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Fluorescence imaging in the second near-infrared window (NIR-II, 1000–1700 nm) is a promising
modality for real-time imaging of cancer and image-guided surgery with superior in vivo optical
properties. So far, very few NIR-II fluorophores have been reported for in vivo biomedical imaging of
chemically-induced spontaneous breast carcinoma. [25_TD$DIFF]Herein, a NIR-II fluorescent probe CH1055-F3 with
the nucleolin-targeted tumor-homing peptide F3 was demonstrated to preferentially accumulate in 4T1
tumors. More importantly, CH1055-F3 exhibited specific NIR-II signals with high spatial and temporal
resolution, strong tumor uptake, and remarkable NIR-II image-guided surgery in dimethylbenzan-
thracene (DMBA)-induced spontaneous breast tumor [26_TD$DIFF]rats. This report presents the first tumor-homing
peptide-based NIR-II probe to diagnose transplantable and spontaneous breast tumors by the active
targeting.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Breast cancer is one of the most common malignant cancers
among women in the world, which affects countries at all levels of
modernization [1–3]. It accounts for �30% of new cases and is the
second leading cause of cancer deaths in females [4]. Medical
imaging such as computed tomography (CT), magnetic resonance
imaging (MRI) or positron emission tomography (PET) has
intensively used in all phases of breast cancer detection, therapy
monitoring and post-therapeutic follow-up. However, current
clinical imaging techniques have some limitations for studying in
vivo biological changes in relation with diagnosis, carcinogenesis,
therapy response and prognosis [5]. In vivofluorescence imaging in
the first near-infrared window (700�900 nm, NIR-I), such as
indocyanine green (ICG), has been widely used for early diagnosis
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and image-guided sentinel lymph node biopsy of breast cancer in
clinic [27_TD$DIFF]over the last decade [6–10]. Recently, NIR-II fluorescence
imaging (1000�1700 nm) has achieved a higher tumor-to-normal
tissue ratio, excellent temporal and spatial resolutions, deeper
imaging depths, and opened up a new era for small molecular
imaging [11,12]. Particularly, NIR-IIb sub-window (1500�1700 nm)
shows tremendous benefits of negligible scattering, near-zero
auto-fluorescence, and unparalleled tissue-imaging depths on in
vivo fluorescence bioimaging [13–16]. So far, numerous inorganic
and organic NIR-II, NIR-IIa (1300�1400 nm) and NIR-IIb probes,
such as quantum dots (QDs) [17–21], single-walled carbon
nanotubes (SWNTs) [22,23], ultra-small gold clusters [24,25],
rare-earth down-conversion nanoparticles (DCNPs) [26–28], and
small organic dyes [29–44] have been discovered. It isworth noting
that a novel small organic molecule H3-PEG2K exhibits excellent
passive targeting ability and precise delineation of chemically-
induced spontaneous breast cancer [45]. However, small-molecule
NIR-II fluorophores are still in its fancy, and NIR-II fluorescence
imaging of spontaneous breast tumors by the active targeting has
not been reported yet.

Nucleolin, a receptor protein, traffics between membrane,
cytoplasm, and nucleus [46]. Nucleolin is usually over-expressed
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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on the membrane of breast cancer cells [47], indicating the
potential of nucleolin to be a biomarker for breast cancer targeted
imaging and therapy. The tumor-homing peptide F3, an N terminal
fragment of human high mobility group protein 2 (HMGN2,
formerly HMG-17) with 31-amino acid sequence (KDEPQRRSARL-
SAKPAPPKPEPKPKKAPAKK), was first obtained from screening
phage ofmice bonemarrowcells in vitro and fromhoming toHL-60
human leukemia tumor xenografts in vivo [48,49]. F3 selectively
targets cell-surface nucleolin in breast tumor cells and tumor
endothelial cells. It also exhibits cell-penetrating properties with
high cellular uptake in previous research. Therefore, it is desirable
to designthe highlytumor-specific NIR-IIimaging probes based on
F3 peptide.

Herein, we have rationally designed and synthesized a tumor-
homing peptide-based NIR-II probe CH1055-F3 for targeted
subcutaneous 4T1 xenografts and spontaneous breast tumor
imaging. CH1055-F3 exhibited excellent specificity to 4T1 breast
cancer and spontaneous breast cancer induced by the chemical
reagent dimethylbenzanthracene (DMBA) [50]. To the best of our
knowledge, it is the first time to develop a NIR-II probe to image
both transplantable and spontaneous breast cancer through active
targeting in the NIR-II window. Besides, image-guided tumor
resection surgery for spontaneous breast tumor bearing rats was
carried out in the NIR-II window, providing a promisingmethod for
tumor excision in clinic.

The tumor-homing peptide F3 has demonstrated a high
specificity and affinity to nucleolin in breast tumor cells. F3
peptide was modified by an extra cysteine amino acid (Cys) in
order to improve the reaction yield througha facile maleimide-

[(Scheme_1)TD$FIG]

Scheme 1. The synthetic

[(Fig._1)TD$FIG]

Fig. 1. (A) The absorption and emission spectra of CH1055-F3. (B) The photostability o
thiol coupling reaction with a NIR-II dye CH1055-Mal. The NIR-II
fluorophore CH1055 with four carboxyl groups was first amidated
with maleimide to afford CH1055-Mal. Afterwards, the targeting
peptide F3-Cys was conjugated to the intermediate CH1055-Mal
based on a maleimide-thiol coupling reaction to obtain the mono-
substituted CH1055-F3 in 49% yield (Scheme 1). The structure was
confirmed by MALDI-TOF-MS. The UV–vis-NIR absorption and
fluorescence spectra of CH1055-F3 inwater (Fig.1A) indicated that
the maximum absorption peak was �726 nm and the maximum
emission peakwas�1020 nmwith the large stokes shift of 294 nm.
Meanwhile, CH1055-F3 exhibited excellent photostability in PBS
for 60min (Fig. 1B).

The 4T1 cell lines and HepG2 cell lines were applied to
evaluate the potential cytotoxicity of CH1055-F3 by a standard 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. As shown in Fig. 2A and Fig. S2 (Supporting
information), no obvious toxicity was observed in both 4T1 and
HepG2 cells and �100 % viability was shown at various dosages,
suggesting the excellent biocompatibility of CH1055-F3 and great
potential for in vivo bioimaging. CH1055-F3was then injected into
KM mice (5mg/g) through the tail vein. The results demonstrated
that CH1055-F3 was mainly distributed in the liver and kidneys
(Fig. 2C). Ex vivo distribution results illustrated that the clearance
route of this imaging agent was mainly via the hepatobiliary and
renal systems. Through the quantitative analysis of major organs
(Fig. 2D), the fluorescent signals of liver and kidneys were
significantly higher than those of other organs (heart, lung and
spleen). Meanwhile, the blood samples were collected from 0 to
10 h to measure the fluorescent intensity, and the half-life of
route of CH1055-F3.

f CH1055-F3 and ICG in PBS solutions under continuous 808 nm laser irradiation.
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Fig. 2. (A) Cell viability of 4T1 breast cancer cells incubated with CH1055-F3 at different concentrations. (B) Blood circulation half-life curve of CH1055-F3 in mice using a
first-order exponential decay (n = 3). (C) Ex vivoNIR-II fluorescent images of major organs in KMmice treated with CH1055-F3 (n = 3). (D) Quantitative analysis of fluorescent
intensity of the major organs in (C) at various time points.
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CH1055-F3 in blood was calculated to be �43.3min based on the
equation y = 7310.91 + 18878.66 [28_TD$DIFF]e�x/43.11) as shown in Fig. 2B,
exhibiting the rapid whole-body elimination.

In vivo targeting experiments were first carried out in the
subcutaneous 4T1 cells of tumor-bearing Balb/c [29_TD$DIFF]mice. The mice
(n = 3) were intravenously (i.v.) injected with 200mL of PBS
solution containing 0.2mg CH1055-F3 through the tail vein when
the tumor volumes reached at 400 � 800mm3. The non-invasive
NIR-II fluorescence imaging was performed on an InGaAs camera.
As shown in Fig. 3, the 4T1 tumorwas easily differentiated from the
surrounding normal tissues. The intensity of fluorescence was
increased from 2 h to 24 h, and reached the maximum at 10 [30_TD$DIFF]h with
a tumor signals/[31_TD$DIFF]normal tissue signals (T/NT) value of 4.9 (Fig. 3 and
Fig. S3 in Supporting information).

The transplanted, genetically engineered or environmentally
caused such as chemically induced animal cancer models have
been used to mimic different human cancer pathologies and
address various research questions. The chemically induced
spontaneous primary cancer models can simulate the originality,
evolution and consequence of clinical cancer process, and are
ideally used to investigate the etiology, prevention, diagnosis and
treatment of cancer. Accordingly, a spontaneous DMBA-induced
carcinoma model using Sprague Dawley (SD) female rats,
comparable to the actual human breast tumors, was established
to investigate the feasibility of CH1055-F3 for the tumor-homing
targeted NIR-II imaging and image-guided surgery. SD rats were
orally fed DMBA suspension in soya bean oil (20 [32_TD$DIFF]mg/mL) at a
dosage of 200 [33_TD$DIFF]mg/kg in 10–15 weeks until the diameter of the
primary tumors reached 10–20mm. Subsequently, CH1055-F3
(2mg in 1mL PBS) was administrated into a DMBA-induced
mammary carcinoma rat (n = 3) by intravenous injection andNIR-II
fluorescence images of rat tumors were obtained at various time
points (Fig. 4A). Three tumors on the SD rats were significantly
visualized and delineated from the surrounding background
tissues with the assistance of NIR-II imaging at 48 h. As shown
in Fig. 4B, the process of the tumor resection was demonstrated,
three tumors were successfully dissected and removed from the
surrounding normal tissue. Specimen 1 with strong fluorescent
NIR-II signals was stained with hematoxylin and eosin assessed
(Figs. S5B and [34_TD$DIFF]C in Supporting information). Histological analysis [35_TD$DIFF]of
specimen 1 has shown that the histological characteristics of
[36_TD$DIFF]normal tissues were almost not detected.
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Fig. 3. The representative photograph and in vivo NIR-II fluorescence images of Balb/c mice bearing 4T1 tumorat 2, 4, 7, 10 and 24 h after intravenous injection. All the NIR-II
images were obtained from an InGaAs camera with 50ms exposure time using 1000 nm long-pass filter under an 808 nm laser excitation at a power density of 90mW/cm2.
The white arrow indicates the location of 4T1 tumor in the right leg of mice.
[(Fig._4)TD$FIG]

Fig. 4. (A) The representative NIR-II fluorescence images (1000 nm LP, 300ms
exposure, 90mW/cm2, 808 nm laser irradiation) of a SD rat with DMBA-induced
mammary carcinoma 6 h, 24 h and 48 h after i.v. injection of 1mL CH1055-F3 (2mg
per rat) PBS solution. (B) NIR-II image-guided surgery 48 h after i.v. injection of the
probe into a SDrat with DMBA-induced mammary carcinoma operated in 250ms
exposure and 1000 nm long-pass filter under 808 nm laser excitation with a power
density of 90mW/cm2.
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In summary, a NIR-II probe CH1055-F3 for tumor-specific
imaging and imaging-guided surgery was successfully constructed
via amidation [37_TD$DIFF]and click reactions based on the dye CH1055 and F3
peptide. CH1055-F3 possessed excellent photo-stability, biocom-
patibility and tumor-specific ability, which showed excellent
nucleolin-targeting performance in both transplantable and
spontaneous breast cancer. Besides, image-guide surgery was
successfully performed on the chemically DMBA-induced breast
cancer rats. To the best of our knowledge, this is the first time that
nucleolin-targeted NIR-II imaging for non-invasive tumor
diagnosis of chemically induced spontaneous breast cancer and
image-guided surgery in DMBA-induced mammary carcinoma rat
was reported other than the xenograft model. This work provides a
new approach to develop NIR-II probes to diagnose and excise
tumor in clinic research. Moreover, this conception to design the
NIR-II probes could enrich the filed for in vivo bioimaging, tumor
targeting and various therapeutic applications in the future.
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