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Two general approaches have emerged in recent years for synthesizing
highly fluorescent, water-soluble nanoparticles for use in a range of demanding
biological and analytical applications. In the first approach, the nanoparticulate
material itself is fluorescent (such as semiconductor nanocrystals or metal

25  nanocrystals). In the second, the fluorescent nanoparticles are based on the
incorporation of organic dye molecules. Given the vast diversity of organic dye
molecules and the exquisite sensitivity bf these dye molecules to their local
environment, the latter approach raises the possibility of developing
nanoparticles with a broad range of precisely controlled fluorescence

30  characteristics.

Based on the work of Stéber et al., silica nanoparticles with an embedded

dye have been synthesized in a range of sizes, colors, and architectures. In all



previ ous reports of photophysical properties, the dye
which is covalently bound inside the silica particle
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The invention provides a fluorescent monodisperse silica nanoparticle
comprising fluorophore center core and a silica shell wherein the radiative
properties of the nanoparticle are dependent upon the chemistry (composition) of
the core and presence of the silica shell. In one aspect of the invention, the core-
shell architecture provides an enhancement in fluorescence quantum efficiency.
The invention generally provides control of photophysical properties of dye
molecules encapsulated within silica particles with sizes down to 30 nm and
below. This control is accomplished through changes in silica chemistry and
particle architecture on the nanometer size scale and results in significant
brightness enhancement compared to free dye.

In another aspect of the invention, the core-shell architecture provides the

ability to control the photostability properties of the nanoparticle.
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the compact core, to provide the fluorescent monodisperse nanoparticle.

The invention also provides a method of making a fluorescent
monodisperse nanoparticle with an expanded core architecture by mixing a
fluorescent compound and an organo-silane compound to form a dye precursor,

25  co-condensing the resulting dye precursor with a silica precursor to form an
expanded fluorescent core, and mixing the resulting expanded core with a silica
precursor to form a silica shell on the expanded core, to provide the fluorescent
monodisperse nanoparticle.

The invention provides a method of making a fluorescent monodisperse

30  homogenous nanoparticle by mixing a fluorescent compound and an organo-

silane compound to form a dye precursor and co-condensing the resulting dye



expanded fluorescent core, and mxing the resulting
expanded core with a silica precursor to forma
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fluorescent nonodi sperse nanoparticle. The invention
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FIG. 3 illustrates the steady-state spectroscopy curves showing the
quantum efficiency enhancement achieved by the core-shell architecture.
Figures 3A-C illustrate the absorbance and fluorescence of the compact core-
shell nanoparticle (3A), expanded core-shell nanoparticle (3B) and homogenous
nanoparticle (3C). The absorbance values are in units of optical density. The
fluorescence is scaled relative to the organic dye used, TRITC.

Figures 3D-F illustrate the comparison between absorbance and excitation for
the compact core-shell nanoparticle (3D), expanded core-shell nanoparticle (3E),
and homogenous particle (3F).

FIG. 4 illustrates the time-resolved fluorescence of nanoparticles.

Figure 4A illustrates the normalized fluorescence decay of a homogenous
nanoparticle, expanded core-shell nanoparticle, compact core-shell nanoparticle

and the TRITC dye. Figure 4B illustrates the fluorescence anisotropy of an



nanoparticle (3 C). The absorbance values are in units
of optical density. The fluorescence is scaled
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tetramethylrhodamine isothiocynate (TRITC), are covalently conjugated to a
silica precursor and condensed to form a dye-rich core. Second, the silica gel
monomers are added to form a denser silica network around the fluorescent core
material, providing shielding from solvent interactions that can be detrimental to
photostability. By first forming a dye-rich core enables the incorporation of
various classes of fluorophores which cover the entire UV-Vis absorption and
emission spectrum.

The amount of reagents used in the synthesis of the different core-shell
architectures in terms of dye placement, i.e. compact core, expanded core, and
homogenous, have been kept identical to generate precise structure property
correlations. However, the order in which the reagents are reacted that resulted

in the forming the core-shell architecture varies. Therefore, the chemical
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20 grow th efhseiFleJSCglrggsealnld Irtlg]n%texgo%reat%ir}ﬂg ghown in FIG. 2A-C illustrate
the monodispersity requirement for each architecture in an aqueous solution.
The FCS curve further provides two independent parameters: the diffusion
coefficient and the absolute concentration. The diffusion coefficient is directly
related to the hydrodynamic radius, ahd the absolute concentration allows

25  quantification of the particle brightness.

FCS curves for each nanoparticle and its respective intermediate are

shown in FIG. 2A-C. As shown in FIG. 2A, the diffusion coefficient of the core
(D = 0.098 pm?/ms) for the compact core-shell architecture, is about half that of
free TRITC dye (D = 0.21 pm*/ms). The complete nanoparticle is about ten

30  times bigger, as shown in FIG. 2A (D = 0.014 pm?*/ms). A similar relationship

between the free TRITC dye, expanded core-shell architecture and complete
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20 The number of TRITC equivalents per particle can be determined
through a combination of FCS and absorbance measurements, in which the
absolute concentration is determined from FCS and the relative absorbance is
measured with respect to TRITC in solution, as shown in FIG. 3A-C. Dilute
solutions were used (about 50nM) in FIG. 3A-C so that a sample could be

25  measured by both FCS and absorbance. The number of TRITC equivalents per
particle, calculated using an extinction coefficient of 42,105 M cm™ at 514.5
nm are shown in Table II. Similarly, the relative intensities of the nanoparticle
fluorescence and nanoparticle absorbance give the quantum efficiency
enhancement over free TRITC, as shown in Table IL

30 For the compact core-shell and expanded core-shell nanoparticles, the

number of TRITC equivalents per particle is indistinguishable at 8.6. However,



Furthernore, the brightness varies for the different
architectures despite their sane particle size and
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dye, as shown in FIG 3A B and Table Il. The | argest

qu udIABEBERI PREICENGY2 &) b N Thage el soreth oW ens Htime
TRI ag%&i%%saﬁﬁpﬁgé &ﬂfec laft‘hou\lgl gﬁgc’lorgiglﬁgtg&n?ryq‘%&%&Ft‘%l?l’ngléfemme 1s
anc faﬁ’cabh@ohént (FIG 4A) From this lifetime data alone, one might conclude
20  that the dye is quenched inside the compact core-shell particle, but the steady
state measurements suggest otherwise. The combination of fluorescence lifetime
and quantum efficiency allow for a unique determination of the radiative and
non-radiative rate constants, tabulated in both normalized and absolute form in
Table III. The enhancement of the radiative rate is constant across the different
25  architectures and is 2.2 fold greater than free TRITC. However, the non-
radiative rate varies across architectures from a relatively high value for the
compact core-shell nanoparticles to a value almost 3 fold less for the
homogeneous particles.
The rotational anisotropy of the particles again shows complicated,

30  multiexponential behavior (FIG 4.B, C), and we restrict ourselves at present to

the average rotational time constant (Table III, 8). As expected, the rotation of
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10 fluorescent probes and the study of fl uorescent

properties that m ght be inaccessible in solution.

The fluorescence lifetine of the particles is shown in

FIG 4 A Each lifetime, including free TRITC, is
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Nanoparticle Synthesis Materials
Absolute ethanol (Aldrich), Tetrahydrofuran (Aldrich), Ammonium hydroxide
(Fluka, 28%), Tetracthoxysilane (Aldrich, 98%), 3-Aminopropyltriethoxysilane
(Aldrich, 99%), 3-Mercaptopropyltriethoxysilane (Gelest, 99%),

25  Tetramethylrhodamine-5-(and -6-)-isothiocyanate *mixed isomers* (TRITC)
(Molecular Probes, 88%), Alexa F luor® 488 Cs Meleimide (Molecular Probes,

20

97%), Alexa Flour® 488 carboxylic acid, and succinimidyl ester (Molecular

Probes, > 50%).



control (note that there is also sone residual

ani sotropy of free TRITC). 5 However, there is still a
wO0 esvatokesd e degree of rotational nobility, evePCT/NS1008037963

the tightly packed core of the nanoparticle. The tine

scales of rotation are too fast to be overall rotation

of the entire 30 nm nanoparticle and too slow to be

depol ari zati on due to energy transfer. Furthernore,

the anplitude of the curve (r(0)) is near the

t he
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fastest, least hindered rotation (FIG 4C), foll owed

by the gcaghiyrdiearrequsses in sifedr letheapk grdlTeF catmnmeboutdld
r o o ckéén&?FAP‘i’g‘)\%J‘e?&i‘é& @&1%‘%9&'&1%{6 &%é’sef F]begené% on tﬂ@hésued

t hear¢tatectuag] itlad fewdting réx tunonsd ﬂmted(fﬂ'cﬁii) 1eo IIE hpuyrs at room
gesting that the confin

d nobj y.in the_ sili
10 a%@@ﬁ?fﬂué? withdhe %ﬁ&’i’s‘f%?% cpyﬁreé brag%ll'ﬂBW f8¥1 to m1n1m1ze
no
Vot P Palrat e e e AR ORREH B foRIIER Fetrayarofuran
( Al({THE) g absoinde ethemdly(Et@KX) were ctlﬁill.ddamda&%rp gen. Organic dyes

Tetrae silane (Aldrich, 98¢ o
3- /Wﬁﬁe Lt&i(} iotlpp@tt%ws@i%ﬁem 3{@&? fegperagergs of about -20°C,
3- |t tgxysi | ane (Cel est, 99%, 25
Te{\@gﬁmt L@F‘Eeﬂ% r%ié?g}l%g (and -6-)-isot h| ocyanat e
I5*m xed isonmers* (TRITC) (Ml ecular Probes, 88%,
Al ¢apdrhtiar ¢frthe 88182 Shellvbh diendale (FMotescanlt Séed?mahﬁﬂes
9702 Al exa Fl our(r) 488 carboxylic acid, and
t ester (Mol ecular Probes, > 50%. 9 WO
20
F"é%%éi%%ﬁ?ﬁ’?ﬁt REBOFEI B R P b Bengoned
vvatfhro;resamttsaechpea:nde $«:ﬂcueﬂm tixvercewiiie asputae ddahnog péshlatredsuch

cyl i nder
20 y ase noI methanol, or isopropanol, to prevent drastic changes in solution ionic

strength while the silica forming monomer tetraethoxysilane (TEOS) was added.
This prevents particle aggregation during synthesis, which can broaden the

particle size distribution.

25  Characterization of Fluorescence Nanoparticles

The particle size and particle size distribution of the resulting fluorescent
nanoparticles were characterized by electron microscopy (SEM) and

fluorescence correlation spectroscopy (FCS).

30 Fluorescence Correlation Spectroscopy - All FCS measurements were done on

a custom FCS microscope based on two-photon excitation. The instrument

consists of a Ti:sapphire oscillator with ~ 100 fs pulsewidth and 80 MHz rep.
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Fl uorescent seed particle synthesis was carried out in
1 L Erlenneyer flasks and 5 stirred with nmagnetic

WO BERWONGD) coated stir bars at about 600 rpm PCT/US2003/037963

De-i oni zed water and anmoni a sol uti on were added to

et hanol and stirred. About 2 nL of the reactive dye
precursor in either ethanol or THE contai ni ng about

425 micronol ar APTS, was added to the reaction
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15r) Uppekstetfoatecss b s Py enesspard ¢ 18k
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orm ng nonomer tetraethoxysilane (TECS) was added.
This prevents particle aggregation during synthesis,
whi ch can Gt;&fgd@@ﬁ@h@‘(fbarti cle size dist r'@Buti on. 25
Char act erization of(Hl-torescence Nanopartitles The
particle size and particle size distribution of the
resulting fluorescent nanoparticles were

c hawbare &(1)aethefinoedseatce ohtamedrfose dpywolBRdMt dehay time ,

fl uorescence correl ati on spectrosco (FCS).. 30
By RD>Fes

me : C ] e

R

condinshsowd] daffikiarsapphire oscillator with - 100 fs

pul sewi dth and 80 MHz rep. 10 2004/ 074504

PCT/ US2003/ 034963 4p+ Apz)\ 7?
1+ 2)

G(T)=F 1+ 2 W2

ny z

where wy, and w; are the lateral and axial dimensions of the two-photon focal
volume, respectively; N is the number of diffusing species in the focal volume;
D is the diffusion coefficient. All FCS measurements were carried out with an
excitation wavelength of 900 nm. At this wavelength, the lateral dimension was
determined to be 0.248 micro meters and the axial dimension was determined to
be 0.640 micro meters. The concentration calibration was determined from
standard samples of rhodamine green to be 1.43 nM/particle (i.e. N =1
corresponds to 1.43 nM).

Photobleaching - For photobleaching experiments, 30 uL of sample was

illuminated continuously in a 3 mm pathlength quartz cuvette (Starna). The

excitation was the 514 nm laser line from an argon laser with a power of 5 W

11
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rate punped by an Ar+ ion | aser (Spectra Physics, Palo
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woQM4masfecal scan box (Hercul es, CA) coupl edPCD/US2003/037963

Zeiss Axiovert 35 inverted microscope. Excitation
l'ight was focused with Zeiss 63x C Apochromat water
i mrer si on objective (N.A =1.2), 5 and em ssion was
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S

Jsion wa rmned tgy 248 mcro neters and
iﬁeﬁx' al dimen 32 was deterﬁ‘u?nje)d to be 0.640 mcro

» The concentration C(’ilgl pbrati on was det erm ned
' 2 A een—t 0 be 1.43
nMpartche i.e. N—l corresponds to 1.43 n

Thphpdrodyreaeiniradyi calandaterictlobesie Wagdan gebledefeel 30 L
|
oo R RIER ar b R A SPUIARONSA o0y ey

siz¥@Pgre leigal Whithim thel cai®e bf thegeabiiemea(r & g9n 7 hage IFontHelvode

._power of 5 W L
intermediates, the expanded core is slightly larger (r = 2.9 nm) than the compact
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core (r=2.2 nm).

Example 2
Table II. Brightness of nanoparticles
Sample TRITC QE Brightness Counts/particle
equivalents enhancement factor
TRITC 1.0 1.0 1.0 1.0
Compact 8.6 2.0 18. 14.
core/shell “
Expanded 8.7 3.1 27. 22.
core/shell
Homogeneous 2.3 33 7.5 6.0

The amplitude of the autocorrelation provides the number of the
diffusing species and the average count rate is a measure of the photons collected

from the optically defined focal volume. From this data, the count rate per

12
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and a spot size

of 1.5 cm The sanples were prepared with simlar
wahs@riganee at the excitation wavel ength of 512CTMMS2003/037963

Fl uorescence is coll ected at
excitation through an HQ05/ 90
recorded with a bial kal i

right angle to the
emssion filter and
PMI (HC 125-02, Hamamatsu). 5

The fol | ow ng exanpl es are presented for the purposes
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Table I'l. Brightness
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SORPAIE Tt (oGS

the trend for brightness over the different architectures is the same by both

methods. The brightness factor consistently overestimates the values measured

by FCS, possibly due to the error in the determination of dye equivalents.

The enhancement of the quantum efficiency can be due, in general, to an

15  increase in the radiative rate (%), a decrease in the non-radiative rate (%), or

both. The relative contributions of these factors are related to the fluorescence

lifetime ( 77) and the quantum efficiency (@) by:

1
tr k. +k, M)
k,
? k, +k, @
20 Example 3
Table III. Time-resolved parameters for silica nanoparticles
Sample <lifetime> d k; k; Ker kar <0>
ns ns’ (normalized) ns?  (normalized) ns

TRITC 2.1 0.15 0.072 1.0 0.41 1.0 0.21
Compact core- 1.8 0.30 0.17 2.3 0.39 0.95 0.40
shell
Expanded 2.9 0.47 0.16 2.2 0.18 0.45 32
core-shell
Homogeneous 3.2 0.50 0.16 2.2 0.16 0.39 6.7

13



Expanded 8.7 3.1 27. 22. core/shell Honogeneous 2.3
3.3 7.5 6.0 The anplitude of the autocorrel ation
w@e@niodesss t he nunber of the diffusing speci es PCTUS1Y63/037963
average count rate is a neasure of the photons
collected 25 fromthe optically defined focal vol une.
Fromthis data, the count rate per 12 WO 2004/ 074504
PCT/ US2003/ 037963 nol ecul e for each diffusing species
can be o
bri ght n eggl%lupﬁgatlo 6)%&11%% aftl o@zit&ﬁ%ltoc %%1% r%g&{rb&%ted by
br i gidrafehetdin,tal ehcri@htmcmrﬁual\ll}efncf)ﬂpeﬂtﬂiﬂey feferthe. The
product _ of the nunmber of TRITC equi val ent s |nS|ge t he
nan@peritqndias beerdaspiabas widh sfpreaceioaarians weeiliciag pyeferred
en h@rﬁ?&ﬂﬁ@ﬁ tsQhd Eé?:ﬁni%)é?s I‘i‘&w%?%sﬂoﬂ}] T@@l&lﬁlefsltood that many
bri ght ness f&ctor. wever I'ven the uncertainty iIn
3 hevatetiensrmbrmbdifications TilyTHe Iﬁﬂﬂ.ﬂ whil eretrsining within the spirit and
necessary.to have an additional, independent neasure
of “BP?@%?Wé@@mFB? conpari son, such as the counts per
particle neasured fromFCS (Table 11
counts/particle). The brightness factor is simlar to
t he i ndependent 10 bri ghtness determ nation from FCS
(Table I'l, conmparing last two colums), and the trend
for brightness over the different architectures is the
same by both nethods. The brightness factor
consi stently overesti mates the val ues neasured by
FCS, possibly due to the error in the determ nation of
dye equi val ents. The enhancenent of the quantum
ef ficiency can be due, in general, to an 15 increase
in the radiative rate (kr), a decrease in the
non-radi ative rate (k,,), or both. The relative
contributions of these factors are related to the
fluorescence lifetinme (zf) and the quantum efficiency
(0) by: 1 Tf _ kr +k,~r (1) kr 2 kr + k,,,. ()

14



20 Exanple 3 Table II11. Tinme-resolved paraneters for

silica nanoparticles Sanple <lifetime>1-, I'll kn,
wo084/0m500s 1 (normalized) ns 1 (normalized) nBCT/URI00E037963

2.1 0.15 0.072 1.0 0.41 1.0 0.21 Conpact core- 1.8

0.30 0.17 2.3 0.39 0.95 0.40 shell Expanded 2.9 0.47

0.16 2.2 0.18 0.45 3.2 core-shell Honpbgeneous 3.2

0.50 0.16 2.2 0.16 0.39 6.7 13 WD 2004/ 074504

PCT, é]
pat €l

03/037963 All publications, patents, and
ocunments are incorporated by reference herein,

as though individually incorporated by reference. The

i nvention has heen described with reference to various
spetibet s daigsdrlef erred  enbodi ments and techni ques.
However, it should be understood that many 5

vari ations and nodifications nay be made while

5 endi ni ng fhiordsicenttumnogppeise namvgpartstomaenpisitgwn organic core and
[ nveni.i 0 14 WO 2004/ 074‘%{)(?}1 PCT/ US2003/.03796
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properti onpared to free dye and.core. . 2. The.
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The fl uorescent nonodi sperse nanoparticle of claim
wherein the core
3. The fluorescent monodisperse nanoparticle of claim 1, wherein the core

comprises a compact core surrounded by a silica shell. .

4, The fluorescent monodisperse nanoparticle of claim 1, wherein the core

comprises an expanded core surrounded by a silica shell.
5. The fluorescent monodisperse nanoparticle of claim 1 wherein the core
comprises a homogenous particle with dyes sparsely embedded within

surrounded by a silica shell.

6. The fluorescent monodisperse nanoparticle of claim 5 wherein the

homogenous particle is not surrounded by a silica shell.

7. The fluorescent nanoparticle of claim 1, wherein the compact core has a

radius of less than 2.5 nm.

8. The fluorescent nanoparticle of claim 1 wherein the extended core has a

radius of greater than 2.5 nm.

15



conprises a conpact core surrounded by a silica shell
15 4. The fluorescent nonodi sperse nanoparticle of

W@ b@ir494 wherein the core conprises an expanPerUSmOE037963
surrounded by a silica shell. 5. The fluorescent
nonodi sperse nanoparticle of claim1l wherein the core
20 conprises a honogenous particle with dyes sparsely
enbedded within surrounded by a silica shell. 6. The

flugresc ' ti . L | :
| edL oo B PRRG A0EL5ED0RORL 1SR LL ) e
a scompasitsdiebhd a2bitdcturépeoviddasahe slabiit torvanoplatht photestalbility

claim1l, . V\,h?rei n the conpact core has a radius of

| esBIOPRAISS o BleARnoRfrtistfe f| uor escent nanoparticle of
claim1 wherein the extended core has a 30 radius of
greater than 2.5 rm 15 WD 2004/ 074504
PCTIYUS2008138E6E makinga flheresasgtmnnodispenysaranppdréiclefwith a

claiml ¥hereiﬂﬁghe core-shell chem stry,
confUePat 6AC BHY G T EE M provides the ability to

control hfieinpAGtuesdsa&it kbinpoudd Mt dresmadilahb8ompound to form
nanoparticle. 5 10. A nethod of making a fl uorescent

nmonddbspeceisonanoparticle with a compact core

and an or e PP OIS i A BB o GOSPR B8 o

1(r ecsthpat flubie¥dengcdBeandesul ti ng dye precursor with an
aqueous solution to forma 10 conpact. fluorescent o
core; anBi¥pngihayesHtng eyppact peye YEHmeticapieausipn iy farm a silica
silj r f 1Skl . - -
corii S EELeBhcr i BT A8 i BfbroR R dholidrcRe panoparticte.
nanoparticle. 11. A nethod of making a fluorescent

ranrjgﬁ}dlt zg ?{}}S"igﬂlgg gg]%% lltn:géll f?uo\pgstc:Qnt ?rrllon%?iis%)e(rps)g ggr?o%algt?crle? with an
15  expanded core architecture comprising '
mixing a fluorescent compound and an organo-silane compound to form
a dye precursor;
co-condensing the resulting dye precursor with a silica precursor to form
an expanded fluorescent core; and
20 mixing the resulting expanded core with a silica precursor to form a silica

shell on the expanded core, to provide the fluorescent monodisperse

nanoparticle.

12. A method of making a fluorescent monodisperse homogenous
25  mnanoparticle comprising
mixing a fluorescent compound and an organo-silane compound to form
a dye precursor; and
co-condensing the resulting dye precursor with a silica to form a

homogenous fluorescent monodisperse nanoparticle.

30
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m xing a fluorescent conpound and an organo-sil ane
conpound to form a dye precursor; co-condensing the
WO e@ulot45ng dye precursor with a silica precur sSBCT/US2003/037963

form an expanded fluorescent core; and 20 m xing the
resulting expanded core with a silica precursor to

forma silica shell on the expanded core, to provide

the fluorescent nonodi sperse nanoparticle. 12. A

fod

25 Banop e LB g R DR eI oAR il
comp@umdn@mﬁmhwnhmgdnmisﬁhanemhqnﬁmﬂn@ih@hmmpgnmasdye

precursor,; and co-condensing,the resultin &

pr SEAPRABHCIGjP Aroyidg tpe g‘aovace?lbwﬁpa 18 W&gﬂ@ﬁ%ﬁ

fl uorescent nonodi sperse nanoparticle. 30 16 WO

2004/ 074504 PCT/ US2003/ 037963 13. The nethod of cl aim
512 wherein the resulting honmogenous nanoparticle is
co-condensed with a silica to forma silica shell on

t he honobgenous nanoparticle to provide the fluorescent
nonodi sper se nanoparticle. 5 17
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