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Abstract: Small-molecule-based multimodal and multifunc-
tional imaging probes play prominent roles in biomedical
research and have high clinical translation ability. A novel
multimodal imaging platform using base-catalyzed double
addition of thiols to a strained internal alkyne such as
bicyclo[6.1.0]nonyne has been established in this study, thus
allowing highly selective assembly of various functional units
in a protecting-group-free manner. Using this molecular plat-
form, novel dual-modality (PET and NIRF) uPAR-targeted
imaging probe: *Cu-CHSI was prepared and evaluated in
US7MG cells and tumor-bearing mice models. The excellent
PET/NIRF imaging characteristics such as good tumor uptake
(3.69 %ID/g at 2 h post-injection), high tumor contrast, and
specificity were achieved in the small-animal models. These
attractive imaging properties make **Cu-CHSI1 a promising
probe for clinical use.

M ultimodality and multifunctional imaging has evolved
into a fast-growing research field with goals of detecting and
measuring biological processes in vivo non-invasively.'!l Up to
now, a variety of chemical platforms such as small mole-
cules,” proteins,”! polymers,* and nanomaterials® have been
actively explored to construct multimodal and multifunc-
tional imaging probes, and these platforms own different
advantages and disadvantages.! Of all these platforms, small-

[*] Y. Sun, B.Y. Wu, . L. Duan, H. Chen, Prof. X. M. Hu, Z. X. Deng,
X.C. Hong
State Key Laboratory of Virology, Key Laboratory of Combinatorial
Biosynthesis and Drug Discovery, Ministry of Education, and
Wuhan University School of Pharmaceutical Sciences
Wuhan 430071 (China)
E-mail: xhy78 @whu.edu.cn

Y. Sun, Dr. X. W. Ma, K. Cheng, H. Chen, L. H. Bu, R. P. Zhang,
L. Xing, Prof. Z. Cheng

Molecular Imaging Program at Stanford (MIPS), Bio-X Program,
and Department of Radiology, Stanford University

California, 94305-5344 (USA)

E-mail: zcheng@stanford.edu

*] This work was partially supported by the Office of Science (BER),
U.S. Department of Energy (DE-SC0008397), NIH In vivo Cellular
Molecular Imaging Center (ICMIC) grant P50 CA114747, NSFC
(81373254, 81301268 and 21390402), NSFHP (2014CFB704),
International S&T Cooperation Program of China (2015DFA30440,
2014DFB30020), Key Project of Chinese Ministry of Education
(313040), Academic Award for Excellent Ph.D. Candidates Founded
by Ministry of Education of China (5052012306001), China
Scholarship Council Fellowship, and the Fundamental Research
Funds for the Central Universities.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201500941.

Angew. Chem. Int. Ed. 2015, 54, 5981-5984

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

molecule-based imaging probes remain desirable candidates
for clinical applications. However, multiple synthetic steps
and extensive use of protection-deprotection strategies are
required for the preparation of these probes using reported
approaches.”® Moreover, they also suffer from the difficulty
of obtaining pure and single species because of the issues of
regio- and diastereoselectivity.”! Therefore, developing effec-
tive small-molecule platforms with facile chemical methods
for construction of multifunctional imaging probes with high
flexibility, efficiency, chemoselectivity, and clinical translation
ability are still highly demanded.

Alkyne-azide click chemistry represents an important
class of chemical reactions for convenient preparation of
many novel chemical entities, and plays important roles in
drug discovery, chemical biology, and molecular imaging.!
For instance, the strain-promoted alkyne-azide cycloaddition
(SPAAC) chemistry has been highlighted to assemble mono-
functional imaging probes for profiling glycans on living
cells.”) These strained cyclooctynes display not only good
biocompatibilty and low cytotoxicity, but also higher reac-
tivity than general cycloalkynes.”! Therefore they have been
widely used for new bioorthogonal reactions besides
SPAAC.'"! However, only one molecule is coupled and
multiple functional molecules cannot be directly assembled.
Recently, thiol-yne click chemistry has been shown to be
a highly efficient reaction between thiols and alkynes."
Although two thiolated units could be added across a terminal
linear alkyne sequentially by photoinduction, it could pro-
duce some unavoidable by-products (disulfides) and also
cause problems in assembling light-sensitive molecules (opti-
cal probes).'!! The failure to consecutively add two thiols into
an cycloalkyne has been reported,!'”! thus suggesting that it is
still a challenging substrate for photoclick chemistry and
prompts us to explore new chemistry to efficiently incorpo-
rate various functional units into strained cyclooctyne scaf-
folds for the construction of multimodality probes (Sche-
me 1a).

A powerful synergy can be achieved by a multilabel-
tumor-targeted probe combining positron emission tomogra-
phy (PET) imaging for localization of a tumor in the whole
body, and near-infrared fluorescence (NIRF) imaging for
subsequent accurate delineation of tumor lesions and resec-
tion margins. Numerous studies have implicated that the
urokinase-type plasminogen activator (uPA) and its receptor
(uPAR) are of special importance in cancer invasion, and
uPAR has been considered as an attractive target for both
cancer imaging and therapy.'¥] AE105 is a small linear peptide
with high binding affinity to uPAR.' Targeting uPAR with
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Scheme 1. A new strategy for the construction of multimodal imaging
probes. a) The photocatalyzed thiol-yne reaction. b) Approach dis-
cussed in the present work.

multivalent or multimodality AE105-based imaging probes
in vivo have not been reported yet.

In this study, for a proof of concept, the PET and optical
imaging dual-modality probe *“*Cu-CHS1 (Scheme 1b) was
concisely prepared where the optical reporter Cy5.5 for NIRF
imaging and ®Cu-1,4,7-triazacyclononane-triacetic ~ acid
(NOTA) for PET are successfully integrated, and the
AE105 is coupled with the strained bicyclo[6.1.0]nonyne
(BCN) through an amide bond. The targeting ability and
PET/NIRF imaging properties of *Cu-CHS1 have been
demonstrated on U87 MG tumor mice models, thus high-
lighting the promising clinical translation potential of the
probe.

Our initial study began with the introduction of simple
functional molecules: 3-mercaptoacetic acid (2; 3-MPA) into
the L-Phe modified BCN 1 scaffold for optimization studies
(Table 1). A range of organic bases were screened for the thiol
addition reaction in DMSO/H,O (1:1). The data reveal that
the ratio of monoadduct 1a and double-adduct 1b can be
controlled by adding different equivalents of the thiols and
catalysts (Table 1). Strained cyclooctyne can undergo the
cycloaddition reactions spontaneously in the absence of
amines in 25-37% yields (entries 1 and 5)."! However, the
yields of 1a were increased to 55-67 % when the amine bases
DIPEA, NEt;, and DBU (0.15 equiv) were used (entries 2-4).
Furthermore, 1b was favored when 4.0 equivalents of thiols
were used. Only 1b was obtained in the case of DBU
(entry 8). It was also observed that in the presence of the
radical scavenger TEMPO (2 equiv) the yield of the adducts
was significantly reduced, thus suggesting a possible radical-

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1: Base-catalyzed thiol-cyclooctyne chemistry.?!
OH HO

°i°” T

/io“ Base/DMSO H20(1 1) N :n/[ /i

mono double
Entry Catalyst t[h] Thiol Yield 1a/1b
(equiv)  [9]"
1 - 4 1.0 25 100:0
2 NEt, 4 1.0 55 90:10
3 DIPEA 4 1.0 67 92:8
4 DBU 4 1.0 61 80:20
5 - 4 4.0 37 40:60
6 NEt; 4 4.0 57 17:83
7 DIPEA 4 4.0 65 12:88
8 DBU 4 4.0 70 0:100

[a] Reaction conditions: [cyclooctyne]=0.20 M in DMSO/H,0 (1:1),
catalyst= 0.15equiv. [b] Yield of the isolated product (major) and
calculated based on the starting alkyne.

based mechanism. The structures of 1la and 1b were
confirmed by ESI-MS, and 'H NMR and *C NMR spectros-
copy (see Figures S1 and S2 in the Supporting Information).
Dibenzocyclooctyne-amine (DIBAC) was further evaluated
as a potential multifunctional scaffold to incorporate two 2-
aminoethanethiols (2-AET) in the presence of DBU, and the
monoadduct was obtained in high yield as the sole product
(see Scheme S1 and Figure S3 in the Supporting Informa-
tion).

Based on the above results, we then explored assembly of
more complex biomolecules on the BCN scaffold. Firstly,
a series of scaffold molecules [c((RGDfK)-BCN (3a), AE105-
BCN (3b), c(RGDyK)-BCN (3¢), and DOTA-BCN (3d)]
and functional thiols [2-AET-NOTA (Y1), 2-AET-Cy5.5
(Y2), 3-MPA-c(RGDfK) (X1), and 3-MPA-AE105 (X2)]
were prepared by traditional coupling chemistry (see the
Supporting Information). As shown in Table 2, various multi-
functional molecules were successfully prepared. The yields
were increased as the steric hindrance of the thiols decreased
(entries 1-3). Furthermore, monovalent uPAR-targeted PET
and NIRF probes were successfully prepared by incorpora-
tion of NOTA (Y1) or Cy5.5 motifs (Y2) in 43 and 26 %
yields, respectively (entries4 and 5). Treatment of
c¢(RGDyK)-BCN with 3-MPA (4 equiv) resulted in the
formation of the double-adduct 6a in 58 % yield (entry 6),
and it was fully characterized by ESI-MS and 'HNMR
analyses (see Figure S4 in the Supporting Information).
However, no double-addition product was obtained when
two ¢(RGDfC) molecules were applied in the coupling
(entry 7). We hypothesized that the bulky macrocycles of
c(RGDfC) might prevent the second thiol addition. To
minimize the steric hindrance, 3-MPA-c(RGDfK) was intro-
duced into the cycloaddition system instead of c(RGDfC). To
our delight, the desired trimer RGD (6¢) and dimer RGD
(6d) compounds were successfully prepared (entries 8 and 9).
The mono-RGD-based 4a (DOTA-BCN-RGDfK) was used
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Table 2: Base-catalyzed addition of various functional molecules into
BCN-based scaffolds.

. R? R® rR® R*
H :_: ;")bj\ 0: H:;Ho H;A Ho or Rava
o u’R So oy R Lo R SIS
H H H
3a-3d 4a 5a-5f 6a-6e
mono double
Entry®l  BCN scaffold t[h] Product Yield
[%]
1 R'=RGDfK (3a) 12  R’=RGDfC (5a) 30
2 R'=RGDfK (3a) 12  R*=3-MPA-RGDfC (5b) 38
3 R'=RGDfK (3a) 6 R®=2-AET-NOTA (5¢) 45
4 R'=AE105 (3b) 6 R®=2-AET-NOTA (5d) 43
5 R'=AE105 3b) 6 R®=2-AET-Cy5.5 (Se) 26
6 R'=RGDyK (3¢c) 6 R*=R*=3-MPA (6a) 58
7 R'=RGDyK (3c) 24 R*=R*‘=RGDfC (6b) o
8 R'=RGDyK (3c) 18 R*=R*‘=3-MPA-RGDfK (6c) 23
9 R'=DOTA 3d) 18 R’*=R‘=3-MPA-RGDfK (6d) 25
10 R'=DOTA 12 R*=3-MPA-AE105 (6e) 17

R2=RGDfK (4a)

[a] Catalyst: DIPEA for entries 1-5; DBU for entries 6-10. [b] The MS data
indicate that product is the monoadduct.

as a substrate to incorporate the AE105 unit for construction
the heterodimer-peptide-based probe precursor 6e in 17 %
yield (entry 10). Finally, the uPAR-targeted PET/NIRF probe
CHS1 was successfully prepared (see Scheme S2 in the
Supporting Information). The CHS1 probe was purified by
HPLC and characterized by MALDI-TOF [Calcd. for
CiusH 94 N55s056S5" ([M+H]"): 2797.4, found: m/z 2798.1 (see
Figure S5 in the Supporting Information)]. The absorbance
and fluorescence emission spectra indicated that CHSI1
maintained the optical properties with an emission maximum
at 4 =700 nm in a PBS buffer (see Figure S6 in the Supporting
Information).

Compared with other small-molecule scaffolds, this BCN
mainly has the following advantages. First, the thiol-yne
reaction can be effectively catalyzed by simple and cheap
organic bases (DIPEA or DBU) under mild reaction
conditions (ambient temperature and aqueous medium),
and can tolerate a wide range of functional groups such as
NH,, CO,H, and OH (Table 1 and 2). Secondly, the synthesis
of BCN-based multimodality probes is simple and straight-
forward. It is a concise and protecting-group-free synthetic
route, and the formation of monoaddition or double-addition
adducts can be controlled (Table 1).

To demonstrate the cell-uptake and receptor specificity of
CHSI1, U87 MG cells were selected to evaluate the targeting
ability and specificity of CHS1 because of their high uPAR
expression.'® As shown in Figure STA (see the Supporting
Information), a strong fluorescent signal was observed on cell
membranes after 30 minutes of incubation with CHSI1
(10 nm). Weak fluorescence of US7TMG cells was observed
in the presence of the blocking agent AE105 (1 um), thus
suggesting the specific cellular uptake of CHS1 in vitro. CHS1
was efficiently labelled with *Cu at ambient temperature
within 30 minutes and was purified by RP-HPLC in high yield
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and purity (>95%; see Figure SSA in the Supporting
Information). The specific activity of “Cu-CHS1 was about
800 mCipumol '. #Cu-CHS1 displayed excellent stability in
mouse serum and showed no release of “Cu over a period of
12 hours (see Figure S8B). As anticipated, *Cu-CHS1 exhib-
ited good uptake in US7MG cells (see Figure S7B). In the
blocking group, the uptake was significantly reduced, thus
indicating the target specificity of *Cu-CHS1. Thus, *Cu-
CHSI1 was easily and reliably produced and exhibited high
stability for in vivo applications.

The U87MG-tumor-bearing nude mice (n=4) were
injected with 100 uCi (1 nmol) of **Cu-CHS1 and were
imaged with IVIS and micro-PET/CT separately. From both
NIRF and PET imaging, the US7MG tumor could be clearly
visualized from the surrounding background tissue, even at
1h pi., with good tumor contrasts for all-time points
investigated (Figure 1A and B). The specificity of *Cu-
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Figure 1. A) The PET/CT images of U87MG-tumor-bearing mice (red
rings indicate the location of the tumor, n=4 per group) acquired at 1,
2, 4, and 24 h after tail vein injection of *Cu-CHS1 with and without
the blocking agent AE105. B) The fluorescence images of U87MG
tumors at 1, 2, and 4 h after tail vein injection of *Cu-CHS1 with and
without the blocking agent AET05. C) PET imaging, represented as the
tumor-to-normal tissue (T/N) ratio for *Cu-CHS1 at 1, 2, 4, and 24 h.
D) NIRF imaging, represented as (T/N) ratio for the Cu-CHS1 probe
(black bar) and blocking group (red bar) at 1, 2, and 4 h.

CHS1 for uPAR was confirmed by the blocking experiment,
in which tumor signals were successfully reduced after co-
injection of unlabeled AE105 with **Cu-CHS1 for both PET
and NIRF imaging. Quantitative analysis of PET images
further revealed that the tumor uptake values of *Cu-CHS]
were gradually increased from 1 to 2 hours and were reduced
at 24 hours after injection, with (3.55+0.30), (3.69+0.21),
(3.45+0.20), and (0.91+0.14) % ID/g at 1, 2, 4 and 24 hours,
respectively (see Figure S9A in the Supporting Information).
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Significantly lower tumor uptake for the blocking-dose group
were observed, with the values of (0.42 +0.04), (0.43 +0.02),
(0.4540.05), and (0.18 £0.02) % ID/g at 1, 2, 4 and 24 hours,
respectively. The fluorescence intensities in the tumor and
blocking group are depicted in Figure S9B. Compared with
the normal group, lower fluorescence signals were observed at
all-time points in the blocking group. The PET signal intensity
ratios between the tumor and normal tissue (T/N) for “Cu-
CHSI1 are shown in Figure 1 C. Obviously, the highest tumor
contrast was obtained at the 2 hour time point for “*Cu-CHST,
with a T/N value of (8.86+0.43). The NIRF intensity ratios
(T/N) for **Cu-CHS1 were shown in Figure 1D. At all-time
points, the T/N ratios of normal group were significantly
higher than those of the blocking group. Biodistribution
studies were evaluated for *Cu-CHSI1 in major organs. The
tumor uptake value was (0.94 +0.12) % ID/g at 24 hours (see
Figure S10 in the Supporting Information). In addition,
a slightly higher accumulation was observed in the liver
(1.18 £0.02% ID/g) and a similar level of accumulation was
found in the kidney. The accumulation both in the liver and
kidney suggests the clearance routes of “Cu-CHSI1 through
hepatobiliary and renal systems. Importantly, much lower
tumor uptake was obtained [(0.16+0.03)% ID/g] in the
presence of the blocking agent, thus indicating the specific
targeting properties of **Cu-CHS1 invivo. The results of
biodistribution also matched well with the PET and NIRF
imaging data.

In summary, we have developed base-catalyzed thiol-yne
chemistry for facile and controllable assembly of multifunc-
tional molecules (targeting or reporting moieties). The small-
molecule BCN scaffold has been identified as a new and
promising imaging platform. Using this strained internal
alkyne platform, uPAR-targeted imaging probes were suc-
cessfully prepared. The PET/NIRF multimodality imaging
probe *Cu-CHS1 has demonstrated excellent imaging char-
acteristics invivo and has high clinical and translational
potential. It may find important applications in clinics for
cancer diagnosis, image-guided surgery, and cancer patient
management. The base-catalyzed thiol-yne chemistry and
this type of BCN platform provide unprecedented opportu-
nities for the construction of a variety of biologically
interesting molecules and materials.

Keywords: alkynes - fluorescence - imaging agents -
strained molecules - thiols
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