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BIOCOMPATIBLE NANOPARTICLES WITH AGGREGATION INDUCED
EMISSION CHARACTERISTICS AS FLUORESCENT BIOPROBES AND
METHODS OF USING THE SAME FOR IN VITRO AND IN VIVO IMAGING

RELATED APPLICATIONS
(001} The present patent application claims priority to Provisional Patent

Application Nos. 61/573,097 and 61/685,227, filed September 1, 2011 and March 14,

1

2012, respectively, each of which was filed by the inventoré hereof and is incorporated by

reference herein in its entirety.
TECHNICAL FIELD

[002] The present subject matter relates to the‘i use of fluorescent organic
1‘

compounds that exhibit aggregation induced emission. The fluorescent compounds can
(

be formulated with a biocompatible polymer matrix ;resulting in uniformly sized
\
|

nanoparticles exhibiting high degrees of brightness, low cytotoxicity, and selective
|

|
uptake by cancer cells. Therefore, the fluorogen-loaded nanoparticles are useful as
i

fluorescent bioprobes for in vitro and in vivo imaging.
BACKGROUND
[003] The emergence of non-invasive live animal fluorescence imaging technology

has opened new avenues for the development of cancér diagnosis and therapeutics.
|

Fluorescence imaging probes with intense emission in the far-red/near-infrared (FR/NIR)

region (>650 nm) are attracting increasing attention due to their ability to overcome the

1

interferences of optical absorption, light scattering, and auto-fluorescence of biological

media.
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[004] To date, a large variety of materials, includjng organic dyes, fluorescent
proteins, and inorganic quantum dots (QDs), have beet} extensively studied for the
purpose of FR/NIR fluorescence imaging. Organic d§es and fluorescent proteins,

however, suffer from limited molar absorptivity and lo§v photobleaching thresholds,
while inorganic QDs are highly cytotoxic in an oxidative environment (A. M. Derfus et

al., Nano Lett. 2004, 4, 11). This has greatly limited the application of organic dyes,
|
fluorescent proteins, and QDs for in vitro and in vivo imaging.

[005] Fluorescent nanoparticles, such as organic ﬂué)rophore-loaded nanoparticles,
i
have recently emerged as a new generation of nanoprobe$ for bioimaging. They exhibit

advantages such as synthetic versatility, low cytotoxicity, jhigh photostability, and facile

surface functionalization for specific targeting. For p;actical applications, brightly

emissive nanoparticles are desirable for high contrast ima;ging. Ideally, the brightness of

fluorophore-doped nanoparticles should be proportional t?o the number of encapsulated

dye molecules. However, at high loading contents, n—conj‘ugated fluorophores are prone
1

!

to aggregate. The aggregate formation often quenches light emission, a common
photophysical phenomenon known as aggregation caused quenching (ACQ). The ACQ
effect has prevented the fabrication of nanoparticles with high degrees of brightness.

Effort has been made to amplify the fluorescence of dyes with the ACQ property (U.S.

Pat. No. 7,883,900). However, even after amplification, the fluorescence signal has been
only mildly enhanced.
[006] Most organic fluorophores including ethidium bromide (U.S. Pat. No.

;
4,729,947, U.S. Pat. No. 5,346,603, U.S. Pat. No. 6,143,151, and U.S. Pat. No.

6,143,153), Nile red (U.S. Pat. No. 6,897,297 and U.S. Pat. No. 6,465,208),
|
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fluorescamine (U.S. Pat. No. 4,203,967), o-phthaldialdel{yde (U.S. Pat. No. 6,969,615
and U.S. Pat. No. 6,607,918), and Cyanine dyes (U.S. Pat. No. 5,627,027 and U.S. Pat.
No. 5,410,030) are emissive only in their solution stz;te. Emission is significantly
quenched or completely quenched in aggregation states (i. e , high dye concentration state,

film state, solid powder state, etc.). Therefore, the loading concentration of dyes in
|
polymer particles can only reach moderate levels, resulting in limited achievable

i

1
fluorescence intensity. Therefore, the practical applications of organic fluorophore-doped

nanoparticles for in vitro and in vivo bioimaging are considerably limited.

[007] Accordingly, there is a great need for the development of fluorescent

bioprobes with high biological compatibility, strong photobleaching resistance, and

1

efficient light emission for use in in vitro and in vivo irﬂaging, particularly live animal
imaging.
SUMMARY

[008] The present subject matter relates to the development of a novel class of

i
|

organic fluorogens with aggregation induced emission properties comprising one or more

fluorophores and one or more chromophores. Fluorophores are not emissive in dilute
|

solutions but can be induced to luminesce when aggregated via a mechanism of

|
restriction of intramolecular rotation. In contrast, conventional chromophores exhibit

1
1

aggregation caused quenching in the solid state. The present subject matter relates to the
i

development of a structural design strategy for transforming conventional chromophores
i

that exhibit aggregation caused quenching into efficient solid state emitters by covalent

integration with fluorophores that exhibit aggregation induced emission properties. The

|

|
resultant adducts inherit the aggregation induced emission properties. Due to the
|
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extension in the electronic conjugation, the resultant adducts display red-shifted emission,

as compared to their parent chromophores, which exhibit aggregation caused quenching.

[009] Therefore, the present subject matter relates t(; the development and use of a
fluorogen that exhibits aggregation induced emission prioperties through the covalent
bonding of conventional chromophores with aggregation iriduced emission fluorophores.

[0010] The present subject matter further relates to tile development of fluorescent

4

organic compounds that exhibit aggregation induced emissjion properties and can be used
as fluorescent bioprobes for in vitro and in vivo imaging. Particularly, the present subject
matter is directed to the development and use of ﬂuc;rescent bioprobes comprising
fluorogen-loaded nanoparticles comprising a fluorogen thét exhibits aggregation induced
emission properties, wherein the fluorogen comprisesj one or more chromophores

conjugated with one or more aggregation induced emission fluorophores. The fluorogen-

loaded nanoparticles have a fluorescence emission. Furthermore, the fluorogen comprises
|
a backbone structure selected from the group consisting of%

R R

wherein each R is independently selected from the group consisting of H, alkyl,

1

unsaturated alkyl, heteroalkyl, cycloalkyl, heterocycloajlkyl, aryl, heteroaryl, and an

|
I

alkoxy group; and wherein X is one or more chromophorés which can conjugate with one

or more fluorophores.
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[0011] A further aspect of the present subject matter is directed to the development

and use of a fluorescent bioprobe comprising fluorogen-loaded nanoparticles comprising

a fluorogen that exhibits aggregation induced emission properties and a biocompatible

polymer matrix. Formulation of the fluorogens exhibiting?aggregation induced emission
properties with biocompatible polymer matrices yields uniformly sized nanoparticles
with high degrees of brightness and low cytotoxicity.

[0012] Another embodiment of the present subject matter is directed to a method for
preparing a fluorescent bioprobe comprising ﬂuorogen-loa&ed nanoparticles comprising a
fluorogen that exhibits aggregation induced emission prioperties and a biocompatible
polymer matrix by (a) preparing a solution comprising an organic solvent, such as
tetrahydrofuran and the fluorogen, (b) preparing an aqueous solution of a biocompatible
polymer, (c) mixing the solution comprising the organic ;olvent and the fluorogen with
the aqueous solution together and sonicating, and (e) re;noving the organic solvent to
form the fluorogen-loaded nanoparticles.

[0013] The fluorogen-loaded nanoparticles herein shdw excellent cancer cell uptake
and prominent tumor targeting ability, thereby makiné the nanoparticles useful as

fluorescent bioprobes. The nanoparticles can be used as probes for long term cellular

tracking with two-photon fluorescence imaging. Moreover, the fluorescence emission of

|
the nanoparticles can be further amplified by two methods, taken alone or in combination.

{
i

One method is the application of conjugated polymers as ;ﬂuorescence resonance energy

transfer (FRET) donors. The other method is the appliéation of an arginine-glycine-

i
1

aspartic acid (RGD) peptide as a biorecognition réagent functionalized on the

i
|

1
nanoparticle surface, which can enhance the targeting ability of the nanoparticles to
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cancer cells. The combined application of the FRET dono£ and the RGD reagent greatly
improves fluorescence contrast (high sensitivity) and seléctivity to cancer cells for in
vitro and in vivo imaging. Accordingly, the ﬂuorogen-loajtded nanoparticles formulated
with the biocompatible polymer matrix can be used as ﬂué)rescent bioprobes for clinical
cancer imaging and diagnostics. |
[0014] Another embodiment of the present subject ma‘tter is directed to a fluorescent
bioprobe comprising one or more fluorogens that exhibit ?aggregation induced emission
properties, wherein the fluorogens comprise one or more faggregation induced emission
fluorophore conjugated with one or more peptides; w}jlerein the fluorogens have a

fluorescence emission; and wherein the fluorogens comprise one or more backbone

structures selected from the group consisting of:
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wherein each R is independently selected from the g;oup consisting of H, alkyl,
unsaturated alkyl, heteroalkyl, cycloalkyl, heterocycloalkyjl, aryl, heteroaryl, a carboxyl
group, an amino group, a sulfonic group, and an alkoXy group; wherein R(X) is a
terminal functional group independently selected from the group consisting of N3, NHy,
COOH, NCS, SH, alkyne, N-Hydroxysuccinimide ester,?a maleimide, a hydrazide, a
nitrone group, -CHO, -OH, a halide, and a charged ionic gr‘oup; and wherein one or more
peptides is conjugated to R(X).

[0015] Another embodiment of the present subject méltter is related to a method for
preparing the fluorescent bioprobe comprising: (a) preparing a peptide containing a
terminal alkyne by solid-phase synthetic method; (b) prlaparing a DMSO solution of
fluorogen azide; (c) mixing the fluorogen azide and the peli)tide together with CuSO4 and
sodium ascorbate; (d) crosslinking the fluorogens and thé: peptides by click chemistry,;
and (e) purifying by high performance liquid chromatc;graphy (HPLC) to form the

fluorescent bioprobes.

[0016] The present subject matter is also directed to? a method of cellular imaging
|

comprising contacting target cells with the fluorescent bioprobes and detecting cellular

imaging. In one embodiment, the target cells are cancerjcells. The method of in vitro

cellular imaging is conducted using either confocal laserj scanning microscopy or two-
i

photon fluorescence spectroscopy. The method of in vivo cellular imaging is conducted

using a Maestro in vivo fluorescence imaging system.
BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Various embodiments will be described in; detail with reference to the

accompanying drawings.
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[0018] FIG. 1 illustrates the absorption spectrum of} TPE-TPA-DCM (10 puM) in
[0019] FIG. 2A illustrates a photoluminescence (PL) épectra of TPE-TPA-DCM (10
pM) in THF/water mixtures with different water fractions (fw) (vol %).

[0020] FIG. 2B illustrates the photoluminescence (PL) spectra of TPE-TPA-DCM
(10 pM) in THF/water mixtures relative to increasing wa;ter fractions (fy) (vol %) at a
constant wavelength of 480 nm.

[0021] FIG. 3 illustrates the fabrication of bm}ine serum albumin (BSA)
nanoparticles loaded with TPE-TPA-DCM.

[0022] FIG. 4A illustrates transmission electron microscopy (TEM) images of the -
TPE-TPA-DCM-loaded BSA nanoparticles.

[0023] FIG. 4B illustrates field-emission scanning electron microscopy (FESEM)

|

images of the -TPE-TPA-DCM-loaded BSA nanoparticles.g

[0024] FIG. 5 is a diagram illustrating the norma;lized UV-vis absorption and
photoluminescence (PL) emission spectra of the ﬂuoroéen—loaded BSA nanoparticles
(with TPE-TPA-DCM loading of 0.86%; -solid line) ;lnd the bare TPE-TPA-DCM
nanoparticles (dashed line) in water.

[0025] FIG. 6 is a diagram illustrating the changes in the quantum yield and
photoluminescence (PL) intensity relative to the weight r:atio of TPE-TPA-DCM in the
fluorogen-loaded BSA nanoparticles. |

[0026] FIG. 7 illustrates confocal laser scanning rriicroscopy (CLSM) images of

MCF-7 breast cancer cells after incubation with (A) TPE-TPA-DCM-loaded BSA
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nanoparticles (with a fluorogen loading of 0.86%) and (B) bare TPE-TPA-DCM
nanoparticles (TPE-TPA-DCM = 0.4 uM) for 2 hours at 37?°C.

[0027] FIG. 8 is a 3D confocal laser scanning micréscopy (CLSM) image of the
MCEF-7 cancer cells after incubation with the ﬂuorogen—loajded BSA nanoparticles (TPE-
TPA-DCM = 0.4 uM) for 2 hours at 37 °C.

[0028] FIG. 9 is a 3D confocal laser scanning microscopy (CLSM) image of the
MCF-7 cancer cells after incubation with bare TPE-TPA-ﬁCM nanoparticles (TPE-TPA-
DCM = 0.4 pM) for 2 hours at 37 °C.

[0029] FIG. 10 is a chart illustrating the metabolic viability of MCF-7 breast cancer
cells after incubation with TPE-TPA-DCM-loaded BéA nanoparticles at various
fluorogen concentrations after 12, 24, and 48 hours.

[0030] FIGS. 11A—B illustrate in vivo non-invasive fluorescence imaging of Ha
tumor-bearing mice after intravenous injection of ‘(A) fluorogen-loaded BSA
nanoparticles (with TPE-TPA-DCM loading of 0.86 %) and (B) bare TPE-TPA-DCM
nanoparticles at the same fluorogen concentration. The Whiit& circles mark the tumor sites.
[0031] FIG. 11C is a chart illustrating the average photoluminescence (PL)
intensities for the tumor tissues from the mice treated with the TPE-TPA-DCM-loaded
BSA nanoparticles and the bare fluorogen nanoparticles at idifferent times.

[0032] FIG. 12A is a high-resolution transmission elé:ctron microscopy (HR-TEM)
image of F37NP50.

[0033] FIG. 12B is a diagram illustrating the particle size distribution of F37NP50 in

water studied via laser light scattering.



10

15

20

WO 2013/029340 PCT/CN2012/001227

[0034] FIG. 12C is a high-resolution transmission electron microscopy (HR-TEM)
image of F30NP50.

[0035] FIG. 12D is a diagram illustrating the particlei size distribution of F30NP50
in water studied via laser light scattering.

[0036] FIG. 13 is a diagram illustrating the UV-vi$ absorption (solid line) and
photoluminescence (PL) spectra (dashed line) of F37NP5(j) (black) and F30NP50 (gray)
in water (excited at 543 nm).

[0037] FIGS. 14A-D illustrate images of MCF-7 cancer cells. FIGS. 14A-B
illustrate confocal images of MCF-7 cancer cells after incubation with (A) F37NPO and
(B) F37NP50 for 2 hours at 37 °C ([F37] = 2 pM). The fluorescence of F37NPs was
recorded under excitation at 543 nm with a 560 nm longpa;s barrier filter. The cell nuclei
were stained by 4’, 6-diamidino-2-phenylindole (DAPI). FIG. 14C illustrates a confocal
image of MCF-7 cancer cells without incubation with F37£\JPS. FIG. 14D illustrates a 3D
image of MCF-7 cancer cells incubated with F37NP50 for 2 hours at 37 °C. The scale bar
is the same for all images.

[0038] FIG. 15 illustrates in vivo fluorescence imaging of H,; tumor-bearing mice
after intravenous injection of (A) F37NPO and (B) F37‘NP50. The circle in the left
axillary indicates the tumor site.

[0039] FIG. 16 is a high-resolution transmission eléctron microscopy (HR-TEM)
image of FTNPs with DSPE-PEGj0 and DSPE—PEGso(io-Folate as the biocompatible
polymer matrix.

[0040] FIG. 17A illustrates the linear absorption (black) and emission spectra (gray)

of FTNPs in water.

10
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[0041] FIG. 17B illustrates the two-photon absorption %pectmm of FTNPs in water.
[0042] FIG. 18 illustrates two-photon fluorescence iniages of FTNP-treated MCF-7
cancer cells after incubation for designated time intervals.iThe two photon fluorescence
of FTNPs was collected by a 600-800 nm bandpass filter uﬁon excitation at 800 nm.
[0043] FIG. 19 illustrates confocal images of MTR-tre;ated MCF-7 cancer cells after
incubation for designated time intervals. The ﬂuorescencé: of MTR was collected by a
600-800 nm bandpass filter upon excitation at 560 nm.
[0044] FIG. 20 illustrates the normalized UV-vis absorption (solid line) and
photoluminescence (PL) spectra (dashed line) of PFV (black) and TPE-TPA-DCM (gray)

in THF.

[0045] FIG. 21 illustrates a photoluminescence (PL) spectra of PFV/T PE-TPA-
DCM co-loaded BSA nanoparticles in water with [RU of PFVJ/[TPE-TPA-DCM]
ranging from 6:1 to 20:0 upon excitation at 435 nm. ThejTPE—TPA—DCM loading ratio

was fixed at 0.86%. The PL spectrum of TPE-TPA-DCM ioaded nanoparticles (0:1) was
excited at 505 nm. ‘

|

|
[0046] FIGS. 22A-B illustrate (A) a transmission electron microscopy (TEM) image

and (B) a field-emission scanning electron microscopy (FESEM) image of the PFV/TPE-

i

TPA-DCM co-loaded BSA nanoparticles with [RU of PFV]/[TPE-TPA—DCM] =20:1.
[0047] FIGS. 23A-C illustrate confocal images of H’f—29 cancer cells. FIGS. 23A-B

illustrate confocal images of HT-29 cancer cells after incubation with PFV/TPE-TPA-

DCM co-loaded BSA nanoparticles for 2 hours upon excitation at (A) 532 nm and (B)

405 nm. The signals are collected above 650 nm for jboth (A) and (B). FIG. 23C
|

illustrates a confocal image of HT-29 cancer cells jafter incubation with RGD-
i

11



10

15

20

WO 2013/029340 PCT/CN2012/001227

functionalized PFV/TPE-TPA-DCM co-loaded BSA nanoparticles for 2 hours. The
imaging conditions for (C) are the same as those for (B). i

[0048] FIGS. 24A-C illustrate in vivo non-invasive ;ﬂuorescence imaging of Hz
tumor-bearing mice after intravenous injection of (A) %I‘PE-TPA—DCM loaded BSA
nanoparticles, (B) PFV/TPE-TPA-DCM co-loaded BSA nanoparticles, and (C) RGD-
functionalized PFV/TPE-TPA-DCM co-loaded BSA nano;;articles. The red circles mark
the tumor sites. ]

[0049] FIG. 25 illustrates (a) TPAFN and (b) TPETPAFN in THF/water mixtures
with different water fractions (fy); concentration =1 uM; gxcitation wavelength (Aex): (2)
485 nm, (b) 500 nm. Insets: fluorescent photographs of (aS TPAFN and (b) TPETPAFN
in THF (fv=0%) and a THF/water mixture with f, = 90%. \j/ariations in I/I of (c) TPAFN

and (d) TPETPAFN with fy. Ip and [ are the PL intensi}cies in THF (fy = 0%) and a

THF/water mixture with a specific f,, respectively. Insetjs: fluorescent photographs of

powders of (c) TPAFN and (d) TPETPAFN; ®f = fluorescence quantum yield.

{0050] FIG. 26 illustrates the fabrication of biocompa%ible organic dots. (a) Addition
of a THF solution of TPETPAFN, 1,2—distear0yl-sn-g1yc<;ro-3-phosphoethanolamine-N—
[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) anli its derivative end-capped by
amino group (DSPE-PEG;00-NH,) into water under soniéation affords amino-decorated
core-shell organic dots with AIE characteristics (AIE dots). (b) Coupling of the amino-
functionalized AIE dots with trans-activator of transcriptic;n (Tat) peptide yields Tat-AlIE
dots. |

[0051] FIG. 27 illustrates the morphology and fluo?rescence of Tat-AlE dots. (a)

Particle size distribution and morphological structure of ;Tat-AIE dots studied by laser

12
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light scattering and (inset) high-resolution transmission eléctron microscopy (HR-TEM).
(b) Absorption and emission spectra of Tat-AlE dots susper;ded in water; Aex = 510 nm.
[0052] FIG. 28 illustrates the stability of Tat-AIE djots. (a) Time courses of PL
intensity change of 2 nM Tat-AIE dots in DMEM with le% FBS at 37 °C; data for
inorganic semiconductor quantum dots of Qtracker® (fnvitrogen Corporation, 1600
Faraday, Carlsbad California 92008) 655 are shown for cgmparison. (b) Photobleaching
resistance of Tat-AIE dots and Qtracker® 655 to the coﬁtinuous irradiation by a laser
beam (2 mW) at 514 nm. Insets: confocal images of the Télt—AIE dot-stained cells before
(0 min) and after the laser irradiation for 10 min. Iy is the{j initial PL intensity, while [ is
that of the corresponding sample after a designated time inéerval.

[0053] FIG. 29 illustrates long-term tracing of living{cells by Tat-AlIE dots. On the
left: Flow cytometry histograms of MCF-7 breast cancer cells after incubation with 2 nM
(a) Tat-AIE dots and (b) Qtracker® 655 at 37 °C for 4 h and then subcultured for
designated passages (P). The untreated MCF-7 cells were ?sed as the control (blank solid
line). The corresponding confocal images shown on the riéht were taken under excitation
at 514 nm (~1 mW) with a 550-750 nm bandpass filter. (c; Flow cytometry histograms of
the MCF-7 cells stained by 2 nM of Tat-AlE dots at 37 °C for 4 h (gray solid line) and a

mixture of Tat-AIE dot-stained MCF-7 cells and unstained cells (1:1; gray dashed line).

The histograms were recorded after subculture for 1 da}}. The fluorescence image and

1
|

fluorescence/transmission overlay image of the cell mixtufe are shown on the right.
[0054] FIG. 30 illustrates the fluorescence imaging of tumor cells by Tat-AIE dots.

(a) Representative in vivo fluorescence images of the mouse subcutaneously injected with

1 x 10° of C6 glioma cells after staining by 2 nM Tat-AIE dots. (b) Data for Qtracker®

13



10

15

20

WO 2013/029340 1 PCT/CN2012/001227
655 obtained under similar conditions. The images were t?aken on designated days post
cell injection. The inset in the middle panel shows the injtegrated PL intensities of the
regions of interest (—dark gray circles) at the tumor sites fro;n the corresponding images.
[0055] FIG. 31 illustrates depth profiles of ﬂuorescen(;e images of the tumor stained
by Tat-AIE dots. Projections of z-stacks of (a) one- iand (b) two-photon excited
fluorescence of the tumor; (a) Aex = 560 nm, (b) Aex = éOO nm. The solid tumor was
collected from the mouse after 9-day injection of the Tat-AIE dot-stained cells. The
fluorescence signals were collected with a 550-780 nm bandpass filter.

[0056] FIG. 32A illustrates an absorption spectrum of BATPS (solid line) and TPS-
2cRGD (dashed line) in DMSO/water (v/v = 1/1'99) where [BATPS]=[TPS-

2cRGD]=10pM. |

[0057] FIG. 32B illustrates a PL spectra of BATPSi (solid line) and TPS-2cRGD
(dashed line) in DMSO/water (v/v = 1/199) where [BATPS] = [TPS-2cRGD] = 10puM.

[0058] FIG. 33A illustrates the hydrodynamic diameti:rs of BATPS in DMSO/water
(v/v = 1:199) obtained from laser light scattering.

[0059] FIG. 33B illustrates the PL spectra of TPS-2cRGD in H,O with varied

concentrations of NaCl (0, 30, 60, 120, 240, 480, and 960 mM) and in cell culture

medium (DMEM). [BATPS] = [TPS-2cRGD] = 10 uM; Aex = 356 nm.
|
[0060] FIG. 34 illustrates the determination of (A)ﬁ Integrin o,f3 from (B) other
proteins through specific cRGD-Integrin interaction. i
[0061] FIG. 35A illustrates the PL spectra of TPé-ZcRGD in the presence of

different amounts of integrin ayfs (0, 4, 10, 20, 50 and IOO ng mL™"). The inset in FIG.

14
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35A shows the corresponding photograph taken under the illumination of a handheld UV

lamp. :
[0062] FIG. 35B illustrates plot of I/l with respect to %different proteins, where I and
I, are probe PL intensities at 50 pg mL"' and O pg mL'i proteins, respectively. [TPS-
2cRGD] = 10 uM; Aex= 356 nm. 1

!
[0063] FIG. 36 illustrates the plot of (I-Ip)/Ip with resipect to different concentration
of integrin avpB; in PBS buffer. I and Iy are PL intensities c;f TPS-2cRGD in the presence
and in the absence of integrin avfs. ;
[0064] FIG. 37 illustrates CLSM images of live cells éfter 30 min incubation with 2
uM TPS-2cRGD in the absence and presence of membrarjle tracker at 4 °C. Fluorescent
images of MCF7 cells stained with (a) TPS-2cRGD, (B) membrane tracker, and (c)
overlapped image; Fluorescent images of HT-29 cells sta;ned with (d) TPS-2cRGD, (e)
membrane tracker, and (f) overlapped image; Fluorescerilt images of HT-29 cells pre-
treated with 10 pM cyclic RGD peptide followed by stairjling with (g) TPS-2cRGD, (h)
membrane tracker, and (i) overlapped image. The confocél images were collected under
excitation at 405 nm (5% laser power) with a band pass 565—525 nm filter (a, d, g), and
543 nm (5% laser power) with a band pass 575-635 nm ffilter (b, €, h). All images share
the same bar. |
[0065] FIG. 38 illustrates real-time fluorescence imagiing of TPS-2cRGD uptake into
HT-29 cells at room temperature (top panel) and overlappéd images of cells stained with

TPS-2cRGD and membrane tracker (bottom panel). All irjnages have the same scale bar

of 10 um.

15
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[0066] FIG. 39 illustrates the metabolic viability of HT-29 cancer cells after
incubation with TPS-2cRGD at concentrations of 2, 5 and 10 uM for 12, 24 and 48 h,
respectively. ]

[0067] FIG. 40(a) illustrates UV-vis absorption- spectéa of TPE-Nj; (dashed line) and
AcDEVDK-TPE (solid line) in DMSO/water (v/v = 2:98). FIG. 40(b) illustrates
photoluminescence (PL) spectra of TPE-Nj3 (solid line) and? AcDEVDK-TPE (dashed line)
in DMSO/water (v/v = 2:98). [TPE-N3] = [AcDEVDK-TPEi] =8 uM; Aex=312 nm.

[0068] FIG. 41 illustrates enzymatic screening of ACDEVDK-TPE against pure
caspase-3 and caspase-7. FIG. 41(a) illustrates a PL spectfra of AcDEVDK-TPE (5 uM)
treated with caspase-3 and caspase-7 in presence and absénce of caspases inhibitor. The

amount of caspases is 1 pg in each assay. The concentrafion of caspase inhibitor is 10

uM. FIG. FIG. 41(b) illustrates the time-dependent emission spectra of AcDEVDK-TPE
after adding caspase-3 and caspase-7 from 0 min to 120 mih. Aex= 312 nm.

[0069] FIG. 42 illustrates (a) PL spectra of AcDEVDjK-TPE (5 uM) in presence of

different concentrations of caspase-3 (0, 7, 35, 50, 70, iOO and 200 pM) and (b) PL

spectra of different concentrations of AcDEVDK-TPE (b, 1, 2, 5, 10 and 20 uM) in
1

presence of 70 pM caspase-3. Aex =312 nm. ?

[0070] FIG. 43 illustrates (a) a plot of (I-Ip)/Ip witI; respect to different proteins,

where I = FL intensity and Iy = FL intensity at 20 and O p g mL"! proteins, respectively.

Concentration of Ac-DEVDK-TPE = 5 uM. FIG. 43(b) illustrates a plot of (I-Ip)/Ip with

respect to different concentrations of caspase-3/caspase-7 substrates. I = FL intensity at

different concentrations of substrate. Iy = PL intensity of reactions without enzyme. Acx =

312 nm.

16
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[0071] FIG. 44 illustrates confocal microscope irliages of caspase-3/caspase-7

activities using AcDEVDK-TPE in apoptotic HeLa cells. Left panel: Normal HeLa cells

incubated with AcDEVDK-TPE. Right panel: apoptoti(i HeLa cells incubated with
1

AcDEVDK-TPE. [AcDEVDK-TPE] = 5§ pM. All images vjvere acquired under excitation

at 405 nm (5% laser power) with a band pass 505-—525 nm filter. STS represents

staurosporine, an anti-cancer treatment drug. |

|

[0072] FIG. 45 illustrates CLSM images of DEVD—TPS-stained U87MG
glioblastoma cells (a) before and (b) after staurosporine induced cell apoptosis. CLSM
images of DEVD-TPS-RGD-stained US7MG glioblastoma cells (c) before and (d) after
staurosporine induced cell apoptosis. CLSM images of DEVD-TPS-RGD-stained MCF-7
cancer cells (e) before and (f) after staurosporine induced cell apoptosis. Scale bar: 30 um
for all the images. 5
[0073] FIG. 46 illustrates an LC-MS spectra of E/Z—TPE-ZDEVD.
[0074] FIG. 47 illustrates (A) UV-vis absorption sI;ectra of E/Z-TPE-2DEVD in
DMSO/water (v/v =1:199). [E-TPE-2DEVD] = [Z-le’E-ZDEVD] = 10 pM. (B)
Photoluminescence (PL) spectra E/Z-TPE-2DEVD with ar:1d without caspase-3 in PIPES
buffer. [E-TPE-2DEVD] = [Z-TPE-2DEVD] = 10 uM, [caic,pase-3] =3pugmL".
[0075] FIG. 48 illustrates the hydrolysis of EE—TPE—iDEVD monitored by LC-MS.
[0076] FIG. 49 illustrates Plot of (I-lp)/Iy with respeét to different proteins, where /
and I, are the PL intensities at protein concentrations of 100 and 0 pM, respectively.

|

DETAILED DESCRIPTION

Definitions
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[0077] All technical and scientific terms used hereiﬁ have the same meanings as
commonly understood by someone ordinarily skilled in §the art to which the present
subject matter belongs. The following definitions are provicied for clarity.

[0078] The phrase “a-conjugated fluorophore” as used herein refers to any
fluorophore covalently bonded with alternating single ana double bonds in an organic
compound. i

[0079] The term ““Aex”” as used herein refers to excitati(;n wavelength.

[0080] The phrase “aggregation caused quenching” oir “ACQ” as used herein refers
to the phenomenon wherein the aggregation of n-conjug&ited fluorophores significantly
decreases the fluorescence intensity of the fluorophores. The aggregate formation is said
to “quench” light emission of the fluorophores. i

[0081] The phrase “aggregation induced emission” or?“AIE” as used herein refers to
the phenomenon manifested by compounds exhibiting sig;lificant enhancement of light-
emission upon aggregation in the amorphous or crystalliﬁe (solid) states whereas they
exhibit weak or almost no emission in dilute solutions. |

[0082] The term “alkyl” as used herein refers t(; a branched or unbranched
hydrocarbon chain comprising a designated number of carbon atoms. For example, a Ci-
Ce straight or branched alkyl hydrocarbon chain contains 1 to 6 carbon atoms, and
includes but is not limited to methyl, ethyl, propyl, iso-pro‘pyl, butyl, iso-butyl, tert-butyl,
n-pentyl, n-hexyl, and the like. In one embodiment,‘ the “alkyl” chain may be
unsubstituted or is substituted by one or more substituents.‘ It is also contemplated as with

!
the scope of the present subject matter that “alkyl” may also refer to a hydrocarbon chain
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wherein any of the carbon atoms of the alkyl are optionaliy replaced with O, NH, S, or
SO,. For example, carbon 2 of n-pentyl can be replaced Witi‘l O to form propyloxymethyl.
[0083] The term “alkoxy group” refers to an alkyl éroup singularly bonded to an
oxygen. The range of alkoxy groups is great, the simplest being methoxy (CH;0—).

[0084] The term “aryl” refers to an aromatic carboxcyélic group having a single ring,
' |

for example a phenyl ring; multiple rings, for example biphenyl; or multiple condensed

i
1

rings in which at least one ring is aromatic, for example naphthyl, 1,2,3,4-
tetrahydronaphthyl, anthrl, or phenanthryl, which can be uﬂsubstituted or substituted with
|
one or more other substituents. f
|

[0085] The phrase “arginine-glycine-aspartic acid” orj “RGD” as used here in refers

to the use of a RGD peptide as a biorecognition reagent functionalized on the

nanoparticle surface, which can enhance the targeting ability of nanoparticles to cancer
cells. i

1
[0086] The term “biomacromolecule” as used herein fefers to a very large molecule,
such as a protein, nucleic acid, or polysaccharide of biolog{cal origin.

[0087] The phrase “bovine serum albumin” or “BSA” as used herein refers to a

i
|

serum albumin protein derived from cows. It is used herein as a biocompatible polymer
matrix. 1
[0088] The term “boc” as used herein refers to tert-Butyloxycarbonyl group which is

a protective group for amine. It can be removed by a concentrated, strong acid, such as

1
|
|
|
%
|

[0089] The term “CHAPS” as used herein refers to  3-[(3-

1

HCI or CF;:COOH.

Cholamidopropyl)dimethylammonio]-1-

19



10

15

20

WO 2013/029340 PCT/CN2012/001227

propanesulfonate. It is a zwitterionic detergent used in the laboratory to solubilize
biological macromolecules such as proteins.
[0090] The term “chromophore” as used herein refers to the part of a molecule

responsible for its color.

[0091] The term "cycloalkyl" as used herein refers to an organic cyclic substituent
comprising a designated number of carbon atoms. For example, a C3-Cg cycloalkyl
contains three to eight carbon atoms forming a three, fo‘jur, five, six, seven, or eight-
membered ring, including, for example, a cyclopropyl, cyclobutyl, cyclopentyl,
cyclohexyl, cycloheptyl, or cyclooctyl ring, and the lii<e. In one embodiment, the
“cycloalkyl” may be unsubstituted or is substituted by one or more substituents.

[0092] The term “DEVD” as used herein refers ito Asp-Glu-Val-Asp peptide

sequence which can be selectively and specifically cleaved :by caspase-3/caspase-7.

|
[0093] The term “DEVD-AFC” as used heréin_ refers to (7-amino-4-

trifluoromethylcoumarin)-derived caspase substrate which is widely used for the
fluorimetric detection of various caspase activities.

|
!
i
!
!
!
I
|
!

[0094] The term “DIEA” as used herein refers to N, N-Diisopropylethylamine, or
Hiinig's base. DIPEA or DIEA, is an organic compoum‘i and an amine. It is used in
organic chemistry as a base. :

[0095] The term “DMF” as used herein refers to diinethylformamide which is an
organic compound with the formula (CH3),NC(O)H. It is a common solvent for chemical

|

|
. |
reactions. |
1
|
i

[0096] The term “EDTA” as used herein refers to eth)?lenediaminetetraacetic acid. It

is a polyamino carboxylic acid and a colorless, water-solubie solid.
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[0097] The phrase “emission intensity” as used herein refers to the magnitude of
fluorescence/phosphorescence normally obtained from a fiuorescence spectrometer or a
fluorescence microscopy measurement.
[0098] The term “fluorogen” as used herein refers to a chemical compound that

manifests luminescence.

[0099] The term “fluorophore” as used herein refers to a fluorescent chemical

compound that can re-emit light upon light excitation. Fluorophores typically contain

1
i

several combined aromatic groups, or plane or cyclic mdlecules with several m bonds.
Fluorophores can be used as tracers in fluids, dyes for staining certain structures,
substrates of enzymes, or probes or indicators. Fluorophgres absorb light energy of a
specific wavelength and re-emit light at a longer Wavelengﬁ. The absorbed wavelengths,
energy transfer efficiency, and time before emission de;gend on both the fluorophore
structure and its chemical environment, as the molecule 1n its excited state interacts with
surrounding molecules. i

[00100]  The phrase “fluorescence resonance energy ‘transfer” or “FRET” as used
herein refers to a mechanism describing energy transfer lj)etween two chromophores. A
donor chromophore, initially in its electronic excited state, may transfer energy to an
acceptor chromophore through nonradiative dipole-dipole (j:oupling. The efficiency of this
energy transfer is inversely proportional to the sixth powerj of the distance between donor
and acceptor making FRET extremely sensitive to small diétances.

[0100] The term “Fmoc” as used herein refers to a 9-Fluorenylmethyloxycarbonyl

group which is a protective group for amines. It can be removed by a base, such as

piperidine.
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[0101] The term “HBTU” as used herein refers to Q-Benzotriazole—N, N, N, N’-

1
tetramethyl-uronium-hexafluoro-phosphate, which is commonly used for coupling
i
i
|

[0102] The term “‘heteroaryl” as used herein refers to a heterocycle in which at least

reaction between acids and amines.

one ring is aromatic. A heterocycle is a saturated, unsatuirated, or aromatic carbocyclic
group having a single ring, multiple rings, or multiple ccj)ndensed rings, and having at
least one hetero atom such as nitrogen, oxygen, or sulfur vjvithin at least one of the rings.
A heteroaryl can also encompass a heteroalkyl or heterociycloakyl. In one embodiment,
the “heteroaryl” may be unsubstituted or is substituted by oﬁe or more substituents.
[0103] The term “HOBt” as used herein refers to hy&roxybenzotriazole which is an
organic compound that is a derivative of benzotriazole. ;It is mainly used to suppress
racemization and improve the efficiency of peptide synthes‘:is.

[0104] The term “nanoparticle” as used herein refers to any microscopic particle or

particle population having a mean diameter of about 100 or less nanometers (nm); less

than about 90 nm; less than about 80 nm; less than about 70 nm; less than about 60 nm;

less than about 50 nm in diameter; or having a mean diameter of from 1 nm to less than

100 nm; from 10 nm to less than 100 nm; from 20 nm to le‘jss than 100 nm; from 30 nm to
|

less than 100 nm; from 40 nm to less than 100 nm; from 50 nm to less than 100 nm; from
|

10 nm to 90 nm; from 20 to 80 nm; or having a mean diaméter of from 30 to 70 nm. In an
|
embodiment, greater than 99% of the nanoparticles of a hanoparticle population have a

mean diameter falling within a described range; greglter than about 90% of the

microparticles have a mean diameter falling within a described range; greater than about

80% of the microparticles have a mean diameter falling within a described range; greater
1

22



10

15

20

WO 2013/029340 PCT/CN2012/001227

1

than about 70% of the microparticles have a mean diameter falling within a described
range; greater than about 60% of the microparticles have a mean diameter falling within a
described range; greater than about 50% of the micropajrticles have a mean diameter
falling within a described range; greater than about 40%; of the microparticles have a
mean diameter falling within a described range; greeiter than about 30% of the
microparticles have a mean diameter falling within a desc;ibed range; greater than about
20% of the microparticles have a mean diameter falling‘ within a described range; or
greater than about 10% of the microparticles have a mean diameter falling within a

described range. i
{0105] The term “NHS” as used herein refers to N—jhydroxysuccinimide which 1s

commonly used in organic chemistry or biochemistry as an activating reagent for

carboxylic acids.

b

[0106] The phrase “peptide-conjugated fluorophore” as used herein refers to a
fluorophore covalently connected with an interested peptide substrate.

[0107] The term “PIPES” as used herein refers to means piperazine-N,N'-bis(2-

ethanesulfonic acid) which is a frequently used buffering agent in biochemistry.

[0108] The phrase “quantum dots” as used herein refers to a type of matter, i.e., a

semiconductor, whose excitons are confined in all three spatial dimensions. Quantum

|
i

dots can be semiconductors whose electronic characteristids are closely related to the size
|
and shape of the individual crystal. Generally, the smaller the size of the crystal, the

larger the band gap, i.e., the difference in energy between the highest valence band and

the lowest conduction band becomes greater. Therefore more energy is needed to excite
i
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the dot, and concurrently, more energy is released when the crystal returns to its resting
state.
[0109] The term “STS” as used herein refers to staurosporine, an anti-cancer
treatment drug, which can induce cell apoptosis.
[0110] The term “TFA” as used herein refers to trifluoroacetic acid, a strong

carboxylic acid widely used in organic chemistry.

[0111] The term “TIS” as used herein refers to triisopropylsilane, which is an
organic compound. It is sometimes used for the peptidefcleavage from resin in solid-

|
phase synthesis. i
|

[0112] The phrase "unsaturated alkyl" as used herein refers to a branched or

unbranched unsaturated hydrocarbon chain comprising a designated number of carbon

atoms, and may also be referred to as an “alkenyl.” Fof example, a Cy-Cs straight or
i

branched alkenyl hydrocarbon chain contains 2 to 6 carbon atoms having at least one
i

double bond, and includes but is not limited to ethenyl, propenyl, iso-propenyl, butenyl,

iso-butenyl, tert-butenyl, n-pentenyl, n-hexenyl, and the lfike. It is also contemplated as
|

within the scope of the present subject matter that "unsaturated alkyl" may also refer to an
unsaturated hydrocarbon chain wherein any of the carbon atoms of said unsaturated alkyl

are optionally replaced with O, NH, S, or SO,. For examplTe, carbon 2 of 4-pentene can be
replaced with O to form (2-propene)oxymethyl. In one jembodiment, the “unsaturated

alkyl” may be unsubstituted or is substituted by one or more substituents.

[0113] The term “a” or “an” as used herein includés the singular and the plural,

13 "’ (13

unless specifically stated otherwise. Therefore, the term “a,” “an,” or “at least one” can be

i

used interchangeably in this application.
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[0114] Throughout the application, descriptions of Yarious embodiments use the
term ‘“‘comprising;” however, it will be understood by one ;)f skill in the art, that in some
specific instances, an embodiment can alternatively be jdescribed using the language
“consisting essentially of”” or “consisting of.” %

[0115] For the purposes of better understanding the p;esent teachings and in no way
limiting the scope of the teachings, unless otherwise indiéated, all numbers expressing
quantities, percentages or proportions, and other nu@erical values used in the
specification and claims, are to be understood as being m;odified in all instances by the
term “about.” Accordingly, unless indicated to the contrary, the numerical parameters set
forth in the following specification and attached claims are? approximations that may vary
depending upon the desired properties sought to be obte;ined. At the very least, each

numerical parameter should at least be construed in light of the number of reported

significant digits and by applying ordinary rounding techniﬁues.

Fluorogen-loaded Nanoparticles as Fluoreséent Bioprobes

|
i

[0116] In one aspect, the present subject matter relates to a fluorescent bioprobe

comprising fluorogen-loaded nanoparticles comprising a fluorogen that exhibits

aggregation induced emission properties, wherein the fluorogen comprises one or more

chromophores conjugated with one or more aggregation induced emission fluorophores;

wherein the fluorogen-loaded nanoparticles have a fluorescence emission; and wherein

the fluorogen comprises a backbone structure selected from the group consisting of:
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and R |

wherein each R is independently selected from the g}oup consisting of H, alkyl,
unsaturated alkyl, heteroalkyl, cycloalkyl, heterocycloalkyl, aryl, heteroaryl, and an
alkoxy group; and wherein X is one or more chromophorefwhich can conjugate with one
or more fluorophores. i

[0117] The fluorophores, such as tetraphenylethen§ (TPE), are non-emissive In
dilute solutions but are induced to luminesce intensely i:when aggregated due to their
aggregation induced emission properties. Aggregation induced emission of the
fluorophores can be carried out via a mechanism of restrict;on of intramolecular rotation.
[0118] The chromophores, such as 2-(4H—pyran—4-Sllidene)malononitrile (DCM),
exhibit weak to no emission in the solid aggregated stz;te due to aggregation caused
|

!

i
1
{
i

quenching.

[0119] Through a structural design strategy, conventi;)nal chromophores that exhibit

aggregation caused quenching are transformed to efficiént solid emitters by covalent

integration with fluorophores that exhibit aggregation induLed emission. Due to extension
|

in the electronic conjugation, the resultant adducts inflerit the aggregation induced
|

emission properties and display red-shifted emission, in contrast to their aggregation

caused quenching parents.

[0120] Therefore, the present subject matter relates to fluorogen-loaded

nanoparticles constructed through covalent bonding of conventional chromophores, such
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as triphenylamine (TPA), 4H-pyrans, and perylene, with an aggregation induced emission

fluorophore, such as tetraphenylethene (TPE). i

|

[0121] In one embodiment, the fluorogen is TPE-TPA-DCM which comprises the

chromophores TPA and DCM and the aggregation induced emission fluorophore TPE.

TPE-TPA-DCM has the following chemical structure.

[0122] Another aspect of the present subject matter re;lates to a fluorescent bioprobe

comprising fluorogen-loaded nanoparticles comprising a fluorogen that exhibits

i

aggregation induced emission properties, wherein the fluorogen—loaded nanoparticles

have a fluorescence emission; and wherein the fluorogen comprises a backbone structure

selected from the group consisting of:
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wherein each Rj, Ry, R3, and Ry is independently selected fLom the group consisting of H,
alkyl, unsaturated alkyl, heteroalkyl, cycloalkyl, heterocycioalkyl, aryl, heteroaryl, and an
alkoxy group.

[0123] In another aspect of the present subject matter, each R;, Ry, R3, Ry Rs, R, Ry,
Rs, Ro, Rio, Ri1, Riz, Ris, Ris, Ris, Ris, Riz, Ris, Rig, Roo, and Ry, above may be
substituted or unsubstituted, and is independently selected from the group consisting of H,

CnHone1, OCiHapy, CeHs, CioH7, Ci2Hg, OCeHs, OCoH7, and OC;Hy; wherein n = 0 to

20, and the compounds exhibit aggregation induced emission.
[0124] In another embodiment, anyone of R, R;, R3, ‘R4, Rs, Rs, Ry, Rg, Ro, Ry, Ry,
Rlz,Rl_v,, Ris4, Rys, Ris, Ri17, Ris, Rio, Rao, and Ry further comprises a terminal functional

group independently selected from the group consisting of N3, NH,, COOH, NCS, SH,

alkyne, N-Hydroxysuccinimide ester, a maleimide, a hydrazide, a nitrone group, -CHO, -

|
i

OH, a halide, and a charged ionic group; wherein a pepticie independently selected from
the group consisting of a biorecognition peptide and a cell penetrating peptide is
conjugated to the terminal functional group.

[0125] In one embodiment, anyone of Ry, Ry, R3, R4 Rs, R¢, R7, Rs, Ro, Rig, Ry1, Ry,

Ri3, Ris, Ris, Rye, Ry7, Rys, Rig, Ryg, and Ry; comprises one or more charged ionic groups
|
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in order to endow the fluorescent bioprobe with water solubility. In a further embodiment,

the charged ionic groups include but are not limited to -COOH, quaternized amine, SOz,

|
|

and POs5. |

[0126] In one embodiment, the biorecognition pepti1de is selected from the group
consisting of a cyclic-RGD peptide and a DEVD p;eptide substrate. In another
embodiment, the cell penetrating peptide is trans-activator :of transcription peptide (Tat).
[0127] In one embodiment, TPA-DCM and TP]é—TPA-DCM were prepared

according to the reaction scheme shown below.

NC.__CN

Q NC._CN | Ar—-CHO, piperidine
—
/’I\)j\ Ac,0, reflux | CH4CN, reflux
0 o)
1 2

oo

Br-TPA-DCM

B(OH),
O O Pd(PPhs),

Br-TPA-DCM  + | »  TPE-TPA-DCM

O O KsPOj, THF/H,0

|
|
3 s
i
1

[0128] TPE-TPA-DCM was synthesized by Suzuki céupling between Br-TPA-DCM

and 4-(1,2,2-triphenylvinyl)phenylboronic acid (3) using:Pd(PPh3)4 as a catalyst under

|
1

basic conditions. Formation of the trans isomer is favored in the reaction due to the
thermodynamic stability of the trans conformation and the steric hindrance hampering the

formation of the cis structure.
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[0129] TPE is a paradigm of an aggregation induced emission fluorophore.
Attaching TPE units to TPA-DCM endows the resultantj adduct TPE-TPA-DCM with
aggregation induced emission properties, while retaining the twisted intermediate charge
transfer (TICT) feature of its parent, TPA-DCM. As showjn in FIG. 2A, TPE-TPA-DCM
exhibits an emission maximum at 633 nm in THF, which :jis 13 nm red-shifted from that
of TPA-DCM. As shown in FIG. 2B, with the gradual addition of water into THF, the
emission of TPE-TPA-DCM is dramatically weakeneéi and the emission color is

bathochromically shifted, due to the increase in tﬁe solvent polarity and the

transformation to the TICT state. Then at f, = 50 VOl‘; %, the intensity of the light

1

emission begins to increase and continues to increase as more water is added. Meanwhile,

1

in FIG. 2A, the emission maximum is gradually red—shifted to ~660 nm when f,, reaches
90 vol %. Therefore, in one embodiment, TPE-TPA—DCM is a fluorogen with both TICT
and AIE characteristics. l

[0130] In one aspect, the fluorogen-loaded nanopartiéles are 1 nm to 100,000 nm in
size. I another aspect, the nanoparticles are uniformly sizea with high brightness and low
|

cytotoxicity. }
i
[0131] In another embodiment, the present subject matter relates to the fluorogen-

loaded nanoparticles further comprising a biocompatible polymer matrix. The
|

biocompatible polymer matrix can comprise animal serum albumin, 1,2-distearoyl-sn-
|

glycero-3-phosphoethanolamine (DSPE), polyethylene ‘jglycol (PEG), polyfluorene
4

vinylene (PFV), or mixtures thereof. Preferably, the bjiocompatible polymer matrix

comprises bovine serum albumin (BSA), DSPE-PEG, DSPE-PEG-Folate, PFV, or any

|
combination thereof. DSPE-PEG can include but is not limited to 1,2-distearoyl-sn-
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glycero-3-phosphoethanolamine—N—[methoxy(polyethylene? glycol)-2000] (DSPE-
PEG,000). DSPE-PEG-Folate can include but is not limited to 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[folate(polyethylene glycol)-SdOO]-Folate (DSPE-PEGs000-
Folate). 3
[0132] In one aspect, the fluorogen-loaded nanop;nicles further comprising a
biocompatible polymer matrix are uniformly sized nanoparticles with high brightness and

|
i

low cytotoxicity. ;
1

[0133] In another embodiment, the TPE-TPA-DCM loaded BSA nanoparticles have
excellent cancer cell uptake and prominent tumor targetihg ability in vivo due to their

enhanced permeability and retention effect, as discussed further below.

Method for the Preparation of Fluorogen-loacied Nanoparticles
[0134] Another embodiment of the present subjectj matter is a method for the
preparation of the fluorogen-loaded nanoparticles furthe; comprising a biocompatible
polymer matrix. In another embodiment, the ﬂuorogen—lo;ded nanoparticles are used as
fluorescent bioprobes. First, a solution comprising an orga;lic solvent and the fluorogen is
prepared. The organic solvent is preferably one with ‘a low boiling point, such as
tetrahydrofuran (THF). Then an aqueous solution of a biocjompatible polymer is prepared.
The THF solution and the aqueous solution are mixed to;;ether and sonicated. Then the
fluorogen and the biocompatible polymer can be c%rosslinked. However, if the

biocompatible polymer is DSPE-PEG, crosslinking is flot required. Finally, THF is

removed to form the fluorogen-loaded nanoparticles furtHer comprising a biocompatible
i

polymer matrix.
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[0135] FIG. 3 illustrates a method for the preparation of fluorogen-loaded BSA
nanoparticles, wherein the fluorogen is TPE-TPA-DCM, and the biocompatible polymer
matrix is BSA. Upon addition of the TPE-TPA-DCM sc;lution in THF to the aqueous
solution of BSA, the TPE-TPA-DCM molecules aggr;gate and entangle with the
hydrophobic domains of the BSA chains. BSA is gradually phase-separated,
accompanying its hybridization with the hydrophobic fluorogen. Fluorogen-loaded BSA
nanoparticles are formed instantly upon sonication. The BSA matrix is knitted together
by glutaraldehyde, an amine-reactive homobifunctionalj cross-linker. THF is then

Il

removed and the cross-linked nanoparticles are further pﬁrified by filtration through a
|
microfilter, followed by washing with Milli-Q water. The zeta potential of the purified

Nanoparticles is —29 mV in aqueous suspension, suggesting that the nanoparticles are

stabilized by outer layers of ionized carboxylic groups.

[0136] In a further aspect the fluorogen-loaded nanoparticles are fabricated with any
molecule that can specifically target cancer cells or can arﬂplify the fluorescence imaging.

In one embodiment, the fluorescence emission of the nanof)articles is further amplified by

1
I

two methods, either taken alone or in combination. Oné method is the application of
|

conjugated polymers as fluorescence resonance energy tranjsfer (FRET) donors. The other

method is the application of an arginine-glycine—asparéic acid (RGD) peptide as a

biorecognition reagent functionalized on the nanoparticle gurface, which can enhance the

targeting ability of the nanoparticles to cancer cells. The combined application of the

FRET donor and the RGD reagent greatly improves fluorescence contrast (high

sensitivity) and selectivity to cancer cells for in vitro and in vivo imaging. Accordingly,
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the fluorogen-loaded nanoparticles formulated with the Iiaiocompatible polymer matrix
can be used as fluorescent bioprobes for clinical cancer iméging and diagnostics.

[0137] Table 1 shows the encapsulation efficiencies ‘(EE) and average sizes of the
AlE-active fluorogen-loaded nanoparticles prepared at di}ferent feeding ratios of TPE-
TPA-DCM. The fluorogen loading is increased with an inL:rease in the fluorogen feeding.
The EE of the fluorogen is >85 wt % when the TPE-TPA-iDCM feeding ratio is <1 wt %,
while a decrease in the EE is observed when the fluorogen feeding ratio is increased to >1
wt %. The average size of the pure BSA nanoparticlés without the AIE fluorogen
encapsulation is 97.1 nm with a narrow size distribution o; polydispersity (PDI = 0.065).
The average size of the BSA nanoparticles is increased fr(;m 98.8 nm to 148.1 nm when
the fluorogen loading is increased from 0.25 wt % to 3.b7 wt %. In comparison, the

!
average size of the bare TPE-TPA-DCM nanoparticles prepared from an aqueous mixture

with f,, = 90 vol % is measured to be 307.3 nm by lasef light scattering (LLS) with a
|
broad size distribution (PDI = 0.279).

Table 1. Characteristics of the BSA NPs loaded With TPE-TPA-DCM

TPE-TPA-DCM TPE-TPA-DCM Encapsulation .
Size [nm] [c]

feeding  ratio loading ratio efficiency

[wt %] [a] [wt %] [b] [wt %] (PDI[dD)

0 0 97.1 (0.065)
0.25 0.25 100 98.8 (0.089)
0.5 0.49 98.7 124.8 (0.125)
1.0 0.86 85.6 124.7 (0.110)
2.5 1.87 74.8 141.3 (0.180)
5.0 3.07 61.4 148.1 (0.161)

[a] The ratio of the weight of TPE-TPA-DCM to that of BSA in the feed mixture. [b] The
ratio of the weight of loaded TPE-TPA-DCM to that of BSA matrix in the nanoparticles.
[c] Average diameter of the nanoparticles measured by laser light scattering (LLS). [d]
Polydispersity index (PDI). |

37



10

15

20

WO 2013/029340 PCT/CN2012/001227

1

[0138] The transmission electron microscopy (TEM) and field-emission scanning
electron microscopy (FESEM) images of the ﬂuorogen-lbaded BSA nanoparticles with
0.86 % loading of TPE-TPA-DCM are shown in FIG. 4 as examples. The images

indicate that the AIE-active fluorogen-loaded nanoparticlés have a spherical shape and

smooth surface with an almost uniform size of around 90 nm. The size is smaller than
that obtained from the LLS measurement (124.7 nm), du; to the shrinkage of the BSA
nanoparticles in the ultra-dry state under the high Vacuﬁm in the TEM and FESEM
chambers. FIG. 5 shows the absorption and emission spect?ra of the AlE-active fluorogen-
loaded BSA nanoparticles with 0.86 % fluorogen loading and the bare TPE-TPA-DCM
nanoparticles suspended in water. The ﬂuorogen-loaded? BSA nanoparticles show two
absorption maxima at 360 and 505 nm, while those of the bare TPE-TPA-DCM

nanoparticles are slightly blue-shifted, appearing at 359: and 497 nm. The emission

maximum of the fluorogen-loaded BSA nanoparticles is loéated at 668 nm, similar to that
of the bare TPE-TPA-DCM nanoparticles in water.
[0139] The emission intensity of the ﬂuorogen-loaded BSA nanoparticles increases

almost linearly with increasing fluorogen loading within tﬁe studied range (FIG. 6). The
|
fluorescence quantum yield (®g) values of the fluorogenj—loaded BSA nanoparticles in

|

water were measured using Rhodamine 6G in ethanol as tﬁe standard. The ®r is initially

increased rapidly and then slowly increased relative to th%a increasing fluorogen loading

ratio. The ®r eventually reaches a value of ~12% at a ﬂuoirogen loading of 3.07 wt %.
Methods of Cellular Imaging Using Fluorogen—li)aded Nanoparticles

|
i

[0140] The present subject matter also relates to a method of cellular imaging

!
i

comprising contacting target cells with the fluorescent bioprobe and detecting cellular
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imaging. In one embodiment, the target cells are cancer cjells or cells that preferentially
accumulate in tumors. :

[0141] The biological imaging samples used were MCF—7 cells or HT-29 cancer
cells for in vitro imaging and ICR mice bearing tumors for in vivo imaging. Therefore,
the present subject matter also relates to a method for ;liagnosing a tumor or cancer
through in vivo cellular imaging. :

[0142] A further aspect comprises a method of in vitr?o cellular imaging. The in vitro
cellular imaging can be conducted using confocal laser jscanning microscopy or two-
photon fluorescence spectroscopy. As shown in FIGS. 7-9, the cellular cytoplasms of

MCF-7 breast cancer cells after incubation with either fluorogen-loaded BSA
nanoparticles or bare TPE-TPA-DCM nanoparticles exhibit intense red fluorescence.
[0143] FIG. 7B shows the confocal laser scanning miéroscopy (CLSM) image of the

MCEF-7 cells after incubation with the bare TPE-TPA-DCM nanoparticles. Only a few

bare nanoparticles with weak fluorescence can be obserYed in the cytoplasms. FIG. 9

shows the 3D CLSM image of the MCF-7 cells after inbubation with bare TPE-TPA-
|

DCM nanoparticles. Similarly only a few bare nanoparticlies with weak fluorescence can

be observed in the cytoplasms. This indicates that the barg fluorogen nanoparticles have

been internalized into the cytoplasms. |

[0144] In contrast, FIGS. 7A and 8 show the CLSM image and 3D CLSM image,

respectively, of the MCF-7 cells after incubation jwith fluorogen-loaded BSA
|

nanoparticles. In FIGS. 7A and 8, several of the ﬂuoroéen—loaded BSA nanoparticles

with strong fluorescence can be observed in the thoplasms. The homogeneous

distribution of the AIE-active fluorogen-loaded BSA naflopanicles exhibiting stronger
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fluorescence than that of the bare TPE-TPA-DCM nanoparticles indicates that BSA as
the encapsulation matrix has efficiently enhanced the intracellular uptake of the

formulated nanoparticles. Therefore, ﬂuorogen-loadedj BSA nanoparticles can be

|
{

effective fluorescent bioprobes for cellular imaging with hiigh fluorescence contrast.

[0145] Furthermore, the fluorogen-loaded BSA nanoparticles exhibit low
cytotoxicity, as illustrated in FIG. 10. Cell viabilities of more than 95% are observed for
all the fluorogen concentrations within the tested periods of time, indicating that the AIE-
active fluorogen-loaded BSA nanoparticles have 10\3&/ cytotoxicity and/or good

biocompatibility. The low cytotoxicity makes the nanoparticles effective for bioimaging
applications and superior to QDs, which are well-know for‘ their concentration-dependent
cytotoxicity. %
[0146] Another embodiment of the present subject n]1atter relates to a method of in

|
|
1

vivo cellular imaging. In vivo cellular imaging can be conducted using non-invasive live

i
i

animal fluorescence imaging techniques. For example, in vivo cellular imaging was

conducted using a Maestro EX in vivo fluorescence imaging system in FIG. 11. Mice

were inoculated with the hepatoma-22 (Hj,) cancer cellsé in the left axillary. FIG. 11A
|

shows the time-dependent ir vivo distribution profile and tumor accumulation of the AIE

fluorogen-loaded BSA nanoparticles in the Hp tum(;r—bearing mice. Clear tumor
i

delineations with intense fluorescence are observed in the left axillaries of the mice at all

the imaging times, indicating accumulation of the ﬂuorogen-loaded BSA nanoparticles in

i

the tumor tissue.
[0147] FIG. 11B shows the in vivo non-invasive ﬂuorescence imaging of mice

|

intravenously injected with bare TPE-TPA-DCM naﬁoparticles. The fluorescence

40



10

15

20

WO 2013/029340 PCT/CN2012/001227

intensities in the abdomen and liver areas of the mice are much higher than in the tumor

tissue at all the tested points. This is due to the fact that bare TPE-TPA-DCM

|
1

nanoparticles have a relatively large average particle si?e (~300 nm), most of which
cannot escape from the RES uptake. As a consequen;:e, accumulation of the bare
fluorogen nanoparticles in the tumor is limited and the tumor imaging shows poor
fluorescence contrast. }

[0148] FIG 11C summarizes the semi-quantitative ainalysis data of average TPE-
TPA-DCM fluorescence intensities for tumor tissues ?from mice treated with the
fluorogen-loaded BSA nanoparticles and the bare TPE-TPA-DCM nanoparticles. The
average fluorescence intensities of the tumor stained by the fluorogen-loaded BSA
nanoparticles are nearly twice as high as those for the bare TPE-TPA-DCM nanoparticles
at all the imaging time points. Clearly, FIG 11A shows enhanced accumulation of the

AlE-active fluorogen-loaded BSA nanoparticles in the tumor as compared to the

accumulation of the bare TPE-TPA-DCM nanoparticles in the tumor, as shown in FIG

11B. The enhanced accumulation of the AlE-active fluorogen-loaded BSA nanoparticles
in the tumor demonstrates clear differentiation of tumor celjls from other tissues.
[0149] The capability of the fluorogen-loaded BSA nanoparticles to selectively

{

illuminate tumor tissue with high contrast may be associated with two factors. The first
|
is that the AIE-active nanoparticles accumulated in the tumor are highly fluorescent. The

second factor is the “passive” tumor-targeting ability due to the enhanced permeability

and retention (EPR) effect, which benefits from the uniform nanoparticle size of ~100 nm.

Although strong fluorescence is also observed in the abdomen and liver areas of the same
|

mouse at 3 hours post-injection, it almost completely disappears in 28 hours. This
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suggests that the AIE fluorogen-loaded BSA nanoparticles have undergone uptake by the

reticuloendothelial system (RES) organs such as the liver jand spleen, followed by facile

1

excretion from the body through the biliary pathway.? The clearance rate of the
|

nanoparticles within the tumor, however, is very slow due to the lack of lymphatic
!

drainage in the tumor. At 28 hours post-injection, the uptake of the fluorogen-loaded
BSA nanoparticles in the tumor becomes prominent, in sharp contrast to the weak
fluorescence signals in other parts of the body, demonstfating the effectiveness of the

i

. . . . 1
nanoparticles as fluorescent bioprobes for cancer diagnosis.

F37NPO/F37NP50 and F30NPO/F30NP50 as Flﬁorescent Bioprobes
[0150] In another embodiment, the AIE chromopliore—doped nanoparticles were
synthesized through a modified nanoprecipitation methc;d, using a mixture of DSPE-
PEG)oy and DSPE-PEGsgg-Folate as the encapsulation? matrix to yield nanoparticles
with good biocompatibility and different surface folic ac?id densities. F37NPO/F37NP50
and F30NPO/F30NP50 represent ZQL-37 and ZQL-30 ‘ibased nanoparticles that were
formulated with polymers containing the feed ratio of 0% and 50% for DSPE-PEGso00-

Folate in the polymer matrix. During nanoparticle formation, the hydrophobic DSPE

segments tend to be embedded into the hydrophobic core while the hydrophilic PEG-
%
folate chains extend into the aqueous phase. The chemicai structures of F37, F30, DSPE-

PEG;000, and DSPE-PEGsq-Folate are show below.
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[0151] FIG. 12 shows high-resolution transmission eiectron microscopy (HR-TEM)
images of F37NP50 and F30NP50. The spherical shapes <‘>f F37NP50 and F30NP50 can

5  be clearly distinguished from the black dots due to the hif}gh electron density of F37 and
F30 molecules. Laser light scattering (LLS) results suggest that the volume average
hydrodynamic diameters of F37NP0O, F37NP50, F30NPO ahd F30NP50 are 59 +2 nm, 57

+ 1 nm, 51 + 2 nm and 52 + 3 nm respectively. FIG. 13 sh:ows the UV-vis absorption and
photoluminescence (PL) spectra of F37NP50 and F30NPS50 in water. The emission

10 maxima of F37NP50 and F30NP50 are 680 nm and 73j4 nm, respectively, which are

similar to those of F37NP0O and F30NPO in water. The qujantum yields of F37NP50 and
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F30NP50 in water are measured to be 8% and 3%, respectively, using Rhodamine 6G in

ethanol as the standard. |

Methods of Cellular Imaging using F37NPO/F37NP50 and F30NPO/F30NP50

!
[0152] A further aspect comprises a method of in vitro cellular imaging using

|

confocal laser scanning microscopy or two-photon fluorescence spectroscopy. MCF-7
|

breast cancer cells with a high folate receptor expressioﬁ level in cell membrane were
used to evaluate the targeting ability of F37NP50 éver F37NPO. The effect of

|
|

nanoparticle surface folic acid on MCF-7 breast cancer cell uptake was investigated by

confocal laser scanning microscopy. FIGS. 14A and 14B show the confocal images of
MCEF-7 breast cancer cells after incubation with F37NPQ and F37NP50 suspension in
culture medium. It should be noted that in FIG. 14C, no éuto fluorescence from the cell

itself can be detected under the same experimental conditions. In addition, the
1‘
fluorescence intensity from cell cytoplasm after incubation with F37NP50 (FIG. 14B) is

higher than that after incubation with F37NPO (FIG. l4iA). Quantitative studies using
|

Image-Pro Plus 5.0 software indicate that the average ﬂuofescence intensity of red signal
in FIG. 14B is ~1.7 times higher than that in FIG. 14A. The confocal image of the

corresponding cells incubated with F37NP50 shows thélt the intense fluorescence is

mainly from nanoparticles internalized in the MCF-7 ceil cytoplasm (FIG. 14D). The
|

higher fluorescence intensity of MCF-7 cancer cells in FIG. 14B as compared to that in

FIG. 14A suggests that more nanoparticles are internalized into the cells due to specific

interactions between folic acid on the nanoparticle surface and folate receptors in the

|
|

cancer cell membrane, which should favor folate receptor-mediated endocytosis.

44



10

15

20

WO 2013/029340 PCT/CN2012/001227
[0153] A further aspect comprises a method of in ?vivo cellular imaging. In vivo

imaging based on F37NP50 and F37NPO was studied on a tumor-bearing mouse model.

Mice were subcutaneously inoculated with murine hepatic Hy, cancer cells in the left

axillary of each mouse. Then the mice were intravenouslyj injected with either F37NP50

or F37NPO. The mice were subsequently imaged by a Maestro EX in vivo fluorescence
imaging system. FIG. 15A shows the tumor accumulation and in vivo distribution of

F37NPO in the tumor-bearing mouse at 1 hour and 3 hours post-injection. The different

fluorescence intensities are shown by different colors, and the order of red, orange,
|

yellow, green, and blue refers to a successive decrease in intensity.

i

[0154] Obvious fluorescence is observed in the area 6f tumor tissue at 1 hour and 3
hours, indicating that F37NPO are efficiently accumulated in the tumor through enhanced
permeability and retention (EPR) effect. In addition, strohg fluorescence from the liver

|
region is also observed. This is due to the fact that nanoparticles with a size of 50-60 nm

i
1

have a tendency to undergo reticuloendothelial system (RES) uptake to be enriched in

different organs including liver.
!
[0155] The specific tumor targeting ability of F37NP50 was also evaluated on the

|

same tumor-bearing mouse model, as displayed in FIG. 1;5B. Much higher fluorescence

|
|

intensity is shown in the tumor tissue of a F37NP50-treated mouse as compared to that of
F37NPO-treated mouse at both 1 hour and 3 hours post injection, demonstrating that
F37NP50 has specific targeting ability for tumors that contain folate receptors over

expressed in cancer cells in a living body. These results illustrate that F37NP50 is an

effective fluorescent probe for in vivo tumor diagnosis with high specificity and

fluorescence contrast.
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[0156] FIG. 16 shows HR-TEM images of folate-ta:rgeted nanoparticles (FTNPs)
with DSPE-PEG;gp and DSPE-PEGsop-Folate as the biocompatible polymer matrix. The
spherical shape of FTNPs with an average size of 45 nm can be clearly distinguished
from the black dots due to the high electron density of TPiE-TPA—DCM molecules. Laser
light scattering (LLS) results suggest that the volume averjage hydrodynamic diameter of
FTNPs is 52 + 2 nm. FIG. 17A shows the linear absorjption and emission spectra of
FTNPs in water. The FTNP suspension in water has two ‘maximum absorption peaks at
353 and 496 nm. The emission peak of FTNPs in waterjis 687 nm, demonstrating the

!
effectiveness of these nanoparticles in fluorescence imaging.

[0157] The quantum yield (n) of FTNP suspension wz?1s determined to be 0.12, using
rhodamine 6G in ethanol as a standard. The two-photon absorption (TPA) spectra of
FTNP water suspension were studied using the two-photoin-induced fluorescence (TPIF)
technique with a femtosecond pulsed laser source. As shoiavn in FIG. 17B, the maximum

TPA cross-section (8) is 199 GM at 850 nm, which is sufficient for two-photon

fluorescence imaging application.

[0158] In a further embodiment, the present subject matter relates to folate-targeted

!

nanoparticles (FTNPs) that can be used for living cell trabking and tissue imaging with
two-photon microscopy. :

[0159] The two-photon fluorescence images of FI‘NP-treated MCF-7 cancer cells
|
after designated incubation time intervals of 0, 1, 2, 3, 4, ar)d 5 days are shown in FIG. 18.

1

The profile of FTNP-treated cells can be clearly distinguisjhed after 4 days of incubation

and the fluorescence from FTNPs which internalized into cells remains detectable even
1

after 5 days. These results suggest that FTNPs can be used for living cell tracking and
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|
tissue imaging with two-photon microscopy for a period up to 96 hours under the

experimental conditions, which corresponds to more than six cell generations.

!
[0160] In contrast, the fluorescence from MTR-treated MCF-7 cancer cells only

sustained 1 day and became undetectable after 2 days. The confocal images of MTR-

1
1

treated MCF-7 cancer cells after designated incubation tirﬁe intervals of O, 1, and 2 days

are show in FIG. 19. It should be noted that the concentration of MTR in this experiment

(1 uM) is much higher than the recommended highest working concentration of 200 uM.

PFV/TPE-TPA-DCM Co-loaded Nanoparticles as Fluorescent Bioprobes

[0161] In another embodiment, the AIE chromophore-doped nanoparticles further

comprise PFV. The chemical structures of PFV and TPE-TPA—DCM are shown below.

=

TPE-TPA-DCM
R R

R= N0 ™ o\/\OCHg

PFV

[0162] FIG. 20 shows the absorption and emission spectra of PFV and TPE-TPA-
|

DCM in tetrahydrofuran (THF). As shown in FIG. 20, PFjV has two absorption maxima

at 425 and 455 nm. The emission maxima of PFV are locafed at 467 and 498 nm. On the
|

{

1

other hand, TPE-TPA-DCM shows two absorption bands centered at 350 and 486 nm
|
|

with an emission maximum at 633 nm. The emission spectrum of PFV overlaps with the

absorption spectrum of TPE-TPA-DCM.
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[0163] Because the emission spectrum of PFV oveflaps well with the absorption
spectrum of TPE-TPA-DCM, these two molecules are weli suited as donor-acceptor pairs
for fluorescence resonance energy transfer (FRET). In a further aspect, FRET occurs

when PFV (donor) and TPE-TPA-DCM (acceptor) are co-encapsulated into the

i
nanoparticles. |
|

[0164] In an embodiment, bovine serum albumin (BSA) is the polymer matrix to

formulate nanoparticles loaded with both TPE-TPA-DCM jand PFV. The PFV/TPE-TPA-

DCM co-loaded BSA nanoparticles can be synthesized through a modified desolvation
method with cross-linking by glutaraldehyde.

[0165] One embodiment comprises RGD-functional%zed PFV/TPE-TPA-DCM co-
loaded BSA nanoparticles that can target integrin receptoré over expressed in many tumor

cells serving as effective probes for in vivo fluorescence imaging in a high contrast

manner, by virtue of the efficient FRET from PFV donor tjo the TPE-TPA-DCM acceptor.

Methods of Cellular Imaging Using PFV/T PE-TPA—DdM Co-loaded Nanoparticles

[0166] A further aspect comprises a method of cellular imaging using PFV/TPE-
|

TPA-DCM co-loaded BSA nanoparticles. In addition, since arginine-glycine-aspartic
!

acid (RGD) peptide can target integrin receptors over expressed in many tumor cells, the

PFV/TPE-TPA-DCM co-loaded BSA nanoparticles aﬁre preferably modified with

positively charged RGDKKKKKK peptide.

|
i
|
|

!

[0167] FIG. 23 shows the confocal images of HT—2§ cancer cells after incubation
|

!
with PFV/TPE-TPA-DCM co-loaded BSA nanoparticles without RGD functionalization

for 2 hours.
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[0168] Another embodiment comprises a method of in vivo live animal imaging
using PFV/TPE-TPA-DCM co-loaded BSA nanopartiéles with and without RGD

functionalization.

[0169] FIGS. 24A and B show the time-dependent in vivo distribution profile as well

as tumor accumulation of TPE-DAM-TPA loaded BSA nanoparticles and PFV/TPE-

TPA-DCM co-loaded BSA nanoparticles, respectively. Under the same experimental

conditions, a much higher degree of fluorescence frorri the tumor-bearing mouse is
i
observed in FIG. 24B as compared to that in FIG. 24A, suggesting that the PFV/TPE-

TPA-DCM co-loaded BSA nanoparticles can also serve als an effective probe for in vivo
|

fluorescence imaging in a high contrast manner, by virtue of the efficient FRET from
PFV donor to TPE-TPA-DCM acceptor. As shown in FIG.? 24B, a clear tumor delineation

is observed in the area of left axillary of the mouse after 8 hours post-injection (p.i.),
|
indicating the accumulation of the nanoparticles in tumor tissue by the enhanced

permeability and retention (EPR) effect. Moreover, strong fluorescent signals are also
i

observed in the liver area of the mouse at 1.5 hours p.i., which then decreases over time.
1

This suggests that some nanoparticles undergo the uptake“ of reticuloendothelial system
(RES) organs such as the liver and spleen, followed by fjacile excretion form the body
through the biliary pathway.

[0170] FIG. 24C shows the time-dependent in vivo ;distribution profile and tumor
accumulation of RGD-functionalized PFV/T PE-TPA-DCI\;I co-loaded BSA nanoparticles

in a Hy; tumor-bearing mouse. It is noteworthy that the fluorescence intensity from the

tumor site in FIG. 24C is higher as compared to that in FIG. 24B at all tested time points,
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revealing that RGD-functionalized PFV/T PE-TPA-DCMj co-loaded BSA nanoparticles

can achieve efficient tumor targeting through specific RGD- integrin a3 recognition.

|

[0171] The present subject matter also relates t(j) methods for preparing the
fluorescent bioprobes and methods of in vitro and in vévo cellular imaging using the
fluorescent bioprobes. In particular, the fluorescent bioI;robes exhibit excellent tumor
targeting ability can be used for long-term cellular tracking‘i with two-photon fluorescence
imaging. Furthermore, the present subject matter relatés to diagnostic methods for

determining whether a tumor or cancer cells are present.

TPETPAFN as a Fluorescent Biobrobe

[0172] In another aspect, 2,3-bis[4-(diphenylamino)éhenyl]fumaronitrile (TPAFN),
which is an adduct of triphenylamine (TPA) and fumarbnitrile (FN), was attached to

tetraphenylethene (TPE) to produce ] 2,3-bis(4(phenyl(4-(1,2,2-
|

triphenylvinyl)phenyl)amino)phenyl)fumaronitrile (TPETIsAFN ), shown below.

[0173] The molecular fusion of two types of AIE units (TPE + TPAFN) resulted in
the generation of a new fluorogen with extended electronic conjugation, long absorption

wavelength and large molar absorptivity. Its nanoaggregates exhibit strong AIE activity,

bright red emission, high fluorescence quantum efficiency, superb cytocompatability, and

i
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excellent resistance to photobleaching. This makes it idéal for use as a long-term cell
tracer. |
[0174] FIG. 25 shows the photoluminescence (I‘>L) spectra of TPAFN and
TPETPAFN in THF/water mixtures with different water fractions (fy). The pure THF
solution of TPAFN shows weak red fluorescence with an :jemission maximum at 652 nm.
With gradual addition of water into THF (fy, < 70 vol%), the emission of TPAFN is
weakened and is bathochromically shifted from 652 to§665 nm, possibly due to the
increase in the solvent polarity and hence the transformation to the twisted intramolecular
charge transfer (TICT) state. The TICT phenomenori is often observed in D-A
fluorophores that are featured with red-shifted emission and decreased emission intensity
with increasing solvent polarity. In polar solvents, the excited molecule can be relaxed
from the locally excited state or the Franck-Condon state v{/ith partial charge separation to
a TICT state with full charge separation through intramolecular rotation of its donor or
acceptor unit along the molecular backbone. When more i)vater (fw > 70 vol%) is added,

1

TPAFN molecules cluster into nanoaggregates due to the pjoor solubility and the emission
is dramatically enhanced with an increase in f,, ShOWiI:jlg an obvious AIE effect. In
addition, the emission maximum is shifted back to 655 nm‘jwhich is similar to that in pure
THF. The emission intensity at f,, = 90 vol% is 12-f01d:higher than that in pure THF
solution.

[0175] In a typical AIE fluorophore (e.g., TPE), irzltramolecular rotations play a
crucial role to populate the nonradiative decay channels (e.g., internal conversion) for the

!
excited states and thus effectively quench the light emission. Bearing two extra TPE units

|
|

to TPAFN, TPETPAFN has more freely rotated rotors and is expected to have a more
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|
|

pronounced AIE effect. As shown in FIG. 25, TPETPAFN is almost nonluminescent in
THF under a hand-held UV lamp. The magnified PL speétrum reveals an emission peak
located at 660 nm, which is 8 nm red-shifted from that of iTPAFN. With gradual addition
of water into THF at f,, < 50vol%, the emission keeps silent and is almost unchanged in

profile. At fy, > 50 vol%, the light emission is turned on and exponentially intensified

with fi. At f, = 90 vol%, a 70-fold enhancement of emission has been observed as
compared to that in THF. This demonstrates that TPETI?’AFN is a fluorogen having a
stronger AIE effect but a negligible TICT effect relative to? TPAFN.

[0176] The fluorescence quantum yield (@f) gives a ciuantitative measure of the AIE
effect. The @gy’s of TPAFN and TPETPAFN in THF a{re as low as 2.32 and 0.59%,
while their @g¢’s in the solid state reach 42.5 and 52.5‘%, respectively. After covalent
integration of TPE, TPETPAFN enjoys ~24% enhancément in solid state emission
efficiency compared to its parent TPAFN. Their corresponlding AIE factors asg’s defined
by @PpdDgps are ~18 and ~89, demonstrating the larg;r AIE effect of TPETPAFN.
Meanwhile, no obvious PL spectral shifts were observed %rom solution to solid thin film
state, ruling out the possibility of n—= stacking interactions involved in the aggregate state.
As a result, TPETPAFN is highly suitable as a fluorophore for constructing AIE dots to
satisfy sophisticated bioimaging applications.
[0177] FIG. 26 shows the synthesis of AIE dots with surface amine groups. They
were synthesized through a modified nanoprecipitation method. 1,2-Distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEGsg)

and its amine end-capped DSPE-PEG;00-NH; were used to encapsulate TPETPAFN to

afford AIE dots with surface amine groups. The synthesis starts with the preparation of a
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THF solution containing TPETPAFN, DSPE-PEGjg aTld DSPE-PEG;p00-NH;. Upon
mixing the THF solution with water under continuous soﬁication, the hydrophobic lipid
segments tend to be embedded in the aggregated hydrophobic TPETPAFN core while the
hydrophilic PEG chains extend into the aqueous phase to I;roduce the dots with abundant
surface amine groups for subsequent bioconjugation. The; the water suspension of AIE
dots was reacted with a cell-penetrating peptide HIV1 tran;—activator of transcription (Tat)

(RKKRRQRRRC) through carbodiimide-mediated coupfing. This resulted in Tat-AlE

dots.

Methods of Cellular Imaging with TPETPAEN

[0178] In another embodiment, TPETPAFN can be ﬁsed as a fluorescent bioprobe
w

for in vitro and in vivo fluorescence imaging. FIG. 27(a)j shows the size distribution of
1

Tat-AIE dots in water. High-resolution transmission elej:ctron microscopy (HR-TEM)
indicated that the dots are spherically shaped with an average size of 29 = 3 nm. The dark
dots are due to the high electron density of TPETPAI?*'N. As shown in the UV-vis
absorption and PL spectra (FIG 27(b)), Tat-AIE dots have; an intense absorption peak at
511 nm, which matches well with the confocal laser excit:ation at 514 nm. The emission
maximum appears at 671 nm with an emission tail ex‘tending to 900 nm, which is
beneficial to both in vitro and in vivo fluorescence imagingg.

[0179] For long-term tracing in a biological envirolnment, excellent fluorescence
stability of the probes is essential to ensure accurate decil;hering of the obtained optical

information. The Tat-AIE dots in the cell culture mediuﬁ1 (Dulbecco’s Modified Eagle
Medium, DMEM, supplemented with 10% fetal bovine sierum, FBS) showed excellent

J
fluorescence stability, as illustrated in FIG 28. FIG. 28(a) shows that the fluorescence
|
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|
|
intensity of the Tat-AIE dots retains 93% of its initial value after a 9-day incubation

period in DMEM at 37 °C. FIG 28(b) shows that, overali, the outstanding fluorescence
stability in biological media and excellent photostabilitj} of Tat-AlE dots will greatly

benefit both in vitro and in vivo cell tracing experiments. |

1

[0180] FIG. 29 shows the superior cell tracing abilify of Tat-AlE dots. FIG. 29(a)
shows that the labeling rate of MCF-7 cells is 99.65% atj the first passage and remains
above 95% at the seventh passage as compared to the untreated cells. The labeling rate is

16.28% after continuous culture till the tenth passage. On the contrary, only 18.13% of

|

Qtracker® 655-treated cells are labeled at the fifth paséage (FIG. 29(b)). The results

clearly indicate the superior cell tracing ability of Tat—AIE dots over Qtracker® 655,
l

which is able to trace 5—6 generations as indicated in the protocol.

|
1

[0181] These results were further confirmed by confocal images. Only very weak
fluorescence is detectable in Qtracker® 655-labeled cells while the Tat-AIE dot-labeled

cells show a high fluorescence signal at the fifth passage (FIG. 29). The fluorescence

signal in the confocal images in FIG. 29(a) is from; the Tat-AIE dots since cell
autofluorescence is not detectable under the same exper%imental conditions. The high-
resolution fluorescence image indicates that the Tat-AIE dots are internalized into cell
cytoplasm and distributed surrounding the nuclei due to éheir relatively larger size than
the nuclear pore. |
[0182] MCEF-7 cells incubated with 2 nM dots for 4 hc;>urs were mixed with untreated
cells at a 1:1 ratio and further incubated for 1 day in 2‘1 fresh culture medium. Flow
|

cytometry histogram of the mixture indicates that the ratio of cells with and without

|
fluorescence is almost 1:1 (FIG. 29(c)), indicating that Tat-AIE dots are hardly
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transferred from the labeled cells to adjacent untreated cells during the co-culture process.
The good intracellular retention of Tat-AlE dots in liviﬁg cells is ideal in tracing the

|

migration, spread, invasion and morphology change of éancer cells. In addition, when
Tat-AIE dots were incubated with MCF-7 cells, 99.10%1 and 10.56% of the cells were
efficiently labeled at the first and seventh passages, respecfively, which are comparable to

the data obtained using Qtracker® 655, indicating the suﬁerior cell tracing ability of the
|
as-prepared Tat-AlE dots. As Qtracker® labeling kits are the most commonly used long-

term fluorescent tracing probes, the superior performance of Tat-AIE dots clearly

|

|

demonstrates their great potential in practice. |

!
[0183] As a critical issue in fluorescence imaging of living biosubstrates, the toxicity

|

of Tat-AIE dots was evaluated through methylthiazolyldiphenyltetrazolium bromide
(MTT) assays to determine the metabolic viability of bothiMCF-7 breast cancer cells and
C6 glioma cells after incubation with Tat-AIE dots. The céll viability remains above 95%
after being treated with 1, 2 and 8 nM Tat-AIE dots for 72 h, indicating low cytotoxicity

in the test, which is essential for in vitro and in vivo long-term tracing applications.

[0184] As shown in FIG. 30(a), C6 glioma cells aftef incubation with Tat-AIE dots

or Qtracker® 655 were subcutaneously injected into the flank of mice. The intense

fluorescence from the injected site can be clearly distinguished at 1 h post injection (day
|

0). As the cells grow, the whole injected site emits obvious fluorescence signals after
1
|

tracing for 21 days. On the contrary, no fluorescence from the Qtracker® 655-labeled

cells can be detected at 7 days post injection, but the excrement shows QD fluorescence

(FIG. 30(b)). Quantitative evaluation of the integrated fluorescence intensity in the region

of interest (ROI, marked with blue circles of the same size in FIG. 30) upon injection of
|
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Tat-AIE dot-labeled or Qtracker® 655-labeled C6 cellis was conducted using IVIS

!

Spectrum imaging software after subtraction of autofluorescence (inset of FIG. 30). The
fluorescence intensity (1.08 x 10'%) of Tat-AIE dot-labeléd cells is ~5-fold higher than

that of Qtracker® 655-labeled ones (2.05 x 10°) upon 1 h Epost injection. It is noteworthy
|

that the intensity of Tat-AlE dot-labeled cells 12 days aftér injection (4.35 x 10°) is still
two times higher than the initial value of Qtracker® 655-‘:1abeled ones. At 21 days post
injection, the integrated fluorescence intensity is 4.5 x 168 at the tumor site. Therefore,
Tat-AIE dots can be used in long-term cell tracing in a liviﬁg body.

[0185] Upon 9 days post injection of Tat-AIE dot-ilabeled C6 glioma cells, one

mouse was sacrificed to collect the tumor. The whole tumor was then mounted and

1
imaged upon excitation at 560 nm using one-photon excited fluorescence microscope.

The images were taken layer-by-layer at 3 pm interval to monitor the efficient penetration
depth of fluorescence from Tat-AIE dots in tumor tissue. As shown in FIG. 31(a), the 3D
color-coded projection of deep tissue image reveals that the fluorescence signal can be

1
|

detected at 220 pm depth in the tumor upon excitation at ;560 nm. The outstanding one-
photon excited deep tumor imaging performance can be as;ribed to the high brightness of
the Tat-AIE dots in the region. The sectioned tumor imaée was also obtained, showing
clear accumulation of the dots inside cells of the solid tumc;r.

AIE Fluorogens Conjugated with Peptides as Fll‘lorescent Bioprobes

[0186] Another embodiment of the present subject matter relates to a fluorescent
bioprobe comprising one or more fluorogens that exhibitiaggregation induced emission

properties, wherein the fluorogens comprise one or more aggregation induced emission
i

fluorophores conjugated with one or more peptides; wherein the fluorogens have a
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fluorescence emission; and wherein the fluorogens corhprise one or more backbone
structures selected from the group consisting of:

(R

wherein each R is independently selected from the éroup consisting of H, alkyl,
) |

unsaturated alkyl, heteroalkyl, cycloalkyl, heterocycloalk&l, aryl, heteroaryl, a carboxyl
|

group, an amino group, a sulfonic group, and an alkoxy group; wherein R(X) is a

i

terminal functional group independently selected from the group consisting of N3, NHj,
i

COOH, NCS, SH, alkyne, N-Hydroxysuccinimide ester; a maleimide, a hydrazide, a

|
nitrone group, -CHO, -OH, a halide, and a charged ionic group; and wherein one or more

1

peptides is conjugated to R(X).

[0187] In one embodiment, R(X) comprises one or more charged ionic groups in
|
order to endow the fluorescent bioprobe with water solubility. In a further embodiment,

1

the charged ionic groups include but are not limited to ~COOH, quaternized amine, SO3’,
1‘

and PO;5".
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[0188] In another embodiment of the present s@bject matter, the fluorescent
i

bioprobe comprises fluorogens having a chemical structure selected from the group

consisting of:
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|

wherein each R, R;, R3, and Ry is independently selected from the group consisting of H,

alkyl, unsaturated alkyl, heteroalkyl, cycloalkyl, heteroéycloalkyl, aryl, heteroaryl, a

carboxyl group, an amino group, a sulfonic group, and an élkoxy group.

[0189] In one embodiment, the peptide is independéntly selected from the group
|

consisting of a biorecognition peptide and a cell penetrating peptide.

[0190] In another embodiment, the fluorescent bioprobe comprises one Or more
biorecognition peptides selected from the group consistingj of a cyclic-RGD peptide and a

DEVD peptide substrate. In yet another embodiment, the cfell penetrating peptide is trans-
{
|

activator of transcription peptide (Tat).
|

Method for Preparing Fluorescent Bioprobes with Peptides

[0191] In another embodiment, the method for prep%ring the fluorescent bioprobe

with peptides comprises: (a) preparing a peptide containiing a terminal alkyne by solid-

phase synthesis; (b) preparing a DMSO solution of ﬂu:orogen azide; (c¢) mixing the

fluorogen azide and the peptide together with CuSO; and sodium ascorbate; (d)

crosslinking the fluorogens and the peptides by click chem%istry; and (e) purifying by high
|

performance liquid chromatography to form the fluorescent bioprobes.
i

TPS-2cRGD as a Fluorescent Biobrobe

1
[0192] In another embodiment, AIE-active bioprobe}TPS-ZcRGD was synthesized
as a fluorescent bioprobe. In one aspect 1,1-dimethyl-2,5-bis[4-(azidomethyl)phenyl]-

3,4-diphenylsilole (5, BATPS) was synthesized via the folljowing reaction scheme.
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[0193] In another aspect, TPS-2cRGD was synthesiied, using BATPS (5), via the

i

following reaction scheme.

o]
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[0194] FIG. 32A illustrates the UV-vis absorption spjectra of BATPS (5) and TPS-

2cRGD. Both have a similar absorption profile with thia maximum at 356 nm. The

corresponding photoluminescence (PL) spectra are showr{x in FIG. 32B, along with the

photographs taken under UV irradiation. It is known tha‘!( AIE fluorogens are virtually

non-fluorescent in good solvents but emit intensely wheri aggregated in poor solvents.
|
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1
BATPS is a hydrophobic AIE fluorogen, which shows intense fluorescence as

nanoaggregates in water, while its conjugate TPS-2cRGD ;jis almost non-fluorescent. This
1
indicates that TPS-2cRGD has good solubility in water, leliCh is further supported by the
laser light scattering (LLS) data. As shown in FIG. 33A, BIATPS forms nanoaggregates in
water with an average diameter of 103 nm, while no dejtectable signal is observed for
TPS-2cRGD. i
[0195] In a further embodiment, the effect of ionicj strength on the fluorescence
intensity of TPS-2cRGD was tested. The fluorescence si)ectra are show in FIG. 33B.
With increasing concentration of sodium chloride from 0 tl;o 960 mM, there is no obvious
change in the emission profile of TPS-2cRGD. In addit‘ion, the PL intensity remains
almost the same. This indicates that ionic strength dc;es not affect the fluorescent
properties of the probe. It is also important to note that the huorescence spectrum of TPS-
2¢RGD does not change in the presence of cell culture medium DMEM, which contains
amino acids, salts, glucose, and vitamins. These studies demonstrate that the probe
maintains low fluorescence in a complex environment, making it an ideal probe for

specific fluorescence turn-on sensing and imaging applications.

[0196] As shown in FIG. 41, when the bioprobe is well-dissolved in water, the

excited states are readily annihilated by intramolecular rotations of phenyl rings to yield
1

very weak fluorescence. Upon the addition of an analyte pﬁotein, two situations can occur.

One situation involves the addition of a specific protein, e.g. integrin aVB3. According to

the AIE mechanism, specific binding between TPS-ZCRGD and integrin aVB3 can

significantly restrict the molecular rotations of the silole core, leading to fluorescence
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turn-on of the probe. On the other hand, when the protein has non-specific interaction
|
|

with TPS-2cRGD, the solution remains dark. 1
i

[0197] FIG. 35A shows the changes in PL spectra of TPS-2cRGD upon addition of

integrin ayPs with the concentration ranging from 0 to 3100 pug mL'. With increasing
|

concentration of integrin avfs, TPS-2cRGD exhibits a pngressive intensity increase. As

1

compared to its intrinsic fluorescence, up to a seven-fold fluorescence enhancement was
observed when the probe was incubated with integrin ayfBs. As each integrin ayps only

has one binding site for cRGD in between the o and  domain and the probe size is much
|
|

smaller as compared to that for the protein, each probe can? only bind to one integrin avps.
j

As such, the fluorescence enhancement is mainly caused by restricted intramolecular

rotation of phenyl groups after complex formation betweenj the probe and integrin oyps.
i

[0198] The specificity and selectivity of the probe §for human integrin ayps was
|

tested. TPS-2cRGD was treated with several other proteifls which are widely present in

cells, such as lysozyme (isoelectric point, pI = 11.0), papaih (pI = 8.7), trypsin (pl = 10.1)

and BSA (pl = 4.9) under the same experimental conditiong. As shown in FIG. 35B, I and
1

Iprepresent the peak intensities of the probe in the presencé of 100 ug mL" protein and in

1

|
the absence of protein, respectively. Except for integrin ayfs, very little change of PL

1

i
intensity is observed for the other four proteins. This indicates that TPS-2cRGD has high

1‘
specificity and selectivity for human integrin avp; Plotting the changes in fluorescence

1

intensity over the protein concentration yielded a linear curve followed by saturation
|

(FIG. 36). The limit of detection for integrin ayf; in solution is 4 pg/mL, estimated using
1

three times the standard deviation.
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[0199] TPS-2cRGD can act as a specific probe for m vitro integrin avf; detection.
i

The receptor-mediated binding of TPS-2cRGD to integrin: avpPs was tested in mammalian

|
1

cells. Colon cancer cells HT-29 with overexpressed integrin ayf; on cellular membrane

were used as integrin ay[3s-positive cancer cells while breast cancer cells MCF7 with low

|
|

integrin ayfs expression were used as a negative control. FIG. 30 shows the confocal

laser scanning microscopy (CLSM) images of HT-2§ and MCF7 live cells after
incubation with TPS-2cRGD. A commercial membrane {racker is also used to indicate

the location of the cell membrane (FIG. 37 (b), (e), and?(h)). As shown in FIG. 37(a),

very weak fluorescence was detected from MCF-7 celjls. However, under the same

experimental conditions, a strong fluorescent signal was ot;served for HT-29 colon cancer

cells (FIG. 37(d)). In addition, the signal can be significant!ly reduced when the cells were
|

pre-treated with free cyclic RGD peptide (FIG. 37(g)), i%ldicating that the fluorescence
originated from specific binding between TPS-2cRGD ancjl integrin ayp;. In addition, the
well overlapped images between the probe and membranje tracker in FIG. 37(f) clearly
demonstrates that the specific binding occurs on celliular membrane. The specific
interaction between TPS-2cRGD and integrin oyf; allows!clear determination of integrin
avfs-positive cancer cells (FIG. 37(d) vs. FIG. 37(a)).

[01100]  In a further aspect, the internalization of integrin ayp; was monitored using

the bioprobe, and real time imaging was conducted with HT-29 live cells. TPS-2cRGD

was added to the cell culture chamber and fluorescence images were acquired at different

time points. As shown in FIG. 38, the very dark background in each image indicates that

|
the probe is virtually non-fluorescent in cell growth media. Within the first 25 min, as

|
1

time elapses, the fluorescence intensity increases as the probe binds to integrin ayps. The
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green fluorescence from the probe overlaps well with thgt from the membrane tracker,
indicating that during this period most of the bound prlobes are localized on the cell
membrane. Longer incubation times (> 25 min) results; in the probe being gradually
internalized within cells (FIG. 38, 30 min). Collectively,‘these results demonstrate that
TPS-2cRGD can not only be used for detection of integrhi avps-positive cancer cells but
also can trace the internalization of integrin ayf; in real-tirile manner.

[01101] In another aspect, TPS-2cRGD has a very low cytotoxicity. This is shown in

FIG. 39, where the cytotoxicity of TPS-2cRGD was evaluated by the metabolic viability

of HT-29 cancer cells. FIG. 39 shows the cell metabolic: viability after incubation with

TPS-2cRGD at increasing concentrations over increasing periods of time. The metabolic

viability of HT-29 cells remained ~100% after incubatioin with TPS-2cRGD under the

i

studied conditions, demonstrating low cytotoxicity of TPS-j2cRGD.

AcDEVDK-TPE as a Fluorescent P;ioprobe
[0200] In another embodiment, AIE-active bioiprobe AcDEVDK-TPE was
synthesized for detecting caspase-3/ caspase-7 activity. Thia synthesis of AcDEVDK-TPE
involves both solution- and solid-phase chemistry.
[0201] First, the TPE-containing azide TPE-Nj3 (6) W%IS synthesized according to the

reaction scheme, below.
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[0202] Then, the DEVD peptide is synthesized f%)llowing standard solid-phase
|

peptide synthesis with Fmoc chemistry. Then, the DEVD peptide is coupled with TPE-N3
;

via Cu (I)-catalyzed click chemistry using CuSOdsodiurﬁ ascorbate as the catalyst and

DMSO/H;0 as the solvent. The reaction scheme for the synthesis of AcCDEVDK-TPE is

shown below.
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[0203] Another embodiment of the present subject matter relates to a method for

preparing a fluorescent bioprobe comprising: (a) preparing a biorecognition peptide

5  containing terminal alkyne by solid-phase synthesis; (b) preparing a DMSO solution of
i
|
fluorogen azide; (c) mixing the fluorogen azide and the biorecognition together with
CuSO4 and sodium ascorbate; (d) crosslinking the fluorogens and the biorecognition

peptides by click chemistry; and (e) purifying by HPLC to, form the fluorescent bioprobes.

[0204] FIG. 40A shows the UV-vis absorption and photoluminescence (PL) spectra

10  of both TPE and AcDEVDK-TPE. Both showed similar absorption profiles with the

|

maximum at 312 nm. It is well known that AIE dye is Viréually non-luminescent in good
|

solvents but emits intensely when aggregated in its poor solvents. FIG. 40B shows the PL
!

spectra of TPE-N3 and AcDEVDK-TPE in water. TPE-N; is a hydrophobic AIE

fluorophore and therefore shows intense fluorescence as nanoaggregates in water, while
|

15 DEVD conjugated AcDEVDK-TPE is almost non-fluorescent. This demonstrates that
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after conjugation of the DEVD peptide, AcDEVDK-TPE has a good solubility in water.
The excited states are readily annihilated by the intramolecular rotations of phenyl rings.

Therefore, very low fluorescence was observed.

[0205] In a further aspect, cleavage of the amide blond by a protease releases the
organic soluble TPE fluorogen in aqueous solution, and tljle formation of nanoaggregates
leads to fluorescence turn-on. Due to this the AcDEVDK-gTPE fluorescent peptide can be
used to study the protease activity. As shown in FIG. 41A, upon addition of active
caspase-3/caspase-7, the peptide sequence DEVD is selectively cleaved from TPE dye

resulting in fluorescence turn-on in solution. In addition, no fluorescence turn-on was

observed when the enzymes are pretreated with known caspase-3/caspase-7 inhibitors,

demonstrating that ACDEVDK-TPE was specifically cleaved by caspase-3/caspase-7.

i

[0206] The bioprobe can also be used for real-time jmonitoring of enzyme activity.
The PL spectra of a solution containing AcDEVDK-TPE% and caspase-3/caspase-7 were
monitored at different time points. As shown in FIG. 41B, AcDEVDK-TPE was initially
not fluorescent. Upon incubation with caspase-3 or caspase-7, there was a time-
dependent increase in fluorescence, demonstrating that AcCDEVDK-TPE can be used for
continuous monitoring of protease activities.

[0207] FIG. 42A shows the changes in PL spectra of AcCDEVDK-TPE upon addition

of caspase-3 with the concentration ranging from 0 to 200 pM. With increasing

concentration of enzymes, AcDEVDK-TPE exhibits a progressive intensity increase.
|

Compared with its intrinsic fluorescence, up to ten-fold huorescence enhancement was
observed when the probe was incubated with 200 pM of ¢aspase—3. FIG. 42B shows the

|
PL spectra for different concentrations of AcDEVDK-TPE ranging from O to 20 pM after
1
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addition of the same amount of caspase-3. With increasing concentration of AcDEVDK-

!
TPE, the fluorescence exhibits a progressive intensity increase.

[0208] The specificity and selectivity of AcDEVDK-TPE for caspase-3 and caspase-
|
7 is demonstrated in FIG. 43. AcDEVDK-TPE was treated with five other enzymes

which are widely present in cells, such as BSA, HSA, Lysozyme, Pepsin and Trypsin

|

i

under the same conditions. As shown in FIG. 43A, I and Ijo represent the peak intensities

i
of the probe in the presence of 20 ug mL" protein and in the absence of protein,

respectively. Except for caspase-3 and caspase-7, very little change of PL intensity is

observed for the other five proteins. Furthermore, the addiiion of fresh cellular lysate also
|

did not lead to any obvious fluorescence change in solution. This demonstrates that
|

AcDEVDK-TPE has high specificity and selectivity for caspase-3 and caspase-7.

|

[0209] FIG. 43B shows the plot of the changes in fluorescence intensity over the

i
Il

|

substrate concentration yielded a linear curve. As compared to the commercially
|
!

available coumarin-based caspase-3/caspase-7 substrate DEVD-AFC, the AcDEVDK-

TPE bioprobe shows a wider linear response in the substrélte concentration range from 0
%
to 20 uM. This further demonstrates the ability of the AcDEVDK-TPE bioprobe can act

as a reasonably efficient substrate for studying enzyme activity.

[0210] It is well known in the art that caspase-3 and caspase-7 are key mediators of

cell apoptosis where improper regulation of caspase activity has detrimental pathological
and physiological effects. FIG. 44 demonstrates that the ACDEVDK-TPE bioprobe can
be used for live cell enzyme activity study. FIG. 44 shows the ability of AcDEVDK-TPE

to image apoptosis in live cells. As shown in FIG. 44, cells treated with AcCDEVDK-TPE

showed a strong green fluorescence upon apoptosis induction with staurosporine (STS, an
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anti-cancer drug, right panel). In contrast, only very weak green fluorescence was
observed in nonapoptotic cells. AcDEVDK-TPE can serve as a useful probe for

fluorescence turn-on imaging of protease activities in live cells.

[0211] A ¢-RGD conjugated tetraphenylsilole (TPS-2cRGD) probe and a DEVD
|
peptide-conjugated tetraphenylethene (TPE) probe, two peptide-conjugated AIE

fluorogen probes were synthesized, which are initially non-fluorescent due to their good
i

i
1

water solubility. Upon addition of the corresponding proteins, specific binding between

TPS-2cRGD and integrin avpBs can significantly restrict the molecular rotations of the
|

silole core, leading to fluorescence turn-on of the probe. However, for the probe
|

AcDEVDK-TPE, specific cleavage of the DEVD peptide Tsubstrate by caspase-3/caspase-

|
7 releases the organic soluble AIE fluorogen, leading to nanoaggregates with intense

|
fluorescence in water. These fluorescence turn-on featutes allow the study of protein
|

|
activity both in solution and cells. The preliminary results showed that a TPS-2cRGD
|

1
probe could not only be used for detection of integrin ovfs-positive cancer cells but also

|
|

can be used to trace the internalization of integrin oyf; in feal-time manner. Additionally,
|

|

a DEVD peptide-conjugated TPE probe was not only capdble of monitoring the activities

|

of caspase-3/caspase-7 but also cell apoptosis. Both of mése probes can be used as AIE-

. . . . . . . 1 . .
active biocompatible probes for clinical cancer imaging and diagnostics.
|

¢-RGD-TPS-DEVD
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[0212] Another embodiment of the present subject matter relates to the asymmetric

fluorescent bioprobe c-RGD-TPS-DEVD, the chemical  structure of which is shown

below.
[
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5 [0213] C-RGD-TPS-DEVD can be used as a fluorescent bioprobe in living apoptotic
cell imaging. Furthermore, it is able to specifically target the integrin receptor-

overexpressed in cancer cells.

E/Z-TPE-2DEVD as Fluorescent Bioprobes

1

[0214] In another embodiment of the present subject matter, two pure stereoisomers
|

10  of Asp-Glu-Val-Asp (DEVD) peptide-conjugated TPE probe (TPE-2DEVD) can be used
]}
as fluorescent bioprobes. Bother isomers are initially non“—ﬂuorescent due to their good

water solubility. Upon addition of caspase-3/-7, specific cleavage of DEVD peptide

substrate induces aggregation of the hydrophobic TPE residues and thus enhances the

fluorescence output signal. This fluorescence turn-on feature allows detection of the

15  activities of caspase-3/-7.
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[0215] Of particularly importance is that upon treatment with caspase-3, the two

H{)

Z-TPE-20EVD

isomer probes show differences in the degree of fluorescence “turn-on.” Z-TPE-2DEVD
has a stronger fluorescence emission than E-TPE-2DEVD. However, Z-TPE-2DEVD has
a slower hydrolysis rate, which was confirmed by HPLC analysis and molecular docking

experiments.

Methods of Cellular Imaging with Fluorescent Bioprobes with Peptides
[0216] Accordingly, in one embodiment, the preseﬁt subject matter relates to a
method of cellular imaging comprising contacting target cells with the fluorescent

bioprobes discussed above and detecting cellular imaging. In a further embodiment, the

cellular imagining is in vitro cellular imaging using confocal laser scanning microscopy
1‘
. . . I . . .
or two-photon fluorescence spectroscopy; or is in vivo cellular 1maging using a Maestro
in vivo fluorescence imaging system. In an even further aspect, the two-photon

fluorescence spectroscopy can be used for living cell tracking and tissue imaging.

[0217] In another embodiment, the target cells are cancer cells or cells that can

preferentially accumulate in tumors. In a further aspect, the bioprobes can specifically
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target integrin avfs in cancer cells. In addition, the methods of cellular imaging can be

I

used to determine whether a tumor or cancer cells are presfent.
|

[0218] In a further aspect, the in vitro cellular imagir{g is conducted using biological
imaging samples selected from the group consisting of MCF-7 cells, HT-29 cancer cells,
or HeLa cancer cells. Alternatively, in vivo cellular imagiﬂg is conducted using ICR mice
bearing tumors as the biological imaging sample.
[0219] Another embodiment of the present subject matter relates to a method of
detecting caspase-3/ caspase-7 activity comprising contacting a solution containing cells

with a fluorescent bioprobe and detecting fluorescence. In a further aspect, the

fluorescent bioprobe is specifically cleaved by caspase-3/ caspase-7.

[0220] In an additional embodiment, the present subject matter further relates to a
method of detecting caspase-3/ caspase-7 activity !further comprising real-time
fluorescence turn-on monitoring of an interaction between the fluorescent bioprobe and
the cells, and cell apoptosis. Furthermore, the method of detecting caspase-3/ caspase-7
activity further comprises in vitro screening of drugs that can induce cell apoptosis.
EXAMPLES
[0221] The examples below demonstrate various embodiments of the present subject
matter.
[0222] BSA,  glutaraldehyde,  penicillin-streptomycin ~ solution,  trypsin-
ethylenediaminetetraacetic acid (EDTA) solution, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), and 4',6-diamidino-2-phenylindole (DAPI) were

purchased from Sigma-Aldrich (St. Louis, USA). Fetal bovine serum (FBS) was

purchased from Gibco (Lige Technologies, Switzerland). /Acetonitrile was distilled over
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P,0s. THF was distilled from sodium benzophenone ketyl under dry nitrogen

immediately prior to use. Milli-Q water was suppliéd by a Milli-Q Plus System
l

|
(Millipore Corp., Breford, USA). MCF-7 breast cancer cells were obtained from

|

American Type Culture Collection. Murine hepatic Hy, Qancer cells were obtained from

1
Shanghai Institute of Cell Biology (Shanghai, China). Male ICR mice (6-8 weeks old)

were provided by the animal center of Drum-Tower Hospiltal (Nanjing, China).

|

[0223] 'H and '3C NMR spectra were measured on a Bruker AV 300 spectrometer in

|
CDCl; using tetramethylsilane (TMS, é = 0) as internal réference. High resolution mass
spectra (HRMS) were recorded on a GCT premier CAB04;18 mass spectrometer operating

|

in MALDI-TOF mode. Absorption spectra were recorded on a Shimadzu UV-1700
l

spectrometer. Emission spectra were recorded o}n a Perkin-Elmer LS 55
spectrofluorometer. Average particle size and size distrib;uion of the nanoparticles were
measured by LLS with a 90Plus particle size analyzer i(Brookhave:n Instruments Co.,
USA) at a fixed angle of 90° at room temperature. Zeta potential of the nanoparticles
was measured using a Brookhaven ZetaPlus zeta potential analyzer at room temperature.

Morphology of the nanoparticles was studied by FESEM (JSM-6700F, JEOL, Japan) at

an accelerating voltage of 10 kV. Sample was fixed on a stub with a double-sided sticky

tape and then coated with a platinum layer using an autofinp coater (JEOL, Tokyo, Japan)
for 60 s in a vacuum at a current intensity of 10 mA. M(})rphology of the nanoparticles
was also investigated by TEM (JEM-2010F, JEOL, J apalil) and HR-TEM (JEM-2010F,
JEOL, Japan).

[0224] 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene

glycol)-2000] (DSPE-PEGyy0) was obtained from Lipoid GmbH (Ludwigshafen,
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Germany). DSPE-PEGsy-Folate was obtained frorrf Avanti Polar Lipids, Inc.
l

|
Tetrahydrofuran (THF) was purchased from Sigma-Aldrich.

|

[0225] PFV and TPE-TPA-DCM were prepared according to the literature. (Adv.
i

|
Func. Mater. 2011, 21, 287-294.; W. Qin et al. Adv. Funct. Mater. 2012, 22, 771-779)
|

[0226] All animal studies were performed in compli%mce with guidelines set by the

Animal Care Committee at Drum-Tower Hospital.

EXAMPLE 1

1
1

Synthesis of TPE-TPA-DCM

1

|
[0227] The reaction scheme for the synthesis of TPE—jTPA-DCM is shown below.

Ar—-CHO, piperidine

CH3CN, reflux

I

=
"

oQ,

Br-TPA-DCM

B(OH),
O O Pd(PPhj),

Br-TPA-DCM  + | j »  TPE-TPA-DCM

O O K3POj, THF/H,0
|
|

3 |
|
[0228] 2-(2,6-Dimethyl-4H-pyran-4-ylidene)malononitrile (2) was prepared in 73%

yield from 2,6-dimethyl-4-pyrone (1). Knoevenagel con(;iensations of 2-(2,6-Dimethyl-
!
4H-pyran-4-ylidene)malononitrile with TPA-containing aldehydes gave TPA-DCM and

|
Br-TPA-DCM adducts in over 70% yields. TPE-TPA-DCM was obtained in 60% yield
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| |
by Suzuki coupling between Br-TPA-DCM and 4-(1,2,2-triphenylvinyl)phenylboronic

acid (3) using Pd(PPhs3), as catalyst under basic conditioné. TPE-TPA-DCM was isolated

!

by column chromatography followed by recrystallization. !

|

[0229] The following are detailed experimental procedures for the dye synthesis.
|
|

526 mg (1.4 mmol) of 4-(1,2,2-triphenylvinyl)phenylborc;mic acid (3) and 1060 mg of
K3POy4 (5 mmol) in 50 mL of THF and 8 mL of water was?added into a stirred mixture of
336 mg (0.4 mmol) of Br-TPA-DCM along with 36 mg of iPd(PPh3)4 under nitrogen. The
mixture was heated to 70 °C for 36 hours. After coofing to room temperature, the

solution was extracted with dichloromethane (100 mL) twice, washed with water, and

dried over Na,SO4. After filtration and solvent evaporation under reduced pressure, the

product was purified by silica-gel column chromatography using hexane/
|
dichloromethane as the eluent. TPE-TPA-DCM was obtained in 60% yield (322 mg) as

red powder after recrystallization from a mixture of chloroform/isopropyl alcohol.

[0230] The purified product was characterized by standard spectroscopic methods.

The coupling constant of its vinyl protons in the 'H NMR spectrum is 16 Hz, proving that

|

it possesses a trans conformation. Formation of the trans isomer is favored in the

reaction due to the thermodynamic stability of the trans conformation and the steric

1
hindrance hampering the formation of the cis structure. The absence of the NMR peaks

of the minor cis isomer is possibly because it was removed by the recrystallization
|

process during product purification.
|

[0231] 'H NMR (300 MHz, CDCl3, 6): 7.51-7.40 (hl, 10H), 7.35-7.29 (m, 8H),
i

|
7.17-7.01 (m, 48H), 6.63 (s, 2H; pyran H), 6.60 (d, J = i16 Hz, 2H; pyran-CH=). °C
NMR (75 MHz, CDCls, 8): 159.39, 156.53, 150.50, 147.26, 146.54, 144.41, 144.39,
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144.37, 143.40, 141.83, 141.15, 138.59, 138.07, 136.97, 132.55, 132.03, 130.29, 129.75,

|
128.34, 127.16, 126.44, 126.27, 126.14, 125.08, 122.50, 116.51, 116.35, 107.07. HRMS

|

(MALDI-TOF, m/z): M*, calcd. for C;90H7oN4O, 1343.5583; found, 1343.5820. Anal.
!

calcd for C;90H70N4O: C 89.39, H 5.25, N 4.17; found: C 89.66, H 5.23, N, 4.22
|

EXAMPLE 2

|
Fabrication of Fluorogen-Loaded BSA Nanoparticles
[0232] The BSA nanoparticles loaded with TPE-TI%A-DCM were prepared by a

modified desolvation method (FIG. 3). The nanoparticlles were prepared with varied
feeding ratios ranging from 0.25 to 5 wt %, defined as 1the ratio of the weight of the
fluorogen to that of BSA in the feed mixture. In brief, 13 hlg of BSA was dissolved in 5
mL of Milli-Q water. Subsequently, 8 mL of THF (de1solvation agent) containing a

predetermined amount of TPE-TPA-DCM was added dropwise into the aqueous solution

of BSA at room temperature under sonication using a microtip probe sonicator with a 18

W output (XL2000, Misonix Incorp., USA), leading to the formation of the fluorogen-
{
!

loaded BSA Nanoparticles. A small amount (5 uL) of a glutaraldehyde solution (50%)

was then added to cross-link the nanoparticles at room tejrnperature for 4 h. THF was
!

removed by rotary evaporation under vacuum. The cross-linked fluorogen-loaded BSA
|

nanoparticle suspension was filtered through a 0.45 ym mi?crofilter and was then washed

with Milli-Q water. The amounts of the fluorogen aggregates successfully encapsulated

|
I

into the BSA nanoparticles were determined by the absorption spectra with reference to a
1

|
calibration curve established from DMSO solutions of TPE-TPA-DCM. The EE is
defined as the ratio of the amount of the fluorogen aggregates loaded in the nanoparticles
|
to the total amount of the fluorogen in the feed mixture. Tjo prepare the bare TPE-TPA-
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DCM nanoparticles, 60 pL of a THF solution of the ﬂuoiogen (0.5 mg/mL) was added
|

into 3 mL of a water/THF (9:1 v/v) mixture, followed By sonication of the fluorogen

{

mixture for 60 s at an 18 W output. The emulsion was then stirred at room temperature
J

overnight to evaporate THF solvent.
EXAMPLE 3

Cell Culture

[0233] MCEF-7 breast cancer cells and murine hepatic H22 cancer cells were cultured
J

|
in Dulbecco’s Modified Eagel’s Medium (DMEM) containing 10% fetal bovine serum

and 1% penicillin streptomycin at a constant temperatﬁre of 37°C in a humidified

environment containing 5% CO,. Prior to the imaginé experiments, the cells were
precultured until confluence was reached. |

EXAMPLE 4

Cell Imaging
[0234] MCEF-7 cells were cultured in a LAB-TEK chémber (Chambered Coverglass
System, Rochester, USA) at 37 °C. After 80% confluence, the medium was removed and

the adherent cells were washed twice with 1 x PBS buffer. The AIE-active fluorogen-

loaded BSA nanoparticles (with a fluorogen loading of 0386 %) or the bare TPE-TPA-
DCM nanoparticles (0.4 uM) in FBS-frce DMEM mecfium were then added to the
chamber. After incubation for 2 h, the cells were washed three times with 1 x PBS buffer
and then fixed with 75% ethanol for 20 min, which were further washed twice with 1 x
PBS buffer. The nuclei were stained by DAPI for 10 min. The cell monolayer was then

washed twice with 1 x PBS buffer and imaged by CLSM (Zeiss LSM 410, Jena,

Germany) with imaging software Olympus Fluoview FV1000 (FIGS. 7-9). The
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fluorescent signals from the nanoparticles were collected ﬁpon excitation at 488 nm (1.25

|

mW) with a 650 nm longpass barrier filter. i
EXAMPLES

|

Cytotoxicity of Fluorogen-Loaded BSA Nanoparticles

[0235] Cytotoxicity of the nanoparticles against MCF—7 breast cancer cells was
assessed by3-(4,5-dimethylthiazol-2-yl)—2,5-dipheny1tetra;olium bromide (MTT) cell-
viability assay. FIG. 10 illustrates the cell viability after ir?wubation with the nanoparticle
suspension at the fluorogen concentrations of 0.1, 0.4, and jO.8pM for 12, 24, and 48 h.

[0236] MCEF-7 cells were seeded in 96-well plates (aostar, IL, USA) at a density of
4 x 104 cells/mL. After 24 h incubation, the cells were exposed to a series of doses of
fluorogen-loaded BSA nanoparticles at 37 °C. To eliminate the UV absorption
interference of the fluorogen-loaded nanoparticles at 570 nm, the cells were incubated
with the same series of doses of the fluorogen-loaded nanoparticles as the control. After
the designated time intervals, the sample wells were washed twice with 1 x PBS buffer

and 100 pL of freshly prepared MTT solution (0.5 mg/mL) in culture medium was added

into each sample well. The MTT medium solution was carefully removed after 3 h

incubation in the incubator for the sample wells, whereas the control wells without
|

|
addition of MTT solution were washed twice with 1 x PBS buffer. DMSO (100 uL) was
|

1
then added into each well and the plate was gently shaken for 10 min at room temperature

|

to dissolve all the precipitates formed. The absorbance of individual wells at 570 nm was
|

then monitored by Tecan GENios Microplate Reader. The absorbance of MTT in the
|
|

sample well was determined by the differentiation between the absorbance of the sample
i

well and that of the corresponding control well. Cell viability was expressed by the ratio
|
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i

{

of the absorbance of MTT in the sample wells to that of the cells incubated with culture

medium only.
EXAMPLE 6

In Vivo Real-Time Fluorescence Imaging

[0237] The fluorogen-loaded BSA nanoparticles were examined for in vivo

bioimaging applications, employing the non-invasive live animal fluorescence imaging
I
1

technique. Murine hepatoma-22 (Hy;) transplanted tumor-bearing ICR mice were used as

the model animals.

[0238] H22 cell suspension containing 5-6 x 106 cells (0.1 mL) were injected

subcutaneously to ICR mice (average body weight of 25 g) at the left axilla. When the
|

tumor volume reached a mean size of about 400 mm3i the mice were intravenously

injected with 250 pL of the fluorogen-loaded BSA nanoparticles (with a fluorogen

|
loading of 0.86 %) at a nanoparticle concentration of 1 mg/mL. The same experiment was

1

conducted with the bare TPE-TPA-DCM nanoparticles at the same fluorogen
|
1

concentration. The mice were anesthetized and placed on an animal plate heated to 37 °C.
i

The time-dependent bio-distribution in mice was imaged using a Maestro in vivo

|
fluorescence imaging system (CRi, Inc., Woburn, USA). The light with a central

wavelength of 523 nm was selected as the excitation source. In vivo spectral imaging

from 560 to 900 nm (with 10 nm step) was conducted with an exposure time of 150 ms

for each image frame. The auto-fluorescence was removed using spectral unmixing
|

software. Scans were carried out at 3h, 8 h and 28 h post—i%ljection.

i

[0239] FIGS. 11A-B illustrate the in vivo non-invasi\i(e fluorescence imaging of Hy,

|
tumor-bearing mice after intravenous injection of 1(A) fluorogen-loaded BSA
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nanoparticles and (B) bare TPE-TPA-DCM nanopaﬂi&:les. FIG 11C illustrates the
average PL intensities for the tumor tissues from the mice treated with the fluorogen-
loaded BSA nanoparticles and the bare fluorogen nanobarticles at the specified time

intervals.

EXAMPLE 7

|

Synthesis of F37 and F30 based Nanoparticles

|
[0240] A THF solution (0.5 mL) containing 1 mg of F37/F30 and 2 mg of the

1
mixture of DSPE-PEG;qn and DSPE-PEGsgg-Folate (molar ratio of 1:0 and 1:1,
%
respectively) was poured into 10 mL of 90% (v/v) water/THF solution. This was

followed by sonicating the mixture for 60 seconds at 12 W output using a microtip probe
|

sonicator (XL2000, Misonix Incorporated, NY). The emﬁlsion was then stirred at room
1

temperature overnight to evaporate THF. F37NPO and F37NP50 are assigned to F37
|

based nanoparticles prepared with 0% and 50% of the DSPE-PEG5000-Folate at the feed.
|
Similarly, F30 based nanoparticles prepared with 0% and 50% of DSPE-PEGsqgo-Folate

|
at the feed are defined as F30NPO and F30NP50, respectively. The obtained solution was

1

filtered over a 0.22 um syringe-driven filter to collect the products.
|

EXAMPLE 8
Cell Culture

{

[0241] MCF-7 breast cancer cells and murine hepatid H,, cancer cells were cultured
!

in folate-free Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine
|

serum and 1% penicillin streptomycin at 37 °C in a humidified environment containing

5% CO,, respectively. Before experiment, the cells were pre-cultured until confluence

was reached.

80



10

15

20

WO 2013/029340 PCT/CN2012/001227

EXAMPLE 9

Cell Imaging
[0242] MCEF-7 breast cancer cells with high folate re:,ceptor expression level in cell
membrane were used to evaluate the targeting ability of FJ37NP50 over F37NPO. MCF-7
breast cancer cells were cultured in the confocal imaging chambers (LAB-TEK,
Chambered Coverglass System) at 37 °C. After 80% confluence, the medium was
removed and the adherent cells were washed twice with 1x PBS buffer. The F37NPO and
F37NP50 in FBS-free DMEM medium at 2 uM of F37 were then added to the chambers,
respectively. After incubation for 2 h, the cells were washed three times with 1x PBS
buffer and then fixed by 75% ethanol for 20 minutes, which were further washed twice
with 1x PBS buffer. The cell nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI) for 10 min. The cell monolayer was then washed twice with 1x PBS buffer and
imaged by confocal laser scanning microscope (CLSM, Zeiss LSM 410, Jena, Germany)
with imaging software (Olympus Fluoview FV1000) under the same experimental

condition. The fluorescence signal from FTNPs was collected at 543 nm excitation with a

560 nm longpass barrier filter. The images were analyzed using Image-Pro Plus 5.0
|

software to obtain the average fluorescence intensity of red signal for MCF-7 cells.

[0243] FIGS. 14A and 14B show the confocal image?s of MCF-7 breast cancer cells
|

after incubation with F37NP0O and F37NP50 suspension for 2 hours in culture medium
|

containing 2 uM ZQL-37. It should be noted that in FIG. 14C, no auto fluorescence from

|
the cell itself can be detected under the same experimental conditions. In addition, the

fluorescence intensity from cell cytoplasm after incubatiop with F37NP50 (FIG. 14B) is

higher than that after incubation with F37NPO (FIG. 14A). Quantitative studies using
|
]
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Image-Pro Plus 5.0 software indicate that the average fluorescence intensity of red signal
i

in FIG. 14B is ~1.7 times higher than that in FIG. 14A. The confocal image of the
|

corresponding cells incubated with F37NP50 shows that the intense fluorescence is
i

mainly from nanoparticles internalized in the MCF-7 céll cytoplasm (FIG. 14D). The
|

higher fluorescence intensity of MCF-7 cancer cells in FIG. 14B as compared to that in

1

FIG. 17A suggests that more nanoparticles are internalizéd into the cells due to specific
i

interactions between folic acid on nanoparticle surface and folate receptors in the cancer
|

cell membrane, which should favor folate receptor—mediatjed endocytosis.
EXAMPLE 10 |
|

In vivo Fluorescence Imaging

\
[0244] 0.1 mL of Hj cell suspension containing 5-6x10° cells was injected

1

subcutaneously into ICR mice (average body weight of 2:5 g) at the left axilla. When the
tumor volume reached a mean size of about 300 rnm3:, the mice were intravenously
injected with 250 uL of F37NP50 and F37NPO, respectiv{ely, at the dye concentration of
4 mg/kg animal. Subsequently, the mice were anesthetize%l and placed on an animal plate
heated to 37 °C. The bio distribution in mice was imaéed using the Maestro in vivo
fluorescence imaging system (CRi, Inc.). The light with 2?1 central wavelength at 523 nm

|
was selected as the excitation source. In vivo spectral imaging from 560 nm to 900 nm
|

(10 nm step) was conducted with an exposure time of J:150 ms for each image frame.
Auto-fluorescence was removed by using the spectral unmixing software. Scans were
carried out at 1 h and 3 h post-injection.
[0245] FIG. 15A shows the tumor accumulation and'in vivo distribution of F37NPO

in the tumor-bearing mouse at 1 hour and 3 hours post-injection. The different
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fluorescence intensities are shown by different colors, jand the order of red, orange,
1

yellow, green, and blue refers to a successive decrease in intensity. Obvious fluorescence
I

is observed in the area of tumor tissue at 1 hour and 3 hours, indicating that F37NPO are

efficiently accumulated in the tumor through enhanced pérmeability and retention (EPR)

l
effect. In addition, strong fluorescence from the liver region is also observed, which
suggests that some nanoparticles in the blood circulation tend to be enriched in the liver.
|
This comports with the previous results demonstrating that nanoparticles with a size of

i

1
50-60 nm have a tendency to undergo reticuloendothelial system (RES) uptake to be

|
i
|
enriched in different organs including liver.

[0246] The specific tumor targeting ability of F37NP50 was also evaluated on the
1‘

|
same tumor-bearing mouse model, as displayed in FIG. 15B. Much higher fluorescence

!
intensity is shown in the tumor tissue of F37NP50-treated mouse as compared to that of
F37NPO-treated mouse at both 1 hour and 3 hours post injection, demonstrating that
F37NP50 has specific targeting ability for tumors that, contain folate receptors over

expressed in cancer cells in a living body.

EXAMPLE 11

Synthesis of TPE-TPA-DCM Doped Nanoparticles (FTNPs)

[0247] A THF solution (0.5 mL) containing 1 mg ojf TPE-TPA-DCM and 2 mg of
1

mixture of DSPE-PEG;q0 and DSPE-PEG;q0-Folate (mélar percentage ratio of DSPE-

PEGso00-Folate was 50%) was poured into 10 mL of 90% (v/v) water/THF solution. This

was followed by sonicating the mixture for 60 seconds at 12 W output using a microtip

probe sonicator (XL.2000, Misonix Incorporated, NY). The emulsion was then stirred at
|
i

room temperature overnight to evaporate THF to obtain FTNP suspension in water.
i
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[0248] FIG. 16 shows HR-TEM images of folate-télrgeted nanoparticles (FTNPs)

with DSPE-PEGjg9 and DSPE-PEGsggo-Folate as the biocbmpatible polymer matrix. The

spherical shape of FTNPs with an average size of 45 nm can be clearly distinguished
from the black dots due to the high electron density of TPE-TPA-DCM molecules. Laser

light scattering (LLS) results suggest that the volume avefage hydrodynamic diameter of
j
FTNPs is 52 = 2 nm. FIG. 17A shows the linear absoﬁption and emission spectra of

i

1
FTNPs in water. The FTNP suspension in water has twojmaximum absorption peaks at
|

353 and 496 nm.
EXAMPLE 12

Two-photon Absorption Measurements

|

[0249] Two-photon absorbing (TPA) spectra were] measured using two-photon

induced fluorescence (TPIF) spectroscopy. The samples Wierc excited with laser pulses of
100 fs produced by the mode-locked Ti:Sapphire laser (S‘pectraphysics Tsunami) with a
repetition rate of 82 MHz, and a femtosecond optical pairametric amplifier (OPA) was
used within the spectral range 840-900 nm at a 10 nm interval. The suspension was
degassed before measurement, and no obvious photodegradation was observed during the

experiment. The emission from FTNP aqueous suspension was collected at a 90° angle by

a high numerical aperture lens and directed to a spectrometer’s entrance slit. The

concentration of T1 in the aqueous suspensions was 10 uM. Rhodamine B in methanol

was used as a standard. TPA cross section was calculated from the following equation:
1

ﬁ — Fymen
o) Fin,cyn,
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Where 6, and &, are the TPA cross section, F; and F, are the TPIF intensities, n; and 1,

are the fluorescence quantum yields, ¢; and ¢, are the conc;entrations, n; and n, are the
refractive indexes of solvents (1 corresponds to Rhodamin; B, 2 is used for FTNPs). As
shown in FIG. 17B, the maximum TPA cross-section (6) i; 199 GM at 850 nm, which is
sufficient for two-photon fluorescence imaging applicatiori.

EXAMPLE 13

Long Term Cellular Tracking with Two-Photon Fluorescence Imaging

[0250] The performance of FTNPs in MCF-7 cancer; cell tracking was investigated
and compared with that of commercial Mitotracker red (M}TR).

[0251] MCF-7 breast cancer cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum and 1% penicillin streptomycin at
37 °C in a humidified environment containing 5% CO,.
[0252] Prior to the experiment, MCF-7 breast cancer cells were pre-cultured until
confluence was reached. After incubation with FTNPs and Mitotracker red (MTR) in
DMEM medium (FBS-free) at 1 uM T1 and MTR for 4 h at 37 °C, respectively, the
corresponding cells were detached by 1x tripsin and suspended in culture medium with
different cell densities. The cells were then cultured on round coverslip in 35 mm petri
dishes for 0, 1, 2, 3, 4 and 5 days, respectively. After designated time intervals, the
medium was removed and the adherent cells were Wash]ed twice with 1x PBS buffer,
followed by fixation using 75% ethanol for 20 minutes. lThe cells were further washed

twice with 1x PBS buffer and the coverslips were then mounted on glass slides using

mounting medium in purpose of long-term storage. The samples were imaged by

confocal laser scanning microscope (Leica TCS SPS5 X) equipped with multi-photon laser.
|
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|
The detection of two-photon excited fluorescence of FINPs was achieved by excitation
1
at 800 nm with a 600-800 nm bandpass filter. On the othej:r hand, the one-photon excited
fluorescence signal from MTR was collected with a 600-860 nm bandpass filter upon 560

nm excitation.

[0253] The two-photon fluorescence images of FTNP-treated MCF-7 cancer cells

after designated incubation time intervals of 0, 1, 2, 3, 4, and 5 days are shown in FIG. 18.

i

The profile of FTNP-treated cells can be clearly distinguijshed after 4 days of incubation
j
and the fluorescence from FTNPs which internalized into cells remains detectable even

after 5 days. These results suggest that FTNPs can be used for living cell tracking and

tissue imaging with two-photon microscopy for a period up to 96 hours under the

experimental conditions, which corresponds to more than six cell generations.
|

[0254] In contrast, the fluorescence from MTR-trez;ted MCEF-7 cancer cells only
|

sustained 1 day and became undetectable after 2 days. 'i‘he confocal images of MTR-

|
l

treated MCF-7 cancer cells after designated incubation time intervals of 0, 1, and 2 days

are show in FIG. 19. It should be noted that the concentration of MTR in this experiment

(1 uM) 1s much higher than the recommended highest worlj(ing concentration of 200 uM.
|

EXAMPLE 14

Preparation of PFV/TPE-TPA-DCM co-Loaded BSA Nanoparticles

|
|

[0255] The PFV/TPE-TPA-DCM co-loaded BSA ?nanoparticles were prepared
through a modified desolvation method. In brief, 13 mg of BSA was dissolved in 5 mL of
MilliQ water. Subsequently, 8 mL of THF (desolvation agent) containing PFV and TPE-

TPA-DCM with varied molar ratio was added dropwise into the BSA aqueous solution at

room temperature under sonication using a microtip probe sonicator (XL2000, Misonix
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1

|
Incorporated, NY, 18 W output), resulting in the formatién of PFV/TPE-TPA-DCM co-

|
loaded BSA Nanoparticles. 5 pL of glutaraldehyde solution (50%) was subsequently

]

added to cross-link the obtained nanoparticles at room ﬁemperature for 4 h. THF was
|

i

removed by rotary evaporation under vacuum. The cross—:linked nanoparticle suspension
was filtered through 0.45 pm microfilter, which w;s subsequently washed and
centrifuged with MilliQ water to remove free TPE-TPA-]j)CM that was not encapsulated
in the nanoparticles. To synthesize RGD functionalized IiFV/T PE-TPA-DCM co-loaded
BSA nanoparticles, RGDKKKKKK solution (10'3 M) was;% added into the PFV/TPE-TPA-
DCM co-loaded BSA nanoparticle aqueous suspension and gently mixed for 2 h. After
centrifugation to remove the excess RGD, the RGD functionalized nanoparticles were

collected for further study.

[0256] To optimize the donor/acceptor ratio for in vitro and in vivo fluorescence

imaging in a high contrast manner, PL spectra of PFV/TPE-TPA-DCM co-encapsulated
|

BSA nanoparticles with various donor/acceptor molar ratios were collected upon

excitation of PFV at 435 nm (FIG. 20). In these experiments, the molar ratios between the

1
repeat unit (RU) of PFV and TPE-TPA-DCM in the co-ehcapsulated nanoparticles were

varied from 6:1 to 20:1 at a fixed TPE-TPA-DCM loadin!g ratio of 0.86%. As shown in
FIG. 21, with the increased ratio of [RU of PFV ]/[’IEPE-TPA—DCM], the acceptor
emission band ranging from 550 nm to 825 nm increases at the expense of the donor
emission intensity at 485 nm. The amplification of acceptor emission is evaluated by

comparing the fluorescence of PFV/TPE-TPA-DCM co-loaded BSA nanoparticles upon

excitation at 435 nm with that of TPE-TPA-DCM loaded nanoparticles upon direct

excitation at 505 nm ([RU of PFV}/[TPE-TPA-DCM] = 0:1). The emission of acceptor

87



10

15

20

WO 2013/029340 PCT/CN2012/001227
|
can be amplified for ~ 5-fold at [RU of PFV]/[TPE—TPA-DCM] = 20:1, demonstrating

efficient FRET between PFV and TPE-TPA-DCM in the? nanoparticles. In addition, the

|

PFV/TPE-TPA-DCM co-loaded BSA nanoparticles shovs} a large Stokes shift of ~ 215

|
nm, which indicates effective bioimaging with minimal background interferences.
. |

1
[0257] Laser light scattering (LLS) results indicate that the volume average

l

hydrodynamic diameter of PFV/TPE-TPA-DCM co-loaded BSA nanoparticles with [RU
|

of PFV)/[TPE-TPA-DCM] = 20:1 is ~ 159 nm, which ig larger than that of TPE-TPA-
i

DCM loaded BSA nanoparticles (~ 125 nm) due to the concurrent encapsulation of PFV
i

in the nanoparticles. The morphology of the co-loaded nahoparticles was also studied by
|

transmission electron microscopy (TEM) and fielcﬁ—emission scanning electron
microscopy (FESEM). As shown in FIG. 22, the nanopan;cles are spherical in shape with
an average size of around 100 nm, which is smaller thanj the LLS result because of the
dry sample state.
EXAMPLE 15
Cell Culture
[0258] HT-29 cancer cells and murine hepatic H221 cancer cells were cultured in

Dulbecco's Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum and

1% penicillin streptomycin at 37 °C in a humidified environment containing 5% CO,,

respectively. Prior to experiments, the cells were pre-cultured until confluence was

1

reached.

EXAMPLE 16

Cell Imaging
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[0259] HT-29 colon cancer cells that have over exﬁressed integrin receptors were

1

used as target cells. HT-29 cells were cultured in chaﬁmber (LAB-TEK, Chambered

Coverglass System) at 37 °C. After 80% confluence, the’?medium was removed and the

!
adherent cells were washed twice with 1x PBS buffer. The PFV/TPE-TPA-DCM co-
|

loaded BSA nanoparticles and RGD-functionalized PFV/’f PE-TPA-DCM co-loaded BSA
nanoparticles with [RU of PFV])/[TPE-TPA-DCM] = 20:1 at 0.2 uM TPE-TPA-DCM in
!
1
FBS-free DMEM medium were then added to the chamber, respectively. PFV/TPE-TPA-

DCM co-loaded BSA nanoparticles with [RU of PFV]/fTPE-TPA—DCM] = 20:1 were
l

1

used because of their high fluorescence in far-red/near-infrared (FR/NIR) region (> 650
nm) by FRET. In addition, as arginine-glycine-aspartic acid (RGD) peptide can target
integrin receptors over expressed in many tumor cells,i the PFV/TPE-TPA-DCM co-
loaded BSA nanoparticles were further modified with pos{tively charged RGDKKKKKK
peptide (isoelectric point (PI) ~ 11.2) at pH 7.4 through electrostatic interaction.

[0260] After incubation for 2 h, the cells were washed three times with 1x PBS
buffer and then fixed with 75% ethanol for 20 min, which were further washed twice with

1x PBS buffer. The cells were imaged by confocal laser scanning microscope (CLSM,

Zeiss LSM 410, Jena, Germany) with imaging software (Olympus Fluoview FV1000). As

shown in FIG. 23, the fluorescent signal from the PFV/T FE—TPA-DCM co-loaded BSA

1
nanoparticles was collected upon excitation at 405 and 532 nm, with a 650 nm longpass

i

|
barrier filter. The fluorescent signal from the RGD-functionalized PFV/TPE-TPA-DCM

!
co-loaded BSA nanoparticles was collected upon excitation at 405 nm with a 650 nm

longpass barrier filter.
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|
[0261] FIG. 23 shows the confocal images of HT-29 cancer cells after incubation

with PFV/TPE-TPA-DCM co-loaded BSA nanoparticles jwithout RGD functionalization

!
for 2 hours. The images were taken by collecting thé signals above 650 nm upon
|

excitation at 532 nm for FIG. 23A and 405 nm for FIG. 2;3B. Red fluorescence from the

cytoplasm is observed from both images, indicating thaé the PFV/TPE-TPA-DCM co-

loaded nanoparticles are internalized by the cells. !

[0262] Additionally, the higher fluorescence intensit‘y of HT-29 cancer cells shown

in FIG. 23B as compared to that in FIG. 23A demonstrat;s the polymer amplified TPE-

TPA-DCM emission is maintained in cells. FIG. 23C shovi/s the confocal image of HT-29
1

cancer cells after incubation with RGD-functionalized l;FVfF PE-TPA-DCM co-loaded

BSA nanoparticles for 2 hours. Under the same imaging c?nditions as those for FIG. 23B,

|

FIG. 23C shows further enhanced fluorescence from éhe cellular cytoplasm, which
suggests that more RGD-functionalized nanoparticles areJ internalized by HT-29 cancer
cells. This is due to the specific binding between RGD and integrin receptors over
expressed in HT-29 cells.

EXAMPLE 17

Conjugated Polymer Amplified AIE Emission Application In In Vivo Real-Time
Fluorescence Imaging

[0263] The application of PFV/TPE-TPA-DCM co-loaded BSA nanoparticles with
and without RGD functionalization in in vivo fluorescence imaging on a tumor-bearing
mouse model was investigated using the non-invasive live animal fluorescence imaging

technique. Murine hepatic Hy, transplanted tumor-bearing ICR mice were used as model

animals. In addition, as H,; tumor is demonstrated to be integrin a,f3 positive, Hy, tumor-
|
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bearing mice can also be used to evaluate the utility of RGD-functionalized PFV/TPE-
TPA-DCM co-loaded BSA nanoparticles in in vivo taréeted imaging of integrin a.f3
positive tumors.

[0264] 0.1 mL of Hj, cell suspension containing 5-6x10° cells were injected

subcutaneously to ICR mice (average body weight of 25 g) at the left axilla. When the

tumor volume reached a mean size of about 400 mm’, the mice were intravenously

|

injected with 250 pL of PFV/TPE-TPA-DCM co-loaded BSA nanoparticles with [RU of
i

PFV]/[TPE-TPA-DCM] = 20:1. The same experiments ;were also conducted for TPE-
|

TPA-DCM loaded BSA nanoparticles and RGD-functionalized PFV/TPE-TPA-DCM co-
|

loaded BSA nanoparticles, respectively, at the same TPE—TPA-DCM concentration.
|

Subsequently, the mice were anesthetized and placed on ajm animal plate heated to 37 °C.
The time-dependent bio-distribution in mice was imaiged using a Maestro in vivo
fluorescence imaging system (CRi, Inc.). The light with a central wavelength at 457 nm
was selected as the excitation source. In vivo spectral imaging from 500 nm to 900 nm
(10 nm step) was conducted with an exposure time of 150 ms for each image frame. The
auto-fluorescence was removed using spectral unmixing software. Scans were carried out
at 1.5 h, 4 h, 8 h and 24 h post-injection.
[0265] FIGS. 24A and B show the time-dependent in, vivo distribution profile as well

as tumor accumulation of TPE-DAM-TPA loaded BSA nanoparticles and PFV/TPE-

TPA-DCM co-loaded BSA nanoparticles, respectively. Under the same experimental

conditions, much higher fluorescence from the tumor-bearing mouse is observed in FIG.
|
24B as compared to that in FIG. 24A, suggesting that the PFV/TPE-TPA-DCM co-loaded

BSA nanoparticles can also serve as an effective probe for in vivo fluorescence imaging
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!
!
in a high contrast manner, by virtue of the efficient FRET from PFV donor to TPE-TPA-

DCM acceptor. As shown in FIG. 24B, a clear tumor delineation is observed in the area

of left axillary of the mouse after 8 hours post-injection (p.i.), indicating the accumulation

of the nanoparticles in tumor tissue by the enhanced permeability and retention (EPR)

effect. Moreover, strong fluorescent signals are also observed in the liver area of mouse
at 1.5 hours p.i., which then decrease over time. This suggests that some nanoparticles

1

undergo the uptake of reticuloendothelial system (RES) drgans such as liver and spleen,
followed by facile excretion form the body through biliary? pathway.

1
[0266] FIG. 24C shows the time-dependent in vivo distribution profile and tumor

1
accumulation of RGD-functionalized PFV/TPE-TPA-DCM co-loaded BSA nanoparticles

1

in Hy; tumor-bearing mouse. It is noteworthy that the f}uorescence intensity from the
1
tumor site in FIG. 24C is higher as compared to that in FIG. 24B at all tested time points,

|

revealing that RGD-functionalized PFV/TPE-TPA-DCM co-loaded BSA nanoparticles
i
1

can achieve efficient tumor targeting through specific RGD- integrin o33 recognition.

EXAMPLE 18

Synthesis of TPETPAFN

[0267] A mixture of bis(4-bromophenyl)fumaronitrile (194 mg, 0.5 mmol), N-(4-
(1,2,2-triphenylvinyl)phenyl)benzenamine (635 mg, 1.5 mmol), Cs;CO3 (1.14 g, 3.5
mmol), Pd(OAc), (11.2 mg, 0.05 mmol), tri-tert-butylphosphine (30.3 mg, 0.15 mmol)
and toluene (30 mL) was heated at 40 °C for 2 h. The reaction mixture was then heated at
110 °C for 24 h. After the mixture was cooled to room temperature, water (80 mL) and

chloroform (200 mL) were added. The organic layer was separated and washed with

brine, dried over anhydrous MgSO, and evaporated to dryness under reduced pressure.
1
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The crude product was purified by column chromat!ography on silica gel using
hexane/toluene as eluent to afford 9 as a red solid in 61% yield (327 mg). 'H NMR (300
MHz, CDCl3), 6 (TMS, ppm): 7.66 (d, J = 8.9 Hz, 4H), 7.31 (t, J = 7.9 Hz, 4H). 7.16—
7.02 (m, 36H), 6.98 (t, J = 9.0 Hz, 8H), 6.87 (d, J = 8.6 Hz, 4H). °C NMR (75 MHz,

CDCls), 6 (TMS, ppm):150.92, 146.83, 145.08, 144.49, 144.19, 143.95, 141.90, 141.05,

140.90, 133.22, 132.01, 130.49, 130.40, 130.25, 128.34, 127.24, 126.50, 125.46, 125.23,
121.46, 121.22, 121.13, 118.44. HRMS (MALDI-TOF, :m/z): M", calcd. for CgoHseNy,
1072.4505; found, 1072.4502. Elemental Anal. calcd for égoH56N4Z C, 89.52; H, 5.26; N,
5.22; found: C, 89.20; H, 5.23; N, 5.18.

EXAMPLE 19

Synthesis of Tat Peptide-Functionalized AIE Dots

[0268] A THF solution (1 mL) containing 1 mg of% TPETPAFN and 1.5 mg of a
|

mixture of DSPE-PEGjy0 and DSPE-PEG,u00-NH> (mo;lar percentage ratio of DSPE-
PEG;000-NH; is 50%) was poured into water (9 mL). Thc;: mixture was sonicated for 60
seconds using a microtip probe sonicator at 12 W output ()j(LZOOO, Misonix Incorporated,
NY). After filtration using a 0.2 pm syringe driven filter, 1‘the suspension was then stirred
vigorously at room temperature overnight to yield TPETPjAFN—loaded AIE dots in water
|
(8 mL). The AIE dots (1.8 mL) were further mixed with l:)orate buffer (0.2 M, pH = 8.5,
0.2 mL) and reacted with HIV1-Tat peptide (3 x 107 M‘) in the presence of EDAC (1
mM). After reaction for 4 h at room temperature, the solution was dialysed against MilliQ
water for 2 days to eliminate the excess peptide and E1DAC. The Tat-AIE dots were

collected for further use.

EXAMPLE 20
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In Vitro Cell Tracing

[0269] MCF-7 breast cancer cells were cultured in é-well plates (Costar, 1L, USA)
to achieve 80% confluence. After medium removal and washing with 1x PBS buffer, 2
nM Tat-AIE dots or Qtracker® 655 in DMEM medium were then added to the wells.
After 4 h incubation at 37 °C, the cells were washed twice with 1x PBS buffer and
detached by 1x tripsin and resuspended in culture medium. Upon dilution, the cells were
subcultured in 6-well plates containing cell culture coverslips for 1, 5, 7, 10 and 12
passages, respectively. After designated time intervals, the cells were washed twice with
1x PBS buffer and then trypsinalized to suspend in 1x PBS buffer. The fluorescence
intensities of cells were then analyzed by flow cytometry measurements using Cyan-LX

(DakoCytomation) and the histogram of each sample was obtained by counting 10,000

events (Aex = 488 nm, 680/20 nm bandpass filter). To study cell retention of Tat-AIE dots,
two groups of cells were used. The sample group was inCIjlbated with 2 nM Tat-AlE dots
for 4 h at 37 °C while the control group remained untreated. After incubation and
detachment, 2 mL of Tat-AIE dot-treated cells and 2 mL of control cells with the same

density (300,000 cells/mL) were mixed and subcultured in culture flasks for 1 day.

Meanwhile, the control and sample cells were also subcultured for 1 day. The three

batches of cells were then trypsinalized and tested using flow cytometry. In all flow
cytometry tests, blank cells without any treatment were u?ed as the control. For confocal
image studies, the cells were first labeled by 2 nM Tat—AIE dots or Qtracker® 655. The
labeled cells were then washed twice with 1x PBS buffer and detached by 1x tripsin to

resuspend in culture medium. Upon dilution, the cells were subcultured in 6-well plates

containing cell culture coverslips for designated passage]s, washed twice with 1x PBS
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buffer and then fixed by 75% ethanol for 20 minutes. The coverslips were sealed with
]

. . . [ . .
mounting medium and the two-photon excited fluorescence images were studied by Leica
TCS SP 5X. The laser at 514 nm (1 mW) was adopted td obtain the one-photon excited

]
fluorescence images with a 550—780 nm bandpass filter.

EXAMPLE 21

In Vivo Cell Tracing

|
[0270] All animal experiments were performed in compliance with guidelines set by

l
the Institutional Animal Care and Use Committee (IACUC), Sigapore General Hospital.
|

After 4 h incubation with 2 nM Tat-AIE dots or Qtracker® 655 at 37 °C, C6 glioma cells
|

(1 x 10° cells in 0.1 mL of culture medium) were subcutaj\neously injected into the flank
of mice. Three mice were used for each group. After :designated time intervals post
injection, the mice were imaged using an IVIS Spectrurri imaging system (Caliper Life
Sciences) while under anesthesia. The fluorescence images were recorded with 1 second

exposure using a filter 660/20 nm upon excitation at 535 nm. Scans were carried out on 0

d(l1h),1d,3d,5d,7d,124d, 14d, 17 d and 21 d. The \autofluorescence was removed

using the software of IVIS Spectrum imaging system.

EXAMPLE 22

Synthesis of TPS-2¢cRGD
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[0271] Hexane and tetrahydrofuran (THF) were distilled from sodium benzophenone
ketyl immediately prior to use. Dichloromethane (DCM) was distilled over calcium

i

hydride. Dichlorobis(triphenylphosphine)palladium(II), ZnCl,- TMEDA, copper(l) iodide,
!

triphenylphosphine, and other chemicals and solvents Wére all purchased from Aldrich
|

and used as received without further purification. Copper, (II) sulfate, Sodium ascorbate,

|
Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-J2-yI)-2,5-diphenyl tetrazolium

bromide (MTT), bovine serum albumin (BSA), Human sefum albumin (HSA), lysozyme,
i
papsin, trypsin were purchased from Sigma-Aldrich. Alkyne-functionalized cyclic RGD

|
peptide was customized from GL Biochem Ltd. Recombinant human integrin ovfs; was

i
1

|
purchased from ImmunoCell. Recombinant human caspase-3 and caspase-7, DEVD-AFC

i

!
substrate and known caspase-3/caspase-7 inhibitor were purchased from R&D Systems.

Fetal bovine serum (FBS) and trypsin-EDTA solution We;e purchased from Gibco (Lige
Technologies, Ag, Switzerland). Milli-Q water was supfplied by Milli-Q Plus System
(Millipore Corporation, Breford, USA). HeLa cancer cclll was provided by American
Type Culture Collection.
[0272] Characterization: 'H and *C NMR spectra were measured on a Bruker AV
300 spectrometer or Bruker ARX 400 NMR in CDClj using tetramethylsilane (TMS, J =
0) as internal reference. UV absorption spectra were taken on a Milton Ray Spectronic
3000 array spectrophotometer. Photoluminescence (PL) spectra were recorded on a
Perkin-Elmer LS 55 spectrofluorometer (USA) with an excitation wavelength of 312 nm.

High-resolution mass spectra (HRMS) were recorded on a Finnigan MAT TSQ 7000

Mass Spectrometer System operating in a MALDI-TOF mode. The HPLC profiles and

ESI mass spectra were acquired using a Shimadzu IT-TOF]‘.
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[0273] Preparation of dimethylbis(phenylethynyl)silane (1): n-BuLi (25.0 mL, 40.1
mmol, 1.6 M solution in hexane) was added to a THF solution of phenylacetylene (4.0
5 mL, 36.4 mmol) at -78 °C. After stirring at -78 °C for 4 h, dichlorodimethylsilane (2.2
mL, 18.2 mmol) was added. The mixture was warmed to room temperature and stirred

overnight. The solvent was removed under reduced pressure. The mixture was dissolved

in DCM and washed with brine and water. The organic layer was dried over magnesium

sulfate. The crude product was purified by a silica-gel colAumn using hexane as eluent. A
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]
colorless solid was obtained in 86.1% yield. 'H NMR (400 MHz, CDCl3), J (ppm): 7.57
(m, 4H), 7.36 (m, 6H), 0.55 (s, 6H). *C NMR (100 MHz, CDCls), § (ppm): 132.1, 128.9,
128.2, 122.6, 105.9, 90.6, 0.45. HRMS (MALDI-TOF), m/z 260.1013 (M", calcd

260.1021).

[0274] Preparation of 4-bromobenzylazide (4): Into a flask equipped with a

magnetic stirrer were added 4-bromobenzyl bromide (7.5 g, 30 mmol), sodium azide (7.8
|
‘

g, 120 mmol), and 40 mL of DMSO. After stirred at 70 °C for 12 h, the solution was
|

|
|
poured into 150 mL of water and extracted with CH,Cl,, The crude product was purified

|
by silica-gel chromatography to give a colorless viscous ijliquid in 96.2% yield (6.12 g).
'HNMR (CDCls, 400 MHz), § (TMS, ppm): 7.47 (d, J = 8!‘.2 Hz, 2H), 7.15 (d, / = 8.2 Hz,
2H), 4.26 (s, 2H). °C NMR (CDCls;, 100 MHz), § (TN}IS, ppm): 134.3, 131.8, 129.6,
122.1, 53.9. HRMS (MALDI-TOF): m/z 210.9640 (M", cajlcd 210.9745).
[0275] Preparation of 1,1-dimethyl-2,5 -l]n's[ 4-(azidomethyl)phenyl]-3,4-
diphenylsilole (5): A mixture of lithium (0.056 g, 8 mmol) and naphthalene (1.04 g, 8

mmol) in 8 mL of THF was stirred at room temperature under nitrogen for 3 h to form a

deep dark green solution of LiNaph. The viscous solution was then added dropwise to a
solution of dimethylbis(phenylethynyl)silane (1) (0.52 g, % mmol) in 5 mL of THF over 4
min at room temperature. After stirring for 1 h, the mixtllre was cooled to 0 °C and then
diluted with 25 mL THF. A black suspension was formed upon addition of
ZnCl, TMEDA (2 g, 8 mmol). After stirring for an additional hour at room temperature, a
solution of 4-bromobenzylazide (4) (0.89 g, 4.2 mmol) and PdCl,(PPh;3), (0.08 g, 0.1

mmol) in 25 mL of THF was added. The mixture was refluxed overnight. After cooled to

room temperature, 100 mL of 1 M HCI solution was added and the mixture was extracted
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with DCM. The combined organic layer was washed withjbrine and water and then dried
over magnesium sulfate. After solvent evaporation undei reduced pressure, the residue
was purified by a silica-gel column using hexane as eluent. The product was obtained as
a yellow solid in 57.3% yield. "H NMR (400 MHz, CDCl3), § (TMS, ppm): 7.06 (d, J =
8.1 Hz, 4H), 7.01 (m, 6H), 6.92 (d, J = 8.1 Hz, 4H), 6.78 (m, 4H), 4.24 (s, 4H), 0.47 (s,
6H). '*C NMR (100 MHz, CDCl3), & (TMS, ppm): 154.3, 141.3, 139.9, 138.5, 1324,
129.9, 129.1, 127.9, 127.5, 126.3, 54.6, 3.9. HRMS (MALDI-TOF): m/z 524.2200 (M",

calcd 524.2145).

[0276] Synthesis of TPS-2cRGD: The alkyne-containing cyclic RGD peptide (2.5 mg,
4.4 umol) and azide-functionalized tetraphenylsilole (5, iBATPS) (1 mg, 2 pmol) were
dissolved in 50 puL. DMSO. A mixture of DMSO/H;0O solution (1:1; 0.5 mL) was

subsequently added and the reaction was shaken for a few minutes to obtain a clear

solution. The “click” reaction was initiated by sequential addition of catalytic amounts of
sodium ascorbate (0.16 mg, 0.8 umol) and CuSO4 (0.64 IrTg, 0.4 pmol). The reaction was
continued with shaking at room temperature for anothejr 12 h. The final product was
purified by prep-HPLC and further characterized/confirfmed by LC-MS. IT-TOF m/z
[(M+H)/2]" calcd: 833.445, found 833.846.

EXAMPLE 23

Solution-phase synthesis of alkyne-containing amino acid and TPE-N3
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[0277] Synthesis of (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-(hex-5-
|
|
ynamido)hexanoic acid (3): Fmoc-Lys (Boc)-COOH (0.48 g, 1.0 mmol) was vigorously
stirred in 20% TFA/DCM solution for around 3 hrs. The reaction solution was

concentrated and dried in vacuo to afford intermediate (S)-2-((((9H-fluoren-9-

yDmethoxy)carbonyl)amino)-6-aminohexanoic acid (1). 1 (0.37 g, 1.0 mmol) was further
|

reacted with NHS-ester of acid (0.25 g, 1.2 mmol) and DIEA (0.15 g, 1.2 mmol) in DMF.

After 12 h, the reaction was acidified with 3 M HCI, and then extracted with DCM.

Solvents were removed in vacuum and the crude product was purified by purified by

flash chromatography (hexane/EtOAc = 10/1 to 5/1 v/v) ]to give the product 3 (9.17 g,
78.4%). '"H NMR (CDCls, 300 MHz), 8 (TMS, ppm): 1.161.21 (m, 2H), 1.231.84 (m, 6H),
2.08 (t, J = 6.0 Hz, 2H), 2.18 (t, J = 7.5 Hz, 2H), 2.85 (s, 1H), 3.10 (s, 2H), 4.06 (t, J =
9.0 Hz, 2H), 4.25 (d, J = 6.0 Hz, 2H), 5.82 (s, 1H), 6.02 (s, 1H), 7.18 (t, J = 7.0 Hz, 2H),

7.28 (t, J = 7.5 Hz, 2H), 7.49 (t, J = 6.0 Hz, 2H), 7.64 (ld, J = 6.0 Hz, 2H). *C NMR
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(CDCl3, 75 MHz), 6 (TMS, ppm): 14.15, 17.69, 21.02, 22.16, 24.11, 27.34, 28.69, 31.63,
|

1

33.96, 34.95, 36.03, 39.06, 45.19, 47.02, 50.19, 53.56, 60.42, 65.22, 67.06, 69.35, 74.18,
83.36, 120.13, 125.08, 127.06, 127.69, 141.19, 142.85, 143.62, 156.43, 173.50, 175.55.

HRMS (IT-TOF): m/z 462.5400 [(M+1)", calcd. 463.2080].

[0278] Synthesis of 1-(4-methylphenyl)-1,2,2-triphenylethene (4): In a 250 mL two
necked round bottom flask, 5.047 g (30 mmol) of diphenylmethane was dissolved in 100
mL distilled THF under N,. After the mixture was cooljed to 0 °C, 15 mL (2.5 M in
hexane, 37.5 mmol) of n-butyllithium was slowly added iby a syringe. The mixture was
stirred at O °C for 1 hr. 4.906 g (25 mmol) of 4-methylbenfzophenone was then added into

i

the reaction mixture. The mixture was warmed to room temperature and stirred overnight.

|
|

The reaction mixture was quenched with saturated NH4CI solution and then extracted
with DCM. The organic layer was collected and concentrated. The crude product and 0.2
g of p-toluenesulfonic acid were dissolved into 100 mL toluene. The mixture was heated
to reflux for 4 hrs. After cooled to room temperature, the reaction mixture was extracted
with DCM. The organic layer was collected and concentrated. The crude product was

purified by silica-gel chromatography using hexane as eluent to give white solid in 78%

yield. '"H NMR (CDCls, 400 MHz), 6 (TMS, ppm): 2.24 (s, 3H), 6.90 (s, 4H), 6.99-7.12
(m, 15H). “C NMR (CDCls, 100MHz), & (TMS, ppm): 21.87, 126.95, 127.00, 128.27,
128.33, 129.05, 129.61, 131.89, 131.98, 132.02, 136.71, 141.14, 141.40, 141.56, 144.60.
HRMS (MALDI-TOF): m/z 346.1701 (M", calcd. 346.1722.
[0279] Synthesis of 1-[(4-bromomethyl)phenyl]-1,2,2-triphenylethene (5): In a 250

mL round bottom flask, a solution of 5.197 g (15mmol) of 1, 2.937 g (16 mmol) of N-

bromosuccinimide, 0.036 g of benzoyl peroxide in 80 mL CCly was refluxed for 12 hrs.
1
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After reaction completed, the reaction mixture was extracted with DCM and water. The
|

organic layers were combined, dried over magnesiun{ sulfate, and removed under
]

reduced pressure. The crude product was purified by sijlica-gel chromatography using
hexane as eluent to give white solid in 60% yield. 'H NMi( (CDCl3, 400 MHz), 6 (TMS,
ppm): 4.42 (s, 2H), 6.93-7.05 (m, 8H), 7.09-7.14 (m, 11H$. 3C NMR (CDCl3;, 100MHz),
& (TMS, ppm): 34.31, 127.22, 127.27, 128.33, 128.42, 1!29.09, 131.96, 132.01, 132.35,
136.36, 140.88, 142.20, 144.09, 144.15, 144.64. HRMS (MALDI-TOF): m/z 426.0819

[(M + 2)*, calcd. 426.0827].

[0280] Synthesis of 1-((4-azidomethyl)phenyl )-],2,2-}triphenylethene (6): In a 250
mL two necked round bottom flask, 1.701 g (4 mmol) of ]Z,S—dioxopyrrolidin-l-yl hex-5-
ynoate (2) and 0.39 g (6 mmol) of sodium azide were dissolved in DMSO under N,. The
mixture was stirred at room temperature overnight. A large amount (100 mL) of water
was then added and the solution was extracted three times with diethyl ether. The organic
layers were combined, dried over magnesium sulfate land concentrated. The crude
product was purified by silica-gel chromatography using hexane/chloroform as eluent to
give white solid in 97% yield. '"H NMR (CDCl;, 400 MHz), § (TMS, ppm): 4.24 (s, 2H),
6.98, 7.06 (m, 10H), 7.06, 7.13 (m, 9H). °C NMR (CDCls, 100MHz), 8 (TMS, ppm):

53.91, 125.90, 126.02, 126.99, 127.04, 127.09, 130.67, 131.11, 131.22, 132.61, 139.62,

140.82, 142.83, 142.90, 143.27. HRMS (MALDI—TOFj): mlz 387.1342 (M, calcd.
387.1735).
EXAMPLE 24

1
Preparation of Solid-Phase Synthesis of DEVD Peptide
|
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|
[0281] General procedure for Fmoc deprotection: The Fmoc-protected amino-

|
functionalized resin was treated with 20% piperidine/DMF for 1h at room temperature.

|
The resin was washed with DMF (3x), DCM (3x), DMF (2x) and DCM (1x) and dried in

|

vacuum. The completeness of the reaction was monitored by ninhydrin test. Blue beads
]
|

indicate the presence of primary amine and the completenéss of the reaction.
|

|
[0282] General procedure for coupling of Fmoc-amino acids onto resin: Fmoc-
\

|

amino acid (4 eq), HBTU (4 eq) and HOBt (4 eq) were dissolved in DMF (2 mL) and
|

DIEA (8 eq) was added and agitated for 10 min. This pre-activated Fmoc amino acid
|

solution was added to the amino-functionalized resin and shaken for overnight at room

1
temperature. The resin was filtered and washed with DMF (3x), DCM (3x), DMF (2x)

and DCM (1x). Finally, the free amine of Asp amino| acid was capped with acetic

anhydride.

[0283] Cleavage of peptide from resin: After capping the free amine of Asp amino

1
acid, the resin was washed with DMF (3x), DCM (3x), DMF (2x) and DCM (1x) and

dried thoroughly under vacuum. A solution of TFA/T ISI/HZO (95/2.5/2.5, 2 mL) was
added to the resin at room temperature and shaken for 3 hrs. The resin was filtered off
and washed with DCM (2x). The combined DCM Fnd cleavage solutions were
concentrated to ~0.3 mL, cold diethyl ether (3 mL) was suibsequently added to precipitate
the peptide. The peptide was then collected by centrifugation, washed with cold diethyl

ether and dried in vacuum.

EXAMPLE 25

Synthesis of AcDEVDk-TPE
1
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[0284] Synthesis of AcDEVDk-TPE: The alkyne-containing DEVD peptide (1.6 mg,
2.0 pmol) and TPE-N3 (0.7 mg, 1.8 pmol) were dissolved in 50 uL DMSO. A mixture of
5  DMSO/Hy0 solution (1:1; 0.5 mL) was subsequently added and the reaction was shaken
for a few minutes to obtain a clear solution. The “click” reaction was initiated by
sequential addition of catalytic amounts of sodium ascorbate (0.16 mg, 0.8 pumol) and

CuSO4 (0.06 mg, 0.4 pmol). The reaction was continued with shaking at room

temperature for another 12 h. The reaction product was then directly analyzed by LC-MS.
10 The final probe was subsequently purified by prep-HPLC and further
characterized/confirmed by LC-MS. IT-TOF m/z M* calcd; 1127.25, found 1127.32.

EXAMPLE 26

Titration Different Proteins with TPS-2cRGD
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[0285] 5 pL of the protein stock solution was diluteh with 40 uL of 1xPBS buffer
(pH 7.4). 5 pL of TPS-2cRGD (10 uM) was then added! and the reaction mixture was
incubated at room temperature for 30 min. The reaction mixture was then diluted to a
total of 300 uL with deionized water for photoluminescence measurement. The solution

was excited at 356 nm, and the emission was collected from 380 to 650 nm.

EXAMPLE 27

Caspase-3/Caspase-7 Turn-on Assay
1
[0286] Cleavage of the peptide substrates ACDEVDKI-TPE by caspase-3 or caspase-

7 was monitored in quartz cells or in black flatbottom Tpolypropylene 384-well plates
(Nunc, USA). The corresponding concentrations of substrate and enzymes were used for

each assay. Enzymatic cleavage of the substrates was monitored by fluorescence increase
i

Il

(excitation and emission wavelengths at 312 nm and 480 nm respectively) with on a
Perkin-Elmer LS 55 spectrofluorometer or a Synergy TM g multi-mode microplate reader
(Biotek Instruments).
EXAMPLE 28
Cell Culture
[0287] The human carcinoma epithelial carcinoma cell line HeLa and HT-29 colon
cancer cells were cultured (37 °C, 5% CO,) in DMEM medium containing 10% fetal
bovine serum. MCF-7 breast cancer cells were cultured (37 °C, 5% CO,) in RPMI 1640

medium containing 10% fetal bovine serum and 1% penicillin/streptomycin. Before

experiment, the cells were pre-cultured until confluence was reached.

!
EXAMPLE 29

Confocal Imaging at 4 °C
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[0288] Before the detection of integrin ayps;, HT-29 jand MCF-7 cells were cultured
in the chambers (LAB-TEK, Chambered Coverglass Systefm) at 37 °C, respectively. After
80% confluence, the adherent cells were washed twice \i)vith 1x PBS buffer. The TPS-
2cRGD solution (2 uM, 0.3 mL) was then added to the c}}jlamber. After incubation for 30
i
min at 4 °C, cells were washed two times with 1xPB§ buffer and then treated with
membrane tracker for 10 min and further washed twice with 1xPBS buffer. The cells
were then imaged immediately by confocal laser scanning microscope (CLSM, Zeiss

LSM 410, Jena, Germany) with imaging software (Fluoview FV500). The images are

analyzed by ImageJ 1.43x program (developed by NIH). The images were taken upon

excitation at 405 nm (5% laser power) with a band pass 595-525 nm filter for the probe,

|
and 543 nm (5% laser power) with a band pass 575-635 nm filter for the membrane

tracker. See FIG. 30.

EXAMPLE 30

Real-time Uptake Imaging of TPS-gcRGD
[0289] HT-29 cells were cultured in the 8-wells chainbers (LAB-TEK, Chambered
Coverglass System) at 37 °C. After 80% confluence, the adherent cells were washed
twice with 1 x PBS buffer. The TPS-2cRGD solution (2 pM, 0.3 mL) and a small amount
of membrane tracker were then added to the chamber. The chambers were placed on the

microscope platform immediately and the microscope focused on a collection of cells.

The fluorescence images (405 nm excitation and with a band pass 505-525 nm filter for

the probe, and 543 nm excitation with a band pass 575-635 nm filter for the membrane
|

tracker) acquired every 5 min.
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EXAMPLE 31

]
Cytotoxicity of TPS-2cRGD
J
{0290] Methylthiazolyldiphenyl-tetrazolium (MTT) i’:lssays were used to assess the

metabolic activity of HT-29 cancer cells to study the cyto‘toxicity of TPS-2cRGD. HT-29
cells were seeded in 96-well plates (Costar, IL, USA) at arjl intensity of 4 x 10* cells mL™.
After 24 h incubation, the medium was replaced by t!he TPS-2cRGD suspension at
concentrations of 2, 5, and 10 uM, and the cells were then incubated for 12, 24 and 48 h,

respectively. After the designated time intervals, the wells were washed twice with 1 x

PBS buffer and 100 p L of freshly prepared MTT (0.5 mg mL") solution in culture

medium was added into each well. The MTT medium solution was carefully removed
after 3 h incubation in the incubator at 37 °C. DMSO (100 pL) was then added into each

well and the plate was gently shaken to dissolve all the precipitates formed. The

absorbance of MTT at 570 nm was monitored by the microplate reader (Genios Tecan).
|
|
Cell viability was expressed by the ratio of absorbance of the cells incubated with TPS-
2cRGD suspension to that of the cells incubated with culture medium only.

EXAMPLE 32

Apoptosis Imaging in Live Cells with AcDEVD-TPE

[0291] The cells were cultured in the chambers (LA]jS-TEK, Chambered Coverglass
System) at 37 °C, respectively. After 80% confluence, t%le adherent cells were washed
twice with 1xPBS buffer. The AcDEVD-TPE solution (5 LM, 0.3 mL) was then added to
the chamber. After incubation for 2 h at 37 °C, cells were washed two times with 1xPBS

buffer. To induce apoptosis, cells were incubated with 1.0 uM of staurosporine for 1 hr

and then imaged immediately by confocal laser scanning microscope (CLSM, Zeiss LSM
|
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1
410, Jena, Germany) with imaging software (Fluoview FV500). The images are analyzed
by Image] 1.43% program (developed by NIH).

[0292] With the information contained herein, various departures from precise

descriptions of the present subject matter will be readily apparent to those skilled in the
art to which the present subject matter pertains, without d‘eparting from the spirit and the
i
scope of the below claims. The present subject matter is #ot considered limited in scope
to the procedures, properties, or components defined, since the preferred embodiments
and other descriptions are intended only to be illustrati?ve of particular aspects of the
presently provided subject matter. Indeed, various modifications of the described modes
for carrying out the present subject matter which are obvious to those skilled in chemistry,

biochemistry, or related fields are intended to be within the scope of the following claims.

EXAMPLE 33

Synthesis of c-RGD-TPS-DEVD

[0293] As shown in the reaction scheme below, the asymmetric probe c-RGD-TPS-
DEVD was synthesized by two step “Click” reactions. First, coupling between TPS-2N3
(5.0 eqv) and DEVD-alknye (1.0 eqv) via Cu(l)-catalyzed “Click” reaction using
CuSO4/sodium ascorbate as the catalyst and DMSO/H,0 as the solvent to afford TPS-

DEVD in 80% yield after HPLC purification. Pure TPS-DEVD was then reacted with

alkyne functionalized cyclic RGD (c-RGD) using CuSO4/sodium ascorbate as catalyst
and DMSO/H,0 as the solvent to afford c—RGD-TPS—DEjVD in 90 % yield after HPLC

1
purification. The HPLC condition is: 10-100% B for 10 min, then 100% B for 2 min,

|

10% B for 5 min (Solvent A: 100% H,0 with 0.1% TFA; Solvent B: 100% CH3;CN with
|

0.1% TFA).
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|
[0294] DEVD-alkyne (1.8 mg, 3 umol) and azide-functionalized tetraphenylsilole

|

(TPS-2N3) (7.9 mg, 15 pmol) were dissolved in 50 uL of DMSO. A mixture of

DMSO/H,0O solution (v/v = 1/1; 0.5 mL) was subsequently added and the reaction was
|

3

shaken for a few minutes to obtain a clear solution. The “click” reaction was initiated by

sequential addition of catalytic amounts of sodium ascorbate (0.4 mg, 2.0 umol) and

CuSO;4 (1.6 mg, 1.0 pmol). The reaction was continued with shaking at 4 °C overnight.
|
The final product was purified by prep-HPLC and characterized by L.C-MS. LC-MS (IT-

|
TOF): m/z 1137.3952 ((M+H]", calcd 1137.4536). !

[0295] The purified TPS-DEVD (5.5 mg, 5 umol) and alkyne-functionalized cyclic
|

RGD (c-RGD) (2.9 mg, 5 umol) were dissolved in 50 uL of DMSO. A mixture of

DMSO/H;0 solution (v/v = 1/1; 0.5 mL) was subsequently added and the reaction was

{
shaken for a few minutes to obtain a clear solution. The “click” reaction was initiated by

sequential addition of catalytic amounts of sodium ascorbate (0.4 mg, 2.0 umol) and

CuSO4 (1.6 mg, 1.0 umol). The reaction was continued wi:th shaking at room temperature
|

for 24 h. The final probe was purified by HPLC and chéracterized by LC-MS. LC-MS
|

(IT-TOF): m/z 1706.7069 ([M], calcd 1706.7086).
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EXAMPLE 34

Cellular Imaging

[0296]

imaging was conducted with confocal laser scanning

The application of DEVD-TPS-RGD and DE|

VD-TPS in living apoptotic cell

microscopy (CLSM). U8TMG

glioblastoma cells with overexpressed integrin a3 expression and MCF-7 breast cancer

cells with low integrin a,f3; expression on the cell membrane were used to demonstrate

the utility of RGD-TPS-DEVD in targeted apoptotic cancer cell imaging.

[0297]

10

(LAB-TEK, Chambered Coverglass System) at 37 °(

U87MG glioblastoma cells were cultured in confocal imaging chambers

", After 80% confluence, the

medium was removed and the adherent cells were washed twice with 1x PBS buffer. The

DEVD-TPS and DEVD-TPS-RGDin FBS-free DMEM mediumat the concentration of 5

uM were then added to the chamber, respectively. After

110

incubation at 37 °Cfor 2 h, the
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cells were washed three times with 1x PBS buffer and thén incubated with staurosporine
|

(5 uM) in FBS-free DMEM medium for 3 h to induce ceil apoptosis, which were further

i

washed twice with 1x PBS buffer. The cell monolayer waTs then imaged by confocal laser

|

scanning microscope (CLSM, Zeiss LSM 410, Jena, Germany) with imaging software

(Olympus Fluoview FV1000). The fluorescent signal from the probes was collected upon

1
excitation at 405 nm (1mW) with a 505 nm longpass barrier filter. MCF-7 breast cancer

cells incubated with DEVD-TPS-RGD were also studied fbllowing the same procedures.

[0298] The CLSM images of U87MG glioblastoma cells incubated with DEVD-TPS
|
and DEVD-TPS-RGD for 2 h at 37 °C are shown in FIGS. 45(a) and (c), respectively.

|

Obvious green fluorescence can be observed for DEVD-TPS-stained U87MG cells (FIG.

i
45(a)) while negligible fluorescence is detected for DEVD-TPS-RGD-stained US7MG
|

!
cells (FIG. 45(c)). This result reveals that the hydrophilic RGD peptide conjugation to the
DEVD-TPS is able to improve probe solubility and reduce the background probe
fluorescence. After the US87MG glioblastoma cells were incubated with DEVD-TPS and

DEVD-TPS-RGDfor 2 h at 37 °C, respectively, the cells were subsequently treated with

staurosporine to induce cell apoptosis, and the activated F:aspase—3 is able to trigger the
digestion of the DEVD. As shown in FIG. 45(b) and (d)l, upon inducing the apoptosis,
intense fluorescence with similar fluorescence intensitieé is observed for DEVD-TPS-
stained and DEVD-TPS-RGD-stained US87MG cells, whiﬁch is much higher than that of
corresponding probe-stained US7MG cells without drug }‘treatment. This result suggests

that the cleavage of DEVD from the probes results in the aggregation of TPS or TPS-

RGD, making the fluorescence turn on. In addition, this result also indicates that DEVD-

TPS-RGD has better sensitivity to image living apoptotic U87MG cell as compared to
]

|
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DEVD-TPS, which may result from the RGD peptide thatj favors more DEVD-TPS-RGD
internalized into the US7MG cells.

[0299] The specific targeting ability of DEVD-TPS-RGD to U87MG glioblastoma
l

cells was evaluated using MCF-7 breast cancer cells with Tlow integrin o,f3 expression on
the cell membrane as a control. FIGS. 45(e) and (f) shoW the CLSM images of DEVD-
|

1
TPS-RGD-stained MCF-7 cancer cells before and after staurosporine induced cell

|
apoptosis. No fluorescence from DEVD-TPS-RGD-stained MCF-7 cells without drug
|
inducing apoptosis is observed (FIG. 45(e)). Moreover, as shown in FIG. 45(f), although
green fluorescence from DEVD-TPS-RGD-stained apoptotic MCF-7 cells is observed,

the fluorescence intensity of these cells in much lower than that from DEVD-TPS-RGD-

stained apoptotic U87MG cells (FIG. 45(d)). This result demonstrates the specific
1

!
targeting ability of DEVD-TPS-RGD to the integrin receptor-overexpressed cancer cells.
i
EXAMPLE 35

Synthesis of E/Z-TPE-2DEVD

[0300] As shown in the reaction scheme below, the probes of E/Z-TPE-2DEVD
were synthesized by coupling between TPE-2N3 and DEVD-P via Cu(l)-catalyzed
“Click” reaction using CuSO,/sodium ascorbate as the catalyst and DMSO/H,0 as the

solvent in 80% yield.

[0301] DEVD-P (3.1 mg, 5 umol) and azide-functionalized tetraphenyl (TPE-2N3)
(2.7 mg, 6 umol) were dissolved in 50 uL of DMSO. A mixture of DMSO/H,0 solution
(v/v = 1/1; 0.5 mL) was subsequently added and the reaction was shaken for a few

minutes to obtain a clear solution. The “click” reaction was initiated by sequential

addition of catalytic amounts of sodium ascorbate (0.4 mg, 2.0 umol) and CuSO, (1.6 mg,
i
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1.0 pmol). The reaction was continued with shaking at rocT)m temperature for another 24 h.

|

|

The final product was purified by prep-HPLC.HRMS (MALDI-TOF): m/z
1
| .
1666.5101([M], calcd 1666.6688). The HPLC condition %s: 10-100% B for 10 min, then
1
1
100% B for 2 min, 10% B for 5 min (Solvent A: 100% H,0 with 0.1% TFA; Solvent B:

100% CH3CN with 0.1% TFA).

QU
. | CuSO, Na Asb
N\)L \)LNH O O CMSO H;0=1 1
o

DEVD-P TPE-2N,
O O - Y
(0] K o} g 1o
N\)L \)L \)LNH NJ\./N N/U\/N NJ\
¥ saciRsSaaphe
ol 0
o L
E-TPE-2DEVD 07 "CH

0 /JQO Q N \Ng 9y ¥ OH;
Nwiﬁrfiﬁr““ 9 roij h
O OH 0 "OH

Z-TPE-2DEVD

(0302] HPLC spectrum analysis shows that the obtained probes contain two isomers,
namely E-TPE-2DEVD and Z-TPE-2DEVD. Both isomers have been separated and
further confirmed by LC-MS (FIG. 46).The HPLC condition is: 10—-100% B for 10 min,
then 100% B for 2 min, 10% B for 5 min (Solvent A: 100% H,0 with 0.1% TFA; Solvent

B: 100% CH3;CN with 0.1% TFA).

[0303] The UV-vis absorption spectra of E-TPE-2DEVDandZ-TPE-2DEVD in

DMSO/water (v/v = 1/199) are shown in FIG. 47(A). Both have a similar absorption
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profile with an obvious absorbance in the 270-380 nm ranée. Both probes are almost non-
fluorescent in piperazine-N,N’-bis(2-ethanesulfonic acid)‘(PIPES) buffer due to its good
solubility in water. However, when they are treated with recombinant caspase-3(100 pM)
at 37 °C, strong fluorescence signals are recorded for both assays (FIG. 47(B)). However,
the two isomerous probes show distinct “turn-on” features: Z-TPE-2DEVD apparently

|
has stronger fluorescence enhancement than E-TPE-2DEVD.

[0304] The enzyme kinetic studies by incubating recombinant caspase-3 withE/Z-
TPE-2DEVD in buffer at 37 °C were subsequently performed, and the changes in probe
hydrolysis were monitored with HPLC. DMSO stock solutions of TPE-2DEVD were
diluted with caspase-3assay buffer (50 mM PIPES, 100 mMNaCl, 1 mM EDTA, 0.1%

w/v CHAPS, 25% w/v sucrose, pH = 7.2) to make 10 uM working solutions. 5 uL of the

recombinant caspase-3 (~0.04 pg/uL stock solution in assay buffer) was added into the

above working solution. The reaction mixture was incubated at room temperature for 60
min and was then diluted to a total of 300 ul. with deionized water for
photoluminescence measurement. The solution was excited at 312 nm, and the emission
was collected from 360 to 600 nm. The results indicate that the E-TPE-2DEVD

underwent enzyme activated hydrolysis faster than that for Z-TPE-2DEVD.

[0305] To further investigate the probe selectivity, Z-TPE-2DEVD was treated with

several proteins, such as caspase-3, pepsin, BSA, trypsin, papain and lysozyme, under
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|
identical conditions. As shown in FIG. 49, caspase-3 displays apparent higher changes in
J

(I-Ip)/Ip than the other five proteins. This substantiates that Z-TPE-2DEVD is indeed a

specific probe for caspase-3.

[0306] To study the interaction between caspase-3 anl‘d the probe, we also performed
the modeling experiments withZ/E-TPE-2DEVD and X-rej;y structures of caspase-3 (PDB
ID 2CNO). The docking results confirm that E—TPE-ZDEjVD bound tightly to the active
site of caspase-3 in a manner that was closely matche‘:d that of the known inhibitor

|
DEVD-CHO. This result further demonstrates that the h“ydrolysis of E-TPE-2DEVD is
1

faster than Z-TPE-2DEVD.
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We claim:

1. A fluorescent bioprobe comprising ﬂuorogen-loahed nanoparticles comprising a
fluorogen that exhibits aggregation induced emission properties, wherein the fluorogen
comprises one or more chromophores conjugated with one or more aggregation induced

emission fluorophores; wherein the fluorogen-loaded nanoparticles have a fluorescence

emission; and wherein the fluorogen comprises one or chre backbone structures selected

from the group consisting of:

wherein each R is independently selected from the zc‘g,rojup Econsisting of H, alkyl,
unsaturated alkyl, heteroalkyl, cycloalkyl, heterocycloa;lksll, éryl, heteroaryl, and an
alkoxy group; and

wherein X is one or more chromophores which can |conjugate with one or more

fluorophores or a biorecognition reagent or peptide.

2. The fluorescent bioprobe of claim 1 wherdin the

sbabi A

backbone structure selected from the group consisting df;

fluorogen comprises a
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wherein each Ry, Ra, Rs, Ry Rs, R, Ry, Ry, Ro, Ryg, Ryp, Ryg, Rys, Ryg, Rys, Ryes Rz, Ryg,
Rie, Ray is independently selected from the group comsisting of Hl, allkyl,

allcyl, heteroalkyl, cycloalkyl, heterocycloalkyl, aryl, heteroaryl, an

alloxy group.

3. The fluorescent bioprobe of cleim 2, wherein each Ry, R, Rs, Re Rs, Rg, Ry,
Rgs Re, Ryo, Rups Rya, Ruz, Ryss Rus, Rys, Rz, Rigs Ryge Rag, and Ry may be substituted or

vasulbstituted is independently selected from the group comsisting of H, Cg¥agess

OCylHlanen, Celllls, Croltlly, Cyally, OCglHls, OC gHly, amd OC;5Hy: and wherein n = 0 to 20.

4, The fluorescent bioprobe of cleim 1, wherein the fluorogen comprises &

structure of:
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Ll
I :

wiherein _@@m Ry, Ra, Ry is independently selected from the group comsisting of H,

allkyl, unsaturated allkyl, heteroalkyl, cycloallkyl, heterocycloalkyl, aryl, heteroaryl,

allkoxy group.

3. The fluorescent bioprobe of claim 1, wherein the fluorogen comprises a

structure of:
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wherein each Ry, Ry, and Ry is independently selected from iac grounp consisting of H
alleyl; unsaturated allcyl, heteroallkyl, cycloallyl, heterocycloalkyl, aryl, heteroaryl, an

alkoxy group.

6. The fluorescent bioprobe of claim 1, wherein the fluorogen comprises &

backbone structure of:

@ 9

/r
q

4 >

7\
=/

R

@ £
i

wherein each Ry, Ry, and R is independently selected from the group consisting of K

&

allcyl; unsaturated allcyl, heteroallyl, cycloalky!, heterocycloslkyi, aryl, heterosaryl, and an

allkoxy group.

7. The fluorescent bioprobe of claim 1, wherein the fluorogen comprises &

backbone structure of;
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wherein each Ry, Ra, and Ry is independently selected from che group comsisting of H,
allkyl, unsaturated alkyl, heteroalkyl, cycloalkyl, heterocycloalixyl, aryl, heteroaryl, and an

alkoxy group.

8. The fluorescent bioprobe of claim 1, waerein the fluorogen comprises &

backbone stucture of:

\#//
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wherein each R), Ry, and R; is independently selected f
allkyl, unsaturated alkyl, heteroalkyl, cycloalky, heterocyeioalk

allkoxy group.

9. The fluorescent bioprobe of claim 1, wherein tae fluorogen comprises a

backbone structure of:

Rq @ @M Ve

Ry

wherein each Ry, Rz, Rs, and Ry is independently selected from the group consisting of H,

allkyl, unsaturated alkyl, heteroaikyl, cycloalkyl, heterocyclealkyl, aryl, heteroaryl, and an

allkoxy group.

10. The fluorescent bioprobe of claim I, wherein the fluorogen comprises a

backbone structure of:
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wherein each Ry, Rp, and R is independentiy selected from ¢he group comsisting of H,

allkyl, unsaturated alkyl, heteroalky:, cycloalkyl, heterocyeloakyl, aryl, heteroaryl, and an
5  alkoxy group.

11. The fluorescent bioprobe of claim 1, wherein the fluorogen comprises

backbone structure of:

. :
RH& \K / \\

lmgc

wherein each R;, Re, and Rj is independently selected from the group consisting of H,
alkyl, unsaturated alkyl, heteroalkyl, cycloaikyl, heterocycloalkyl, aryl, heteroaryl. and an

allkkoxy.
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12, The fluorescent bioprobe of claim 1, w m the fk en comprises &

backbone structure of:

/==,
s \\\ Y

5  wherein each R;, Ry, R3, and Ry is independently selected from the group consisting of H,

allkyl, unsaturated allkyl, heteroalikyl, cycloalkyl, heterocycloalkyl, aryl, heteroaryl, and an

allkoxy group.

s

13. The fluorescent bioprobe of claim I, wherein & OTOgen COMmPrises &

10  backbone structure of:

hl

wherein each Ry, Ra, Rs, Ra, Rs, Rg, Ra, Rg, Ry and Ryg is independently selected from

the group comsisting of H, alkyl, unsatursted alsyl, roalkyl, cycloalkyl,

heterocycloalkyl, aryl, heteroary:, and an alkoxy group.
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14, The fluorescent bioprobe of claim 1, wierein dhe fuorogen comprises a

backbone structure of:

whereln each Ry, Ra, Ra, Ry Rs, Rg, Ry, Rg, | . Riz, Rys, Rys, Rig, Rys, and Ryg is

D9

independently selected from the group comsisting of allkyl, unsaturated allkyl,

heteroalkyl, cycloalkyl, heterocycloalicyl, az eleroaryl, and an alkoxy group.

15. The fluorescent bioprobe of claim 1, whersin the fluorogen comprises a

backbone structure of:
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whereim each Ry, Ry, Rs, R, Rs, Re, Ry, Ry, Ry, Rig, Ry;, and Ryp is independently selected

from the group comsisting of 3, alkyl, unsaturs alkyl, heteroalkyl, cycloalkyl,

heterocycloalkyl, aryl, heteroaryl, amé an allcoxy

16. The fluorescent bioprobe of claim 1, wi i the fluorogen comprises &

backbone structure of:
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wiherein each Ry, Rz, R, Ry Rs, Re. Ry, Ry, R

4

from the group comsisting of H, alkyl,

heterocycloallcyl, aryl, het , 2nd a

17. The fluorescent bioprove of 1 1, wherein tae flucrogen comprises &

S

backbone structure of:

wherein each Ry, Rg, Rs, Rg, Rs, Rg, Ry, Rg, Ry, Ryg, Ryp, Ryz, Ry, and Ry is independently
selected firom the group consisting of H, alkyl, unsaturated alkyl, heteroallyl, cycloalkyl,

heterocycloallkyl, aryl, heteroaryl, and an

i8. The fluorescent bioprobe of clatm I, wi

backbone structure
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wherein each R;, Rz, Ra, Ry Rs, R, R, Rg, Ro, Reg, Ry, Riz Ryz, Rig, Ris, Rig, Ri7, Rig

h\{n% hﬁ@@g and R@ﬂ is i@d@p@ der l selected From < t ¥ ﬂM@yl
unsaturated allkyl, heteroalkyl, cycloalkyl, heterocs heteroaryl, and am

allkkoxy group.

19. The fluorescent bioprobe of claim I, w the fluorogen comprises a

backbone structure of:
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wherein each Ry, Rz, Rs, Ry Rs, Rg, Ry, R, Ro, Reg, Ryy, Rig Rz, Rigs Riss Rags Ri7s Rigs
Ryg, Rag, and Ry is independentdy selected from the group comsisting of H, alkyl,
unsaturated alkyl, hetercaikyl, cycloalkyl, heteroc lkeyl, aryl, neterosryl, amd am

allkkoxy group.

20, The fluorescent bioprobe of « I, w 1 the fluorogen comprises a

backbone structure of:

wherein each Rgg R% Rg R 4, 1&5
independently selected from the

heteroalkyl, cycloaikyl, heterocye

The fluorescent bioprabe of any
3, Ra, Rs, Re, R, Re, Ro, Ryg, Ry, Ryg Rys, Rya, Ry
further comprises a terminal functionsl group in ily selected from the group

consisting of Ny, NH,, COOH, NCS, SH, alk Hy ysuccinimide ester, a

maleimide, a hydrazide, a nitrone group, -CHO, -OH, a hali d a charged ionic group;
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o

wherein & peptide independently se . “he growp comsisting of & biorecognition

aimal functionel group.

22. The fluorescent bioprobe of any one of claims 1-21, wherein the fluorogen-

loaded namoparticles furdher comprise a bioconp

23. The fluorescent bioprobe of c.aim 22, w 1 the biocompatible polymer

f\

mafrix is selected from the group coms aminna. 1 allowroin, 1,2-distearoyi-sn-

glycero-3-phosphoethanclamine, polyethylene glyeol, p ene  vinylene, end

mixtures dhereof,

24, The fluorescent bicprobe of claim 23, wherein the biocompatible polymer

mafrix is selected from the group consisting SA i aad DSPE-PEG-Folat

23, The fluorescent bioprobe of any

emission of the flucrogen-loaded nar

on a surface of the nanopasticle,

20

26. The fluorescent bioprobe of any one of ¢ 2 n the fluorogen-

loaded nanoparticles are 1 am to 100,000 nm io size
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L
27. The fluorescent bioprobe of any ome ¢ , wherein the fluorogen

loaded mnamopearticles are selected from he group comsis of BSA encapsulated
nanoparticles, F37NPSC0, FTNPs, and RGD PEV/TPE-TPA-DCM co-

loaded BSA nanoparticles

A fluorescent bioprobe comprising ome of © fluorogens that exhibit
@ggﬁ@g@@ﬂ@@ induced emission properties, wherein (Rl IPriSe One of MOoTre
aggregation induced emission fluorophores comj with ome or more peptides;
whereln the fluorogens have a fiuo en n; and whereln the fluorogens

mprise one or more backbone
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5

wherein each R is independently sele

unsaturated alikyl, heteroalkyl,
group, an ANing group, &

whereln R(X) is 2 | fumctional group ir dendy selecced from the
group consisting of N3, Niffy, COOH], NCS, SH, alks A e succin‘mide ester, &
maleimide, a hydrazide, & nitrone group, ~CJ YL 2 I 1 a charged fonic group:

and

wherein one or more peptices is ¢

29. The fluor bioprobe @ m A 1 the flucrogens comprise g

chemmical structure selected
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wherein each Ry, Rs, Rs,

comsisting of H, alkyl, vasaturated alkyl,

heteroaryl, a carboxyl group, an arine group, 2

The fluorescent me of ¢l - or 30, wherein the peptide

Is md@p@md@m]ly selected from the group consisting of & | om peptide and & cell

penetrating peptide

31, The fluorescent bioprol clair 3 il plide is 2 biorecognition
peptide selected from the group o

substrate
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32. The fluorescent bic clair J th enetrating peptide is

frans-activator of transcription

comprising loading the fluorogen with dae il Aty by:
) & J

8. preparing & solution comyrising an « ‘e solvent and the fluorogen;
b. preparing an ag

¢. mixing the solution cg

the aqueous sol

d. removing the org

The method of claim 33, 2 the f loaded namoparticles are
fabricated with any molecuie thas ¢ ecifically cells or can amplify the

fluorescence imaging.

3S. A method for prep
comprising:
(a) preparing a peptide containing 4 ter 1 & oy solid-phase synthesis:
(b) preparimg a DMSO solutio
(c) mixing ¢he fluc 1 azide and (he 2 ber with CuSOy and
sodium ascorbace;

(d) crosslimking the fluorogens by chemistry; and
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fluorescer: biopro

36 A method of cellulas g COTL ) v target cells with the

fluorescent bioprobe of an

The method of ¢ | 36, w n i ular is i vitre cellular

imaging using confocal laser sc g i oy or two-pho fluorescence

spectroscopy; or is ir vive cellider imeging us' 1M o wive fluorescence imaging

System.

c& SPeciroscopy

pig=

The meth

cells or cells that can p

a

40. The methed of claim 39 ‘ bl y target integrin

41, The method of any one of claims 2 Tt rising determining

whether a tumor or cancer cells are p

472, The method of any 47 \ lular imaging is
conducted using biol

7 cells, HTQZ,Q canc
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solution containing cells with the fluor

detecting fluorescence.
g

The method of clain

by caspase-3/ caspase-

45, The method of claim

monitoring of am i

apoplosis.

46. The method of cl

can induce cell apoptosis.

PCT/CN2012/001227

ntacting &

fiuorescence turm-om

Is, and cell




