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of novel applications includinﬁﬁ?pplications, that rely mainly on the

abi li t yT ENhgd MAREAA U VHIPRYS bl ocks (NBBs) into

The present invention was developed with use of federal funding from NSF- NSEC, Grant
No. EEC 0118025; and DARPA-ARD, Grant No. DAAD 19-03-1- 0065; and NSF Grant No.
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BACKGROUND

Nanoscience focuses on elucidating the unique chemical and physical properties of nanoscale
materials that analogous bulk structures do not possess (37, 38). Bottom-up and top-down approaches
have been used to synthesize and fabricate such nanoscale materials that are metallic (1, 4, 5, 11),
magnetic (6,7), semiconducting (8,9), silica-based (18), and carbon-based, such as fullerenes, and
carbon nanotubes, (3, 73} with fine control over particle size and shape (74, 36). In the last decade,
nanoscale materials have been studied and characterized using a variety of methods and are becoming
better understood.

Nanoscale materials are beginning to be utilized in a growing number of novel applications

including applications, that rely mainly on the ability to arrange nano building blocks (NBBs) into



deliberate patterns with controlled feature sizes on surfaces, such
as nanowiy gelgy19esegration (75), biological mcro- and npagr@sdsiye7231
fabrication (76) , and nanoscal e sensing (77, 78). Current nethods
for patterning nano building blocks into desired | ocations usually
include the following two steps: 1) a surface pattern-generation step
and 2) lbeRopAEms (‘f’l‘fg caurofleGatmipsizys Gt WHaceTiuchigs magocyprainiggraiand ).
pre-patterns on a surface using photolithography, electron beam

| i t hogrosipsicel BEsTY- 20 PArPEERY EQTiFHAN bdAnind prBypCals ooy dpp)- Croynt mgHiods
in the second step, nanoparticles are exposed to and further

assenb| BPYFBing nepdubiae plasiisdnta depingd Lgaophuply igelpdedbeloliggng two steps: 1) a
Unfortunately, such surface patterning nethods can require expensive
i nstr uﬁéﬁ%ﬁ&ﬁ?%ﬁﬂ-&%mmﬂw@%ﬁPffnea%%e sEhcrster b $on SimiRgtepEeates pre-
exanpl e, avoi di ng. non-specific binding of nanoparticles to unwanted
ar eas QEHITRYPHEIaEHY Pattlihegsiphpelestetisan lifiaeiphy EBRLoyr focusefl igpdieam

i npossi bl e task. Such problem can be especially prom nent at the

sub- 1067133 Hthogsah; @@ wgl.le in the secongysisp.JaRPPARIAISH H1E KERgeedipynd fophgr apsgmbled
single-step direct witing and reading |ithography tool utilized for
pat t er Mg e PItisREd 26icH thrssusfass (P9)08@f3ﬁi“@“$bb pusagigase poimingpgihods can
proteins (60), in sone cases, at the nnllinmeter and centinmeter scale
(61, 62)CIUR CHFREVCAEREenpEon Y] 15K beeerapligiied audinte-qogsugiing Ep1 sraplet e
hard inks, such as nangparticles, fitherenes, or crystallized
conducta¥Piging 8Py FRsFiEC binding g1 PORPaidestdUBTBISH arpas dhiron thsiseeenhprymanbaesfien
coating of such hard inks on an AFMtip and controlling the ink's

t r ans parEryrifisult, Mgnof imgpopsalde fagk. Speleprpliern payteicencaiapuprowingst avHy spetWrran

i nconsi stent and have uncontrol |l able feature sizes. In addition, hard
i nks mE{*I#¥8ne cases have a tendency to dry quickly and aggl onerate
during the DPN process, which nmakes extended witing tines

unachi evabl e (63-68). Thus, a need exists to develop a single
step nmethod for direct patterning of hard inks on a surface that w |l
provi de a cdtiPPel nagoldhoginby fRF b Asigclesigp direct wridee addeaginellithoeraphy o

| onger writing tinmes. In particular, devel opnment of direct patterning
net hod!tifigsd orhgtaning pefsiake. siches traltrgrisnglecuiesdohip e prastins@Qeldsener s
working in the areas of proteom cs and theranostics. Such net hods
woul d  Cateh-Givhg BHERSET #Y chfRsler seadnisdadhin BIneFgT ddraybsmest dilfeelikes of
proteins, oligonucleotides and viruses. US Pat ent No. .

7, 005, @FSCtHé?‘érg? pse kp rehes dpingubf el isiensse o sl 8 d PP ek gelymersus g
of pol yethyl ene oxide to facilitate patterning. The paper "On- Wre,
Li t hogr 6&%616 t¢ pyoRlews wih obtaming 3 gvenygptingdHsich higr ynkp on pinHEM tipasd ¢amplling
describes preparation of gap structures and filling the gap with a

mi xt ur dhork alragprIUetei Seihp EsYhEic ngpepapisicpatgs ey esrneiaconsisepané pave
Publication 2003/0162004 (M rkin et al., Northwestern University).
descr i BaenFalablerFityg siges- Borddigan pddipksmeny ie samsrGasss el Ry op Sy yiiskly
US Patent Publication 2004/0142106,&M rkin et al., Northwestern

Uni ver €14 38elagssids dusing tisde RN pioressy WoRchgpakeupesediagattines epchieyakled 63-68.
Pat ent Publication 2002/ 0122873 (Mrkin et al., Northwestern

Uni versity) describes patterning of magnetic nanoparticl es using
magnetic driving forces. US Patent Publication 2004/ 0026007 (Hubert
et al., M T)Ihgedapsdssistsdeosioppsmeisrien adpafe deregatiemipamiiyrd inks on a
The present application describes anmong other things nethods of

maki ng SuEace that widl prefads acf@§ei'01@dﬁfﬁb%wtp!@ngfeataﬁdIZﬁé@mg‘sallew fordpregr wiiking
enbodi nent provi des a nethod conprising: providing a tip, providing
an i nk tiges g atcus. depdorpit of dikcpgatierping wisbpds far praginthakedcpgskiewes iat

| east one matrix and at | east one nanomaterial different fromthe

mat ri x MPHEY a1 isepasehen etiing i thegrpasiprotemics ynd spopttichguehaethefs worldm
the tip to the substrate surface to forma structure on the surface



One advantage for at |east one enbodinent is that it allows formng
pat t er iw@oogrisyssat may be difficult to pattern. Anot hpCTAUSEIIOE2S1
for at | east one enbodinent is that it does not require chem cal or
physi cal nodification of the tip or stanp. In addition this in many
cases d es not re chem cal or physical dification of the
subst r &t'8% “En‘i‘eF‘“’é‘é%ﬂ’é‘hH C%l?%%@%%%?tﬂ@mr%gw eeliganelsotdeaand
surface.in a fashion that is independent of the substrate surface's
mat er i al™%n many enbodi nents, the nethod all ows sub-mnicron and sub
100-mm patterns of hard inks such as nanomaterials and bi onol ecul es
such as prot ei ns or pepti des in a direct wite hi gh throughput
manner. BRI EE. DESCRI PT% TI;‘P DRAW NGS
schemat i cal 1Y° P38, Bls? Q?Sf’é fﬁlphtbe”&‘b AP @F‘fua%os llﬂ‘s?drﬂf Warti x
assi sted. D p- Pen npan hogr ap RES 2 (A) -
presentpowyﬁﬁﬁ%"r‘%ﬂt%g@ Aty @ﬁ*ﬁ@ﬂ@f T%}%P%IJ&D%S(IWEJ graHWa@a fét%FleéiFe
substrat as seI ected_ height profile i s a topographic
atoni ¢ ‘Pﬁﬁeﬁﬁ%r&&é&dé 1(1 C”ibhséﬁ"é’afﬂ‘w%o ﬁ%%ﬁwrﬁrangéilvgffr?ﬂa%ﬁép
gl ycol wlth nol ecul ar vvel 8,000 on an Au substrate at
witin % aSPIQYCH DRAST af(dé)o e%lyléﬁe% L{%%éeﬂb?ubézciﬁlafl@%fwlé?o%Ee
(MN 8, 0&‘% on a GaAs substrate at witing speed of 0.022 pnis, 8
an AFM( geet 8- Nerihypyar HHB’FY%HI%?%CPH?IP@K%“IS&PE@I E%E@)‘WWF ﬁqmvwg b’cb
on a SiOx substrate at witin eed of i s. an. AFM
i mage GPPYUYPHEEY it Diibest m&a% 4661?)%1#% Hh&\‘%t&ms%tﬁfapéwarﬁlwﬁcrlhﬁ
speed of 0.05 Ams. (E) is an AEM rraq a pattern of polyethyl ene
i mne (H@E?r)nwmewwa@@bc BaCTansU R atent 8%}?&1@ 2§0%;’Pﬁ2§87§®51ﬂ<i1%ﬁ§h AFM
i mge pattern of a mxture of PEI (MV 10, 000) and 2 nm Au
ci‘ﬂ‘-'il‘@‘i“’é%e% PRIRKEY)fesqyibes Rafemine 8T magnstic “allol’a’*l‘:lfiﬁlu@lm@“% Afvishd 3

nanopar
B h h f ly
{cor  edpoR g T5pBaN AP SO HRP-o el s) dstiches gpoatm o ur e of

2 inn Au nanoparticles and PEI on InAs substrate (correspondi ng
t opogr dBRIPEAER i mage in FIG 2F). FIGURE 3(C) is a height profile
of PEGonly line patterns on Au (correspondi ng AFM t opogr aphi ¢ i nage
was shown in FIG 2D). FIGURES 4 (A)-(D) present ages DPN
generated arrays. (A) is a topographic, AFM i mage of PEG arrays at
contact tine of 64, 32, and 16 sec HW‘W‘%mtop to bottom
respectively, (B) shows a topographi c AFM i nage of dot array
deposi t ed usiBfigrEHFBAlGH O dessF 9&&‘1‘ﬁ&%16b%irﬂilfl%§|“éf§h°§ﬁaf IpRkHE. tﬂ.tlbles devices,
substrate contact  ti rre is 64, 32 and 16 secaonds fromtop.to bottom
r espectPPBPHiong.epd nethads QS §5Re AP CREENRIGEdSS R RFdtod sPPR IS BPHGnE 2
deposited using a mxture of 5 nm Au nanopart cles and PEG
tip-subst Pla’c’lém& ghinkdispeseraidhgond og he tipgwheggigthg “TerGWIPtI%?ﬁ ak lﬁasb‘&et"&ﬁﬁlx and
respectively, the inset _shows a Transm ssjon El ectron M cr osco
(TEM i%hihe Ot nepHBalist diiceat eeom Bg? TR BTPVH ITRENF BT Sufasys a8 Bwsp%ﬁm“ the
t opographj c AFM i nage of dot arrays deposited using a m xture 13 nm
Au nandpare diedie t%lH]EI spiEpte F‘PEC%W %1?11’%%‘%‘C%t?rﬁné]é@csuffﬁﬁé’oi“gn%ﬂg bpshh thp ppratig
seconds fromtop to bhottom respectlvel(}/ o N _

and the nanomaterial. In another example, provided 1s a method comprising: providing a tip,

providing an ink disposed at the end of the tip, wherein the ink comprises at least on¢ polymer and at
least one nanomaterial, providing a substrate surface, and transporting the ink from the tip to the

substrate surface to form a structure on the surface comprising both the polymer and the nanomaterial.



FIGURES 5 (A)-(D) present imges of patterns generated by DPN using a

m Xt ur avof 200871 57850magnet i ¢ nanoparticle and PEG (A) is pOTARMIS/ (I8
of dot arrays, tip substrate contact tine is 64, 32 and 16 seconds

fromtop to bottomrespectively. (B) is an AFM i nage of di anond shape
. Q?OZ‘LL‘EKSavé”ﬁ/ﬁ&a%lﬁa@%f’aﬁ%sﬁ@%2?&%%ﬁﬂéﬁt'iéalﬁagﬁvgtgr%%égtf%é? Tpidgmay
i nos  bF SuEE By ehh afis s BRabesEo g nﬁsfna%%‘%%a%%?%ﬁﬁﬁ

usi ng ﬁh?ﬁlﬁ%l aFF EgrTRieE i e (npedid naw%AEﬁﬁZ?i%g@b%?s gbtequire

arrays ct tinmes. of nd 4 seconds fromto

respect iy o B)m?‘én”?ifﬁéﬁl@ﬁ? ﬂﬁrsa‘fﬁ*rﬁté Sla 55F i S KRy (nﬂﬁecul%%y
presentsllne ar witin eed 0.05, 0.1 and 0.2 ktm

r espectiSaifgee it tfaa’ i gy mﬂFH"fﬁ F ol su Tﬁwﬁ SHEES S JrteppIgRHY cabagments,

A R At B Ty

respectivel t opogr aphi ¢ AF A hei ht profile (B) of
fuller WQO#ééeﬁ B PRTPIEPHET RIRY lwﬁét&% P@Eﬁl@%ﬁh 4 HPBPN.  Cont act
tinmes are 64, 32, and 16 sec fromtop to bottomof FIG 7A,

respectively. FIGURE 7 (C) is a height profile of fullerene/PEO |ine

patterns on Au substrat ner DPN at _writing speeds of 0.05,
0.1, and 0.2 lan/s froMﬁSFS&E&J%Nqu%PW The

correspondi Qpo r_a i mmge was, shown in FIG  6B. FI GJRE 8
scherratl cal %W& ?11%5‘3%%& Plléttr%'?lpﬁtse%}fw BEB‘E*@FW%[W&V@ maprpgspiest Ginley
and (B) elsent A M mages of anti-chi cken 1gG AF 488 nanoarrays on
Au (A "' 15'2’6‘ thogqaphy, ) surfaces generated by matrix assisted (M)

- DPN. FI GURE 10 shows fl uorescence m croscopy inmages of

anti-chicken 1gG AF 488 nanoarrays generated by MA-DPN on silicon
substrat es. A) Plots show the rel ati onship of
the DPN-gendl@YRES a&@ e Qlééenw)f’w cFl?eﬁf't%"LHi‘g‘FlP%l?fn SREGIHPABTOTIHe YBrel of
sel ected ink mat@rl als, the sl%ﬁes of the plot reflect the accordin

ink's dPSHEIE] BAvel gheiesind heighh ey (4 %W?whe%m@ﬁé%f‘emmmmé(AFrM
(anti -ubltg uitin dlffﬁy on r te with the iegglalg‘? of PEO at different

rati os Mg g BNy HEY S FHGE IR I of IESAMPES W gn an Au

ant i ubi qui ti n/ PEO at % 0 _of Ea t he chart Fs]hows ver’m: cl ose

di f f usi® tr?t%l?‘e“’“‘ ”@)Spf‘éﬁz& éé ERGWEH & 31“H%EM g Phk P i SEGH MM £ Q0o g G

and 13 ct osi dase can ed t v cl ose at the ink/PEG

ratio @s%%aatfrﬁlyb gpeei:l gg(b if“?/%l(g ) is an AIQ-NP/unage of a pattern OF polyethylene
oxide (PEO) with MW 100,000 on a SiQ, substrate at writing speed of (.05 umv/s. (D) is an AFM
image of a pattern of PEO (MW 100,000} on an Au substrate at writing speed of 0.05 pum/s. (E) is an
AFM image of a pattern of polyethylene imine (PET) with MW 10,000 on InAs at 0.6 and 0.3 umv/s.
(F) is an AFM image of a pattern of a mixture of PEI (MW 10,000) and 2 nm Au nanoparticles on

InAsat 0.6 and 0.3 pvs.

FIGURES 3 (A) and 3 (B) present height profiles of line patterns of: (A) PEI only;
(corresponding topographic AFM image n FIG, 2E) and (B} a mixture of 2 nm Au nanoparticles and

PEI on InAs substrate (corresponding topographic AFM image in FIG. 2F). FIGURE 3(C) is a height



Figure 12. (A) Fluorescent inmage of DPN generated dot arrays. The AFM
ti ps wewe zoRyegrseme after another with BSA/ PEG (green) p@@msggmﬁmg,l
anti-ubiquitin/PEG (red), respectively, both at ratio of 1 :5, and
both i nks were S|nultaneously patterned using passive one di mensional
A- 26 AFNItIp array. (B) Zoomed-in image of the area within the

rect andgtitt: ?0 HQ Yh‘?f&ﬁ%ﬁﬁ”&ﬁbﬂ%(Cé’H%PBlldFIlqj%l?féé‘ﬁ’é’ﬁftap@F grPEF WAt HRY P &5FIC-
(O and g AFM i mages of DPN gener ated nanoarrays cont ai ni ng
IgCVPE 1 :5) and figal actosidase/ PEG (1 :7.5), respectively. (D
and (F), f1 uor escent i mges of the nanoarrays in (C) and (E) after

i ncubati ng mﬁth accordi ng fluorescent | abel ed anti bodi es.

Fi gure 13. % Overvi ew and oned-in area of the inkwell that
used for al tFé HEBEP $éAHTY HY%RIH(HBW BEE SEMEE T Y P (9PREPRId AFM image
coatlng g Optical and E% fl uorescent mcroscop mages of the AFM
tip arra @Ai‘%)at BRIt g offith 12 ﬁdelq%qwns%&r%ﬁ%tﬁaogv psRECtiyaty- (B) shows a
Overview and (F) zooned-in area of the inkwell that used for G PEG
and O- d%ﬂoé@f’]é‘% N5ErRpEes CbHTIYR GEPOPIRENE 2 BdUIE 2 iy %aylgp@é%?ﬂaa%%a tip
from Nanol nk, Inc. (Skokie, IL). DETAI LED DESCRI PTI ON | NTRODUCTI ON
Nanol i tSHEGRE ARG HEe s fHett A decrpisdewniop &sbatamIErsyely i) el progepbic
pen arr for direct-wite printing can be_obtai ned from Nanol nk,

| nc. dﬁéa@%w f ot apspys upERdpRNE T REOTHRAIY OF § DRy BN tislcs apdgiQ tigr ed
hbnolnk Inc. trademarks. The faollow n atents and co-pendi ng

appl i calbHAE C?Iéalféfl@eﬂt@f‘ ét-rl 8 cand frliomglop tPlﬁgewopﬁe%lée iBfet $heps dxanpl e

cantil evers, B and patterning conpounds
Transmlssmn lectron Microscopy (TEMYJ image of the dot created by DPN on a TEM grid. (D)

shows a topographic AFM image of dot arrays deposited using a mixture 13 nm Au nanopatrticles and

PEQ, tip substrate contact time is 64, 32 and 16 seconds from top to bottom respectively.

FIGURES 35 (A)-(D} present images of patterns generated by DPN using a mixture of 4.7 nm
magnetic nanoparticle and PEQ. (A} is an AFM image of dot arrays, tip substrate contact time is 64,
32 and 16 seconds from top to bottom respectively. {B) is an AFM image of diamond shape line
arrays, writing speed 0.05 pm/s. (C) is a magnetic force microscopy (MFM) image of larger scale dot
arrays. The inset shows a single dot scan (G) is a MFM image of an array of diamond shaped lines

created by DPN. The inset shows a single diamond shape line scan.

FIGURES 6 (A)-(D) relate to arrays generated by DPN using a mixture of fullerene and PEQ.
(A) is an AFM image of dot arrays at contact times of 16, 8 and 4 seconds from top to bottom
respectively. (B) is a height profile of the dot arrays of (A). (B) presents line arrays at writing speed of
0.05, 0.1 and 0.2 pm/s respectively. (C) is a 3- dimensional AFM image of DPN generated lines

crossing through the 500 nm gap nanoelectrode. (F) shows I- V curves of the lines of (E).



U. S. patent No. 6,635,311 issued Cctober 21, 2003 ("Methods Uilizing
Scanni RgPEsIREISsEh oscope Tips and Products Therefor or FredugRcteT231
[ f

Thereby”) to Mrkin et al., which describes fundanental aspects o

DPN printing including inks, tips, substrates, and other
instrumentation paraneters and patterning nmethods; U. S. patent
No. 6, 827, 6790VBER @A DEGARbEF Ieppeetptma (oPRE SIS Nimage A hepdSdaisht el
Probe M croscope Tips and Products Therefor or Produced Thereby") to
M r ki n (B ofgpllerengFEShof patietne pn Adeulsith sencratddaii it flontae pienss are 6ff, JBRNd 16
printing including software control, etching procedures,

nanopl ¢&¢ 918 torde botiny Ay 4G+ Y. sespscsvely. FIGURE 7(CEs apaiginrofpedi fhldeericd O
nunber 2002/ 0122873 Al published Septenber 5, 2002 ("Nanolithography
Met hodding Ateris o8 datssbshpis garseriedityd?BY eirvriding smeduti Odd. Fhapeé By ins figm e
descri bes aperture enbodi ments and driving force enbodi ments of DPN
pri nt i Agright. respectivelysThesatresmondingodl M dericenp200B 018596 ind’1€MB.et al .,
publ i shed Cctober 2, 2003 ("Mt hods and Apparatus for Aligning
Patterns on a Substrate"), which describes alignnent nethods for DPN
printing. U.S. patent No. 7,060,977 to Dupeyrat et al., issued
June 13, 2008GURK&mehaniatiendyiltishistes seadriteaf potrinvistabinds” ), whi ch

descri bes calibration nmethods for DPN printing. U. S. Patent
Publ i cati on 2003/ 0068446, published Apr 110, 2003 to Mrkin et al.
("Protein and Peptide Nanoarrays"), which describes nanoarrays of

protei ns and1PEREP Aé4) and (B) presepy M Reeqsh o anPatisken Iag b 48 npemaraygen Au
No. 10/307,515 filed Dec. 2, 2002 to Mrkin et al. ("Direct- Wite
Nanol i thogidapiere (Mepdeces geaeraef brmeraiagsisg (ME\FPBMNM Nanoscopi ¢ Ti ps"),
whi ch descri bes nucleic acid patterning.

FIGURE 10 shows fluorescence microscopy images of anti-chicken IgG AF 488 nanoarrays

generated by MA-DPN on silicon substrates.

Figure 11. (A) Plots showing the relationship of the DPN-generated dot sizes with tip-
substrate contact time of selected ink materials, the slopes of the plot reflect the according ink's
diffusion constant. {B) Charts showing the change of the ink (anti-ubiquitin) diffusion rate with the
adding of PEO at different ratics. (C) Comparison of the diffusion rate of BSA/PEO and anti-
ubiquitin/PEQO at ratio of 1:5, the chart shows very close diffusion rate. (D) Charts showing that the
ink diffusion rate of IgG and 8- galactosidase can be tuned to be very close at the ink/PEG ratio of 1:5

and 1 :7.5, respectively.

Figure 12. (A) Fluorescent image of DPN generated dot arrays. The AFM tips were coated
one after another with BSA/PEG (green) and anti-ubiquitin/PEG (red), respectively, both at ratio of 1
:5, and both inks were simultaneously patterned using passive one dimensional A-26 AFM tip array.

(B) Zoomed-in image of the area within the rectangular in {A), which shows sharp fluorescent signal



U S. Patent Publication 2003/0162004 to Mrkin et al. published
August @) 2¢f¥0s7s5katterning of Solid State Features by prqegiog/Viixke
Nanol i t hographic Printing"), which describes reactive patterning and
sol gel inks. U.S. Patent No. 6,642,129, issued Novenber 4,
2003, to Liu et al. ("Parallel, Individually Addressible Probes for
Nanol i 1R FH (). AFM imaggs of DN zeprratpgpangarpgscopig@ing lsSFRES (Ve ands-
2004, to Schwartz ("Enhanced Scanni ng Probe M croscope and

Nanol i t94BgPeitEENSt Hodsewsstivglysdhang (F), fluorescent jnggesph theppanarggays in (C) and
6,674,074 issued January 6, 2004, to Schwartz ("Enhanced Scanni ng
Probe NEt#sE EspReting with according figoremgpidpheledigntibpdygg, 058 i ssued August

29, 2006. U.S. Patent publication 2004/0026681 published February 12,
2004. U.S. Patent No. 7,005,378 issued February 28, 2006. U.S. Patent
Publ i cati on 2004/ 0175631 published Septenber 9, 2004. U.S. Patent No.
7,034, 854 i d3gdaphl Preygew omhiB) 2eensd-ipgreealt hpiplkr ¢lE det wel ROUSITENGI06
publ i shed January 13, 2005. U.S. Patent Publication 2005/0272885

publ i sHeEHESG¢CEHH @ Bl-ubmgnin/REGH coqtige.-dht Opipl and 4P Biprasomsmopessa 7mages
publ i shed Novenber 17, 2005. U.S. Patent Publication 2005/ 0235869
publ i sifddheddiMbppryAA-2gsed for multiple-ipkgattqpging iy DBNLIE) Ox¢1visH and (F) zoomed-
2006/ 0040057 to, Sheehan et al. (Thermal Control of Deposition in Dp
Pen Naribpict figgs @hwsd) thatmigerd far Gl B-glacippidagFECorogidng bswell ppdyip arays
Pat ent publication no. 2008/ 0105042 to Mrkin etal., filed March 23,
2007. available fyom Nyelkelpddkekisatls; the direct-wite nanoithography

nmet hods descri bed herein can be particularly of interest for use in
prepari ng bioarrays, nanoan-ays, and mcroarrays based on peptides,
proteins, nucleic acids, DNA, RNA viruses, and the |like. See, for
exanpl e, US Patent No. 6,787, BEBA{LED RESGRIAEMN cation of chips and
libraries; 5,443,791 for automated nol ecul ar biology | aboratory with
pi pet t SNERPPUGHIGH1, 733 for apparatus for the automated synthesis of

nol ecul ar arrays in pharmaceutical applications;
Nanolithography instruments and accessories, including ink wells and pen arrays, for direct-

write printing can be obtained from Nanolnk, Inc., Chicago, IL. DIP PEN NANOLITHOGRAPHY®
and DPN® are registered Nanolnk, Inc. trademarks.
The following patents and co-pending applications relate to direct-write printing with use of for

example cantilevers, tips, and patterning compounds:

U.S. patent No.6,635,311 issued October 21, 2003 ("Methods Utilizing Scanning Probe
Microscope Tips and Products Therefor or Produced Thereby™) to Mirkin et al., which describes
fundamental aspects of DPN printing including inks, tips, substrates, and other instrumentation

parameters and pafterning methods;

U.S. patent No. 6,827,979 issued December 7, 2004 ("Methods Utilizing Scanning Probe

Microscope Tips and Products Therefor or Produced Thereby™) to Mirkin et al., which further



Direct wite nethods, including DPN printing, are described in for
exanpl eylg s radkkd e Technol ogi es, Sensors, El ectronics, papdysos/067231
I nt egrated Power Sources, Pique and Chrisey (Eds), 2002. Scanni ng
probe mcroscopy is reviewed in Bottom ey, Anal. Chem, 1998, 70,
425R- 475R._ Scanni ng probe nicroscopes are known in the art including
probe &feHArENdREH AR AR Nasatinmiaeguding W8 vwpretcaprol Neching preysdigasq
(Digital Instrunents). _ The i nventors devel oped a net hod of

pat t er PRIt Indiagysfomiaier e that conprises a pol ymer and a
nanomaterial. In an enbodi nent of the nmethod, the m xture is first

di sposed on a tip or stanp and then transported fromthe tip or stanp
on a substrate surface to fonn a pattern on the surface that

conpri ses t HeSinglenofublFgpE Bumber Q00K B33 44 patlishedeyrienber s H0®en
Nanol i t hography printing is illustrated on Figure 1. INIC _ I nk
can be (Wf‘é’ﬁg‘g@%rf‘@d Meghogls angh Rradusts\isetpesh Thereénaad Progucsd Therdyamphish sone
ot her transport originating surface. The ink can be a conposite

mat er i descabied Waire eRndingtssnd dayag lasgembedipsne at PN RENUE ng at | east
one polyner and at | east one nanomaterial, the nanomaterial being
different than the polymer. The ink can be initially fornmulated with
use of a solvent and may further conprise solvent or at | east

resi dual solWerfeteporubligidon A3 PAES96Y fp ) 2lo #ulisheds@etohene, 2063 ¢ Methpégand
upon disposing the ink at the end of a tip or on a stanp surface. In
ot her cawagtus ?qxé%ligﬁweg Yatergompringsstesl Mhish flesgifiers phenisagmetbods forilfily d.
For exanple, ink can be delivered by channels to the end of a tip.

A basi PT8WeE - novel feature can be that the ink consists essentially of
t he pol yner and the nanomaterial and is substantially free of
conmponents that interfere wth transport of polyner and nanomateri al.
I n sone cases, the ink con];)ri ses at least at least 70% or at |east
90% by wei gt-S- ey r-08Rd 7 hiarkswearratrer alh issoaddurentd, 2004 (Qéwphithagaphices s

t han 30% by weight or |ess than 10% by vveight mat erial which is not
pol y merCagbrangmyathedsy » yhich peergsralibration methods for DPN printing,

U.S. Patent Publication 2003/0068446, published April 10, 2003 to Mirkin et al. ("Protein and

Peptide Nanoarrays™), which describes nanoarrays of proteins and peptides;

U.S. Regular Patent Application, Ser. No. 10/307,515 filed Dec. 2, 2002 to Mirkin et al.
("Direct- Write Nanolithographic Deposition of Nucleic Acids from Nanoscopic Tips™), which

describes nucleic acid patterning.

U.S. Patent Publication 2003/0162004 to Mirkin et al. published August 28, 2003 ("Patterning
of Solid State Features by Direct- Write Nanolithographic Printing"), which describes reactive

patterning and sol gel inks.



The ink carrier matrix is usually chosen as any material that can be
rel ati weloy2@sid7gspatterned by DPN printing. |f a speci fp@ﬁ@gﬁgm@mg,l
size and particular patterns are desired, the polyner material of the
ink carrier matrix can be any material that can be easily patterned
by DPNin a well controll|ed manner as to provide the desired feature
o1 26 and pat{-SriFeHER G¥Rd Dy Tt bt dr E0REP H 1 o (Baryaidndivigaly
carrier matrix is selected to be such that it satisfies at |east sone
of t he A¥restE Rpbes ot Mpqogthography”). 1) the pol yner ink carrier matrix
does not chemically react with either the nol ecules of the ink or the
material of the tip or stanp, 2) a transport rate of the

pol ymercarrier matrix igher than a transport rate of the ink

m xed with the GEerNg; 6737 646 lssead Nayel p%q(&ﬁ}nt@rSChWZéaﬁqhﬁr@?d perapipg Pigbe s
not interfere with inherent physi cal or biological characteristics of
t he i niMicroscope andpygmolithperapiyq Mefodrdisiiedapan be, for exanple, a pol yner
matri x. The pol ymer can be a non-biol ogi cal polyner. The polyner can
be a soluble polyner; it can be a linear polyner having a |inear

pol ymer backbone or_only small anmount of branching. The pol yner can
be & copol yihbr Pa&nb%é»é’ée@wsmamwﬁamw SO ik hanat SRpBNSRreR:
or a branched ymer. A polynmer can be functionalized for
crosslﬁﬁﬁmﬁﬁpéfthough in many cases this is not desired, particularly
if the polymer is to renoved by sol vent washi ng. The pol yner
can be soluble in both water as well as organic sol vent or nonaqueous
sol vent. A polyner fornlnﬁﬁthe polymer matrix can be, for exa

pol yal kyl ené- %)Paifét N(pé’l»% SyllS@ﬁéAgglsﬁ&%‘% 2008 Lb%ﬁy@nwwﬁ@on ?ﬁOf}g’BZ%ﬁi

sone enbodi nents, pol x}ene oxi de used as a ymer matrix can be
a pol y@PR{shehEbaiRnde. - Ratpy Nt G083 ARepsy et F v@w Ro2@0 U-Sy&gtentj n
sone enbodi nents, a alkylene oxi de having a nol ecul ar wei ght of

about g’gb]g@@mb}OOfl/gls 6é]ap|ubtyéheg§§1aembel 9,2004. U.S.Patent No. 7,034,854 issued April 25,
2006. U.S. Patent Publication 2005/0009206 published January 13, 2005. U.S, Patent Publication

2005/0272885 published December 8, 2005. U.S. Patent Publication 2005/0255237 published

November 17, 2005. U.S. Patent Publication 2005/0235869 published October 27, 2005.

U.S. Patent publication 2006/0040057 to Sheehan et al. {Thermal Control of Deposition in
Dip Pen Nanolithography). Two dimensional arrays are described in US Patent publication no.

2008/0105042 to Mirkin et al., filed March 23, 2007.

In some embodiments, the direct-write nanolithography methods described herein can be
particularly of interest for use in preparing bioarrays, nanoarrays, and microarrays based on peptides,
proteins, nucleic acids, DNA, RINA, viruses, and the like. See, for example, US Patent No. 6,787,313
for mass fabrication of chips and libraries; 5,443,791 for automated molecular biology laboratory with
pipette tips; 5,981,733 for apparatus for the automated synthesis of molecular arrays in

pharmaceutical applications;



In sonme enbodi nents, polyethylene oxide (PEO having a nol ecul ar

wei ght Wi ogii1saeeyt 100, 000 can be preferred as a materpefr/fisyg/édr@st
polymer matrix. Such a polynmer has a |low nelting tenperature and can
be easily patterned by itself using DPN. In general, PEO does not
react with many hard inks or biomaterials and thus does not effect
their chem cal, biological or physical characteristics. In addition,
PEO is soluble in a variety of solvents including both hydrophilic
and hydr ophdbicet e veHeds. isbidine e renader Grgaed @ frgryaple Dircgoy e
pol ar and non-pol ar solvents. The good sol ubility makes PEO

conpat i rEolgeien Senspay Fletiyonys. nf kycerstert Powea npitess. Fighe ad SRy 6Fdsp aP¥on
nanot ubes can be m xed wth PEO using toluene as a commobn sol vent;
nmagnet i CTHASGBRCEHEOBEPYE B A iav ek Bef R t¥h APEC 1781 nlg 7 8 /et S RoifeR misarings
a comon solvents; Au nanoparticles or water soluble conducting

pol ynePsobedyeRsCaRes Sif RIRWR #t e B rdiRe Piche eXchmaRIMeganigep ayrlescribed in US
pol ypyrrole, can be m xed with PEO using water as a common sol vent;
quant urh2i8t e SeR>BE (RILBHINGIYPEYSEO usi ng hexane as a common sol vent
bi onol ecul es such as nucleic acids or proteins can be mxed with PEO
utilizing an appropriate biological buffer as a cormmon sol vent.
Moreover, PEO can be patterned on a variety of substrate surfaces

i ncl udi ng nethainveRipE dewionsd e meked pl paeipmg dBlizingehins e et OPPEtes £ Relager
such as GaAs or InAs surface or oxide surface such as Si O surface.
Lower #Bf aauicarteiigh Gip epbesimgptob thedipghor thempdits Bdirp disyeseht diipor stamp
gl ycol, can be used. ~ The polyner and substrate surface can be
adapt ednd Hiep Hasreited 981 Yaridh ORFEY HotsubHainsedrs ¢ 19mo R Prbvnerehe sWiaeohy
with the surface. Al so, the polynmer and the nanomaterial can be
adapt edospritch e e chrirsy s mF‘EOCf\;%*}taP@F?é Arddp Pyt Mepbithpgiapiy riktipeie
nanomat eri al. NANOVATERI AL Nanomaterials can be particul ate
types ofustiaiedet Bewrelavi ng at | east one lateral dinension of at |east
about 100 nmor |ess, or about 50 nmor |ess, or about 25 nmor |ess.
The nanomaterial can be for exanple a spherical material, or a
substantially spherical material, or an elongated material. For
exanpl éNKa ful l erene for purposes here can be considered a
substantially spherical material. This lateral dinension can be a
statistical average for many distinct units or particles. It can be
for exanple an average particle dianeter for substantially spherical
particl es orinlafpndg&pigertesde f pefase phsibrr frowr B AR KtafBOr Eesier gnsport
particles. The nanomaterial can be_organic or inorganic, hard or

sof t, forigiptiesugpce, Thyiiek carihe 2 GaipenTie Bpead! apdernsemarssehleps fexgmapnents

material. I n preferred enbodi nents, the nanomaterial can be for
exanpl éndudig  feaq SRORAYIF @ndat lepsiralg et eialn bip antormafcaial hging gifferent than the
fifflerene nanoparticle. ile the nmethods described herein

Wh

can be Papypier-dde tng caebg ipisially rmygaigd wih ygrof a s9ivent andipayifariraterisapdvent n
many cases, the ink nanomaterial can be a material that is difficult
t o pat taBRHeasyrepifub palvenior s nelyaeh 8 Hiycags: sPhRtdatienPead unait #iFBesing dieif
DPN printing for exanple. For exanple, the transport rate may be too
sl ow orat thrend efadws Pe p fgme ¢ Tagn ﬁ’é%%@?’ ik ¢ SPEpIEEs salrat s yypd as
choice can be a hard ink including netal nanoparticles such as Au or
Ag si | VBHidnEH SRy, dikedn bedeliversh b eleaielvia Hissas i alies as quant um dot s,
oxi de nanoparticles such as silica or alum na particles, magnetic
particles, carbon- based particles such as fullerenes and carbon
nanot ubes, crgstalline Polyners i ncluding crystalline conductin?
pol yners. THeb#staRdECvekcpgie cpp by hatdhe igk ppsss exepiglinal de polkgerandgan
be used also for patterning soft inks including biomaterials,
bi onpl dgurEderiabnddy bEgitely erelcompireeihasingtfer vad tRawrectrdang gnd
DNA, RNA, proteins, peptides, polypeptides, antibodies, and oli go-

nanomaterial. In some cases, the ink comprises at [east at least 70%, or at least 90% by weight
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The tip enbodinment will be further described. The stanp enbodi nent

wi Il akgp Rfpsiirséer described. Many of the paraneters desg/idigie7231
herein such as the selection of the patterning conpound, surface, and
contact conditions can be used for both tip and stanp enbodi nents.
Tips and stanps are used in other technol ogi es besides DPN printing
and ni ePlyBsMNdEangsRigiel dbe infricgscormesns l9snthar $0%by pRIghir il thag l @ahy be
used. Sharp tips can be used which are characterized by a sharp,

poi nt ed'eiFibmatyad which icigh pelemergy naneaEsrial a nanoscopic tip. The tip can
be for exanple a scanning probe mcroscope tip or an atom c force

m croscope tip. Ti ps can be engineered to be useful for

scanni n robe or AFM neasurenents if suitably adapted with for
exanmpl EXAMER ever and feedback mechanism In particular, the tip can
be di sposed at the end of a cantilever. The tip can be a hollow tip
or a solid tip or a non-hollow tip. The tip can conprise a channel
for delivery of the ink m xture. Tips including solid, non-hollow,
and hol | ow tlihp#kgpisics matiik Susepdly chospeh 40k mra@riafégaéﬁw ke relgrivodt aapity Iqgemed
6, 635, 311 and_ 6, 827,979, as well as 2002/0122873. WD 2005/ 115630 to
Hender $& P&t Prafting. prrdhe§atpesiaibed ra@icupopsieny pecleged che prdyneipaterial of
el ongat ed beam wi th el ongated aperture for deposition on surfaces.
See al $l iUsapRy @nRtrixEgh by eRtTAwiaD heer0 boseTeraiemBb ALY et well contrplied
deposition based on slit or groove technol ogy; see al so, Espinosa et
al ., Smrhner agto prgyideghe dggipedgigmure sigemdngitern ahet wadhbaitsslipPretsebiy ihe pelgmer
Lewis et al., Appl. Phys.Lett, 1999, 75, 2689-2691; Taha et al.,

Appl . PHycgiTier mairix is spigoied togm sughghatitisgasties dudgagt seme gf the figwingpigga et t . |
2000, 77, 2604-2606; Meister et al., Mcroelectron. Eng., 2003,
67-68, 644-650; Deladi et al., App!. Phys. Lett., 85, 5361-5363.

Ti ps can conprise hard inorganic, ceramc materials, or softer

organi ¢ mat g? fhapelymadpk easrirfueai oy dashia chapignlly appcbuitheiber the melgedgsiof ge
and conductive materials can be used. Tips known in the art of AFM

i magi nétk o die nesteiipplehe Emer seused i ncl uding silicon or silicon
nitride. For exanple, polyner or polyner-coated tips can be used.
See, for exahplresPeSapad Eigtrolpuss ing safigrmalds isadobroRBEDIgMsoy Zh ahde &k
al. Polynmer tips and cantilevers are described in, for exanple, M
rkin aﬁumﬁﬂﬂﬁigsuﬁEFEnt Publ i cation No. 2004/ 0228962, related to
scanni ng probe contact printing. The tip disposed on the cantilever
can be part 3bthe golymergak cagigryatniy et BrprerErny tainpdrent ahystopl ebicogisl

di sposed on a plurality of cantilevers. These can be called nultipen
st r uct Ghassctesistipaf B pen structures. For exanple, the nultipen
structure can have over 20, or over 100, or over 1,000, or over

10, 000, or over 100,000, or over 1,000,000 individual tips. The
cantilevers and tips can be adapted for individual actuation, wherein
one tip canTheinkgpgiegmygrix canbsr BEiangEpepdentatss. Thnpelyeer cai be a non-

| ndi vi dual actuation is described in for exanple US Patent Nos.

6, 867, kilpeimbpobnea I hepolymer gan e gsolable polEnesett eadteat i ¢ or t her nal
actuation can be used. Tips can be thermally heated and activated for
t enper dnefr golyBeithaning a lipeap aelynernagibong ¢entyisprad amowe ohearchiet Dreoblvast
transport. Tips can conprise an inorganic surface and tips can be
used wherke adepglyasrea Hoek eppelympie d raaflens corfolivrer dderpelnmon ot tapnchbedgptinger. A
material or coating. In one enbodinent, a plurality of tips can be
provi dedyeeigsh ibe fimegtidnalzed fos sosdiakiag akiweglemdnasy cashethisiipnot desied, particularly
transporting ink fromthe tips to the substrate surface forns a

pl ur al iftthe ey isje rempared binsofygat washitace conpri si ng both the pol ymer
and the nanonmaterial . In addition, stanps can be used

i ncluding stanps for mcrocontact printing can be used. See for
exanple Xia and Wi tesides, "Soft Lithography,"” Angew. Chem Int.

I



SUBSTRATE SURFACE The substrate surface can be a surface of
any subglg sjgx/ad7s5eugh the surface can be adapted to funggiraisid/sdy2st
the ink, the polyner, the nanomaterial, and the application at Aana.
Snot her substrates are generally preferred for providing pattern's
hi gher resol ution. For exanple, the substrate surface can be a
surface of driepplyupiaganbe saliete iadothfwster ex wptpisereagicasyenor ponearvducobent.
such as, for exanple, netal, including gold. In addition, the
subst r &t eolpagr fpyaning thepalymeranaiidhgas badoicterpleohabnbns exidrmpdriligtieneglycol,
pol ymer material, a polymer-coated substrate, or a superconductor
mat er i & polTHkylgghwine d eoreagntvdingnsvidiginent prias edd oi 4 rolowrs marrixpen be a
adsorbates. Still further, exanples of suitable substrates Include
but ar @ohekylephiadschariag a peteailar weight arir 64.00hech in ssxiegabodimenis. @onduct or
materials, magnetic materials, polyners or polyner coated substrates,
super contrakkylene eradederiag 8 mopenlgawsighs atabonirid.0§P aslsss cpebatssd.i ncl ude, but
are not limted to gold, silver, alum num copper, platinum and
pal | adium O her substrates onto which conpounds nmay be patterned
include, but are not Iimted to silica, silicon oxide Si0,, GaAs, |InP
and | nAs. Olesete aniedignppiantodgtylest oxige(Phesaiig amelbaydhr vsishhddW) of alais
not require for a substrate surface to be chem cal or physical
modi f i ed0,89¢ e be prefangd spometend) farilee nolyaten metrigobyshiagplygret e ajlgvk maltide t he
ink carrier matrix to the substrate surface. Accordingly, in sone
enbodi respresature ped ean s easiy patismed bie dscaning &Pdn lugavod, fﬁgd%wm tepeitwath
surface, i.e. a substrate surface, which was not chemcally or
physi carany hiwrd dilesioebioppteidals and thsidags neheftest theitchemical, biolopfvel aripbysicehl or
physi cal nedication of the substrate surface is usually used in the
prior a&hwagigishiesd B adgitipn.drot ie sqlyike mraangen pf soheaminchiding bpthdydreplhpando
the substrate surface, to enhance ink adhesion to the substrate
sur f acéwgiephayicsolvaits feihyaawasds i orgasicsellsets. Aetb pelar fndoen-rerearpies T
physi cal or chem cal nodification of the substrate surface include
but notgopd splubdlly makds RE comgaitiewith ofargtyot inkgdur swnlee Billofenssiol fatlom
oxi de, silanization with am no or mercaptosilinizing agents or
nmodi f i eakdtehes einttle npaddynidy IEQ eaineytplgnech e pprempl splveak orinetic ganonpticles can be
Anot her advantage of the present nethod that it does not require
pr epat tngdigthofEQ@ pengsdigiderprietbans gp f aqremornTieéventalysy reaprariécas opwater soluble
nmonolithic or conprise multiple materials including multiple |ayers.
I n a pref@cirobmyssdburh At sulpheated dobtanpdine(SPaMY) atéores paypyeriecondea otixsd
or netal substrate surface. The substrate surface can present
conductWithe’Bsbsitigoraser as § paayhen solentparanivordsts cor bpoiied with @EQowide btvapeas a
portions can be el ectrodes for exanple. The ink can be transported
ont o orcompop eelvgns hicalodestientisk as wmisieimtsicids hi mgicins prndwmivddthithdtB S vifligihg s
| NK TRANSPORT The m xture can be transported froma tip or
st anp tapprarraibiyelogivd byllivrfage eommoslnsnta Mogiof frePlEh tanmpsitemed ong vaodty pi
particular limted. Known nethods in DPN printing and m crocont act
pri nt i rigbstan srécessiedudilonetilsytizage aich pnAw swafapd. seniperdbeorsndacarich ed Gadsd
technolo?y, di fferent nodes can be used to have tips interact with
sur f aces nAstsidtse ioneliderfeessichors SHderfaggoreves nokectlantprdght R, also sometimes
intermttent contact node or tapping node. Cantil evers can be
osci | | aalkad. polinibyknd Peagbsaikbansehods cm be used for positioning and
alignment the X, Y and Z directions. The transporting of the m xture
fromthe tip to the surface can be carried out by noving the tip only
inthe Z direction up and down with respect to the XY plane of the
substrat e sUhfaclsmeiondagugac wirfabe cnde dilped gatet e pHyméralosunof esmiso to
contact tinme can be used and if contact is what activates ink flow
t hen i mkcdvialsagy thud vty thaserfadserlsoibemtymar prd tha hamompigtial cen reddhved sp tep the
be performed without translating the tip over the substrate surface,
polymer is not chemically reactive with the nanomaterial.
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The transporting can be done manually or by instrunment wi th conputer
cont r ohwOSHgY&HSs¢an be used which can facilitate pattepdTASISABT7231
calibration, leveling, and alignnent. Calibration nethods are
described in for exanple US Patent No. 7,060,977 to Cruchon-Dupeyr at
et al. Alignnents nmethods are describe in for exanple 2003/0185967 to
Eby et al. The transporting can be done nore than once, repetitively,
in either the sane spot or at different |ocations. The ink transport
can be NeR#PME(ERIYed by an ink transport rate characterized from
transport of mxtures of the polyner and the nanomaterial. The

pol ymer transport can be characterized by a polyner transport rate.
The nanonmaterial transport can be characterized bY a nanomateri al
transport rAREOMAREIFSR PRrRTtieHaHEPRf MRktiRs baingsélepd stelpterah dimepyien of at
nanomaterial transport rate. Also, the ink transport rate can be nore
si mi | afcalabptd OPBmnyiisss, P RAYFEMM ¢raEse of Aa! 3hEn ARlsltcarnemateriabers b6 far
rate. In the present nethod, a transport rate of the mxture is

doni natsanmga spheficghspierial. ¢ gebsiptizllysphasikal snpierial pr spglqnigges mpgd rfos| |
such as PEO Accordingly, a size such as |length, width, and/or height
of t he k&R @ Hktane foiPyiposes here ay bivicaaddensy ashestanialiyspbaicalmataiabfThishe
ink carrier matrix's material, which can be controlled either via

var yi népieiaifiassipnan o sdlistietirvares B slanpyistshuts agpaaticdsntt setbetprpgample
between the tip and the substrate surface. The ability to wite ]
pat t er 48 AEHES PRSIF IS giapgier fos Rubsiantzplly spheriedh atrtiglayorise aydrygs pyrticlg fragthrpy width
controlling the transport rater of the ink carfier matrix's material,
such adorPROZatp&pagifdesof ey eorarisrheade §TePic PhiBoSIES datd orerth eriblepHiRd.
LI THOGRAPHI ES BESI DES DPN AND M CROCONT ACT PRI NTI NG Sof t

| i t hogrldpRinenistitsas b hednoae ey larngesielo it paglergsrambedingnte dbe aonaieipl coee
for exanple Xia and Wi tesides, "Soft Lithography," Angew. Chem Int.
Ed., 1%o&rezgmplsspesimgnoneidiodgragistingangpytele.of padlcEparepmstiqle

material as mask, stanp, or nold. Besides m crocontact printing,

ot her nmethods include replica nolding (REM, mcrotransfer nolding
(ATM, mcronolding in capillaries (MMC), and sol vent -assi st ed

m cronol di  (VBAKIthg methegedoguBydisEEEEPET ARISESIEE 7R o IITRUCTAURE of ink

The structure forned as a result of the ink transport on the surface
can be ngawiteaiglsi ig mspy easesathedipipneiorierial eidie 2 metdnigbigatdydificals tapatiem by
Iight,_dryin , vacuum or chem cal reaction. Such additional

t r eat matell AROW H@piyEaT 4synlngsaior atreusine RIGY priding for grgmpln dosepeieuhe.
For exanple, the polyner can be crosslinked or anneal ed and )

nor pholt@EiPeAratgmay bedpeslow Philie Srpspeiting wogaisligee. Wins heaneohy ered ehoiqggean
pol yner, or at |east substantially nost of the polyner. The structure
can be beRapddnkdpslydivg Betalnapeiaeictes Seh gAY cbAL SiHehnamararEPRst 1§ micRPHCHr

di anmeter such as for exanple 1 micron or less, or 500 run or |ess, or
300 rumapatiglssas qypntyp gotaraxiste npraparticlss suslhapyilicg or flagipa particles, magppgic
structure can be a dot or line, and |line can be straight or

cur vi | ibAdigkes. capa-LrEe parsplgpwsh esdillaencs ardradon AwIleEh grysthlHespolgeiar es,
and triangles. The structure can have a height which can be for

exanpl énchdingeastallgs serdugingpolygiersa {Thy mgdipd BreUlimilg thpgttepingderd faksend can
about 15 nm or at |east about 20 nm or at |east about 25 nm The
range CaHSHalsP & ratieanps wibpkincBlinghiemateiidi biomolgeden ordroledeslit 10 nm
to about 50 nm or about 10 nmto about 25 nin. Height can be used to
det ect Mag@Mgksdleneh Hrruplgisends SN AIRNAgrotensa pgitides. phigegiden@ptiffodics.and
have a height which is at |east two tinmes, twice, or at |east three
ti mes, obgo-and padysechpriries Grysighzed coslupfeiggtymepemdestrdt o a structure
substantially identical prepared except w thout the nanomaterial.

The structure can conprise polynmer and the nanomaterial, as well as
resi dual solvent or noisture. The polyner and the nanomaterial can be

13



ARRAYS The nethod can be particularly useful for the

pr epar agicpio@Ri19vag@an- ays, arrays on the subm croneter spaireudenodyd3t
nanoscopi ¢ features when used with DI P PENTM nanol it hographi c
printing. Preferably, a plurality of dots or a plurality of lines are
fornmed on a substrate. The plurality of dots can be a lattice of dots
i ncl udi ng he% agyenbadinnt desepematetyl pRgdisess eReRAF Iclerhapgeateriaf. Thy penomaterial
plurality of lines can forma grid, including perpendicul ar and

par al | P §HRRAIE @ ARNPATIGE capaising g gverage particle Feof JRpw 24 @iahein PO, af
the individual patterns including dot dianeters and the |ine w dths
can be, 3PP nauigRpeé 25 aBolf other gubodimenty dhe napgyprigrial cande a serbe nanglg e,
about 500 nmor |ess, about 300 nmor |less, and nore particularly
about rOGtsHileHe. dadde. ompeltirghige The ngiomeissinlsan exrprisea nggping Qugisngrod. The
about 1 nmto about 750 run, about 1Onmto about 2,000 nm about 10
nmto ABBIRASTOCAEPMEHG ApRisopaEer-tladrrerabyyibe {ocxammlt d agBbut dogsbhe
nm The nunber of patterns in the plurality of patterns is not

part i cupadnaena diselplrate purgagp cayebe afigpiedsg dippihe nanpmajegalstoes)gpt chemigoghyigtor
100, at least 1,000, at |east 10,000, even at |east 100, 000. Square
ar r angSRERTsly dprd BosSe Birlicguch as, for exanple, a 10 X 10 array. High
density arrays can be preferred. The di stance between the

i ndi vi dual patterns on the nanoarray can vary and is not particularly
limted. For exanple, the patterns can be separated by distances of

| ess t HARS 6A® $iAMB% or nore than one micron. The distance can be,
for exanple, about 300 to about 1,500 m crons, or about 500 m crons
to about 1,000 m crons. Distance between separated patterns can be
measured fromthe center of the pattern such as the center of a dot
or the ni ddldep cabpdiment will be furthariqlgsciiech dbssiaraseniioBepnheieilse be dnthse
repeated to provide a plurality of structures on the surface which
are s e&ﬁ%}b@g Mapy ff (@apHaBetpie fespybed dgsingshelips shafeleptipn of ths @atiastipgepmpannd.
be al so applied for form ng patterns of |arger scales such as mcron
scal e, SHiffei T ceitacs eydiionpt cag batisediedrthdpang stagp enbodipegsy: THarEdH#EPSEEh
be prepared, for exanple, utilizing mcrocontact printing for

t r ans pd¥ed if gthenechngogictpesideoRPY PYRtHE apdhariqrefenigst PeRIEe d gridovha artid
carrier_matrix froma mcrocontact printing stanp to the substrate
sur f ac &PNyRRANS caybeNapqOS IR [P UG RROEREGich are characterized by a sharp, pointed end.

The tip can be for example a nanoscopic tip. The tip can be for example a scanning probe microscope

tip or an atomic force microscope tip.

Tips can be engineered to be useful for scanning probe or AFM measurements if suitably
adapted with for example cantilever and feedback mechanism. In particular, the tip can be disposed at
the end of a cantilever. The tip can be a hollow tip or a solid tip or a non-hollow tip. The tip can
comprise a channel for delivery of the ink mixture. Tips including solid, non-hollow, and hollow tips
are further described in for example US Patent Nos. 6,635,311 and 6,827,979, as well as
2002/0122873. WO 2005/115630 to Henderson et al, published December 8§, 2005, also describes an
elongated beam with elongated aperture for deposition on surfaces. See also US Patent Publication

2006/0096078 to Bergaud et al. for deposition based on slit or groove technology; see also, Espinosa
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The nethod can be applied for patterning hard inks including but not
| i m t edyigp2oRypd7se@noparticl es, such as Au or Ag silver pcT/US08/067231
nanoparticles; sem conductor nanoparticles, such as quantum dots;
oxi de nanoparticles, such as silica or alumna particles; nagnetic
particles; carbon-based particles, such as fullerenes and carbon
nanot ulsédl Sevysh Bl ¢ §é2-pol: yeRerier nanefovnin grobe yaiting: Levies etdnduplt Plhag Lett,
pol ynmers. The nmethod can be particularl% useful for formng hard ink
ar r ays.!98Udh 2089409 Inikalaret aly Sreb Rpisi kdt-2V81 53+ 104t-8043hHong §plurapt PRysof
patterns that congrise a hard ink of choice and a ink carrier matrix.
When t HEtthaP: ThRORF260RTY elatecd ApriliswsleetenpBie 7486 & 1Bt &dfHoal: Ralrchetas
fullerene, the hard ink array can serve as an el ectronic device such
as a t ranmsPeyo ket B SORRAVE. The method can applied for
patterning biomaterials such as nucleic acids, proteins or oligo or
pol ysaccharides. In this case, the mxture conprises an ink that is a
bi omaterial of choice and an ink canier matrix which can be a pol yner
such as pol ydPIGH! eprePriEss hyd i9Feapis) Spraaik PRIEHHES: ioRpaiier orpgnicspptarials.
enbodi nents, the bionol ecule can conprise various kinds of chem cal
st r uct WCBECoBGIFiY Mgtergls papteiuged. Bovdidve ardh expdugtive matgeialp egstiedisast Tips known in
proteins, oligopeptides, and pol ypeptides, be they sinple or conplex.
The pephs aiboflfg”ﬂ\tl ingagi gplor PRWERBATPEUPSHndire Sian pepiqon aitiifs Fer exaprde,
protein or peptide can contain a single pol¥pe tide chain or nultiple
pol ypepolyaesr etppbrer-ceftgHes cioicaser- are. sicymw ﬁaéﬁtﬂ%@%h@ﬁ@ﬁa Bberred in
general al though | ower nol ecul ar wei ght peptides including o
ol i gopePP e 2EaN Jhang s ald Polprer tirsribe Fangevye preidersribrisdor srample. Misksn pere
can be, for exanple, at least three, ten or less, at |east 100, about
100 t o LApddi Pasmoluidication Noe ¥/ 032%762 pelgted forssanying psebecpréant gripting. The tip
preferred. The protein can be sinple or conjugated. Exanples of
conj ugatiweseg rathsicagilevsetag de parbeita laieer suetweicpmprahealurplify Pe)sdépeschsn a
| i poproteins, phosphoprote ns, netall oproteins and gl ycoproteins.
Pr ot ei ridurelgh ob@nilayret | B caphesr!iehepltipgestivetores ar pgradlslish exuojresh st her
proteins, polypeptides or peptides. The protein can be a virus, which
can be ohpF-éhesulgpensipetaic san e oy él.ar evead Py st ovsel Peyr ofr 1 HEOODNAver
RNA types. The protein can be a shell to l|arger structures such as
spher esl 084880 paves { PEHred vidpd Gpeil hscaghlsviseang| igbeandre agyptailpripdigidya
conformation. The latter are generally tough materials that are )
t ypi caldctpaiigisiherpin eng tip ciatbe raisef pelpweish indepppfengs chang ey e hidivi@akasgiagon
or chains arranged in parallel as in, for exanple, a fiber. Exanples
i ncl udes desFuibed énfopsrgmeled st Patent Bps B0 A4 3ad Oi*Rd 20 - B |2l Japogals arhat
are tightly folded into spherical or globular shapes and are nostl
sol ubl éhgrimalagiyadniscas Pe vsefs Tipnaanpe disppatydieatedindjagidated dir, terapesatye egilog An
proteins, as are antibodies, sonme hornones and transport proteins,
| i ke sentierar Bempraapoboefingiise trnsmorto e aan wawriprenisegntudhcesad Bps
both fibrous and gl obul ar properties, |ike nmyosin and fibrinogen,
whi ch &f®be wag Where gl F‘#@élo‘sm?‘hgﬂﬁf@éfabmm@}? witk gy Qgnes mAtpréal By ¢opidign dn e
possess nore than one pol ypeptide chain, and can be oligoneric
prot ei regbodinent a phygip] o tint coa brporisiad eonpuishg inkgigpatpd gt e e he tiphend
oligoneric proteins usually contain an even nunber of polypeptide
chai ns,agortaeinaimy the patodhs Jupstiaterspdere foymes A @ lusalior HerructHeheihoditcy s
an exanple of an oligonmeric protein. Types of proteins that can be
i ncor poraEPEdng rtlothy pelsmesrg Hig r@romdssiapr esent i nvention include, but
are not limted to, enzynes, storage proteins, transport proteins,
contractile proteins, protective proteins, toxins, hornones and
structural proteins. Exanples of enzynmes include, but are not limted
to ribonucl dagddtiong§iampy aan bpresce inclugling simps for prpeeniselPrinfagras baused. See
pol ynmer ases, exonucl eases and endonucl eases. Enzynes and their

for example Xia and Whitesides, "Soft Lithography," Angew. Chem. Int. Ed., 1998, 37, 550-575, and
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One of the advantages of the nethod is that it does not require

pr epat ko NWeRfs755¢ substrate surface with a patterni ng pEFRAKUII67231
prior to transporting a m xture conprising the protein fromthe tip
to the surface when form ng subm cron size patterns, i.e. patterns
with features having a lateral dinension of |ess than about 1 mcron,
or sub raferengep pitgddharan.rier deperigtionefinigpsrtasaRringge Beluding pampippges P oo 3pfin
| ess than about 100 nm Patterning conpounds were used by the prior.
art neteREEd snns fsrigviscast £ mapeve refallpboineraisee mt Hici dgnaih mitkar Srn egrial
sub 100 nm features. Exanples of patterning conpounds include a

sul f ur TeGAREYIHT g "0 H9EMh G138 1R RO MPFitsra s pterial gr qap be formprbbyyt hi ol |
sul fide, cyclic disulfide, a sulfur-containing conpound having a

sul f ur "y Faysriag metheds ipgelingapfacetepiienlao paePyatings Supsuafce et sather
end, such as an al kane thiol with a carboxylic acid end group.

Addi t i Gyrpertgrhybiel basslcanponnde tandhaiugrdroged stiffyr-Ude plgmp fan comprise a
publication 2003/0068446 published April 10, 2003, to Mrkin et. al.
Non- sp@€lviieeingipsiag areleonysy of easiinksd tyhber aigh s dorshanmie aduidyspliohicolymer,
surface, can be prevented by covering, or "passivating," those N

r egi onsudes ¢ sRicagpelyst @ sdpFPaReyRHarhifksadtrrd fesgsemping ik butrisordonasiiing
conprisin% t he bionol ecule and the ink carrier matrix with one or
nore padsiliatimcadnpaiied o kslincspasiedivatiag! exmpbiliey lbgh oberdlps ed
and the invention is not particularly limted by this feature to the
ext ent dPHat MhBHUBFEGE fabEicHSe e 6y W8 SirigtrcpRaigh can be a tipAlnagditiany of
passi vati ng conpounds can be used including, for exanple, surfactants
such asW#IcRYA8 he vyl yeihrepflec plicaplaichuc Hetnipmezews plohasisisedrise gbqugether
substrate. An exanple of a conpound useful for passivating is 1

1- mer c Apeouiibreryipes mdthe iy pamailycoaiohy raisd v arirs Guaaf thagdvagtages of the
relatively weak affinity for surfaces coated wth 11 . _
- mer captestmaetpf istthat telopsoe rrauign SieBichl oapbysikbinediBragowef thlip dristenpt be. in
such surfaces. See, for instance, Browning-Kelley et al, Langnu r 13,
343, 1997 enndiuauess the G icgEanar ca(be ap anpeAifiqd tpsr stgBpJ;e. 4 gng: staggugt cxposed
N@stlu-iqe et al, Biophys. J. 80 1891, 2001; Kenseth et al, Langnuir
17, 4105chepgplior pbysigabmedifipition 8rieids havaig ensRroBRIPising 41 ink 9o ink ggigying
Lopez et al, J. Am Chem Soc. 115, 10774, 1993. However, other

chem ca&l&asinecbipEd e sie U WEFaH8 bovi ne serum al bumi n (BSA) and
powdered m |k, that can be used to cover a surface in simlar fashion
to prevent non-specific binding of proteins to the substrate surface.
BSA, however, can provide | ess performance than _ _

11- mer capt oungekapticy ey ghesipa) medidicefiop@bily fip AF stepp isasusily died dnthe pre art
resultant array can be called a passivated array of proteins or
pept i da¥thods ogyome gl spharice ik coRae fthe (iR ocdanih & maseie & elienge fnkadhasiva to
patterned regions on the surface. The use of pol yal kyl ene oxi de as

t he mathetp abirEREnd Rt APt O isehapsonolriepert Gem theitpyr gpmp fpehe substrate

bi omaterial in the patterned regions upon washing away the matri Xx.
One enbB¥&cHrEremples ﬁ’&hﬁlﬁ@alm&' shusical aediBeptieneefdhating staaptirdidgbutisglinged to
illustrated in Figure 8. APPLI CATI ONS ~ Biological, diagnostic,
assays bassdialpiest to gupricohanged vrlaceaf dersilisan eitridshipt Bragion wpafmino- or
transi stor fabrication and repair, including field effect _

t r ansi $teorgtosifapiging ey nefi-epyplay noglicpiear wiBrsnH dnalesplas or polirAgIB I
applications can be benefited with use of the various enbodi nents
descri Beprlrrthdsnaslyagh RE@ppl i cations of DPN printing are described in
G nger, Zhang, and Mrkin, "The Evolution of D p Pen
Nanol i t hography,” Angew. Chem Int. Ed., 2004, 43, 30-45.
Applications for microcontact printing are described in for exanple
Xi a andURITREIFERRREASpft Lit hography, " Angew. Chem Int. Ed., 1998,
37, 550-575, and references cited therein. Biological applications
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In these and ot her biological applications, surfaces can be

passi vagefh g/ g78¥gnt non-specific binding including ”Ongé’@?@é(fﬂ'éﬁﬁ’inl
5

protein binding. See also US Patent Publication No. 2005/0009206 to
Mrkin et al. In field effect transistor applications, sources,
drains, gates, electrodes, and channels can be fabricated by nethods
known i n t hehgpbstrate surface canppa sirfpge af dng gubisiate alitongly th purfass antbe adapied to
though in no way |imted to, the follow ng working exanpl es. WORKI NG
EXAVPL ESction with ghejik, Sie aplgmpnh Semapastiteaiel, anfl iPofnpliediph etri@rrlrgﬁméw( By ataN
= 100, 000), polyethyl ene glycol (PEG MN= 8,6 000), and

pol yet Hyd generpli prefeirrBfor providng o0y highsr eesglurarh By edanilo theShpptmte surface
Aldrich (M| waukee, W). Au nanoparticles (AuNP) solutions were

obt ai nean by biwfFech pPe fisplaloREd ks épr cample, RhagTeticendyeinopah &5 &r exnfpimiPetal,
wer e synt hesi zed. Full erene was purchased from Mer Corporation

( Tucsonnchyimg sojk &t asiditiop, thesubgijatsvlap Pofraitlah A scmicgldudipiea wegretipueehased
fromFisher Scientific (Fairlawn, NJ). Al chemcals were used as

r ecei vedlyns mgredl, aplwperwpaied SOOamPiREuaRicdattdTieptdrial d e jubpteate can be
purchased from WaferNet, Inc. (San Jose, CA). CGold substrates were
obt ai nexdevinpsly frstahivitie gress erd asiporbtesaSigblugherhexamples of suBDlampsties dclude
Si/Si Ox substrate pre-coated with a Ti adhesion layer (7 nn). GAs
and | nAst wahetdigitge e meiaksciesaswes, eehees semipgrdugtor materiglygsendig mgferials,
Beach, FL). All DPN experinents were performed on a ThennoM croscopes
CP AFMpPlasser palsmeraveiad subpimses, supipondiggipiahatouieds, eeipdtosedandrglags. Metals
hum dity-control |l ed chanber and driven by commercially avail abl e DPN
sof t wariech{diag hrgleoy lieited tomldagecr. dunyinumisepteoralatinny apgealledwnr @héred at
70% for all PEO rel ated experinents, and 50% for PElI experinments. AFM
pr obes spistrpteppnt@which mn@upd%rlwd@@dﬁw@rh}q%w% kre ppidimitegiiq filieapsiliqeg oxide
constants of 0.041 NNmand 0.1 NNm respectively. MFM data were

obt ai né&dOwSehs. dnfindriphs. | Grsdé tisRNYanaescd therpsasenimetitod 19 that it dogyol reguiranigr
a pre-magneti zed AFM probe. Preparation of Inks For all DPN
exper i rstbsratepEGC FrobepEEN s on physiss]l npadBiiadptint ip tiapspertipade nbylugicorptisiiang
PEO in acetonitrile, dichloronmethane, water, or toluene. To prepare

t he AuNE IPE@J thkink PEGeqmBrixty/thd Jubjtrsteguetasnifcedrilingliar sevioamebodintehtsgthe
AuNP solution at a volunme ratio of 1 : 1 (2 ran AuNP), 2:1 (5 nm
AUNP) , sabpiratg surface sanimapyNPydififupttasaprgacehie. dsupstraty VNRYePEDCk whudt on,
PEO (16 ng/ L) in dichloromethane was m xed with a MNP solution at a
vol ume cheinicglyst pysically medifedpyiar ¢o hefng patterned.

The chemical or physical medication of the substrate surface is usually used in the prior art
methods to promote ink transport from the tip or stamp to the substrate surface, to enhance ink
adhesion to the substrate surface or to covalently modify the substrate surface. Examples of physical
or chemical modification of the substrate surface include but not limited to base treatment of a
charged surface of silicon oxide, silanization with amino or mercaptosilinizing agents or modification
with polymers carrying chemically reactive groups. Another advantage of the present method that it
does not require prepatterning of the substrate surface. The subsirate can be monolithic or comprise
multiple materials including multiple layers. In a preferred embodiment, the substrate surface is a

semiconductor or metal substrate surface. The substrate surface can present conductive portions,
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full erene/ PEO i nk, PEO (16 ng/nl) in toluene was mxed with a

satura Inkfl e solution toluene at a volune ratio : (R

pr epar 1(gawt%hiedO%hrl‘];%g UNP/ PElI ink, a 5%diluted PEI water soﬁ?&snﬁéx%?sl
m xed with a 2 nm AuNP solution at the volume ratio of 1:1.2. Matri x-
Assi sted DPN of nanobuil di ng bl ocks A. Polymer only controls.
FI G 2 isshews morms.of bphtthercasiugivepoitipat ¢y be plectyidyciol exaPEIG, TIMAIB;000) ,
pol yet hyl ene oxi de (PEOQ MV 100, 000), and pol yethylene i mne (PEI, MN
2000) c¢wemprd agi argn BPKcartleseadss. abtatliphes caofacswits tlectodss. | n
particular, FIG 2 A and FIG 2B present topographic AFM i nages of
DPN- gener ated PEG patterns on Au (witing speed of 0.16 Inn(s) and
GAs (witing speed of 0.022 p.nls), respectively. FIG 2C and FIG
2D shoWWPRANAgERéEt ed PEO patterns on SiO and Au respectively with
witing speed of 0.05 itms for both. FIG 2E denonstrates direct
patterning of PHwth witing speeds of 0.6 and 0.3 ptm's on an InAs
substrate. The correspondi ng height profile in FIG 3A shows that

di f f erent wihe pvipgurs peebsrangwiibd frim a dip Pf gaemto apabstrete ik ghieseral Thféerent
faster witing speed (0.6 pan/s) produces snaller height (1.75 nn),
whi | e tvhgs ldosweat ivparticuleg limpeak §000n Bethndss) DENqdinoesanding geconkel myinting can
(2.75 inn). FIG 2F denonstrates the ability of PEI to act as a

car r i ebe peetdr Fox instangs asemminggrddPihpaferhed afchmlegyxdi (ferentgfodRElan dndsed to
nm Au nanoparticles on an InAs substrate produced with witing speeds
of 0. 1 havedip® i@Gaqymith surfdees, wbich aspdadintrgt edeghin-pnefi haks aphinERGEHeB
denonstrate that 0.1 /anis witing speed produces pattern having

hei ght codtact horerpr teyipi gen@le0Ganpiemérs canrbietosqidpiasi Bedvipfeothadesethats erhe used
havi ng hei ght of 14 nm Conparison of the height profiles
denonstiergiegsortitgdndehgnnpat the Xn Yohd Zigertiort. Ulhe tieompbding piihe Rixtre Agm the tip
nanoparticles is distinctly greater than that of PEl only. This

i ndi catiege shé&cpraadenaecdbut Ay neaing gertipicolyas ther? diteetiqpaiptaed devipridpasigd to
fromthe m xture containing Au nanoparti cl es. B. Au

nanopaithd XY ekne dhke sihpald duifhep (o fnghiresith d|dysmgage vih tie surfse. dagantaglrtime
matrices was denonstrated for common nanomaterials. Specifically,

FI G 4 cshwedamdaienatt idwhaiaropees tnkdloeshdnAniN) wgdmniog e etk coseigingi Flect
singl e-step patterning process. As a control, FIG 4A shows a

t opogr apkiie dAFrY rradpe perfortied withquatrsnsptingiibe 6 oves ihegulREDe omfags, wilhpit

ti p- substrate contact tinmes of 64, 32, and 16 seconds fromtop to
bot t omnroeggecthe & glaneTing Hoblatauhetihwitghas. Afertabieclpbbedipred bdwanshared ays
are 8.5, 3.3, and 1.7 nmfor contact tinmes of 64, 32, and 16 seconds
r espectiiosetfyce, meandiABREXY plakt. GitherAhe thl @ bd Bonaldnd e sEif@e hd Cstanaary, or

t opogr aphi ¢ AFM i nages of DPN generated dot arrays of 2, 5, and 13 nm
Au nandpartiiclceske mived dndvht Hp REOstrespec tlhy ehnsporfidBtak b cdriigt @it tundsr

hei ghts of these structures. Cearly, all of the nanoscale features
cont ai mpmltiohs syvhRopanitlit tegpertize, Auc tpserue attresphiers Wiedhgitovideiana tvhiese of
only PEO. The height increase is larger for patterns containing
nanopamtenstwdewfeebihg e pndiivaliaet Borsxample, gelstiiveibbaiditraimieraf least rpoat 1%, cofit
5 nm Au nanoparticles and PEO was patterned on a Transm ssion

El ect r deapMbonta§to pent (SREpowg 50, orFhisast alget 7036. JengjtioBEan ihdootrolied vathTEM
i mge of a DPN generated dot on the TEM grid, denonstrates clusters
of Au réeopanhintdl esambetsi The psovesmbipbep casEnoeaohefetmpghopaatatodseleré n
these patterns. Table 1 Contact Heights of DPN generated dot

f eat ur esth camrolled humidity, or with the presence of other volatile or gaseous compounds such as vapors

of organic compounds or volatile solvents such as alcohols like methanol or ethanol. Conditions can
be selected to not favor a water meniscus including, for example, anhydrous conditions or conditions

wherein all reagents and surfaces are selected to be free of water.
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time, s PEO only MNP/ PEO AuNP/ PEO 2 nm AuNP/ PEO 5 nm
WO 2008/157550 PCT/US08/067231

The transporting can be done manually or by instrument with computer control. Software can
be used which can facilitate pattern design, calibration, leveling, and alignment. Calibration methods
are described in for example US Patent No. 7,060,977 to Cruchon-Dupeyrat et al. Alignments
methods are describe in for example 2003/0185967 to Eby et al. The transporting can be done more
than once, repetitively, in either the same spot or at different locations. The ink transport can be
characterized by an ink transport rate characterized from transport of mixtures of the polymer and the
nanomaterial. The polymer transport can be characterized by a polymer transport rate. The
nanomaterial transport can be characterized by a nanomaterial transport rate. The polymer transport
rate can be faster than the nanomaterial transport rate. Also, the ink transport rate can be more similar
to the polymer transport rate than the nanomaterial transport rate, In the present method, a transport
rate of the mixture is dominated by a transport rate of the ink carrier matrix's material, such as PEQ.
Accordingly, a size such as length, width, and/or height of the formed pattern(s) is determined by the
transport rate of the ink carrier matrix's material, which can be controlled either via varying humidity
as discussed above or by changing a contact time between the tip and the substrate surface. The ability
to write patterns comprising the ink at a rate that can be finely tuned by controlling the transport rater

of the ink carrier matrix's material, such as PEQ, is one of the advantages of the present method.

OTHER LITHOGRAPHIES BESIDES DPN AND MICROCONT ACT PRINTING

Soft lithographic methods including microcontact printing can be used. See for example Xia
and Whitesides, "Soft Lithography," Angew. Chem. Int. Ed., 1998, 37, 550-575. Methods using a
patterned elastomeric material as mask, stamp, or mold. Besides microcontact printing, other methods
include replica molding (REM), microtransfer molding (¢TM), micromolding in capillaries (MIMIC),

and solvent-assisted micromolding (SANIM).
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AuNP/ PEO 13 nm C60/ PEO 64 8.5 27.4 20.8 25.8 32.3 21.8
WO 2008/157550 PCT/US08/067231

STRUCTURE

The structure formed as a result of the ink transport on the surface can be used as is or treated
by additional methods such as heat, light, drying, vacuum, or chemical reaction. Such additional
treatment can chemically modify the structure or dry the structure. For example, the polymer can be
crosslinked or annealed and morphologically altered. The structure can be washed to remove the
polymer, or at least substantially most of the polymer. The structure can be characterized by a lateral
dimension such as length, width, diameter such as for example 1 micron or less, or 500 run or less, or

300 run or less, or 100 nm or less, or 50 nm or less.

The structure can be a dot or line, and line can be straight or curvilinear, Arbitrary shapes can
be formed including rings, squares, and triangles. The structure can have a height which can be for
example at least about 3 nm, or at least about 10 nm, or at least about 15 nm, or at least about 20 nm,
or at least about 25 nm. The range can be for example about 5 nm to about 100 nm, or about 10 nm to
about 50 nm, or about 10 nm to about 25 nm. Height can be used to detect the presence of
nanomaterial. For example, the structure can have a height which is at least two times, twice, or at
least three times, or at least four times, the height compared to a structure substantially identical

prepared except without the nanomaterial.

The structure can comprise polymer and the nanomaterial, as well as residual solvent or
moisture. The polymer and the nanomaterial can be substantially evenly distributed, or they can phase
separate. The methods can be repeated to provide a plurality of structures on the surface including for
example array formation comprising at least two, at least 50, at least 100, at least 500, at least 1,000,

or at least 50,000 structures on a single surface.

ARRAYS
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32 3.3 23.1 13.8 16.1 23.5 14.6 16 1.7
WO 2008/157550 PCT/US(08/067231

The method can be particularly useful for the preparation of nanoarrays, arrays on the
submicrometer scale having nanoscopic features when used with DIP PEN™ nanolithographic
printing. Preferably, a plurality of dots or a plurality of lines are formed on a substrate. The plurality
of dots can be a lattice of dots including hexagonal or square lattices as known in the art. The plurality

of lines can form a grid, including perpendicular and parallel arrangements of the lines.

The lateral dimensions of the individual patterns including dot diameters and the line widths
can be, for example, about 2,000 or less, about 1,000 nm or less, about 500 nm or less, about 300 nm
or less, and more particularly about 100 nm or less. The range in dimension can be, for example,
about 1 nm to about 750 nm, about IOnm to about 2,000 nm, about 10 nm to about 500 nm, and more
particularly about 100 nm to about 350 nm. The number of patterns in the plurality of patterns is not
particularly limited. It can be, for example, at least 10, at least 100, at least 1,000, at least 10,000,
even at least 100,000. Square arrangements are possible such as, for example, a 10 X 10 array. High

density arrays can be preferred.

The distance between the individual patterns on the nanoarray can vary and is not particularly
limited. For example, the patterns can be separated by distances of less than one micron or more than
one micron. The distance can be, for example, about 300 to about 1,500 microns, or about 500
microns to about 1,000 microns, Distance between separated pattemns can be measured from the center

of the pattern such as the center of a dot or the middle of a line.

The methods described herein can be repeated to provide a plurality of structures on the
surface which are separated from each other by less than a micron. The method can be also applied
for forming patterns of larger scales such as micron scale, millimeter scale or centimeter scale. Such

larger patterns can be prepared, for example, utilizing microcontact printing for transporting the
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18.3 8.6 10.6 18.5 9.8 C. Mgnetic nanoparticles. Patterns of
magnet iyg W les (MNP) were al so created using a
mat ri x- aSSI ste %ﬁl FIG 5 features the patterns contai E?EIQU%O 067231
magneti ¢ nanoparticles (M\NP) prepared using PEO as a carrier rratrl x
FIG 5A and FIG 5B are topography AFM i nages of DPNgenerated dot
ar r ays mikfure coimprisinghidit frtod claadstaad thedk @rrier 8Ririxdroeh a@icsasonthiet grivtingstapg to
bottom and di anond-shape line patterns at witing speed of 0.05
;ani s, thespaetasudhop. Again, an obvi ous hei ght difference was observed
when conparing the heights of these patterns with those of pure PEQ,
see TABLE 1. The increased height for patterns prepared from m xtures
containing MNPs indicates the M\Ps are enbedded in these patterns.
To f ur tAHERA DS OV NAN-BYIEBBHe BLOEKShe MNPs i nsi de patterns prepared
froma m xture containing MNPs, the patterns were further
characterized using Magnetic Force M croscopy (MFM, a technique
whi ch shows cl ear contrast based on the magnetismof the sanple. In
the MFM i magés nictiop k@ besgpladdoma@mBphard meks prestudie ipednot Baiterd e snetal
contai ning M\Ps can be undoubtedly distinguished fromthe
non- magwetnagiclgarsechSis G os dlgstlyenenopaititles; semiomgueemanepsttickegenchi as quantum
observed for a single feature , see insets in FIG 5C and FIG 5D
i ndi catdomgotidrataneragyivtes. suchpastlice presduper parbglen nggrdiis pariidiest endbanthasrdghout
the entire patterned feature. The MFMinmage of a single |line pattern,
see i ngetticlep, sEhG@s fHPregkroand carhighesnpiabest ergttalinge fohavietiangliBngpaytadiine.
These kinds of clusters are not observed in patterns of pure PEQO
Thi s olveedugting potyniand iTbamebod ¢ratbe pdsdarty ussiukbios foaniag pard lndt asraps. SkaliPwrd
The |l arge area patterns presented in FIG 4 (O- (D) also denonstrate
t hat t Hek dreys Copisst stbeledhtOPN agdnalpy obpadenelrervdedsamrliatd inkof ¢hmes arka ink
wel |l as snmooth and well-controlled ink transfer rate.

carrier matrix. When the hard ink of choice comprises carbon based material such as fullerene, the

hard ink array can serve as an electronic device such as a transistor.
BIOARRAYS

The method can applied for patterning biomaterials such as nucleic acids, proteins or oligo or
polysaccharides. In this case, the mixture comprises an ink that is a biomaterial of choice and an ink
carrier matrix which can be a polymer such as polyalkylene oxide or poly alkylene imine. In some
embodiments, the biomolecule can comprise various kinds of chemical structures comprising peptide
bonds. These include peptides, proteins, oligopeptides, and polypeptides, be they simple or complex.
The peptide unit can be in combination with non-peptide units. The protein or peptide can contain a
single polypeptide chain or multiple polypeptide chains. Higher molecular weight peptides are
preferred in general although lower molecular weight peptides including oligopeptides can be used.
The number of peptide bonds in the peptide can be, for example, at least three, ten or less, at least 100,

about 100 to about 300, or at least 500. Proteins are particularly preferred. The protein can be simple
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D. Fullerenes. In addition to Au nanoparticles and magneti ¢ nanopart
cles, of carbon-based nanomaterials (fuller
al so gggg*ria@éﬁgig%g PEO as a carrier. The ability to pa]tg‘?gﬁ%sm{’%zsl
fullerenes is particularly inportant due to their potenti al
application in nanoel ectronics (71). FIG 6 shows DPN generated
nanoar rays);ghted Branplgs ef cofijufaitd poeineinginde, BEQre ket Gmitéosiholwspratethot
array with tip-substrate contact tines of 16, 8, and 4s (top to
bot t omlipoi@6temambnspherottigameadlogiores ankglgcopasdilsy created at the 4
second contact tinme (FIG 6A), proving that sub- 100 nm features can
be obtained easily using this technique. Wth contact tinmes of 64,
32, and 16s, features of 21.8, 14.6 and 9.8 nmin height were
produced, séeotdiABtak b fiamgonal Wwisgpolgay apdryst AFMonpég evitirnthec potegs poivgheptgles
hei ght profile in FIG 7A and FIG 7B. Again, these heights are
gr eat | yr pentidesaSedpratompar exh tioisiwiogecaobe tdepleoss nigsgensgaimigupaic @ciRPES: they
pattens, indicative of the presence of fullerenes in the DPN dot
arr ays ofjérénit edRINA oypet. Abe ploseinugae be apltcditmiarggr ftukclues eumdss sphes endsade
trends regardi ng hei ght increases, see FIG 7C, were observed for
cont i nsousurky. festeips aale ebbulst ardibtdue invoxfounagioof THeUdtleeare pencaatig tdREID
(witing speeds = 0.05, 0.1, and 0.2 pmis), see FIG 6B. As a
pr oof - ofaicrisciephe tascalle inksolalde tnovdtarr Tlirg carcantpirisea pdigteptidslchan enghains
nol ecul es i ndeed are patterned in these DPN-generated features, the
first afraddeeirgmerllbbsad fdrreanspls tadibem@sanyu¢sl ihcludegolDiZbh ardiefesign. Giiotnlne
full erene/ PEO i nk were generated across an EBL-generated
nanoel eoitiotee wlyieptdeg dpt s dghtiyffolB88lintrspheThd o8 Blobdpoyiaphidardikiilymage
in FIG 6C clearly shows two crossed, continuous |lines wired across
t hese galpsle iICuue@Rbystensl MagesngymesMor imslasagl earelobdampeieiho pi arg aitivedics,
out put current of this device at voltages ranging from-0.7 Vto 0.85
V are showhorimondsla@! tr&iSporTiretelnk didkk sérimelbusiirgang lhahogfbit. ioleinVcandepenis e
of the transistor neasured in a dark environment, while the red
(gray) whichehaghigws fibrhes apd iglobubr phtedianddke uryden and fitwinbgeat winioh sk tdugla rote
tanp (150 W. The observed increase in current (- 6 tines nore, -
0. 015 pike sttucBu@Fulary saluble. Ohd frofis adn @s8S5s Wre itlen ancrdypaptiderchat.iagd can be
response of fifflerene nolecules to light illumnation (70, 72). Such
a r espohgendringraate selrhalvidiatcqpipohoedicingealiadl praoeare Tie beguleas paradns
present in an active state inside the DPN-generated patterns. In
addi t i esyally hentpn ecéwe ndebdrvépgly@btidelchhies, eneloREDyYIchvrdsitiwitied mo drileanSHDE.
nm gapped nanoel ectrode al so denonstrates a high spatial resolution
of DPNHeBogBbmtieamexaaplo uf aydigoiNamopotainsTypks gigatdteianthit-ogh bekenpdrg@l into a
Al exaf | uor 488 were prepared by a matrix assisted DPN as illustrated
i n t he nganenpdf thereswnt ipreaseninelddd, butkld@ot Bmitdd th canvzympdseterhgerpraveing htnsport
pol ynmer (poly-ethylene glycol, MN= 8000) was used as a matrix to
t r ansperdteiantontiatile e rins gEoiadEivd 8B tdinsotox ink dodkelkd dng stretirlieraeils Erabges
surface. PEGis an excellent material to resist non-specific protein
adsor ptoif erzymns iscinfabesire ibhBmigkto oboREBa@s caronabing x [@biyows, pocteastsokinass)
away PEG after generating protein nanoanny to retain the biol ogical
act i vi tpplyokrasdseexpnof@ia andDBENomaiape rfnoymedcnd thea binding hievienbuskaidisgloafd,
75% and at 25C. Unnodified Nanol nk type Atips were dip coated with a
m Xt ur docanbgleih Bazynhee tantichod YcalndisBES' @ndbdAlae denvhtt H7Ritchdmpein ChipGr
9 A and FIG 9B denonstrate AFM inmages of generated nanoarrays of
ant i - chb clieehildvwgy Alzgxafypero deld 88 sy sehipr@RNesrEbdnad leoses.gaibblylare mstlkisepn
substrates, respectively. The anti-chicken I1gG Al exafl uor 488
nanoar fysysymwer@rbboic bhigdrastsandcti@epiogthateysoirersos. Esoeri e mlocizo sOGDYE as
shown Figure 10. The AFM and fl uorescence inages clearly indicate
t hat onehsiarbuyernapdingtednd fHaibmnmgnsainr @y sinpgliagmodndizais. GsdnndesAcrbRPbrt
The matri x encapsul ated proteins are shown to be biologically active
proteins include, but are not limited to hemoglobin, hemocyanin, myoglobin, serum albumin, I -
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not limited to myosin, actin, dynein. Examples of protective proteins include, but are not limited to

antibodies, complement proteins, fibrinogen and thrombin.

Examples of toxins include, but are not limited to, Clostridium botulinum toxin, diptheria
toxin, snake venoms and ricin. Examples of hormones include, but are not limited to, insulin,
adrenocorticotrophic hormone and insulin-like growth hormone, and growth hormone. Examples of
structural proteins include, but are not limited to, viral-coat proteins, glycoproteins, membrane-
structure proteins, c-keratin, sclerotin, fibroin, collagen, elastin and mucoproteins. Natural or
synthetic peptides and proteins can be used. Proteins can be used, for example, which are prepared by
recombinant methods. Examples of preferred proteins include immunoglobulins, IgG (rabbit, human,
mouse, and the like), Protein A/G, fibrinogen, fibronectin, lysozymes, streptavidin, avdin, ferritin,
lectin (Con. A), and BSA. Rabbit IgG and rabbit anti-IgG, bound in sandwhich configuration to IgG
are useful examples. Spliceosomes and ribozomes and the like can be used. A wide variety of
proteins are known to those of skill in the art and can be used. See, for instance, Chapter 3, "Proteins
and their Biological Functions: A Survey," at pages 55-66 of BIOCHEMISTRY by A. L. Lehninger,

[970.

One of the advantages of the method is that it does not require prepatterning of the substrate
surface with a patterning compound prior to transporting a mixture
comprising the protein from the tip to the surface when forming submicron size patterns, i.e. patterns
with features having a lateral dimension of less than about 1 micron, or sub 100 run patterns, i.e.
patterns having a lateral dimension of less than about 100 nm. Patterning compounds were used by
the prior art methods to improve stability of protein containing submicron or sub 100 nm features.
Examples of patterning compounds include a sulfur-containing compound such as, for example, a

thiol, polythiol, sulfide, cyclic disulfide, a sulfur-containing compound having a sulfur group at one
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group. Additional patterning compounds are disclosed in US patent publication 2003/0068446
published April 10, 2003, to Mirkin et. al. Non-specific binding of proteins to the regions of the
substrate surface, can be prevented by covering, or "passivating,” those regions of the substrate
surface that were not exposed to the mixture comprising the biomolecule and the ink carrier matrix
with one or more passivating compounds. Known passivating compounds can be used and the

invention is not particularly limited by this feature to the extent that non-specific adsorption does not

occur,

A variety of passivating compounds can be used including, for example, surfactants such as
alkylene glycols which are functionalized to adsorb to the substrate. An example of a compound
useful for passivating is 1 l-mercaptoundecyl-tri(ethylene glycol). Proteins can have a relatively weak
affinity for surfaces coated with 11 -mercaptoundecyl-tri(ethylene glycol) and therefore do not bind to
such surfaces. See, for instance, Browning-Kelley et al, Langmuir 13, 343, 1997; Waud-Mesthrige et
al, Langmuir 15, 8580, 1999; Waud- Mesthrige et al, Biophys. J. 80 1891, 2001; Kenseth et al,
Langmuir 17, 4105, 2001; Prime & Whitesides, Science 252, 1164, 1991; and Lopez et al,

J. Am.Chem.Soc. 115, 10774, 1993. However, other chemicals and compounds, such as bovine serum
albumin (BSA) and powdered milk, that can be used to cover a surface in similar fashion to prevent
non-specific binding of proteins to the substrate surface. BSA, however, can provide less performance
than 11-mercaptoundecyl-tri{ethylene glycol). After passivation, the resultant array can be called a
passivated array of proteins or peptides. After passivation, the matrix can be washed away from the
patterned regions on the surface. The use of polyalkylene oxide as the matrix allows retaining the
biological activity of the biomaterial in the patterned regions upon washing away the matrix. One

embodiment of making protein array according to the method is illustrated in Figure 8.

APPLICATIONS
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3094 ( 2606) and n24netid apPattione tandie.bendladd. wiNatse bf th@yarB8d enfiRdBreknts described
herein. Many applications of DPN printing are described in Ginger, Zhang, and Mirkin, "The
Evolution of Dip Pen Nanolithography,” Angew. Chem. Int. Ed., 2004, 43, 30-45. Applications for
microcontact printing are described in for example Xia and Whitesides, "Soft Lithography,” Angew.
Chem. Int. Ed., 1998, 37, 550-575, and references cited therein, Biological applications include
assays, diagnostics, sensor, protein microarrays, nucleic acid and DNA microarrays, nanoarrays, cell
adhesion and growth, and the like. Biodiagnostic applications are described in for example Rose &
Mirkin, "Nanostructures in Biodiagnostics,” Chem. Rev., 2005, 105, 1547-1562, which is hereby in
its entirety. DNA microarrays are described in DNA Microarrays, A Practical Approach, Ed. Schena,
1999, Oxford University Press. Applications for protein and peptide nanoarrays are described in for
example US Patent Publication No. 2003/0068446 to Mirkin et al. For example, surfaces can be
patterned with compounds adapted for capturing a variety of proteins and peptide structures. Further
assays can be developed including for example testing for diseases such as HIV. See for example Lee
et al, "Nano-Immunoassays for Ultrahigh Sensitive/Selective Detection of HIV," NanoLett. 2004, 4,
1869-1872. This describes patterning of MHA,which is then deprotonated so features are negatively

charged. Monoclonal antibodies to the HIV-I p24 antigen are then immobilized on the MHA and then

exposed to plasma samples taken from infected patients.

Nanoparticle probes can be used to detect and amplify the signal.
In these and other biological applications, surfaces can be passivated to prevent non-specific binding
incleding non-specific protein binding. See also US Patent Publication No. 2005/0009206 to Mirkin et
al. In field effect transistor applications, sources, drains, gates, electrodes, and channels can be

fabricated by methods known in the arts.
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examples.

WORKING EXAMPLES 1. Materials and Instrumentation

Palyethylene oxide (PEO, MW = 100,000}, polyethylene glycol (PEG, MW = 8,000), and
polyethyleneimine (PEIL, MW = 2,000} were purchased from Sigma- Aldrich (Milwaukee, WI). Au
nanoparticles (AuNP) solutions were obtained from Ted Pella (Redding, CA). Magnetic nanoparticles
{MNP) were synthesized. Fullerene was purchased from Mer Corporation {Tucson, AZ). Acetonitrile,
dichloromethane, toluene were purchased from Fisher Scientific (Fairlawn, NJI). All chemicals were
used as received. Si/Si0O, wafer with 500 nm oxide coating layer were purchased from WaferNet, Inc.
{San Jose, CA). Gold substrates were obtained by thermal evaporation of a gold thin film (30 nm) on
a Si/Si0, substrate pre-coated with a Ti adhesion layer (7 nm). GaAs and InAs wafers were purchased
from Wafer World Inc. (West Palm Beach, FL). All DPN experiments were performed on a
ThermoMicroscopes CP AFM (Veeco Instruments Inc., CA), which was enclosed in a humidity-
controlled chamber and driven by commercially available DPN software (Nanolnk Inc., Chicago, IL).
The humidity was controlled at 70% for all PEO related experiments, and 50% for PEI experiments.
AFM probes (3-1 or 8-2) were purchased from Nanolnk Inc., with spring constants of 0.041 N/m and
0.1 N/m, respectively. MFM data were obtained with a DI multimode SPM (Veeco Instruments Inc.,

CA), using a pre-magnetized AFM probe.

Preparation of Inks

For all DPN experiments, PEOQ and PEG solutions (16 mg/mL) were made by dissolving PEO
in acetonitrile, dichloromethane, water, or toluene. To prepare the AuNP/PEQ ink, PEO (16 mg/mlL)
in acetonitrile was mixed with a AuNP solution at a volume ratio of 1 : 1 (2 ran AuNP), 2:1 (5 nin
AuNP), and 4:1 (13 nm AuNP), To prepare the 4.7 nm MNP/PEQ solution, PEO (16 mg/mL) in

dichloromethane was mixed with a MNP solution at a volume ratio of 2: 1. To prepare the
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A. Polymer only controls. FIG. 2 shows control patterns of polyethylene glycol (PEG, MW
8,000), polyethylene oxide (PEOQ, MW 100,000), and polyethylene imine (PEL, MW 2000} created
using DPN on several types of substrates. In particular, FIG. 2 A and FIG. 2B present topographic
AFM images of DPN-generated PEG patterns on Au (writing speed of 0.16 pm/s) and GaAs (writing
speed of 0.022 uny/s}, respectively. FIG. 2C and FIG. 2D show DPN-generated PEO patterns on SiOy
and Au respectively with writing speed of 0.05 um/s for both. FIG. 2E demonstrates direct patterning
of PET with writing speeds of 0.6 and 0.3 pm/s on an InAs substrate. The corresponding height profile
in FIG. 3A shows that different writing speeds result in different pattern heights. The faster writing
speed (0.6 pnv/'s) produces smaller height (1.75 nm), while the slower writing speed (0.3 pm/s)
produces bigger height (2.75 nm). FIG 2F demonstrates the ability of PEI to act as a carrier matrix by
presenting DPN patterns of a mixture of PEI and 2 nm Au nanoparticles on an InAs substrate
produced with writing speeds of 0.1 and 0.05 pm/s. The corresponding height profiles in FIG 3B
demonstrate that 0.1 ym/s writing speed produces pattern having height of 12 nm, while 0.05 um/s
writing speed produces pattern having height of 14 nm. Comparison of the height profiles
demonstrates that the pattern of the mixture containing 2 nm Au nanoparticles is distinctly greater
than that of PEI only. This indicates the presence of Au nanoparticles in the patterns prepared from

the mixture containing Au nanoparticles.
B. Au nanoparticles. The capability of these polymers to act as carrier matrices was

demonstrated for common nanomaterials. Specifically, FIG. 4 shows arrays of Au nanoparticles

(AuNP) generated using direct single-step patterning process. As a control, FIG. 4A shows a
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are 8.5, 3.3, and 1.7 nm for contact times of 64, 32, and 16 scconds respectively, see TABLE 1. FIG.
4A, FIG. 4B nad and FIG. 4C are topographic AFM images of DPN generated dot arrays of 2, 5, and
13 nm Au nanoparticless mixed with PEO respectively. TABLE 1 lists the heights of these structures.
Clearly, all of the nanoscale features containing Au nanoparticles are much greater in height than
those of only PEO. The height increase is larger for patterns containing nanoparticles of bigger
diameters. In a similar manner, a mixture of 5 nm Au nanoparticles and PEO was patterned on a
Transmission Electron Microscope (TEM) grid. The inset of Fig. 3E, which is a TEM image of a DPN

generated dot on the TEM grid, demonstrates clusters of Au nanoparticles, which proves the presence

of Au nanoparticles in these patterns.

Table 1
Contact | Heights of DPN generated dot features, nm
time, s | PEO | MNP/PEO | AuNP/PEO | AuNP/PEO | AuNP/PEO | C4/PEO
only 2 nm 5 nm 13 nm
64 85 1274 20.8 25.8 323 21.8
| 32 33 1231 13.8 16.1 23.5 14.6
L 16 1.7 1183 8.6 10.6 18.5 9.8

C. Magnetic nanoparticles. Patterns of magnetic nanoparticles (MNP) were also created using a

matrix-assisted DPN. FIG. 5 features the patterns containing 4.7 nm magnetic nanoparticles (MNP)

prepared using PEQO as a carrier matrix. FIG. 5A and FIG. 5B are topography AFM images of DPN-

generated dot arrays with tip substrate contact of 64, 32, and 16 sec from top to bottom, and diamond-

shape line patterns at writing speed of 0.05 pm/s, respectively. Again, an obvious height difference

was observed when comparing the heights of these patterns with those of pure PEQ, see TABLE 1.

The increased height for patterns prepared from mixtures containing MNPs indicates the MNPs are
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Chem hmiixtufedontding3O¥Hs, (H2@Bicyns were further characterized using Magnetic Force Microscopy
(MFM), a technique which shows clear contrast based on the magnetism of the sample. In the MFM
images in FIG. 3C and FIG. 5D, the patterned features containing MNPs can be undoubtedly
distinguished from the non-magnetic bare SiO, substrate. This strong contrast even is observed for a
single feature , see insets in FIG. 5C and F1G. 5D indicating that magnetic particles were evenly
distributed throughout the entire patterned feature. The MFM image of a single line pattern, see inset
in FIG. 5D shows magnetic clusters inside the pattern. These kinds of clusters are not observed in
patterns of pure PEO. This observation indicates that these clusters are pockets of MNPs. The large

area patterns presented in FIG. 4 (C)- (D} also demonstrate that the matrix assisted DPN can provide

extended writing times as well as smooth and well-controlled ink transfer rate.

D. Fullerenes. In addition to Au nanopartticles and magnetic nanoparticles, DPN patterns of carbon-
based nanomaterials (fullerenes) were also generated using PEO as a camier. The ability to pattern
fullerenes is particularly important due to their potential application in nanoelectronics (71). FIG. 6
shows DPN-generated nanoarrays of a mixture of fullerene and PEO. FIG. 6A shows a dot array with
tip-substrate contact times of 16, 8, and 4 s (top to bottom). 80 nanometer feature sizes were easily
created at the 4 second contact time (FIG. 6A), proving that sub- 100 nm features can be obtained
easily using this technique. With contact times of 64, 32, and 16 s, features of 21.8, 14.6 and 9.8 nm
in height were produced, see TABLE 1 and a topography AFM image and corresponding height
profile in FIG. 7A and FIG. 7B. Again, these heights are greatly increased compared to those of the
corresponding pure PEQ pattens, indicative of the presence of fullerenes in the DPN dot arrays
generated from the mixture containing fullerenes. These same trends regarding height increases, see
FIG. 7C, were observed for continuous lines produced using the mixture of fullerene and PEO
(writing speeds = 0.05, 0.1, and 0.2 pm/s), see FIG. 6B. As a proof-of-concept, as well as to further

confirm that fullerene molecules indeed are patterned in these DPN-generated features, the first
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measurements monitoring the output current of this device at voltages ranging from - 0.7 Vt0 0.85V
are shown in FIG. 6D. The black line is a plot of the [-V response of the transistor measured in a dark
environment, while the red (gray) line shows the current obtained under illumination with a Xe lamp
(150 W), The observed increase in current {~ 6 times more, ~ 0.015 pA at 0.85 V vs. ~ 0.10 pA at
0.85 V) is a characteristic response of fullerene molecules to light illumination (70, 72). Such a
response indicates that the photoactive fullerene molecules are present in an active state inside the
DPN-generated patterns. In addition, the precise delivery of fullerene/PEQO lines within the 500 nm
gapped nanoelectrode also demonstrates a high spatial resolution of DPN. 3. Protein nanoarays.
Nanoarrays of goat anti-chicken IgG Alexafluor 488 were prepared by a matrix assisted DPN as
illustrated in the general scheme presented in FIG. 8. A low molecular weight polymer (poly-ethylene
glycol, MW = 8000} was used as a matrix to transport anti-chicken IgG AF 488 from the AFM tip to
the substrate surface. PEG is an excellent material to resist non-specific protein adsorption on
surfaces. The use of PEG as a matrix allows one to wash away PEG after generating protein
nanoarray to retain the biological activity of the protein. DPN was performed at a relative humidity of
75% and at 25°C. Unmodified Nanolnk type A tips were dip coated with a mixture containing the
antibody and PEG and dried with nitrogen. FIG. 9 A and FIG. 9B demonstrate AFM images of
generated nanoarrays of anti-chicken IgG Alexafluor 488 by MA-DPN method on gold and silicon
substrates, respectively. The anti-chicken 1gG Alexafluor 488 nanoarrays were further characterized
by fluorescence microscopy as shown Figure 10. The AFM and fluorescence images clearly indicate
that one can gencrate uniform nanoarrays of proteins using MA-DPN. The matrix encapsulated

proteins are shown to be biologically active as indicated by our results with microarrays generated by

microcontact printing.
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multiple biomolecules, and the retaining of their bioactivities. As stated previously, each ink has its
own diffusion rate, which makes it extremely difficult (if possible) for simultaneous patterning of
multiple inks, and further for feature size control via the tip-substrate contact time. Fig. 1 IA shows
the ink diffusion rate of PEG as well as four biomolecules in PBS buffer. One can easily see that the
ink diffusion rate varies dramatically according to different ink materials selected, which will
sequentially become a major issue if we anticipate very similar or identical feature size during
simultaneous multiple ink patterning. For example, the slope of pure IgG can be as high as 30.81,
while that of anti-ubiquitin is only 11.30, which means at the same tip-substrate contact time (4 sec),
the generated dot size will be 439.0 nm for 3-galactosidase and 144.7 nm for BSA, which indeed
varies a lot. What is more, the different slopes also means that the increase trend of the dot size is also
different. However, using the universal ink where PEG works as an ink carrier, the ink diffusion rate
can be easily tuned within a certain range. In order to prove this point, we have monitored the ink
diffusion rate change of the mixture of anti-ubiquitin/PEG at different ratios (Fig. 1 IB). At anfi-
ubiquitin:PEG ratio of 1 :2, the diffusion rate of the mixed ink jumps to 28.72 from 11.30, and it
further increases to 29.41 at the ratio of 1 :5. Plots in Figs. HC and HD not only give more examples
of such capability PEG has, but also show that the diffusion rate of each individual ink can be tuned
within certain range, and what is more, we can make two different inks have very similar diffusion
rate. This is an important parameter that facilitates the precise control of each ink's final feature size
and the sequential size increase trend after multiple-ink DPN patterning since the tip-substrate contact
time will always be the same (as the AFM probe array we used is a passive mode). Except the ink
carrier capability, another important role PEG plays in the universal ink kit is its ability to tune the
ink's diffusion rate. One then used one dimensional AFM tip array (Model No.: A-26, Nanolnk Inc.,

Skokie, IL} for simultaneous multiple ink patterning via DPN. Two composite inks containing

fluorescent labeled BSA (green color) and anti-ubiquitin (red color), were coated in every other AFM
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HC. DPN was done under the same experimental conditions as described in Fig. 11C. The fluorescent
images in Fig. 12A clearly proved that two different kinds of biomolecules (BSA in green and anti-
ubiquitin in red) were simultaneously patterned into designed array. The zoomed-in image in Fig. 12B
shows more details and clear contrast of the fluorescent signal. In order to compare the variation of
generated pattern sizes, one took AFM images after DPN experiment to characterize the generated dot
sizes. As a representative, at tip-substrate contact time of 32 sec, the average dot diameter is 328.3 nm
for BSA and 306.1 run for anti-ubiquitin, which has only less than 7% variation {AFM images not
shown). On the other side, the generated dot sizes would be 284.3 nm and 223.1 nm if not mixed with
PEG based on the plots shown in Fig. 11A. To further prove the bioacitivities of the patterned
biomolecules, we first generated IgG and S-galactosidase patterns individually. Figs. 12C and 12E are
AFM images of generated [eG and S-gailactosidase dot arrays at tip-substrate contact time of 32 sec.
The average dot diameter is 347.2 nm for IgG and 380.3 nm for 8- galactosidase, which has around
8% variation. Similarly, the generated biomolecular dot sizes would be 251.0 nm and 439.1 nin,
respectively, if without PEG according to Fig. HA. One then incubated the biomolecular arrays into
according antibody buffer solution. The according fluorescent images in Figs. 12D and 12F indicate
that both anti-IgG (green) and anti- S-galactosidase (red) can successfully bind on the pre- generated

dot arrays of antigen molecules, which means the patterned 1gG and 5- galactosidase still remain their

bioactivities.
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18. The nethod of claim 1, wherein the structure has a | ateral

dinension of 1 micron or less or of 100 nmor less. 19. The met hod
of clai mYO2PKEIEIN the structure is a dot or a line. RETURESHSTIAHJ

of claim1l, wherein the structure has a height of at |east 10 nm
21. The nethod of claim1l, wherein nmethod is repeated to provide a
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27. . The nethod of claim1l, wherein the tip is a nanoscopic tip, the
polymer is a soluble polyner, and the nanomaterial is a nanoparticle.
28. The nethod of claim1l, wherein the tip is a scanning probe tip,
the polyner is a synthetic polyner, and the nanomaterial is a
nanoparticle, a protein, or an antibody. 29.The nethod of claim1,
wherein the tip is an AFMtip, the polynmer is a polyethyl ene oxide,
pol yet hyl ene glycol, or polyethylene imne, and the nanomaterial is a
nanoparticle or a biological material. 30.A nethod conprising:

provi ding an el astoneric, patterned, nanoscopic stanp,

provi di ”@Q@ﬂ@ﬁgﬁ*”@ﬁ@sﬁd on a surface of the stanp, wherein the ink

conpri se anomaterial and at | east one polyner as an
ink carrier of the nanomaterial, wherein the at | east one polyner is
a non- bi o ogi %gln ol.ymer, .and wherein the nanomaterial is a netal
nanoparticle, %@W%BWBU%‘E‘% nanoparticle, an oxi de nanoparticle, a
magnet i ¢ nanopesvidied € nadoseapibdip; based particle, a crystalline

pol yner, a bi omatcﬁri al ule a _bi ol ogi.cal , macr onol ecul e,

providing a s FEMging an @5sdfsgggég)%ﬁﬁe end oPtrhe nanoscop%i’up, wherein t?le ink

comprises at least one nanomaterial and at least one polymer as an ink carrier of the
nanomaterial, wherein the at least one polymer is a non-biological polymer, and
wherein the nanomaterial is a metal nanoparticle, a semiconductor nanoparticle, an
oxide nanoparticle, a magnetic nanoparticle, a carbon-based particle, a crystalline
polymer, a biomaterial, a biomolecule, or a biological macromolecule,

providing a substrate surface, and

contacting the tip with the substrate surface, thereby transporting the ink from
the nanoscopic tip to the subsirate surface to form a structure on the substrate
surface comprising both the polymer and the nanomaterial;

wherein the ink has an ink transport rate from the nanoscopic tip to the

substrate which is increased by the use of the polymer ink carrier.

2. The method of claim 1, wherein the tip is one of a scanning probe microscopic

tip, an atomic force microscopic tip, a non-hollow tip, or a hollow tip.
3. The method of claim 1, wherein the tip comprises an inorganic surface.

4, The method of claim 1, wherein a plurality of tips are provided comprising ink
disposed at the end of the fip, and transporting the ink from the tips to the substrate
surface forms a plurality of structures on the surface comprising both the polymer

and the nanomaterial.

5. The method of claim 1, wherein the tip is heated to effect transport.
6. The method of claim 1, wherein the tip is disposed at the end of a cantilever.
7. The method of claim 1, wherein the nanomaterial comprises a nanoparticle

comprising an average particle size of 2 nm to 100 nm or 2 nm to 25 nm.
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transporting the ink fromthe stanp to the substrate surface to form
a structure on the surface conprising both the polynmer and the
nanomat eri al ; wherein the ink has an ink transport rate from

t he nanoscopic tip to the substrate which is increased by the use of
the polyner ink carrier. 31. A method conpri sing: (A) providing
one of a nanoscopic tip or a nanoscopic stanp; (B) providing a
m xture conprising an ink and a carrier matrix, wherein the carrier
matrix is selected froma) polyal kyl ene oxi des havi ng a nol ecul ar

wei ght of nore than 50,000 and b) polyal kyl ene i m nes; (O

di sposi nggt he g e, of i ;Tka%} ; . (D
provi di ng&a su@gﬁgﬁ gd gt?lg@c%%’hg?\%ﬁtﬂe Aand %{ ?%rﬁg%oe? & Si%'e'il??g

m xt ure fmetariehe anfelodpmied paigriat he stanp to the substrate surface to
forma pattern on the substrate surface, wherein the ink has an

ink transport rate to the substrate which is increased by the use of
t he pol yner i nkecagtho@pf claim 1, wherein the nanomaterial comprises a metal

nanoparticle, a magnetic nanoparticle, a fullerene nanoparticle, a carbon nanotube a

nanowire, a nanorod, or a quantum dot.

10.  The method of claim 1, wherein the nanomaterial comprises at least one
bioclogical macromolecule, at least one biomolecule, at least one protein, at least one

antibody, or at least one crystallized conducting polymer.

11.  The method of claim 1, wherein the polymer is one of a linear polymer, and a
polymer soluble in water and organic solvent.

12. The method of claim 1, wherein the polymer is one of a poly(alkylene oxide)
or a poly(alkylene imine), or a polyethylene oxide, wherein the polyethylene oxide

has a molecular weight of more than 50,000.

13.  The method of claim 1, wherein the ink consists essentially of the polymer and
the nanomaterial.

14.  The method of claim 1, wherein the ink further comprises a solvent for the

polymer.

15. The method of claim 1, wherein the substrate surface is a semiconductor or
metal substrate surface.

16.  The method of claim 1, wherein the substrate surface comprises a

nanoelectrodes gap.

17.  The method of claim 1, wherein the transporting is carried out with at least
40% relative humidity, or at least 70% relative humidity.
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32. The method of claim 31, wherein the one of the tip or the stanp is
a tip. 33. The nethod of claim 32, wherein the tip is one of a a
scanni ng probe mcroscopic tip, and an atom c force mcroscopic tip.
34. The nethod of claim 31, wherein the step of disposing the m xture
conprises imersing the tip in the mxture. 35. The nmethod of claim
31, wherein the step of disposing the m xture conprises i mersing the
tipinthe mxture and drying the m xture. 36. The nethod of claim
31, wherein the one of the tip or the stanp is a m crocontact
printing stanp. 37. The nethod of claim 31, wherein the ink is a

hard ink @nd thefgidd ditkaih s SRLRF @sﬁrhgmetr%% egqaféﬂél i @r?%iér%fnﬂ of
nanoparticles, carbon based materials and crystallized polyners. 38.
The net hoticen o llessmr 9 10Qwwarasiasst he ink is a hard ink and the hard
ink is selected fromthe group of netal nanoparticles, nmagnetic

nanoparticles and full erenes.
1 The method of claim 1, wherein the structure is a dot or a line.

20.  The methed of claim 1, wherein the structure has a height of at least 10 nm.

21.  The method of claim 1, wherein method is repeated to provide a plurality of

structures on the surface.

22.  The method of claim 1, wherein method is repeated fo provide a plurality of

structures on the surface which are separated from each other by less than a micron.

23.  The method of claim 1, wherein the step of transporting is carried out by
contacting the tip with the surface and holding the tip stationary.

24.  The method of claim 1, wherein the step of transporting is carried out by
contacting the tip with the surface and moving the tip with respect to the surface, or
moving the surface with respect to the tip.

25, The method of claim 1, wherein the step of transporting is carried out in a
fapping mode.

26.  The method of claim 1, further cornprising the step of removing at least some
of the polymer from the structure.

27.  The method of claim 1, wherein the tip is a nanoscopic tip, the polymer is a

soluble polymer, and the nanomaterial is a nanoparticle.
28.  The method of claim 1, wherein the tip is a scanning probe tip, the polymer is

a synthetic polymer, and the nanomaterial is a nanopatrticle, a protein, or an
antibody.
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39. The nethod of claim 31, wherein the ink conprises at |east one

bi onol ecul e. 40. The nethod of claim39, wherein the bionolecule is
sel ected fromthe group consisting of nucleic acids, peptides and
proteins. 41. The nmethod of claim 31, wherein the ink conprises at

| east one protein. 42. The nethod of claim4l, wherein the at |east
one protein is an antibody. 43. The nethod of claim 31, wherein the
pol ymer is pol yethylene oxide. 44. A nmethod conprising (A
providing a tip or a stanp; (B) providing a m xture conpri sing
a nanomaterial and a carrier matri x conprising at |east one

non- bi ol ogy calr BRG] o2y, WHESRIHe s h AR IO IR GL] @l
polyethylene oxide, polyethylene glycol, or polyethylene imine, and the nanomaterial
is a nanoparticle or a biological material.

30. A method comprising:

providing an elastomeric, patterned, nanoscopic stamp,

providing an ink disposed on a surface of the stamp, wherein the ink
comprises at least one nanomaterial and at least one polymer as an ink carrier of the
nanomaterial, wherein the at least one polymer is a non-biclogical polymer, and
wherein the nanomaterial is a metal nanoparticle, a semiconductor nanoparticle, an
oxide nanoparticle, a magnetic nanoparticle, a carbon-based particle, a crystalline
polymer, a biomaterial, a biomolecule, or a biological macromolecule,

providing a substrate surface, and

transporting the ink from the stamp to the substrate surface to form a structure
on the surface comprising both the polymer and the nanomaterial,

wherein the ink has an ink transport rate from the nanoscopic tip to the

substrate which is increased by the use of the polymer ink carrier.

31. A method comprising:

{A) providing one of a nanoscopic tip or a nanoscopic stamp;

(B) providing a mixture comprising an ink and a carrier matrix, wherein the
carrier matrix is selected from a) polyalkylene oxides having a molecular weight of
more than 50,000 and b) polyalkylene imines;

(C) disposing the mixture at one of the tip or the stamp;

(D) providing a substrate surface; and

(E) transporting the mixture from one of the tip or the stamp fo the substrate
surface to form a pattern on the substrate surface,

wherein the ink has an ink fransport rate to the substrate which is increased

by the use of the polymer ink carrier,
32.  The method of claim 31, wherein the one of the tip or the stamp is a tip.

33.  The method of claim 32, wherein the tip is one of a a scanning probe

microscopic tip, and an atomic force microscopic tip.
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and wherein the nanomaterial is a netal nanoparticle, a sem conductor
nanoparticle, an oxide nanoparticle, a magnetic nanoparticle, a

car bon- based particle, a crystalline polyner, a biomaterial, a

bi onol ecul e, or a biol ogical nacronol ecul e; (C disposing the
m xture on the tip or stanp; (D) providing a substrate surface; and
(E) transporting the mxture fromthe tip or stanp to the substrate
surface to forma pattern on the substrate surface such that the
pattern conprising both the carrier matrix and the nanomateri al ;
wherein the ink has an ink transport rate fromthe nanoscopic tip to
the substrate which is increased by the use of the polyner ink

carrier. 45. The method of claim44, wherein the nanomateri al
conpri sestat ITBaStetskolislaimsl lewherein thadtapd disppsing themmidiurg CBATIESS e

a mat eri ghnsesifg R iham [lhb@rgr oup consi sting of polyal kyl ene oxi des
and pol yal kyl ene i mi nes. . The nethod of claim1, wherein the

nanoscopic tip is part of a Iarger structure conprising a pl urallty

of nanoscapi cmb%tmsd&daawlﬁ%dwﬁa%ﬁﬁme%&eptmas%egkﬁg% M}ﬁhr kT

tips, wherein the inks conprise nultiple one of bionolecules an
mul ti pl e PFrsvreEngihe tnp die mpdure iR dpaneBariture: ansport ed from the
nanoscopi c tips to the substrate.

36.  The method of claim 31, wherein the one of the tip or the stamp is a

microcontact printing stamp.

37.  The method of claim 31, wherein the ink is a hard ink and the hard ink is
selected from the group consisting of nanoparticles, carhon based materials and
crystallized polymers.

38.  The method of claim 31, wherein the ink is a hard ink and the hard ink is
selected from the group of metal nanoparticles, magnetic nanoparticles and
fullerenes.

39.  The method of claim 31, wherein the ink comprises at least one biomolecule.

40.  The method of claim 39, wherein the biomolecule is selected from the group

consisting of nucleic acids, peptides and proteins,
41.  The method of claim 31, wherein the ink comprises at least one protein.
42.  The method of claim 41, wherein the at least one protein is an antibody.
43.  The method of claim 31, wherein the polymer is polyethylene oxide.
44. A method comprising

(A) providing a tip or a stamp;

(B} providing a mixture comprising a nanomaterial and a carrier matrix

comprising at least one non-biclogical polymer as an ink carrier of the nanomaterial,

and wherein the nanomaterial is a metal nanoparticle, a semiconductor nanoparticle,
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47. The nethod of claim 1, wherein the nanoscopic tip is part of a

| arger structure conprising a plurality of nanoscopic tips with inks
di sposed at the ends of the nanoscopic tips, wherein the inks
conprise multiple bionolecules which are sinultaneously transported
fromthe nanoscopic tips to the substrate to formdots which have an
average dot dianmeter characterized by | ess than 7% variation, 48.
The nmethod of claim 1, wherein the nanoscopic tip is part of a |larger
structure conprising a plurality of nanoscopic tips with inks

di sposed at the ends of the nanoscopic tips, wherein the inks

conpri se dAbfddhhdphAiR) Benafkihnaidparicia) hicaRRALEsYEd baRbRPLEReGIKhEOM
t he nanoscopic tips to the substrate to formdots whi ch have an

aver age cR?ﬂerraﬁﬁoé?at%raa@P@PlefB’B Bha P'@@Q'Cﬁh@ﬁCF?W{%W?at i on.

(C} disposing the mixture on the tip or stamp;

(D) providing a substrate surface; and

(E) transporting the mixture from the tip or stamp fo the substrate surface to
form a pattern on the substrate surface such that the pattern comprising both the
carrier matrix and the nanomaterial;

wherein the ink has an ink transport rate from the nanoescopic tip to the

substrate which is increased by the use of the polymer ink carrier.

45. The method of claim 44, wherein the nanomaterial comprises at least one
biomolecule, and the carrier matrix comprises a material selected from the group

consisting of polyalkylene oxides and polyalkylene imines.

46.  The method of claim 1, wherein the nanoscopic tip is part of a larger structure
comprising a plurality of nanoscopic tips with inks disposed at the ends of the
nanoscopic tips, wherein the inks comprise multiple one of biomolecules and muitiple
proteins, which are simuitaneously transported from the nanoscopic tips to the
substrate.

47.  The method of claim 1, wherein the nanoscopic tip is part of a larger structure
comprising a plurality of nanoscopic tips with inks disposed at the ends of the
nanoscopic tips, wherein the inks comprise multiple biomolecules which are
simultaneously transported from the nanoscopic tips to the substrate to form dotis

which have an average dot diameter characterized by less than 7% variation.

48.  The method of claim 1, wherein the nanoscopic tip is part of a larger structure
comprising a plurality of nanoscopic tips with inks disposed at the ends of the
nanoscopic tips, wherein the inks comprise multiple proteins which are
simultaneously iransported from the nanoscopic tips o the substrate to form dots

which have an average dot diameter characterized by less than 7% variation.
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