%E%ometer-scale& gapobetween
N, N- di quﬁﬂh;@@éc@ﬁfanpdbﬁd’ﬁbﬁﬁg teMniNaldl | sopr opyl carbodii m de, and a derivative
t hereof. Here, for exarrgen EDC rra be used as the catalrﬁ>{st for the
(5% )

f or mat i o0 Sathesizing @%eﬁ@éﬂ BaNasERSIIregPaY prommisa Rl srEoghesipally 0049]
I'n varioyg &ﬁ‘ﬂ&%@a@étﬁcal n&@én'a Cha?Qfh1SBY tﬁygéchﬁelamwthé%b&%m inhg the

nanostructure to a mcrog ect rod prior to disposing the protein in the
gap. The meamtwater ¢oplate Frmyexmmkcodpl mdmbrant Hempliater mey @gmposbealbym@dlmiam

l'i t hograp andsb Nt _chrom um dt 05|t|

m cr ool oBlTHBRRREHE TARH heRBirRE) PRl AT (T RE bt e A ol o
onto a rasusgelmﬁégl@eaeﬂ)o\aaj(grnmfol | owed by 8 incubating the wafer and
subsequently by renoving the resist fromthe wafer. [0050] In various
enbodi marw(g‘ysl {1 aripys embodipents (e PAROSITYCTHES AN4Y, SOINRRISE A N8IOTAL ¢ apt opr opi oni ¢

acid ( 'VP%OA%E I ﬁﬁké éﬁa@&ﬁm@ﬁ&’ 3th§ RleciRMP) !:J}Qlué‘tfmgt ﬂﬁteﬂﬁl@taﬁ‘é £h ddfi?e@ hbovEhe
protein may be randomy and colvantly ‘assenbled with he gap.
for the electrically conducting terminals.

[0047] According to various embodiments, removing the sacrificial layer may be
performed by etching means. The sacrificial layer may be made of nickel.

[0048] In various embodiments, disposing the protein in the gap 304 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. The crosslinking agent may be selected from the functional 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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[ 0052] Coval ent bondi ng ensures strong el ectronic coupling between the
proteins and el ectrodes. This kind of coval ent assenbly is based on the
chemni cal wondidsbtsseen t he carboxyl group of the |inker eotiseeoalieesst ode and
the am ne group of the protein nolecules, so the orientation of the protein
nol ecul es inside the gap is dependent on the structure of the protein, nore
specifically, the distribution of the am ne group on the surface of the
protein. [0053] Non-coval ent imobilization, such as electrostatic
attractian, ,of the proteing to the electrodes may.al so be.possible.

However, ‘P2 'F%%‘FP‘%ﬁertaf“‘;ﬁlibﬁ?)‘i‘ienﬁl%%[Fé%ové“%@%ir?ﬂg HRp tﬁ? W@Ee?‘ed and not as

ef fecti vqoesn] dRPaiRd EMbbdifeARY ah€Nbapa SRS -cob et medifibe want 8xt of
vari ous enbodi ments, the term "about™ or "approximately" as applied to a
numeri ¢ VBFTGRPIRMeRIAYS 85 sMPYY te fasHitatg spyadend soppding of thedens +/ - 59 of the

val ue. [ Qgfdy) ﬂ%ngg}oh sear%ndoggmn&m ts@hnitYed Wilinticdapde “exactly” and

a variance of +/- théreo an exanpfe and not [irmtation, the phrase
"Ais at [Pe5YtCoulest bontdingd bnsutdistmagelasoit qvapling) betwpers sheepivodinsremt s wher e

A | h B wh A i in. i f. +/ - 5%
Por° enamsiatranetd THE ind S poyafing ARGIELY s Tited’Sp dht thetyidel 63 Pofeaf g

i nvent i orcaffyybgrdupast the limeersnt aRdelsgtebdeUind fHeOaminRC oGl ofethk esibtein
particul ar enbodi nents_will now be described by way of exanples and not
|i it ati dhgleculgfasatherpricaplonplhe pEoteinanelpeplesdasidetliergsp ds denspdent op the
singl e-r Chf | B e RASERKARY. (1R dibldte 5P afinddrdl

ONL- gene%g#gtg&-%zih%mragp’ ﬁlgcgeg en faag’r gl%a('gledl.b 'F%fs tvvo-tgr rﬁtrgdé{jo? élrleri tin
devi ce penuffarend the proteim. ol | abl e and st abl e resistive sw tching under

conti nuo hi as as, a tpristor., The,natural bionole e _has been

Sont | oo B AL atR Ry DR Sish o R B ofthflSH, ST pEST B
ferriti n-thaslesrodesnmag tlsé bl pysibiel Howaets, e diéchronmfanipoliihisiich 4 deviteahdy of t he
artificially .synthesized materials, and may be as a key unit to apply to
bi onedi cAftedad agq nofias sifeqtive pyeompared o thecovaleatasstmblynt eri al s and Met hods

[0054] In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a variance of +/- 5% of the
value.

[0055] The phrase “at least substantially” may include “exactly” 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
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[ 0058] Preparation of OA-generated nanogap [0059] First, Au-N -Au

mul ti segnental nanorod were synthesized via el ectrochem cal deposition of
gol d, ni okel212z3as3gol d plating solution (Ootenp 24 RTUpamgchialedsst

sul famat e RTU, Technic Inc., Cranston, R, USA) in anodi zed al um nunoxi de
(AAO) nenbrane (0.02, cat. no. 6809-5002, Whatrman Inc. Midstone, UK)
tenpl ate (pore dianeter of about 360 nn) with el ectrochem cal station (EC
epsilon, BASi, West Lafayette, IN, USA). Trough controlling the charge (120

nC) durin he el ectrochem cal deposition of nickel, .a . .approxi 12 nm
i okel | Ayhee TR ARS map baas BEK H el eokpid B AR s b, " T
HC1 for aRp@utireded@ehS, -12 nm nanogap was generated for assenbly of
ferritin nonol ayer inside. [0060] Photolithography and E-beam Lithography
[0061] Si wafers with 600 nm Si 02 | ayer were cleaned via sonicating in
acet one apg.ehhanPlieh8lis about 30 mins, rinsed with ethanol and dried with

€ S C

N2. After‘ﬁh‘“‘ﬁﬁt‘l ng wth a photoresist (AZ 1518 Photoresi st,

Shi pl ey, USA) at about 3000 rpmfor about 30 s, the wafers were put in an
oven (ab C) far a 5 mns., The resi st was subsequently patterned
using a ﬁﬁ‘iﬁﬁi’lr %‘H‘é‘ﬁmf %fég&kﬂ?&erﬁg"ﬂ?%og%er, Garchi ng, Germany) and

devel opeqoosd] FirsZ ARAONi-MuFmultiiedmentdl daofod) waidCsyfitheidéll 1Y) elv@fRhéhramal |y

evaporated onto the patterned wafer. Finally, after the patterned wafer was

i mrer sed depositian: gh goldg niqkpk tagd rgold plating csobetioactQrotray ¢ riklY aindeliickeloo62] A
ShEconl g e e S EM el YA B iR AR AR o, o °

chi p contalining prefabricated I'p was
dried i n mehram (B2 ciat. gw. $8695002, NWhatapmy IEBidstase, i) dsmeplateo(pdef | ne an

inner electrode paitern that connected the nanorods. with th .

i cr oel editsideor Abpde Tt AR, ERF GFE B AnIFa RAREY REC Aeo "B aSivmiVestas

pr epar ed Hayayeti€ INOUSAW Trgugh @aedling:thOSKhrfIMYR0 @80 VRsing RhdeléQricRémizhl about
500 rpm (about 10 fsﬁ)k and about 3000 rpm (45 s) followed bty baki ng at about
180 C f ordepgsyinn of nypkpls 2 apmpxigpately 52 pinduckst layeiswaspbipingdyAfisretchingmeels 0 SEM
Tokyo, Jap@{fcial %‘g}éf BPREbI MHP SorBbA RGN Li2hag rnﬁﬁ&%p ok os S ch &Rl o EL PHY
Quantum Dortnund, Gernmany) at 30 kV accel eration voltage and 40 pA beam
cur rent . agembhoefrfprrsindnonelaysodsided were then thermal |y evaporated onto the
e-beamresist-coated substrate after it had been devel oped with 1:3 (v/v)
met hyl isobutyl ketone/ isopropyl alcohol (MBK/IPA) solution for about 30
m ns, and0adeg PhotohisesgripliynandB-bekmkithograplye t wo ends of one nanorod were

connected w. th. the mcroelectrode. [0063 sepbly of ferritin into the
nanogap ﬁ?%l?l Ao “tlwegd?aﬁlarﬁg’g e W%@ﬁ@ﬁo@&amwaﬁ&%@
successf HaMoICoP Mt 80 ntifls, AnSEPRIB ClHaRGIOM I A-WBANL | Afid}ARE §RAYoatddiey Were
oxygen plasnma cleaned for about 1 mn to renpve organi c contam nation on

t he waf efvitha phetaesist §ALIRY Phgtoresish fhipdeys HSAD labshout 3009 mmyfonabant BGsN2. The
f i ] i fo i oni id (MPA
For about™ itere FEE 3RE ih buflofel KiroRoB] oo FY MR SPbARE O Mefee 34
0.1 M phaesizkaientlp yfaftemed usmigi nenasPBEpndru(SUESS MIBA. Mask) Alenat, i Garalnidg,50 ng/ 1

the. nanogisrenachr s RRer FLRtA 0P I Hishe §F (o o aian bRy PBS and
wat er, anigkrinBBy ebipordied birtoWht hattéined QAER] FiHaBG! sfkdrahe WaAGHER WRRI Swas

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 connected 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
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[ 0066] The current-voltage characteristics of the devices were obtained
using a closed cycle cryogeni c wafer probe station (Lakeshore CRX-4K,
West er vi [Wwe,203450335A) for connection the m croel ect r odepcToorbilveassw t h
sem conductor , paraneter analyzer (Keithley 4200-SCS, C eveland, OH USA)
for application of potential and neasurenent of current. In typical
experinents, the neasurenents were conducted under vacuum (5x |0 ton).
Characterization of ferritin-based -12nm nanogap device [0067] 360 nm

di aneter wire stru gswWth - a 00, accordi si ze of
errit: n b o abef b0 5€ o i RirpeE R OTA Aisd 2uh o fEE R SEMIBIS Y] ot

subst r at e53604EM, [Tk Jag@i) CeqUippe® Qi ahé ReiES SBOBlithbfaphycidts (RaitR ELRAYEd t 0
couple to_a bias vo e 408. Two sides of 12 nm gaps 400 were first

coval ent |QuaRm, fl?%nwde @eanwa @hpR Nraspeleretien yeltage(quo A0 RA Reap careind and
then two @ndynMh .88HL BRJoGuH w%rél&l% “REshaf0 gﬁ g@dt&n&n@ gbg&.&) roggs 406 by

e-beam | i t hography and subsequent rom u her ma osition
(Fi gur es céatedrsdbsttaje aferhitgimdobrehi dqvefopcd ivtithn lr&)de)ayethy\}vaspbpr}éﬂ@mld/ and

ferritin .nanodevjc e t ed, hanoga ave been. f |cated
no 11 it alsoRR ARRHTIA °Re BhEG AR AR o) e R

i mver sed Fifaly, MBS ehditdfoRe hittdrod Were@bnmeceditiihe hiéroklettfodend 50 ng/ m

1- et hyl - 3- (3-di net hyl am nopropyl) carbodiim de (EDC) overnight, rinsed with
PBS and water, and then dried with N2 flow. Wth the activation of EDC

am de bo 412 and MPA, and thereby ferritin
nol ecul egd%ﬁéﬁéﬂggﬁﬁﬁﬁﬁﬁkggg{ng%ﬂpw t hi n nanogaps 400, which ensured
a strong [ﬁQMﬂ)IAftvg thee navoends prigt WL 4dlzicated n@h@ﬂps oces sup@essfullyguomaectet) .

El ectri cal erties,of ferriti d _nano 006 ectrical
measur errgn 25 %“°c8n8&8tb§8ml}‘r%%"e%’apg‘ g’é’ﬁw e enpasg‘afiﬁ“%‘f }"F 6‘!3?}#”

t enper at whi@. to Tramolelofgandl coitihidation/ oh tthg @va(fér— suwac@ hfatlast® biysdléfmengdfn such
-12 nm gap devi ces wer e Qbt ai ned before agnd after ferrltln assenbl as
shown i n cHagel ands drypge with; §o.ngh ‘?:O‘ﬁ'g‘iic‘f’?sval}e? igmererd B anseligRofap t hat

can be ohs&tapRshrifibhit 'acﬁdr'(ﬁ/lm fof ai)61ﬁ12t h&tfrs BRE riARASHAETRAh watdOTRAY, it
However, the nanogap devices wWith ferritin 502, 504, 506, 508, 510 i nsi de
show an /was\ymmesssdnse,0. WY phosikate huffergd salitlee(PBSIrbbffer of:2.5 ong fﬁmtrh@ndpr otein

nol ecul e

el ectr ode%gq%%ﬁ) it c?g acg?lga@laﬂ E‘Ep%g‘@ S&Lﬁ‘ﬁ}ngﬁg EB%) toﬁgl%%%‘grlg%?lg'fi seti cs and
presence rﬁﬁogﬁp p:ﬂmredm whas sambvied s ohiet sqlummt arﬂnmnsw @6911PB'$1 and -watércandves of
such ferrh nanodevi ce exhibit a reversibly pro gamrabl e resi stance
swi t chi ndhed ?‘61’ M‘h&ﬁen the potential is applied higher than - +0.7 V
current abruptly increase, reflecting a change of the device from high

resi stance (OFF state) to | ow resistance (ON state). Then, the device keeps
stabl e i 10965 Elentrjeal Measurementsy state until the potential falls to around

-0.8 V (\e(f)tg‘ﬁ%itnT?ﬁxe c%g %t Ql?aréc?edsﬂx\éegf ‘iﬂ%a&v\{{??%&tre OE Eiqlrsfn%;bfzcﬂ‘?ecdr eases

i mredi at the e 1s accordi ngly changed state with
t he | ow @gddwcngenlt:wafaup:bbe:ytatwm (akiesiehne CROGHK] é]séd:steﬁulle S@He UWA)t ifores or
rounds connection the microelectrodes, combined with semiconductor ,parameter analyzer
(Keithley 4200-SCS, Cleveland, OH, USA) for application of potential and measurement
of current. In typical experiments, the measurements were conducted under vacuum

(5%107 torr).

Characterization of ferritin-based ~12nm nanogap device

[0067] 360 nm diameter wire structures with ~12 nm nanogaps 400, according to the size

of ferritin, were employed to fabricate protein-based device 402 on a substrate 404 with
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of scanning and maintain stable bi-state of conductivity. In addition, for
different ferritin devices, the magnitude of current neasured may be

di f f er entwot2be/osedsge of which is fromabout 800 nA to alPoutSGRormAoesader
about +1 V bias, as seen in Figures 6a to 6d, and the values of Vset and
Vreset al so change correspondingly. This difference is presumably ascri bed
to the nunber of ferritin nolecules that actually span the nanogap and
chem cally connect with the each gap-side, since the roughness and

hol f f b 070 F th
nyst o et e g mig s des b Bal oo e SPMe o ik S Ros BBl W1 i
nanogap, dffe niny\gaps 00w fist edlaldnflfimddefiddowite rMbreapmbpropibhicedidt (MM)e

category of nenristor and can _ be_ enpl oyed for nonvolatile nmengry

i mpor t antVizAdrakandrand thea typ epdyef ‘?P]é) goldiwigg 41Gswengconprctedity they el?Cé@éF%qg,

wri ting, %yPeaRhA0litbe Rt A% BERRed UESHIARRE: edI®QRdnaldpsich Shows
the wite-redd-erase cy a ferritin-based nanogap devi ce.” A continuous
and var i dbiggutss adeand 0th) wer dighpghalay itmtunmqnolaycmevastmparcﬁ anflefedsun ce. +1
V for witin hi s used, to.s the device. the. ON state
whi e 1 orpvichs BEIEA oh eRBL e it AapiBET IS GRS R SEPMRAEEI ¢ o O
state. Addgire @aatHeMPAQn@dﬂc{ed »Mﬂo@ﬁp dsviketonewis iMaRdrsalnd a VB ﬁilutldrﬁ(pﬂm| oyed
to read the current val 702 in such two_states, of device. i s observed

that the ‘ctiraf@m@e/sl fae\vp@ed PH r@@ﬂéi»&tlwl -4r(@- %eqhm%woaymﬁ%rhqﬁié%s in
CFF stat g @smhﬁ&maﬁﬁs@@ il PAE dldeqibeing h&f afided i Kb ablhe walend eadi ng

bi as, +0. 6 V. Significantly, the progranmable switching is shown to be
cyclical Iaytlmlenaf EDGramydetbonds wers fomead henVﬁngfgm“émﬂlamdd MBA cad yhedbyOFF
ratio is |nta|ne. El ectr, ropertieg.,of ngngga devi ce
asentl cd g SubR AP R Ebo o7 by Bh R RoR i BRFR 007 2)
Ferritin strﬁnglaiupﬁﬂg Yetivbén jprotein 4 12t andeidctrodar4ObnBigusd4)age protein, but al so
a notabl e redox protein. The active center of ferritin, a stable
ferric-oxyhydroxy-phosphate conplex core, is the key factor of electron
transfer prbdddalpRbhESits CRAICEsedfMtos f5ddviteSOl Ut i on. Therefore, such redox
center have a direct relattonship wih the ferritin-based transport
junction in solid state. In order to explore the nmechanismof the electron
transport DASE f onpl ex
center 06& tEEéC%GJ Eﬁl #’télgés?xﬁrl nggggﬁ f&l fig:f?fac&@%}%é‘%l tld;j'g%%eﬁ%f)gld W t hin
nanogap denpamarea§vtd1&trmda$ccurrbnadvdltegce|(hﬁbohaact[anﬁ)ﬂﬁ3]of Fughir-d 28amsgapws t he
/- V characteristi sof tln bas ice ab

ev ut 1
0N gonerGTER WaBSORUG B SRLARTHFTLR PoaBiv MAOTOIR SIEHT Srllse i (802,
804, 806.n08&R8ductilfly of 8RMIAMK naRodpVs00! thilEn WRUDkervad Within theabie ligoder ri tin
shells. Figure 8b shows /-V curves of OA-generated nanogaps before 812 and
after 814h‘?a§1§é?\‘fﬂr¥ené(<]eppb‘f*krﬂqquﬁr theypanepam Hevigesgyvite deratinP02u?Me#060f t he
apoferrit e r hat of
t he ferr|5't0|§n§g§ dﬂ déé{\?ﬁzgaeﬁ gAf ?%éﬁ%&éa%flﬂl %engnsﬁ%gg\}}\% @%Ohg&%%%gggh ‘%
resi st ancpeotexhsnoldw'téamyms theMianegapr wie @asdlentlyt bontdivg forqaph ob gdqutméesc ent er

was reconstltuted poferritin accordi t he ne d descrl in

v 1 son sagpnptite 59 FRAE far. AR ORSEOHE cRkagsderiE i SrSERE S Rieldy 1067,
216, pp. tﬁ&ﬁt&&ﬂﬁmﬁﬁﬁaﬁhout 24 hours, t he S|gn|f|cant current transport and
the hysteretic /- sults can, be detected ain (Figure 8b). These

resul ts de0aPhdhe a’t’é CPﬁ’éﬁ of Fuch r?fﬁ‘“&o‘??&P‘é@%"“@o? it af @HFrtsin’ aragammable o pat es
the el ectionfok dRflifhg agﬂfonl@@s %&ﬂhéba%etlﬂeyalﬁ,ﬁéd Alflethay S +6rug 6@' role in
the nenristive behavior of fenitin as an electronic material . Si nce
ferric- oxyhg@r@mwtbhoepmx eeflooting @xhangeeofi the fdevlw fiom huguecslsik@et(wF
functions r apsfer. r.f0F r enomenon
for the VAMAEOVOERspRc Of PR rh IR e e R P R R

st ruct ur ata®d uistliche peteditial falree. ardu’mdon@ vgvegol (ena:f vdlegé ist lover Hﬁn(\msit,) is
deposited as a hydrous ferric oxi e containing, s eraI ousand atom
of iron (ﬂpeeegreph%%r%sed)nm wéj TGN St B ey Snarkbrohd? DChi ar of

i nor gani GRhQRR hﬁ“@w%ﬂd&k@ﬁ*z bicR ¢ ST RARhEcAnNE A YSNRYEraf e CH Bundéhi Ch
cause ferritin iron core to formsone disordered regions. Thus, the active
center of ferritin can be regarded asi2natural doped ferric OXIdeS t hat can
ensure the efficient electron transport through ferritin nolecule.

Moreover, after applied bias to the ferritin device, the valent state of
iron may be reduced fromferric to ferrous. As nonoatomc Fe (I11) has nore
freedomthan Fe (Il11) and can flow nore easily, which is also the nechani sm
of iron release in vivo, the conductivity of ferritin nolecule should
abruptly increase, once nore nonoatomic Fe (11) has been forned with the
help of electrlc fleld In solid-state transport nanojunctions such as the
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[0076] By contrast, the neasurenents of the sane devices as nentioned
before were carried out in air and the supporting information in Figures 9
and 10 reweabm/dshs38 the controll able resistive switchi ngcirscabfimossad
causing the V't to be enhanced and | ower OV OFF rati o. These observations
supports the proposed nmechani sm descri bed above, since oxygen can retard
the reduction fromFe (Il1) to Fe (I1). Besides, tenperature dependent /- V
characteristics of the ferritin-fabricated device as in Figure 11 provide
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investigation on the electric Broperties of . redox proteins, and thereby
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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
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3. The menristor as clainmed in claim1 or 2, wherein the protein conprises
a protein having a netal oxide core. 4. The nmenristor as clainmed in
any one olocbmiuses3z to 3, wherein the protein is sel ect edriscamioneegr oup
consisting of ferritin, transferrin, lactoferrin, and a m xture ther
5. The menristor as claimed in any one of clains 1 to 4,

the protein-based transport junction is configured to switch fromthe high
resi stance state to the | ow resistance state by applying a first
predet erm ned bi gs. vol.t.age across the t lectrical ly conducting,.

er m nal aransportn this Yt s raetiFoucys ey, o o5 bop s ST o iRt 1 1 st
predet er Bynadadiiridg oalbaBfay! S aRuFetitinOasdeble® VARG Inatddhp devices as thét
as _clainmed in claim6, wherein the first predeterm ned bias

: desgrihsd heremabovg. 8. The nenristor as claimed in any one of
clainms 1 [ G%ﬁ,Fsi%hlr% §ﬁ sPows tH@ﬁV%bg}aétgﬁstRE %&“‘%ﬁé’ﬁ@fr@ﬂﬁb&?&&%@i& dbdficid

menri st or
vol t age i

configure

electric
cl aim8,
about -3

romthe | ow resistance

eof .
wher ei n

The

on is

to the high resistance
st ate by mpPWLzgnaatsé gapscheiore 860 endraft@dedninastutionh bhigen ewe ¢332, 8H4, 806D

LRty Sl st wemmbiaele a8 Gat gt daReob Fofs v [o

MY curves of OWL-generated nanogaps before 812 and after 814 assembly of apoferritin.
[0074] The magnitude of “current of the apoferritin-based device is several orders of
magnitude lower than that of the ferritin-based device. At the same time, the switching
changes of resistance also disappear. After reconstitute the iron-core active center was
reconstituted in apoferritin according the method described in Harrison, P. M.; Fischbach,
F. A.; Hoy, T. G.; Haggis, G. H. Nature 1967, 216, pp. 188-1190 for about 24 hours, the
significant current transport and the hysteretic /-V 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 ferritin 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 (III) 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
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10. The nmenristor as clainmed in claim9, wherein the second predeterm ned
bi as voltage is about -0.8 V. 11. The nmenmristor as clainmed in any
one of clwome12%5053310, wherein the menvistor is configured/scaomnbideit a
resi stance hysteresis at bias voltages |ower than -0.8V or higher than
+0. 7V when applied across the two electrically conducting term nals.

12. The nmenmristor as clainmed in any one of clains 1 to 11, wherein the

menti stor expresses a non-volatile resistance change. 13. The
i st | ai ' f clai l1tol ' .he. menri st '
Cont 1 gur dE BT BEHFEN AOleHi At B P RieB o By aBb oI RIS VB4 age.

across t hgowatprk@cdsicomphie t6 Haduddx fectiol Thudittes edhckxpRimihaibysteretic Ur r ent
value in the high resistance state or in the |ow resistance state.

14. The retherastepstiepof dersifindasadmapegadeTise. wherein the reading voltage is
about +0. G0y e el ult hedburements of 4R sallCYUVENES TR RbniRficd befofEd et C! ai m

14, wher hg voltage 1s about menri st or
as cl ai medrried anyn aireandf the Isappustidg irdorbimtiof un thigre 8 modi 1 regeads shabshe at e, on

whi ch the t ectrijcally . conducting termnalg,are. di sposed. 17. The
o 1t oo BBl TRt i Bes SRl SARRITENB® St 6t SRRESHegid 1gversi o

Si /Si 02. ON/OFF rafio. Thése B8V atloRk safpotls ahéebpoledMpciifBndleseliBédBbovel 0 17,
wherein each of the two electrically conducting termnals is nade of a

mat eri al SYEF Ve FALFEIAHhg medistien i tenglibfio dis dD( Reyidess Herspraie o )
i ATy BTl 4007 /o 0985

further evidence in support of such explanation, that the hysteretic behavior of I-V curves
1100, 1102, 1104, 1106 perform more distinctly, that is as reflected by the increasing
hysteresis, coupling with increasing temperature of 300K (1100), 240K (1102), 140K
(1104), 60K (1106), since under cryogenic condition the freedom of monoatomic iron is
very limited no matter ferric or ferrous.

[0077] A single-rod memristor nanodevice that combines ferritin as electronic material
with OWL-generated nanogap in accordance to various embodiment is developed for first
time. There is convincing evidence to demonstrate that proteins, especially the redox
proteins, can achieve efficient transport junctions in solid-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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19. The menristor as clainmed in claim 18, wherein the two electrically
conducting termnals are nade of the sanme material. 20. The nenristor
as cl ai mestoi20100ses3: 18, wherein the two el ectrically cordusiGmg/obesni nal s
are made of different material s. 21. The nmenristor as clained in any
one of clainms 1 to 20, wherein the gap has a width of about 2 nmto about
100 nm 22. The nmenristor as clained in claim?21, wherein the gap has
a width of about 12 nm 23. A nmethod of fabricating a nmenristor, the
met hod cckﬁl;? h@'gng: prepari ng a nanoneter-scal ed gap between two

el ectrica é nducting termnals; and di sposing a protein in the gap
to forma protein-based transport junction between the two electrically
conducting termnals, . wherein the protein is reversibly

swi t chabl e betlnAdPERRVOIABPISHE] ¢ states such that the protein-based

transport junctionygs efe@ﬂchW E%&ﬁn@%&ﬁﬁhl?gﬁma Wit la%hnometer-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
change in bias voltage applied across the two electrically conducting

terminals.

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

protein.

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

protein having a metal oxide core.

4. The memristor as claimed in any one of claims 1 to 3, wherein the protein is
selected from the group consisting of ferritin, transferrin, lactoferrin, and a mixture

thereof.

5. The memristor as claimed in any one of claims 1 to 4,
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.

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

voltage is about +0.7 V to about +3V.
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resi stance state and a | ow resi stance state in response to a change in bias
vol tage applied across the two electrically conducting term nals. 24.
The net hostoasimisesssed in claim23, wherein the protein ipeTseheqatesssi romt he
group consisting of ferritin, transferrin, lactoferrin, and a m xture

t her eof . 25. The nethod as clainmed in claim23 or 24, wherein
preparing the nanoneterscal ed gap between the two electrically conducting
term nal s conpri ses: synthesizing a nultisegnent nanostructure
conprising a nmet er caled?sacr|f|c1a en Iectrlcally
conduct i ng rrapgﬂ?‘ Irge%siort e ClpEpedh ot una?ndva%rem e R prree‘i%erﬁn ﬁ

sacri fi civaltagedy @bodt HOMV¥.he nul ti segnent nanostructure,; thereby form ng the
nanonet er - scal ed gap between the two electrically conducting term nals.

26. The nethod as clainmed in claim25, wherein synthesizing the

mul ti segment  RATASHEHEIKE & AAMRA &Y HaAtlaniem gal Iy depositing the
electrically conducting materials and the sacrificial |ayer therebetween in
a menbrane tenpl at avherein the peqteinThasedrizsrispot asnctibm iiemnfignred [taiswitlp fromher ein

t he rrenbrﬁen[eo\’&

Lompi at o. oo o RIBRL B TR e e R0 R ST W b M T b oS hmtRgL © ne

menbr ane bﬁaermltageeachﬁstmnwa\eeb&aeup@dxﬁlusngeteﬂﬁmalb.out 360 nm 29. The
met hod as clainmed in any one of clainms 25 to 28, wherein the nanostructure
conpri ses a nanor od. 30. The nethod as clained in any one of clains

25 to 29, wheneirhe LGRIGGE gabd Yo SRRIYCIMBQiIT Bkl RIS radeteragleadigd from

the group consisting of gol d (Au), chromum (Cr), platinum (Pt), titanium
(Ti), palvolageusnlycded)0.8 ¥itbabout(-AY), copper (Cu), aluminum (Al), tungsten (W
and an all oy thereof.

10. The memristor as claimed in claim 9, wherein the second predetermined bias

voltage is about -0.8 V.

11. The memristor as claimed in any one of claims 5 to 10, wherein the memristor
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.

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

expresses a non-volatile resistance change.

13. The memristor as claimed in any one of claims 1 to 12, 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.

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

+0.6 V to about -0.7 V.

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

+0.6 V.
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31. The nethod as clained in any one of clainms 25 to 30, wherein renoving
the sacrificial layer is perfornmed by etching neans. 32. The net hod
as cl ai mestoi2o12a3ys3ene of clains 25 to 31, wherein the sacmisGeeilabodsayer is
made of ni ckel. 33. The nethod as claimed in any one of clainms 23 to
32, wherein disposing the protein in the gap conprises m Xi ng
the two electrically conducting termnals arranged with the nanoneter

scal ed gap therebetween with a buffer of protein and a crosslinking agent
for about 6 hours to about 20 hours. 34. The nethod as clained in
claim 33, wherein the crosslinking agent is selected fromthe group

consi sting of 1%: Bhdihkmdslos aél tIaRhddyin il HAR 0B RMims ¢ab ll@,dfuhﬁhd&)ngﬂ@@?a
N, AP- di cycl ohexyl carbodi i m de, NX-dii sopropyl carbodiim de, and a derivative
t her eof . substrate, omsyhichithe v tledrically copdueting tesminals apdispesed| ai ns 25 to 34,
further conprising coupling the nanostructure to a mcroel ectrode, prior to
di sposing the protein in the gap. 36. The nethod as clained in claim
35, wherein tH&. Tnmstrisot as daineddowplied 6f whete: the snlostdateas nade obBi e beam
Iithogragg%xgnd subsequent chrom um and gold thermal deposition. 37.
The neth asclainmed in claim35 or 36, wherein the mcroelectrode is
obt ai ned by thermally evaporating chrom umand gold onto a resist-patterned
waf er, followed by incubating the wafer and subsequently by renoving the
resist fromtHé& Igéf wemristor as clagged miamypeeid ¢laags d|1g; lfe hpigingeash of dheof

clai ms 23} 0l frica Rohdbdh k/&%gr&ﬂﬁ’lsh? AN rhteiH NefdeRd #beh e group
3- mer capt opr opi oni ¢ acl d F .
consisting of gold (Au), chromium (Cr), platinum (Pt), titanium (Ti), palladium (Pd),

silver (Ag), copper (Cu), aluminum (Al), tungsten (W) and an alloy thereof.

19. The memristor as claimed in claim 18, wherein the two electrically conducting

terminals are made of the same material.

20. The memristor as claimed in claim 18, wherein the two electrically conducting

terminals are made of different materials.

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

width of about 2 nm to about 100 nm.

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

12 nm.

23. 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
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resistance state and a low resistance state in response to a change in bias voltage applied

across the two electrically conducting terminals.

24. The method as claimed in claim 23, wherein the protein is selected from the

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

25. The method as claimed in claim 23 or 24, wherein preparing the nanometer-
scaled gap between the two electrically conducting terminals comprises:
synthesizing a multisegment nanostructure comprising a nanometer-scaled
sacrificial layer formed between electrically conducting materials for the terminals; and
removing the sacrificial layer from the multisegment nanostructure;
thereby forming the nanometer-scaled gap between the two electrically conducting

terminals.

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

materials and the sacrificial layer therebetween in a membrane template.

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

comprises an anodized aluminumoxide (AAQO) membrane template.

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

an average pore size of about 360 nm.

29. The method as claimed in any one of claims 25 to 28, wherein the

nanostructure comprises a nanorod.

30. The method as claimed in any one of claims 25 to 29, 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.
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31. The method as claimed in any one of claims 25 to 30, wherein removing the

sacrificial layer is performed by etching means.

32. The method as claimed in any one of claims 25 to 31, wherein the sacrificial

layer is made of nickel.

33. The method as claimed in any one of claims 23 to 32, 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.

34. The method as claimed in claim 33, 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.

35. The method as claimed in any one of claims 25 to 34, further comprising

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

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

deposition.

37. The method as claimed in claim 35 or 36, 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.

38. The method as claimed in any one of claims 23 to 37, where in the gap is
covalently modified with 3-mercaptopropionic acid (MPA).
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