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‘WATER-SOLUBLE SILSESQUIOXANES AS ORGANIC QUANTUM
’ "DOTS FOR SENSING AND IMAGING
RELATED APPLICATION .

This application claims the benefit of U.S. Pr(;visional Application No.
61/246,625, filed on Septernber 29, 2009. The entire teachings of the above
application are incorporated herein by reference.

BACKGROUND OF THE INVENTION
The nucleus within a eukaryotic cell is a complex but well-organized

dynamic architecture that accommodates gene expression, replication,

recombination and repair as well 'as RNA processing and ribosome subunit

| assembly, makmg it the central hub for the determmatron of cell fate. Since

variations in nuclear structures prov1de 1mportant diagnostic and prognostic

1nforr,'nat10n for pathologrsts, nucleus imaging is of vital concernment in the field

of bioimaging.
Fluorescent materials have been proven to be a powerful implement for

biological applications, including biosensors and cellular imaging. Since small

| fluorophores suffer from low photobleaching thresholds that limit their

effec_tiveness in long-temi and multi-dimensional applicaﬁons, semiconductor
quantum-dots (QDs) have emerged as a category of bright and photostable

alternatives. However, QDs tend to aggregate and lose their luminescence in acid '

environments, (pH < 5) or isotonic conditions. Moreover, the intrinsically-toxic

elements within QDs, such as cadmium and selenium, are liable to release and in
turn render toxicity, especially in radiation-caused oxidation environment.
Although surface modification of QDs with biomolecules or biocompatible
polymers could rhitigate these detrimental problems, this strategy is complicated,
and time-consuming. More importantly, surface modification often has a negative
impaet on the lurninescence and dimension of QDs. As such, new fluorescent

nanomaterials with high photoluminescence (PL) quantum yield, good
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photostabilfty and biocompatibility remain in urge demand for optical biological

. applications.
» SUMMARY OF THE INVENTION

. The invention generally relates to water-soluble hlghly ﬂuorescent
polyhedral ohgomerlc sxlsesquloxane (POSS) compounds for sensing and

blolmagmg applications. The general chemical structure of these compounds is as

follows:
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A: Conjt.lgated Oligelectrolyte | \._ Q' n —

" R:Cationic Side Group .

" The POSS compound is assembled by substituting the silicon atoms of the
POSS core with a conjugated polyelectrolyte (CPE) or a conjugated »

" Qli-goelectrolyte (COE), as }epresented by A. CPEs and COEs are water-soluble
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' ﬂuorené based dimers, and are attached to a silicon atom of POSS through a single.

bond, double bond and triple bond. The structure of a CPE or a COE includes Ar,
wh1ch may be any aromatlc group. For example, Ar can be selected from
ﬂuorene,_ benzene, blphenyl, pyridine, bipyridinium, triphenylamine, anthracene, -
thiophéne, carbazole, or benzotﬁiadiazole. The fluorene of the COE or CPE may
be substituted with R. Each R may be independently selected from hydrogen, a
cationic alkyl side group )(for example, -(CH;),NMe;X or -(CHz)nNM'e}X, where n

=3 —13), and cationic oligo(ethylene oxide) group (for example, -

(CH;CH,0),NMe;X or -(CHZCHQO)nNMe3X, where n=3 —13). EachR may»be
independently selected from hydro geh, a cationic alkyl side group (for example,
-(CH,),NMe;X, where n'= 3 — 13), and cationic oligo(ethylene oxide) group (for

- example, -(CH2CH20)ﬂNMe3X where n = 2 — 100). The anionic counterion X is
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: ‘ selected fr_om, but is notlifnited to, fof example, Br, I', BF4, CF3;SO; , ammonium
, héxaﬂuordph'osphat'e, and fetrakis[3,5-bis(tn'ﬂuoromethyl)phenyl]borate.
~ Another general class of chemical structure is a compound represented by the

following structural formula:

deod 0 DG -

/,

oAl & /

éi = -/O’SI\A . A=<
K oSG

A Conjugated Oligelectrolyte

an ac,ceptable'salt thereof; wherein

"Each 3 ' 1s 1ndependently selected from:

"ﬁﬂ@ O

Each Aris indepe_ndehtly an optionally substituted aromatic group;
10. | EachR is independently a cationic, anionic, or neutral. alkyl group or a
cationic,. anionic, or neutral oligo(ethylene oxide) group;
- Each Linker is a single bond, double bond, triple bond, -CH,- or -CH,CH,-; '
~and
, Each R’ is independently H or a terminal reactive group.
15
The POSS compounds of the invention are orgamc-morgamc hybrid
‘nanomatenals that possess hlgh photoluminescence quantum yields in biological
media aqd excellent enwronmental stability and photostability, which can be used
in biosensor and bioimaging.
20
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jBRIEF DESCR[PTION OF THE DRAWINGS

The foregoing will be apparent from the followmg more partlcular
deScnptlon of example embodiments of the invention, as illustrated in the
accompanylng figures. -

FIG. 1 is the chemical structure of POSSFF.

FIG. 2 is the chermcal structure of POSSFBT

FIG.3isa synthetlc scheme for POSSFF. Reagents and condltlons 1)

Pd(PPhs)s, Na;COs, toluene/H0, 90 °C, 48 by if) THF/H,0, NMes, 24 b i)
'. Pd(OAc)Z/P(o-tolyl)g, DMF/TEA, 100 °C, 36 h.

FIG.4isa synthetlc scheme for POSSFBT.
FIG. 5 is the Normalized UV-vis absorption spectra of fluorene dimer

_ ‘(FF), POSSFF and ethidium bromide (EB) (dashed lines), and photoluminescence

(PL) spectra of FF and POSSFF (sclid line) in water. Excitation at the absorption
maximum. ‘ - -

l FIG. 6A is a graph shcwing the PL intensity of EB at 610 nm as a function

of [PO’SSFF] for EB/ssDNA and EB/dsDNA mixtures upon excitation at 390 nm.

FIG. 6B is a graph showing the PL spectra of EB, EB/ssDNA and

- EB/dsDNA in the absence and presence of 1.4 pg mL™' POSSFF.
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 FIG. 7A'is the normalized UV-Vis and PL spectra of POSSFBT in water.
Excitation at 460 nm. '

_ | FIG. 7B is the PL spectra of 2 pM POSSFBT in 25 mM PBS (pH =7.4) in
tﬁe absence and presence of DNA with [DNA] ranging from 0 to 3.2 pM at the

~ intervals of 0.4 upon excitation at 460 nm. Inset shows the photographs of the

fluorescence solutions of POSSFBT in the absence (left) and presence (right) of
3.2 uM DNA under UV radiation at 365 nm. '
FIG. 7C is the two-photon absorptlon (TPA), spectrum of 2 p.M POSSFBT
in water. 1 GM = 1 x 10 :cm*s- photon™"‘molecule™. |
FIG. 7D is the twe-photon excited fluorescence (TPEF) spectra of 2 pM
POSSFBT (labelled as FBP in the figure) in the absence and presence of 3.2 uM
DNA ubon excitation at 760 nm.
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: FIG 8A-D are confocal laser scanning microscopy (CLSM) i images taken of

breast cancer cells (MCF-7) demonstrating the use of POSSFF as a signal amplifier. .
FIG 9A-B are (A) OPEF and (B) OPEF/transmission overlapped images of

MCF-cells stained with 1 pM POSSFBT. The 51gnals are collected above 560 nm
upon excitation at 488 om.

- FIG. 9C and D are TPEF images of MCF-7 cells incubated with 1 pM
POSSFBT (C) or SG (D) for 2 h. The signals are collected above 560 nm upon
excitation at 760 nm.

- FIG 10A-F are one-photon excited fluorescence (OPEF) 1mages of MCF-7

cells mcubated ‘with different concentration of FBP (A-C) or SYBR Green I (SG)
(D-F) for 2 h. [FBP] is 1, 0.1 and 0.02 pM for i images A, B and C, respectively.
_ '[SG] is'1,0.1 and 0.02 uM for images D, E and F, respeqtiver. The fluorescence

 signals are collected above 560 nm excited at 488 nm. These experiments were

conducted under the same confocal laser scanning microscopy (CLSM) settings.

) hnagés A-C share the same scale bar, the same for images D-F.

" FIG 10G is a graph depicting fluorescence intensities of the cellular nuclei

~ as a function of dye concentration. The data are extracted from images FIG 9A-F.

v FIG. 11 is a bar graph depicting the in-vitro viability of NIH 3T3 cells
treated with POSSFF solutions at the concentration of 0.01 (black), 0.02 (dark
gray) or 0.1 mg/mL (light gray) for 8 and 24 h. The percentage cell viability of

'treated cells is calculated relative to that of untreated cells with a viability

arbltranly defined as 100%.
- FIG. 12 is a schematic 111ustrat10n of POSS-based label free protein

detection,

-DETAILED DESCRIPTION OF THE INVENTION

~ A description of example embodiments of the invention follows.

The teachings of all patents, publlshed applications and references 01ted
herein are incorporated by reference in their entirety.

F luorescént nanomaterials have been widely épplied in sensory and

biological applications. Although semiconductor quantum-dots (QDs) have emerged



WO 2011/040882 PCT/SG2010/000366

10

15

20

25

30 -

as a categOry of alternatives for organic dyes, the concentration dependent
eytotox_icify of QDs, mainly caused by oxidative degradatvionbf the heavy metal
components, remains a problem although various modifications have been made to
coat QD eores with ZnS shell or further encapsulate QDs with biocompatible
polymeric'matrixes Stabilizatien of QDs in biological systems requires severe
surface modification, eventually imparting thick shells that preclude them from
‘enterlng nucleus.

‘Both long-term and multi-dimensional imaging and sensitive biosensors
require the fluorescent materials to have excellent photostablhty and to produce

sharp bnghtness. In comparison with small molecules that tend to be barred to the

cytoplasm during cellular uptake, nanoparticles are more likely to traverse the
* nuclear pore complex (NPC) to the nucleus by passive di_ﬂ’usibn. By virtue of its

' advantages over one-photon ﬂuorescence including reduced photodamage,

1mproved spatiotemporal resolutlon decreased Raman scattering, and minimized

. cellullar autoﬂuorescence two-photon fluorescent nucleus imaging is highly

des1rable Despite these advantages, two-photon fluorescent technologles are rarely

. exploited due to the lack of two-photon absorption (TPA) chromophores that can

selectively stain the nucleus. Designing TPA nanomaterials for two-photon
fluorescence imaging of nucleus remained a challenge at the time of our invention.

Water-soluble organic-inorganic hybrid nanomaterials which have the merits

'o_f inorganic dots, but with extremely low (or no) cytotoxicity are described herein. -

These nanomaterials are corijugated oligomer substituted polyhedral oligomeric
silsesquioxanes (POSS), which have the high photoluminescence quantum yields in
biological media, good environmental stability and long-term stability. These hybrid

nanomaterials can be utilized as efficient light-harvesting molecules for optical

amplifications in biosensor and bioimaging. Participation of these nanomolecules in

bioldgical assays can signiﬁcantly enhance the fluorescent signal, ultimately
allowing naked-eye detection of biomolecules in trace amount. The advantages of
the cbmpou_nds of the invention include a reduction in the amount of dye and laser

power required to give bright and clear images.
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- Polyhedral oligomeric silsesquioxanes (POSS) are a category of polyéycli_c
compounds, which consist of a silicon/oxygen cage surrounded by tunabie organic
substitution groups. Due to the nano-scaled dimension and facile modification of
substitution groups, POSS serves as organic-inorganic nanobuilding blocks for
construction of fluorescent nanomaterials. Although some ﬂuorescei_1t POSS have
been reported, most of them are synthesized by attachment of organic dyes to POSS,
which have low solubility and therefore, limited biological application.

Conjugated polyelectrolytes (CPEs) and conjugated oligoelectrolytes

' (COEs) are fluorescent macromolecules with electron-delocalized backbone and

water-soluble side chains. There functional materials combine the light-harvesting

properties of conjugated polymers with electrostatic behaviors of electrolytes,

providing umque opportumtles for constructlon of sensory and imaging materials.

- The hydrophobic aromatic backbones of COEs can result in polymer aggregation
and often result m.self-quenchmg of the fluorescence in aqueous media, an effect
_ wors%néd at elevated ionic strength. The CPEs and COEs used herein, when

attached to POSS, have mi_niinized self-quenching behaviors, and are therefore

" desirable for optical applications.

) A water-soluble hybrid unimolecular nanoparticle based on pothedral
oligomeric silsesquioxane (POSS) and conjugated oligoelectrolyte (COE) for two-

photon fluorescent nucleus imaging is described herein. The three-dimensional

'macromolecule (POSSFF, FIG. 1 and POSSFBT, FIG. 2) is composed of a rigid

s1hcon-oxygen cage surrounded by the cationic COE arms on its globular periphery.

- This unique nanostructure prov1des nucleus permeability and light-up response

toward DNA, enabling to selectively illuminate the nucleus structure with a high
contrast. o

Cationic Qligoﬂuoréne sﬁbstituted POSS compounds are nanorriaterialS that
are efficient light-harvesting anterinaé for optical amplification in biosensor and
cellular imaging. The synthetic route toward POSSFF is depicted in FIG. 3. The
synthesis of POSSFBT is similar to the strategy described above for POSSFF and is
deplcted in FIG. 4.



WO 2011/040882 PCT/SG2010/000366

1o

15

20

- In Summary,. the synthesis involves the palladium-mediated Suzuk1 cross-
coupling reaction_bétween 2-(9,9—bis(6-bromohéxy1)ﬂuorén—2-yl)-4,4,5,5-
tetramethyl-l 3,2-dioxaborolane (1) and 2,7-dibromo-9 9-bis(6-bromohexy1)ﬂuorene
(2) led to 2-(7-bromo-9 9-b1s(6-bromohexy1)ﬂuorenyl) -9,9-bis (6-
bromohexyl)ﬂuorene 3). Quatermzatlon of 3 with tnmethylamme afforded 2- (7-
bromo-bis(6-N,N,N-trimethyl ammomum)hexyl)ﬂuorenyl)-b1s(6-N,_N,N-
frimethylafnmonium)hexyl)ﬂuorene (4) in 98% yi'eld. Finally, the water-soluble
dﬁner 4 was reacted with 6ctavinyl POSS (5) via a PA(OAc),/P(o-tolyl); catalyzed

‘Heck coupling reaction to afford the cationic macromolecule POSSFF. Example 1

provides further synthetic details for both POSSFF and POSSFBT.

-One embodiment of the invention is a polyhedral oligomeric silsesquioxane

~ compound, _hereih referred to as a “POSS compound.” As used herein, POSS

" compound is a compound that includes POSS core and either COE or CPE, or a

mixturé thereof, wherein the COE or CPE, or both is attached to the POSS core at

_the sii-icon atoms of the POSS core.

One embodiment of the invention is a compound represented by the

- following structural formula:
' R_R
, - 50
o 5"0\3'\ ‘ R__R
"5 0~si<2 o | ’ ' e
AN RS RAS@S T ars SNy
~0/— : !
ASI\O/Si ) '. R.__R
A: Conjugated Oligelectrolyte . L Q'O

R: Cationic Side Group

of an acceptable salf theréof; wherein:
 Arisan dptionally substituted aromatic grou!p;
Ljnker is a single bond, double bond, triple bond, -CR!;-; wherein R! is
' hydrogen, halogen, hydroxy, amino, C;-Cgalkyl, C;-Csalkenyl, C;-

Csalkynyl, or C;-Cgalkoxy; wherein the alkyl, alkenyl, alkynyl or
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alkoxy may be optionally substituted with halogen hydroxy, Cl- _
C4a1koxy or amino; .
each R is independently hydrogen, a cationic alkyl side group or a cationic
| oligo(ethylene oxide) groﬁp. In a specific embodiment, mis 1 or 2.
5 One embodiment of the invention is a compound represented by the

following structural formula: -

R._R
A - - O-a- -
, o-SI’O\SI ‘ _ .R R A ' '

>
"
A

\
o\ o- s'\o /(L'SI

\

Q "

A R_R

.A:bCpn]ugated.OIlgvelectrolyte | . Q'Q .

R: Cationlc Side Group

l or an acceptable salt thereof wherem
o " Arisan optionally substituted aromatic group;
ﬁ 10' .‘ . Each Linkeris a smgle bond, double bond, triple bond, —CH>- or —CHZCHZ-
~and :
| each R is independently hjfdrogen, a cationic alkyl side group or a cationic

oligo(ethylene oxide) group.

15 * In another embodiment of the invention is a compound represented by the .

. following structural formula:

s»$ B> S s S

A: Conjugated Oligelectrolyte

éui acceptable salt thereof; wherein
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—Ca
~ Each is independently selected from:

b

‘Each Ar is independently an optionally substltuted aromatic group.

: Spemﬁcally, Ar can be independently selected from ﬂuorene benzene, biphenyl,

pyndme b1pyr1d1mum triphenylamine, anthracene, thiophene, carbazole, or

benzothxadlazole Optional substituents include those defined by R.

Each R is independently a cationic, anionic, or neutral alkyl group ora
catlomc anionic, or neutral ohgo(ethylene oxide) group,
Each Linker is a single bond, double bond, triple bond, —CH,- or -CH,CHj,-;
l Each R’ is independently H or a terminal reactive group. |
As u_sed herein, “oligo” refers to a monomer unit repeating ten or less times
in the chain. For example, “oligo(ethylene oxide) refers to an ethylene oxide repeat
unit (e.g. (-CHCH,0),, wherein n is 1-10; 2-10; 2-5; 5-10; 2-8; 2-6; or 3-6.
| As used herein, “poly” refers to a monomer unit repeating ten or more times
in the chain. For example' “poly(ethylene oxide) refers to an ethylene oxide répeat
unit (e.g. (-CH,CH,0),, wherein n is greater than 10. Specifically, n is 10-100, 10-
200 10 to 50; or 50-100.
- A cationic alkyl side group is an alkyl group that may be straight or branched
and mcludes a moiety, such as an amine, that confers a positive charge. A cationic

oligo(ethylene oxide) group is a polymer of ethylene oxide that includes a moiety,

such as an amine, that confers a positive charge. The amine can be a primary,

secondary, tértiary or a quaternary amine. Speciﬁcaily, the amine is a quaternary
amine. A cationic alkyl group includes, for example -(CH;),NMe;X where n=3 —
13; 3-5; 5-7; 7-9; 9-11; or 11-13; and specifically nis 6. A cationic oligo(ethylene
oxide) group includes, for example, -(CH,CH,0),NMe;X, where n = 2 - 100; 2-50;
2-25; 2-15; 2-1‘0; 2-5; 50-100; 25-50; 15-25; 10-15; or 5-10. The anionic counterion



W_O 2011/040882 _ PCT/SG2010/000366

10

15

20

25

30

-11 -

X is selected from, but is not limited to, for example, Br’, I', BF,, CF3SO5, _
ammonium hexafluorophosphate, and tetrakis[3,S-bis(trifluoromethyl)phenyl]borate.

A neutral alkyl side group is an alkyl group that may be straight or branched
and is uncharged An alkyl group may include 3-100 atoms. Specifically, an alkyl
group may include 3-13 carbon atoms. Specifically, a neutral alkyl group is

_ (CHz),,CH3, wherein n is 3 13; 5-13; 3-5; or 5-100. A neutral oligo(ethylene oxide)

group isa polymer of ethylene oxide that is uncharged A neutral group includes, but

is not limited to ol1go(ethy1ene oxide) and poly(ethylene oxide). Spec1ﬁcally,

neutral ethylene oxide group is -(CH,CH,0),CHj3; wherein n is 5-100; 5-50; 5-25; 5-
15; 50-100; 25-50; 15-25; 10-15; or 5-10.
An anionic alkyl side group is an alkyl group that may be straight or

. branched and includes a moiety, such as an acid ‘(sulfonic phosphonic or
' carboxylic), that confers a negatlve charge. An anionic oligo(ethylene oxide) group
or poly(ethylene ox1de) group 1s a polymer of ethylene oxide that includes a moiety,

such’ as an acid (sulfomc phosphomc or carboxylic), that confers a negative charge.

An anionic group mcludes -(CHy), X’ or -(CH,CH,0),X’; wherein X’ is selected
from, but is not limited to, SO3 Y, PO32Y2, and CO;Y and n is 3-100, 3-50; 3-25;
3-15; 3-10; 3-5; 50—100; 25-50; 15-25; 10-15; or 5-10. Altematiyely, n-is 2. Yisan
alkali metal or an alkali earth metal. Specifically, Y is selected from, but is not

limited to, Na" and K.

. As used herein, a terminal reactive group includes, for example, COOH,
NHy, CHO, and SH. The presence of a terminal reactive group is to allow for
bioconjugation of the POSS compound to antibodies. Conjugation to an antibody
would allow for targeting capability of POSS compounds, ultimately making
specific biosensing and bioimaging feasible. v .

Conjugation reactions are known to those of;skill in the art. For instance
when R’ is -COOH or —NHz, a carbodiimide-activated coupling reaction can be
conducted between the POSS compounds and antibody molecule. The compound is
first actrvated by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
'hydroxysulfosuecinimide sodium salt (sulfo-NHS). Next, antibody is added. The
product can be purified by dialysis or sodium dodecyl sulfate polyacrylamide gel
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electrophoresis. This representative coupling reaction yields the bioconjugate
POSS-antibody compound with targeting capability. See Greg T. Hermanson, Ed.
Bioconjugate techniques. Academic Press, 1996, the entire teachings of which are
incofporéted herein by referencé,' for description of coupling chemistry between NH,
5 onaPOSS core to —COOH or ~CHO. | -

“Linker is a single bond” means, for example:

, for example:

“Linker is a double bond” means, for example:
. . . | . R .

7/C ; for example:

_ m CH

10 “Linker is a triple bond” means, for example:

D c=—c— Gl - forcxanvie

“Linker is -CH,-“ means, for example,
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“Linker is —CH2CH2-“ means, for example,

G oo

CH2

. ' In a spec1ﬁc embodlment Ar is selected from the group consisting of
5 - ﬂuorene benzene, blphenyl pyr1d1ne blpyndlmum triphenylamine, anthracene,
thlophene carbazole, and benzothiadiazole. '

In another specific embodlment each R is independently selected from the
group con51st1ng of hydrogen, -(CH2)aNMesX; -(CHz)nNMe3X; -(CH20)aNMe;X;
and -(CH,0),NMe;X); Wherein' X is an anionic counterion and n is 3 to 13. In

- 10  another speciﬁc embodirﬁent, each R is independently selected from the group
| consisting of hydrogen, -(CHz)nNMe3X and -(CH,0),NMe;X); wherein X is an
anionic counterion and n is 3 to. 100. -
~ In yet another spe01ﬁc embodiment, X is selected from Br’, I, BF4 , CF3SOs5’,
~ ammonium hexaﬂuorophosphate and tetrakis[3, 5-b1s(tr1ﬂuoromethy1)pheny1]borate.
15 In a specific embodiment, the compound is represented by the following
" structural formula: |
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o-Si-0~si : R_R

R R.H 'JO\S‘\O H
. /‘j\%},j} 2L aSa

In anothef specific émbodiment,? compound is _represented by the following

- | structural formula:

R =+(CHy)gN(CHs):Br
® ©

5 Another embodiment isa composition comprising a POSS compound and a

carrier.
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Another embodiment of this invention is a method of imaging the nucleus in

a cell, comprising the steps of: exposing the cell to a POSS compound; allowing the

POSS compound to bind the nucleus and assaying the cell to determine the location

of the POSS compound w1thm or on the cell.

As used herein “ assaylng ’ refers to a determination of the quantlty or
locatlon or both of the POSS compound. “Visualizing” is a method of assaying.

As used herem a cell” is any cell with a nucleus. Spec1ﬁcally, the cell is a
eukaryotlc cell.

" The nucleus thhm a eukaryotic cell can be 1maged by the use of POSS

~ compounds of the invention in bioimaging of live, fixed cells or cell lysates derived
thereof from fixed or dead cells. The method comprises the steps of exposing the

_ -'¢é11 to the POSS eompound, allowing the POSS compound to accumulate within or

on the cell, and visualizing the fluorescence emitted from the POSS eompound. The

ﬂp’orescence emitted can be éssafyed by techniques known to those of skill in the art

and iﬂ;lclﬁde, fluorescence, confocal microscopy and two photon fluorescence

micr(;scopy,

“Fluorescence spectroscopy”, also known as “fluorometry” or
“spectrofluorometry,” is a type of electromagnetic spectroscopy which énalyzes
fluorescence from a sample. A beam of light, usually ultraviolet light, is used to

excite the electrons in molecules of certain compounds, causing them to emit light of

'a lower energy, typically, but not necessarily, visible light;

Typlcally, fluorescence spectroscopy involves measurement of the different
frequenc1es of fluorescent hght that are emitted by a sample while holding the
excitation light at a constant wavelength.

“Two-Photon Fluorescence spectroscopy” is a type of fluorescence
spectroscopy that_ relies on the quasi-simultaneous a‘psorption of two of more
photons (of either the same or different energy) by a molecule.

As used herein “exposing the cell to the POSS compound” means the cell

v and the POSS compound are present in the same container or in the same solution

and may come into contact.. Exposing the cell the POSS compound includes adding
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the POSS compound, either in solution or as a solid, to the culture media used to
cultivate the cells. - A
In one embodiment of the invention, the cells are assayedusing fluorescence
spectroscopy. In a specific emb.o'diment, the fluorescence spectroscopy is two
photon ﬂuorescence spectroscopy , | |
‘ The POSS compounds of the invention can be can be des1gned and used to .
amphfy the fluorescence signals of organic dyes (such as Fluorescein, Rhodarmne

Texas red, Alexa Fluor, Cy3, Cys, ethidium bromide, thiazole orange et al.),

“fluorescent proteins, and fluorescent nanomaterials (such as quantum dots,

nanoclusters et al.). By choosing appropriate oligomers as the arm of the POSS

_based molecule, the spectral overlap between the emission of the POSS compound
~-and the absorption of signaling molecule can be optimized to allow efficient energy

' transfer to amplify the s1gna1 output of the dye srgnals FIG. 6 demonstrates the

o energy transfer between POSSFF and ethidium bromide in solutlon which can
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. amplrlfy the ethidium bromide signal by a factor of 50.

' The water-soluble POSS-based fluorescent nanodots or nanoparticles can be
used as stains for biosensing. For instance, they can stain the captured biomolecules
on a certain surface (such as curved surfaces of nanoparticles, and plane surfaces of
glass or quartz) via electrostatic interactions. The fluorescence of POSS-based

nanodots is only observed in the presence of captured target. The linear relationship

'b_etween the target on surface and the fluorescence of POSS-based nanodots also

ailows for precise quantiﬁcation of the target. FIG. 11 is a schematic illustration 6f
POSSebesed label free protein detection. The method comprises the steps of
exposing the nanoparticle to the POSS compound, and visualizing the fluorescence
emitted from the POSS compound. The fluorescence emitted can be assayed by
techniques known to those of skill in the art and include, fluorescence, .confocal
microscopy and two photon ﬂuorescence microscopy. _

One embodiment is a method of quantifiying a biomolecule, comprising the
steps of: exposing the biomolecule to a polyhedral oligomeric silsesquioxane

compound; alloWing the polyhedral oligomeric silsesquioxane compound to bind to

. the biomolecule; and assaying the polyhedral oligomeric silsesquioxane compound,
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to quantify the biomolecule. In a specific embodiment of this method, the
biomolecule is immobilized on a nanoparticle. o _
A method to detect a biological molecule, comprises the steps of: 1mmoblhzlng

an aptamer on a solid support; mcubatmg the 1mmoblhzed aptamer with a test

, solutlon exposing the test solutlon toa polyhedral ollgomerrc silsesquioxane

compound and measunng the fluorescence of the test solution, thereby detecting the
biological molecule.

Aptamers are oli gonuclelc acid or peptide molecules that bind to a specific -
target molecule More specifically, aptamers can be classified as: DNA or RNA
aptamers, consrstmg of (usually short) strands of' ollgonucleotldes or peptide aptamers,

consisting of a short variable peptide domain, attached at both ends to a protein

“scaffold. An aptamer to be immobilized on the solid support is selected based upon its

 ability to bind the biologicel 'molecule of interest. '

As used herein, a “test solutron isa solutron that may or may not contain the

) b1010g1ca1 molecule of i interest. The presence and/or quantity of the biological

molecule of interest may be detected by the method of this invention.

A “biomolecule” or “biological molecule” includes molecules associated
with cells. For instance biomolecules include, but are not limited to, proteins,
peptides, nucleic acids, lipids, sugars, biomarkers or any combination thereof.

A “biomarker,” as used herein, is any substance with the specific binding

w1th a certain biomolecue.

“Alkyl” used alone or as part of a larger moiety such as “alkoxy”, refers to a

| strarght or branched, saturated aliphatic group havmg the speaﬁed number of

carbons, typically having 1 to 12 carbon atoms. More particularly, the aliphatic
group may have 1 to 8, 1 to 6, or 1 to 4 carbon atoms. This term is exemplified by

groups such as methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl, tert-butyl, n-

hexyl, and the like. |
“Alkenyl” refers to a straight or branched aliphatic group with at least one
double bond. Typically, alkenyl groups have from 2 to 12 carbon atoms, from 2 to

8, from 2 to 6, or from'2 to 4 carbon atoms. Examples of alkenyl groups include
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ethenyl (-CH=CH,), n-2-propenyl (allyl, -CH,CH=CHy,), pentenyl, hexenyl, and the
like. o | ‘
“Alkynyl” refers to a straight or branched aliphatic group having at least 1
site of alkynyl unsaturation. vap'i'cally, alkynyl groups contain2to 12,2t0 8,2 to 6

or 2 to 4 carbon atoms. Examples of alkynyl groups include ethynyl (-C=CH),

propargyl ( -CH,C=CH), pentynyl hexynyl and the hke

“Alkenylene” refers to an alkylene group with in which one carbon-carbon
smgle bond is replaced with a double bond. For example methylene ethylene,
propylene and the like.

“Alkynylene” refers to an alkylene group with in thCh one carbon-carbon
smgle bond is replaced with a triple bond. '

“Aryl” used alone or as part of a larger moiety as. in “aralkyl” refers to an

~ aromatic carbocycllc group of from 6 to 14 carbon atoms having a single ring or

mult1 le condensed nngs The term ‘aryl” also includes aromatic carbocycle(s)

. ﬁ.lsedito cycloalkyl or heterocycloalkyl groups. Examples of aryl groups include

fluorene, benzene, hiphenyl pyridine, bipyridinium, triphenylamine, anthracene,

thiophene, carbazole and benzothiadiazole, and the like. |
“Alkoxy” refers to the group —O-R where R is “alkyl”, “cycloalkyl”

“alkenyl”, or “alkynyl”. Examples of alkoxy groups include for example, methoxy,

ethoxy, ethenoxy, and the like.

The compounds accordlng to the present invention may be in free form or in -
the form of physiologically acceptable non-toxic salts. These salts may be obtained
by reacting the respective compounds with physiologically acceptable acids and
bases. o -

" Examples of such salts include but are not limited to hydrochloride,

'hydrobromide, hydroiodide, hydroﬂuoride. nitrate, sulfate, bisulfate, pyrosulfnte,

sulfite, bisulfite, phosphate, acid phosphate, monohydrogenphosphate,
dihydrogenphosphate, metaphosphate, pyrophosphate, isonicotinate, acetate,
trlﬂtloroacetétte, propionate, caprylate, isobutyrate, lactate, salicylate, citrate, tartrate,
oxalate, malonate, sube'rat_e,' sebacate, mandelate, chlorobenzoate, methylbenzoate,

dinitrobenzoate, phthalate, phenylacetate, malate, pantothenate, bitartrate, ascorbate,
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succiﬁate, maleate, gentisinate, fumarate, gluconate, glucuronate, saccharate,
formate, benzoate, glutamate, methanesulfonate, ethanesulfonate, benzenesulfonate,
p-toluenesulfonate and pamoate (1 e.; LI’-methylene-bis- (2-hydroxy-3-naphthoate))
salts. Certain compounds of the invention can form pharmaceutlcally acceptable
salts with various amino acids. Suitable base salts include, but are not limited to,
alumjnium, calcium, lithium, magnesium, potassium, :sodium, zinc,_and
di_ethanolainine, N,N‘-dibehzylethylenediarrﬁne, chlor_oprocaine, choline,

dicyclohexylamine, ethylenediamine, N-methylglucamine, and precaine salts.

Exemplzﬁcatldn _ |

Example 1. Synthesns of POSSFF and POSSFBT

Syntheszs of 2-(9, 9-bts(6-bromohexyl)ﬂuoren-Z—yl)—4 4,5, 5-tetramethyl—1 3,2-

~ dioxaborolane (1). 2- Bromo-9 9-b1s- (6-bromohexyl)fluorene (4.54 g, 7.95

mmol) bis(pi nacolatodiboron) (3 02 g, 11.93 mmol), and potassmm acetate (2.94

829 §2 mmol) were placed in a 100-mL round bottom flask. Anhydrous dloxane (80
- mL) and [PdClZ(dppf)] (0.20 g,0.24 mmol) were added to the flask and the reaction

vessel was degassed. The mixture was stirred at 80°C for 12 h under nitrogen. After
the mixture had been cooled to room temperature, dioxane was removed by rotary
evaporation. The residue was extracted with dichloromethane, and the organic phase
was washed with water and brine, and dried over magnesium sulfate. The solvent
was removed and the residue was purified by silica gel column chromatography
(dlchloromethane/hexane—l :2) to afford 2. -

. Synthesis of 2, 7-dzbromo-9 9-bis(6-bromohexyl)fluorene (2). 2, 7-
Dibromofluorene (1.23 g, 5 mmol) was added to a mixture of aqueous potassiurm

hydroxide (100 mL, 50 w%), tetrabutylammonium bromide (0.330 g, 1 mmol), and

-1;2-bis(2-bremoethox9)ethane (13.9 g, 50 mmol) at 75 °C. After 15 min, the mixture

was cooled to room temperature. After extraction with CH,Cl,, the combined _
organic layers were washed successivély with water, aqueous HCI (1 M), water, and

brine and _th_en dried over Na;SO,. After removal of the solvent and the excess 1,2-

_ bis(2-bremoethoky)ethane; the residue was purified by silica gel column

c_hromato graphy using hexane and dichloromethane (1:2) as the eluent, and
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recrystallized from cthahol and CH,Cl, (5:1) to afford M2 as white needle crystals
(1 50 g, 48.0%). -
Synthesis of 2-( 7—bromo-9 9-bis(6-bromohexyl)fluorenyl)-9, 9—bzs(6—

o bfomohexyl)ﬂuorene 3).1 (2.84 g, 4.60 mmol), 2 (4.5 g, 6.9 mmol), Pd(PPh;), (53‘

mg, 0.046 mmol), potassium'carbonate'(4 43, 32.0 mmol) were placed in a 100 mL
round bottom flask. A mixture of water (12 mL) and toluene (30 mL) was added to
the ﬂask and the reaction vessel was degassed. The mixture was vigorously stirred at

_90 °C for 2 days. After it was cooled to room ter_nperature_, dichloromethane was

“added to the reaction mixture. The organic portion was sepafated and washed with

bﬁne before drying over anhydrous MgSOy. The solvent was eVaporated off, and the

‘solid residues were purified by column chromatography on silica gel using

- fdlchloromethane/hexane (1 5) as eluent to afford 3.
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-Synthesis of 2-( 7-bromo-bzs(6-N N, N-trtmethylammonzum)hexyl)ﬂuorenyl)
bzs(6 -N,N, N-trzmethylammomum) hexyl)fluorene (4). Condensed trimethylamine (~5

mL) \Jvas added dropwlse to a solution of 3 (1 g, 0.94 mmol) in THF (10 mL) at -78

°C. The mixture was allowed to warm to room temperature. The precipitate was

redissolved by the addition of water (10 mL). After the mixture was cooled to -78

‘_’_C, additional trimethylamine (~3 mL) was added. The mixture was stirred at room
ter_nperature for24 h. After removal of the solvent, acetone was added to precipitate
4 (1.2 mg, 98%) as white powders.

o Synthesis of 4-(9, 9-bzs(6-bromohexyl) 9H-fluoren-2-yl)-7-
bromobenzothzadzazole . 2-(9, 9-bis(6-bromohexyl)- fluoren-2-y1)-4,4,5,5-
tetramethyl 1,3,2- dloxaborolane (6) (2.84 g,4.60 mmol) 4,7-
dibromobenzothiadiazole (2.16 g, 7.36 mmol), Pd(PPhs)4 (53 mg, 0.046 mmol),
potassium carbonate (4.43, 32.0 mmol) were placed ih a 100 mL round bottom flask.
A mixture of water (12 mL) and toluene (30 mL) adfied to the flask and the reaction
vessel was degassed. The mixture was vigorously stirred at 90 °C for 2 days. After it

was cooled to room temperature, dichloromethane was added to the reaction

‘mixture. The organic porti(m was separatéd and washed with brine before drying

over anhydrous_ MgSO4. The solvent was evaporated off, and the solid residues were

purified by column chromatography on silica gel using dichloromethane/hexane
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(1:5) as eluent to afford as grassy liquid. "H NMR (500 MHz, CD;0D, & ppm): 8.0-
7.87 (m, 3 H), 7.85(d, 1 H,J = 7.84), 7.77 (d, 1 H, J = 7.26), 7.66 (d, 1 H, J = 7.57), .
7.45-7.30 (m, 3 H), 3.27 (t, 4H,J = 6.84, 6.84), 2.14-1.97 (m, 4 H), 1.74-1.62 (m, 4

'H), 1.32-1.18 (m, 4 H), 1.17-1.04 (m, 4 H),.0.83-0.66 (m, 4 H). *C NMR (125

MHz, CD;OD, 8 ppm): 154.00, 153.35, 152.83, 150.90, 141.76, 140.50, 13537,
134.49, 13231, 128. 24, 128. 05 127.58, 127.08, 123.79, 122.91, 120.13, 119.89,
112.81, 55.16, 40.12, 33. 92,32.60,29.04,27.73, 23 61. MS (MALDI-TOF): m/z

707.37 [M]".

- Synthesis of 4-(9 9-bis(6-N,N, N-trzmethylammomum)hexyl)ﬂuorenyl) 7-
bromobenzothzadzazole (8). Synthesis of Condensed trimethylamine (~5 mL) was

‘ added dropwise toa solution of 2 (1 g, 0.94 mmol) in THF (10 mL) at -78 °C. The
3 ;-mrxture was allowed to warm to room temperature The prec1p1tate was redissolved
E by the addmon of water (10 mL) After the mixture was cooled to -78 °C, additional
.tnmethylamme (~3 mL) was added The mixture was stirred at room temperature for

~24h lAﬁer removal of the solvent, acetone was added to precipitate 3 (1.4 mg, 99%)

as yellow powders. 'H NMR (500 MHz, CD;0D, § ppm): 8.38-8.26 (m, 2 H), 8.26-
8.19 (m, 1 H), "8.19-8.12 (m, 1), 8.12-8.00 (m, 2 H), 7.79-7.56 (m, 3 H), 3.53-3.42
(m, 4 H), 3.09 (3, 18 H), 2.55-2.42 (m, 4 H), 1.95-1.72 (m, 4 H), 1.53-1.31 (m, 8 H),
1.12-0.78 (m, 4H). (**C NMR (125 MHz, CD;OD, & ppm): 155.28, 154.50, 152.26,
152.055,143.31, 142.18, 136 97, 135.38, 134.03, 129.73, 128.93, 128.46, 125.18,

'124 33 121.35, 121.05, 113 78, 67 81, 55.58, 53.68, 41.19, 30.35, 26.98, 24.92,

23.75.

- Synthesis of POSSFE dctavinyl POSS (5) (11.4 mg, 0.018 mmol), 4 (187
mg, 0.144 mmol), Pd(OAc); (3.2 mg, 14.4 pmol), and P(o-tolyl); (24 mg, 78.4 -
umol) were placed in a 25 mL round bottom flask. A mixture of DMF (1 mL), and

triethylamine (0.5 mL) was added to the flask and the reaction vessel was degassed.

The mixture was vigorously stirred at 100 °C for 36 h. It was then filtered and the

filtrate was poured into acetone. The precipitate was collected and washed with

: aoetone, and was redissolved in water. The solution was filtered through a 0.22 um

- syringe 'dr,iven ﬁlter to vgive limpid solution. Finally, the product was purified by

dialysis against Milli-Q water using a 3.5 kDa molecular weight cutoff dialysis
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membrane for 5 days. After freeze-drying, POSSFF (74 mg, 45%) was obtained as

-hght yellow powders

Syntheszs of POSSFBT Octavinyl POSS (5) (11.4 mg, 0.018 mmol) 8 ( 119
mg, 0.144 mmol), Pd(OAc), (3 2 mg, 14.4 pmol), and P(o-tolyl)s (24 mg, 78.4
umol) were placed in a 25 mL round bottom flask. A mixture of DMF (1 mL), and
triethylamine (0.5 mL) was added to the flask and the reaction vessel was degassed.

'The mixture was vigorously stirred at 110 °C for 36 h. It was then filtered and the

_ﬁltrate was poured into acetone The precipitate was collected and washed with

acetone, and was redlssolved in water. The solution was filtered through a 0. 22 pm
syringe driven filter to glve limpid solution. Finally, the product was purified by

: d1alysrs agamst M1111-Q water using a 3.5 kDa molecular weight cutoff dialysis

L vmembrane for 5 days After freeze-drying, POSSBT (96 mg, 73%) was obtained as
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yellow fibers. 'H NMR (500 MHz, CD;OD, § ppm): 8. 47 (s, 1 H), 8.43 (d, 2 H),

8.31(d, 1 H), 8.25 (d, 2 H), 7.74-7.76 (m, 2 H), 7.83-7.74 (m, 1 H), 7.74-7.63 (m, 2
H), 3‘,;[54'-3.38 (m, 4 H), 3.09 (s, 18 H), 2.57-2.39 (m, 4 H), 1.95-1.80 (m, 4 H), 1.54-

1.40 (m, 8 H), 1.13-0.95 (m, 4 H).

This unimolecular nanoparticle has a good water-solubility (~23 mg/mL at
24°C),as a result of its high charge density on its nanoglobular surface. The
morphology and size of POSSFBT were studied by high-resolution transmission

electron microscopy (HR- TEM). Spherical nanoparticles with an average diameter

'of 3.3+ 0.5 nm were observed wh1ch coincides well with the single-molecular size -

of POSSFBT

POSS compounds containing catonic, anionic or neutral R groups on either Ar or

Ar’ can be synthesized by the similar method as that used to synthesize POSSFF and

POSSFBT. !

‘ Example 2a. Optical Properties of POSSFF and POSSFBT

: The optical properties of POSSFF in water and in buffer were examined. As
shown in FIG. 5,the absorption and emission maxima of POSSFF are 390 and 433
nm, respectively. The photoluminescence (PL) quantum yields of POSSFF is 0.85,
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measured using quinine sulfate in 0.1 M H,SO, (quantum yield = 0.55) as the
standard. Moreover, the quantum yields of POSSFF in 150 mM phosphate-buffer

.Asaline (PBS, pH =7 .4) are 0.80. The extremely strong and ionic-resistant

fluorescence makes POSSFF a perfect energy donor for optical amplification in

biological applications.

Example 2b. Signal Amplification using POSSFF and POSSFBT _
The capability of POSSFF as an energy donor to amplify the s1gna1 of

‘ etludlum bromide (EB) through FRET was evaluated. Energy transfer
» experlments were conducted in 25 nM PBS at [EB] =2 uM and [ssDNA] or
[dsDNA] 2 nM. In the absence of POSSFF, the PL intensity of EB/dsDNA upon
| ﬁ:drrect excxtatlon of EB at 475 nm was 2.5-fold of that of free EB, and was nearly
" the same as that of free EB for EB/ssDNA. Upon addltlon of POSSFF into

EB/DNA solution, the ﬂuorescent signal of EB/DNA upon excitation at 390 nm

' was chllected at 610 nm.

" FIG. 6A summarizes the FRET-induced PL intensity of EB/DNA as a_
function of donor concentration. With increasing [POSSFF], the PL intensity at
610 nm significantly increased for EB/dsDNA, while it slightly changed for
EB/ssDNA. The saturation occurs at [POSSFF] = 1.4 pg mL™.

| The PL spectra at the saturation point are depicted in FIG. 6B. For
EB/dsDNA/POSSFF, two emission bands centered at 443 and 610 nm are
ohserved corresponding to the fluorescence of POSSFF and EB, respectively.
The PL intensity of EB/dsDNA/POSSFF at 610 nm is 52-fold of that of
EB/dsDNA. In contrast, only the emission band of POSSFF is present for -
EB/ssDNA/POSSFF, and its PL intensity at 610 nm is similar to that of

EB/ssDNA. As a result of the discrepancy in the s1gnal amplification and spectral

profiles, naked—eye discrimination of dsDNA from ssDNA in the presence of

: POSSFF becomes feas1ble

. Photographs of the ﬂuorescent solutions of EB/ssDNA and EB/dsDNA in
the absence and presence of 1.4 pg mL™' POSSFF under 365 nm UV radiation are
shown in FIG. 6C. [DNA] 20 nM and [EB] = 2 pM were taken. The photographs
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‘show that the ﬂuorescence of EB/DNA solutions is very weak in the absence of
: POSSFF, Whi_le strong blue and pink fluorescence are observed in the presence of
'POSSFF for EB/ssDNA and EB/dsDNA solutions, respectively.

. The linear optical spectré of POSSFBT in water are shown in FIG. 7A-D.
POSSFBT has two absorption peaks at 320 and 468 nm with the emission maximum
at 650 nm. The PL quantum yield of POSSFBT is low (1% in water) which can be
substantrally increased upon interaction with DNA to ~10%. In addition, POSSFBT
.could be excited at 900 nm (two-photon absorption), wh1ch can be used for

' multlphoton 1mag1ng

- The one—photon ﬂuorescence response of POSSFBT towards nucleic acid i is

progresswe intensity increase in the emission of POSSFBT. The saturation occurs at

[DNA] 3.2 uM, where the emission intensity of POSSFBT at 610 nm is ~6.7 fold

) highe;r than that in the absence of DNA. Therefore, the dark fluorescence of

POS§FBT is substantially tumed-on by DNA, leading to bright orangered

~ fluorescence (inset of FIG. 7B). The light-up response of POSSFBT toward DNA

results from the ccmplexation between oppositely-charged POSSFBT arld DNA via
electrostatic attractiohs, which in turn creates a hydrophobic environment to reduce
the contact between the pelarity¥sensitive arm of POSSFBT and water molecules.

| _ .. The TPA cross sectrons (02) of POSSFBT in the absence and presence of
DNA were investigated by two-photon excited fluorescence (TPEF) technique using

- a femtosecond pulsed laser source and Rhodamine 6G as the reference. Because of

the laser limitation, o, was measured from 630 to 770 nm. The TPA spectrum of

POSSFBT in water reveals that ¢, reaches a maximum of 126 GM at 760 nm within

the detected range (FIG.7C), which is comparatively large among the existing water-

scluble TPA chromophores. The TPEF of 2 pM POSSFBT toward DNA in 25 mM

- PBS was then probed upon excitation at 760 nm. As shown in FIG. 7D, the TPEF of

- POSSFBT has an emission maximum at 608 nm, and its mtensrty increases by ~12.7
30

fold in the presence of 3.2 uM DNA relative to that in the absence of DNA. In fact,
the o, and 6,®D of POSSFBT/DNA at 760 nm are 220 and 145 GM, whlch are
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respectively ~1.7 and 11.5 fold larger than those of POSSFBT alone. Similar to its

one-photon fluorescent behavior, the DNA-enhanced TPA of POSSFBT is ascribed .
' to the reductlon in the hydrophlllclty of chromophore mlcroenwronment upon
'co_mplexatlon. The DNA-induced enhancement in the TPEF of POSSFBT (~12.7

fold) is considerably larger than that in its one-photon fluorescence (~6.7 feld),

reflecting that utilization of TPEF in cellular imaging would have a better contrast.

EXample 3. Cell Imaging with POSSFF and POSSFBT
~..Cell imaging with POSSFF as signal amplifier was examined using breast

; cencer 4ce11s (MCF-7)_ aé an example. After incubation with POSSFF solution (0.1
- ug/mL) and EB solution a uM) for 2 h, MCF-7 cells were fixed for fluorescent
A '-1mag1ng studies. The excitation wavelengths are 405 and 488 nm, and the

~ fluorescent 51gnals are collected at the ranges of 430 to 470 nm and above 650 nm,

respectlvely The confocal laser scanmng microscopy (CLSM) i images were taken.

The ﬂuorescent image upon excitation of EB itself at 488 nm is dark. In contrast,

exc1tat10n of POSSFF at 405 nm gives rise to bright and clear images. These data
show that POSSFF is efficient donor molecule for amplified cell imaging (FIG. 8A-
D) | |
One-photon and two-photo fluorescent cellular i imaging (FIG. 9A-D) based
on POSSFBT was investigated and compared using breast cancer cells (MCF-7).
Aﬁer incubation of MCE-7 cells with 1 uM POSSFBT for 2 h, the cells were fixed

for imaging experiments. One-photon and two-photon fluorescence images of the

' MCF-_7 cells were then obtained. The fluorescence signals are collected above 560'

nm upon excitation at 488 and 760 nm, respectively. One-photon fluorescence
imaging upon excitation at 488 nm demonstrated that POSSFBT is efficiently
internalized by the cells, and enters the nuclei (FIG. 9A,B). The nuclei permeability

_ of POSSFBT benefits from its small narticle size (3.3 nm) within the effective
- Etr:e:mspo_rtation diameter of the nuclear pore complex (~9 nm), consequently allowing

'POSSFBT to traverse the NPC by passive diffusion. In addition, the fluorescence

intensity in the _nnclei is higher than that in the cytoplasm, due to the presence of a

large amount of DNA in the nuclei that can substantially enhance the fluorescence of
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POSSFBT In contrast, two-photon fluorescence i 1mag1ng upon excitation at 760 nm

shows that only the nuclei ; are indicated by the ﬂuorescence of POSSFBT (FIG.

'9C,D), furthermore, the strongest ﬂuorescence is focused on the nucleolr_ where the

nucleic acid concentration is highest in cell. These data reveal that two-photon
fluorescence of POSSFBT is more effective in visualizing the nucleus structure than
one-photon ﬂuorescence does, which originates from the higher two-photon

ﬂuorescence response of POSSFBT toward DNA relatrve to its one-photon

_ ﬂuorescence

The spherical surface of POSS and DNA enhanced ﬂuorescence ofa COE to

construct a nucleus-permeable unimolecular nanopamcle has advantages for two-
: photon ﬂuorescent nucleus 1mag1ng Comparison investigation reveals that two-
‘ ‘photon ﬂuorescence of POSSFBT outperforms one-photon ﬂuorescence in nucleus

" imaging, as a result of the hlgher mtens1ty enhancement of TPEF toward DNA

relatlve to that of one-photon ﬂuorescence The compounds of the invention are

effective nanomatenals for bioimaging to elucidates targeted gene/drug delivery to

nucleus
Example 4- Comparison with the Commercial Dye

The one-photon excited fluorescence (OPEF) and two-photon excited
ﬂuorescence (TPEF) cellular imaging based on POSSFBT was also compared with
that for SYBR Green I (SG). SG is so far the most sensitive commercial d3sDNA

‘s_tain' that easily penetrates living cells, allowing for TPEF cellular nucleus imaging -

(See L. M. Mackay, K. E Arden, A. Nitsche, Nucleic Acids Res. 2002, 30, 1292, the
entire teachings of which are incorporated herein by reference.) '

After incubation of the cells with POSSFBT or SG at the dye.concentration
of 1,0.1 and 0.02 yM for 2 h, the cells were fixed for confocal laser scanmng
rnrcroscopy (CLSM) experiments. OPEF imaging was obtained by excitation of the
cells at 488 nm and collection of fluorescence above 560 nm under the fixed
parameters. Comparison of the fluorescence image in FIG. 10A and the
ﬂuorescence/transmission overlapped image in FIG. 10B clearly indicates that
POSSFBT is efﬁciently internalized by cells, and accumulates in the nuclei. The
nucleus permeability of POSSFBT benefits from its rigid spherical shape and small
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particie size (~3.3 nm) that is within the effective transportation diameter of the

‘nuclear pore complex (~9 nm) In addition, the strong fluorescence from the nuclei

1s ascn'bédto the presence ofa large amount of nucleic acids (including dsDNA and
RNA)-and their complexes w1th proteins in the nuclei that can substantially enhance
the ﬂuorescence of POSSF BT. In contrast to the ‘homogenously-stained nucleus
pattern of SG (FIG. 10D), the brightness of nucleoh_ls in POSSFBT-stained image is
éIightly hiéher than that of ‘nﬁcleoplasm. This differeﬁce should be caused by the

‘ fé_ct that SG only shows‘str'ong light-up response tower'd dsDNA, while POSSFBT
' Sﬁows-eqdally stfong li_ght-Iup response towards dsDNA and RNA. As nucleolus is
.' me site of :ribesomal RNA fsy'nthesis, it has the highest concentration of RNA in
| nﬁcleﬁe. Thereby, different from SG, POSSFBT highlights the cellular nucleolus
. ﬁore as c(')mpared to other parts of the nucleus. This deduction is further'supported

by the similar nucleus imaging pattem of SYTO 9 which is a general nucleic acid
dye that shows nearly equal llght-up responses toward dsDNA and RNA.

|

+ For TPEF i imaging, the dye concentrations are fixed at 1 pM, and the cellular

images were acquired by excitation of the cells at near-infrared wavelength (760

~ nm) and collection of signals above 560 nm. As shown in FIG. 10C, the TPEF

imaging pattern of POSSFBT is similar to that for one-photon excited fluorescence
(OPEF), as shown in FIG. 10A, while the fluorescence contrast between the nucleoli
and the nucleoplasm is sharper for the TPEF image. In contrast, utilization of SG as
TPEF stain does not provide a clear cellular image under the same experimental

conditions (FIG. 10D) due to its low TPA cross section. Furthermore, when excited

' at the TPA maximum of SG (800 nm), the TPEF intensity of SG stained image

remains nearly the same as that for FIG. 10D. These data highlight that the large

TPA action cross section (1) of POSSFBT in the presence of nucleic acids makes it

: superlor over SG for TPEF 1mag1ng of cellular nucleus.

" Example 5. Cytotoxicity:

The cytotoxicity of POSSFBT was also evaluated for mouse embryonic
fibroblast cells (NIH 3T3) using methylthiazolyldiphenyl-tetrazolium (MTT) cell- |
viability assay; FIG. 11 summarizes the in-vitro NIH 3T3 cell viability after being
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cultured with the nanosphere solutions at the concentration of 0.01, 0.02 or 0.1

mg/mL for 8 or 24 h. Within the tested period, the cell viabilities are close to 100%,.
'indicating the low cytotoxicity of POSSFF and its applicability in long-term clinical

applicaticns.- POSSFBT has shown similar results in cytotoxicity study.

Example 6. Nanopairticle based assay platform for lysozyme detection

As illustrated in FIG. 12, one starts with 100 nm silica nanopartices (NPs) in

'_solutlon Immoblhzatlon of NPs with negatively charged antl-protem aptamers

' (Apt) y1e1ds Apt-NPs with: 'various surface densities. These NPs can be further
tteated w1th ethanolamme to generate blocked Apt-NPs. Lysozyme can be used as
‘an example biomolecue Lysozyme has an isoelectric point (pI) of ~11.0, it is

_ pos1t1ve1y charged at neutral pH. Upon incubation w1th lysozyme the blocked Apt-

NPs undergoes a change in surface charge from negative to partially positive due to

the recognition binding between the aptamer on NP surface and lysozyme. In the

las_tb step, addition of anionic functionalized POSS molecules to the solution yields

POSéﬂysozyme/Apt complexes on NP surface, giving rise to fluorescent NPs after
removing excess of POSS molecules via centrifugation/redispersion of NPs and
washing. On the contrary, since no recognition takes place between the eptamer and
non-speciﬁc proteins, the snrface chnrge on Apt-NPs :'remains-negati’ve, and no stain
will occur. As such, label-'free protein detection can be realized ny taking advantage
o_f recognition-induced switching of surface charge of aptamers and subsequent

stain.

While this invention has been particularly shown and .described *with
references to example embodiments thereof, it will be understood by those skilled in

the art that various changes in form and details, may be made therein without

. departing from the scope of the inVention encompassed by the appended clai_ms.
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CLAIMS
What is claimed is:
1 A compound represented by the followmg structural formula
: ~ R._R ,
, - Sy T
0’5"0\2'\ Sl ROR '1
SiSO\Si\ o o ; .
hid ) OO T
~o/—Si . . '
ASI\O/(;'/’O A

‘,A.;Conjug.;ated _Oligelectrolyte . Q'O ‘

R: Cationic Side Group

5 or an acceptable salt thereof, wherein:
- Aris an optlonally substltuted aromatic group,
:Lmker is a single bond, double bond, triple bond, -CR'p- ; wherem R'is
I hydro gen, halogen, hydroxy, amino, C;-Cealkyl, Cl-C6a1kenyl C-
_ | _ C6alkyny1 or C,-Cgealkoxy; wherein the alkyl, alkenyl, alkynyl or
10 . alkoxy may be optionally substituted with halogen, hydroxy, Ci-
' : C4a1koxy or amino; and
each R is independently hydrogen, a cationic elkyl side group or a cationic
oligo(ethylene oxide) group. - |

15 2. The compound of Claim 1, wherein Ar is selected from the group consisting
of fluorene, benzene, biphenyl, pyridine, bipyridinium, triphenylamine,

anthracene, thiophene, carbazole, and benzothiadiazole.

o : 3 _ The compound of Cla1m 1, wherein each R i is independently selected from
20 L the group cons1st1ng of hydrogen (CHz)nNMe3X and (CHZO),,NMe3X),

- wherein X is an anionic counterion and n is 3 to 13.
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4. - The compound of Claim 3, wherein X is selected from Br:', I, BF4'; CF;S0s3,

ammonium hexafluorophosphate, and tetrakis[3,5-

, bis(tn'ﬂuororhethyl)phenyl]borate.

5 5. “The compound of Clairh 1, wherein the compouhd is represented by the

following structural formula:

e
o—sl SI

~st 0N '
@.@ ata msuo,_s. @0@ a2a

6,  The compoimd of Claim 1, wherein the compound is represented by the

10 . following structural formula:
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R = «(CH2)sN(CH;3)3Br
@ e -

7. A composition comprising a compound of Claims 1-6 and a carrier.

5 8. A method of imagihg the nucleus in a cell, comprising the steps of
| exposing the eell toa polyhedral oligomeric silsesquioxane compound;
allowing the polyhedral oligomeric silsesquioxane compound to bind to the
nucleus; _ |
| and assaying the cell to determine the location of the polyhedral oligomeric

0 silsesquioxane compound within or on the cell.

9. The method of Clalm 8, wherein the polyhedral oligomeric s1lsesqu10xane

o _compound is represented by the following structural formula:
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. SigUTsi
O/A o
0Si~p/=—si_
S _siz0 "a
A 0" A

A: Conjugated Ollgelectrolyfa
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- S O-am -

R._R

:20 N C
Aol ay OO0 {Lad

e ~

R: Cationic Side Group

-or :anlac'ceptable salt thereoﬁ wherein:

Ar is an aromatic group;

Linker is a single bond, double bond, triple bond, -CR';-; wherein R' is

5 ‘ hydrogen, halogen, hydroxy, amino, C;-Cgalkyl, C,-Cealkenyl, C;-

Cealkynyl, or Cy-Cgalkoxy; wherein the alkyl, alkenyl, alkynyl or

alkoxy may be optionally substituted with halogen, hydroxy, C;-

Caalkoxy or amino; and

_each R is independently hydrogen, a cationic alkyl side group or a cationic

10 v oligd(ethylene oxide) group.

10. The mét_hod of Claim‘ 8, where the polyhedral oligomeric silsesquioxane

compound is represeljted by

the following structural formula:
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e ’s"?:'\o ‘o2
ap @'@ ANDRTetatacs
FNo-s3% )

- 11. | The method of Claim 8, where the polyhedral oligomeric silsesquioxane

compound is represented by the following structural formula:

- R =+(CH)gN(CH;)3Br
@ o
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The method of Claim 8, wherein the cells are assayed using fluorescence

spectroscopy.

The method of Claim 12 wherem the ﬂuorescence spectroscopy is two

“photon fluorescence spectroscopy

| A compound represented by the followmg structural formula

A0d, Sl W ST T
~s'OJO\S'};A\/) | |
\ \SI of—Si

A§'p\o,s§ W A=<

A: Conjugated Oligelectrolyte

r— A Gm>—{A P

}
|

an acceptabie. salt thereof; wherein

Each . is independently selected from:

SO o F

Each Aris independently an optionally substituted aromatic group;

_‘ Each R is 1ndependent1y a cationic, anionic, or neutral alkyl group ora

catlomc amomc or neutral ohgo(ethylene oxide) group;

s
14,
10
15
15.

20

Each Linker is a smgle bond, double bond, triple bond, ~CH5- ¢ or —CH2CH2-

Each R’ is mdependently H ora terminal reactlve group.

The compound of Claim 1‘4 wherein the cationic alkyl group is
(CHz)nNMe3X where n = 3 — 13); the cationic oligo(ethylene oxide) group
is —(CH2CH20),,NMe3X where n = 2 — 100); wherein X is selected from Br,
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i

T, BF4 , CF3SO5’, ammonium hexaﬂuorophosphate and tetrakis(3,5-
| vbls(tnﬂuoromethyl)phenyl]borate

. The compound of Claim 14, whereln neutral group is oligo(ethylene ox1de)

or | poly(ethylene ox1de)

‘ Z-The compound of C1a1m 14, wherein
'the anionic group is selected from -(CH2)n X’ or ~( CH2CH20)nX’
- X’ is selected from SO3 'Yz, PO3 Y, and COz'Y

Y is Na* andK

The compound of Claim 14, wherein the terminal reactive group is selected
from COOH, NH,, CHO and SH.

The method of Claim 8, wherein the polyhedral oligomeric silsesquioxane

R compouhd is represented' by the following structural formula:

SVW G a3

A: Conjugated Olige|ectrolyte

- an acceptable salt thereof; wherein

>

- Each is independently selected from:

- Each Ar is independently an optionally substituted aromatic group; '
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23,
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i

 EachRis mdependently a cationic, amomc or neutral alkyl group or a

-catlomc amomc or neutral oligo(ethylene oxide) group,

Each Linker is a single bond double bond, tnple bond, —CHz- or —CHZCHZ-

- EachR’ is mdependently H or a terminal reactive group.

A method of quantlﬁymg a bxomolecule compnsmg the steps of:

oompound

: allowmg the polyhedral ollgomenc s1lsesqu10xane compound to bmd to the

biomolecule;
and assaying the polyhedral oligomeric silsesquioxane compound, thereby

qﬁantifying the biomolecule.

The-method of Claim 14, wherein the biomolecule is immobilized on a

.nanoparticle_. :

A method to detect a biological molecule, comprising the steps of:

immobilizing an apfamer on a solid support;

- incubating the immobilized aptamer with a test solution;

exposing the test solution to a polyhedral oligomeric silsesquioxane

. compound; and

measuring the fluorescence of the test solution, thereby detecting the

~ biological molecule. -

~ A compound repreSented by the following structural formula:
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B - Do -
‘5i—0~Si ' :
. o-Si 3 .
Aoy | O o
dA. N/ A=< YA > A J
) \'IO’SI\O/’O‘SI\ » . - - . '
O No—Sin0 A R R

- A:;Coﬁjugated Ollgelect'rqut:.e - L 'Q ;
| - | R: Cationc Side Group |
~oran aéceptable'salt thereof: wherein: :
Ar is an optionally substituted aromatic group;,
Each Linker is a single bond, double bond, triple bond, -CH,- or -CH,CHo-;
5 and
| each R is independently hydrogen, a cationic alkyl side group or a cationic

:.oligo(e:thylcne oxide) group.

' 24. ' The com‘po'uhd of Claim 23, wherein the catiohic alkyl group is
10 | _ -(CHz)nNMe3X, where n = 3 — 13); the cationic oligo(ethylene oxide) group
is {(CH,CH,0),NMe;X, whefe n = 2 — 100); wherein X is selected from Br’,
| I, BF4;, CF3SOs’, ammonium hexafluorophosphate, and tetrakis[3,5-
bis(trifluoromethyl)phenyl}borate.

15 25. | The method of Claim 8, wherein the polyhedral oligomeric silsesquioxane-

compound is represented by the following structural formula:

R.__R :
A eSS B
_ 2gi—0~$i '
. \ = 3 s
Phohd ) OO @l
AN o .

A Conjugated Oligelectrolyte . Q'Q m .
) N R: Cationic Side Group -

~ or an acceptable salt thereof, wherein:
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) Ar is an optionally substituted aromatic group,

Each. Lmker isa s1ngle bond, double bond, triple bond —CH;- or CH,CH>-; -

and

: each R is independently hydrogen, a cationic alkyl side group or a cationic

_' oli:go_(ethylene, oxide) group.

The method of Claim 22, wherein the polyhedral oligomeric silsesquioxane

compound is represented by the following structural formula:

: R _R )
L - D@l
O'Si’o\g' R.R . '
SISO\SI\ o »
AN ERCRASas-—ars N
~0/—Si, . .
ASl\o/SI o \A i R R

A: Conjugated Oligelectrolyte '\ Q'Q , =
‘ ' R: Cationic Side Group

or an acceptable salt thereof; wherein:

Ar is an optionally substituted aromatic group;

Each Linker is a single bond, double bond, triple bond, -CH»- or -CH,CH>-;

and
each R is independently hydrogen, a cationic alkyl side group or a cationic

oligo(ethylene oxide) group.

) The rriethod of Claim 22, wherein the polyhedral oligomeric silsesquioxane

compound is represented by the following structural formula: -
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A coﬁjugated Oligelectrolyte v

an acceptable salt thei’eof; wherein

Each is independently selected from:

- R._R =~ N,R' . OR R
_ , A <
y o : o RO . R .
5 ' Each Aris iridependently an optionally substituted aromatic group;
Each R is independently a cationic, anionic, or neutral alkyl group or a
~ cationic, anionic, or neutral oligo(ethylene oxide) group; |
Each Lmker isa smgle bond, double bond, triple bond, —CH2- or —CH2CH2-

Each R’ is mdependently H or a terminal reactive group

10



