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This invention relates to a process for the preparation of a 5
surface-functionalized nanoparticle, to the surface- functionalized
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such as in labelling, inmaging, drug delivery, separation and optical

sensing. _The size of nanoEarticIes plays an inmportant role in
det er mi ArRGPt HEi FHpr OP¥ENTéSNas wel | as their effectiveness in
bi oapplications. The 15 synthesis of nonodi sperse nanoparticles is

criticalhie §A¢entabhorkndtandigphi gi-3aksOnsot shdCpHEPpLRIebn of a
characteristics. Nanoparticles also require suitable surface
f uncbi oAskrfageofipacihonprdéredonanapayhiele t hobibeosecfides: Mst 20

bi onol e . : b ] i i am cohol
phosphat A5+ CTRTsF Chr BupebeaRit e BhaPFrEp cbhPRar P Sha to a
functi obabtzeduvath pompRLyiag ks, saarboxykiuscatbasl apdd thi ol
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biology, such as in labelling, imaging, drug delivery,
separation and optical sensing. The size of nanoparticles
plays an important role in determining their properties as
well as their effectiveness in biocapplicaticns. The

15 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 conijugate with biomolecules. Most

20 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.

25 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

30 biofunctionalization/bicapplication because they are
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1 insoluble in water, they do not have required functional groups
for bioconjugation, and/or they are unstable toward various
processi ng steps for bioapplications. Currently, several strategies
are available to solve these 5 problens, for exanple by exchangi ng

the origina abilizer with surfactant/ligand pol ecul es_or
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such that said functionalized silane
exchange followed by cross-coupling is used to provide
covalent bridging surrounding the particles. Silanization

15 and dendron bridging are unigque alternative schemes to

generate covalent bridging of stabilizer shell surrounding
the nanoparticle. Using this approach, stable quantum dot
and metallic nanoparticle dispersions can be prepared.

However, these approaches often produce water-insoluble

20 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:

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

30 undergces substantially only a single hydrolysis reaction;



30 undergoes substantially only a single hydrolysis reaction; 2 (b)
reacting the partially conjugated silanated nanoparticle fornmed in
step (a) with a base in a solvent in which the partially conjugated
silanated nanoparticle is substantially insoluble and in mhich t he

base is 5 substantjally soluble. In further aspects, the presen
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10 BRIEF DESCRIPTION OF TEE DRAWINGS

Embodiments of the invention will be discussed with

reference to the following Figures:

Figure 1 is a flow chart illustrating a two-step silane

conjugation on the surface of a nanoparticle.

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

nancparticle surfaces.

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

20 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

25 mercaptosilane.

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

after silane coating.



3 Figure 7 shows an excitation and em ssion spectra (a) and a TEM
m crograph (b) of biotinylated ZnO nanoparticles. Figure 8 shows a
WV-vi si bl e absorption spectra and TEM of silanized gold and silver
nanoparticles in aqueous buffer 5 Figure 9 shows optically clear
aqueous sol uti ns of various | ani zed nanoparticles under %{%{ 3
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In previous attempts to silanize nanoparticle surfaces,
results were difficult to reproduce and nanoparticle
aggregates were often obtained. In practice, most covalent

15 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,

20 solvents and residual silanol, which induce particlie-
particle aggregation. This problem is soived herein by
performing the silanization reaction in nen—aqueous media
via a two-step process. In some embodiments, the silanized
nanoparticles obtained are completely soluble in aqueous

25 solvents, and they remain stable for long periods of time.
Bicconjugates, 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

30 reproducible when compared to previous methods.



30 reproduci bl e when conpared to previous nmethods. 4 In order to
avoid the interparticle reactions that |ead to aggregation of
nanoparticles, the process according to the present invention
proceeds in a two-step manner, which provides sone control on the
silazination,reactions, 5 1n a first step, a nanoparticle js reacted
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base in the reaction system. In some embodiments where a
hydroxide base is used, the ratio of functionalized silane
15 to base is about 1:1. In other embodiments where a non-
hydroxide base is used, the ratio of functionalized silane

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

20 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 C;-C¢ alkyl amines. For certain alkyl amines, the

25 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
silanlzation without any other bases. In socme embodimenté,

30 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
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silani zati on wi thout any other bases. In sone enbodi nents, 30 small
anounts of water can cone from organic solvents. The silane
conjugation in the first step is preferably perforned in an organic
solvent and substantially in the 5 absence of water. Exanples of

sui tabl e, sol vents include _or ic-1jLke al cohol s, hydrocarbons, and
benzene‘—’ljoﬁ%]ilf:$a‘f’fv‘?—i@ice)épec]ij11‘‘f‘r%pajlg‘?<‘?31r‘r‘ﬂ)‘S e%u%?a“:%ﬁ? t%\%]f‘ég%tosl v]e“rﬁb]su‘f%cl ude
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tol uene, DMSO, DMF, and |iquid amonia. Toluene is a preferred
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al kyl a1 08 4 step of the reaction. Removal of unbound silanes can
15 be assisted by the addition of solvents that induce the

precipitation of silane bound particles.

In the second step of the reaction, the intermediate
isolated from the first step is placed in a solvent in which
it is substantially insoluble, where it is then reacted with
20 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
25 hydroxide, and non-hydroxide bases such as an alkyl amine.
Again, Examples of suitable alkyl amines include C;-Cjs alkyl

amines and C:-Cg alkyl amines.

Examples of sﬁitable solvents for the second step include
organic—like alcohols, hydrocarbons, and benzene

30 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 _



Agai n, Exanpl es of suitable al kyl am nes include Cl-Cl6 al kyl am nes
and C1-C6 al kyl am nes. Exanples of suitable solvents for the second
step include organic-Ilike alcohols, hydrocarbons, and benzene 30
derivatives. Specific exanples of suitable solvents include toluene,
cycl ohexane t hanol, hanol i Xxtures,_of ethanol .and toluene,
DVBO anaogﬂépgigs?ﬁelBaE%FaF??b%gLfﬁﬁgteﬁheg?léiaTéﬂlﬁ% opdrticte is
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chlorotrialkyl silanes such as chlorotrinmethyl silane. As the
siIanoI?ﬁIﬂ%%?silane are rendered unreactive, inter 20 particle
coupling via these groups can be bl ocked. Sil anes

In another embodiment, the residual silanol/alkoxysilane in
the partially conjugated silanated nanoparticles formed in
step (a) are rendered unreactive, for example by conversion

15 to alkylsilane groups. This can be achieved, for example,
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

20 particle coupling via these groups can be blocked.
Silanes

The process of the present invention can be carried out with
various types of silanes. 1In one embodiment, the silanes
comprise a silyl group substituted by 1, 2 or 3 C;-Cg alkoxy
25 groups or silancl 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 nancparticle. The silanes alsoc have
30 organic functional groups, examples of which include

phosphonate groups, amine groups, thicl groups, Ci1-Cszy alkyl,



The process of the present invention can be carried out with various
types of silanes. In one enbodinent, the silanes conprise a silyl
group substituted by 1, 2 or 3 Cl1-C6 al koxy 25 groups or sil anol
groups. Exanples of suitable silanes are shomm in Figure 3. In

Fi gure Ianes have rlnethoxy SI met hoxy silyl, or
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15 with long hydrophobic chains can be used to render
nanoparticles more hydrophobic, and therefore more soluble
in organic solvents such as toluene. When preparing
functionalized nanoparticles, a single type of silane or a
mixture of silanes can be employed. As such, nanoparticles

20 that are water-soluble and stable over a wide range of pH,
as well as reactivé to bioleogical molecules, can be
obtained, for example, by using a mixture of phosphonate

silanes and aminosilanes.
Nanoparticles

25 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 nénoparticle are near-
monodisperse, and they can comprise, for example, iron

30 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



20 that are water-sol uble and stable over a wi de range of pH, as
wel | as reactive to biological nolecules, can be obtained, for
exanpl e, by using a m xture of phosphonate silanes and am nosil anes.
Nanoparticles 25 The nanoparticles used in the present invention are

preferably_netal oxides, seni conductors or tallic _nanoparticles.
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can conprise, for exanple, iron 30 oxide, zinc oxide, manganese

oxi de, ReRRBEL®XFde or chromi um oxide, cadm um sel eni um (CdSe),
silver or gold. In some enbodinents, the nanoparticles have a
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linker silane is attached to the nanoparticle to provide a
reactive group on the surface of the nanoparticle. An

15 example of a suitable linker silane is mercaptosilane, which

chemisorbs on the surface of metallic nanoparticles. The
reaction of mercaptosilane with the nanoparticles can be
carried out prior to the first step of the reaction.

Aliternatively, this reaction can be carried out at the same

20 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

25 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

30 precipitations, in methanol.



chem sorbs on the surface of netallic nanoparticles. The reaction of
mer capt osil ane with the nanoparticles can be <carried out prior to
the first step of the reaction. Alternatively, this reaction can be
carried out at the sane 20 tine as the first step. In nost
nanoparticle synthesis, excess surfactants and |igands are used. In
such_ca?ég?oPﬁégﬁEﬁBBarticles are separated fromthe free ligands to
insure that the silanization reaction in the first step leads to

productndé HhabrasgleBlLi alhyt 05n§OIRLEt Bhyopasoleble. adbis is
particularly inportant when no |inker silanes are used, for exanple

in the BaSE3ref, t ReCY uAeti bRafPratgahedfvihandbatedttel Tokpriking
ron ok Bf 2l BF 9108y 5180010402005, ER0-DFL efRYedye T Of o pxaml e,
preci pi e ; i

via multip recl ations.1h ano oconjugation Once
wat eb- sekabpeef ubttt bnal i zednoasopdit | ©teghareugdrepaned, ag hey can be
conjugated with bjol ogical , nol ecul es, anpl es _of suitable

Ex .
bi ol ogi C&FLHBT ecBMREL i REPLHESS £ oF 1 BI LS afpf 20 bYWk i 0T | oo PRk &kt tar

wei ght gUgarge SHGPrASe - BEXEE 8hna BNOLY @%%M@@icﬁé nghe sidand DNA, or
Concanvalin A. The surface-functionalized nanoparticle and the

bi ol ogi kaPlowiezll psleanlde conjhbgated)udatedxahpt esxamp brghtheough

am de, .Qnd}?xﬁ%é' dg Qlsfler ée{,~r bond, - 19, A, gxanpl e of such

bi oconj Ugation fs the brotinylation o nahoparti cl es, which process

can be carried out in a sinple one-step nechanism Biotinylation of

nanbparin céesnpse ofipoutandidosnpedectdvei $ arlgethingc Divbatolagical |y

active substance via biptin-avidin interaction, Earlier results in
nanoparticies, which process can be carried out 1n a simple
one-step mechanism. Bilotinylation of nancparticles is
important for selective targeting of biologically active
substance via biotin-avidin interaction. Earlier results in

15 the art show that biotinylated particles often aggregate due

to excessive biotin lecading per particle. With the
functionalized nanoparticles of the present invention, the
biotinylated particles can remain stable and soluble as the
presence of phosphonate groups provides increased water-

20 solubility. Figure 9%b shows the fluocorescence 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

25 functionalized silane groups that bear the required reactive
functionality to bind with the bilomoclecules (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

30 water-solubility characteristics and the number of

biomolecules of the particle surface can be controlled.

10



15 the art show that biotinylated particles often aggregate due to
excessive biotin |oading per particle. Wth the functionalized
nanoparticles of the present invention, the biotinylated particles
can remain stable and soluble as the presence of phosphonate groups
provide@ %@é£ gsed water 20 solubility. Figure 9b shows the

f 1 uor estd % operty of a biotinylated zinc oxide nanoparticle
solution. The process of the present invention also provides sone

control TRE £beLBNIREI e REAmPl 8k 08t & abr &Pl syl €5 At tasheskd acheach
nanoparticle, by controlling the anount of 25 functionalized silane

groups LREENBEAR- thetrehhlr%@ @%@%¥$¥QPdJL#RW¢Yﬁ%H|¢@a&(ihﬁ nd with
the Di Oggegﬁiﬁsdé%' a§19£'?1 nfn Lt hefar%EP%pr?Q e B‘eér?”ée electec
1 I na ona

enbodi e Cco I on am ne and phosp roups
proven forbpuusefal of oxlltbebn@mongaamd)rarcamdimetdmlmaeomnmm as

articles show good 30 wate solublllt characteristjcs and the
hunber BET™Ibi Dot SCuF SO OF HEDHatRTRHE Thr f ARk Bo ot r ol | ed.

10 EXANVPLESrif8gt § ofd P BGn &XSHPH egndd £ PVl ded-duddd Usd natedde

invention. It will be understood, however, that the specific details
gi ven iROE@@h exanpl e have been selected 5 for purpose of
illustration and are not to be construed as I|limting the scope of

the invepfhiony f;faaga{&gs Fbe N%K&%H@E‘%ép#@%ﬁ d&@@ﬂ ted under

simlar conditions unless note ner a ures for Nanoparticle
Preparati on 10 Near-nonodi sperse gold and silver nanoparticles in the
si z&0 rﬁﬁ@e-andizﬁpemaveg@l@rHMr@ﬁNer tmﬁn;awertai;a;besjijng tthee size
standard grocePU£e 6Jana et al (ﬁ em Soc, Q
range o =20 nm were prépare in uene ac or ing to
standard procedure (Jana et al., J. Am. Chem. Soc. (2003)
125, 14280). Metal salts were dissolved in toluene in the
presence of long-chain tetra-alkyl ammonium salts, amines or
15 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 ratic of the two reducing agents, particle

size can be controlled.

20 Near—monodisperse iron oxide nanoparticles were prepared
accerding 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
25 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
30 literature approach {Meulenkamp et al., J. Phys. Chem. B

(1998) 102, 5566; Abdullah et al., Adv. Func. Mater. {(2003)
11 '



125, 14280). Metal salts were dissolved in toluene in the presence
of long-chain tetra-al kyl amonium salts, am nes or 15 acids, and
then reduced using a m xture of weak and strong reducing agents.
Strong reduci ng agents induce particle nucleation and weak reduci ng

agents o] particle growmh. By varyi the ratio of the two
reduci nggag@w&; p ?t‘f‘cl?‘glﬂsr?‘%ee%}é%“%_ﬁ %%ﬁ‘?rrjo‘?rfe‘?f Zc acetate afnd
Near - "ONOEY SERE S8 ¢4 PPoR¥1 e NaNePard i116d £51 VT & I RPN €50 u BL&HP ISt Ng

to a known procedures (Jana et al., Chem Mater(2004) 16,
3931- 3988} ratmagh vhadment Wo Xy deomidel waalisiwitedon(Thy 2ere heat ed

in the S IV r | i 1 d C e e at
s00C Pt eytbal DTSRI SO SR B i S R
var yb ngré¢det i amrowns ofofped marboxiydlie @odrkbhRay tiled eseadt 2155 nm wer e
prepared under simlar condjtions, with octadecyl am ne as the

addi t i onHPEEPPITY" agePt oA 0¥k PRI iRIRIVRRY $# epar ed

using apsPei &ied 0805114 enmil & apRioacdy ( Vel snkalp & t. Phys.
Chem B (1968) 102, 5566 Abdul I'ah ‘et al’., A S BT 2003)
11 13, S0®tidw. a boiling ethanol solution of zinc acetate and

| ong-chai n carboxylic acids, a boiling ethanol solution of

tetra- i rpxi de. i Rj . The zinc oxide
nanopaﬁ%ﬁ%%%fﬁg%%g&?%ggf%%v %%A%?% %ﬁﬁi‘gﬂa%ﬁ(} the 5 reaction was
stopped by rapidly quenching the reaction tenperature. Follow ng

t hi 50 appt bash] ame nooll sperse wersr tpodmsrad B b Inerwer €l QF epdr ed,
. dependi n}? on %Eowthlg duration. General Pracedures for eg{%l,ane
Conj ugatt o 10" A | PR FRIKE S uth e'\/ve"FIbl%fé'baa?é%FqH?Jf uéhe (100 mV)

methanol. Fresh stock solutions were prepared daily, as
silanes are reactive to moisture. Tetra-methyl ammonium
hydroxide soclution (100 mM) was prepared in methanocl.

15 Optically clear nanoparticle solutions were 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.

20 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,

25 mercaptosilane (linker silane) and other silane mixtures
were used. In the first step of silane conjugation, 4-5 mL
of nanoparticle sclution was mixed with a silane solution,
and in specific cases, mixed with an eguivalent amount (with
respect to total silanes) of tetra-methyl ammonium hydroxide

30 scolution. 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

i2



except for phosphonate silane, which was prepared in methanol. Fresh
stock solutions were prepared daily, as silanes are reactive to

noi sture. Tetra-nmethyl anmmoni um hydroxi de solution (100 mV was
prepared in nethanol. 15 Optically clear nanoparticle solutions were
prepared in toluene for all silane conjugation experinents. Iron

oxi de BRAAL9FnECokPde Marfspdrttialics were Fiegy Y EWistr €8 SSIsi-gands,

using s ard i pi L on:-redi S| r C . prior to
prepari%ggghéi? %%%ug%%géggﬁ?ﬁgh.ﬁggiI%ﬂ€ﬂ£ @§$a§%€%F¥%n experinments,
ei ther ppdcipiuatish|anenorpratkplresioi, snlaesn westcharseld. wda nost

of the m.xe il ane xperinents, phosphonate sil ane, and am nosil ane
wer e us%ﬂéegngofh%??pﬁ%€%rp¥%f?39§éél rieé%?rQﬁﬁ%&Rﬁﬁaﬁﬁjﬁﬁ?to about

100: 8. kaphhecsy! apbRathONsQbe PRABIAE C NRDOPALRLE! @Sah 25

mer capt osi |l ane (linker silane) and other silane m xtures were used.
In the PeEBengt &pobiere} ane conjugation, 4-5 nL of nanoparticle
solution was mxed with a silane solution, and in specific cases,

i xed with i val i 1.h. t ; Sid 0
et e R T R TR A TS el o
to 60C hbxedSw3Oh ntoltese dwod i¢iom-axdideyananremounXiweroxHaie gol d and

silver, the .m xtur s either stirred for a long tine (4-5 hr)._ or
15 heat BT BOC. S chh o {AET O e DOSEr VR | s do T 166

cleap supenfas antntMien-there Yasapardd ugdf &6k PRt i NP this
preci pitation, mninmmnethanol was added for conplete
preci pi $8¢Pon. The precipitate was 5 separated fromthe supernatant,
and washed with nethanol/toluene. In the second step of conjugation,

the SO'fﬂepégfi@iﬁfégiﬁ@éate was finally washed repeatedly in

toluene and/or methanol to remove free silanes and bases.

Particles can be prepared from milligram to gram scale with
15 this approach. Finally, particles 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

20 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

25 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

30 for 12 hr. After biotinylation, free biotin was separated

-using a Sephadex column.

13



m xed with toluene and tetra-nethyl anmoni um hydroxi de solution, and
then heated (for oxides) or stirred for 30-60 10 m nutes.
Intraparticle silane conjugation took place in this step. The solid
precipitate was finally washed repeatedly in toluene and/or nethanol
to renove frfe il anes and bases Particles can be -rqgared from
milligr&d Gran sEAfRENREROA 50} RIS URGHI OR Ibzeq SR 1'eg0sg
were di gpebpedrip1vat 85ingadHERQYS; Pahéer or organic solvent. Al the
soIutioﬁ§“VEﬁ??__UﬁrféarrfiérééTT_aﬁﬁ‘rhe particle concentration could
be varied fromg/nL to ng/nL. CGeneral Procedures for Bioconjugation
20 I n ofdeRr P¥igdhodanpRRrthel eir¢hce- Munet Foralepated nihoparadetanse of
the inv Lon ul f i I tion, . biotinyl ticles
were pr ogbr 30 TR G onfer ST At Sont P ATt T LY BT r i e

car bbxyhfteraprdpgratpohn bhothanwmesractiyatesavdile NEhydrexy 25
succi nam de éhtﬁ% to.react, with prinar aniqgs. Am ne- phosphonat e

bi f unct PBRBPISLdPRERLBAFE T EPRs2 e r kO LSEH vl TR Yo higat Font O HHEnE
typi cal gexperk iBAt wakhenedli LAY OF B 8, SO L 051 10f o ACHI Mat ed
biotin was mxed wth the particle solution in phosphate buffer and
stirreda@fnépropl htridétiesx s 0l amy| at | ©IFC.f rE@ahi aidldidvas separ at ed
using a Sephadex colum. 13 Exanple 1 - Preparation_of

am ne- f BRCPPBREL P28 %S Hen FeB0RL SHanthard tf d55 1R gt BiFHosi | ane 1ron

OXi fi¢ NAPPRAE Y hELES: Of c Py NMNET €2 D5 SPAF £ 45 pota 1851 8 b1 e
m xture of octadecylamne and iron(11) stearate. After preparation,

t he nanbpareiet egieeet pacidied via

TEM images of 5-nm oxide nanoparticles, before and after
silanization, are shown in Figure 6. From the TEM images,
it can be seen that particle size does not change

15 substantially during silanization, that the silane coating
is too thin to be seen, and that the particles are isolated

after being ccated.

Example 2 - Preparation of amine- and phosphonate-

bifunctionalized 15-nm Fes0; nanoparticles using mixed

20 silanes

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

formic/acetic acid.

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

silanization, are shown in Figure 6. Again, the TEM images
14



met hanol precipitation and tol uene redispersion. The tol uene

di spersion was then used in two-step silanization with am nopropyl
trimethoxysilane at 60C. Final solid nanoparticles were dispersed in
water using dilute 10 form c/acetic acid. The nanoparticles were
partially soluble in water wthout acid. TEMinmages of 5-nm oxide

nanopar BHRPRET BB oPRY 4h3T aPPEFT VT ARF ZER7 b2 BF ECERoWHET REF Y LRRE 6
Fr0”1th§hIEBE'Qﬁﬁgﬁantlél§9nd9§1§§eﬁligﬁiz§§£éhC'@hé&z@h9Q§§l£E%
change 15 substantially during silanization that the silane coating
is too FhRhing be Seenthapndtohbe sdenpaitdctlstatkeipatticekes adter
being ¢ : Pre 2 ion of am ne- and phosphonat e-
b|funct?%%ggFggégggéﬁngiﬁg %%%articles using mxed 20 silanes

I ron oxi de nanoparticles of 15 nmwere prepared in octadecene using
a m %t uErampléer dnf | Pyepheat Ecandf ohedcopiachtlc MNherFeymparati on, the

nanoparticl es mere urified via,  nmethanol precipitation and tol uene
red|speE@EBHi£ih%_igLE%hQEQSEEigiéiéibﬂﬁﬂ%s then used in two-step
silanization with a mxture of phosphonate silane and

bi s(am neehhyk) de aNANEPELEYE1LS | HBL HOXY Sid A8 ?épéa & nad s 8Pl el
nanopartlcles were dispersed in water using form c/acetic
aci d. 30N TEXATRhges- oThQSPImm&@@enmmtwt%swemf@%peamﬁ@nm
si | ani Z@%%ﬁ?gne £4SH9. wgugte?gg ?ﬁﬂ %bgnT#Mﬁ%@fasd £y41

support e ea ier o serva I oNns e si ze 'does hot change

subgp ant i ahéYh&iy s NHase | a0i ggtd omhd fsallatﬁlezeﬂ B pLa3ldIRG %100
thin to be seen, and that the particles are
dlspersed in toluene/hexane.

Example 4 -~ Preparation of amine-phosphonate-

bifunctionalized 8-nm Zn0 nanoparticles using mixed silanes

Zinc oxide nanoparticles of 8 nm were prepared in ethanol
15 wusing 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

cptically clear toluene dispersion was used for two-step

silanization with a mixture of bis{aminoethyl) aminopropyl
20 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
25 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,

30 bis(amincethyl) aminopropyl trimethoxysilane and stirred for

i35



i solated after being coated. 5 Exanple 3 - Preparation of hydrophobic
5-nm Fe304 nanoparticles using octadecylsilane Iron oxide
nanoparticles of 5 nmwere prepared as described in Exanple 1. The
purified nanoparticles were dispersed in toluene and used in

t wo-ste ilanization wth hexadec 10 tri nmet hox S|Iane at 0C. The
Pt bR I RAAR gl S SR ol e 4

- Prepapati om o @t de-ahosphonal eancblg‘égbcﬁta«t@&alﬂr%%d f&ré’émzlraﬁnds

nanoparticles using m xed silanes Zinc oxide nanoparticles of 8 nm

wer e pr@ﬂér%’@?iﬁﬁ@tmﬁble%&&ﬁslbﬂf@lﬁm{ 1495 dget dthe aasllmfel@sﬁdsor and
ol eic c t ab r| fi fro e

| gands%%r\g?%&c%n u‘%eirné; C?lérﬁdégvé%de l}gfys\ﬁ & % ueneTn'PF]e
optitaldyaxl eaﬁommtt ueh et apier Sdid was used for tvvo step
silanization with a mxture of bis(an noethyl) am nopropyl 20

trimethoxysil] ane and hosiphonate 5| | ane at 6QC. The si | ani zed
nanopar%—%fgm P P L P e dlY SUNEEE” Exanple 5 -

Pr epar %iﬁh@ilﬁmr@zéwmiﬁm% %@Jﬁﬂl&eéﬁg}gﬁ tnllqée%as slﬁlarﬂl@s
am nosiTane Ver nanoparticles o nM Wer e prep

using 25 sil ver(I) acetate as precursor, decanoic aci d dodecyl am ne
as |i ga%ﬂle%dﬂqréQRaatbqueSarﬁﬁ)rﬁ%mrbmmed@r@si Héd d@i g neageing

The as-pr l?)he op ICaIa]QaJy%]fEQJ S &@Ja%8%$%c1% rc%%éc&la?rﬁ_ne

si |l ani zat| on. ‘uene I'sSpersion was ‘tre

w tht a atbas]a@‘rdi,a dnankemisitaree oBO:dmsa(kamyioeammdn)lwmhmemdlde
trimet hoxysil ane and stirred for 4-5 hr w thout heatjng so as to
prevent rbaa/lsrl FHrovitth. recg‘frjtr}%la&e%esre At ASTRFEP separ at ed

fr0”1frﬁ#hdpéEHEEie solution was used directly for silanization.

The optically clear toluene dispersion was mixed with a
linker silane, methoxydimethylaminopropyl silane,

15 phosphonate silane and a base, and stirred for 4-5 hr
without heating. The nancparticles were centrifuged and
separated from free ligands, and treated with excess base
for 4-5 hr. The silanized nanoparticles were isolated and

dispersed in an aqueous buffer.

20 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
25 Dborohydride 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

30 from free ligands, and again heated with excess base for

le6



and treated with excess base for 4-5 hr. The silanized nanoparticles
wer e dispersed in an aqueous buffer using a 5 small anmount of
organic acid. Exanple 6 - Preparation of am ne-phosphonat e-

bi functionalized 10-nm Ag nanoparticles using m xed silanes Silver

nanoparticles of,. 10, nm were, prepared .i.n tol uene usi silver(l)
oot nr e aEt B oth ot el (TR HOkSA iR R ed @il and a
m Xt ur egpEpé eisAbUL Wha BeiOnd 1ny Rorahydr | gesuranth sk azi ine a8 o .educi ng

agents. The as-prepared nanoparticle solution was used directly for
silanization.  The optically clear toluene dispersion was nxed with
a |inkd? QY TehelLhetHEGR et hyIRAR Hopraoly 2 siFae caegsids sHonat e
si |l ane : i S s~ hy t?géac;'
nanopar??g?lzlsgﬁf%o%%ﬁf%%%geéﬁ{fn%s%p%laﬁl\gdé p?gn% reed%]igbéléfn gr and
treab edave tthexcess bapece for Adaim,. thes siilanigeahaendpartt itdlees
were isolated and . di spersed ji,n._an aqueous buffer. .20 Exanple 7 -

Pr epar aﬂ%?’nn%fc% 'Jﬁéqf%cqc?%nq}lirkgtdj 2 A g4t d usi ng

m xed spianesl &plf-hanopadid £l s S HRaveIe firepared in tol uene
using gold (I1l) chloride-didodecyl di met hyl ammoni um br om de as
precursor, decanoic acid as ligand, and tetrabutyl amoni um 25

bor ohy dEX¥#BP 5% & &7\ P &1le solution was

used di g Legky: { a5 S AP FAl oo T gRicaldae ol ear tol uene
di sper si ' ' ' ' i s(am noet hyl)

am nopropyl trinethoxysilane, and heated to 60C for 30 min.
Par10 cl &30 vieareoraarit ¢ ¥a iy atb hinfdl agb peirtdt erh@pHaramd red.drigganmds, and

agai n hq%t. ecgsﬂgnhe eﬁ(ecresjirbeﬁsaeref rin 1a6 pannoos:[p eartes%ur?f]e'r.sm id
nanoparticles were | Sso ea an
Dimethylformamide solution of activated biotin (NES-biotin)

=

was mixed and stirred for 12 hr and then passed through a
Sephadex G-25 column three times for separation of free

15 biotin. The optically clear biotinylated nanoparticles were

preserved at 4°C.

An excitation and emission spectra and a TEM micrograph of
biotinylated Zn0 nancparticles are shown in Figure 8. It is
seen from this figure that the biotinylated particles are

20 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

25 1incorporated 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.

30

Although the foregoing invention has been described in some
17



di spersed in water using a small anount of organic acid. An
UV-vi si bl e absorption spectra and a TEM m crograph of silanized gold
and silver nanoparticles in aqueous buffer 5 are shown in Figure 7.
Again, this figure shoms that the silane coating is too thin to be
seen, an d that, the rtlfges are.isolated aft |Iane coatin
Exanple tal BY.H?V PFon ?SEH?E%OBh%Eéh%ﬁ%T% © ?ﬂh%??%%%??i%ﬁ 8- nm
ZnO nan@mar_»itpl 68 40d€nrS:8anoRgfticl es ABHET1 fdaphd hePhOSHPNONAES of
silane and, am nosilane were prepared in a phosphate buffer.

Di met hyPFeiRarydeksbluinokhef abkt ivat bahbi of i Bhe W%hbmw)of viglsls

m xed at d n sP e 5
col um ?ﬂ?%gtiéﬁegﬁ %rééggé%gt?%%H§€ f%ﬁg @%&glo | %IICQT%ég
cl eab bibéraybawethoahopgaptitieg fece tpheespeived at ﬂébpémoﬁxtméatlon
and em ssion,s ecira and a TEM mi crograph of biotinylated ZnO
nanopar EPRFRESErE1&HB%N in Figure 8. It is seen fromthis figure
that the biotinylated particles are 20 isolated and fluorescent. Al
publi cattofngst pBEenbseantdhpat 28t u3pR! 162t hP8SsEe 61 dakidMi Snd the
specification are herein incorporated by reference as if each

i ndi vi dBBPEPUBFi €heiBR, PhEehingrlpht Barmappeicafah, rde"the”

speci fi sﬁéigﬁénglwgmgf byl ”QJBféégdtﬂQ QS’n@% | ”Sféé’%{)ztf DY es

ref erence tation any publrcation closure

pri do tothhewisélngnﬁaSE aaﬂlsaoubﬂhenmisheabbnsé¢hmiba$ amd adm ssi on
that the resen inpvention . is not entltled to antedate such
publica??gﬁn5§ vFr FGEMDf 1SpTi B HU Rt YOt N305 e HETRH- 2% T or egoi ng

i nvent i @Amhas1 PeenRddesebbletoi fn8O0P8 ordinary skill in the art to

which this invention belongs.
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17 detail by way of illustration and exanple for purposes of clarity
of understanding, it is readily apparent to those of ordinary skil
inthe art in light of the teachings of this invention that certain
changes and nodifications may be made 5 thereto without departing
fromthelL&pigit or scope of the appended clainms. It nust be noted
that as used in this specification and the appended clainms, the

si ngul forns v n", a "t.he" _include r ef rence unl ess
t he cofli ext cl eaazf‘ yp]fﬁ%? egoﬁot}bet Her k& u“ljﬂ—lo ade“:ful ot herwi se
al | techmeal onti z&tieidda et 1 €Tdecdiged diefgi n have the sane neaning

as comonly understood to one of ordi nary skill in the art to which
this invention bel ongs 18 CLAI MV5: process for_the preparatl on

of a surface- fun@@iorRATERE r?arﬂﬁféﬁﬁélliﬂléﬂ@orﬂﬂrqbsl%dfur{%l 35y a

nanoearéu;é&e Wid 2 ﬁég@tirpr@we&ar&lsamﬂ%cﬁma@m ddl Rnt to
substantially non-aqueous solvent to obtain a partially conjugated

si | anat@dtmo@apalr’@l@ly wher gigrittdre Fiireotd tathlnazrexbasitiane and t he
base ar resent, i atl Ve, a suc a| d functionali zed
o ane TR gaey R Ry g Rty A RaRatrn:
(b) reaptdi ﬁ@lam@adrﬁmﬁids' S0y ugattedsid anated omanoRa tdiglaed or rred
in step (a) with a base in a solvent in which the partially

conj ugat et LI e at P ol kY (IRlY @ slupsshearyidn Ay sifs slaasite oavid i n

which the base is substantially soluble. 15 2. A process according
to ghaim1l, wherejgy thecting the partially conjugated silanated

nanoparticle formed in step (a) with a base in a solvent in
which the partially conjugated silanated nanoparticle is
substantially inscluble and in which the base is

substantially soluble.

15 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.

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

nanoparticle.

5. A process according to claim 4, wherein the

25 nanoparticle is metallic.

G. A process according to claim 4, wherein the

nanoparticle comprises gold, silver or CdSe.
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nanoparticle conprises a netal oxide. 3. A process according to claim
1, wherein the nanoparticle conprises zinc oxide, iron oxide,
manganese oxi de, nickel oxide or chrom um oxide. 20 4. A process
according to claim1l1, wherein prior to, or during, step (a) the
nanoparticle is réaptedeﬂSthcaor@Em@ap$osmYam@et@fcﬂﬁaﬂmsal to 6,

o o1 i M- hRer BT ot REo 56" hRaDar 17 L TECraia | TSN G o6 (T ORE

accordi pg f@ claim4, wherein the nanoparticle conprises gold

silver or CdSe. 19 7. A process according to any one of clains 1 to

6, wherein the nanoparticle has a dianmeter of from2 to about _50 nm
8. A process accofdPRECEDS aRGCOFRIF P atME An¢ P, ClEimhel et The

funcei opabized ehbanencompiipesed siivhe %&h&léé@sé'éﬂfp o P o

3 Cl-C6 al koxy groups or silano gr oups A process accor

any onesepstitibsdlbyolys,?2 @he3e¢m{khelkunytg@napszed silanel
conprises a trlnethoxy 10 silyl group, a nethoxy silyl group, an

et hoxy %f?@ group or a silanol group. 10. A process according to
any one of clainms 1 to 9, wherein the functionalized silane

conpri ses a phosphopad€esgrHtiPor @@ dealy Ol & tdiHmProugs B3,

Cl- C20 al kyl, a Ci1-C20 15 al kene, a Cl-C20 al kyne, an azido group, or
an epoxyheFeim. the 1funchirakiszed cot ARy FYRMSDhe ofr BN XY t o

10, 1oWher 83 1 fheyhase hasEep £8)yi SqA by droxi deDasesiiyl group or

a silanol group.

1.0. A process according to any one of claims 1 to 9,
wherein the functionalized silane comprises a phosphonate
group, an amine group, a thiol group, a C1-Cy alkyl, a Ci1—Cy

15 alkene, a C1-Cy 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.

20 13. A process according to any one of claims 1 to 10,
wherein the base in step (a) 1s 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,
25 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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12. A process according to any one of clainms 1 to 10, wherein the
base in step (a) is a non-hydroxi de base. 20 13. A process accordi ng
to any one of clains 1 to 10, wherein the base in step (a) is

tet ramrTﬁngha aLum sbygﬁgxagg tﬁst@ bxggaéomg%m h%r.dégg%dseent

sodi u rOXI or "an am ne rocess accor
one of ¢haanmolat0raﬁio 25smheh&nn1the base is a hydroxi de base, and
t he functionalized silane and the hydroxi de base are present in a

mol ar r about 1:1. rocess accordi pg 1o, any. one

Claims 15t0 10, GnBrerAtEna taseLRe E oRt ot o3 el BHEe 1 e The 20
functi opakiged shkanenanguébesnNop: hyeE oxé dge Pasear r b esetgrdup @
nolar ratio less than 1. 16. A grocess according to any one of cl ai ns

1 t 0215CoNGABEENE PReCHORL AGULOES sbFovlplsi shydfeetgdonsomicthe group

5 CO”S'ﬁ&h?gngfnggégffvééke al cohol s, hydrocarbons, and benzene
derivative rocess according to any one of clainms 1 to 15,

wherei n the non-aqueous solvent is selected fromthe group
consi stiihg of toIBepeoceysl@heaadéngnemhamplQn@t®3n®laim$)Iﬁbdlﬂ&%; of
et hanol _and tolgene and Ilquld fnnnn a, 18. process

accor di BBSf814n h%n%O%Ta‘é‘F%?% 50161 1S et et et h%r%nt%m

sol vent cbiist ot Ug§eCor 1801 Ae il 00@@1@@@9&% NOnd On A1 Onecdngl aims 1 to
18, 15 wherein the base in step (b) is a hydrOX|de base. 20. A

pr 0&@ssMAEEBFEF ngt t ot hano bnendf teluene, 10MIO 1 OME nhandi hiqwied base in
step (b),Sn85n0N-hydroxide base.

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

wherein the non-aquecus solvent is toluene.

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

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

20. A process according to any cne 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

20 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.

25 23.4 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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21. A process according to any one of clains 1 to 18, wherein the
base in step (b) is tetra-nmethyl ammoni um 20 hydroxi de, tetra-butyl
ammoni um hydroxi de or an al kyl am ne. 22. A process according to any
one of clainms 1 to 21., wherein the solvent in step (b) is selected
fromthédgroup cBnBreEEAy BFCOFGEmY ctikry adeohof sl okarbohs,

and be eryya 25 2 cess ording to any one of

cl ai ns Qﬁgggﬁ% £h§h%?¥?%n hgns%?ﬁé Bgfn %f%%f gIS sel ected fromthe
group consisting of toluene, cycl ohexane, nethanol, et hanol ,

m xt ure850f " et hanal pandes sl fienet hOMBC:panal . 0o 21a 2Zur faqu-oCcess
accordigg to.ang pne of clains,1 to 21,  wherein the solvent in step
(b) is tBrGEhen %BZeQ‘%?B%%§§t$%}etﬁ@n%¥%%%?%1|on of a surface-
functionalized nanoparticle conprising: 5 (a) reacting a nanoparticle
wi thsa functional izpdrestt ang @Wa@o;@@ﬁ’@ldzﬂe a SUbst antd @ 4 dhalized
non- aqueous solvent to obtain a partial conj ugat ed sil anated
nanopar 1 £#@¢ a%ﬁe@ebﬁs@hénfﬁn%@b%ﬁﬁﬂtk@hfﬁlm%HEQQHﬂPQ$m§QﬁﬁﬁpENEP

present .y, e silane 10
Cnder g2 Sibet bt t AT Rb S IE el DR ot B BB 55 1
react|nghehelmatmeafbyctn@mmgaxed silamat&@d~ﬂamdmﬁﬁéiaﬂ&e§xﬁgmmtin
step (al ? a, chlorosi| ane. 22

relative amounts such that said functionalized silane

10 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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