US 20160244614A1

a9y United States

12) Patent Application Publication

(10) Pub. No.: US 2016/0244614 Al

CHENG et al. 43) Pub. Date: Aug, 25,2016
(54) SMALL MOLECULE DYE FOR MOLECULAR A6IK 49722 (2006.01)
IMAGING AND PHOTOTHERMAL THERAPY A61IM 5/00 (2006.01)
CO7K 14/765 (2006.01)
(71) Applicant: The Board of Trustees of the Leland A6IK 41/00 (2006.01)
Stanford Junior University, Stanford, (52) US.CL
CA(US) CPC ..o C09B 49/04 (2013.01); CO7K 14/765
(2013.01); A61K 49/0021 (2013.01); 461K
(72)  Inventors: Zhen CHENG, Stanford, CA (US); 41/0052 (2013.01); AGIK 49/0056 (2013.01);
Xuechuan HONG, Wuhan City (CN), AGIK 49/22 (2013.01); A6IM 5/007 (2013.01);
HOIlg_]le DAI, CHPCITIIIO, CA (US), Hao A61B 5/0095 (201301)
CHEN, Wuhan City (CN); Alexander
ANTARIS, Stanford, CA (US); Kai (57) ABSTRACT
Cheng, Mountain View, CA (US) Disclosed is a small molecule dye for use in imaging in the
near-infrared window, namely between 1000 nm-1700 nm
(21) Appl- No.: 15/051,563 wavelength. The present dyes are also useful for photoacous-
_ tic imaging and photothermal therapy. The dyes have a struc-
(22) Filed: Feb. 23, 2016 ture of a D-A-D (donor-acceptor-donor) fluorescent com-
Lo ound core and side chains rendering the compounds water
Related US. Application Data Is)oluble and easily conjugated to hydr%philic polr;mers and/or
(60) Provisional application No. 62/120,290, filed on Feb. targeting ligands. Further disclosed is compound, CH1055
24, 2015. that can be PEGylated, conjugated to a targeting ligand, or
conjugated to taurine. Key steps utilized to assemble the core
Publication Classification structure of the target included a cross-Suzuki coupling reac-
tion, iron reduction and N-thionylaniline induced ring clo-
(51) Imt.ClL sure. Four carboxylic acid groups were introduced into the
C09B 49/04 (2006.01) donor-acceptor-donor (D-A-D) type fluorescent compound
A61K 49/00 (2006.01) to impart a certain aqueous solubility and to allow facile
A61B 5/00 (2006.01) conjugation to targeting ligands.



Patent Application Publication  Aug. 25,2016 Sheet 1 of 12 US 2016/0244614 A1

X
N\/ \/N
R R
/ A
R2 R4
Na. 2N
\Y/

Figure 1



US 2016/0244614 A1

Aug. 25,2016 Sheet 2 of 12

Patent Application Publication

SEOLHS

wem G

A G

S WAL s
e Nammad Ly
by
& “ g
RN ,m\ 2
».\.J.! \-
¢ )
. )
) v
Z 2
{
sy
£ 103
%t i <
ehe
DR ot Oles M lchiwﬂtttifif
> & & TR TRy
m.(_n.ham ©iTig N N.JN«&nr_&uV&
S RRNE
e L
S sl oy, FROT \u\w N\.Lm 0 wuﬁua/\\.‘w,/“\..
ot t

(eI -

1285 U e 0

3URE g %O



Patent Application Publication

CH1085

Aug. 25,2016 Sheet 3 of 12

3A

CH1055-PEG

US 2016/0244614 A1

sl

e

Ed

Hosvmativest tnferat

3B

Absorbance
/ Fluorescence

Figure 3A, 3B

¢ K 3

j L \
¥ I

§ % f M,

§ yof %

¢ B ﬂ“‘fx

5

Lo b o whi

Wit



Patent Application Publication  Aug. 25,2016 Sheet 4 of 12

OH HO
N

7%

0]
Y
N
O%Q\S\

US 2016/0244614 A1

Ac-Cys-Val-Asp- ...

Figure 3C



Patent Application Publication  Aug. 25,2016 Sheet 5 of 12 US 2016/0244614 A1

£

K
axe®? fnorr®
RBEEES

B i T
o

PRPINTS ks A akohd

L eNRRG
B et et

Figure 4A, 4B, 4C, 4D



Patent Application Publication  Aug. 25,2016 Sheet 6 of 12 US 2016/0244614 A1

1.4 - -u- Original Small Molecule

i3 ] » ~s— Urinated Small Molecule

‘!.0:
8.8.:
0.6 -
0‘4;

0.2 -

0.0~

Normalized
Fluorescent Intensity [a. u.]

800 1000 1200 1400 1800 1800
Wavelength [nm]}

Figure 5



US 2016/0244614 A1

Aug. 25,2016 Sheet 7 of 12

Patent Application Publication

v
SO

&

O ant

FAIR AR E

2,

Y
Fasrr s,

i
4
¥
<
Y
=
x
4

NIR-ll, 6 hrs PI

Figure 6



Patent Application Publication  Aug. 25,2016 Sheet 8 of 12 US 2016/0244614 A1

y V070 ri055-Atfibody
8 I <H1055-Affibody + blocking

LR R X ] IIIl%..I & o

17 il .

™
TO;sTsOOr:OOy g
OO

Figure 7



Patent Application Publication  Aug. 25,2016 Sheet 9 of 12 US 2016/0244614 A1

?:(‘ $386

£ BOGA

g 2%,

§ ‘33{?‘ o

B &

b4 20U 2

& 4

g o > Py

% ) 30 & &

) T (4 T T !
880 e WG 6 450 0 e
Wavdongt (mm

<y

Kormaliod ntensty fxi)
8 % 3

Y

| S S S |
Goncentration [

8C

Figure 8A, 8B, 8C



Patent Application Publication  Aug. 25,2016 Sheet 10 0of 12 US 2016/0244614 A1

60
o
o
| .
-
afd
©
p .
o
o
£
)
whod
25 T T T 1
0 100 200 300 400
time (seconds)

Figure 9



Patent Application Publication  Aug. 25,2016 Sheet 11 0f12  US 2016/0244614 Al

Figure 10



Patent Application Publication  Aug. 25,2016 Sheet 12 0f12  US 2016/0244614 Al

= * B CH-PEG

i
o
¥

{a

.

=
i ]
k3

¥

15000

¥

3 ;3

¥

Figure 11



US 2016/0244614 Al

SMALL MOLECULE DYE FOR MOLECULAR
IMAGING AND PHOTOTHERMAL THERAPY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority from U.S. Provi-
sional Patent Application No. 62/120,290 filed on Feb. 24,
2015, which is hereby incorporated by reference in its
entirety.

STATEMENT OF GOVERNMENTAL SUPPORT

[0002] This invention was made with Government support
under contract DE-SC0008397 awarded by the United States
Department of Energy. The Government has certain rights in
the invention.

REFERENCE TO SEQUENCE LISTING,
COMPUTER PROGRAM, OR COMPACT DISK

[0003] This application contains a Sequence Listing which
has been submitted as an ASCII text file and is hereby incor-
porated by reference in its entirety. This text file was created
on Jan. 20, 2016, is named 3815_126_1_seq_list.txt, and is
1,178 bytes in size.

BACKGROUND OF THE INVENTION

[0004] 1. Field of the Invention

[0005] The present invention relates to the field of molecu-
lar imaging and therapy, in particular to the field of photo-
thermal therapy, photoacoustic imaging and fluorescent
imaging of biological systems in the near-infrared-1I window
and the synthesis and modification of an NIR fluorescent dye
having an emission peak in the NIR-II spectrum.

[0006] 2. Related Art

[0007] Presented below is background information on cer-
tain aspects of the present invention as they may relate to
technical features referred to in the detailed description, but
not necessarily described in detail. That is, individual com-
positions or methods used in the present invention may be
described in greater detail in the publications and patents
discussed below, which may provide further guidance to
those skilled in the art for making or using certain aspects of
the present invention as claimed. The discussion below
should not be construed as an admission as to the relevance or
the prior art effect of the patents or publications described.
[0008] Fluorescence imaging in the near-infrared (NIR)
window near 800 nm has been used in clinical procedures
ranging from the assessment of vascular flow in grafted tissue
during reconstructive surgery to retinal angiography for the
diagnosis of retinal detachments or macular degeneration.(1,
2) Fluorescent imaging has a wide range of benefits not
afforded by other imaging modalities derived from its com-
bination of high spatial and temporal resolution.(3-6) Cur-
rently there are only two clinically approved NIR fluoro-
phores, indocyanine green (ICG) and methylene blue (MB),
both of which are small molecules that are rapidly excreted.
(7) Their fluorescence emission lies within the first near-
infrared window (NIR-I=750-900 nm). While imaging within
this region is far superior compared to visible wavelengths,
recent work has demonstrated a dramatic improvement in
imaging quality when using fluorophores emitting within the
second near-infrared window (NIR-I1=1000-1700 nm).(5,
8-10) Diminished tissue autofluorescence, reduced photon
scattering, and low levels of photon absorption when imaging
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at progressively longer wavelengths allows for centimeters
imaging depth at low resolution and micron-scale resolution
of anatomic features (up to ~3 mm depth or even ~1 cm depth
in some cases) that are otherwise unresolvable within the
traditional NIR-I region (~0.2 mm depth).(5, 11, 12)

[0009] Thus far, inorganic nanomaterials comprise the
majority of NIR-II fluorophores as their highly tunable elec-
tronic structures can produce low band-gap semiconductors
that emit long-wavelength photons. While a key characteris-
tic of an imaging contrast agent for clinical use is its ability for
rapid excretion due to unknown long term toxicity concerns,
to date all NIR-II contrast agents are excreted slowly and are
largely retained within the organs of the reticuloendothelial
system (RES) such as the liver and spleen.(8, 13-18) Further-
more, due to synthetic limitations, all current molecular NIR-
11 fluorophores must be encapsulated in a polymer matrix due
to their high hydrophobicity, which significantly increases
their size past the renal filtration threshold of ~40 kD.(19)
Like ICG in the NIR-I window, a contrast agent based on a
second near-infrared window small molecule fluorophore
with favorable excretion pharmacokinetics and minimal cel-
lular toxicity would facilitate FDA approval and clinical
translation of NIR-II imaging.

[0010] Fluorescent imaging can help to pinpoint tumor
locations near the skin’s surface in a variety of cancers, such
as head and neck, melanoma, and breast cancer.(20) The main
approaches to fluorescently labelling tumors are through both
non-specific means that utilize the enhanced permeability and
retention (EPR) effect as well as molecular imaging that
employs specific targeting ligands to label unique features on
cancerous cells.(21) As the maximum fluorescent signal
strength ofa tumor is often dictated by parameters, suchas the
receptor-ligand binding kinetics, the permeation of the imag-
ing agent into a given tissue, and the imaging agent’s optical
properties, reduction in background autofluorescence in the
NIR-II window could be critical to achieving a high signal-
to-background ratio (SBR) for pinpointing tumors.(3) Fur-
thermore, imaging in the NIR-IT offers other notable benefits
when compared to the NIR-I, such as significant improve-
ments in spatial resolution and imaging depth due to the
reduction in scattering at longer wavelengths.(5, 8) Great
improvements can be obtained in in vivo imaging metrics
such as the tumor-to-normal tissue (T/NT) ratio by using a
fluorophore emitting within the NIR-1II to take advantage of
the negligible background autofluorescence and minimal
scattering within this region.

[0011] Thereis currently a need to develop imaging agents
that are not toxic and can emit in the NIR-II region. Such
agents are particularly desired for use in the clinic, where they
could benefit patients needing diagnosis or treatment of dis-
eases such as cancer.

RELATED PATENTS AND PUBLICATIONS

[0012] Hong et al., “Ultrafast fluorescence imaging in vivo
with conjugated polymer fluorophores in the second near-
infrared window,” Nature Communications 5, 4206, pub-
lished 20 Jul. 2014 discloses non-covalent functionalization
with phospholipid-polyethylene glycol that results in water-
soluble and biocompatible polymeric nanoparticles, allowing
for live cell molecular imaging at >1,000 nm with polymer
fluorophores. The polymer poly(benzo[1,2-b:3,4-b]difuran-
alt-fluorothieno-[3,4-b]thiophene) was used.

[0013] Qian et al., “Band Gap Tunable, Donor-Acceptor-
Donor  Charge-Transfer ~ Heteroquinoid-Based — Chro-



US 2016/0244614 Al

mophores: Near-infrared Photoluminescence and Electrolu-
minescence,” Chem. Mater., 2008, 20 (19), pp 6208-6216,
discloses a series of D-r-A-m-D type of near-infrared (NIR)
fluorescent compounds based on benzobis(thiadiazole) and
its selenium analogues. All-organic light-emitting diodes
based on several of the disclosed compounds were made. The
compounds were not shown to be modifiable with a conju-
gating group, and were tested in organic solvent.

BRIEF SUMMARY OF THE INVENTION

[0014] The following brief summary is not intended to
include all features and aspects of the present invention, nor
does it imply that the invention must include all features and
aspects discussed in this summary.

[0015] In general, the present invention comprises prepa-
ration of novel small molecule dyes for use in NIR II (100-
1700 nm) imaging, photoacoustic imaging and photothermal
therapy in biological systems such as whole bodies and tis-
sues. The dyes are modified by a hydrophilic polymer or by a
small molecule like taurine or other sulfonic acids and
thereby have high in vivo biocompatibility and can be rapidly
excreted without causing toxicity. In other aspects, the
present invention comprises methods for producing images
with high resolution of internal features using an NIR light
source and detecting fluorescence, acoustic signals and/or
thermal effects in a two dimensional array.

[0016] The presentinvention comprises, in certain embodi-
ments, a near-infrared (NIR-II range) fluorophore having a
structure of:

Formula I
R3
‘#’ (O
Ry Ry,
[0017] wherein
[0018] A and B are independently selected from the group

consisting of
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and

[0019] X andY are each independently selected from the
group consisting of S and Se;

[0020] Z is independently one of N and P; and

[0021] RI, R2, R3 and R4 are each independently of the

formula -alkyl-linker, wherein alkyl is —(CH,),—, further
wherein n is an integer between 1 and 14, inclusive and

[0022]

[0023] (i) sulfonic, carboxyl, hydroxyl,
NETS-ester, maleimide, amine, —SH, —SO3, and
hydrazide. In certain embodiments, R1, R2, R3 and R4 are
independently each one of i) -alkyl-polymer, wherein “alkyl”
is —(CH,)n-, further wherein n is between one of 1 and 14,
inclusive, and further wherein “polymer” is a polymer of the
group consisting of ethylene glycol (EG), methacrylic acid
(MA), 2-hydroxyethyl methacrylate (HEMA), ethyl acrylate
(EA), 1-vinyl-2-pyrrolidinone (VP), propenoic acid 2-methyl
ester (PAM), monomethacryloyloxyethyl phthalate, (EMP)
and ammonium sulphatoethyl methacrylate (SEM), having

wherein linker is selected from one of

phosphonic,

the formula -alkyl-polymer; (i) a radical consisting of the
group of —(CH,),C(=0)—NH(CH,),SO,;H—NH(CH,)
SO,H and (iii) R1, R2, and R3 are each lower alkyl acid, and
R4 is of the formula

-lower alkyl

(0]

0 S

peptide,

wherein “lower alkyl” has a structure of a 6 carbon chain and
“peptide” has a structure of an Fv fragment, a single-chain Fv,
a diabody, or an affibody molecule.

[0024] In certain aspects, the invention comprises a con-
pound as described above wherein R1, R2, R3 and R4 are
each 3-phenylpropanoic acid or a 3-phenyl lower alkyl acid.

[0025] In certain aspects, the invention comprises a com-
pound as described above wherein the compound of claim 1
wherein Formula I has the structure
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S
N¢ \N
N N
\S/
HO.
(0] 6]

[0026]
pound wherein said hydrophilic polymer is further conju-
gated to a targeting ligand. In certain aspects, the invention

In certain aspects, the invention comprises a com-

comprises a compound as described above wherein the tar-
geting ligand is an antibody molecule. In certain aspects, the
invention comprises a compound as described above wherein
the antibody molecule is an Fv fragment, a single-chain Fv, a
diabody, or an affibody molecule. In certain aspects, the
invention comprises a compound as described above wherein
the compound having a peak fluorescent emission at about
100 nm.

[0027] In certain aspects, the invention comprises a com-
pound as described above having Formula II:

040

wherein X and Y are independently selected from the group
consisting of S and Se; Z is N or P; and

R1,R2, R3 and R4 are independently one of

QA A

wherein n is an integer ranging from 1 to 100,
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OH

OH.

(b)

0O
NS SO;H,
NH
and
(©
0]
N
NH SOsH
@
w OH.
[0028] In certain aspects, the invention comprises a com-

pound as described above wherein R1, R2, R3 and R4 are
each

(0]
{,\/ ~]\
NH 44 CH3

[0029] Incertain aspects, the present invention comprises a
method for imaging a biological structure in a tissue, said
method using an NIR-II dye and comprising steps of:
[0030] (a)introducing the dye into a tissue and allowing the
dye to bind to a structure within the tissue;

[0031] (b) exposing the dye, bound to the biological struc-
ture, to NIR light;

[0032] (c) detecting NIR-II light emitted from the dye as a
result of the NIR light provided in step (b); and
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[0033] (d) constructing an image from the emitted light in
step (d) using a detector sensitive to NIR-II light,
[0034] wherein said dye has the structure

Formula [T

N N

N &

\Y/
[0035] wherein
[0036] XandY areeach independently selected from S and
Se;
[0037] ZisNorP;and
[0038] RI1, R2, R3 and R4 are each independently of the

formula “-benzyl-alkyl-linker,” wherein alkyl is —(CH,,),—
further wherein n is between 1 and 4, inclusive and “linker” is
selected from the group consisting of carboxyl, hydroxyl,
NH-ester, maleimide, amine, —SH, or hydrazide. In some
embodiments, R1, R2, R3, and R4 have the same structure.
[0039] In certain aspects, the present invention comprise a
method as described above, wherein R1 is of one of the
formula

(@)

W\)j\
OH

wherein W is —(CH,),,— where m is 1 to 10;

(b)

OH;
¢} @]
and
©
OH
OoH ¢]
[0040] Incertain aspects, the invention comprises a method

as described above wherein the NIR light is provided by an
excitation wavelength between 650 and 1000 nm from alaser.
In certain aspects, the present invention comprises a method
as described above, wherein the biological structure 1s within
aliving subject. In certain aspects, the present invention com-
prises a method as described above, wherein the biological
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structure is a tumor or a lymph node. In certain aspects, the
present invention comprise a method as described above,
further comprising a targeting ligand linked to one of R1,R2,
R3, and R4. In certain aspects, the present invention com-
prises a method as described above, wherein the targeting
ligand is an affibody, antibody or peptide or aptamer mol-
ecule.

[0041] In some aspects of the present invention, the com-
pound as described above is a targeting ligand that is specific
to an EGFR. In certain aspects, the present invention com-
prises a method as described above, wherein the biological
structure is greater than 3 mm below an external surface of a
subject. In certain aspects, the present invention comprises a
method as described above, wherein the biological structure
is in a subject being evaluated for head and neck cancer,
melanoma, or breast cancer. In certain aspects, the present
invention comprises a method as described above, wherein
the image is constructed with an InGaAs camera. In certain
aspects, the present invention comprises a method as
described above, wherein constructing the image comprises
using a longpass filter at wave length between 1000 and 1700
nm. In some aspects of the present method, a compound as
described above is injected intravenously. In some aspects of
the present method, a compound as described above is further
used for image-guided tumor surgery. In some aspects of the
present method, a compound as described above is used by
applying photothermal heating of tissue which has taken up
the compound and is thereafter irradiated at a site of interest
by a near-infrared light source. In some aspects of the present
method, a compound as described above is used in a method
wherein the compound is excited with NIR to generate pho-
toacoustic signals.

[0042] The present methods, using compounds of the
present invention, may be used to create images as stated
above, and further comprising constructing the image com-
prises using a longpass filter at wave length between 1000 and
1700 nm. In certain aspects of the present invention, the
imaging methods comprise use of the D-A-D small molecule
injected intravenously. The method may further comprise, in
certain aspects, use of a D-A-D small molecule as described
here for image-guided tumor surgery.

[0043] Certain aspects of the present invention comprise
synthesizing a fluorescent small molecule comprising the
sequential steps of: (a) synthesizing a (2E,2'E)-diethyl 3,3'-
((phenylazanediyl)bis(4,1-phenylene))diacrylate; (b) syn-
thesizing a diethyl 3,3'-((phenylazanediyl)bis(4,1-phe-
nylene))dipropanoate; (c) synthesizing a diethyl 3,3'-(((4-
bromophenyl)azanediyl)bis(4,1-phenylene))dipropanoate;
(d) synthesizing a bis(2-(trimethylsilyl)ethyl)3,3'-(((4-
bromophenyl)azanediyl)bis(4,1-phenylene)) dipropanoate;
(e) synthesizing a bis(2-(trimethylsilyl)ethy1)3,3'-(((4-bro-
mophenyl)azanediyl)bis(4,1-phenylene)) dipropanoate; (f)
protecting the compound of step (e) and linking it to a dihet-
eroaryl compound to form a compound having a di-substi-
tuted diheteroaryl compound having alkyl-aryl substituents
from step (d); (g) Attaching a heteroaryl compound to react
with the alkyl-aryl compound to add an additional fused ring;
(h) deprotecting the compound of step (g) to produce aD-A-D
NIR-II fluorescent small molecule having four carboxyl
groups (final compound).

[0044] Certain aspects of the synthesis outlined above com-
prise the use of invention is the use of a TMS (trimethylsilyl)
compound in the synthesis of the present dye. This com-
pound, e.g., 2-(trimethylsilyl )ethanol) as shown e.g. in com-
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pound 8, is attached to two arms of a dye precursor (com-
pound 5 in FIG. 2) and provides a reactive site for the
attachment of a linker on all four arms of the dye.

[0045] Certain aspects of the present invention comprise
different starting materials to yield different cyclic com-
pounds shown above as circles A and B.

[0046] Certain aspects of the present invention comprise
the use of the compounds as described in a method of photo-
thermal heating of tissue which has taken up the compound
and is thereafter irradiated at a site of interest by a near-
infrared light source. In certain aspects of the present inven-
tion, the compounds as described may be used in a method in
which the compound is excited with NIR to generate photoa-
coustic signals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] FIG. 1 is a representation of a chemical structure
showing the core of an NIR-II dye according to the present
invention and linking groups R1-R4 for attachment to hydro-
philic polymers.

[0048] FIG. 2 is a reaction scheme showing an overview of
the synthesis of CH1055.

[0049] FIG. 3A, 3B is a set of figures showing synthesis of
a CH1055-PEG dye (3A), and a graph showing properties of
the dye (3B).

[0050] FIG. 3C is a representation of a chemical structure
of an Affibody-CH1055 conjugate. Affibody molecule AC-
Cys-Zzcrr:1907 18 shown linked via the sulfur atom of the
cysteineresidue to the rest of the structure. Only the first three
amino acids of the Affibody molecule (SEQ ID NO: 1) are
shown.

[0051] FIG. 4A, 4B, 4C, 4D is a set of figures showing
series of images at time 15 seconds (4A), 315 seconds (4B),
530 seconds (4C), and 870 seconds (4D) showing bladder
fluorescent signals at selected time points in a mouse injected
with CH1055-PEG.

[0052] FIG. 5 is a data plot showing a fluorescence spec-
trum of CH1055-PEG excreted in urine.

[0053] FIG. 6isaset of images (panels A, C, D, E, F, and G)
and a schematic illustration (panel B) showing imaging of a
brain tumor with CH1055-PEG.

[0054] FIG. 7 is a bar graph showing results of molecular
imaging of a tumor with CH1055-anti-EGFR affibody mol-
ecule and imaging guided tumor surgery.

[0055] FIG. 8A, 8B, 8C is a set of images and graphs
showing the photoacoustic signal of CH1055 at different
excitation wavelengths and concentrations.

[0056] FIG.9isa graph showing the photothermal effect of
CHI1055-PEG.
[0057] FIG. 10 is an image of fluorescent NIR-II images

(1100 LP, 50 ms) of CH-4T (Panel A and Panel B) and
CH1055-PEG (Panel C and Panel D) mixed with DI, FBS,
and PBS. The absorbance value of both fluorophores (OD
0.02) in each respective media is equivalent at the excitation
wavelength (808 nm) to compare relative quantum yields.

[0058] FIG. 11 is a graph showing ROI (region of interest)
fluorescent intensity of each vial for both fluorophores in each
media.
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DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Definitions

[0059]
tific terms used herein have the same meaning as commonly
understood by those of ordinary skill in the art to which this
invention belongs. Although any methods and materials simi-

Unless defined otherwise, all technical and scien-

lar or equivalent to those described herein can be used in the
practice or testing of the present invention, the preferred
methods and materials are described. Generally, nomencla-
ture utilized in connection with, and techniques of, cell and
molecular biology and chemistry are those well-known and
commonly used in the art. Certain experimental techniques,
not specifically defined, are generally performed according to
conventional methods well known in the art and as described
in various general and more specific references that are cited
and discussed throughout the present specification. For pur-
poses of clarity, the following terms are defined below.

[0060] The term “D-A-D NIR-II fluorescent small mol-
ecule” refers to compounds having a pi-conjugated donor-
acceptor-donor structure, and substituents imparting fluores-
cence in the NIR-1I wavelength range. Such NIR-II dyes are
typically in a general class of heteroquinoid dyes, as
described in G. Qian et al., “Band Gap Tunable, Donor-
Acceptor-Donor  Charge-Transfer Heteroquinoid-Based
Chromophores: Near Infrared Photoluminescence and Elec-
troluminescence. Chem. Mater. 20, 6208-6216 (2008),” cited
below. Such dyes are referred to as D-n-A-n-D (or D-A-D)
type of near-infrared fluorescent compounds based on ben-
zobis(thiadiazole) and its selenium analogues. Given the
teachings herein, one of skill in the art can synthesize alter-
native NIR-II dyes having efficient emission at a wavelength
between 1000-1700 nm.

[0061] Forexample, the present methods may be applied to
compounds described in U.S. Pat. No. 7,842,758 B2, “Near
infrared emissive fluorophores; Polymer band-gap reduction
through augmentation of pi-backbone quinoidal character;
(porphinato)(metal) moiety; ethynyl moiety; [1,2,5]thiadiaz-
ole or pentacenyl moiety; electronics, optics, emissive agents,
treatment of disease, imaging, drug delivery; polymersomes.”
As described there, compounds derived from the core groups
below:

S
I\\/ \/N
S

N/ \N
\/

N N

\ /
N N

Ry R, \Sé
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-continued

e
\ /

[0062] can be modified as taught here to be solubilized,
and, if desired, coupled to a targeting ligand such as an affi-
body molecule etc. Compounds derived from core groups
such as:

S Se,
N\/ \/N N\/ \/N
AN AN
Se Se
[0063] canalso be modified as taught here to be solubilized,

and, if desired, coupled to a targeting ligand such as an affi-
body molecule etc.

[0064] Another example of a benzobis(thiadiazole) com-
pound useful in the present invention is given in U.S. Pat. No.
8,519,087, “Benzobis(thiadiazole)-based alternating copoly-
mer and preparation thereof”, disclosing compounds such as:

)

I\ J \/ :
X X \l/ \I/
!\ )
R! w NN R/
S

[0065] A dash “-”thatis not between two letters or symbols
is used to indicate a point of attachment for a substituent. For
example, —CONH, is attached through the carbon atom.

[0066] The term “carboxyl” refers to the —C OOH group,
where x is from 1 to 6.

[0067] The term “hydroxyl” refers to the Cx-OH group,
where x is from 1 to 6.

[0068] The term “NHS-ester” refers to an N-Hydroxysuc-
cinimide (NHS) ester, of the formula
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O 0
O0—N
O
[0069] Theterm “maleimide™ as a linker refers to the group
[0)
—N
O
[0070] The term “amine” refers to —NH, and -alkyl-NH,.
[0071] The term “hydrazide” refers to —C (—=O)NH—

NH, where x is from 1 to 6.

[0072] As used herein, the terms “alkyl” or “alkylene” is
intended to include both branched and straight chain satu-
rated aliphatic hydrocarbon groups having the specified num-
ber of carbon atoms. For example, “C1-14 alkyl” (or alky-
lene), 1s intended to include C1, C2, C3, C4, C5, C6,C7, C8,
C9,C10,C11,C12,C13 and C14 alkyl groups. Additionally,
for example, “C1-C6 alkyl” denotes alkyl having 1 to 6 car-
bon atoms. Alkyl groups can be unsubstituted or substituted
so that one or more of its hydrogens are replaced by another
chemical group. For example, alkyl groups include, but are
not limited to, methyl (Me), ethyl (Et), propyl (e.g., n-propyl
and isopropyl), butyl (e.g., n-butyl, isobutyl, t-butyl), pentyl
(e.g., n-pentyl, isopentyl, neopentyl), and the like. The term
“lower alkyl” refers to an alkyl group as defined above, hav-
ing 2-8 carbon atoms. The term “lower alkyl acid” refers to a
lower alkyl as described above, further containing a carboxy-
lic acid group, such as a methanoic acid, ethanoic acid, pro-
panoic acid, butanoic acid, pentanoic acid, hexanoic acid,
ethanedioic acid, 2-hydroxypropanoic acid, 2-hydroxybu-
tanedioic acid, 2-hydroxypropane-1,2,3-tricarboxylic acid,
and 2-aminoethanesulfonic acid. For example, “lower alkyl
acid may be represented by —(CQ)n-COOH, where n is
between 1 and 10 and Q is CH,, CHOH, CNH, or CO.
[0073] The term “alkenyl” refers to an unsaturated alkyl
group as described above having at least one double bond.
[0074] The term “aryl” refers to monocyclic or bicyclic
aromatic hydrocarbon groups having 6 to 12 carbon atoms in
the ring portion, such as phenyl, and naphthyl groups, each of
which may be substituted.

[0075] The term hydrophilic compound refers to natural or
synthetic polymer having a high affinity for water, being
capable of taking up a large volume of water and becoming a
hydrogel. A “water-soluble” polymer is a hydrophilic poly-
mer capable of dissolving in an aqueous solution. Examples
include PEG, the polysaccharides in their natural or modified
forms, in the form of amides, esters, ethers, urethanes and the
like; the proteins in their native or denatured forms as well as
the polypeptides and their derivatives; the acrylic polymers,
such as polyacrylic and methacrylic acids, their salts, esters,
amides, anhydrides, nitriles and their copolymers; the poly-
mers of the polycarboxylic acids such as fumaric, maleic,
malic, succinic and citric acids, their salts, esters, amides,
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anhydrides, nitriles and their copolymers; polyethylene or
polyoxyethylene glycol, their derivatives and copolymers;
polyethylene imine, its derivatives and copolymers; polysty-
rene sulfonate and polystyrene phosphonate, their derivatives
and copolymers; polyvinyl sulfonate and polyvinyl phospho-
nate, their derivatives and copolymers; vinyl polyalcohol, its
derivatives and copolymers; the polyvinyl pyridines, their
salts, derivatives and copolymers; polyvinyl pyrrolidone, its
derivatives and copolymers; or a mixture of at least two of
these.

[0076] The term “PEG” refers to polyethylene glycol, i.e.
any water soluble poly(ethylene glycol) or poly(ethylene
oxide). The expression PEG will comprise the structure
—(CH,CH,0),—, where n is an integer from 2 to about
1000. A commonly used PEG is end-capped PEG, wherein
one end of the PEG termini is end-capped with a relatively
inactive group such as alkoxy, while the other end is a
hydroxyl group that may be further modified by linker moi-
eties. An often used capping group is meth-oxy and the cor-
responding end-capped PEG is often denoted mPEG. Hence,
mPEG is CH,O(CH,CH,0O),—, where 1 is an integer from 2
to about 1000 sufficient to give the average molecular weight
indicated for the whole PEG moiety, e.g., for mPEG Mw
2,000 Dalton, n is approximately 44 (a number that is subject
to batch-to-batch variation). The notion PEG is often used
instead of mPEG. “PEG” followed by a number (not being a
subscript) indicates a PEG moiety with the approximate
molecular weight equal to the number. Hence, “PEG2000” is
a PEG moiety having an approximate molecular weight of
2000 Dalton. Specific PEG forms of this invention are
branched, linear, forked, dumbbell PEGs, and the like and the
PEG groups are typically polydisperse, possessing a low
polydispersity index of less than about 1.05.

[0077] The term “small molecule” refers to any molecule,
or chemical entity, with a molecular weight of less than about
5,000 Daltons.

[0078] The small molecule of interest here is an NIR fluo-
rophore, or dye, which refers to a molecule that has an absorp-
tion resulting in emission wavelength in the NIR-II spectrum
between 1000-1700 nm. NIR molecular probes work in a
preferential wave range for in vivo fluorescence imaging
called “biological window.” These molecules can be detected
deeper while minimizing the absotption of the fluorescence
by tissues. As is generally understood, a fluorophore (or fluo-
rochrome, similarly to a chromophore) is a fluorescent chemi-
cal compound that can re-emit light upon light excitation.
[0079] Ranges: For conciseness, any range set forth is
intended to include any sub-range within the stated range,
unless otherwise stated. As a non-limiting example, arange of
12010 250is intended to include a range 0f 120-121, 120-130,
200-225, 121-250 etc. The term “about” has its ordinary
meaning of approximately and may be determined in context
by experimental variability. In case of doubt, theterm “about™
means plus or minus 5% of a stated numerical value.

[0080] The term “targeting ligand” is used in combination
of an NIR-II dye as described here that is linked to a molecule
or molecular fragment that specifically binds to a marker of
interest in a target, e.g. in vivo. For example, targeted imaging
probes for detecting cancer cells are provided that specifically
bind cellular targets on cancer cells in vivo. In general, the
targeting ligand’s cellular targets can be proteins exposed on
the surface of cancer cells and the imaging probes are able to
access and bind these targets in vivo. The disclosed targeting
ligands preferably do not bind normal (e.g. non-cancerous)
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tissue. In some embodiments, the targeting ligands, linked to
the present dyes, bind to metastasized cancer cells or cells
about to undergo metastasis from the primary tumor.
Examples of binding to EGFR are provided here.

[0081] An “antibody” or “antibody molecule”is any immu-
noglobulin, including antibodies and fragments thereof, that
binds to a specific antigen. The term includes polyclonal,
monoclonal, chimeric, single domain (Dab) and bispecific
antibodies. As used herein, antibody or antibody molecule
contemplates recombinantly generated intact immunoglobu-
lin molecules and immunologically active portions of an
immunoglobulin molecule such as, without limitation: Fab,
Fab', F(ab'),, F(v), scFv, scFv,, scFv-Fc, minibody, diabody,
tetrabody, single variable domain (e.g., variable heavy
domain, variable light domain), bispecific, Affibody® mol-
ecules (Affibody, Bromma, Sweden), and peptabodies (Ter-
skikh et al. (1997) PNAS 94:1663-1668). Dabs can be com-
posed of a single variable light or heavy chain domain. In a
certain embodiment of the invention, the variable light
domain and/or variable heavy domain specific for MISIIR are
inserted into the backbone of the above mentioned antibody
constructs. Methods for recombinantly producing antibodies
are well known in the art. For example, commercial vectors
comprising constant genes to make IgGs from scFvs are
provided by Lonza Biologics (Slough, United Kingdom). The
phrase “Affibody molecule” may also refer to “Affibody®
molecule.” Affibody is a trademark owned by Affibody AB.
Affibody is a trademark registered in Sweden, Europe, and
the United States and under trademark application in Japan.
[0082] “Fv” is an antibody fragment which contains an
antigen-recognition and -binding site. This region consists of
a dimer of one heavy- and one light-chain variable domain in
tight, non-covalent association. It is in this configuration that
the three CDRs of each variable domain interact to define an
antigen-binding site on the surface of the V-V, dimer. Col-
lectively, the six CDRs confer antigen-binding specificity to
the antibody. However, even a single variable domain (or half
of an Fv comprising only three CDRs specific for an antigen)
has the ability to recognize and bind antigen, although often at
a lower affinity than the entire binding site.

[0083] “Single-chain Fv” or “scEFv” antibody fragments
comprise the V; and V; domains of an antibody, wherein
these domains are present in a single polypeptide chain. Gen-
erally, the Fv polypeptide further comprises a polypeptide
linker between the V,; and V, domains which enables the
scFv to form the desired structure for antigen binding. For a
review of scFv see, for example, Pliickthun, A. in The Phar-
macology of Monoclonal Antibodies, vol. 113, Rosenburg
and Moore eds., Springer-Verlag, New York, pp. 269-315
(1994).

[0084] The term “diabodies” refers to small antibody frag-
ments with two antigen-binding sites, which fragments com-
prise a heavy-chain variable domain (V) connected to a
light-chain variable domain (V) on the same polypeptide
chain (V,-V;). By using a linker that is too short to allow
pairing between the two domains on the same chain, the
domains are forced to pair with the complementary domains
of another chain and create two antigen-binding sites. Dia-
bodies are described more fully in, for example, EP 404,097,
WO 93/11161; and Holliger et al., (1993) Proc. Natl. Acad.
Sci. USA, 90: 6444-6448.

[0085] With respect to antibodies, the term “immunologi-
cally specific” refers to antibodies that bind to one or more
epitopes of a protein or compound of interest, but which do
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not substantially recognize and bind other molecules in a
sample containing a mixed population of antigenic biological
molecules. As used herein, the term “immunotoxin” refers to
chimeric molecules in which antibody molecules or frag-
ments thereof are coupled or fused (i.e., expressed as a single
polypeptide or fusion protein) to toxins or their subunits.
Toxins to be conjugated or fused can be derived from various
sources, such as plants, bacteria, animals, and humans or be
synthetic toxins (drugs), and include, without limitation,
saprin, ricin, abrin, ethidium bromide, diptheria toxin,
Pseudomonas exotoxin, PE40, PE38, saporin, gelonin,
RNAse, protein nucleic acids (PNAs), ribosome inactivating
protein (RIP), type-1 or type-2, pokeweed anti-viral protein
(PAP), bryodin, momordin, and bouganin.

[0086] The term “affibody molecule” refers to a molecule
that consists of three alpha helices with 58 amino acids and
has a molar mass of about 6 kDa. A monoclonal antibody, for
comparison, is 150 kDa, and a single-domain antibody, the
smallest type of antigen-binding antibody fragment, 12-15
kDa. See, for exemplary details of affibody structures and
uses, Orlova, A; Magnusson, M; Eriksson, T L; Nilsson, M;
Larsson, B; Hoiden-Guthenberg, I; Widstrom, C; Carlsson, J
et al. (2006). “Tumor imaging using a picomolar affinity
HER?2 binding affibodymolecule”, Cancer Res. 66 (8): 4339-
48. Exemplary Affibody® Molecules are commercially avail-
able from Abcam Corp. Cambridge Mass.

[0087] Theterm “conjugated” refers to the joining by cova-
lent or noncovalent means of two compounds or agents of the
invention.

[0088] The term “biological structure” refers to structures
involved in structural biology, that can be resolved on a
microscopic level by imaging.

Overview

[0089] The present invention comprises, in certain aspects,
a biocompatible, aqueous soluble and rapidly renal excreted
(~90% excreted within 24 hours) NIR-II fluorophore based
on a synthetic 970 Da small organic molecule (CH1055). The
NIR-II flucrophore outperformed indocyanine green (ICG), a
clinically approved NIR-1 (~800 nm emission) dye in resolv-
ing mouse lymphatic vasculature and sentinel lymphatic
mapping near a tumor. High levels of uptake of PEGylated
CH1055 dye were observed in mouse brain tumors, suggest-
ing a non-invasive deep tissue tumor imaging agent. As
described above, “PEGylation” refers to attachment of the
fluorophore (dye) to polyethylene glycol, a water soluble
polymer. As described below, the present PEGylated dyes are
aqueous soluble, biocompatible, rapidly excreted and non
toxic.

[0090] The CH1055 dye also provided targeted molecular
imaging of tumors in vivo when conjugated with anti-EGFR
affibody molecule which targets the PEGylated dye to tissue
expressing EGFR (epidermal growth factor receptor). The
superior tumor-to-background signal ratio afforded precise
image-guided tumor removal surgery. The present dyes may
be used as imaging probes for detection or imaging ex vivo or
in vivo epidermal growth factor (EGFR) expressing cells.
EGFR plays important roles in cell growth, differentiation,
and migration. Its positive signaling was found to cause
increased proliferation, decreased apoptosis, and enhanced
tumor cell motility and angiogenesis. EGFR expression is
frequently found in wide spectrum of human tumors of epi-
thelial origin, including non-small cell lung cancer (NSCLC),
breast, head and neck (squamous cell carcinoma of the head

Aug. 25,2016

and neck or “SCCHN™), in addition to gastric, colorectal,
esophageal, prostate, bladder, renal, pancreatic, ovarian, and
brain cancers. EGFR can thus be used as a tumor or cancer
specific target for receptor-mediated delivery systems of
therapeutic agents and imaging probes.

[0091] Also described is the synthesis of molecular fluoro-
phores (e.g. CH1055, 0.97 kDa), and their use for in vivo
NIR-II imaging and image-guided surgery. The PEGylated
CH1055 exhibited a high aqueous solubility, a peak fluores-
cent emission at ~1 100 nm and a molecular mass of 8.9 kDa,
well within the size limit of ~40 kDa for renal excretion.
Pharmacokinetics of CH1055-PEG demonstrated rapid urine
excretion with ~90% removal through the renal system within
24 hours post-injection (PI), affording the first NIR-IT fluo-
rophore with excretion levels comparable to FDA approved
fluorophores. The NIR-II imaging quality, on the other hand,
with CH1055-PEG was far superior to that of ICG for imag-
ing mouse blood and lymphatic vasculatures, tumors and
lymph node mapping.(22) CH1055-PEG showed high pas-
sive tumor uptake, capable of non-invasively identifying
tumors within a mouse brain through intact scalp and skull at
a depth of ~4 mm. Molecular imaging with CH1055 conju-
gated to an anti-epidermal growth factor receptor (EGFR)
affibody molecule was accomplished through highly specific
targeting of a xenograft human squamous cell carcinoma
tumors in immune-deficient mice. NIR-II imaging afforded a
5-fold higher tumor-to-normal tissue ratio than traditional
NIR-I imaging, allowing accurate image guided tumor
removal surgery. (23)

[0092] Significant improvements in imaging resolution and
depth could be achieved by transitioning to the NIR-II win-
dow due to reduced photon scattering and autofluorescence
background at longer wavelengths. The use of the NIR-II
window will allow physicians to see deeper anatomical fea-
tures with a much higher degree of clarity as well as enable
new imaging capabilities that are not feasible with NIR-I
fluorophores. In order for NIR-II fluorescence imaging to
translate from small animal studies into a clinical setting, the
total body clearance of the NIR-II contrast agent is critical. To
date, all other NIR-IT fluorophores are largely retained or
show very slow excretion rates. For the first time we devel-
oped a small molecule based NIR-II fluorophore to afford
rapid renal excretion. This combined with the lack of any
cellular toxicity in vitro at imaging doses opens a door for
clinical translation.

[0093] Also for the first time, it is shown that a NIR-II
molecular fluorophore drastically out-performs an FDA
approved NIR-I counterpart for imaging blood and lymphatic
vasculatures in terms of image clarity, spatial resolution and
depth of penetration owing to the reduced tissue scattering
that follows an inverse wavelength dependence (~A~%, a=0.
22-1.68).(11) In addition to improved resolution of both
lymph nodes and vessels, CH1055-PEG’s ability to accu-
rately pinpoint tumors passively during sentinel lymph node
mapping provides an added benefit to an already useful NIR-
1T contrast agent. After an intradermal injection of CH1055-
PEG when applied to SLN mapping, the sentinel lymph nodes
draining the tumor in conjunction with any previously unde-
tected tumors can both be simultaneously visualized with
high fidelity.

[0094] CH1055 is a versatile NIR-II dye capable of tumor
detection through either non-specific uptake when PEGylated
or molecular imaging when conjugated to a targeting ligand.
CH1055-PEG shows strong tumor accumulation as demon-
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strated through the non-invasive imaging of brain tumors with
both the skull and scalp left intact. The high degree of imaging
clarity in conjunction with a high tumor-to-normal tissue
ratio at a depth of ~4 mm through multiple tissues with
distinct scattering coefficients reaffirms the possible benefits
garnered by imaging within the second near-infrared window
in a clinical setting.

[0095] Fluorescence imaging is the most suitable approach
to molecular image-guided surgery owning to the high tem-
poral and spatial resolution which allows for rapid, precise
resection of tumors having unique molecular signatures. As
targeted surgery is especially suitable for tumors that are
difficult to differentiate from the surrounding healthy tissue
such as in breast cancers, NIR-II molecular imaging agents
are ideal considering the limited NIR-II tissue autofluores-
cence. (35) When emploving the same targeting ligands for
molecular imaging, the switch from NIR-I to NIR-II fluoro-
phores imparts significant benefits in tumor detection as seen
in the big boost in the tumor-to-normal tissue ratio gained by
the NIR-II fluorophore.

[0096] Photoacoustic imaging (PAI) is a newly emerging
technique in biomedical imaging that provides strong optical
absorption contrast and high ultrasonic resolution, which
could overcome the depth and resolution limits of conven-
tional optical imaging techniques. Using near-infrared (NIR,
650-900 nm) absorptive materials as exogenous contrast
agents has been widely applied because it improves PAI sen-
sitivity and deep tissue penetration ability. With the rapid
development of nanotechnology, numerous inorganic nano-
materials, such as gold, silver, and copper nanoparticles
(NPs), and a few organic nanomaterials such as carbon nano-
tubes have been evaluated as PAI contrast agents. Our NIR-IT
fluorophore CH1055 and its analogues can absorb light and
also transfer the energy into heat. This heat can be used for
many important applications including PATand photothermal
therapy.

[0097] Itis also contemplated that the present compounds
may be used in combination with other imaging modalities.
As described in Sampath et al., “Near infrared fluorescent
optical imaging for nodal staging,” ] Biomed Opt. 2008 July-
August; 13(4):041312, the present compounds may be used
in functional lymph imaging and, further, dual-labeled agent
((111D)In-DTPA)(n)-trastuzumab-(NIR-1I dye) can utilize the
high photon count provided by an NIR fluorescent dye for
possible detection of HER2 metastasis in lymph node.

Materials and Methods Used in Examples

Optical Characterization

[0098] The NIR fluorescence spectrum was taken using a
home-built NIR spectroscopy setup. The excitation source
was a 200-W ozone-free mercury/xenon lamp (Oriel), which
was dispersed by a monochromator (Oriel) to generate an
excitation line with a bandwidth of 15 nm. The excitation
light was allowed to pass through the solution sample in a
1-mm-path cuvette (Starna Cells, Inc.), and the emission was
collected in a transmission geometry. The excitation light was
collected in the 790-1500 nm emission range. The emitted
light was directed into a spectrometer (Acton SP2300i)
equipped with a liquid-nitrogen-cooled InGaAs linear array
detector (Princeton OMA-V). Spectra were corrected post-
collection to account for the sensitivity of the detector and
extinction feature of the filter. Photostability was determined
by spiking CH1055-PEG into serum, PBS, and DI and expos-
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ing it in a 1-mm path length cuvette (Starna Cells, Inc.) to
continuous 808 nm excitation at a power density of 0.3
W/em? and taking images every 10 seconds for ~1 hour.
Stability was determined by measuring the ROI and compar-
ing the fluorescence intensity to the starting fluorescence

signal.
[0099] Urine Excretion
[0100] Urine was collected without coercion from 5 balb/c

mice for the 24 hours after injection with CH1055-PEG. Mice
were placed in plastic cages with available water and urine
was collected with a 20 uL, pipette. To determine excretion
levels, urine was drawn up into a capillary tube and the
fluorescence measured (1200 LP, ~20 ms exposure, 2D
InGaAs array Princeton Instruments) along with the minimal
background fluorescence in control urine and glass capillary
tube.

[0101] Before solely using the fluorescence of the excreted
CH1055-PEG to measure the amount of excreted dye per
mouse, the fluorescence intensity of the injected dose and a
series of dilutions in PBS were measured in order to check the
linearity. At higher concentrations, non-linear relationships
between fluorescence and concentration occur due to variety
of reasons such as inter-sample quenching effects. Within the
above concentration range, the relationship between fluores-
cence intensity and concentration was linear as demonstrated
below:

[0102] To determine linearity and starting with a general-
ized formula:

y=a*¥
[0103]
log(y)=log(a)+k*log(x)

[0104] The slope on a log-log plot will determine whether
the function is linear or follows an exponential relationship.
Selecting two points:

becomes the following on a log-log plot:

log[F(x;)] = m=log(x))+ b
log[F(xp)] = m#log(xp) + b
_ log(F,) —log(F1)
~ loglx) ~loglx)
P
. log(ﬁ)

log(jcc—f)

[0105] where m=kis the slope of the line on the log-log plot

which corresponds to the power of the generalized equation
k

y=a*x",

[0106] Asm=1.0 from the linearity check, y=a*x and there

is a linear dependence between concentration and fluores-

cence intensity within this concentration range.

[0107] The % ID was measured in the following way:
m:Sf
((lm - Icomrol) * Vm)
% D=2
(1 injected — Icomrol) * Vinjected
[0108] where s is the number of a urine time-point from a

particular mouse starting at the first urine time-point collected
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s, until s, the last urine time-point collected, I is the average
fluorescent intensity as measured with a 1200LP filter, 1. ,,..;
is the fluorescent intensity of control urine at the same expo-
sure time as the sample [, 1, ..., 15 the fluorescent intensity
of the injected dose, and V 1s the volume of the urine, and
Vijectea 18 the volume of the injected CH1055-PEG.

[0109] The agglomerate cumulative excretion profile was
formulated in the following way:

[0110] The urine excretion time (t), volume (V), and fluo-
rescence intensity (I) were gathered from all mice in the
excretion study (n=5).

[0111] The excretion time (t), volume (V), and fluores-
cence intensity (I) from all the mice used in the study were
rearranged in the following way:

n L v
Iy [f Vf

[0112] withthe sample number s, att, corresponding to the
earliest urine time-point out of all the mice in the study and s,
at t,corresponding to the last time-point out of'all the mice in
the study.

[0113] The % ID,,,,; (,,—s, Was calculated in the following
way:

m=ss
D Un= leomiot) Vi)
m=1

=5

Zl ([(Iinjecled = L eontrot) Vznjeaed :‘n)

%0 1D;prain=3) = n

[0114] where s is the number of a urine time-point from all
the mice in the study starting at the first urine time-point
collected s, until s, the last urine time-point collected, 1 is the
average fluorescent intensity as measured with a 1200LP
filter, I, ,,.; s the fluorescent intensity of control urine at the
same exposure time as the sample [, , 1, ......., 18 the fluorescent
intensity ofthe injected dose, and V is the volume of the urine,
andV, . ., 1s the volume of the injected CH1055-PEG, and
n corresponds the number of a mouse used in the study.
[0115] The agglomerate excretion curve treats all of the
individual mice as one system (or a ‘super-mouse’) and mea-
sures the total CH1055-PEG injected and all of the urine
excreted from all of the mice.

[0116] This was deemed the easiest way to portray the urine
excretion data since urine was collected without coercion and
time-points vary between mice.

[0117] NIR-II Video Rate Imaging

[0118] Mice were placed on a stage with a venous catheter
for injection of contrast and imaging agents. All NIR-II
images were collected on a 320x256 pixel two-dimensional
InGaAs array (Princeton Instruments). The excitation laser
was an 808 nm laser diode at a power density of ~0.3 W/cm?.
Emission was typically collected with a 1200 nm LP filter. A
lens set was used for obtaining tunable magnifications, rang-
ing from 1x (whole body) to 2.5x (high magnification) mag-
nification by changing the relative position of two NIR ach-
romats (200 mm and 75 mm, Thorlabs). A binning of 1 and a
variable exposure time was used for the InGaAs camera
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(320x256 pixel) to capture images in the NIR-IT window.
Images were processed with Matlab.

[0119] UB7MG Orthotopic Brain Tumor Implantation
[0120] All aspects of experimental manipulation were in
strict accord with guidelines from the National Institute of
Health and have been approved by members of the Stanford
Institutional Animal Care and Use Committee (IACUC).
Eight week old female nude mice (Charles River) were anes-
thetized using 2.0% isoflurane and positioned in a Bench-
mark® (Leica) stereotactic instrument. The top of the
mouse’s head was cleaned with 70% ethanol and betadine.
Ophthalmic ointment was applied. A sagittal skin incision of
0.5 cm was made over the bregma and the skull was exposed.
A burrhole in the left hemisphere was drilled according to the
coordinate 0.5 mm anterior and 2.0 mm lateral to the bregma.
A 10 uLL gas-tight syringe (Hamilton Company, Reno, Nev.)
with a 26-gauge needle (Cat 800010) was inserted to the
striatum and lowered to the depth of 2.5 mm from the dural
surface. U7 MG-Luc cells (5 uL, 2x10* cells in PBS) was
injected into the striatum over 15 min using a microsyringe
pump controller (World Precision Instruments, Inc., Sarasota,
Fla.). The same amount of PBS was also injected as an experi-
mental control. The needle was left for 10 minutes before
being withdrawn. The burrhole was occluded with glue to
prevent leakage of cerebrospinal fluid, and the skin was then
sutured. Animals were used for experiments after 10 days,
when tumors had reached a size of approximately 2~mm
diameter as determined by MM.

[0121] Affibody-CH1055 Conjugation

[0122] For Affibody-CH1055 conjugation, CH1055:
HBTU: DIPEA: 1-(2-amino-ethyl)-pyrrole-2,5-dione hydro-
chloride=1:1.1:20:1 was added to DMSO at room tempera-
ture and reacted 2.5 h to get the CH1055-Maleimide. The
EGFR Affibody used in this study contains a unique C-termi-
nal cysteine residue for thiol-reactive maleimide dye label-
ing. To reduce the spontaneously formed disulfide bond
between the cysteine residues, the Affibody molecules were
incubated with 5 mM TCEPHCI. The excess TCEP.HCl was
removed by passing the reaction mixture through a Zeba Spin
Desalting Column (Fisher Scientific). The CH1055-Maleim-
ide was reconstituted in DMSO to a concentration of 10 mM
and added to the Affibody solution. The reaction mixture was
incubated at room temperature for 3 hours. HPLC was then
used for purification (C18, 5 um, 5~95% acetonitrile/water
with 0.1% TFA) to get the pure CH1055-Affibody.

[0123] Brain Tumor NIR-IT Imaging

[0124] Brain tumor imaging was performed using both the
high magnification and whole body NIR-IT setups. NIR-IT
imaging was performed with a variety of filters and exposure
times. For brain tumor imaging, a 1200 LP filter was
employed with an exposure time ranging from 400-800 ms.
For imaging in the NIR-Ila region, a 1300 LP filter was used
which required a variable exposure time ranging from 1-2
seconds. Mice were imaged 3, 6, 12, 24, 48, and 72 hours P1.

[0125] EGFR+Targeted NIR-II Imaging and Guided-Sur-
gery
[0126] For EGFR+ targeted imaging, a 1200 LP filter was

used and mice were imaged every hour up until 6 hours as
well as at 24 hours.

[0127] Photoacoustic Imaging Analysis of Phantoms
[0128] For studying the PAI properties of the compound, a
cuboid container was half filled with 1% agarose gel to half
depth. Different concentrations of compounds aqueous solu-
tions were filled into polyethylene capillaries and then the
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capillaries were laid on the surface of solidified agarose gel.
The capillaries were further covered with thin 1% agarose gel
to make the surface smooth. PA spectra and PA/US coregis-
tered images were acquired with a LAZR commercial instru-
ment (VevoLAZR; VisualSonics). It is equipped with a
LZ-250 linear array transducer and a tunable Nd:YAG laser
system (680-970 nm). In our system, the Vevo LAZR PAI
System with a laser at excitation wavelength of 700 nm and a
focal depth of 10 mm was used to acquire PA and US images.
The laser at excited wavelength ranging from 680 nm to 970
nm was sequentially enhanced with a step of 3 nm for the scan
of PA spectra. Acquisition rate of 5 frames per second was
used for all the experiments. The photoacoustic gain was kept
at 42 dB, dynamic range at 18 dB and center frequency of 21
MHz for all studies. US and PA images were obtained sequen-
tially. The PA signals reported were the average pixel inten-
sities from within the Regions of Interest (ROIs). Normaliza-
tion and quantification of the images were carried out using
Imagel.

[0129] Photothermal Heating of CH1055-PEG In Vitro
[0130] To study the photothermal effect of CH1055-PEG
induced by NIR irradiation in vitro, 50 pl, of CH1055-PEG
was irradiated as well as the same volume of control PBS with
2808 nm NIR laser and 0.6 Wem™2 irradiation power for 150
sec. Thermal images and temperatures of solutions were
recorded at every 10 seconds by a MikroShot thermal camera
(Mikron).

[0131] Cytotoxicity of CH1055-PEG

[0132] We determined the CH1055-PEG toxicity in vitro
with a MTS assay using a CellTiter96 kit (Promega) on
U8TMG cells. Approximately 5,000 cells were incubated per
well with 100 pL. of EMEM growth medium and serially
diluted CH1055-PEG solution (n=6 for each concentration).
The cells were kept at 37° C. in a humidified atmosphere
containing 5% CQO, for 36 hours in the presence of CH1055-
PEG at different concentrations. Immediately before addition
of 15 plL of CellTiter96. a colorimetric indicator of cell viabil-
ity, the CH1055-PEG-spiked medium was removed from
each well plate and replaced with fresh medium. After 1 h, the
color change was quantified using a plate reader and taking
absorbance readings at 490 nm. Cell viability was plotted as
a fraction of the absorbance of control wells incubated with-
out CH1055-PEG. Doxil was used as the negative control.
The concentration was measured as a factor of the hindlimb
injection concentration.

[0133]

[0134]
out in flame-dried glassware under a nitrogen atmosphere.
Reactive liquid compounds were measured and transferred by
gas-tight syringes and were added in the reaction flask
through rubber septa. Tetrahydrofuran (THF) was freshly
distilled from sodium benzophenoneketyl. Dichloromethane,
toluene and DMF were distilled from CaH,. Sulfo-SMCC
(Sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-
carboxylate) was purchased from Thermo Scientific (Rock-
ford, T1.)PEG,q,-NH,. All other standard synthesis
reagents were purchased from Sigma-Aldrich Chemical Co.
(St. Louis, Mo.) and used without further purification. The

General Synthesis Information

All air and moisture sensitive reactions were carried
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cell line was obtained from the American Type Tissue Culture
Collection (Manassas, Va.). Female athymic nude mice (nu/
nu) were purchased from Charles River Laboratories (Bos-
ton, Mass.).4,4"-(Phenylazanediyl) dibenzaldehyde(1), 4,7-
dibromo-5,6-dinitrobenzo[c][1,2,5]thiadiazole(7), Affibody
molecule Ac-Cys-Zrcrr 1907 (Ac-CVDNK-
FNKEMWAAWEEIRNLPNLNGWQMTAFI-
ASLVDDPSQSANLLAEAKKINDAQA PK-NH,) (SEQ
ID NO: 1) were prepared according to literature methods
(Wang et al., Macromolecules 44, 8771-8779 (2011); Uno et
al., Chem. Pharm. Bull. 28,1909-1912 (1980); Cheng et al.,
Mol. Imaging Biol. 12,316-324 (2010)).

[0135] Analytical thin layer chromatography was per-
formed on glass-backed silica gel plates with F,, indicator.
Compounds were visualized under UV lamp or by developing
in iodine, vanillin, phosphomolybdic acid solution or with a
potassium permanganate solution followed by heating on a
hot plate to approximately 350° C. Flash chromatography
was performed on 230-400 mesh silica gel with technical
grade solvents which were distilled prior to use. 'H NMR
spectra were recorded on a Bruker AV400 at 400 MHz as
CDCl, solutions with tetramethylsilane (8=0 ppm) as the
internal standard. ©C spectra were obtained on the same
instruments at 100 MHz with CDCI; (8=77 ppm) as the intet-
nal reference. Chemical shifts are reported in parts per million
(ppm). Multiplicities are reported as s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet), dd (doublet of doublet),
etc. High-resolution mass spectra were performed on Bruker
APEX III 7.0 Tesla IonSpec 4.7 Tesla FTMS and Thermo
Scientific LTQ ORBITRAP XI..Matrix assisted laser desorp-
tion/ionization time of flight mass spectrometry (MALDI-
TOF-MS) was done by the Stanford Protein and Nucleic Acid
Biotechnology Facility, Stanford University. Analytical or
preparative high performance liquid chromatography
(HPLC) was performed on a DIONEX ultimate 3000 instru-
ment with PDA detection (column: PrincetonSPHER-300
C,s 51, 250 mmx4.6 mm or 10.0 mm; mobile phase: water/
acetonitrile with 0.1% TFA).

EXAMPLES

Example 1

Synthesis of CH1055, CH1055-PEG, CH1055-4
Taurine and CH1055-3 Taurine

[0136] Synthesis of a small-molecule organic NIR-IT dye
(CH1055, MW 0.97 kDa, FIG. 3A) was achieved with high
vield from 4,4'-(phenylazanediyl)dibenzaldehyde. Key steps
utilized to assemble the core structure of the target included a
cross-Suzuki coupling reaction, iron reduction and N-thiony-
laniline induced ring closure.(24) Four carboxylic acid
groups were introduced into a donor-acceptor-donor (D-A-
D) type fluorescent compound to impart a certain aqueous
solubility and to allow facile conjugation to targeting ligands.
An overview of the synthesis of CH1055 is shown in FIG. 2.
The steps in the synthesis of CH1055 were as follows:
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1. Synthesis of (2E,2'E)-diethyl 3,3'-((phenyla-
zanediyl)bis(4,1-phenylene))diacrylate(2)

[0137]
CHO
PhzPCHCO,Et
Tol
N
CHO
1
CO,Et
X
N
7 CO,Ft
2
[0138] Ethyl (triphenylphosphoranylidene)acetate (26.13

g, 75 mmol) was added to a solution of aldehyde 1 (10.27 g,
34.1 mmol) in anhydrous toluene (100 mL) under an inert
atmosphere (N,). The solution was stirred for 48 hours at
room temperature. The reaction mixture was concentrated in
vacuo and the residue was purified by silica gel chromatog-
raphy(petroleum ether:EtOAc=16:1v/v) to give a bright yel-
low 0il 2 (13.4 g, 89% yield). 'H NMR (400 MHz, CDCI;) §
7.64(d,]=16.0 Hz, 2H), 7.41 (d, J=8.6 Hz, 4H), 7.32 (1, J=7.8
Hz, 2H), 7.15 (t,J=7.7 Hz, 3H), 7.07 (d, J=8.5 Hz, 4H), 6.34
(d,J=15.9Hz, 1H), 4.27 (q,J=7.1 Hz, 4H), 1.34 (t, I=7.1 Hz,
6H). '*C NMR (101 MHz, CDCL,)  167.2, 148.9, 146.4,
143.9,129.73,129.3,128.9,126.0, 124.8,123.3, 116 .4, 60.4,
14.4. HRMS (ESI) Caled for: C, H,oNO,*([M+H]*): 442.
2013. Found: 442.2000.

2. Synthesis of diethyl 3,3'-((phenylazanediyl)bis(4,
1-phenylene))dipropanoate (3)
[0139]

CO,Bt

X

10% Pd/C, H,
EA, 1.t

CO,Bt
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-continued
COyE

CO,Et

[0140] A mixture of 2 (6.462 g, 14.6 mmol) and 10% Pd/C
(0.64 g) in EtOAc (100 mL) was evacuated and back-filled
with H, (40 atm). After stirring 24 hours at room temperature,
the mixture was filtered over a pad of Celite (EtOAc eluent)
and the solvent was evaporated in vacuo. The crude product
was further purified by silica gel chromatography (petroleum
ether: EtOAc=16:1v/v) to afford a colorless 0il 3(6.28 g, 97%
yield). 'H NMR (400 MHz, CDC1,) 8 7.09 (t, J=7.8 Hz, 2H),
7.00-6.80 (m, 11H), 4.03 (q, J=7.1 Hz, 4H), 2.80 (t, ]=7.8 Hz,
4H), 2.50 (t, I=7.8 Hz, 4H), 1.14 (t,J=7.1 Hz, 6H). *C NMR
(101 MHz, CDCL,) 9 173.0, 148.0, 146.1, 134.9, 129.1, 129.
1, 1243, 123.6, 122.3, 60.4, 36.0, 30.4, 14.3. HRMS (ESI)
Calcd for: C,3H,,NO,* (IM+H]"): 446.2326. Found: 446.
2325.

3. Synthesis of diethyl 3,3'(((4-bromophenyl)
azanediyl)bis(4,1-phenylene))dipropanoate (4)

[0141]

CO,Et

CO,Et
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-continued
CO,Et

Br CO,Et

[0142] To 150 mL of DCM in a 500 mL round bottomed
flask was added compound 3 (5.28 g, 11.9 mmol). After
stirring at 0~5° C. for 5 min, NBS (2.25 g, 12.61 mmol) was
added in 5 portions. The reaction mixture was warmed to
room temperature and stirred for additional 16 hours. The
reaction was then completed and filtered through a pad of
Celite and concentrated in vacuo, to give a brown oil. Purifi-
cation of the crude product by flash chromatography (petro-
leum ether:EtOAc=16: Iv/v) afforded a colorless 0il 4 (5.8 g,
93% yield). 'H NMR (400 MHz, CDCl,) 8 7.25 (d, 1-8.7 Hz,
2H), 7.06 (d, J=8.3 Hz, 4H), 6.96 (d, J=8.4 Hz, 4H), 6.87 (d,
J=8.8 Hz, 2H), 4.13 (q, J=7.1 Hz, 4H), 2.89 (t, J=7.7 Hz, 4H),
2.60 (t, I=7.8 Hz, 4H), 1.23 (t, ]=7.1 Hz, 6H). '*C NMR (101
MHz, CDCl,) § 173.0, 147.1, 145.5, 135.5, 132.0, 129.2,
124.5, 124.5, 114.3, 60.4, 35.9, 304, 14.2. HRMS (ESI)
Calcd for: C,gH;  BrNO,* ([M+H]™): 524.1431. Found: 524.
1404.

4. Synthesis of bis(2-(trimethylsilyl)ethyl)3,3'-(((4-
bromophenyl)azanediyl)bis(4,1-phenylene)) dipro-

panoate (5)
[0143]
CO,Et
(1) LiOH, THF,
0°C. ~rit.
(2) DCC, DMAP,
0°C.~rt. VS
/©/N\©\/\ HO/\/
Br CO,Et

4

Aug. 25,2016
13

-continued

B TMS
g Vs 5

T™S

[0144] To 250 mL round bottomed flask was charged with
compound 4 (4.271 g, 8.143 mmol), THF (120 mL), and the
resulting solution was chilled to 0-5° C. in an ice bath. A
solution of LiOH (0.9772 g, 40.715 mmol) in H,O (40 mL)
was added and the reaction mixture was stirred at 0-5° C. for
1 hour and then warmed to ambient temperature. The reaction
was monitored by TLC analysis and it was completed in 24
hours monitor. The reaction mixture was acidified to pH 3
with sat. aq. KHSO, solution, extracted with EtOAc (3x100
mL). The combined organic extracts were dried over anhy-
drous MgSO, and concentrated in vacuo. The crude product
was used for the next step without further purification.

[0145] To a solution of the acid in CH,Cl, (80 mL) was
added 4-dimethylaminopyridine (199 mg, 1.63 mmol), N,N-
dicyclohexylcarbodiimide (4.2 g, 20.36 mmol) and 2-(trim-
ethylsilyl)ethanol (2.41 g, 20.36 mmol). The reaction was
stirred at room temperature for 24 hours. The crude material
was filtered through a medium porosity frit and volatiles were
removed under reduced pressure. Purification of the crude
product by silica gel chromatography (petroleum ether:
EtOAc=32:1v/v) afforded a colorless oil 5 (3.81 g, 70%
yield). "HNMR (400 MHz, CDCl,) 8 7.26 (d, ]=8.8 Hz, 2H),
7.08 (d, J=8.4 Hz, 4H), 6.97 (d, J=8.4 Hz, 4H), 6.89 (d, I-8.8
Hz, 2H), 4.24-4.16 (m, 4H), 2.91 (t, J=7.7 Hz, 4H), 2.60 (t,
J=7.8 Hz, 4H), 1.04-0.97 (m, 4H), 0.06 (s, 18H). 1*C NMR
(101 MHz, CDCl,) 8 172.9, 147.1, 145.5, 135.6, 132.0, 129.
3, 124.5, 114.2, 62.6, 36.0, 30.4, 17.3, -1.4. HRMS (ESI)
Calcd for: C,,H,,BrNO,Si,* ([IM+H]™): 668.2222. Found:
668.2232.
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5. Synthesis of Compound 6
[0146]

0]
L
N

[0) 0]

T™MS
5
1
B
O/
N
0] (0]

[0147] To a solution of bis(triphenylphosphine)palladium
(1) dichloride(129 mg, 0.175 mmol), KOAc (413 mg, 4.21
mmol), and bis(pinacolate)diboron (535 mg, 2.11 mmol) in
DMF (20 mL) was added compound 5(1.173 g, 1.754 mmol)
under an inert atmosphere (Ar). The reaction mixture was
heated in an oil bath at 80° C. for 12 hours. The solution was
cooled, diluted with H,0 (40 mL) and extracted with EtOAc
(3%50 mL). The combined organic layers were washed with
water (2x20 mL), dried over anhydrous MgSQO, and evapo-

Aug. 25,2016

Pd(Ph3P),CL

KOAc, DMF

o]

o
/
B—8
0

™S
O/\/

T™S

rated in vacuo. The residue was purified by column chroma-
tography (petroleum ether: EtOAc=8:1 v/v) to give compound
6 (892 mg, 71% yield) as a colorless oil. 'H NMR (400 MHz,
CDCl,) & 7.66 (d, 1=8.5 Hz, 2H), 7.11 (d, ]=8.5 Hz, 4H),
7.05-6.99 (m, 6H), 4.23-4.17 (m, 4H), 2.93 (t, J=7.8 Hz, 4H),
2.62 (1, 7.8 Hz, 4H), 1.35 (s, 12H), 1.03-0.98 (m, 4H), 0.07
(s, 18H). '*CNMR (101 MHz, CDCL,) § 173.1,150.7, 145.5,
135.8,135.7,129.2,125.1,121.2,83.5,62.7,36.1,30.4, 24.9,
17.3, -1.4. HRMS (ESI) Caled for: C,0HssBNOGSI,"([M+
HJ"): 716.3968. Found: 716.3941.
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6. Synthesis of Compound 8
[0148]
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(0] (0]
L
N

[0) (0]

T™S

[0149] A 50 mL three-necked flask was charged with com-
pound 6 (1.124 g, 1.57 mmol), compound 7 (250 mg, 0.654
mmol), and Pd(PPh;), (75 mg, 0.065 mmol), aqueous K,CO,
(I M, 5 mL) in toluene (20 mL) under an inert atmosphere
(Ar). The resulting mixture was further degassed with an Ar
stream for 20 min and heated in an oil bath at 115-120° C. for
48 hours. The reaction was allowed to cool to room tempera-
ture and extracted with EtOAc (2x20 mL). The combined
organic layers were washed with water (50 mLL) and sat. brine
(100 mL). After drying over anhydrous Mg, SO, and removal

I

Pd(PPhy),, PPhy

—_—

Tol/H,0, K>CO;

ON
+ 2 N\
=~ /
0,N N

TMS TMS

gw

e
1

TMS

OQ

of the solvents under reduced pressure, the residue was puri-
fied by column chromatography on silica gel (petroleum
ether: EtOAc=8:1 v/v)to yield the product as a red semi-solid
(385 mg, 42% yield). 'H NMR (400 MHz, CDCl,) § 7.47-7.
38 (m, 4H), 7.20-7.07 (m, 20H), 4.24-4.18 (m, 8H), 2.96 (t,
J=7.8Hz, 8H), 2.64 (t, ]=7.8 Hz, 8H), 1.04-0.98 (m, 8H), 0.06
(d, J=2.4 Hz, 36H). '*C NMR (101 MHz, CDCL,) 8 173.1,
153.2,149.9,144.7,142.2,136.9,130.2,129.5,127.8,126.1,
121.8,120.0,62.7,36.0,30.4,17.3,-1.4. HRMS (ESI) Calcd
for: C,,Ho3 N0, 881, ([M+H]*): 1401.5644. Found: 1401.
5621.
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7. Synthesis of Compound 9
[0150]

TMS?
6] o]
[o]

22:2 N”S\\N

atad,

=§:> 0,N NO,
0

) 2

T™S T™S

§MS

0] (0]
O N

0] (0]
M?
o]
go
MS

[0151] To a 10 mL sealed tube was added compound 8 (60
mg, 0.0428 mmol), iron powder (24 mg, 0.428 mmol), AcOH
(4 mL). The reaction mixture was heated to 100° C. for 6
hours and then cooled to room temperature. The reaction
solution was changed from red to yellow. The reaction was
neutralized with sat. NaHCO; and extracted with FtOAc
(2x10 mL). The combined organic layers were washed with
water (10 mL), dried over anhydrous MgSO, and evaporated
in vacuo. The resulting brown oil was used for the next step
without further purification.

; (1) AcOH, Fe
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8
T
0

N*S*N

N Q
N/ \N
\S/

0

T

(2) PNSO, Pyridine, TMSCI

3
-8
-

1

0

T™S

[0152] To a brownish solution in anhydrous pyridine (4
mlL) was added N-thionylaniline (12.5 mg, 0.09 mmol) and
TMSCI(46.5 mg, 0.428 mol). The solution was heated in an
oil bath at 80° C. for 16 hours. The reaction was allowed to
cool, poured into iced water, extracted with EtOAc (2x10
mL). The combined organic layers were washed with water
(10 mL), dried over anhydrous MgSO, and evaporated in
vacuo. The residue was purified by column chromatography
on silica gel (petroleum ether: EtOAc=16:1 v/v) to yield the
product 9 as a green semi-solid (32 mg, 55% yield). 'HNMR
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(400 MHz, CDCL,) & 8.19 (d, J=8.8 Hz, 4H), 7.25 (d, ]=8.8
Hz, 4H), 7.22-7.13 (m, 16H), 4.26-4.18 (m, 8I), 2.96 (.
J=7.8 Hz, 8H), 2.65 (t, J=7.8 Hz, 8H), 1.05-0.99 (m, 8H), 0.07
(s, 36H). 3CNMR (101 MHz, CDCL) 3173.0,152.7, 1484,
1453, 136.1, 132.6, 129.3, 128.0, 125.6, 121.0, 120.1, 62.7,

36.1, 304, 173, -1.5. HRMS (ESI) Caled for:
C,4HysNOS,Si, ([M+H]Y): 1369.5568. Found:
1369.5284.

8. Synthesis of Compound CH1055
[0153]

a?

ala

jj s

Z
2

o]
TMS

§
OOO

CHI1055

[0154] To asolution of compound 9 (10 mg, 0.0073 mg) in
DCM (1 mL) was added TFA (1 mL) 0° C. The reaction
mixture was slowly warmed to ambient temperature. The
reaction was completed in 30 min by TLC analysis. The

HO
S |
N
§ O
HO
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solvent was removed in vacuo and the crude product was
washed by acetonitrile (5x5 mL) to yield the desired product
CHI1055 as a green semi-solid (7 mg, 99%). *H NMR (400
MHz, DMSO) 3 8.10 (d, J=7.9 Hz, 4H), 7.24 (d, J=7.6 Hz,
8H), 7.08 (d, J=7.8 Hz, 12H), 2.83 (t, I=7.1 Hz, 8H), 2.56 (1,
J=7.4Hz, 8H). *C NMR (101 MHz, DMSO) 8 174.2,152.4,
148.2,145.1,136.9, 133.4,130.0, 128.4,125.4,120.8,119.5,
35.6, 30.2. HRMS (ESI) Caled for: C5,H,sNO.S, " ([M+
H]*): 969.2735. Found: 969.2734.

[0155] Inorder to further increase solubility, the carboxylic
acid groups of CH1055 were PEGylated with 2 kDa PEG-

TFA
DCM

NH, through EDC/NHS chemistry. FIG. 3A shows the
chemical structure of CH1055 and the one-step synthesis of
CH1055-PEG. A fluorescent emission spectrum was taken
with an 808 nm excitation laser and demonstrated a peak
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emission wavelength at 1055 nm which aligned well the
photoluminescence excitation mapping (data not shown).
CH1055-PEG was found to be extremely photostable and the
quantum yield was determined to be 0.3% by utilizing IR-26
as a reference (with a nominal QY=0.5%, data not shown).
(25) The quantum yield of CH1055-PEG was on par with the

OH
O E
é N
OH

HO
]
S
N
O
HO
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majority of NIR-II nanomaterials including carbon nanotubes
and thus very suitable for in vivo imaging.(9, 10, 26)

[0156]
(2-aminoethanesulfonic acid) was conjugated to the CH1055
to obtain CH1055-4Taurine.

For another water soluble modification, taurine

A
V4

Taurine, HBTU
—_—
DIPEA, DMSO

CH1055

HO;S SO;H

1.7

j:} » %:zz
N\/N

HO3S SO3H
CH1055-4Taurine
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[0157] To a solution of CH1055 (1 mg, 1.032 umol) in
DME, taurine (0.774 mg, 6.192 pmol), DIPEA (18 pL), and
HBTU (2.6 mg, 6.8 wmol) were added. It was stirred over-
night at room temperature. HPLC purification was used to get
the final product CH1055-4Taurine. HRMS (EST) Calcd for:
CsoHsN | (O, 656 ([M+H]*):1397.2899. Found: 1397.2715.
[0158] Alternatively, taurine could be conjugated to the
CH1055 to obtain CH1055-3Taurine.

Aug. 25,2016

C. for 4 h. Lastly, HPLC purification was used to get the final
product CH1055-3Taurine. HRMS (ESI) Caled for:
CsoHsoNoO 4S5 ([M+H]"): 1290.2858. Found: 1290.2815.
[0160] The Protected Modifiable Side Chain Donor Syn-
thesis.

[0161] For the donor parts, suitable commercial available
triphenylamine, N.N-diphenyl-4-(thiophen-2-yl)aniline,
N,N-diphenylthiophen-2-amine derivatives were chosen as

on o
0 0
S
Y
N7 Ny
(1) HBTU, DIPEA, DMSO
AT
. N HO
(2) Taurine, HBTU, DIPEA, DMSO
— (3) TFA, DCM
N. N
N
S
0 0
OH HO
CH1055
HO;>
NH HO
0 0
N”S\\N
/\
N\S/N
0 )
gNH HN?
HO,S SO.H

[0159] To a solution of CH1055 (1 mg, 1.032 umol) in
DMEF, 2-(Trimethylsilyl)ethanol (0.122 mg, 1.032 umol),
DIPEA (3.6 uL), and HBTU (0.7828 mg, 2.064 pmol) were
added. Tt was stirred at room temperature for 24 h. Then
taurine (0.774 mg, 6.192 pmol), DIPEA (18 uL), HBTU (2.6
mg, 6.8 pmol) were added. It was stirred overnight at room
temperature. Then excess TFA was added. It was stirred at 0°

CH1055-3Taurine

the starting material. Then the corresponding protected side
chain and were introduced. And the donor was made into
borate or tributyltin compounds for the further coupling reac-
tion. In certain aspects, R1, R2, R3 and R4 are each 3-phe-
nylpropanoic acid or a 3-phenyl lower alkyl acid. This part
comprises the sequential steps of: (a) synthesizing a 2F,2'E)-
diethyl  3,3'-((phenylazanediyl)bis(4,1-phenylene))diacry-
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late (compound 2); (b) synthesizing a diethyl 3,3'-((phenyla-
zanediyl)bis(4,1-phenylene))dipropanoate (compound 3);
(c) synthesizing a diethyl 3,3'-(((4-bromophenyl)azanediyl)
bis(4,1-phenylene))dipropanoate (compound 4); (d) synthe-
sizing a bis(2-(trimethylsilyl)ethyl)3,3'-(((4-bromophenyl)
azanediyl)bis(4,1-phenylene)) dipropanoate (compound 5);
(e) synthesizing a bis(2-(trimethylsilyl)ethy1)3,3'-(((4-bro-
mophenyl)azanediyl)bis(4, 1-phenylene)) dipropanoate
(compound 6);

[0162] Donor Acceptor Coupling Reactions.

[0163] The Donors were Add into the Two Side of the
benzo[1.2-¢:4,5-¢'|bis([1,2,5]thiadiazole) (BBTD) acceptor.
Borate donors were added to the two side of BBTD by Suzuki
coupling reaction. Tributyltin donors were added by Stille
coupling reaction. In certain aspects, wherein R1, R2, R3 and
R4 are each 3-phenylpropanoic acid or a 3-phenyl lower alkyl
acid. This part comprise the sequential steps of: (f) protecting
the compound of step (e) and linking it to a diheteroaryl
compound to form a compound having a di-substituted dihet-
eroaryl compound having alkyl-aryl substituents from step
(d) (compound 8); (g) Attaching a heteroaryl compound to
react with the alkyl-aryl compound to add an additional fused
ring (compound 9).

[0164] De-protection of the D-A-D dye’s side chain were
performed by acid, base, hydrogenation reduction. In certain
aspects, wherein R1, R2, R3 and R4 are each 3-phenylpro-
panoic acid or a 3-phenyl lower alkyl acid. This part comprise
the sequential steps of: (h) TFA deprotecting.

[0165] The compounds above can be varied as described
above, by the use of different phenyl, thiophene and benzyl-
thiophne rings represented by “A” and “B” in formula 1. also,
the alkyl-linker can be varied to accommodate different solu-
bilizing compounds, affibodies, etc. the linker groups, located
on the distal end of the linker, can be acid groups other than
the carboxyl (—COOH) group shown above. For example,
these may be sulfonoic (—S(O,)OH, phosphonic (—P(Q)
(OH),, etc.

Example 2

In Vivo Biodistribution and Long-Term Fate of
NIR-IT Agents

[0166] Upon intravenous injection of 100 pg of CH1055-
PEG in an immunodeficient nude mouse in the supine posi-
tion, NIR-II video rate imaging was performed. Within a few
minutes, very strong fluorescent signal was observed within
the bladder and little fluorescence emanated from the liver
(FIG. 4A-4D).(5, 10, 19). Background subtracted fluorescent
signal intensity of both the liver and bladder regions for
CH1055-PEG produced a fluorescence signal that increased
significantly with time in the bladder and remained minimal
in the liver up to at least 800 seconds after injection. FIG.
4A-4D shows selected time-points from video-rate NIR-II
imaging (1200 nm long-pass filter, 100 ms) of a mouse in the
supine position after an intravenous injection of CH1055-
PEG showing disparate liver and bladder fluorescent signals.
For comparison, 200 uL of water solubilized HiPCO single-
walled carbon nanotubes (CNTs) were injected (0D-10 at 808
nm) to glean the difference in in vivo biodistribution and
long-term fate of NIR-II agents. Background subtracted fluo-
rescent signal intensity of both the liver and bladder regions
for CH1055-PEG (shown in FIGS. 4A-4D) and HiPCO
SWCNTs were created. The liver and spleen were clearly
visualized almost immediately after the injection of HIPCO
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SWCNTs and no bladder fluorescence was noted with the
SWCNT injection, but it was time-dependently found in the
bladder with the CH1055-PEG, with little to no fluorescence
in the liver.

Example 3

Excretion Kinetics and Assay of Toxicity

[0167] The excretion kinetics was investigated by intrave-
nously injecting 5 balb/c mice with 100 pg of CH1055-PEG
and collecting urine, feces, and blood over the course of 24
hours. With a molecular weight of 8.9 kDa and a hydrody-
namic radius of ~3 nm, well below the renal filtration thresh-
old of ~30-50kDa, —90% of the imaging agent was excreted
through the urine within the first 24 hours post-injection (PI).
(27) A CH1055-PEG agglomerated cumulative urine excre-
tion curve for 5 mice (% ID) as well as blood circulation (%
1D/g) time-points fit with an exponential decay were obtained
during the 24 hours post-injection. It was shown that urine
excretion of the material increased over time, and blood cir-
culation decreased proportionately. Excretion profiles from
the 5 individual mice used in the excretion study were studied
over the course of 24 hours. The collected urine was visibly
green due to CH1055 (data not shown). From the urine excre-
tion data we estimated a renal elimination rate constant of
0.182hr .

[0168] As shown in FIG. 5, a spectral analysis of CH1055-
PEG in the urine indicated no signs of metabolism in vivo.
After collecting the urine excreted from a mouse, the
CH1055-PEG was washed extensively to remove any small
inorganic and organic compounds such as urea and dissolved
ions with a 10K centrifuge filter. A fluorescence spectrum of
the excreted CH1055-PEG was obtained by exciting the
sample with an 808 nm excitation laser and collecting the
emission with an InGaAs 1D spectrometer. No noticeable
shift in the emission peak was noted, indicating that metabo-
lism or degradation of the rapidly excreted CH1055-PEG is
unlikely. However, residual low levels of CH1055-PEG that
remain for longer periods of time in vivo may be metabolized
and further investigation is necessary. The half-life of
CH1055-PEG in blood circulation was found to be approxi-
mately 1 hour (Data not shown).

[0169] Furthermore, a preliminary cellular toxicity assay
showed no observable toxicity of CH1055-PEG even at rela-
tively high doses up to 1.5 mM (data not shown).

Example 4

Detection of Lymph Nodes, Lymphatic Vasculature
and Tumor

[0170] An emerging fluorescent imaging application of
1CG currently undergoing clinical trials is in detecting senti-
nel lymph nodes (SLN) for surgical resection.(28-30) Selec-
tively removing sentinel lymph nodes alleviates lymphedema
and other ailments that would be caused by total lymph node
removal performed to prevent cancer metastasis. Fluorescent
imaging has many benefits compared to the more traditional
detection means that include injecting a colored dye, a radio-
isotope, or a combination of both. ICG is typically injected
near a tumor to visualize the lymphatic vessels draining the
tumor as well as the sentinel lymph nodes. To demonstrate
CH1055-PEG’s feasibility for SLN imaging as well as the
advantages garnered by NIR-II fluorophores, a ~10 pL intra-
dermal injection of CH1055-PEG (300 uM) and ICG (100
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uM) was performed near the base of the tail of immunodefi-
cient nude mice with shoulder xenograft US7MG tumors,
followed by fluorescence imaging of the internodal collecting
lymphatic vasculature and the inguinal lymph node. Imme-
diately after injection, CH1055-PEG drainage into the inter-
nodal collecting lymphatic vasculature and the inguinal
lymph node became apparent. Cross-sectional intensity pro-
files of the collecting lymphatic vasculature showed much
sharper lymphatic features for a vessel afforded by CH1055-
PEG than by ICG, owing to both reduced photon scattering
and feature size broadening in the NIR-II window. A sharp
intensity peak was found at a position around 6 mm with the
CH1055-Peg, while the ICG showed less change in intensity
with position, having a lesser intensity peak at about 10 mm.
(data not shown)

[0171] Interestingly, after intradermal injections of
CHI1055-PEG used to image lymphatic vasculature and
lymph nodes, strong tumor fluorescence was observed start-
ing from ~5-7 hours PI, with an increasing tumor-to-normal
tissue (T/NT) ratio to ~5 over the course of 24 hours. The
gradual increase in fluorescence emanating from the tumor
occurred while all lymphatic vessels and nodes were still
visible. A day later the tumor and sentinel lymph node
remained readily resolvable with little signals discernable in
the liver. In contrast, intradermal injection of ICG gave obvi-
ous liver signal almost immediately post injection. While
lymphatic vessels and lymph nodes were highlighted by ICG
fluorescence, little tumor signal was observed. These results
were consistent with hepatic clearance of ICG and little ICG
tumor uptake as reported in the literature.(31)

Example 5

Non-Invasive NIR-II Fluorescence Imaging of a
Glioblastoma Brain Tumor

[0172] With intravenously injected CH1055-PEG, non-in-
vasive NIR-II fluorescence imaging of a glioblastoma brain
tumor was performed through intact scalp and skull of mice.
UBTMG cells were surgically implanted in the mouse brain at
adepth of ~4 mm within the left hemisphere (FIG. 6: panel A,
panel B) and monitored with MRI to confirm the tumor’s
depth and size (FIG. 6: panel C, panel D). Once the tumors
reached a diameter of ~2-3 mm, CH1055-PEG (100 pg) was
injected intravenously and NIR-II fluorescence from the
tumor derived from passive uptake reached a tumor-to-nor-
mal tissue ratio of 3.2 (1200LP, 400 ms) 6 hours PI during
high-magnification NIR-1l imaging (FIG. 6 panel E). After 24
hours, the tumor was clearly visible with a T/NT of ~4 when
using a whole body imaging setup (FIG. 6 panel F). Within 72
hours, a T/NT of 5.5 was ultimately reached (1300LP, 1s),
surpassing the Rose criterion which states that an SBR of 5 is
needed to distinguish image features with 100% certainty. (8)
The tumor-to-normal tissue ratio for brain tumor imaging
with CH1055-PEG was quantified with a variety of magnifi-
cations and filters, namely 1x, 1300 LP, 2.5x, 1300LP,
1x1200 LP, and 2.5x1200 LP (data not shown). While lower
exposure times are needed when utilizing a 1200 nm long-
pass filter, the use of a 1300 nm long-pass filter provides a
quantifiable improvement in imaging quality. Above, the 1x
(magnification for the whole body set-up) shows a higher
T/NT ratio than the 2.5x (magnification for the brain, hind-
limb set-up) due to the lower magnification. Furthermore, it
was not possible to achieve a signal-to-background ratio
(SBR) above aratio of 5 which would meet the Rose criterion,
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when utilizing a 1200 LP filter. An SBR above 5 was only
achievable with a 1300 nm long-pass filter. The results sug-
gested CH1055-PEG as an excellent NIR-IT tumor imaging
agent through intradermal or intravenous injection.

Example 6

In Vivo NIR-II Fluorescence Imaging of Brain and
Hindlimb Vasculature

[0173] To clearly demonstrate the advantages garnered by
imaging at longer wavelengths, the brain vasculature in
C57BL/6 mice with both the skin and the scalp left intact was
performed with ICG (FIG. 6 panel G) as well as CH1055-
PEG (FIG. 6 panel H). A drastic difference in imaging quality
was observed, indicating that both brain tumors and brain
vasculature can be visualized with a much higher degree of
clarity in the NIR-II/ITa region than traditional NIR imaging.
In further experiments, in vivo NIR-II vascular fluorescence
images with CH1055-PEG and ICG were prepared. Hindlimb
vascular imaging was carried out with ICG and CH1055-PEG
to compare imaging quality with NIR-I and NIR-II fluores-
cence imaging. Fluorescent cross-sectional profiles were pre-
pared for both ICG and CH1055-PEG taken perpendicular to
the femoral artery (data not shown). Brain vascular imaging
was carried out with ICG and CH1055-PEG. Representative
fluorescent cross-sectional profiles for both ICG and
CH1055-PEG taken perpendicular to the superior sagittal
sinus showed distinct peaks of intensity at certain positions
(about 11 and 16 mm), while the ICG fluorescence intensity
showed similar intensity regardless of position (data not
shown). ICG was imaged between 850-900 nm with a 75 ms
exposure time and CH1055-PEG was imaged with a 1200 LP
filter and a 200 ms exposure time for the hindlimb and a 1300
LP filterand 1 s exposure time for the brain to allow imaging
in the NIR-IIa region (1300-1400 nm).

[0174] While the resolution of fine vascular features in the
brain was also performed with a 1200 LP filter at an exposure
time of 200 ms, a representative image of NIR-1la imaging is
shown yet a longer exposure time is required. Since
CH1055’s emission peak is at ~1055 nm, fluorescence imag-
ing at exposure times of <100 ms is possible with a 1000 nm
filter. While utilizing a 1000 LP filter is still within the NIR-IT
window, the imaging quality significantly increases at pro-
gressively longer wavelengths yet slightly, yet still reason-
able, exposure times are required. Intensity cross-sectional
profiles clearly demonstrate the advantages of NIR-IT imag-
ing as small vessels clearly appear when utilizing CH1055-
PEG, yet no fine features can be resolved with ICG other than
the main femoral vessels and the supetior sagittal sinus. Inter-
estingly, the cross-sectional profile for the hindlimb, when
utilizing CH1055-PEG, displays two peaks corresponding to
the artery and the vein, both of which can be clearly resolved
in the image.

Example 7

Specific In Vivo Tumor Targeting Using CH1055
Linked to an Anti-EGFR Affibody

[0175] Head and neck cancers are biologically similar can-
cers found in the oral cavity, pharynx, larynx, lips, and para-
nasal sinuses and account for 3% of all cancers in the United
States.(32) If diagnosed early, chances for survival increase
tremendously. Typically located within a centimeter from the
surface of the skin, 90% of these cancers overexpress EGFR.
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(32) Attaching a small protein anti-EGFR affibody (~7 kDa)
to NIR-II fluorophores allows for inexpensive and rapid
detection of early stage head and neck cancers as well aiding
physicians during tumor excision as margins will be clearly
visualized. While PEGylation of CH1055 yields a rapidly
excreted, versatile contrast agent capable of passive tumor
uptake after both intravenous and intradermal injections,
CH1055 could afford more tumor-specific targeting by link-
ing to a molecularimaging ligand such as a 7 kDa anti-EGFR
affibody. The affibody was linked to the carboxyl arms of the
CH1055 using maleimidechemistry, TSTU (2-succinimido-
1,1,3,3-tetramethyluronium tetrafluoroborate) and DIPEA
(diisopropylethylamine) using a thiolated terminus on the
affibody. First CH1055 was reacted with N-(2-Aminoethyl)
maleimide to get the maleimide modified CH1055. Then the
thiol of the cysteine end affibody react with the CH1055-
maleimide to form the CH1055-Affibody probe.

[0176] In vitro imaging demonstrated strong molecular
selectivity of CH1055-affibody molecule to EGFR+ cancer
cells. The conjugate was then intravenously injected (60 pg)
in immunodeficient mice (n=3) with xenograft human squa-
mous cell carcinoma tumors. The tumor fluorescence was
clearly observed 1 hour PT (1200LP, 300 ms) and within 6
hours, the T/NT reached ~15. This resulted in a 5-fold boost
over previous results that utilized NIR-I fluorophores for
molecular imaging with the same affibody molecule.(23, 33)'
(34) Specific in vivo tumor targeting was verified by injecting
a blocking dose of the anti-EGFR affibody molecule concur-
rently with the CH1055-affibody molecule. In this case very
low levels of tumor fluorescence were observed due to affi-
body molecule blocking. At 6 hours post injection of
CH1055-affibody molecule, we performed the first NIR-II
imaging guided tumor excision surgery and observed very
clear differentiation between cancerous and healthy tissue
owing to the high T/NT ratio (FIG. 7) In FIG. 7, the horizontal
line indicates the T/NT obtained with NIR-I flurophore used
in conjunction with the same anti-EGFR affibody.

Example 8

Photoacoustic Enhancement

[0177] Asanewly emerging technique inbiomedical imag-
ing, photoacoustic enhancement overcomes the depth and
resolution limits of conventional optical imaging techniques
and provides strong optical absorption contrast and high
ultrasonic resolution. Further details on photoacoustic
enhancement as used here may be found in “Photoacoustic
contrast agent based active ultrasound imaging,” US
20120203103. As described there, Photoacoustic (PA) imag-
ing is a noninvasive imaging technique that may be used in
medical environments, e.g., to detect, inter alia, vascular dis-
ease, skin abnormalities and some types of cancer. PA imag-
ing generally involves flashing a laser at low energy with a
near-infrared wavelength onto a target area or region. Infrared
light penetrates relatively deeply into the body. This creates a
large radiated area for a more detailed picture.

[0178] Fluorophores with the present design not only have
NIR II fluorescence, but also show strong absorption in the
NIR-I region and show promise for in vivo photoacoustic
imaging. As described previously, CH1055 molecules are
structured with tertiary amine group (as an electron donor,
High-lying HOMO) and beno[1,2,5] thioladiazole group (as
an electron acceptor, low-lying LUMO) linked through con-
jugated units. By changing the donor, acceptor, and & spacer,

Aug. 25,2016

CH1055 absorption and emission can be tuned within both
NIR-I and NIR-II windows (600-1600 nm). CH1055 mol-
ecules have NIR-I absorption with maximum at 700 nm. With
strong absorption in the NIR-I region, CH1055 efficiently
generated photoacoustic signals following NIR pulsed laser
irradiation (FI1G. 8A). The maximum photoacoustic signal of
CH1055 was observed at 700 nm (FIG. 8B), which was very
close to their maximum absorption wavelength. The photoa-
coustic amplitude of CH1055 at 700 nm was determined at
different concentrations, displaying a linear relationship
between photoacoustic signal and concentration (FIG. 8C).

Example 9

Photothermal Effects and Therapy

[0179] The present compounds may be used to produce
beneficial photothermal effects, e.g. in tumors in vivo. Fur-
ther details of this approach may be found in Hirsh et al,
“Nanoshell-mediated near-infrared thermal therapy of
tumors under magnetic resonance guidance,” Proc. Nat.

Acad.  Sci. 100(23):  1349-13554  (2003) and
W02013186735, “Photothermal detection.”
[0180] To study the photothermal properties of CH1055-

PEG in vitro, the compound solution and phosphate buffered
saline (PBS) were irradiated and measured for 1 min., 2 min.,
3 min., 4 min and 5 min. The temperature signature increased
in a time dependent manner and was measures in a range
centered about 36-44 deg. C. (data not shown). The tempera-
ture of the probe solution rose rapidly, reaching an average
temperature of 54° C. after irradiation for 300 seconds (FIG.
9), making it useful for the photothermal treatment of solid
tumors. In comparison, when PBS was irradiated under the
same NIR light conditions, the temperature increased by only
4° C. These results clearly demonstrated that the NIR optical
absorbance of the probe can be converted to thermal energy.
CH1055-PEG provides good photothermal effects and can be
used as an efficient NIR light absorber for the PTT of tumors.

[0181] In photothermal therapy, a dye such as described
here is administered to a subject, and near-infrared is used to
excite the dye and sensitize the target tissue. As described in
the above-cited WO 2013186735, a laser may be directed to
the tissue of interest, such as tumor cells or degenerative
tissue. Heating them even by a few degrees and inspecting
them with infra red (TR) camera can allow high quality detec-
tion of the boundaries of the tumor. As described in Hirsch et
al., supra, near-infrared therapy may be carried out by deliv-
ering a therapeutic dose of heat to tumors under magnetic
resonance guidance. In that paper, human breast carcinoma
cells incubated with nanoshells in vitro were found to have
undergone photothermally induced morbidity on exposure to
NIR light (820 nm, 35 W/cm?2).

[0182] Thepresentdyes are coupled to nanoparticles (NPS)
such as nanotubes, described above. As described in Mealn-
con, “Cancer Theranostics with Near-Infrared Light-Activat-
able Multimodal Nanoparticles,” Acc. Chem. Res., 2011, 44
(10), pp 947-956, the present dyes, coupled with NPS, will
home in solid tumors, either with or without a targeting
mechanism, and the NIR light will induce a temperature rise
in the cells. As a result, the temperature in the treatment
volume is elevated above the thermal damage threshold,
which kills the cells.
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Example 10

Taurine or Sulfonic Acid Derivitized Compound
CH-4T

[0183] This compound is also identified above in Example
1 as CH1055-4Taurine and is termed here CH-4T for short.
[0184] This compound is a highly water soluble NIR-II
fluorophore with a dramatically increased quantum yield in
serum. The compound contains a taurine (2-aminoethane-
sulfonic acid) group at the carboxyl linkers of CH1055. The
four terminal sulfonic acid functional groups were found to
further increase the aqueous solubility of the organic dye.
Sulfonating the present NIR-II dyes is a general procedure
that can be applied to a number of the NIR-II small molecules
described above to increase their solubility. Data have dem-
onstrated that CH-4T significantly brightens in serum
through interactions with plasma proteins in a similar manner
as ICG. CH-4T is highly soluble in both water and PBS and a
~15-fold increase in brightness is observed when compared
to CH1055-PEG in serum. While fetal bovine serum (FBS)
has been predominantly used experimentally, CH-4T demon-
strates even further fluorescence enhancement in human
serum.

[0185] FIG. 10 shows a fluorescent NIR-IT image (1100 LP,
50 ms) of CH-4T (Panel A) and CH1055-PEG (Panel C)
mixed with DI (distilled water), FBS (fetal bovine serum),
and PBS (phosphate buffered saline). The absorbance value
of both fluorophores (OD 0.02) in each respective media is
equivalent at the excitation wavelength (808 nm) to compare
relative quantum yields. NIR-Ila fluorescent image of a C57
mouse brain (1300 LP) after an intravenous injection of
equivalent doses of CH-4T (200 ms exposure; Panel B) and of
CH1055-PEG (1 s exposure; Panel D). The image intensity
scales have been compensated to account for the differences
in the exposure times needed to clearly resolve brain vascu-
lature. Related FIG. 11 shows ROI (region of interest) fluo-
rescent intensity of each vial for both fluorophores in each
media.

[0186] Further, the binding of CH-4T to serum proteins
indicates strong binding to both human and bovine albumin,
serum and whole blood of animals, as well as high-density
lipoprotein (HDL) in conjunction with other fat solubilizing
proteins. The integrated intensity showed a maximum of
about 10° for CH-4T in HS, integrated intensity was mea-
sured for CH-4T in FBS, CH-4T in BSA, and CH-4T in HAS,
respectively. Significantly less intensity was shown for
CH-4T in PBS, CH-PEG in FBS and CH-PEG PBS. This
fluorescence enhancement produces a serum quantum yield
of up to ~10% which is on par with ICG and is among the
highest quantum yields of all NIR-II fluorophores (including
carbon nanotubes). While soluble in PBS, the quantum yield
of CH-4T was determined to be ~0.07%, yet is enhanced
~60x through complexation with serum proteins in FBS. This
increase in brightness demonstrates the effect of applying
taurine to the CH1055 core structure. These results may be
expected with similar structural derivatives described here.
Superior results for in vivo imaging applications can be pre-
dicted from data such as described above. It was also found
that fluorescence enhancement increased up to 16 fold as the
human serum albumin (HSA) concentration is increased up to
around 2 pM when keeping [CH-4T] at a constant 1 nM (data
not shown).

[0187] Sulfonated dyes as described here may be com-
plexed in vitro to serum proteins to provide a quantum yield
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(fraction of photons absorbed resulting in emission of fluo-
rescence) compared with an equivalent non-complexed dye.
The sulfonated dye, is mixed with human serum albumin
(commercially available from, e.g. Sigma-Aldrich, CAS No.
70024-90-7), bovine serum albumin (commercially available
from e.g. Sigma-Aldrich, CAS No. 9048-46-8), Lipoprotein,
high density from human plasma (commercially available
from e.g. Sigma-Aldrich L1567), and fetal bovine serum
(Sigma Aldrich F2442). The serum protein or proteins of
interest may be incubated, as described above for a short time
(e.g. ~10 min.) with sonication. The complexed dye is then
separated from the serum protein used by any suitable physi-
cal method, such as centrifugation.

[0188] The excretion kinetics of CH-4T now resemble that
of ICG after preliminary animal imaging as altering the ter-
minal functional groups will naturally change the dye’s bio-
distribution and excretion profile. These results indicate that
the sulfonated CH-4T complexed with proteins in serum and
blood is the brightest NIR-II contrast agent for in vivo use. It
is a small molecule dye similar to ICG, Cy5, and IR800, and
enables easier access to NIR-II imaging, as it doesn’t require
a specialized knowledge of nanomaterials which make up the
majority of NIR-II fluorophores.

[0189] Increased brightening of CH-4T also results from
protein interactions. A fluorescence emission spectrum of
CH1055-PEG and CH-4T in both FBS and PBS was deter-
mined. The intensity for CH-4T in FBS was significantly
higher than CH-4T in PBS, CH PEG in PBS or CH-PEG in
FBS. The intensity for CH-4T/PBS, CH-PEG/PBS and CH-
PEG/FBS all showed an intensity below 5,000 a.u. The
increased intensity (40,000 a.u. around 1000 nm) for CH-4T
in FBS was observed.

[0190] While CH-4T complexed with proteins produces an
incredibly bright contrast agent, pretreatment of the proteins
prior to complexation and subsequent isolation of the bright
dye-protein complexes can introduce a further increase in
brightness. For instance, a short 10 minutes ofhorn sonication
of FBS prior to mixing with CH-4T followed by 10 minutes of
heating in a hot water bath at ~80° C. can boost the brightness
of the CH-4T-protein complex by ~3-4-fold. The effects on
the fluorescence emission spectrum of heating and pre-horn
sonicating can be seen while the brightness difference of an
FBS-CH-4T solution before and after treatment (data not
shown). In this experiment, the greatest intensity increase was
observed with the CH-4T in sonicated FBS and heated at 80°
C. Increases were also seen, to a lesser extent, with CH-4T in
FBS with heating to 80° C., CH-4T in sonicated FBS, and
CH-4T in FBS.

[0191] This increase in brightness with treated FBS pro-
duces the first NIR-II high quantum yield fluorophore with a
quantum yield of ~13% which is 30x higher than carbon
nanotubes. This is a general procedure that can be applied to
any protein that demonstrates enhancement when mixed with
CH-4T. Pre-horn sonication and heating of HSA, BSA, and
FBS with CH-4T have all shown an increase in brightness
post-treatment. The order of brightness follows the same
order as the enhancement of each protein-dye complex prior
to treatment.

[0192] After optimizing the conditions to produce the
CH-4T-protein complexes with the highest NIR-II bright-
ness, a simple density gradient ultracentrifugation (DGU)
step can be employed to isolate the brightest dye-protein
complexes. Density gradient ultracentrifugation is a separa-
tion technique that involves the creation of a linearly chang-
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ing density gradient along the length of the centrifuge tube.
The CH-4T in treated FBS is added above the density gradient
and during ultracentrifugation, the dye-protein complex
migrates to the position within the gradient where the buoyant
density of the complex matches that of the surrounding gra-
dient. This procedure allows the isolation of the highly fluo-
rescent CH-4T complexes that can be extracted and used for
in vivo NIR-II imaging. While the exact quantum yield of the
dye-protein complex post-DGU has not yet been measured,
one should expect a notable increase after the dimmer CH-4T
protein fragments have been removed. Further work will be
performed to quantify the optical properties of these CH-4T-
protein complexes post-DGU as their brightness seems likely
to produce the first ultra-high quantum yield NIR-II fluoro-
phore.

[0193] In addition to being a useful contrast agent for the
visualization of lymph nodes and blood vasculature, these
CH-4T complexes can be used as scaffolding for the conju-
gation of targeting ligands. For instance, after DGU, the
brightest complexes can be isolated and with bioconjugation
techniques, tumor-targeting ligands such as antibodies and
peptides can be attached to these complexes to produce imag-
ing agents that can selectively accumulate in tumors. The high
quantum yield of these dye-protein fragments will allow for
ultra-high signal-to-background ratios during precise tumor
targeting.

CONCLUSION

[0194] The above specific description is meant to exem-
plify and illustrate the method and should not be seen as
limiting the scope of the invention, which is defined by the
literal and equivalent scope of the appended claims. Any
patents or publications mentioned in this specification are
indicative of levels of those skilled in the art to which the
patent or publication pertains as of'its date and are intended to
convey details of the invention which may notbe explicitly set
out but which would be understood by workers in the field.
Such patents or publications are hereby incorporated by ref-
erence to the same extent as if each was specifically and
individually incorporated by reference, as needed for the
purpose of describing and enabling the method or material to
which is referred.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 1

<210> SEQ ID NO 1

<211> LENGTH: 59

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic
<220> FEATURE:

<221> NAME/KEY: MOD_RES

<222> LOCATION: (1)..(1)

<223> OTHER INFORMATION: ACETYLATION
<220> FEATURE:

<221> NAME/KEY: MOD_RES

<222> LOCATION: (59)..(59)

<223> OTHER INFORMATION: AMIDATION

<400> SEQUENCE: 1

Cys Val Asp Asn Lys Phe Asn Lys Glu Met Trp Ala Ala Trp Glu Glu

1 5 10

15

Ile Arg Asn Leu Pro Asn Leu Asn Gly Trp Gln Met Thr Ala Phe Ile

20 25

30

Ala Ser Leu Val Asp Asp Pro Ser Gln Ser Ala Asn Leu Leu Ala Glu

35 40 45

Ala Lys Lys Leu Asn Asp Ala Gln Ala Pro Lys
50 55
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What is claimed is:
1. A near-infrared -1I fluorophore represented by

Ry R4
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Formula I,
wherein:
A and B are independently selected from the group con-
sisting of
and

[\

X and Y are each independently selected from the group
consisting of S and Se:

7. 1s independently one of N and P; and

R1,R2,R3, and R4 are each independently of the formula
-alkyl-linker, wherein “alkyl” is —(CH,),—, further
wherein n is between 1 and 14, inclusive, and further
wherein “linker” is selected from the group consisting of
sulfonic, phosphonic, carboxyl, hydroxyl, NETS-ester,
maleimide, amine, —SH, sulfonic acid and hydrazide.

2. The compound of claim 1, wherein R1, R2, R3, and R4

are each lower alkyl acid.
3. The compound of claim 1 having the structure
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4. A near-infrared -1I fluorophore represented by the fol-
lowing:

Formula I
R
R, Ry,
wherein

A and B are independently selected from the group con-
sisting of

O O\

and

/

S

X and Y are each independently selected from the group
consisting of S and Se;

(0] 0]
HO OH
S
N% %N
N N
No”
S
HO OH.
(0] 6]
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7 is independently one of N and P; and
R1, R2, R3, and R4 are each one of

(1) -alkyl-polymer, wherein “alkyl” is —(CH,),—, further
wherein n is between one of 1 and 14, inclusive, and
further wherein “polymer” is a polymer of the group
consisting of ethylene glycol (EG), methacrylic acid
(MA), 2-hydroxyethyl methacrylate (HEMA), ethyl
acrylate (EA), 1-vinyl-2-pyrrolidinone (VP), propenoic
acid 2-methyl ester (PAM), monomethacryloyloxyethyl
phthalate, (EMP) and ammonium sulphatoethyl meth-
acrylate (SEM), having the formula -alkyl-polymer;

(i1) a radical consisting of the group of —(CH,),C(—=0)—
NH(CH,),80,H—NH(CH,)SO,H and

(iii) R1, R2, and R3 are each lower alkyl acid, and R4 is of
the formula

-lower alkyl
(o]

N

S

peptide,

wherein “lower alkyl” has a structure of a 6 carbon chain
and “peptide” has a structure of an Fv fragment, a single-
chain Fv, a diabody, or an affibody molecule.

5. The compound of claim 4, wherein R1, R2, R3, and R4
are each —(CH,),C(=0) —NH—(CH,),SO;H.

6. The compound of claim 4 wherein R4 “peptide” is an
antibody molecule.

7. The compound of claim 4 wherein R4 “peptide” is an
affibody molecule.

8. The compound of claim 7 wherein “peptide” has the
sequence of SEQ ID NO: 1.

9. The compound of claim 4 having a peak fluorescent
emission at about 1100 nm.

10. A near-infrared -II compound represented by the fol-
lowing:

Formula [T

R R;
\ /
/Z Z\

R Ry,

N, N
N Z
\Y/

wherein:

X and Y are independently selected from the group con-
sisting of S and Se;
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Z isNorP; and
R1,R2, R3, and R4 are each independently one of

/@A)}\NH/{'\/O\]?C%

wherein n is an integer ranging from 1 to 100,

(@)

()

SO,H,
NH/\/

NH SOH

and
@

OH.

11. A complex comprising a compound as recited in claim
10, wherein Formula I1 is defined by R1, R2, R3, and R4 (b)

SO;H

or (c)

NH SOH

said complex further comprising at least one serum protein
selected form the group consisting of human serum
albumin, bovine serum.
12. The compound of claim 10, wherein R1, R2, R3, and
R4 are each
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(0]
+\/ i\
NH 44 CH3

13. A method for imaging a biological structure in a tissue,
said method using an NIR-II dye and comprising steps of:

(a) introducing the dye into a tissue and allowing the dye to
bind to a structure within the tissue;

(b) exposing the dye, bound to the biological structure, to
NIR light;

(c) detecting light emitted from the dye as a result of the
NIR light provided in step (b); and

(d) constructing an image from the emitted light in step (c)
using a detector sensitive to light,

wherein said dye has the structure

Ry R3
\ /
/Z Z\

R Ry

N, N
N 7
AN Y “2

wherein
X andY are each independently selected from S and Se;
Z is N or P; and

R1,R2,R3, and R4 are each independently of the formula
“-benzyl-alkyl-linker,” wherein alkyl is —(CH,),— fur-
ther wherein n is between 1 and 4, inclusive, and “linker”
is selected from the group consisting of carboxyl,
hydroxyl, NH-ester, maleimide, amine, —SH, sulfonic
acid or hydrazide.

14. A method of claim 13 wherein R1, R2, R3, and R4 are
each one of the formula

wherein W is —(CH,),,— where m is 1 to 10,
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)
OH;

4

and

©
OH.

OH 6]

15. The method of claim 13, wherein the NIR light is
provided by an excitation wavelength between 650 and 1000
nm from a laser.

16. The method of claim 13, wherein the biological struc-
ture is within a living subject and said NIR-1I dye is linked to
an affibody molecule.

17. The method of claim 13, wherein the biological struc-
ture is a blood vessel, tumor or a lymph node.

18. The method of claim 13, comprising a step of conju-
gating the compound of Formula I to a targeting ligand.

19. The method of claim 18, wherein the targeting ligand is
an affibody molecule.

20. The method of claim 19, wherein the targeting ligand is
specific to an EGFR.

21. The method of claim 13, wherein the biological struc-
ture is greater than 3 mm below an external surface of a
subject.

22. The method of claim 13, wherein the biological struc-
ture is in a subject being evaluated for head and neck cancer,
melanoma, or breast cancer.

23. The method of claim 13, wherein the image is con-
structed with an InGaAs camera.

24. The method of claim 13, wherein constructing the

image comprises using a longpass filter at wavelength
between 1000 and 1400 nm.

25. The method of claim 13, wherein the dye is injected
intravenously in a living mammal.

26. The method of ¢laim 25 wherein blood vessels are
imaged with dye circulating through said mammal.

27. The method of claim 13, wherein the dye is further used
for image-guided tumor surgery.
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28. A method of imaging a subject comprises administer-
ing a compound having the structure

OH HO

wherein the sequence Ac-Cys-Val-Asp . .
affibody sequence.

. represents an
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29. The method of claim 28 further comprising a step of
removing cells bound to the compound, while imaging the
structure.

30. The method of claim 28 further comprising a step of
applying photothermal heating of tissue which has taken up
the compound and is thereafter irradiated at a site of interest
by a near-infrared light source.

31. The method of claim 28 further comprising a step of
applying acoustic emission for NIR photoacoustic imaging.

32. A method of synthesizing a NIR-II fluorescent small
molecule comprising steps of:

(a) synthesizing a (2E,2'E)-diethyl 3,3'-((phenylazanediyl)

bis(4,1-phenylene))diacrylate;

(b) synthesizing a diethyl 3,3'-((phenylazanediyl)bis(4,1-
phenylene))dipropanoate;

(c) synthesizing a diethyl 3,3'-(4-bromophenyl)azanediyl)
bis(4,1-phenylene))dipropanoate;

(d) synthesizing a bis(2-(trimethylsilyl)ethyl)3,3'-(((4-
bromophenyl)azanediyl)bis(4,1-phenylene))  dipro-
panoate;

() synthesizing a bis(2-(trimethylsilyl)ethy1)3,3'-(((4-bro-
mophenyl)azanediyl)bis(4,1-phenylene)) dipropanoate;

(f) protecting the compound of step (e) and linking it to a
diheteroaryl compound to form a compound having a
di-substituted diheteroaryl compound having alkyl-aryl
substituents from step (e);

¢) Attaching a heteroaryl compound to react with the
alkyl-aryl compound to add an additional fused ring;

(h) deprotecting the compound of step (g) to produce a
NIR-II fluorescent small molecule having four linking
carboxyl groups.
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