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ABSTRACT: Lymphatic metastasis is an important prog-
nostic indicator for cancer progression. It is therefore
considerably meaningful to develop molecularly targeted
imaging probes for noninvasive and accurate identification
of metastatic lymph nodes (MLNs) at early stages of tumor
metastasis. Herein, we report a novel matrix metalloprotei-
nase-2 (MMP-2)-activatable probe constructed with a near-
infrared dye (Cy5), a quencher (QSY21), and a tumor-
targeting peptide cRGD covalently linked through a radio-
nuclide (125I)-labeled peptide substrate for accurate detection
of MLNs. Upon cleavage with activated MMP-2, the above
probe emitted MMP-2 concentration-dependent near-infrared
fluorescence, which allows sensitive and specific visualization
of MLNs via both optical and single-photon emission computed tomography imaging techniques. We thus envision that this
probe would serve as a useful tool for studying tumor-induced lymphangiogenesis.

■ INTRODUCTION

The lymphatic system has currently been recognized as the
main route for tumor cell transportation in tumor metastasis.
Metastasis to lymph nodes (LNs) represents the first step of
tumor dissemination.1−3 Matrix metalloproteinases (MMPs)
have been taken as important biomarkers involved in cancer
invasion and metastasis, and MMP-2 belongs to one of the
most vital MMPs as it has been demonstrated to be closely
associated with lymph node metastasis by mediating the
degradation of the extracellular matrix.4−6 Therefore, it is
considerably meaningful to develop an activatable MMP-2-
specific probe for noninvasive and accurate identification of
metastatic lymph nodes (MLNs) at the early stage of
dissemination. Noninvasive detection of protease activity
through optical imaging has recently emerged as a powerful
tool for both tumor diagnosis and therapeutic evaluation due
to its facile and hypersensitive detection of optical signals.7−15

For example, with the aid of a ratiometric MMP-2-activatable
fluorescent probe, accurate and quantitative detection of
primary tumors and metastases with increased sensitivity and
specificity has been demonstrated, which apparently shows
great potential for visualizing the lymph node metastasis.16,17

Nevertheless, the low signal background ratio and limited
penetration depth of visible lights limit their clinical trans-
lation. Radioactive nuclear imaging, including positron
emission tomography (PET) and single-photon emission
computed tomography (SPECT), overcomes the limitations
of conventional fluorescence imaging and offers great
penetration of tissue with high sensitivity, yet they suffer
from low spatial resolution.18−21 Therefore, multimodality
imaging, to combine the advantages of different imaging
techniques, has become attractive and promising for tumor
metastasis diagnosis.22,23 Although numerous multimodal
nanoprobes, including polymers,24,25 gold nanoparticles,26,27

rare-earth-based nanoparticles,28 mesoporous silica nano-
particles,29,30 and others,31−35 have largely been reported for
the detection of LNs, the sensitivity and accuracy of MLN
detection still need to be further improved. Therefore, it is
highly desired to explore new molecular imaging probes with
great sensitivity and specificity for MLN detection at early
stages of tumor metastasis.

Received: January 31, 2019
Published: April 23, 2019

Article

pubs.acs.org/jocCite This: J. Org. Chem. 2019, 84, 6126−6133

© 2019 American Chemical Society 6126 DOI: 10.1021/acs.joc.9b00331
J. Org. Chem. 2019, 84, 6126−6133

D
ow

nl
oa

de
d 

vi
a 

U
T

R
E

C
H

T
 U

N
IV

 o
n 

O
ct

ob
er

 2
2,

 2
01

9 
at

 0
8:

41
:0

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/joc
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.joc.9b00331
http://dx.doi.org/10.1021/acs.joc.9b00331


In this study, we report a novel integrin αvβ3-targeted and
MMP-2-activatable probe that was used for near-infrared
fluorescence (NIRF)/SPECT dual-modality imaging of
metastatic lymph nodes. As schematically shown in Schemes
1 and 2, a MMP-2-cleavable peptide sequence KCPLGVRGY

was chosen to covalently link a near-infrared dye (Cy5), a
quencher (QSY21), and a tumor-targeting peptide cRGD to
establish a MMP-2-activatable structure QSY21-KC(cRGD)-
PLGVRGY-Cy5, which is denoted cRGD-QC below. The
probe was further labeled with radionuclide (125I) through the
side chain group of tyrosine (Y) to afford the radioactive probe
125I-cRGD-QC for SPECT imaging. The probe in the intact
state is optically silent at the beginning, but upon proteolytic
cleavage with activated MMP-2, it can result in separation of
the QSY21/Cy5 pair and loss of FRET to emit strong near-
infrared fluorescence. These features make 125I-cRGD-QC
serve as an imaging probe for detecting the MMP-2 activity as
well as MMP-2-activated lymph node metastasis in vivo
through both NIRF and SPECT imaging techniques.

■ RESULTS AND DISCUSSION
We hypothesized that the introduction of a cRGD moiety
would improve the uptake and retention of the probes within
metastatic LNs. As a proof of concept, the study began with
the synthesis of the targeted probe (cRGD-QC) and the
control probe (QC) (Scheme S1). Both probes were
synthesized according to our previously reported proto-

col.36−38 In brief, an alkyne-terminated peptide KCPLGVRGY
was first conjugated to an azido-functionalized Cy5 (Cy5-N3)
in a dimethyl sulfoxide (DMSO)/water (1:1 by vol) mixture
by a copper(I)-catalyzed “click” reaction and then reacted with
QSY21 NHS (QSY21 carboxylic acid, succinimidyl ester) to
afford the control probe QSY21-KCPLGVRGY-Cy5, which is
denoted QC below. QC was further conjugated with a
maleimide-functionalized cyclic RGD (cRGD-Mal) via the
thiol group of cysteine to obtain the desired probe cRGD-QC
in 93.6% yield. The purity and identity of both the probes were
verified by analytical HPLC and high-resolution mass
spectrometry (HRMS) (Figures 1a and S1−S7).
To investigate the responsiveness of the probe to MMP-2,

we performed in vitro enzymatic assays with recombinant
MMP-2 first. cRGD-QC (4 μM) was incubated with activated
MMP-2 (640 ng mL−1) in HEPES buffer (pH = 7.4) at 37 °C
for 2 h. As expected, the fluorescence of cRGD-QC was
remarkably activated with a 12.8-fold fluorescence enhance-
ment, as given in Figure 1b. However, the activation was
effectively blocked by pretreatment of the probe with
GM6001, a highly specific inhibitor of MMP-2, suggesting
that the current probe possesses excellent specificity in
response to MMP-2. HPLC analysis further confirmed that
the probe cRGD-QC was clearly digested by activated MMP-2
to generate two fragments (Figure 1a). To further characterize
the sensitivity of the probe in detecting MMP-2, cRGD-QC (4
μM) was incubated with MMP-2 with concentrations ranging
from 0 to 640 ng mL−1 in HEPES buffer (pH = 7.4, 37 °C) for
2 h. As shown in Figures 1c and S8, the fluorescence was
progressively intensified and positively correlated with the
concentrations of MMP-2. When the concentration of MMP-2
was lower than 320 ng mL−1, the intensity of the activated
fluorescence went linearly against the MMP-2 concentration
(R2 = 0.99), according to which a detection limit down to 4.8
ng mL−1 can be derived. To assess the selectivity of the probe,
cRGD-QC was also treated under the identical conditions with
different types of proteins, such as BamHI, bovine serum
albumin (BSA), furin, RNase, MMP-9, and MMP-2. The
results given in Figure 1d revealed that both MMP-9 and

Scheme 1. Illustration of cRGD-QC for Detection of MMP-
2 Activity

Scheme 2. Synthesis of Probe 125I-cRGD-QC
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MMP-2 could effectively activate the probe with 10.8- and
16.5-fold fluorescence enhancements, respectively. Collec-
tively, all of these results demonstrate that this probe is indeed
a highly sensitive and selective probe for MMP-9/-2.
To explore the potential of the probe for in vitro live-cell

imaging of MMP-2, the cytotoxicity of cRGD-QC was first
assessed through the widely used methyl thiazolyl tetrazolium
(MTT) assay. As shown in Figure S9, the probe exhibited
negligible cytotoxicity to murine breast carcinoma 4T1 cells in
a concentration range of 0−64 μM after incubation with the
cells for 24 h. The overall cell viability remained above 80%.
Next, confocal laser scanning microscopy was used to image
4T1 living cells treated with different concentrations of cRGD-
QC and QC after 6 h incubation. As shown in Figure 2, the
cells treated with cRGD-QC apparently showed stronger
fluorescence than the cells receiving QC, suggesting that the
cRGD−integrin interaction mediated the increased internal-
ization of the probes. Additionally, with increasing concen-
trations of the probes used, the cell fluorescence was
progressively intensified. Moreover, the fluorescence signals
could be remarkably suppressed when the cells were pretreated
with the MMP-2 inhibitor before incubation with probes.
Collectively, all of the above results demonstrate that the
cRGD-QC probe is undoubtedly a specific probe for the
detection of MMP-2 activity in cancer cells, which encouraged
us to further evaluate its potential for in vivo visualization of
MMP-2 activity in metastatic lymph nodes.
The imaging of LNs has been considered to be a valuable

method for noninvasive tracking of tumor metastasis in clinics.
To further explore the potential of the probe for imaging
metastatic LNs in vivo, we developed a mouse model bearing
4T1 murine breast tumor xenografts on its right rear footpad
and performed the real-time fluorescence imaging of metastatic
LNs with both cRGD-QC and QC. Figure 3a shows a series of
representative fluorescence images of mice (n = 3) acquired at
selected time points after intradermal injection of the probes

Figure 1. (a) HPLC profile of cRGD-QC (4 μM) determined before
(black) and after (red) incubation with MMP-2 (640 ng mL−1) at 37
°C for 2 h. FR-1: Cy5-YGRVG, FR-2: cRGD-QSY21-KCPL. (b)
Fluorescence spectra of cRGD-QC (4 μM) recorded after incubation
with MMP-2 (640 ng mL−1) [denoted MMP-2(+)], a mixture of
MMP-2 and its inhibitor GM6001 (100 μM) [denoted MMP-2 +
inhibitor] at 37 °C for 2 h in N-(2-hydroxyethyl)piperazine-N′-
ethanesulfonic acid (HEPES) buffer (pH = 7.4), together with the
spectrum of the cRGD-QC probe treated in the absence of MMP-2
[denoted MMP-2 (−)] (inset: fluorescence images of the above
solutions recorded upon excitation at 646 nm on an IVIS system). (c)
Fluorescence spectra of cRGD-QC (4 μM) recorded after incubation
with different concentrations of MMP-2 (0, 5, 10, 20, 40, 80, 160,
320, and 640 ng mL−1) at 37 °C for 2 h (inset: MMP-2
concentration-dependent fluorescence of the cRGD-QC probe). (d)
Fluorescence intensity ratio (I/I0) of the same amount (640 ng mL−1)
of different enzymes (BamHI, bovine serum albumin (BSA), furin,
RNase, MMP-9 and MMP-2) incubated with cRGD-QC (4 μM) at
37 °C for 2 h. The error bars represent standard deviations (SD) of
three separate measurements.

Figure 2. Confocal imaging of mouse breast cancer 4T1 cells after incubation with different concentrations of cRGD-QC and QC (2, 4, and 8 μM)
in the presence and absence of inhibitor GM6001 (100 μM). The scale bar indicates 20 μm.
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into the right paw of mice. Notably, the initial lymphatic vessel
drainage and lymph nodes from the inoculated side of mice
injected with cRGD-QC (2 mM, 50 μL) were clearly visualized
through high signal-to-noise fluorescence from 0.5 to 24 h
postinjection. The NIR fluorescence signals of LNs appeared
0.5 h postinjection of the cRGD-QC probe and reached an
intensity maximum approximately 1 h postinjection. However,
the fluorescence signals from the groups of mice that received
QC (2 mM, 50 μL) exhibited greatly lowered fluorescence
intensity at all of the time intervals, which is probably due to
the poor tumor targeting of QC because of the lack of the
cRGD group. The quantitative analysis indicated that the LNs
of mice with the treatment of cRGD-QC had 2-fold higher
fluorescence signals than the ones with QC at 1 h postinjection
(Figure 3c). Interestingly, for both groups of mice, no
detectable fluorescence signal was determined from contrala-
teral lymph nodes. Meanwhile, the sizes of the resected LNs
from the inoculated side of mice were apparently larger than
those from the contralateral side of mice. These results suggest
no metastasis to contralateral lymph nodes. Additionally, ex
vivo imaging also showed stronger fluorescence signals in the
resected LNs of mice receiving cRGD-QC, while weak

fluorescence was observed from the MLNs in the mice with
the treatment of QC, which is quite consistent with the
aforementioned in vivo results shown in Figure 2. The
fluorescence intensity ratios (I/I0) between MLNs and
background for both groups of mice were 35 and 16,
respectively (Figure S10c). Collectively, these results strongly
demonstrate that cRGD-QC has great potential as an NIR
probe for sensitive detection of metastatic LNs. Additionally,
ex vivo imaging of the excised organs showed that positive
fluorescence signals were also determined from the liver region
for both groups of mice, indicating that the injected probes
entered into blood circulation and were subsequently trapped
by the liver (Figure S10a,b). It is noteworthy that QC
obviously showed high NIR signals in the liver of mice
compared with cRGD-QC, suggesting that cRGD-QC has low
uptake in the liver and can effectively accumulate at the tumor
region or metastatic LNs.
It is well known that radioactive nuclear imaging, such as

SPECT, has recently emerged as one of the most powerful
imaging techniques for cancer diagnosis due to its sensitive and
quantitative detection of targets. To evaluate the capability of
the probes for SPECT imaging of MLNs, both cRGD-QC and

Figure 3. (a) In vivo fluorescence imaging of subcutaneous 4T1 tumor-bearing nude mice at 0.5, 1, 2, 4, 8, and 24 h after injection of cRGD-QC (2
mM, 50 μL) and QC (2 mM, 50 μL) from the right rear footpad. (b) Representative SPECT images acquired at different time points postinjection
of 125I-cRGD-QC (200 μCi, 50 μL) and 125I-QC (200 μCi, 50 μL). (c) Fluorescence intensity ratio (I/I0) recorded from the tumor site of the mice
shown in (a). (d) LN uptake at different time points of two different 125I-probes (200 μCi, 50 μL). The error bars represent standard deviations
(SD) of three separate measurements. Statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001. Data are represented as mean ± SD.
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QC were labeled with nuclide 125I- and then subcutaneouly
injected into the right hind footpads of BALB/c mice bearing
4T1 murine breast tumor xenografts on the right rear paws.
Consistent with the aforementioned in vivo NIRF imaging of
lymphatic metastasis shown in Figure 3a, the accumulations of
both radioactive probes in LNs gradually increased over time
(Figure 3b). The radioactivity signals of LNs in the group of
mice that received 125I-cRGD-QC (200 μCi, 50 μL) reached
an intensity maximum approximately 1 h postinjection with the
uptake value of 4.4% ID/g. However, the LNs in the group of
mice that received 125I-QC (200 μCi, 50 μL) showed very low
radioactivity signals at 1 h postinjection with only 2.8% ID/g
uptake (Figure 3d), further confirming the poor tumor
targeting of probe QC. As expected, the contralateral lymph
nodes in all mice showed weak radioactivity signals. These
findings were further corroborated by ex vivo biodistribution
data shown in Figure S11b. Collectively, all of these results
demonstrate that cRGD-QC exhibits great potential as a dual-
modality NIRF/SPECT probe for sensitive identification of
metastatic lymph nodes.
In light of the above exciting findings, the specificity of the

probe for imaging metastatic LNs was further assessed. 4T1
cells were injected into the right paw of mice to establish the
footpad tumor-bearing mice model. Equal amounts of cRGD-
QC were intradermally injected in both the left and right hind
footpads for normal lymph node (N-LN) and metastatic
lymph node (M-LN) imaging. As shown in Figure 4a, time-
dependent in vivo NIR fluorescence imaging indicated that M-

LNs close to the right inoculated side of mice had obviously
strong NIR signals and long imaging time up to 24 h. However,
no fluorescence signals were visualized in N-LNs from the left
inoculated side of mice all of the time. Region of interest
analysis showed that the fluorescence signal ratios between the
lymph nodes and background were 83 and 59 for M-LNs and
N-LNs, respectively, at 1 h postinjection. The I/I0 of M-LNs
still remained 65 even at 24 h postinjection (Figure 4b).
Additionally, the fluorescence and radioactivity signals of
lymph nodes were also simultaneously imaged by an ex vivo
imaging system, FX Pro. It was found that M-LNs had
presented stronger fluorescence and radioactivity signals than
N-LNs (Figure S12), which were consistent with the previous
in vivo results shown in Figure 4a. All of these pieces of
evidence strongly suggest that cRGD-QC can be used for
specific detection of metastatic lymph nodes.

■ CONCLUSIONS
In summary, we have successfully developed an MMP-2-
activatable probe cRGD-QC for specific and accurate detection
of metastatic lymph nodes. In vivo imaging studies on the 4T1
tumor model have demonstrated the outstanding ability of the
probe for detecting the metastatic lymph nodes, owing to its
excellent tumor-targeting specificity and imaging sensitivity
enabled by the rational NIRF/SPECT dual-modal imaging
probe. We thus believe that the current approach may provide
a powerful tool for noninvasive and precise diagnosis of lymph
node metastasis in vivo.

■ EXPERIMENTAL SECTION
Materials. N-Succinimidyl 6-maleimidohexanoate (EMCS) was

provided by Struchem (Suzhou, China). Cy5 azide was obtained from
Sigma-Aldrich (St. Louis, MO). c(RGDfK) and KCPLGVRGY-Pra
were synthesized by GL Biochem (Shanghai, China) as requested.
QSY21 carboxylic acid, succinimidyl ester (QSY21 NHS) was
obtained from Molecular Probes (Eugene, OR). Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) was provided by Aladdin
(Shanghai, China). MMP-2 and MMP-9 enzymes were obtained
from R&D (Minneapolis, MN). RNase was purchased from Thermo
Fisher Scientific (Waltham, MA). Furin was obtained from New
England Biolabs (Ipswich, MA). BamHI was purchased from Thermo
Fisher Scientific (Waltham, MA). BSA was obtained from Sinopharm
(Shanghai, China). The MMP inhibitor GM6001 was purchased from
TargetMol (Boston, MA). The MTT cell proliferation cytotoxicity
assay kit was obtained from Sigma-Aldrich (St. Louis, MO). Hoechst
33342 was purchased from BD (Franklin, NJ). Radionuclide (Na125I)
was obtained from GMS Pharmaceutical Co., Ltd (Shanghai, China).
All other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO). Ultrapure water (18 MΩ cm) was used in the experiments.

Characterization. HRMS was performed on a 6540 UHD
accurate-mass quadrupole time-of-flight mass spectrometer (Agilent).
HPLC profiles were performed using 1260 high-performance liquid
chromatography (Agilent). Fluorescence spectra were recorded using
a fluorescence spectrometer (FLS980, Edinburgh). MTT was
measured using an EnSpire multimode plate reader (PerkinElmer).
The fluorescence micrographs were captured with a fluorescence
microscope (FV1200, Olympus). NIR fluorescence and SPECT
imaging were recorded using IVIS spectrum (PerkinElmer) and U-
SPECT/CT (MILABS), respectively. Fluorescence and radioactivity
signals were imaged by an ex vivo imaging system FX Pro (Kodak).

Synthetic Route for cRGD-QC. cRGD-QC was synthesized
according to previously reported procedures.36−38 The synthetic route
is shown in Scheme S1.

Synthesis of cRGD-Mal. c(RGDfK) (6.03 mg, 0.01 mmol) and
EMCS (6.17 mg, 0.02 mmol) were dissolved in 1 mL of
dimethylformamide (DMF), and 30 μL of N,N-diisopropylethylamine

Figure 4. (a) In vivo fluorescence imaging of MLNs in subcutaneous
4T1 tumor-bearing nude mice injected with cRGD-QC (2 mM, 50
μL) from the two sides of rear footpads: M-LN, metastatic lymph
node; N-LN, normal lymph node. (b) Fluorescence intensity ratio (I/
I0) recorded from the tumor site of the mice shown in (a). The error
bars represent standard deviations (SDs) of three separate measure-
ments. Statistical significance: *p < 0.05, **p < 0.01, and ***p <
0.001. Data are represented as mean ± SD.
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(DIPEA) was slowly dropped into the mixture. The reaction was
continued with shaking for about 4 h at room temperature. The final
product was purified by prep-HPLC (5.11 mg, 64.1% yield) and
further characterized by HRMS. Calcd for C37H53N10O10

+, ([M +
H]+): 797.3941, found ESI-MS: m/z 797.3898.
Synthesis of KCPLGVRGY-Cy5. Cy5 azide (3.69 mg, 0.0050

mmol) and KCPLGVRGY-Pra (5.01 mg, 0.0055 mmol) were
dissolved in 1 mL of DMSO, and the reaction mixture was shaken
for a few minutes to obtain a clear solution. The click reaction was
initiated by sequential addition of CuSO4 (0.48 mg, 0.0030 mmol)
and sodium ascorbate (1.19 mg, 0.0060 mmol) in 1 mL of H2O. The
reaction was continued with shaking in the dark at room temperature
for about 4 h. The final product was purified by prep-HPLC (6.76 mg,
72.4% yield) and further characterized by HRMS. Calcd for
C87H129N21O19S3

2+, ([M + 2H]2+): 933.9462, found ESI-MS: m/z
933.9398.
Synthesis of QC. KCPLGVRGY-Cy5 (2.24 mg, 0.0012 mmol)

and QSY21 NHS (0.82 mg, 0.001 mmol) were dissolved in 1 mL of
DMF, and then 40 μL of DIPEA was added into the solution. The
reaction mixture was stirred for 5 h in the dark at room temperature,
monitored by HPLC. The desired products were finally purified by
prep-HPLC (2.11 mg, 83.5% yield) and characterized by HRMS.
Calcd for C128H163N24O23S4

2+, ([M + 2H]2+): 1266.0597, found ESI-
MS: m/z 1266.0525.
Synthesis of cRGD-QC. To the solution of TCEP (0.50 mg,

0.002 mmol) in 200 μL of Tris buffer (pH = 7.2), cRGD-Mal (3.98
mg, 0.005 mmol) and QC (2.53 mg, 0.001 mmol) were added with
stirring for about 3 h in the dark at room temperature, monitored by
HPLC. The desired products were finally purified by prep-HPLC
(2.89 mg, 86.9% yield) and characterized by HRMS. Calcd for
C165H213N34Na2O33S4

2+, ([M + 2Na]2+): 1686.2351, found ESI-MS:
m/z 1686.0580.
Enzymatic Assays. In vitro enzymatic assays were performed in

HEPES buffer (pH = 7.4). Briefly, cRGD-QC (4 μM) was incubated
with 0, 5, 10, 20, 40, 80, 160, 320, and 640 ng mL−1 recombinant
MMP-2 at 37 °C for 2 h in Eppendorf tubes, respectively.
Furthermore, MMP-2 (640 ng mL−1) was incubated with cRGD-
QC (4 μM) at 37 °C for 2 h. The enzymatic cleavage of the probe by
MMP-2 was monitored by HPLC. The fluorescence intensity was
measured with an FLS980 spectrometer. The excitation wavelength
was fixed at 646 nm, and the emission spectrum was recorded from
655 to 900 nm using a 300 μL cuvette.
For competitive experiments, the MMP-2 inhibitor (GM6001, 100

μM) was first incubated with MMP-2 (640 ng mL−1) for 0.5 h
followed by the addition of the probe (4 μM). Meanwhile, the same
amount of the probe was directly added into the HEPES solution
containing 640 ng mL−1 MMP-2. After 2 h incubation at 37 °C, the
fluorescence intensity was then recorded with an FLS980
spectrometer.
To investigate the selectivity of the probe, 4 μM probe was

incubated with 640 ng mL−1 enzymes (BamHI, BSA, furin, RNase,
MMP-9, MMP-2) at 37 °C for 2 h, respectively. The fluorescence
intensity was subsequently determined with an FLS980 spectrometer.
In addition, the fluorescence imaging performed using IVIS spectrum
agreed with the fluorescence spectrum.
Cell Culture. The murine breast carcinoma cell line 4T1 was

acquired from the Cell Bank of the Chinese Academy of Sciences. The
4T1 cells were cultured in RPMI 1640 medium (Hyclone Inc.),
supplemented with 10% fetal bovine serum (Hyclone Inc.) and 1%
penicillin streptomycin (Beyotime Inc.) at 37 °C in a humidified
atmosphere of 5% CO2. The cells were cultured until 75% confluence
was reached, and experiments were performed.
Cytotoxicity Assay of the Probe. The cytotoxicity of the probe

was measured using the common MTT assay. 4T1 cells were planted
at a density of 1 × 104 cells per well in a 96-well cell culture plate.
After growing for 24 h, the cells were incubated with different
concentrations of cRGD-QC (0, 2, 4, 8, 16, 32, and 64 μM). Then,
the cell viability was determined by an MTT cell proliferation
cytotoxicity assay kit 24 h after the treatment. The absorbance was

measured using an EnSpire multimode plate reader at a wavelength of
490 nm.

Confocal Imaging of the Probe. The 4T1 cells were planted in
an 8-well plate with a concentration of 1 × 104 cells per well. After
growing for 24 h, the cells were incubated with different
concentrations of QC (2, 4, and 8 μM) and cRGD-QC (2, 4, and
8 μM) for 6 h at 37 °C. At the same time, the cells were incubated
with the probe in the presence of the inhibitor GM6001 (100 μM).
The cells were then treated with a Hoechst 33342 assay kit.
Fluorescence imaging was then acquired through an FV1200 laser
scanning confocal microscope.

Mice Tumor Model. All animal experiments were approved by
the Animal Ethics Committee of Soochow University (Suzhou,
China). The 4-week-old female BALB/c athymic nude mice with
body weights of 18−20 g were purchased from Chang Zhou Cavensla
Experimental Animal Technology Co. Ltd. The mice were housed
under standard conditions (25 ± 2 °C/60 ± 10% relative humidity)
with a 12 h light/dark cycle. The tumors were grafted by injection of 1
× 106 4T1 cells in 25 μL of phosphate-buffered saline (PBS) into the
right rear footpad of each mouse. Fluorescence and SPECT studies
were carried out when the tumor size reached about 50 mm3.

In Vivo Fluorescence Imaging of Tumors. For NIRF imaging,
mice were first anesthetized with 3% isoflurane mixed with oxygen gas
(0.5 L min−1). Subsequently, QC (2 mM, 50 μL) and cRGD-QC (2
mM, 50 μL) were subcutaneously injected into the right rear footpad
of the mice manifesting lymph node metastases. There are two groups
of mice (three mice per group). In addition, cRGD-QC (2 mM, 50
μL) was intratumorally injected into the two sides of the rear footpad
of each mouse (n = 3). Fluorescence imaging was recorded on IVIS
spectrum at different time points. The fluorescence images were
finally analyzed with vendor software to separate autofluorescence
from chromophore signals through spectral unmixing algorithms.

Ex Vivo Biodistribution Studies. For the ex vivo biodistribution
study, mice were sacrificed at 24 h postinjection of QC (2 mM, 50
μL) and cRGD-QC (2 mM, 50 μL). The major organs and lymph
nodes were carefully harvested and rinsed with PBS buffer (pH = 7.4),
placed on black paper, and immediately imaged with IVIS spectrum.

Radioiodination of the Probe with the Chloramine-T
Method. The probes were labeled with 125I using the chloramine-T
method.21 First, the probes (400 μg) were dissolved in 200 μL of PBS
buffer (0.1 M, pH = 7.4) and labeled with about 37 MBq Na125I (1
mCi). Then, 100 μg of chloramine-T in 10 μL of PBS (0.1 M, pH =
7.4) was added. The reaction mixture was incubated for 10 min with
shaking at room temperature. The crude reaction was then passed
over a SepPak-C18 column (previously activated with 5 mL of EtOH
and 5 mL of 0.1 M PBS), hydrophilic impurities (free iodine-125)
were eluted with 5 mL of PBS, and the 125I-probe was eluted with 1
mL of EtOH. After that, the 125I-probe was heated to 40 °C for 10 h
with shaking to evaporate EtOH.

In Vivo SPECT Imaging. 125I-QC (2 mM, 50 μL) and 125I-cRGD-
QC (2 mM, 50 μL) were intratumorally injected into the right rear
footpad of each mouse. SPECT imaging was performed under general
anesthesia by inhalation of 3% isoflurane mixed with oxygen gas (0.5
L min−1). The mice were maintained in a prone position on a heated
animal bed at 37 °C. The representative SPECT images acquired at
different time points, i.e., 0.5, 1, 2, 4, 8, and 24 h postinjection of the
125I-probe. The projection data were reconstructed with U-SPECT/
CT. After SPECT data reconstruction, the images were analyzed using
PMOD software (PMOD Technologies). The experiment was
repeated three times for each group.

Biodistribution Study. 125I-QC (2 mM, 25 μL) and 125I-cRGD-
QC (2 mM, 25 μL) were intratumorally injected into the right rear
footpad of each mouse. There are two groups of mice (three mice per
group). The mice were sacrificed at 4 h postinjection, and the major
organs and lymph nodes were carefully harvested and weighed. The
radioactivity uptakes of the 125I-probe in the various organs were
measured in a γ-counter.

Lymph Node Metastasis Imaging. 125I-QC (2 mM, 50 μL) and
125I-cRGD-QC (2 mM, 50 μL) were injected into primary tumors at
the right rear footpad of each mouse, respectively. The lymph nodes
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were harvested at 1 h postinjection, the fluorescence and radioactivity
signals were imaged by the ex vivo imaging system FX Pro.
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