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WATER- SOLUBLE, SURFACE- FUNCTI ONALI ZED NANOPARTI CLE FOR
Bl OCONJUGATI ON VI A UNI VERSAL SI LANE COUPLI NG FI ELD OF

WA Ri6c080SENTI ON Thi s invention relates to a proRP€ESG1005/000016
the preparation of a surface-functionalized
nanoparticle, to the surfacefunctionalized
n -Gl re h 0 a
L PR E B R B AR R LB

' BACKGRBUNR oS UEHE TONVENAl ONINERSRAr SIChES Qb_UPLlQ@ ran
have broad applications in biology, such as in

| abel Lin in drug delivery, separation and
FI%&R %%I @%n Tﬁ@% si ze of nanoparticles plays an
important role in determning their properties as well
ThES 1hedit 854 ecd i venesso I D PEQappl 1 €38 1ONS prdfieration of a

nthesi s of nonodi sperse nanoparticles |s critical to

: Squ @2t it e akhiz optianorai e of, st etldepandente -

[ no ticles a q Jequire sui bIe
o AP hon DRRRA el M R
bldmmplgaa:w esomp Mxsitn i 1 | el ase e teiadrhoxydd £ aci d,
ri am ne, al cohol, phosphate, or thiol groups,
“aébﬂF rticles that are functionalized with primary

am nes, carboxylic acids and thiol surface groups can

BAdK@RUUNﬂegﬁlgﬂgxyﬁvgkmfgkvwth bi ool ecul es via am de,
di sul fide and ester bonds. Many nethods are currently

avai |l abl e for nanoparticle synthesis. Mst synthetic

Nangiiidechess dtfe Y ¥h %V@arﬂ@asﬂola\mlqw \Miﬂer e
bi A cls%fc@ra% ceatied, VMMI qm%ﬁg%gécfd I%i(}l L

organi c stabilizer Sl ecu nopar es a
sersymatthesi zedl carinata lbeansddodi r @tid s ifer of nanoparticles

plays an important role in determining their properties as
well as their effectiveness in biocapplications. The
synthesis of monodisperse nanoparticles is critical to the
tailoring and optimization of size-dependent

characteristics.

Nanoparticles also require suitable surface.functional
groups in order to conjugate with biomolecules. Most
biomolecules have carboxylic acid, primary amine, alcohol,
phosphate, or thiol groups, and nanoparticles that are
functionalized with primary amines, carboxylic acids and
thiol surface groups can be covalently conjugated with

biomolecules via amide, disulfide and ester bonds.

Many methods are currently available for nanoparticle
synthesis. Most synthetic approaches are based on organic
solvent routes where particles are coated with
hydrophobic/lipophilic organic stabilizer molecules. The
nanoparticles as synthesized cannot be used directly for

biofunctionalization/biocapplication because they are
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bi of uncti onal i zati on/ bi oappli cation because they
areinsoluble in water, they do not have required
wo movesmspRl groups for bioconjugation, and/or PEEYGZIE000016
unstabl e toward various processing steps for
bloappL:catlons . Currently, several strategies are
. avaj lable to,sol ve . the b , :
05 QY BRAR gt Ro " BRE or BT HarCs ani e ug; Frlphe o PufcPYonal
grofEf aet-aptbbbagndafebacubas/or pheynere, usskableatbeard
and dendron bridging. The key issue is to deal with
varfihessPHOFEPPaNGUELEBE ERENPSPRPPOFCRRE RENnoparti cl es,
and the colloidal stability of the nanoparticles in
Cur?gH%?g§ e%@éﬁalL%QQQQégigEaﬁggdaﬁéﬂQEEEEi@be§o§ﬁ§ tBSse
Stab and often l'ead To irreversible aggregates as
probEemBandp?rekam@ielbseexhéhngéngahh@ shebiisalTetgbidézer
_this problem,.ligandexchange foll : . ;
ity 68 LE GO B o s B LB F v hebESVAPERe BiaRHAgtion
andSHERAWBHI RGiHREnpart irekeseySikankzaki ao drdldendhonhe
bridging are uni que al ternative schemes to_generate
sensévavensusfinggi s§eat s§EAbPEi FBE §ﬁePPa§EﬂF&%ﬁdiﬁathBe

co1130283" fsitghoﬁl-itys o0 chal ﬁageggeegeiegt ahl gqaeaNLUBLESE.
and netallic nanoparticle dispersions can be prepared.
1igHawevechahkese napppeathedeef ken peedustable and often

ter-i | ubl, [ .
Leafnt6r AAFEVEES A FAGRRGCUBRP EF* SUVIRRYSCR PTHE FREENTPER

theh? @RgaR3ReGheltiRe pPITRSeBivenyBAL pRoplew, desgand-
process for the preparation of a ,
excdanbac ofldreecoRal CZ66SngRBpaitPclié B8RPr L8 RGOVIES)

cov% %%Ei%%i%gﬁ%@ogﬁ&gbﬁhﬁiﬂgt%h@ %HQ%&EQ@%LiQQQa§H%QB§on
nd a base”in~a substantially non-aqueous solvent to-
andoliaidroa paritigahloy acenjungatedaditbanatédenanbpaesi tbe,

wherein the functi,onalized sil ane.and the-.ba r :
GentesenC o LEAaEI Ao Cs SSTEN ARG Supd . Sartbfinding
thel WRGkanalic-aed sisamg this approach, stable quantum dot
and metallic nanoparticle dispersions can be prepared.
However, these approaches often produce water-insoluble

nanoparticles, because of interparticle bridging.
BRIEF SUMMARY OF THE INVENTION

In one aspect, the present invention provides a process for

the preparation of a surface-functionalized nanoparticle

comprising:

(a) reacting a nanoparticle with a functionalized
silane and a base in a substantially non-aqueous solvent to
obtain a partially conjugated silanated nanoparticle,
wherein the functionalized silane and the base are present
in relative amounts such that said functionalized silane

undergoes substantially only a single hydrolysis reaction;
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under goes substantially only a single hydrolysis
reaction; (b) reacting the partially conjugated
wa doanostsetl nanoparticle forned in step (a) w tPCEHSOZ®E000016
in a solvent in which the partially conjugated
sil anat ed nanoparticle is substantially insoluble and
i n which %he base i s % bst an Laghé soluble. In tﬁrther,
aspect s, (PheTSPESERE TRGeRET R plvFRd igatgry silanated
nadepalenet komakinzed ;RaBeRar (k¢! fiphepargdebynt Besolvent in
process described herein, and a_bioconjugate
whéehpithsi Rgrsapdlyucpnaceatadceibpapteddnannpparictbels

o B8R LT TIRCHRVINGS, SRod gt e

subekhowiaglfi guiesle.Figure 1 is a flow chart
illustrating a two-step silane conjugation on the

surface of a nanoparticle. Figure 2 is a flow chart
I} FREEAFEL FAGCABr 0EBESOF5FeBF ot TR b RGP ERTHESS and

su@h@@@hﬁﬁﬁéﬁigﬂﬁﬁlE@ﬂah%ﬁ§ a PRDOPAr b1 &L 8rSYTHRCESe process
S

Figure 3 shows cheni ca ructures of various sil anes

deﬁﬁﬁ@b@@nhﬁée@ﬂ?lazédatbi9¢@@$m@abesq®mprising said
suPE8eLUBGLLONGLL 7P QANORALL 1L & o Pl gure 4 shows a

reacti on schene o ane  conjugation on a

hydr oxi de-term nat ed oxi de nanoparticle surface.
BREEHUPESGREPADIWEN aOF €BKE | DRABTMESe of sil ane conjugation

chem stry on a nmetal nanoparticle surface via a |linker

ner.captosilane . Figure. 6 shp a transm ssi on,
T gr%%%ojp?‘g?nr%wn o“l’ll\rﬂfo}?]e oX YR TRTD P4 ER el es
redérémee didfenentosigesndefnyerand after silane

coating. Figure 7 shows an excitation and eni ssion

spectra, (a) and a TEM m crograph (b) of biotinylated
Fi?ﬁ%?n%n%%a%t#%@%schart illué%ré%iég)a two—stepyéilane

conjugation on the surface of a nanoparticle.

Figure 2 is a flow chart illustrating a process for
biotinylating amine- and phosphonate-functionalized

nanoparticle surfaces.

Figure 3 shows chemical structures of various silanes that
can be utilized to prepare a surface-functionalized

nanoparticle.

Figure 4 shows a reaction scheme of silane conjugation on a

hydroxide-terminated oxide nanoparticle surface.

Figure 5 shows a reaction scheme of silane conjugation
chemistry on a metal nanoparticle surface via a linker

mercaptosilane.

Figure 6 shows a transmission electron microscopy (TEM) of
iron oxide nanoparticles of two different sizes before and

after silane coating.



10

15

20

25

30

Figure 8 shows a UV-visible absorption spectra and TEM

of silanized gold and silver nanoparticles in aqueous
whedobesesos-i gure 9 shows optically clear aqueouBCT/SG2005/000016

sol utions of various silanized nanoparticles under (a)

visible and (b) ultraviolet |ight. DETAILED

DESCR! PTI ON OF THE | is imventi -
Fi g o). $PED SsPPaR 24t PO HeCRB TS 0P vEP BT U 87 o

_ _ _ ri've solu
TEM”%E%%EE‘a hegpwi b diibtengnbtbypesocohasuphatecles.
functionality . In previous attenpts to silanize

~nanoparticle surfaces, results were difficult to
Figuepr Gdebewand RENGPaLLILEl 8PE9EPEGR eSPRELL20APENTEN OF

. .obt.ai ned. .| y i dai
Sll%&ﬁgl egoldna%ragaﬁ% T ﬁg§B§%9¥§E§@% bt dgh.aguschenesr.

particle Surfaces have this aggregation

probl em due to conpetitive interparticle bridging

Fig@rx@c?ssQSWSprsidaﬂﬂwWﬁEalr process wadutdenpepf various
_conplicated with silanization,reactions, as gilane

silgrguss BPEORERSTI7E P&dfgagﬁpoﬁlgék Ftﬁgﬁs(éach as
ultRSUEe, 19¢hvents and residual silanol, which induce

particleparticle aggregation. This problemis solved

herei n by perforni£%1the silani zation reaction in

a

DETRJA bt RESGR IFEON THE WOVENESOPr ocess. In sone

enbodi nents, the silanized nanoparticles obtained are

Thf§N§H¢gﬂﬁﬂ%nf%h%Qh%s%% A04eRUS+2Q “antsii zakd ohheythod to
remain stable for long periods of time. Bioconjugates,
dersweh sad ubilet nayloged indespariticidéd fegan thé Ypreps egurface
fu usLnglth se surface-functionalized nanoparticles, and
Heoha; donj ugates are al so stable and sol uble. The
nmet hod described herein is general, efficient and

In @Jﬁaﬁi‘iébds:i‘@ft&@u@tﬁl & omMzer acdimea med ope riiedicogsir faces,

nmet hods. In order to avoid the interparticle reagtions
re RS WeaE td&fafd@”éﬁattiooﬁe@fr%&mqa&agﬁpatrﬁéCE)iFocess
agé%ééﬁ%@éﬂ%éfé‘éﬁ%en obtained. In practice, most covalent

bridging schemes for nanoparticle surfaces have this
aggregation problem due to competitive interparticle
bridging processes. This detrimental process was further
complicated with silanization reactions, as.silane groups
are sensitive to reaction conditions such as moisture,
solvents and residual silanol, which induce particle-
particle aggregation. This problem is solved herein by
performing the silanization reaction in non-agqueous media
via a two-step process. In some embodiments, the silanized
nanoparticles obtained are completely soluble in agueous
solvents, and they remain stable for long periods of time.
Bioconjugates, such as biotinylated nanoparticles, can be
prepared using these surface~functionalized nanoparticles,
and these bioconjugates are also stable and soluble. The
method described herein is general, efficient and highly

reproducible when compared to previous methods.
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present invention proceeds in a two-step manner, which
provi des sonme control on the silazination reactions.

WO 2008/08G8p5t st ep, .a nanoparticle is reacted wWeTS&2005/000016
functionalized silane in the presence of a controlled
anDunt of bage such that the functionalized sil ane

er goes subst tlaII onl [ 0
in Pé Eti &f. aﬂ§l§u% fﬂ% nc%%%%%lggg ﬁ%néx lead to

aggedghe ohord th@pbﬁ@lﬁ&@@pathecbeobes@bhabbrdlng to the
partially conjugated sil anated nanoparticle. The

pre@@@teenaﬁ@tﬂapepépc§ﬁﬁﬁnéncénFH§aFF8ﬁ panngé, which
progg trog%%% %én%%%i'gg the E§ﬁggﬁﬂ5958na9ga59§oﬁgnunt

asé e reaction system In sonme enbodi nents
where a hydrOX|de base is used, the ratio of
In Euﬁd&smnakepedasnbanpatblbiselssrabs@ed1W1thlh ot her
enbodi nent s nhydr oxi de bas Ls_us
Fung R PGagf HEinetioRE Dol rs: PERE TG pake oS IbaoFbe] amount

of bhak Luchl RhsemenentodicreBhalitbe B@&andseddemgbbe
first step is soluble in organlc sol vents. nRIes of

substranabled lyased vi Acbdae LRy BYEXPdE Shas&8§2CEheR - ashs Such,
thet%ta%tl % Xhz% ghﬁ g@&ﬁé'Q651B§&EabQHHykl@HWEHbum

FoXi or 'so roxi de non- hydr ox
nanb@&esl&u@ht@soamaahkylpamtmellgxawpbega@édsanﬂabaéed
al kyl .am nes include C and C.-

nengRrred CIFor  uR SPATEFKPNTadribs oot AR erPanP JAESgR LK can

be c%%%&bQQe@a%yb%ar§hhgytﬁboﬁbmébkaﬂuga the EgachiélOnt of
rate can be increased by heating. Water can also help

basei HLanithat iremctaoni 8YS&RMpr oRdE ORgd FBRPEENgREEpYRESS 2
hydﬁ%%fl%%sﬁo%@e 1he peesenne obesHAbLl aiRURLedl;¥BLeL: 8N

Srm>SiTani-zat i oh w thout any other bases. In sone

to erBkediireabeutsmalll. adoupticaf ewbbdimeansceherfr ermon-—

organj c_sol vents. The illan cog&u%ati nin.the f|r§
ratio ane

hy@ﬁgﬁﬁd@sbﬁﬁ§féFaHP§ unctionalizéd

to base can be less than 1.

In some embodiments, the base used in the first step is
soluble in organic solvents. Examples of suitable bases
include hydroxide bases, such as tetra-methyl ammonium
hydroxide, tetra-butyl ammonium hydroxide, or sodium
hydroxide, and non-hydroxide bases such as an alkyl amine.
Examples of suitable alkyl amines include C;-Ci¢ alkyl amines
and C1-Cg alkyl amines. For certain alkyl amines, the
silanization reaction can be fairly slow, although the
reaction rate can be increased by heating. Water can also
help silanization, as it can provide hydroxide groups to the
system. The presence of small amounts of water can perform
silanization without any other bases. In some embodiments,

small amounts of water can come from organic solvents.

The silane conjugation in the first step is preferably

performed in an organic solvent and substantially in the

5



10

15

20

25

30

performed in an organi c solvent and substantially in
t heabsence of water. Exanples of suitable solvents
WO p@b08B9Dr gani c- |i ke al cohol s, hydrocar bons, PErsG2005/000016
benzene derivatives. Specific exanples of suitable
sol vents include toluene, cyclohexane, methano
abs%hggng é&ureﬁxgﬁgﬁéga89lsaﬂga595u§8§veQW§chnE@E e
qU| annnn a oluene Is a preferred solvent for
orghhue—itep,aaSObaﬂb»ahyyrooarhgasedasdlhaaZede
nanoparticle precipitate

th
oG PEhEetDl oSS L n BETPLRBYR. Sé%gﬁéﬁst§5V?ﬂ 3fRc1ude

tolBéBE'aE?El%B@ngéteﬁeﬁﬁﬁﬁ@@rtéﬁhgnbmteﬁEEGUQég b% ethanol
sonewh insolublé in the solvent used, which aids in

andthelgepavaDMéﬁroﬂMFheanﬁté#ﬁééﬂaﬁ@momhé refipvagnefis a
nbou | anes ar .t

pre efaﬁes g?ve ElggrtoE?E Eggfl%g Eé%t??iﬂgnag ?£5§€ed

silbAbeeganbhebersikbasi patbopitatéhensecbodmstiepoothshe

reacti on. Renoval of unbound sil anes can be ass sted
unbpynehgiaaart PencsH: §s|9@ﬂt§etﬁ%WOVﬁaucePFﬁEerabi he

parPig8h 'E@BbQGaQEdShEEBEaPQHBQep@ﬁ%éﬁﬁ@élaténlgh§omewhat
second step of the reaction, the internedi ate isol ated
1nsbiobﬂehenfthstSsﬁepntsupEécedhlﬂhaasdEVEhtthﬁ akpehation

[ b I
of [en anceleubetty ot frsacfnu et sahnaialy KpRESS £

pre$ekvent att eneenpbehe, t he fﬁééapﬁlhhébegsvéaﬁizatt@nt@ick
the functionalized silane npieties, nEIes of
8

lléeatabﬁélﬁaéég/Pérlﬁh%rg@EBhal?ea&%?th epni hiel b

sechgrg%é o?a§ﬁé r&Hehi 858, t eREA PRI hYE BAPDBNAYMSilanes can
hydr oxi de and tetra-butyl anmoni um hydroxi de, and

be aeaihyddobydehbaeéglsu@h aé anlaeky$ bhitheindgaé nthe

Exanpl es of UIt es, include G -G 6 al kyl
PreSﬁngégéﬁa Pﬁys an1n Jetﬁanpres of suitable
sol vents for the second step i ncl ude organi c- |ike

In aheobetsndhydepcarbohs, raadtbenzehke intermediate
isolated from the first step is placed in a solvent in which
it is substantially insoluble, where it is then reacted with
an excess of a base that is soluble in the solvent, to
complete the intraparticle silanization of the
functionalized silane moieties. Examples of suitable bases
for the second reaction step include hydroxide bases, such
as tetra-methyl ammonium hydroxide and tetra-butyl ammonium
hydroxide, and non-hydroxide bases such as an alkyl amine.
Again, Examples of suitable alkyl amines include Cy-Cyis alkyl

amines and C;-Cg alkyl amines.

Examples of suitable solvents for the second step include
organic—like alcohols, hydrocarbons, and benzene
derivatives. Specific examples of suitable solvents include
toluene, cyclohexane, methanol, ethanol, mixtures of ethanol
and toluene, DMSO and DMF. As the partially conjugated

silanated nanoparticle is substantially insoluble in the
6
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derivatives. Specific exanples of suitable solvents

i ncl ude tol uene, cycl ohexane, nethanol, ethanol,
wOoR0ob08@ss of et hanol and tol uene, DMSO and DMFPCHSGL(t0£000016

partially conjugated silanated nanoparticle is

substantially insoluble in thesolvent used in the
sol%%%%nqs%heﬁn Eﬂ%r%eb%ng!gkgﬁt EB@E@CEsbﬁHWQﬁBle@BHtact

nanoparticle, greatly dimnishing the anmount of
betiwekar pachi abaopeacticdrs gmdaslstiantnashyngvohei pgothe of

. productions of nanoparti.cl e aggregates. Contro
intGRBEFEHEAES FerS (08P PRI BUPCLA"PeIM ASOLREY the
proflitesbhyenessabpbheipnecesgrdgseeisbed herein. In some
of these control experinents, where the second step
was omtted, it was found that the nanoparticles were
Contyirghl gxselripeatshuerehegribafdoskofPydpreempieatecwi t h
L h eGLpi Lan . oecu t
o g L A R
theksesicdualrodi kapekfiakkaxysivhane thet hecpatdt sakbywas

.conj ugated sil anat ed nangparticles forged in st
omi §P8y aadored GARBHCENIE, Chor PERSHEF 5By SEoNDERSSRPLS
sol@bKELSbhﬁn%hgkowgﬁidTgﬁéwg?nppgcﬁﬁmtgﬁﬁdwiﬁﬁrt@ﬁ@nﬁha,
by reacting the partially conjugated sil anated
thapanoprietel pseniiphtatéRnoresl fanecusxanprés severhl chours
or hgcgude chl orotrial kyl silanes such as chlorotrinethyl
St¥8ne. A s the si l anol / al koxysi | ane are rendered
unreactive, inter particle coupling via these groups
In eabtherbbkobkddmeSil, ahbs Theipnetesslehoflielpprgeniane in
i nventi can he carried. out w.th various es of .
the PRaAGE L I¥n CORUERRBHI RERCE RS SPFARBS Sonpri cevged in
stepl l(¥h) greupegdbstit Uhedabyite, 2ooledakhi€ BhKex¥version
groups or silanol groups. Exanples of suitable silanes
to gl&ysReWANENIFPYRFe 3T.anCFng?eaSh}eVﬁ@rs?Pﬁn@§aﬁﬁ%%r

by reacting the partially conjugated silanated nanoparticles

with a chlorosilane, examples of which include
chlorotrialkyl silanes such as chlorotrimethyl silane. As
the silanol/alkoxysilane are rendered unreactive, inter

particle coupling via these groups can be blocked.
Silanes

The process of the present invention can be carried out with
various types of silanes. In one embodiment, the silanes
comprise a silyl group substituted by 1, 2 or 3 C;-Cg¢ alkoxy
groups or silanol groups. Examples of suitable silanes are
shown in Figure 3. In Figure 3, the silanes have
trimethoxy silyl, methoxy silyl, or silanol groups at one
end, which groups can hydrolyze in a basic medium to form a
silica shell around a nanoparticle. The silanes also have
organic functional groups, examples of which include

phosphonate groups, amine groups, thiol groups, C;-Czy alkyl,
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trinmethoxy silyl, methoxy silyl, or silanol groups at

one end, which groups can hydrolyze in a basic nmedi um
WO 0006080898 Silica shell around a nanoparti cl e. PdT8G2005/000016

silanes al so have organic functional groups, exanples

of which include phosphonate groups, am ne groups,
Cl—EP(i(%ll k%%%P?l-@zlo- CAQ KXY 22 8aCYPRIEE NS Tci8COgroups .

al'’kyne, azi do groups,” or epoxy groups. These groups
Thegan do@upsumdnoet Heoundhet dhal ifzed tdiohades egr isord ahe s

the first step of the r tion, or they c be added
PEICH (e A1 ArtE S0r GUSE A1 o' REGRATE  bodn 106H; (G5 B
addéid hd heenanapakt i®lotips Siftareshwiyt haplosphanabejugated
_ functional groups can render the nanoparticles .
witfattdie sengbleat isilleane$ididfgsaiilfd pPhrerhenaltegisapsional

grcﬁ{% %%%f%%n%%r QE%C%%E. %Ekqglggawggkggsggﬂgle. Silanes
fé}natlon, and t ey render nanoparticles
withateringolfublceiohatl gmoypat aaei disefpH. £8irl anesowititbation

t hi ol g&oups can be used for _ bioconjugation via

viayegde 8n§o§8rP8F&QPVoﬁPdNEPEprﬁgﬁﬁgn8@“88ﬁr5éc&?éd

wat@¥-lsionken enobaeubas f ot BLepari pa.si kanghsk! k§&h thiol
coatings on netallic nanoparticles, and such
gromgsc aphobel anedbéari kg osandpaptiicheyishdwsihéidaskdnd

forﬁggﬂghtitﬁegg gkgggggﬁe' §5haggsuégﬁ”‘§a5$9ké&tﬁ hgngles
ydrophobi'c cR&I RS canhe “Used t 6°renger nanopar ti cres
formptrephydhgpbabiae /andithecebatagaoba sekdbleci n

ani,c_sol vents such as toluene. Wen preparing

or [ .
nanP@%EFFSﬁSFVzéadnEHSBaPFFEP8§?SéléPﬁgPéaF9B6 BRNEPRAR&CLes

shofl i@cFeXEHAesBluskhangs 16an1BenBMBl 0ygd 1 ASsSHEPminated
nanoparticles that are water-sol uble and stable over a

witly dengahyerophpkiicashaghs asnrkactfed to benteyi cal

nangggg%ﬂkﬁéF &ﬁ@ebﬁg89§§h88 c fgﬁdegﬁgPé%chym8§é Jofubie
Xture OT phosphona si'rahes and am nosr | anes .
in Nagepart sellesnthesnahopar tbtheseuserdhen pheppresgnt

I nyention gre , , ,
functionalized nanoparticles, a single type of silane or a
mixture of silanes can be employed. As such, nanoparticles
that are water-soluble and stable over a wide range of pH,
as well as reactive to biological molecules, can be
obtained, for example, by using a mixture of phosphonate

silanes and aminosilanes.

Nanoparticles

The nanoparticles used in the present invention are
preferably metal oxides, semiconductors or metallic
nanoparticles. In some embodiments, the nanoparticles used
to prepare the surface-functionalized nanoparticle are near-
monodisperse, and they can comprise, for example, iron
oxide, zinc oxide, manganese oxide, nickel oxide or chromium
oxide, cadmium-selenium (CdSe), silver or gold. In some
embodiments, the nanoparticles have a diameter or from about

2 to about 50 nm, while in other embodiments, their diameter
8
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preferably netal oxides, sem conductors or netallic
nanoparticles. In sonme enbodi nents, the nanoparticles
wais®d/o8ms9pr epare the surf ace-functionalized PCT/SG2005/000016
nanoparticl e are nearnonodi sperse, and they can
conprise for exanple, iron oxide, zinc oxide,
20836 0%l 48, 4 ?831 e'zoomde ek %ﬂ&@%%%be%ments, the
cadm um sel eni um : | ver or gold. In sone
nammmmmium&ebspahhaawan@pamemekesoﬁafeom dban@tértoraboun13
about 2 to about 50 nm while in other enbodi nents,
nanofgtfrdi-anet eri s from about 2 to about 20 nm In
further enbodi ments, the nanoparticles can have

Wh1Qba%E§@h§z@&lEhOEEaQ@%boanﬁ@ abeut a3 NanaMekeHs and zinc
Wil e silani zati on of compounds such as iron oxi de and

OXlﬁﬁn@a@xbéecééﬁlﬁé edftr védheut WeiReuenYsilAgkanysiilarer
511%5E§g%1o§| %ﬁh'oglggego gplﬁbbgehaﬁ8§a9g§gl s can

parti cles can ‘i nvolve a er si such as
1nvmaweaptminkame511When setal aexmdesaptespiesent Whehhmetal

oparticle, e presence of b se or exa
OXlE@FrérﬁePﬁﬁpeﬁ%nﬁﬁi eh98P8£Faglc &r b he prese € of a
basRydrEeX deakeh B Rated -paRARAr biebesuhhghr6aNdEEaEbrms
wi th functionalized silanes . Wien a non-oxi de

hydgarnegartechménpsedsagnogaradailesonhlicheaani saastepirhy
fun%%lgﬁgihggdoggﬁgggre ayhi kﬁrnéh'é EdésnéhggsPﬁgg%g is

nanoparticle to provi de a reactive grou
usesiyr baceddf tt baananepattbal erepnmeyahpl eaotiadsuiitabhere a
linker _silane is neLFg pt osi | ane, whi ch, chem sorbs
C

linkge shiPAGelsf 2hefs tRahBpareNePREIFhE F@aEFPEhQ%fa

reat®hGapLesibang whthshheananepathkchesopgapcbeisarrigd
out prior to the first step of the reaction.

exampter pat Bvebjtabhpsliaketri shlenn be wareppHosbiang, tWeich
che%ﬁggﬁk'U8n3§h£h§uﬁkéé% 3 eB tkﬂl%@skaﬂég gpartigcle The
synthesi s, excess surfac ar é used.
rea&hﬁbncafemerthptnammaaEtw¢thstheenanopartlcles can be
carried out prior to the first step of the reaction.
Alternatively, this reaction can be carried out at the same

time as the first step.

In most nanoparticle synthesis, excess surfactants and
ligands are used. In such cases, the nanoparticles are
separated from the free ligands to insure that the
silanization reaction in the first step leads to products
that are partially or completely insoluble. This is
particularly important when no linker silanes are used, for
example in the cases of the functionalization of
nanoparticles comprising iron oxide or zinc oxide. Free
ligands can be removed, for example, via multiple

precipitations in methanol.
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separated fromthe free ligands to insure that the
silanization reaction in the first step leads to
wee@dosisss t hat are partially or conpletely i nsBCTIBGE05/000016
This is particularly inmportant when no |inker silanes
?re used, for exanple in the cases of the
.functionalization of nanoparticles conprising iron
Bl%ﬁ%%ﬁ'tjﬁrhc oxi de. Free ligands can be renoved, for
-exanple, via nultiple precipitations in
Ondf@twal{éai—slauoﬂ%@ ugaid trraide avtremageintild es are
unctional i zed nanopartjcles are prepared,, the an he
pregovatyatde i BeolsyiagatiRs éoedﬁ‘eg?loé?%ags%@ecu es.
|t abl & Qi plagical, sl KEHLS o fy
F 1Galp Rl REW LS rdiddidess figiciexrnple,
X%ﬁl[bojﬁ n,oeﬁ ow nol ecul eiLr \Aﬁaght sugars suschl acs Dext rarf,
exagrﬂr[]mlrd, Ltfeipitlidﬁs,lc&i gl lee stlrran v eIt GruoBarec Al iaF A |
e surface-f unctjonali.zed nanoparticle :
Dexff G Tygi T rcdh ecosnrkjr%gné{ eng,A’f g)&dg(%%lng,alln

a. t hiuah, am @i dg ot o Ul Ad d e aforair teistler diandheAn
exanpl e of such bioconjugation is the biotinyl al

biqlermipzrk it s ulgfl RISt P IR TR e &6 TR

an Sallmn:ipcl{ee Oane'isguelpfir&c@maﬁ{nes%eq_l 'Mcﬁt lon of
nanoparticl’es i's inportant for selective targeting of
bi ol ogi cal |y active substance via biotin-avidin

An i entaangiod | oh.suEdr [Hieycarepudatsidm itshehear toisHow tlpdtion of

bi oti nyl ated part,icles often aqaregat e 1.0 .
NARRS @?/({/]eesdl 8@1%?}} Gddi TG perpar ic%\rer%e%]t%l}% & @ simple
ond-uncdd anadi zedsmanapiast i o) 1ese iadn tdfe rrregentt dalwentiison,

~ the biotinylated particles can renain stapl d ..
impot it EeF tww@g@&@@ewm@@@%ﬁﬁge&ﬁ%

sué?&a(r?@é%%f&éﬁl%ﬂdfduﬁd%@cﬂ% shaws-tihe results in
uorescence property of a biotinylated zinc oxide
theanopashdve | ehasol it oimy Ttee prosoesis Iofs tdfe g3 exgptegate due

i nvention al [
to excessive %isootipr{ ol\/cgagc?lsngsopnegr particle. With the

tion. of
Sm rough

functionalized nanoparticles of the present invention, the
biotinylated particies can remain stable and soluble as the
presence of phosphonate groups provides increased water-

solubility. Figure 9b shows the fluorescencte property of a

biotinylated zinc oxide nanoparticle solution.

The process of the present invention also provides some
control on the number of biological molecules attached to
each nanoparticle, by controlling‘the amount of
functionalized silane groups that bear the required reactive
functionality to bind with the biomolecules (such as amine
or thio groups). In some embodiments, the combination of
amine and phosphonate groups has proven to be useful for
bioconjugation, as the bioconjugated particles show good
water—-solubility characteristics and the number of

biomolecules of the particle surface can be controlled.
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control on the nunber of biological nolecules attached
to each nanoparticle, by controlling the amunt of
wo covssmspal | zed silane groups that bear the rep@i/s6z)05/000016
reactive functionality to bind with the bionol ecul es
gﬁuch 2;_anine orfthio groups) . In sonme enbodi nents,
e _conbi nati on of am ne and phosphonate groups has
EXBFGFen to be useful for biocoﬁjuggtion, ag thg
. bi oconj ugat ed particles show good water-solubility

TheCHaNachRhigSkixespard bhe puoberedfl tbi dibhetubés thet he
~ particle surface can be control | ed. EXAMPLES Th
invieoltion-ng Iéxaiplecar8iprevragd PBWFWﬁﬁstEEFE EHS

spe%g %%th%%'ih%. i%%nbgnuEggﬁsgggﬁplQOW%W%rbebhabelbéted
pecific détail’s given in each exanpl e have been
forseuegbed fodr ifjunpesetdbni bhdserat hot &rdbgr eopstrgdhes

. construed as limting the scope of the i ti
LingERadalhp, Saneces) eF%ﬁeﬁPgeﬁg%gnCon S@Fégigﬁdegﬂe
exﬁgfyﬂe%%sc%@%éwdﬁﬁﬁu@ﬁkas&nﬂ@ke@imﬁeaer&bnaﬁﬁdedsrasless

for Nanoparticle Preparation Near-nonodi sperse gold

notaed silver nanoparticles in the size range of 2-20 nm
were prepared in toluene according to standard

rocedyr e &t alyam, AN s, 2003
Geé%ﬁé? %ﬁ%ﬁﬁ%ﬂﬁﬂﬁktéFaggﬁf ﬁgfe di sso 5edQ?ﬁn§olueLe in

the presence of |ong-chain tetra-al kyl ammoni um salts,

Nearﬁﬂ?ﬂbﬁysgﬁﬂaﬁgﬁﬁnham@eﬁiﬂ§@@c@@n@§@ﬁ§i§lﬁﬁxﬂ@réhéfSize

wea 1 strong reducing agents rong .r Is

range A RLCE B CEEPATeear 58 ed nest Fedud ko

st RLRNS HRERhE Paiingl @ tgrawt, h.J .Bpmuachienyg Sloe .r dRi063)
of the two reducing agents, particle si,ze Cﬁ

be .
125%0rt4200)ed. Metarl Forddi 4156°s 84956 V6T d& 8 SEhF i sbe
pre Qﬁmprq?amﬁﬁgjgﬁgyﬂmﬂgiﬂdlan§ﬁ°WﬁmQhﬁ%ﬁﬁ%bﬁ%sCJaﬁan%% or

a . 8hem

acids, and then reduced using a mixture of weak and strong
reducing agents. Strong reducing agents induce particle
nucleation and weak reducing agents promote particle growth.
By varying the ratio of the two reducing agents, particle

size can be controlled.

Near-monodisperse iron oxide nanoparticles were prepared
according to a known procedures (Jana et al., Chem.

Mater (2004) 16, 3931-3935). Long-chain carboxylic acid
salts of iron(II) were heated in the presence of the
respective carboxylic acid in octadecene at 300°C. Particle
size was controlled between 8 nm and 40 nm by varying the
amount of free carboxylic acid. Particles of 2-5 nm were
prepared under similar conditions with octadecylamine as the

additional capping agent.

Zinc oxide nanoparticles were prepared using a modified
literature approach (Meulenkamp et al., J. Phys. Chem. B

(1998) 102, 5566; Abdullah et al., Adv. Func. Mater. (2003)
11
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Mat er (2004) 16, 3931-3935). Long-chain carboxylic acid
salts of iron (I1) were heated in the presence of the
WO e®posisvye carboxylic acid in octadecene at 3BOT/8G2005/000016
Particle size was control |l ed between 8 nmand 40 nm by
varyi ng the anount of free carboxy:ic acig. Partic!eﬁ
of n e, R e imlar copditions t
13bc?§%géyrgﬁf%eb§%??ﬁé ggg???%n%?f%%b%?nﬁgaﬁﬁaf.é m%%te and
lonyideatanopabdik gl €6 xefés prepss i ngi dghandDdidi@ion of
|iterature approach (Meul enkanp et al ., J . Phys .
tephemre By ogayonpon BydeoxiiRifdanisieared, ARe R
oxidéhﬁ§ﬁop£299§ié§’S§Q9%ed g@ ?&&W”&%#EH&“$E%§%e?.and the
solution of zinc acetate and 1ong-chain carboxylic
regeciden wabostopeetbmnoipisdl wtdquemadiinetitlee meddwyt ion

[ h oxj de, was,_.injected. The zi nc.oxi de
te D Y R PG e i it o T AP SRAE  he

paraclé o Mas- 50 oppesk by gadidded quasKdtidichd hen r@asidpn
tenperature. Follow ng this approach, nonodi sperse

durmfieny es of 5-10 nm were prepared, depending on
growt h duration. Ceneral Procedures for Silane

Gef M IR QM do SHANS; ROLLICANR BN Sy prepared Tn
toluene (100 m\M) except for phosphonate silane, which
was prepared in nmethanol. Fresh stock sol utions were

Al lprsdiplame] shaliutyd ot wei teames e o elavlcttiqﬂelazre g(gjosx e .
T noni um .hydroxi de solution (1 was
M etggf;gggté}%ésré}%naan%o .Slgp eal'ty ¢ &4° r%ﬁ?g)ﬁﬁﬁt cte

metSoined li Orir et & tpyaparcat Hiknisohere refpaaldd sidiaRe as

..conjugation experinents. lron oxide and zinc oxi e
Sl%?ﬁé&p S G e SUMIOFiSed o o hefr@e Mt daitd Smmesii g
hyBANGRT G ARRGIAN t@ld R e YaSPSHSHAR R AH0GRl1 JRLHOr to

preparing their toluene solution. In the silanization

Op teyggdrlivi r gigneer ntidilel dgedlutsiohgneeae prepared in
toluene for all silane conjugation experiments. Iron oxide
and zinc oxide nanoparticles were purified from free

ligands, using standard precipitation-redispersion protocol,

prior to preparing their toluene solution.

In the silanization experiments, either individual silane or

mixtures of silanes were used. In most of the mixed silane

experiments, phosphonate silane and aminosilane were used
and their molar ratio was varied from about 1:100 to about
100:1. In the silanization of metallic nanoparticles,
mercaptosilane (linker silane) and other silane mixtures
were used. In the first step of silane conjugation, 4-5 mL
of nanoparticle solution was mixed with a silane solution,
and in specific cases, mixed with an equivalent amount (with
respect to total silanes) of tetra-methyl ammonium hydroxide
solution. The mixture was heated to 60°C for 15-30 minutes
for iron oxide and zinc oxide. For gold and silver, the
mixture was either stirred for a long time (4-5 hr) or

12
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m xtures of silanes were used. In nost of the m xed

sil ane experinments, phosphonate silane and am nosil ane
wowooe/08setl and their nolar ratio was vari ed frpoT/aGmos/000016

1: 100 to about 100:1. In the silanization of netallic

nanoparticles, mercaptosilane (linker silane) and

P L N NI S

nanoparticl e solfution
withag ehxed WhbBrasshhanewsehuthere and parspecific
cases, mxed with an equival ent amount (with respect
precdpiseaiiosi banas) peeciettathennyMiBARERI BALR7BPOXI'EE
sal uti o ' r.6 1eat ed : -
SN s R S e S S
sepsirhver, firba mhxt supewastenthenndt waskddf eith | ong tine
&4-5 Qr) orheated to 60C. Precipitation was observed
methaneddfOLHEBE- with a clear supernatant. Wen there
was partial precipitation or no precipitation, mninmm

1n WBthasebnwastadded tenjaerphehe pheckpitatpeBecipheate was
preci pitate was separated fromthe supernatant, and

mixgds iéghwEphupBehandl tesraemethylnamnenssBohddspepdef
sol%%”JoHQaghantPéBeh§8ltéﬁylRES‘E' 8&&8&%;@% qLxedet EBe 30-60

ol uehe "and ra- met anmoni um roxi de sol ution,
minandst hentheptedicler saxbdesyoojughtioedtbok BDa66 in this

m nutes. Intraparticle silane conjugation took place
StePn this step . The solid precipitate was finally

washed repeatedly in toluene and/or nethanol to renove

Thef%@@iaiFaeeipaeatbaﬁgg fiRanti,clye@sheanrbpeptepayedn
frommlligramto gramscale with this_approach.
tolpepgl pyd/par bpEhasohefe dPEPERsEHCENSHARRES afdebasges.

Pargggﬁgg ?énoFgaﬁkggﬁgE&e@EomAhhl?QSrﬁﬁlHBi89§m“§5§le with
optically clear, and the particle concentration could
thibeaparbedhfr 8imegylyl perhytiks were dispersed in water,

aqueous buffer or organic solvent. All the solutions were

optically clear, and the particle concentration could be

varied from pg/mL to mg/mL.
General Procedures for Bioconjugation

In order to show that the surface-functionalized
nanoparticles of the invention are useful for
bioconjugation, biotinylated particles were prepared using
commercially available activated biotin. The carboxylic
acid group in biotin was activated with n-hydroxy
succinamide (NHS) to react with primary amines. Amine-
phosphonate bifunctionalized nanoparticles were used for
bioconjugation. In a typical experiment, the
dimethylformamide solution of activated biotin was mixed
with the particle solution in phosphate buffer and stirred
for 12 hr. After biotinylation, free biotin was separated

using a Sephadex column.

13
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General Procedures for Bioconj ligation In order to
show that the surf ace-functionalized nanoparticles of
wo b@eiogngeht i on are useful for bioconjugation, PCT/SG2005/000016
bi oti nyl ated particles were prepared using
commercially available activated biotin. The
nx§RALPEXY! Lopacid aroup ip biotlneyes activat ed

s - A
aamliaVa .

L
-

naAfpAESL c ABE Nepheg phenadei bidancti onal i zed
nanoparticles were used for bioconjugation. In a
typi cal experinment, the di nmethylf ormam de sol ution of
IRt Pyhteddierd At Wake i b d® Wit YRR DEpRI%ee kol ettanecene

usiflg PhosPhAL e b&'ﬁf@ét%?%ctﬂérﬁh?@ 404 ﬂ@or‘?[ﬂﬁf%@%arate.

biotinylation, free In was separated usin
Af Sephadexacoat Lom, ExXamplandpariPrepsy atéomn mufified via
m ne- functionalized 5-nm Fe30 nanoparticl es using
me R RGEi PARE T 1 OF- O3t d8 hanfopi 1 ol B0 BT 5 31 1 1 et Luene
dipsepsd e wds oeiadecane usitgh-siaxXtdi @i fation with
octadecylamne and iron (Il) stearate. After
anjrepaeryl ony indiehaaroplarte o tess0fer e Fauwrilf sedid a

net hanol . preci pitation and tol uene redj spersi on. The
Na R T S S G YRRE THer B 4 St 1S

foshl A Z@ti O d h B ne Gt tdidPthey sid.ane @ty 608G«
. . Final solid nanoparticles were dispersed in water
1n YR i Ith@ ¥ i/ acetic aci d. The nanoparticles

were partially soluble in water without acid. TEM

b MBS ¥ %ﬂ%%[ i f fter
TEL\Jlsi [ani zéa)\t%fogs,maﬂ gﬂsj%gevm I'n |I:;Eulfdelee%’. t]‘bl%rfcg)rrﬁeet %&%T%I\%tt%r
siliamigissiidnt ayan dhaersdeen Riptrepdr.t | deonsitie daps imeiges,
.. change substanti.ally .during.ilanizatiqn, that the
it scla}naﬂoee coatl ﬁ%ﬁt §¥r6colctlfﬁ %Jtzeo ] %%n,cwet hat the
subpardntol 89 yarddisel atiadnafieri g Mh60aRd.silane coating

is too thin to be seen, and that the particles are isolated

after being coated.

Example 2 - Preparation of amine- and phosphonate-

bifunctionalized 15-nm Fe304 nanoparticles using mixed

silanes

Iron oxide nanoparticles of 15 nm were prepared in
octadecene using a mixture of iron(II) oleate and oleic
acid. After preparation, the nanoparticles were purified via
methanol precipitation and toluene redispersion. The toluene
dispersion was then used in two-step silanization with a
mixture of phosphonate silane and bis(aminoethyl)
aminopropyl trimethoxysilane at 60°C. Final solid
nanoparticles were dispersed in water using dilute

formic/acetic acid.

TEM images of 15-nm oxide nanoparticles, before and after

silanization, are shown in Figure 6. Again, the TEM images
14
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Exanple 2 - Preparation o f am ne- and _
phosphonat ebi functional i zed 15-nm Fe O 4 nanoparticles
waisinagsespxed silanes Iron oxide nanoparticl es BCT/SGEH0HN0016

were prepared in octadecene using a mxture o f iron

(I'l) oleate and oleic acid. After preparation, the

arti.cl re rfi La hanol . precipitation
e e R e Pe b B T o R b nE 8 Bl op B eSS no
clithga E&bdthﬂtﬁﬂ@igtdﬁr$h§aﬁizaﬁiﬁﬁtﬁbﬁg @thXEHées?l£ne
hosphonate silane and bis (am noet hy am nopr op

CO?FFH& hExySPI SRénate BeneeetFi #ad EBPthh%nﬁﬁﬁtt?gﬁli@sare
i i edel ysing dilute formc/acetic
lSggégégT%EF%ﬁagg%H%m?Sﬁg?nn1oxide nanoparticles, before

and after silanization, are shown in Figure 6 . Again,
Exenpl9ER T nBgessnppber ¢hehpdrdpleobdbservat Feits t hat

' Lze_does not .ch substantial 'y during
naﬁ?§%ﬁ?£§%?%n?s%%%fggﬁ%g?ﬁggggﬁggiting is too thin to

be seen, and that the particles are isolated after

Irbei ogl doatetopdxaiples f Propaiatd qhr&fahydrophedi e ived
articles using octadecyl silane Iron

., 9-nm Fe3p. 4 nano |
= g’?@?%f?ep %ﬁjopaflil? et oS d R eparer asldrrdasbdn
tolerkxXaiph udea Mhecirddd,eds nanepariti Gl & W fexadecyl

di spersed in toluene and used in two-step silanization
trimethdrexadenyd 41 iGrfChoTysi bananatc60Ganbparsilbankzgdre

. hanopartijcles were dispersed in tol uene/ hexane .
dlf@&ﬁ%i WP R A S T of

am ne- phosphonat ebi functi onal i zed 8-nm ZnO
ExZheg1epaf t4 o s sl tib Mo il AReS i, Qd de .
. hanoparticles 'of 8 Nnmwere prepared rm ettanol usi ng
bifangt iqnal ized f-wmding eamoper tdnd eol eisd nacind xa@sl silanes
particle stabilizer. They were purified fromfree

zidd ¢ands nanoparticles of 8 nm were prepared in ethanol

using zinc(II) acetate as precursor and oleic acid as
particle stabilizer. They were purified from free ligands
via centrifuging, and were redispersed in toluene. The
optically clear toluene dispersion was used for two-step

silanization with a mixture of bis(aminoethyl) aminopropyl

trimethoxysilane and phosphonate silane at 60°C. The

silanized nanoparticles were dispersed in an aqueous buffer.

Example 5 - Preparation of amine-functionalized 2-nm Ag

nanoparticles using aminosilane

Silver nanoparticles of 2 nm were prepared in toluene using
silver(I) acetate as precursor, decanoic acid-dodecylamine
as ligand, and tetrabutyl ammonium borohydride as reducing
agent. The as-prepared nanoparticle solutions were used
directly for silanization. The optically clear toluene
dispersion was treated with a base and a linker silane,

bis(aminoethyl) aminopropyl trimethoxysilane and stirred for
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via centrifuging, and were redispersed in toluene. The
optically clear toluene dispersion was used for
WO 2w6e®8ps Si | ani zation with a m xture of bis PCT/SG2005/000016
(am noet hyl ) am nopropyl trimethoxysilane and
phosphonate silane at 6Q0C . The sil ani zed DUt
a 1 S re dispersed in_an agqueous. er.
N i L R S R e
PafginaeepactbcbestusifngednmhnassbpaeabblivVebom free ligands
nanoparticles of 2 nmwere prepared in tol uene using
angj fygptef) wAEBt gke€e88 BRERBUFSHr4-delanofee silanized

nafiShadrdodecyliagtng: aselkbgants 2dabelsabubykBIROl YD
bor ohydri de as reduci ng agent. The~ as-prepare

smpahopaount! efsokgenbnsamede used directly for _

silani zation. The optically clear toluene dispersion

A reated with_a.base_and.a |inker, silane, bis

4¥°lé.§ hyT B REpropyF—t FHeERoxsST PaReand stirred

bifondtbohslikéBoUb-heatd NGaseoast 1Ol P eYEM g P $d&! & Tanes
growh. Particles were centrifuged and separated from

ree ligands and treated with excess base for 4-5 hr

S1TRET SPFETRIBH hRdpaF t 1 €1 H8 Wit RifeRRFe@dis tahiene using

siafdeets budfere usi ngracsrgb), apmuyt, of éﬁfﬁuﬁéﬂég§fgmine
Exanple 6 - Preparation of
as gld $ren i oz om an et dem ce f orett i sdedt 0-ammoigum borohydride

i cles_usi m xed sil anes,  Silver nanoparticles
an%w%lagrér%r\%raés pj?%gp%?len i T Uen kh?siar?g_%lfemfélfec{l)
namoed At B Bs  P5 ROt GOrMwa lecanDi G ad -yl odec yd [ e AS on .

ligand, and a m xture of tetrabutyl anmmonium .
Th@oof?%at}wfl@é SRyl 5 He HS BRI giamy airged méclh a
; r&; i | 4t u jrectly

A P T R P s e
Phefirparadicors Wasnariaretl avhidsea lamkertisideahefor 4-5 hr

. et hyl.am nopropyl, .si.l ane hosphonat e sj | ane
ngﬁédﬂg egasggsl nd st inra?neocFD %/rgrl A4S ﬁ”'ref\% t 53? l%a?ﬁotw gnd
sepkhe treah dpamt iflees Meyadgntand wged tdd with excess base

for 4-5 hr. The silanized nanoparticles were isolated and

dispersed in an aqueous buffer.

Example 7 - Preparation of amine-functionalized 8-nm Au

nanoparticles using mixed silanes

Gold nanoparticles of 8 nm were prepared in toluene using
gold (III) chloride-didodecyldimethylammonium bromide as
precursor, decanoic acid as ligand, and tetrabutyl ammonium
borohydride as reducing agent. As prepared nanoparticle
solution was used directly for silanization. The optically
clear toluene dispersion was mixed with linker silane and

bis(aminoethyl) aminopropyl trimethoxysilane, and heated to

60°C for 30 min. Particles were centrifuged and separated

from free ligands, and again heated with excess base for
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separated fromfree ligands, and treated with excess
base for 4-5 hr . The silanized nanoparticles were

WO swbagmes and di spersed in an aqueous buffer. BXBEAPLOS/G00016
- Preparation of am ne-functionalized 8-nm Au
nanoparticl es using m xed silanes Gold nanoparticles

of . 8_nmwere pr red in tol uene using gold 1)
anBkpar ab: B dodes o LarmBEAgPARIGHE G BFoR gsohg bed) and
diBpeedkgoin @ecanoiisingi @ 88aligandunandrt 8t§akutYhciq.

amoni um bor ohydri de as reduci ng agent. A s prepared

nanoparticle solution was used directly for
AngPVaHisablen2PTREPBHPNCEPEGLER caRd t & TR enbiF Ep@FaPlONOL

. i xed. Wit i i i bi 5. (ani )
<538RL ISt Dol DKET . L S0E0R00. P15 (B AGELNL
ar@i ahoPar incFeguwer @. ceRyaihpgedi anfli gepar shews f floim the

.free ligands,.and agai n heated with excess base
Slg%PgnB?%€+n%olﬁ1E?OS£$%H E%n%%a???%de%“%e?%a?s%W%ted_
pa8ddcUéspersedsba ad es sk NGi Basded b @yint of organic

acid. An UV-visible absorption spectra and a TEM
m crograph_of silanjzed gold and silver nanoparticles
Examp b onsBhei d eyl akkor nehramin eiphesponatgmin, this
bi FhUE Eo IO & hlnd NN ST A ANG, £0a1 NG 1S too thin to be
lsl(leen, %nd [Hzt [Hé particlres an:%égﬁated after silane

coating. Exanple 8 - Biotinylation of
Zn@ni gieepivosiohiorra tredd £ Tined | winah i s i®ramiZEnGilane and

icles ZnO nanoparticles dified with
) %és)g%%ﬁ]%twee%f IEheEnd” am iodt Oasrrf?gl%er ZDLHATI%ep"ar ed in a
Dimpdiasphed emdmiders o M umdhydd orimrE el 39l i oN0fs-biotin)
actjvated biotin (NHS-biotin) was m xed and stirred
waf grL AP HnAritf YHe pesetf thhir cuih tdeSeptfeted Gramugh a
SeSRAGED dreedidmks fitfes PRl 15} (getp{arﬁeaecitano:dg'frgée

_optically clear biotinylated nanoparticles we
blqﬁ¥gerw3¢uﬂpbmﬂaily clear biotinylated nanoparticles were

preserved at 4°C.

An excitation and emission spectra and a TEM micrograph of
biotinylated ZnO nanoparticles are shown in Figure 8. It is
seen from this figure that the biotinylated'particles are

isolated and fluorescent.

All publications, patents and patent applications cited in
this specification are herein incorporated by reference as
if each individual publication, patent or patent application
were specifically and individually indicated to be
incorporated by reference. The citation of any publication
is for its disclosure prior to the filing date and should
not be construed as an admission that the present invention
is not entitled to antedate such publication by virtue of

prior invention.

Although the foregoing invention has been described in some
17
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An excitation and em ssion spectra and a TEM
m crograph of biotinylated ZnO nanoparticles are shown
WO pookiognsp® 8. It is seen fromthis figure thatPtheG2005000016
bi oti nyl ated particles are isolated and fl uorescent.
Al'l publications, patents and patent applications
det%' e% | B atnbg ?E%ﬁ%&k%@ b@n aaeeasggne $69°589§@E8g RY
re n¢8Yashi feach tndivi dual ication tent or
clamat@nbfapnbemataﬁdlmgce1$peslteadhny apparedtvtduahbye of
i.ndi cated_t o, be incorporat g¥ Ef%%eng The
orddnagwi 6k1df ARy tBEbPFEatPortiPE%t 8 § GPechdigpeof this
invRhitQbnt @nbhecbirkihng eﬁbﬁgagda§BOMbal@9kaE§oﬁ9nﬁbgugé made
as an adm ssion that the present invention is no
theentptwedhputadeeaatenguéhomubhECaphamtbyrvsppge of the
Qry |gvent|on Al t hough the foregoing invention has
appﬁ@@ﬁ d&sEri'Bed in somedet ai | by way of illustration
and exanpl e for purposes of clarity of understanding,
It musitsbeeadiky apparest utedt hosehat epdenatyaskohl aha the

the art in light of the teachings of this invention
appﬁﬁéﬁdcéﬁﬁéWﬁ'cﬁﬁﬁgé%nﬁﬁaaﬁngPFmgatPons ARy’ b fadehe
1nc&nageb9u%%&hegkegeﬁaétuﬁgeggoehéhgoﬁee&ttc@éa§§9psle£ates
the appended clains . It nust be noted that as used in
othemivd sepebinfeeat Hehinnd phbeappeﬁdealctachnlcaheand
.Si_ngul, ar fo ns " cl ude r
SClFSFg?éﬁc ﬁﬁ?euseghge%onPex?V%Iéggl c?%?%gkg a
commbh@ywuaaerbhbeaStdebneedfobhanmasg akhlnemhntnalaaﬂdto
scientific terms used herein have the same neaning as
whighnirBhPy 10NEBESPBOBCL B 8Re of ordinary skill in the
art to which this invention belongs.CLAIMS : 1 . A
process for the preparation of a surfacefunctionalized
nanoparticle conprising: (a) reacting a nanoparticle
with a functionalized

18
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silane and a base in a substantially non-aqueous
solvent to obtain a partially conjugated sil anated

wo2006/0808vF cl e, wherein the functionalized sil areT/a6zho5/000016
the base are present in relative anmobunts such that
said functionalized silane undergoes substantially
only a single hydrolysis reaction; (b) reacting the
partially conjugated silanated nanoparticle fornmed in
step (a) with a base in a solvent in which the

CLAEQEgiaIIy conj ugat ed sil anated nanoparticle is

stantially insoluble and in which the base is
substantially soluble. 2 . A process according to

1. clai m 12, puheeebnfohethanBpaPereféCBofpr fsBET 52HET al

oxi.de. .3 _. A _pr . ordipgitengkaim1l , wherein
fun§ﬁé©ﬁg%$ggﬁtngggggﬁﬁ?iéeégﬁ?%é o??de, i ron oxide,
manganese oxi de, nickel oxide or chromiumoxide. 4 . A

process (a¢ceedicndgntoachannpartinher gihhpei pnebiopplized
__during, step (a) the nangparticle is reac |
Sllﬁ@?céﬁ?oéipéﬁé 8 8b§3€ﬁ9§n£1aghy non aauESQSW%EEvént to

obtIBLCaPLasihaneyf unatgrakizedlnanepar haabpartbcleA
process according to claim4 , wherein the
whemegnopahei Euacité opalarpicsiéanepapfobBssPaceofdPngregent

. claim.,4 , wherein paLt |;C TR okej
ey T e i e
undelrgor’s Lubeténiiwheéyebnlyhe mangpar biydirelhaésareaction;
di aneter of from about 2 to about 50 nm8 . A process
according to ané.one
! i

f clains tg 7. eib;the, g4
functioﬁ i FEGC Pgngggoﬁﬁff%gglg gPPQngggﬁpgglg Ste
nan%@?%%ﬁ%ﬁ%e@oQ%ea in2s@ep3 (6) - Ghtal kokysgr aupa eplvent in
SI I ano roups . .
which the ;%rti%lly conjugated silanated nanoparticle 1is

substantially insoluble and in which the base is

substantially soluble.

2. A process according to claim 1, wherein the

nanoparticle comprises a metal oxide.

3. A process according to claim 1, wherein the
nanoparticle comprises zinc oxide, iron oxide, manganese

oxide, nickel oxide or chromium oxide.

4. A process according to claim 1, wherein prior to,
or during, step {a) the nanoparticle is reacted with a
mercaptosilane to obtain a mercaptosilane-functionalized

nanoparticle.

5. A process according to claim 4, wherein the

nanoparticle is metallic.

6. A process according to claim 4, wherein the

nanoparticle comprises gold, silver or CdSe.
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9 . A process according to any one of clainms 1 to 7 ,
wherein the functionalized silane conprises a

WO pooamsdsexy silyl group, a nethoxy silyl groupPCBE8G2005/000016
et hoxy silyl group or a silanol group. 10. A process
according to any one of clains 1 to 9 , wherein the

function S|Iane phosph
- an an1negg$%§%, Cofg %up? an%ﬂp%io gl%@?lg "o 6,
wh&ite 20t aé kﬁ@ﬁop@r&lalﬁoh@é ky N@iarddt- &Z1 60 PFOHPab@it A o
epoxy group. 11. A process according to any one of
ab%V%l%@ Bt o 10, wherein the base in step (a) is a
hydr oxi de base. 12. A process according to any one of

g.-claims 4 £0,d0s5 V‘Q@é@f@lﬁ&'etcpaﬁ?y 'thété;P dBihd 2o ,

non- hydr oxi de base. A process according to any one
whefeih afins Jiumcotﬂ_@;alm:eea@l g1 tdvee basepriiset ep &)yl gyroup

o T b ot i Fy o O 58 BF FY aF Ko PO ARt LIRROA

grieess according to any one of clainms 1 to 10,
wherein the base is a hydroxi de base, and the
functionalized silane and the hydroxi de base are

9. present 4 PELHTARTRIG B bsliy Pre o, Clﬁlﬁ[rsoc]e@ 7y

wheeSH ANg £6h &M, 0ne A dai ik Jcavtn?)ﬁ]:? cahernsi | Ze%xy

base is a non-hydroxi de base, Unct onal

sily] a@r@tmwd a hee torrshyadrlond dercdvase aar etpreesertiliyl aroup or
"éHof |§bless than 1 . 16. A process according to
any one "¢ ainms 1 to 15, wherein the non- agqueous
solvent is selected fromthe group consisting of

10.0r gani c-A ldieeal < ehaladihydrec anjorse @t enzene to 9,
der.i vati ves 17. A process according to any one of

WhedSfite e d3nasiqididion! tie 3R6n CagREcESeSs 6l weRsphgnate
gr&af, e GufiremdRegr QUR hiol group, a C1-Cp alkyl, a Ci1-Cyq

alkene, a C;-Cyo alkyne, an azido group, or an epoxy group.

11. A process according to any one of claims 1 to 10,

wherein the base in step (a) is a hydroxide base.

12. A process according to any one of . claims 1 to 10,

wherein the base in step (a) is a non-hydroxide base.

13. A process according to any one of claims 1 to 10,
wherein the base in step (a) is tetra-methyl ammonium
hydroxide, tetra-butyl ammonium hydroxide, sodium hydroxide

or an alkyl amine.

14. A process according to any one of claims 1 to 10,
wherein the base is a hydroxide base, and the functionalized
silane and the hydroxide base are present in a molar ratio

of about 1:1.

15. A process according to any one of claims 1 to 10,

wherein the base is a non-hydroxide base, and the
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consi sting of toluene, cyclohexane, nethanol, ethanol,

m xtures of ethanol and toluene, DVSO DWMF, and |iquid
W@nove/08@95 18. A process according to any one OPCT/RG2005/000016

1 to 15, wherein the non-aqueous solvent is tol uene.

19. A process according to any one of clains 1 to 18,

wherein the base in ste b) is.a hydraoxi ase. .
fung tirosedd€ o5k Sarldingg a0d gtﬁ% S08 58 PR %%F% Bge plesent
in WG (e RS dd $6p (D) 15 a non-hydroxide base.
1. process according to any one of clainms 1 to 18,
wherein the base in step (b) is tetra-nethyl .a ni_um
16 hydr oxi de priceterss- Mqﬂrogtm%r%mnrYy@P@xiOée BEiET Lo
am.ne. .22. A process. ac 1LNg QAR +QRe fofonchai b
wheteidy Chg, HokF U sso%voglg{eqﬁtnqsst %S (b) is select eeg@r P
corfd10:the G QY caRsHstiang lafohoiganihy-dricke tbocesholead
hydr ocar bons, and benzene derivatives . 23. A process

berg@ansr diafg 1BF1#f8% -one of clains 1 to 21, wherein the
solvent in step (b) is selected fromthe group

17 CONSi stiNg, QfcdQl yane rLimy aexane onetdfandlaimet Hanel 15,
m xtures of ethanol and tol uene, DMSO, and DM.

4. A
whereicesheaccor-Haueaus &R it dfs dedigrder dgopy the group
wherein t sol vent i t [ e. . surf

L ontaq‘luzeenae ’na%%f?%% ee'ogt%etét?%gl?lﬁy eg—\?larﬁl'
miohtad hald e dnarmoIpracessolacosr,diDipd,o MR, emel dflaslisl ns
1 to 24. 26. A surf ace-functionalized nanoparticle

ampelerdi ng to claim?25, wherein the
surface-functionalized nanoparticle conprises one or

1gMmore functionals graupsrsel eaiedidy omd he grietdms 1 to 15,
consi sting of phosphonate groups, am ne groups, thio
whegaupsiheCn@RO@IdHs LG al ke Ua8e-C20 al kyne,
azi do

19. A process according to any one of claims. 1 to 18,

wherein the base in step (b) 1is a hydroxide base.

20. A process according to any one of claims 1 to 18,

wherein the base in step (b) is a non-hydroxide base.

21. A process according to any one of claims 1 to 18,
wherein the base in step (b) is tetra-methyl ammonium

hydroxide, tetra-butyl ammonium hydroxide or an alkyl amine.

22. A process according to any one of claims 1 to 21,
wherein the solvent in step (b) is selected from the group
consisting of organic—like alcohols, hydrocarbons, and

benzene derivatives.

23. A process according to any one of claims 1 to 21,
wherein the solvent in step (b) is selected from the group
consisting of toluene, cyclohexane, methanol, ethanol,

mixtures of ethanol and toluene, DMSO, and DMF.
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groups, and epoxy groups. 27. A surface-functionalized
nanoparticle conprising a silver nanoparticle to which
w0 sooansmehed functionalized silanes, the functPoOnsGrme000016
sil anes conprising one or nore functional groups
selected fromthe group consisting of phosphonate
gr oups, .am_ne groups, thlol r QuUPS I,
24.7020 al ReR&CEPSCIE YRS, t%zagg 8P§L8§2 an&ﬁépéxgo 21,
whdyéa%p%hez%olée%%fE@ﬁ@ﬁﬁ#ﬂleOﬁ@|tb&den@nopartlcle
conprising an iron nanoparticle having a dianeter of
fromabout 2 to about 3 nm_  to which nangp rtlﬁle

25.att ached PusdRicENdUNEsd o8P 4RES, neREPRERLCIENRE 2e85d bY
or $Htdn ?%gﬁ% ¥:%hgngQ%sO%C%BEﬁlhﬁn%b'%B | HEOURS claims 1

selec group consi sting of phosphonate
to @Maups, am ne groups, thiol groups, G -C20 al kyl, C
-C20 alkene C2 C20 al kyne, azido groups and epoxy
gr oups. ce-f.uncti.on I| i.cl .
26. conprlsﬁnﬁug affb YRS SRR @ﬁé g ggﬁggg aF?ggﬁgéng to

claﬁﬁﬂQEioﬂﬁkkéQ% $MEa%®&fabﬁefhhﬁthbﬁaahhéadnsmb@aeslcle
conprising two or nore functional groups sel ected from
comed S§B0 9 ec O s ISen § UBIC i kaSph §F8LE Sg PG FS Fednithem the
0 , ial . qr. . I
sl e I R sl Aol e araesy, thiol
grosipsf, @gecio widlilondh-2ad ad&eopar Cucle edipriesi agido
zi nc oxi de nanoparticle to which is attached a

ITPRTet POTaEPLEY SHCHRE - the functionalized sil ane

conprising one or nore functional groups selected from
27.the group %@&&b&@—ﬁ@n@&i@h@&ﬁh@ﬂahengpammiplanbbmprising
groups, thiol groups, Cl-C20 alk¥ - C20 al k N
a SeiV@ZOnthé%ed&OgW@&;%l ignd éﬁ&%dglfbl&ﬁ%l%f iged

s11%%%%0nk%%ak%nEqu%aﬁhQ%das%q%Be%C%oﬁ@&@%h%@abhée@r more
nanoparticle according to any one of claim25 to

funtdtdtoniad gajupgatsed eod eal ﬁr@mogh@agrﬂﬁpe§gmélStlng Of
phosphonate groups, amine groups, thiol groups, C;-Cg alkyl,

Cy—-Cyp alkene, Cz-Cyo alkyne, azido groups, and epoxy groups.

28. A surface-functionalized nanoparticle comprising
an iron nanoparticle having a diameter of from about 2 to
about 3 nm, to which nanoparticle is attached functionalized
silanes, the functionalized silanes comprising one or more
functional groups selected from the group consisting of
phosphonate groups, amine groups, thiol groups, C;-Czo alkyl,

Cy-Cyo alkene, Cz-Cyo alkyne, azido groups, and epoxy groups.

29. A surface-functionalized nanoparticle comprising
an iron nanoparticle to which is attached functionalized
silanes, the functioﬁalized silanes comprising two or more
functional groups selected from the group consisting of
phosphonate groups, amine groups, thiol groups, C3-Cz alkyl,

Cs—~Csp alkene, Cp—Cyp alkyne, azido groups, and epoxy groups.
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32. A bioconjugate according to claim 31, wherein the
bi ol ogi cal nolecule is biotin, a | ow nol ecul ar wei ght
WG o@angosas short peptide, a single strand DNA, BCT/SG2005/000016
Concanvalin A . 33. A bioconjugate according to claim
32, wherein the | ow nol ecul ar wei ght sugar is Dextran.

34. A bioconjugate according to any one of, clains 31
3070 33, whbrBHTEAte SHRTL LU H RS FHARZed o1 comprising
a PBROP&4 1AL ! 8400k the- 1l of ©ghicaln Nl el s &

conj ugat ed 't hrough an am de, a disulfide or an ester
fupehdonabized pyiobess, fiore thangriepwlatierh sflanswdmprising

acefunctional i,zed noparticle c ising:, .(a)
oG ZELT TG o AHORANTT W 15 FUR 1 e | F0 %1 T%he
comdis i MASES | ghesShsd @it adups Nemniatl epusurio| waitolt 0
obtain a partially conjugated sil anated nanoparticle,

IT R ei 11 Che FUREhi dralee ed kaNeané2ake e Bise ariglo
grdiESentnd 4l téﬁ/&l{?g})unts such that said
I'la

functional irzed s e undergoes substantially only a

singl e hydrolysis reaction; (b) reacting the partially
31 conj ugatredisidcnmatgat narmoparitsigie & curstdar Biregia@alized
naﬁgéikéké¥2‘¥é§%ﬂéﬁﬁﬁ'to any one of claim 25 to 30 that is

conjugated to a biological molecule.

32. A bioconjugate according to claim 31, wherein the
biological molecule is biotin, a low molecular weight sugar,

a short peptide, a single strand DNA, or Concanvalin A.

33. A bioconjugate according to claim 32, wherein the

low molecular weight sugar is Dextran.

34. A bioconjugate according to any one of claims 31
to 33, wherein the surface-functionalized nanoparticle and
the biological molecules are conjugated through an amide, a

disulfide or an ester bond.

35. A process for the preparation of a surface-

functionalized nanoparticle comprising:

(a) reacting a nanoparticle with a functionalized
silane and a base in a substantially non-aqueous solvent to
obtain a partially conjugated silanated nanoparticle,
wherein the functionalized silane and the base are present
in relative amounts such that said functionalized silane

undergoes substantially only a single hydrolysis reaction;

(b) reacting the partially conjugated silanated

nanoparticle formed in step (a) with a chlorosilane.
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