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WO 2006/107331 PCT/1JS2005/034241. COATED COMPOSITES OF
MAGNETIC MATERIAL AND QUANTUM DOTS BACKGROUND OF
wiNMEN#16N 5 Field of the Invention The invention relates gameraltyies/o34241
nano-size structures, and in particular, to coated composites of magnetic
nanoparticles and quantum dots, as well as methods associated with the
same, 10 Discussion of Related Art Nanoparticles are microscopic
particles of matter having dimensions on the nanometer scale (e.g., less
than 100 nanometers). Of particular interest area class of nanoparticles
KW BRI OBITES, OF MAENRITICH ATIORMEASND P EANTTUM DOTS
properties that make them particularly useful in a variety of applications
including as 15 fluorescent probes in biological labeling and diagnostics.
Because of quantum dbhfiFpiplt/ 28 ORI Bots can exhibit
size-dependent optical properties. For example, cadmium selenide

(CdSe) quantum dots can emit across the entire visible spectrum when
the sié)ﬁﬁiﬂﬁﬁ@&@uéﬂ/aried over the re_lnge_of from two to six _
NanORLGHY ol HAEA YLRRLUN FPRIS A& 58 ARIE PR OLE SRGTPY Ml ar, to

required to promote the electrons to a higher state, leading to an increase
QR ERGIPREIEASE TRAGTSHEmANSIBFEYSH @%H&%Hﬂ’eﬁlﬁ%sﬁﬁﬁﬁlaﬁ%mﬁhﬂﬁét
adSoehasaciemstie eftke material. The resulting photons that are released
typically exhibit a shorter wavelength than those released from a bulk
form of the same material. The quantum confinement of electrons and
holesTnisthierR2 bidt@lergiens contributes to an increasing effective band
gap with decreasing nanocrystal size, Therefore, smaller quanfum dot
typicaPORATHT Bh B &P SRR S RBTEHIo0 B R 10ms on the
naanogartickds (are destitenc assaiomasepartdiasrihdaeipritsiaschasiass of
also erated considerable jnterest because of their magnetic properties
o T A S L AR P O RV RO, Gl SR
properties that make them particularly useful in a variety of applications including as

fluorescent probes in biological labeling and diagnostics. Because of quantum
confinement effects, quantum dots can exhibit size-dependent optical properties. For
example, cadmium selenide (CdSe) quantum dots can emit across the entire visible
spectrum when the size of the crystal is varied over the range of from two to six
nanometers.

When quantum dots are irradiated, more energy is required to promote the
electrons to a higher state, leading to an increase in energy release in the form of photons
and light emission in a color that is characteristic of the material. The resulting photons
that are released typically exhibit a shorter wavelength than those released from a bulk
form of the same material. The quantum conﬁnemen’g of electrons and holes in three
dimensions contributes to an increasing effective ban& gap with decreasing nanocrystal
size. Therefore, smaller quantum dots typically exhibit shorter emitted photon
wavelength.

' Magnetic nanoparticles are another class of nanoparticles. These particles have
also generated considerable interest because of their magnetic properties and small

dithensions.



The invention is directed, in part, to composites of magnetic material (e.g.,
magnetic nanoparticles) and quantum dots, as well as methods
associated with the same. In one embodiment, a composite is provided.
The composite comprises at least one quantum dot and at least one
magnetic material associated with the at least one quantum dot to form a
core. A shell at least partially encapsulates the core. In one aspect, there
is provided a composite structure comsgl)&sin&?at least one quantum dot;

at least one magnetic n%ﬁ%éﬁﬁ:h@ QEISOYHSH VAN the at least one
quamtsmndetitenfdemiacere Wherein thedatipamafigquaitumgdots tenmagretice.,
manr?ergiocpn%rtlgglae ilcifl:g)eztx\r’avc? St?anlil?rgd%éés?Qsdw%ﬁggl!n%gﬁggé 5&%&'&@8 with the same.
ncapsulating the' core’ In another aspect, a composite structure Is
provitieds Ehdedimpisitecsimiietive iTOFAPIFSEs BB GPANDY R kMRS Ttdeast
one2RhatleagbongimagpaiicRarticienassasiater ithodhecpluratityhef at least one

uantym dats to form g core. A sili h t least partiall lat
AR A B att N B AP HaR g AR provided.

Thelmetirogspeomiprisessimxoddeing enagnetic HanOpkEr ol pramtzy gantarh one
- quAAtH QRN PALEOUE M SRIRIHAOPS BMUIRIQR ARA\CRNREIAG: e one cbu.anmm

magnetic nanoparticles and quantum dots with a surfactant. The method
Aot s TR SBE FHH B O 8 RO BT A MAZRT B PR HE e s between
1 aﬁﬁnpmmmﬂmﬂ ahiepstiaiie mtaptur_mtiﬂgttht apragueous phase of the
eMUI0Roald1%, BEION (UHBLIEOTIRIRES ARG arRelABCHE N R ure
the emulsion; and, polymerizing the precursor to form a shell that at least
copaffaty ehEapsUM B4 RIS forhAL S BRI dstRartiskpatgeciated with
thegMbeEMENds aRchfertvresiomhthe danemiemwikibgcameaappaient dronpdiates
following detailed description of the invention when considered in
e core. . . . . . .
conjunction with the accompanying drawings. The accompanying figures
are Sehewihtic amdcare, nottintentierptonised AR 1B 'SCHIETAY IR fighFeg)cthod
cophteldenticalcal.subsiantialhs sipilaicicomponanhihal isolusiraieditiucous-in-
various figures is represented b{lﬁa _singletnumeral or lnotat'on. Ftor d ith
ORI O Ky Kot VR &l hpBRERT TS IAHERYTS VAR At is™
a evéntgoniponentibdédotiembouliprisnt detinninvention ghowrswhelie teast one
mdHSTAHAN AR ARESESHY AU IROSK PLLAdIRAYSKIEHR NS /L Wnuision.
understand the invention. All patent applications and patents incorparated

Thi PRy AurdEn CaBPE IRt IRYEIHEN Hy rebslerigsysor to the emulsion: and,

polymerizing the precursor to form a shell that at least partially encapsulates the core to

th

form a composite.

Other aspects, embodiments and features of the invention will become apparent
from the following detailed description of the invention when considered in conjunction
with the accompanying drawings. The accompanying figures are schematic and are, not
intended to be drawn to scale. In the figures, each identical, or substantially similar
component that is illustrated in various figures is represented by a single numeral or
notation. For purposes of clarity, not every component is labeled in every figure. Nor Is
every component of each embodiment of the invention shown where iliustration is not
necessary to allow those of ordinary skill in the art to understand the invention, All patent
applications and patents incorporated herein by reference are incorporated by reference in
their entirety. In case of conflict, the present specification, including definitions, will

control,
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their entirety. In case of conflict, the present specification, including

definitions, will control. WO 2006/107331 PCT/US2005/034241 -3 BRIEF
wOERIEGRMBHION OF DRAWINGS FIG. | shows coated compasitess2o05/034241

‘according to one embodiment of the invention. FIG. 2 shows a

hydrophilic species associated with a shell of a composite according to

one embodiment of the invention. 5 FIG. 3 shows a quantum dot including

a passivation layer according to one.gmbodiment of the invention. FIGS.

4A and 4B are transmission electron microscopy (TEM) images of

composites described in the Example. FIG. 5 is a UV-Vis and normalized

fluorescence spectragRftFDPIAERTRHORORMRIET INGEomposites after 8

hour ctign time, angd the composites .after 48 hours reaction time .
dosom i I A HE P S DA AT b8 R o) GELBRGey e vention.

magngiz AtiginoplotslatsahKiamebbksfassthéantadagitb ticshelh opadichgesite

coaéled v%/(i}th siléc%aggntg% gf@éol%%iéegodescribed in the Example. FIG. 6C
4584 lélr%pe(r’%i‘feurcra-l1 ependen magnelﬁza%'on plot at 100 Oe for the 15

magnil@. 3ahopartigiesicoated vindila pasdi thE @olywsitesrdisgcidben in
. I%e(}(l%gm&lng%%#o DESCRIPTION The present invention relates to

composites and m S associated with the same. The composite ‘
structbIeS iddiuad Bameirandotiseriotsapr tiaiereaenia (EIBvD2opsagpbtic

c gBB?&i‘&E%é}ibEH?nS&EQ%ﬁ}@?ay be coated, for example,’ with a shell
su

has silica. In some cases, the shell may be functionalized or

derivdtifed i6 meMdéiseshpermmized Broscwenssrentsisanbthednmitedes
pIMRiRYeIY epRIiIRRSUAR.AS MIRIS eaRldRIiRh VAR Bt RRIYe PRe RSt H¥urs

and bio.comé)eatlbilit . A reverse microemulsion process can be used to
TRBHPTHERDAERTIES rEamEgescribed further below, the 25

compesiionsang @ nehRsRCiepstics Oh e 6eranes pes May (oK caatsrties: the

to provide desired magnetic and,optical properties, The structure be
MASEELA BPOAPRIERLE %fi?ﬁﬁ%é?ﬁ%q}ﬁ%ﬁfd%ﬁﬁetﬁ&%?@%%éﬁﬁ ?%Bé%%? ample.
resonarGedMaginen(pRbantkshttdent magnetization plot at 100 Oe for the

magnetic nanoparticles coated with silica and the composites described in the Example.

DETAILED DESCRIPTION
The present invention relates to composites and methods associated with the
same. The composite structures include quantum dots aﬁd magnetic material (e.g.,
magnetic nanoparticles). The structures may be coated, for example, with a shell such as
silica. In some cases, the shell may be functionalized or derivatized to include
compounds, atoms, or materials that can alter or improve properties such as water

solubility, water stability, photo-stability and biocompatibility. A reverse microemulsion

_ process can be used to form the coated composites. As described further below, the

composition and other characteristics of the composites may be controlled to provide
desired magnetic and optical properties. The structures may be used in a variety of
applications including biological labeling, magnetic resonance imagine (MRI) and drug
targeting, amongst others. - '

FIG. 1 schematically iltustrates a plurality of composites 10 according to one
embodiment of the tnvention. In the illustrative embodiment, the composites include

one, or more, quantum dots 12 and one, or more, magnetic nanoparticles 14. The



10

15

20

25

30

targeting, amongst others. FIG. | schematically illustrates a plurality of
composites 10 according to one 30 embodiment of the invention. In the
Westialyereimbodiment, the composites include one, or more, guanty
dots 12 and one, or more, magnetic nanopatrticles 14. The WO Bbsnsszer
2006/107331 PCT/US2005/034241 -4 quantum dot(s) and magnetic
nanoparticle(s) combine to form a core 16 which, at least, in part, is
encapsulated by a shell 18. The term "ngnoparticle” is used herein as it is
known in the art and typically refers to particles having a dimension of
less of 100 nanometers. "Quantum dots", or 5 "semiconductor

AR AE AR NBPARALUCISHINRLEAD PLOYIAS YRIFHS, i
emission spt)§e)ctra dea(aendent, in"part, o@fﬁ% s?zﬁé €cj)t?t %Tslp%e%éjl%%gar %JI%}.}’ at least,
pagheviensis dieg kel d%Blass of nanoparticles that exhibit
magnefifREREHETo SAHATBT ANLS #&dRAY: A ALY S YIRS ang tggiggﬂy

semiconductor material composition: For example, quantum dots m

Teforide Brtsrs A Aiertior i icsueh! A9 caBeetasC {DuanOnZnG”, or
@%ﬁicﬁ@@c’f@ﬂ_&dgggayg e IR Mo Iééﬁatﬁgrffrcgt’ﬂ{#qmgae
ase an also pe

SrS, SrSe, SrTe, B BaTe. The quantum dots may orm

- YnisyeaEmolradeppsientidnspeh a8 hmeize pf knspeaiBe patiNeGavagnetic

B.ohaN, s H2A%n0 144 %J&hﬂﬁ%ﬁ%ﬂ&@%&ﬁgﬁ? €

cases, the quantum dots may be formed of Group IV semiconductors -

such auanBER 6?’@ér%iﬁﬁ/uhﬁ\."fft%%élgéqséimmbm@@nawﬂlammeosition.
Q?Eﬁl%ﬁ%@ipgﬁfg' B BRL B ST sgfrﬁagnduct‘?orsssuch as CdSe,

above-mentioned semiconductors. Other quantum dot composition

kASHC AP BTN LallenMEe, MetayisieoMa Euitdple,. Hp® HeSe, HeTe,
e i call | . : ;

o B A o v

CQRRRRE b AT Y ENa L HU M- BaSRACedn fisdltiGadechald OuSeInPidnAs,
T80 PRssie fﬁﬁ&%ﬁ&”ﬂ%“ﬁ?s%@%a%&?&l@%&%ﬂﬁl%‘? Qﬁ%{;&% 84 of
ts genera Fy \

havm%ﬁfergnt compositions.  The quantum d¢ e particle
@roup bY resaipeaduniornardrag ilisomorsgnranives, thehavitalye particlersiood

BRI R AR BT AR caRRRGRE AT SARL IR eoned
other cases; the average particle size is less than 5 nahometers (e.g.,

sgmaeAndUStAEn dAtbes ayaniiBbies combosiiivontsnene 4 dhage gfanitifeusizkill in the
o0f 6 AHRBYRUANTIS The specific composition is typically selected, in part, to
provide the desired optical propertieé. In some embodiments, it may be preferred for the
quantum dot to have a cadmium-based composition such as CdSe. It is also possible for
composites of the invention to include quantum dots having different compositions.

The quantum dots generally have particle sizes of less than 100 nanometers. In
some cases, the average particle size of the quantum dots in the composite is less than 20
nanometers; in other cases, the average particle size is less than 5 nanometers (e.g., about
3.5 nanometers). In some embodiments, the average particle size of the quantum dots is
greater than 0.5 nanometer, As described further below, the quantum dots may be
smaller than the magnetic nanoparticles. It should be understood that the composites
may include quantum dots having different particle sizes which have different light
emitting properties.

The average particle size may be determined using standard techniques, for

example, by measuring the size of a représentative number of particles using microscopy
techniques (e.g., TEM).
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25 greater than 0.5 nanometer. As described further below, the quantum
dots may be smaller than the magnetic nanopatrticles. It should be
wonoerstogd that the composites may include quantum dots baviogeoss/034241
different particle sizes which have different light emitting .properties. The
average particle size may be determined using standard techniques, for
30 example, by measuring the size of a representative number of particles
using microscopy techniques (e.g., TEM). WO 2006/107331
PCT/US2005/034241 -5 The quantum dots are generally spherical in
shape, though other shapes are also possible. Individual composites
typicafiy.ipeidenaets dhananeIgUMREDLORE sBepsh iigh iRéishaeatOalso
includes more than one quantum dot encapsulated, at least in part, by 5
petsinias. However, it should be understood that, in some embodiments,
tﬂe cmﬁa&d@uﬁamﬁm@emammw. thamdesafiedifurdoerabehown.
the ratio of gyantum dots to _magnetic particles within, the c osite m
THE o 5 5 8 R ST R R A Sl P o
shieay §avie wenes Uitsideld e poditiano et xasyne, dubodiagnistithe composites
. hanpparticles may comprise iron, cohalt and/or, nickel
ARAAE o AT T Sb e S eea g e et e P B ARG cor o
nfggnetid partieksd withipdbmcoormality rsycheasiroollsditerte g derdsaed properties.

Fe304) or iren plati Pt i j
e 2 P AR LAY, o

nmg@tietimeoielrioty iosuestdtn provioe desiridkphegnenshrBisrmegnetic
n@%gﬁfaa g%f I8, {0e,00290eCPARRPATICIES i aY(he RHRIPRAIARAREHH &ld or

OK. In some 15 embodiments, it may be preferable to use

altepGRInagieloidedparifref sOnotisadimevangirdtie fanbpatisesy the
nRIEPR! WSS SR Be Rihaay e, SRlbie b ORAANCRAVaRScSHEbLition of the

non-water soluble nanoparticles differ from water soluble nanopatrticles

&

WAt RRIBRRTEIRVErlvndde RGP REd RaRFRSHE RERSicleY example,
RERRALY havepPATINe sizeSobipsshan bae20.nsKome BeK INlseoee:

cases, the average particle size of t agnetic nanoparticles in the
AT RS A Bt LGBt TOURRAEIGters). n

Some I some cases, the magnetic nanoparticles are not water soluble, but may be

soluble in organic solvents. Such non-water soluble nanoparticles differ from water
soluble nanoparticles used in certain conventional techniques.

The magnetic nanoparticles generally have particle sizes of less than 100
‘nanometez‘s. In some cases, the average particle size of the magnetic nanoparticles in the
composite is less than 20 nanometers {(e.g., about 10 nanometers). In some
embodiments, the average particle size of the magnetic nanoparticles is greater than 1.0
nanometet. '

The magnetic nanoparticles*afe generally spherical in shape, though other shapes
are also possible. One, or more than one (e.g., two or three), magnetic nanoparticles may
be present within each composite.

The quantum dots are typically in contact with at least one of the magnetic
nanoparticles within an individual composite. Oftentimes, more than one quantum dot is
in contact with a magnetic nanoparticle. In some cases, a quantum dot may be in contact
with more than one magnetic nanoparticle,

The contact results from attractive forces between the nanoparticles and quantum

dots that arise during processing, as described further below. Typically, the contact is



embodiments, the average particle size of the magnetic nanoparticles is

greater than 1.0 nanometer. The mﬁgnetic nanoparticles'ae generally

spherical in shape, though other shapes 25 are also possible. One, or
physicahdreipiaeonrd(éhg. Meenslith reapRAAGisstiathtopaRitledofagrepact chemically
houndREeseNbMdtkén each composite. The quantum dots are typically in contact

with at least one of the magnetic nanoparticles within an individual

composite. Oftentimes, more than one quantum dot is in contact with a

miggnetis nainogartivie cirmporiecdsdsda ghaitum that neagdnsitetemtactpartially

encapdQdth morasthanangaagnstigRanePRMLCIS < haromachEes s B URcapsulate

attractive forces between the nanoparticles and quantum dots that arise
the majoiPhidRsuERRs 3LaSEIHEATuREPHRIONS TYSICAR, TR Eofitkctigtes! 1east
75% dphlysicaliitaatuee dritdhemagnetioan essmzaic eshaihchguantapletiisearapsutate
the coﬂeOt chemically bound to one another. As noted above, the composites

iInclude shell 18 that encapsulates, or partially encapsulates, the core. In

some embodiments, it is preferable for the shell to encapsulate the

majefkyotHiscauiace atien sidhescate. dhermammpeutaeshal may (e.g., to the

0,
magn %p%ciﬁsulate at least 75% of th% %éﬂsa?}e area % the gore. In some case

a&?ﬁ?&ifcﬁ%m%ﬁe%ﬁne%@aps% e’Sore! T s6he-em oedir?fﬂenr?tr.%"f11 cle by

encapghiashel| Tsusotizheenicaliy Borihthay beedewped(efdonto beademaigHetieovalent bonds’

hetweBAROPALHCles or quantum dots) and yet may contain the nanoparticle by
encapsulation. Thus, the core and shell may be devoid of ionic bonds
and/or covalent bonds' between the two. It may be preferred for the shell

tdtbeawolnem@aimarfqmw ﬁmﬁo’mﬁmﬂ wirasiieois polymey sadbrasesilitas silicon
polym®y B oganiEShEIliS-0ng ARt 10pt Rased GiLEAbOn ALY ROMRSIS and/or

of carbon, but nonetheless may include carbon atoms. It should also be
POlYMERdetsteBd2Rat e SREFATATSSe BRYariE'4idl KAERMoR EABorafipyld aiso be

underpralyiness vkcadpmalnieesiaimerabadissentsntberishie hmaay belpoeosist Eabon.
example, the shell may have pores on the mesoscale size. It should also

be understood that the shell may be non- porous. ™
In certain embodiments, the shell may be porous. For example, the shell may have

pores on the mesoscale size. It should also be understood that the shell may be non-

it

porous.

The shell has a thickness great enough to encapsulate the core to the extent desired.
In some embodiments, the shell has an average thickness of less than 50 nanometers; and,
in some embodiments, the shell has an average thickness of less than 25 nanometers (e.g.,
between 3 nanometers and 20 nanometers). The average shell thickness may be
determined using standard techniques by measuring the thickness at a representaiive
number of locations using microscopy technigues {e.g., TEM). The composites {including the
shell), of course, have a size greater than that of the magnetic nanoparticles and guantum
dots. The composites can be referred to as "nanocomposites” or "nanocomposite
structures". in some embodiments, the composites have a size of less than 200 nanometers.
For example, the composites may be between 25 nanometers and 100 nanometers (e.g., 50

nanometers). Again, the particle size may be determined using standard microscopy
technigues (e.g., TEM).

As noted above, the composites may include a desired ratio of the number of

quantum dots to the number of magnetic particies. Typically, the ratic of quantum dots
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The shell has a thickness great enough to encapsulate the core to the
extent desired. In some embodiments, the shell has an average thickness
wohiesadtan 50 nanometers; and, in some embodiments, the&heltnasam 41
average thickness of less than 25 nanometers (e.g., between 5
nanometers and 20 nanometers). The average shell thickness may be
determined using standard techniques by measuring the thickness at a
representative number of locations uging microscopy techniques (e.g.,
TEM). The composites (including the shell), of course, have a size
greater than that of the magnetic nanoparticles and quantum dots. The
tooenpetiea:teitbi wiarcechin as Inanneempoditastitey tiranticompbsitetween
stryctures”. In mbodiments, the compaosites have. a size of.les
L 4B8 mE e e B AR RO e P R SBigt
nhgheinetersaied, 106 nemophetenshfe gitidGonaphometert) Agatiescting activity of
article size be determined usi nicr [
S A S o e e e el R e
rabftive weigtt geoferjegmtofiisorsamtedntsrabd nmufameiipriit Pef tstdsluring

p%g%%glgg?gg% 'Bea;ig{.@&tggfoggts WO 2006/107331 PC

1 -7 to magnetic particles is greater than 1. In some

embolishevid benandersardihae ibawiistionpitrareesitensot PeTIvePResite
WEYa08 ABRRLAN JRRroyiding. he,dasiter @R R0HL MAIASH ratios above and

properties. For example, higher ratios may increase the fluorescent
beleyitye sesirdaaton ! ThEVREHES R O RIS aNeY 1) p Atastish ptio-
paramgigrsiReHiNg-tRmB setativeweioht Reraeniads $ Pib eoavBi including

dots and magnetic particles used during processing, as described further

SR A s HeEATBEI OB Ao BRI TR BRI O spuifd howt >%
(EYErY. BRMNaGTea] Wili BRvstBenthesh et thatina SemerenResties (hated on the
collection will have ratips ab%v%anda%tfﬁlow the desired ratio,gh u%lw on bout
o 6B ARRIRS i) HAVE B BB PGB RO FB AP WEiGH on 200
1peredniegR S (based oM thetotabiykighbtcofithecaritipadiod, (cetingthsheth)]
of.t ntum dots jn the,composite may be between about goan 0
O SR P S e ST P B Rb apfek 270
Otasopaniolesihasgciisn bhertstat indightoniposi o mposite, amciudiig-ghéts
in t Qmposites may.be betwee tr 19,2 bout 5% (e.g., 4%).
e ceol Ueset
In some embodiments, shell 18 (particularly when the shell is silica) can be
functionalized or derivatized to include compounds, atoms, or materials that can alter or
improve prdperties such as water solubility, water stability, photo-stability and
biocompatibility. For example, the shell can include moieties such as polyethylene
glycol (PEG) and other glycols. The composites, with and without PEG, have been
shown to be non-toxic to living cells for extended periods, and it is believed that the
composites are also non-toxic in vivo due, at least in part, to the isolation of the toxic
core within the shell. The shell may also be linked to bioconjugators, such as avidin.
As shown in FIG. 2, a hydrophilic species 20 may be associated with the shell
(e.g., a silica shell) to provide greater hydrophilicity to the composite. The hydrophilic
species can be, for example, a polyethylene glycol (PEG) or a derivative of polyethylene
glycol. Derivatives include, but are not limited to, functionalized PEGs, such as amine,
thiol and carboxyl functionalized PEG. The hydrophilic species can be chemically
bound to the shell or can be, for example, physically trapped by the shell material.
Preferably, the hydrophilic species includes a portion that can be chemically bonded to
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15 weight of the composite) may be, for example, greater than about 90%

(e.g., 92.5%). Other components may also be present in the composites
inYRiRBYeAE8hts (e.g., less than 0.05%) including surfactants (@ 8ryus2005/034241
IGEPAL CO-520). In some embodiments, shell 18 (particularly when the

shell is silica) can be funetionalized or derivatized to include compounds,
atoms, or materials that can alter or 20 improve properties such as water
solubility, water stability, photo-stability argd.biocompatibility. For example,

the shell can include moieties such as polyethylene glycol (PEG) and

other glycols. The composites, with and without PEG, have been shown

tattwesheihstakicstadndngpents faiprnasachparigfsiand dhismefieyed dMwardly
t ‘C(%ersc%)%g%s a %hgls on-toxic in vivo due, at least in part; to the
iSOTation of the tSkitss within the shell. The shell may also be linked

to biocoRjugmatarsf thel ghyovieithn ARRROWMBIAJT @atér 90'%1[&# Wi acteristics to
s&%Cée%ZQSQa)(’F%ﬁOeaﬁsou ted with the shell (e.g., a silica shell) to
provide greatar hydr oStk (oaRattyfssRantexis Apdemhiitsepedistnces,
camie:lpflﬁur énﬁ?n ﬁlfﬂipgrﬁéﬂeﬂlh&ﬂﬁ}@g@%fééﬁ@éd?ﬁt?gﬁ?@g&‘@!&ﬁfale, by

ethyle col. Derivatives, include, but are not limited to,
i A S S NG R E E ——

REE: Shizblydiqitslf Sesalem &0 Sashemicaligaardre, e s0ell QL tBihposites
by the shell material. Preferably, the

far ex le sjcally trappe
e Bl B e O bl eLtoe wXchwe gt biodatpatible and
\Mr2PEi6Kd OasE ROGTIILGAA0BHA9 243 o8 B160aneM 349 3CRPRLPIMN diments,

that .provides hilicity and may extend qutwardly from the surface of
Dl S SRR i A rmaites oreiniy in solution

dharattedeficsiopthiedo(epagieshiiadsinghipcompatible and nontoxic
and canl,ﬂn t%%wsvéignftancl% 2. provide for better dispersion of the
nanoparticles ih soh P eSSIRpd st At i aE PR s dha Srestit to refer

(evithehdimzer hensifea)atlog o asie d0aYoRs ERVRSHatAY at@(’ﬁ@l""s@ﬁl@%” does not
%Jl—és offloerss ttha‘r’]eritgﬂfr I%ﬁ:‘ﬂﬂ%@@?ﬁgﬁsl to 7.0. Thus, these composites .
may be Watar 50 £\ eresstiati gomeleritanieyehad banoparticle
biachpatjinecdid seppedmieteciaiaeralbRiadiga L s S PIARINANY., integral

aﬁg.irfevivo. In some embodiments, 10 the inclusion of PEG into the silica
SRelFcan enable the composites to remain in solution

In addition, the presence of PEG or related compounds in the silica shell can
provide for a composite exhibiting a reduced propensity to adsorb protein, cells, and
other biological materials. This means that, for example, when used in vivo, the
composites can stay in solution for a longer period of time than do similar composites,
thus allowing for increased circulation and improved deliverability to intended targets.

It should be understood that other suitable derivatives (e.g., compounds, atoms, or
materials) may be attached to the shell to impart desired characteristics.

In some embodiments, the quantum dots may include a passivation layer 30 as
shown in FIG. 3. A “passivation” layer is a material associated with the surface of a
quantum dot that serves to eliminate energy levels at the surface of the crystal that may
act as traps for electrons and holes that degrade the luminescent properties of the
quantum dot. '

In some embodiments, the passivation layer may be formed of a materjal that is
non-conductive and/or non-semiconductive. For example, the passivation layer may be
of a material that does not exhibit a higher band gap than a nanocrystal which it

surrounds. In specific embodiments, the passivation layer may be non-ionic and non-
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for extended time periods (e.g., greater than 6 hours). The term "water
soluble™ is used herein as it is commonly used in the art to refer to the

woisprraiemnof a nanoparticle in an aqueous environment. "Water;gohaf@34241

does not mean, for instance, that each material is dispersed at a

molecular level. A nanopatrticle 15 can be composed of several different

materials and still be "water soluble™ as an integral particle. in addition,

the presence of PEG or related compaeunds in the silica shell can provide

for a composite exhibiting a reduced propensity to adsorb protein, cells,

and other biological materials. This means that, for example, when used
niBING, heR0-campasiescansiay insaldtionddoe angemppsiedieftene when

than do similar composites, thus allowin for increased circulation and

d’%téﬂ%?r ‘chl%"t’é??ﬁ PRIt should be understood that
Other mat@@é&d@mvaaym @e c@ﬁmm&ds ateuisivesseatiailizls)f,mayheound
tt ched to,the shellg)l l% C?swe{i characteﬂstlcs In | some,
LD

BARAHE SR 98 OB E S ASEVATON 1ayer ing g be

: bshﬁ)&vdmenﬁjf@r Hhdikdphssivation' daye mlh@mmmmmmd mitlethin a silane

t t that o) t Is att
cEfRes St R AR AR ER A B such
aste?gremtelﬂpél whid escep, m@bmégroﬁﬁﬂwz]ﬁmmmg greupseor nitrogen-
emQﬁ%g‘gﬁcﬁ% he gjﬁl‘ﬂg%& IS0 i bg%é%&t‘?&x%?ef‘iﬁ‘é?%’ JpabiSsize but

0 hon- ctlve or non-s tive. For example; the

tyrseiiyahiore myslesidgrbecisbofiass tkiatiaoubedOmstessiitin ahayhddbahep

&&8&@@@1&96@9&%@&&!@@%%%%&1&9 AReR UG8 BR0BaNSS BEhino
passivation layer may be non-ionic and non WO 2006/107331

pmﬂ @sa@bwg@wi%&&mbw&ﬁ COMONRI0E AR R EHAN IS AEs gs been
RESHALIBISRAUIRIQEHININRER: heIacTHGRRIRNIeI2RRIIRGabLe to the

across the material. The passwatlon layer can be comprised of, or conS|st
IEEERTRIARY O R PRSBO T S0h %?ﬂﬁ@&@ﬁ%ﬂ’%ﬁﬁfﬁ&?ﬁﬁd}&ﬁaﬂ“ ose

SHAMBf stheh @S @ 2A%YNe. The amine may be 5 bound directly or indirectly
to one, or mqre silicon atoms such as th resent in g silane or ather
P HRaErRad Sy e

silicor! g HHPS PR ERRE S/ TR S S OB AR o o 0 2
eshishdiagnte eramplextadiyl groups, hydroxyl groups, sulfur-containing
grOUp%rs% ra%?e conventional technique known in the art for forming magnetic
nanoparticles and quantum dots may be used. For example, one suitable technique for
forming the magnetic nanoparticles has been described in Hyeoh et, al., J. Am. Chem.
Soc., 2001, 123, 12798, which is incorporated herein by reference. One suitable
technique for preparing quanturn dots has been described in Peng et. al., J. 4m. Chem
Soc. 2001, 123, 183, which is incorporated herein by reference. Most conventional
processes for forming quantum dots result in the quantum dots capped with a trioctyl
phosphine oxide (TOPO) surfactant.

A reverse microemulsion process may be used to form the coated composites. A

“reverse emulsion” or “aqueous in non-aqueous emulsion” is a dispersion of discrete

areas of aqueous solvent (aqueous phase) within a non-aqueous solvent. The process
may involve adding the separately formed magnetic nanoparticles and quantum dots io a
reverse microemulsion. The magnetic nanoparticles and quantum dots may be added in
controlled concentrations to effect-the resulting ratio of quantum dots to magnetic

nanoparticles in the composite.
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containing groups. Compounds comprising the passivation layer may be
of any size but typically have a molecular weight of less than about 500 or

lews thaa/albest 300. The 10 preferred class of compounds are tlg, ino. _
silanes and in some embodiments, amino propyl trimethoxysiIangﬁé@é@3/034241

can be used. The use of APS in quantum dots has been shown to provide
passivation and to improve quantum yields to a level comparable to the
improvements obtained by the use of higl}ﬂ&[‘_ band gap passivation layers
such as those made of zinc sulfide (ZnS). 15 It should be understood that
guantum dots do not include a passivating layer in all embodiments of the

INVeNtiOMEHARY S ' chni nown in the art for formin
magnetic nanﬁ%%%%%%sg%\g%ﬁgr?%}r? %i: %%ﬁ%/hbue&ﬂ%gd‘.’aﬁl %e%g)ﬁ?ﬁf@(ﬁag
offt Siitah i tEaRbit BB mtan solventriagristiorariopeatid eshds beatiphatic
d%&gggghlaﬂ@ I 1 C..2001, 123 12798, which

is Incorporated hgr%%n%?éﬁ’%i&%g%%a%I?%%%ﬁ%%ﬁ%QO?%Pgﬁgﬁﬁg
ARG Redabestnaescpladentmeng et. al., J. Am. Chem Soc.

2001, 123 s483 aMbich A iRE I RAFAIGH LS ference. Mast
conventional processes fgr’forming qua%%?ﬁ%%{g?%%a N r&ﬁgr?ﬁj?ﬁided to the
FREE TP i o oy | sprasionii asaaniet¢tia RO sitinfg cbaphighilic properties
[EN@ IS SBICHRRHAS AR RIARRR D UL f g coated ,
composites. A "reverse emulsion"%gr "aqt?g%jﬂ&g’i§%ﬁ%ﬁ%§3§%ﬁ1ﬁgﬁmbm

iSnsrsiorBuskapbdis srtirormenisf aqueous solvent (agueous phase)

within apasiLiagis ay invelye adding the

WA i MO e B T Ao PR e

rioraeth s ?%ﬁ‘ﬁ%@@f@ inghisisa e ommyden dinotyhsuibtsuoviydse sodium salt
Aderhin 300 alirnile he resulting. ratio of .

3u§?t:3m dotg@fog riﬂ g%’ggg ﬁr?anopar%%%eﬁ%ﬁ@cag?n%%ﬁg g(‘ﬂ% a trioctyl phosphine

{6934 pefninpo§6RR4ndndese Midrophélisendcooeprisisippteaphine
lBRIREOIHERAI LS Mari R0 vents. Preferaply, th
non-polar solg_égrﬂ%?éﬁ%é?%c%%oggﬂ(ﬁ {:ncgﬁ;&chorgR réﬁﬁ)lﬁ gtc?lgr %%}'c? }%‘CYA%% F}PEO)"

Adterimasaction et the AQRA-aventancdoyeiivtbyhieacweoresmitias the TOPO can
BYGIRARIIARE cEHHIRAGY AERMGYE RIPIBPRT. due, in part, to the much higher

concentration of IGEPAL in the reverse emulsion. The iGEPAL also caps the magnetic
nanoparticles. The quantum dots and magnetic nanoparticles, once capped with
IGEPAL, are drawn into the aqueous areas of the microemulsion, thus providing an
environment for the formation of the shell as described further below,

It should be understood that surfactants other than IGEPAL may be used and may
be varied, in part, depending upon the quantum dot material, how the quantum dot is
capped and the reverse emulsion that is used. Preferred surfactants include those that can
be exchanged for TOPO, or other surfactants that are used to cap the quantum dot, and
that also provide enough hydrophil.icity to draw the core into aqueous areas of the micro-
emulsion,

The quantum dots and magnetic nahoparticies (once capped with IGEPAL) are
attracted to one another to form a core Wltl'un the aqueous areas in the reverse emulsion.
A sol-gel precursor, such as tetraethylorthosilicate (TEOS) can be polymerized using
methods known to those skilled in the art, around the core to produce a silica shell. The
polymerization reaction is allowed to proceed for time sufficient to obtain the desired

silica shell thickness. A “precursor’_’ is a substance that can be transformed into a second
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5 In some embodiments, a surfactant (e.g., ionic or non-ionic) may be
added to the reverse microemulsion. A "surfactant” is a material
wexhilitingamphiphilic properties and is used herein as it is eommRBObz/034241
used in the art, e.g., for introducing hydrophobic species to hydrophilic
environments. Non-ionic surfactants include, for example, polyphenyl
ethers, such as IGEPAL 10 CO-520, while ionic surfactants include, for
example, dioctyl sulfosuccinate sodiufri salt (AOT). As noted above, the
quantum ‘dots typically are capped with a trioctyl phosphine oxide (TOPO)
surfactant. TOPO includes a hydrophilic end comprising phosphine oxide,

st dSh ARG dﬁﬁaﬂ:ﬂﬁy@immrﬁihs fodchenfrssirgppatpmplethylememer is a
EQ). Afterin uction TOPO,quantum dots into the reverse
pcgf) m Sl)l rec%ﬁeeﬁ_goﬁf 8 q% %5) 8%

can e partla y or e ?etely exchanged for
IGEPAhedae;ltmgamaemqunhmﬂghemfn@rwmmmqb@mm&ﬁntclhe

| feV%r%gn%ﬁéﬁ%{%%; m&%ﬁﬁ&%&%@ﬁéewgimeg@?E&n@acag&am@ﬁmm

e quantu agnetlc nanopartlcles once cappe with
l4BERAY bamsadrail. biothe aniecientsaddBthE Microemulsion; thus

providing afla 88 iFaRRIeHS L theHarnatianQfife shal @H%ﬁéﬁ'ﬁ% organic),

further below. 20 It should be.(inderstood that surfactan ther than

SYCEDIAI SRE OB KISEH: & ?r?éﬁ/a{?él%fhed, in part, depending upon the
quantymHat BateaRhchRMIE @r@naﬁaymeq@hauﬁ@m@&i Adheraese

emulsion that is used. Preferred surfactants mci e those that can be

deSCaREHRS Yor 0 SRR oy DR RMBAFGH LI A ALY gt StRef figacteristis.
FoHapupIElah @ik thalcdise-proy PRERuMhdlyarep biligitytotdranntioe oiend a
into aqueous areas of the micro- 5emuIS|o The uantum dots and

R G TRRO A  ETEC A i TR SR AT A AT (s
bangihdatedoim Actrewihiicibeagitaus a‘mméhe) rlea/e:nsepenmtsio fAn
A ursor, such as tetra osili can
a‘B%ﬁ ?ﬁ% ?2 %539?1 e%%%mﬁnow %Sénscﬁ%h%é %% aifts%réﬁ%d the
potyetigiprogiycel mﬁmﬁhﬁ&tﬁm éPﬁEpm[ywﬂzaﬂmaalsadm tbaattouwvechtplsion,

rogged for 4 %mefsuff'c'e % jar rh§u938g§9eégé 73 el higk HERS et of

precursor IS a su tance e tran rmed INto a secon
226067 1073R 000 T US2605/0R004 {¢.gL.Ibstviestatdddthande khiliiy ditferdrel

p%g&%gll,eﬁlgﬁ)gg Iﬁﬁj‘g,sémll: ﬁfeﬁ%@@é@d%ﬂﬁ RO Hﬁ]ﬁrﬁ'ﬁeacan be stirred ailowing the
PEG to be incorporated into the forming silica shell. The resulting silica shell |

derivatized with PEG can provide for improved qnantum yield, improved water
solubility, improved biocompatibiiitj in a reduced propensity to coagulate,

The amount of water (29.5% aqueocus NFH4OH) in the reverse microemulsion can
be varied based upon the specific reaction that is desired. For example, in some
embodiments the amount of water in the reverse microemulsion is between 0.1 and 0.5
percent by volume. In some preferred embodiments, the amount of water is between 0.2
and 0.4 percent by volume and, in some embodiments, it has been found that quantum
yield can be‘ maximized when the amount of water in the reverse microemulsion is about
0.25 percent by volume.

The amoﬁnt of sol-gel precursor added to the microemulsion can also affect the
properties of the composites. For example, while an increase in the amount of sol-gel
precursor does not appear to increase the shell thickness, an increase in the amount of .

sol-gel precursor does appear to improve this sphericity as well as the monodispersity of
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polymer precursor if it can be transformed into a polymer. The resulting
nanostructure includes a core comprising quantum dots and magnetic
n¥¥{dpUI{E98834Nnd a shell of polymerized silica. In some cases, APCTIUS2005/034241
passivation 5 layer may be present (e.g., of an amino silane such as

APS). It should be understood that, when forming other shells

(non-organic or organic), suitable precursors known in the art are used. In

some embodiments, the shell may be funiZienalized or derivatized, as

described above, to improve biocompatibility, water solubility or other
characteristics. 10 For example, in some embodiments a PEG modified
sifecomapetiesbérfepme dmbodindeatty quemmupo yies b sisesaphad @b higher

t%m&o&&@%ﬁpl%%%g%rr_lanoparticles may be introduced into the

reverse micro-emulsi orm cores to be encapsulated. In another
step, a HAsEowlddbe awdarmtood ihaNHED bt dasdeslngyaality 0ol sl r forming the

pe&ﬁﬁ})ﬂ%gﬂm@ fgggﬁ(gm%gglﬁher (PEG-m), can be dissolved into. the

microemulsion. 15bThe PEG may be of any molecular weight, but it is
preferabfys apiethderelshaveighositegrdatentimant H06raid l8sg HeaRed in a variety

29:0001{&x8orR ; 00). A sol-gel precursar, such as

TEO%B, can ;he%ﬁggaé%lgé%% g?%at%} éa %ﬁ%( G}rlg %Sa%nﬁ?enﬁﬁ’l%ag aémi{ﬁﬁiiﬁ’?ﬁe For example,
PRerespesieb st desktduthis maging sitibelisiic ndhetie sedtngnstioRagine (MRI)
shel MatizesLwi ; QIoyide for improved guantum yield,

impr%\ffg wa%ar 20 élg[égbi itﬁ r%provg%?%&}ogg%%as}/f‘omﬁ%ig’al?g‘&{?eé(ﬂcwsmls)’
piBeashgthsTcarpligrtienshe amount of water (29.5% aqueous NH4OH) in

the reversg /Mifs | - ied based upon the specific, reaction

that is desired. F%%Eggr%kefﬁ% lsﬁosr%{%%ﬂe%r%%a%sﬁl’r%n %eﬂﬁfsfg?%%ﬁﬁ%‘m&er

in the reverse microemulsion is between 0.1 and 0.5 percent by volume.

In some preferred embodiments, th f water is between 0.2 25

and 0.4 percent by volume and, in segﬂrrrgj%diments, it has been found

that quadtfrxgneiedHisteteaxidintomdreholire aveduat of videstsd Bienposites of
ESIRGLRIGHRRMIYSION is about 0.25 percent by volume. The amount of

sol-gel precursor added to the microemulsion can also affect the

propert @feﬂi@%ﬂmmﬁ@eﬁmm@m&m@ww&ﬁﬁdﬁdﬁemﬂbw in
et PR o L e gp arsrepased
e edeehaigpndnenibad indieng eheimdnddisBesity ok, 2001, 123, 183,

A polyoxyethylene (5)nonylpheny! ether (0.544 mmol Igepal CO-520, containing
50 mol% hydrophilic group) was well dispersed in cyclohexane (4.5 mi) by sonicationto
form a reverse microemulsion medium. 400 microliters of FeO4 solution (0.5 mg/1 ml
of cyclohexane) and 160 microliters CdSe solution (1 mg/1 ml of cyclohexane) were
added to the medium to.form a mixture. The mixture was vortexed, and aqueous
ammonia (29.4%, 40 microliter) was added to form transparent brown solution of reverse
micelle microemulsion. Tetraethylorthosilicate, TEOS, (Aldrich, 30 microliters) was
added to the reaction solution. Composite samples were collected after 8 hours and 48
hours of reaction time. The composites were collected by magnet and washed and
redispersed in ethanol or deionized water.

FIGS. 4A and 4B are transmission electron microscopy (TEM) images of the
composites. The images show that the composites include silica shells around a core
comprising Fe;O3 nanoparticles and CdSe quantum dots. EDX analysis of the region
shown in FIG, 4B confirmed the presence of CdSe, Fep0;3 and silica. N sorption

isotherm of the composites indicated that the silica shells were nOn-porous.
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WO 2006/107331 PCT/US2005/034241 -12 the composites. In some
embodiments, quantum yield is also improved with higher concentrations
wohsargekprecursor. It should be understood that other procegsessaaasios4241
also be suitable for forming the composites of the present invention. 5 As

noted above, the composites of the present invention may be used in a
variety of applications including biological applications and medical
applications. For example, the compgsites may be used in bio-imaging,
labeling, magnetic resonance imagine (MRI) drug targeting and novel
optical communications systems (e.g., photonic crystals), amongst other
appliGgatipspulfdheitelleingexpmnpls isdiusitaivedntinohpteatiedsioperties
e limiting. EXAMPLE. This le illustrates. production and
o AT BT IRethE e 5B €3] S IVRRISH, Spacte (he
3ddagnetictheRO3CuTpatithie §live rs) prepacadiessifigre feshmigaetion time (line
escribed in. Hyeon et..al., J. Am. Chem,.S0C~2Q01 12798, CdSe
DR e S G AN
abb&piicGhensi30 662001 ab2B8sdB3uck palierysthpianenthimoendihe pghle e 4

0.544 ] I - iR 19 i
e TR oE i GOUIE B ORISR Y HLREE i U peac
shifiedoiersinsionvraedimsinand papstofitess DIoReRogedo|ltisrbloes g camlest be
oﬁé’&@ﬁ%ﬁ%@%@rﬂc@%ﬂ%ﬁ@ “}t%ﬁ ﬁ?%ﬁﬁ%ﬁtﬂﬂnﬁ fBEéﬂsf‘ﬂl}a{s; and the excitonic

cyclohexane) were added to the medium to form a mixture. The mixture
bopddoertexbenadst dagenastumnsih(QDoridhe sosaice fas osiaaiiied ol 1.4

ofarndkansearest-brovun splutign:of ey arsemigeliermist oamilsiethanol
Tetnqethylorthosﬂmate TEOS (Afdrlch, 30 micraliters) was 25 added to

sehbastB AosBmiR PG it Catnsrdsaa e letmstel irhsHevRa S and

ré’x@tiwl’?% R%@é@ﬁ@gﬂé@&ﬂée?@ﬁ @QB}G@Q&EQ&W@&%@@HE@IE@O' gxé magnetd and
washed and, redispersed in ethanol or deionized water. FIGS. 4A and 4B
are traIEG SHOBRBED AL mrcfsww(sr%mﬂﬁaa%&ﬁlﬁaﬁéﬁ%smﬁa%ﬁsé.and

cdigafnpgesshawdhis btnegmprsites paciisdie staadshalissHieundacete
charactefization was performed using super conducting quantum interference devices
(SQUID). o

FIGS. 6A and 6B are field dependent mag'netization plots showing that both
magnetic nanoparticles coated with silica (Line D) and composites (Line E) were super
paramagnetic at 300K, and hysteric at 5K. The magnetic nanoparticles coated with silica
showed higher magnetization compared to the composites at SK and 300K. These raw |
data were presented in emu per gram of sample. When normalized to the y-FeyOs
conterit in each sample, magnetization values in emu/g of y-Fe;Os were found to be
similar between the maéﬁetic nanoparticles coated with silica and the composites.

FIG. 6C shows the temperature dependence of magnetization at 100 Oe for the
magnetic nanoparticles coated with silica (Line D) and composites (Line E}. As shown,
the coercivity values were also similar to each other at SK. Zero-field-cooled (ZFC) and
field-cooled {FC) magnetization were measured in an applied field of 100 Oe at
temperatures Between 5 and 300K, They exhibited typical behaviors of y-FeyO;
nanoparticles, The blocking temperature (Tg) were 123 for magnetic nanoparticles, and
165 for composites, respectively. These values were comparable to the Tg of y-FezO3

nanoparticles.
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30 comprising Fe203 nanoparticles and CdSe quantum dots. EDX

analysis of the region shown in FIG. 4B confirmed the presence of CdSe,
wefddsanassilica. N2 sorption isotherm of the composites indiGatgdthahso34241
the silica shells were non-porous. WO 2006/107331 PCT/US2005/034241

-13 Emission properties of the composites were measured and compared

to properties of bare CdSe particles. FIG. 5 is a UV-Vis and normalized
fluorescence spectra (Xex = 365 run)_gfjthe bare CdSe particles (line A),
composites after 8 hours reaction time (line B) and composites after 48

hours reaction time (line C). Bare CdSe shoied an 5 absorption onset at

564 nmoamgrmwkmtéﬁw iR FAGHAN RPRR ARG B 7, =,

As ilication reaction proceeded from 8 hours o 48 hours, the =
%’ég% SHeremifsd touturon s erdeiond bhdhasdiVdsdhe particle volume.

RspReUneebitialdba ShEs camealseibe: RRSSRESIRIIRIRSARNGESREC! S,
7 nm for 8 hqursa;g%[o nm for 48 hqurs;.and the excitqnic band became _
BroQRERY Rt AR RSP ) dfthewhfistion Wad/asiirmaneetttsleassuming a

SQUIDQ BarfRrshaibaiesd e thid Yt BNOWR SRderked SPHR! ARNA Tot(s)
cted; ethanol solubilized Rhodamine 6G, QY 94%, was used asa )

(TR S B SR el s RS ety e magnetic
iheoaietc pliGishelhMagnRIgRIGRR! Uess A dhe SOMRASIISR RIS Wil onetic
silica) were measured and compared to the properties of magnetic

TREARBY A tiERes coated with silica. Magnetic 15 characterization was |
perforiaedadingosy s eonapRBHSMMMINSBHRISRES g:?_{ﬂ@?ﬁesent invention
(SQUID). FIGS. 6A snd 6B are field dependent magnetization plots

D6 H Gt aR YA Sepeairi B E b s esiativiod Sicmqens Dpanparticles
(BesORpaHe stkiaeEd (e BH) VL RAANAGRS U AhaGRIS, and hysteric at
5K. The magnetic nanoparticles coated with silica 20 showed higher
magnetization compared to the composites at 5K and 300K. These raw
data WeelpEeseRleshiBodint REIFTRE Al S AN AR NNER-R e oAl 28 I hEnd

@ﬁggzo content in each sample, magnetization values in emu/g of
1 -

& 9A0 2 B gtk bneentinalhrardibrienviviepartiesiety of other

ne@ateshwibh siicaandrithp GesnRasitas flz:ibhs 3NANS MelERP AR RIS and/or
dependence 'gf magnetization at 100 Oe for the 25 magnetic

ORGPt R A RenpRR SR RS R By BrepdaRpibefsdch Heigtiomend/or

nfbHIfidktions is deemed to be wzthm the scope of the present invention. More generally,

those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific

application or applications for which the teachings of the present invention is/are used.

- Those skilled in the art will recognize, or be able to ascertain using no more than routine

experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to-be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention may be practiced otherwise than as specifically
described and claimed. The present invention is directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits, and/or methods are not

mutually inconsistent, is included within the scope of the present invention,
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the coercivity values were also similar to each other at 5K.

Zero-field-cooled (ZFC) and field-cooled (FC) magnetization were
wneasguiegsin an applied field of 100 Oe at temperatures betweamsandoss241

300K. They exhibited typical behaviors of y-Fe203 nanoparticles. The

blocking temperature (TB) were 125 for magnetic nanoparticles, and 30

165 for composites, respectively. These values were comparable to the

TB of y-Fe203 nanoparticles. WO 2006/107331 PCT/US2005/034241

-14 For uniaxial anisotropy, the superparamagnetic relaxation time is

given by 'rs = io exp(KV/k8T), where ti0 is a constant on the order of 10'9

s, and heimtedpartidieleotizhend Fan thes noadrieticin mipaielizedatedd in the

with silica and compasites, the magnetic anisqtropy densit gé%yas‘ 39
s s A SR L8 s DUy B RARG 20 G o st
oghdracteristic measuring time of 10 sec. The presence of the quantum

do.t(s)rﬁgg%@ﬁ%?&&o“%%g&ﬂ@%ﬁ%ﬁ‘%ﬁé _egﬁfﬁ%%% A9 claims, should

anlsotrop the mag_r’letlc nanopartlc esin |cat|ng t .a'[‘t e quantum dots
bovendesstmul yooaae Credapahbothaghdtice lnmsopat cleg oinedohelugionentighat

LARpleetablishes hat sompesites: of &Eeaﬁn%}%gﬁpﬂp&hépcgge\@ Other

unique optical and magnetic properties characteristic of the magnetic
clsarsbarpePtgmaRy Praneseuatberitss ecirenisiper basihgentified by the
“LRMROSIRS Wiienerxasal EHRRadiments aldheaasant pYaRlionhayRified.

been described and illustrated herein, those of ordinary skill in the art will

Thakefs BrRA R Ao RIE LT aT g ads NITB BStraBAes fgrone
eR@FeRMIAG e bgtiepsaationehipininghente sulls and/)onersRere

of th advant%(%;es described herein, and each of such variations and/or

eTRRHESRb IS ke Matopnle frnfing 8l nspts o han &onitwrb Anater

eMbsgigengralynithosedskitlgsioniie arivdthicatily elppraginiethat all
tions desc rein

e SSISOR Reslal, s coplayatons desybsd A
tiirmension Soriatendds)andastodfigiratiahs witheepantheipo hathf{ios’pe@_idkfmed
B R e i e Sl LRl
intsimeeted asdwarth &rchoitiné.cexhe Hivlesietiofh phizasy eoulvalelstsitoltkéng more
tﬁﬁ?&&?%%ﬁg{%‘? AISHO) élﬁglgﬁy&ﬂg,%d, optionally, additional unlisted items. In
general, the term “or” as used herein shall only be interpreted as indicating exclusive
alternatives (i.e. “one or the other but not-both”) when preceded by terms of exclusivity,
such as “only one of” or “exactly one of.”

 Asused herein in the specification and in the claims, the phrase “at leaét one,” in
reference to a list of one or more elements, should be understood to mean at least one
clement selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements that the phrase “at least one”
refers to, whether related or unrelated to those elements specifically identified. Thus, as
a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A or
B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one!' optionally including more than one, A, with no B present (and optionally

including elements other than B); in-another embodiment, to at least one, optionally
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described herein. It is, therefore, to be understood that the foregoing

embodiments are 25 presented by way of example only and that, within

th& S8B¥!87te appended claims and equivalents thereto, the ineniigRos/oze241

may be practiced otherwise than as specifically described and claimed.

The present invention is directed to each individual feature, system,

article, material, kit, and/or method described herein. In addition, any

combination of two or more such featured,égystems, articles, materials,

kits, and/or 30 methods, if such features, systems; articles, materials, kits,

and/or methods are not mutu_ally.inconsistent, is included within the scope

o, 10 2000 A0 RO s ot

I ofhie bodi . . |

the clgims, unless clearly inqli%a% 18 t%&s g&&?a@%ﬁ‘%@%%%@dhan one,

td ;%ﬁrﬁté?me(ﬁi&gnﬁﬁﬁ pisfudimgandre tiaasouech RREBBILIGY including of
PR . . s g other

spraibaaljos@nd in the claims, should 5 be understood to mean "either or

both" of thil elements so conjoined, i.e., elements that are conjunctively

present i BeHid alaabs Bndeeitgod dtive ynpreselonily HaRi€aSES QR WSHirary, in an

eﬂmlﬁmsaiagﬁm@@g{%%ﬂéﬁﬁﬁ grthglr than the eégments specifically ’ Y

ide?rﬁg)ir%d by the "and/or" clause, \r/]v‘%e&ermrle?arﬂt%a%r %F@%ﬁ’é@iﬁg‘?mﬁme

SR HE 0k Effecangribie Hatié 1o thesordsramomibitiog@X@MB R thod are recited.

referentg fie:"Aetnd/qk Regan f5teL 4 0 embodiment, to A only

(@ptionally including elements o_t[i%r ﬁ?g}?%%?lﬁ’ln 8?%?%(9%6’&19?@1119}{@83 such as

0 R}?Bﬁfwﬁallﬁm emfm’bm?viﬂglﬁ %)oricayhﬁﬁgploqmmv;ng;, “holding,”

embOdine dde and Bs(ptionally including other elements); etc. As

useE?herein in th'e.specification%;éd?ﬁé%g%agfﬂw]s,gmméggaaé’éﬂyciﬁw@b@m limited

8- thie o S3psitienghpbiasee ‘sntsintinpdfttad ve dhe SRS MRAAINIAS shall be

Ao orasmietines L3RRS FRkLexample, when separating items in a

:]'E.t, "or" and "and/or" each JIPE@%R’%FS%B%%‘&%%@WW@HQ%%MW States

i G Vsl 6h & absunt HseniwinglFrgcadueesiBuenes of pagwumber or

list of elRag{SiARqRtionally, additional unlisted items. In general, the

term "or" as used herein shall only be interpreted as indicating exclusive

alternatives (i.e. "one or the other but not both™) when preceded by terms

of exclusivity, 20 such as "only one of' or "exactly one of."



As used herein in the specification and in the claims, the phrase "at least
one," in reference to a list of one or more elements, should be understood
to mean at least one element selected from any one or more of the
elements in the list of elements, butsrot necessarily including at least one
of each and every element specifically listed within the 25 list of elements
and not excluding any combinations of elements in the list of elements.
This definition also allows that el&méiM§ may optionally be present other
4t %% Sﬁ%egt]]%g ﬁr@% ;#é(i:glilty identified within the list of elements that the
Fase "at least one’ rs to ‘whether related or unrelated to those
@b’ﬁ@ﬁ@%@ﬂﬁéﬂﬂﬁentmed Thus, as a non-limiting example, "at least
ofQefcfomach (@hce%uwaiaﬁtbre "aideasteoneif heoai30R1 "ok quantum dot
AT A '%e%gf)“%g ABNYALE) can Sl I ong BReUIngRle ic
1ALt Brnedopt optionally including m ore than one, present
(antiveptichay 4irehddirgelahientss @m%almhancsyﬁm.amth@ﬁore
embodiment, to at least one, optionally WO 2006/107331
PCP/US2005/034241 -16 including mare than one, B, h no A present
2. TOsFBHEYRRA ?}?ém&m‘ﬁr@lr@r‘ﬁéﬁ%{%ﬁ" P %‘?PﬁQWe%; other
embodiment, to at least one, optionally including more than one, A, and at
least one, optionally including more than one, B (and optionally including
3. aﬂmtrérémﬁfgla@tw mb%wUtaeaWﬁég@ﬁtfe%ﬁib@m@ﬂsaﬁ@%@aclearly
indicated to the contrary, in any methods claimed herein that include
more than one act, the order of the acts of the method is not necessarily
4. limisestiocte adeimwhiehéneiadte ofitble cnethoskarpalgeitatkra glgcol or a
d e%@m% ) &II as in the SEE',:lelcatlon"z?lbove a!ll 't'ransmonal Pbrases such
as "comprising “including" "carrying,” "having," "containing," "involving,"
"holding," 10 and the like are to be understood to be open-ended, i.e., to
5. MeaBHneluding daknotdindten te: Qnlyithe iyansiiavalinbrases "consisting
of' and "consisting essentially of shall be closed or semi-closed
transitional phrases, respectively, as set forth in the United States Patent

6. QHéCStM&U}é‘i‘!%P&Eﬂelmvﬁ@émW SIAREALERS rrBrianblided WHaat fing
iay?e?lfrgr?neljs ona ;;urface of the quanium dot.

7. The structure of claim 1, comprising a plurality of quantum dots.
8. The structure of claim 1, comprising a plurality of magnetic nanoparticles.

9. The structure of claim 1, wherein the guantum dot and the magnetic nanoparticie
contact each cother.



1. A composite structure comprising: at least one quantum dot; at least
one magnetic nanoparticle associated with the at least one quantum dot
to form a core wherein the ratio of quantum dots to magnetic
nanoparticles is between 1 and 4; aad a shell at least partially
encapsulating the core. 2. The structure of claim 1, wherein the shell is a
non-organic shell. 3. The structure of claim 1, wherein the non-organic
shell comprises silica. 4. The structure of claim 1, wherein the shell
10.comprises pulyethfEaicdlystleotin thiervegivetitheaisfich chmgrisesdigr®snd
thecéﬁf%t%m%ﬂ\w@e%”@%{{.e is water soluble. 6. The structure of claim 1,
wherein the quantum dot further comprises a passivating layer formed on
a surface of the quantum dot. 7. The structure of claim 1, comprising a
11 pluratity efrattariwictots 1 Swhbeisttuetoragabtamatkiabs posimaiea solubie.
plurality of magnetic nanoparticles. 9. The structure of claim 1, wherein
the quantum dot and the magnetic nanoparticle contact each other. -18-
1210. Thesstudiwari Qlaundmphargintbr magnetcsnalerabgomprises
Fe20s and the quantum dot comprises CdSe. 11. The, trurcture f clajm
at iR TR GG G AP ROFBISR AT SN, & AMRpHEacs to
foratractore edmpiisihg: ratjpluwialippafqudotsim dugnetidemstapadiokeg iscietween
1 RreRatde RS eniated wdth theipluralibsplgamum dats to form a core,
wherein the ratio of quantum dots t0 magnetic nanoparticles is between 1
and 4; and a silica shell at least partially encapsulating the core. 13. A
11ethed mbmeking arcanmeosite Rirusiuie, thieuttetBodieemneisiog: comprising:
s o TR Rananaiiees and HBIMI 4540 30 0N  HedBus-in-
nonaquéous emdtilsion; contacting the magnetic nanoparticles and
nofaanesedols#ith; a surfactant; forming a core comprising at least one

MagelicaBRnNP R tIciSARHAH MRBLANTe S UABTUILARINN AsAAHB QU S IRASENt;
of th?o?nr?igéjséaogc;nre comprising at least one magnetic nanopariicle and at least one
guantum dot in an agqueous phase of the emuision;
introducing a shell precursor to the emulsion; and
polymerizing the precursor to form a shell that at least partially encapsulates

the core to form a composite structure,

14,  The method of claim 13, wherein the precursor is a non-organic shell

precursor and the precursor is polymerized to form a non-organic shell.

15.  The method of claim 13, wherein the precursor is a silica precursor and the

precursor is polymerized to form a silica shell.

16.  The method of claim 13, wherein the magnetic nanoparticles and guantum
dots are capped with the surfactant.



introducing a shell precursor to the emulsion; and polymerizing the

precursor to form a shell that at least partially encapsulates the core to

form a composite structure. 14. The method of claim 13, wherein the

precursor is a non-organic shell precursor and the precursor is

polymerized to form a non-organic diell. 15. The method of claim 13,

wherein the precursor is a silica precursor and the precursor is

polymerized to form a silica shell. 16. The methad of claim 13, wherein the
17 maghietie1apb AR AndHREARIRRT S HYEodHpIReRRR THY Siifractant o
a d&9valive Theanethabkehaldimnl3 further comprising introducing a

polyethylene glycol, or a derivative thereof, to the emulsion. 18. The

method of claim 17, wherein the shell comprises polyethylene glycol, or a
18.derivagvaatheresf. IgnThE mathes Sicriigh fempHETRRPIe bRy GS! or 2
derwatee spbubde. 20. The method of claim 13, wherein the core comprises a

plurality of quantum dots. 21. The method of claim 13, wherein the core

comprises a plurality of magnetic nanoparticles. 22. The method of claim
19.13, Whereithtldeo§ alfpthhtideG RPN structure 1s water solubie.

20.  The method of claim 13, wherein the core comprises a plurality of quantum dots.

21.  The method of claim 13, wherein the core comprises a plurality of magnetic

nanoparticles.

22. The method of claim 13, wherein the surfactant i1s IGEPAL.



