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ABSTRACT: In clinical imaging modalities, MRI is suitable
for preoperative examination. Fluorescence imaging has been
proposed to improve the detectability of cancer lesions during
the operation. However, the speciﬁcity and accuracy of the two
imaging modalities is limited. To improve the prognosis and
survival rate of the patient suﬀering from hepatocellular
carcinoma (HCC), it is very important to develop a speciﬁc
probe to achieve early detection and precise resection of HCC.
We selected HCC targeting peptide SP94 to conjugate with a
NIR dye and Gd chelated DOTA to enhance the speciﬁcity of
diﬀerent imaging modalities. MRI and ﬂuorescence imaging
were used for preoperative examination of the cancer and
detecting the tumor in the operation, respectively. MRI and
ﬂuorescence signals signiﬁcantly increased when HCC occurs and the obtained probe shows high uptake in HCC but negligible
uptake in the normal liver tissues. The signal-to-background ratio is higher than 2.23 (MRI) and 2.0 (ﬂuorescence imaging) with
noninvasive imaging modalities. After the intraperitoneal cavity was surgically exposed, the signal-to-background ratio is higher
than 4.6. By combining the high speciﬁcity of our probe with the high sensitivity of ﬂuorescence imaging, the microprimary
malignancy and micrometastasis foci (diameter <1 mm) can be easily detected after the intraperitoneal cavity is exposed. These
results indicated that our probe is conductive to the early detection and precise resection of the HCC and has the potential to
improve the diagnosis and treatment of patients with HCC.

■

INTRODUCTION
Hepatocellular carcinoma (HCC), the second leading cause of
cancer associated death worldwide, is the most common form
of the primary liver cancer and can readily metastasize in the
liver.1−3 Among all the diagnostic imaging modalities, magnetic
resonance imaging (MRI), computed tomography (CT),
positron-emission tomography (PET), and ultrasound are
used frequently to detect and diagnose HCC.4,5 Among
them, MRI is generally more sensitive and can provide more
complete characterization of liver lesions than CT, which is
well-suited for preoperative examination.6,7 However, it has
some intrinsic limitations for intraoperative imaging guided
hepatic resection, such as its high cost, large footprint, long
imaging times, and false positive contrast enhancement.6
Treatment of HCC includes surgery, liver transplantation,
interventional radiology, and so on.8 For early stage HCC
without cirrhosis, surgery remains the ﬁrst line of therapy and is
often the optimal curative treatment option. 9−11 The
delineation of the margins of the invasive tumor (include
microprimary malignancy and micrometastasis foci) is very
important for precise resection of the tumor (achieving
completely tumor resection and preserving as much healthy
© 2018 American Chemical Society

tissue as possible). Thus, how to visualize the margins of the
tumor in the operation is very important for the therapeutic
outcome. However, with conventional imaging modalities, it is
very diﬃcult to visualize the lesions with diameter <2 mm. With
a recent rapid development in laparoscopic and ﬂuorescence
surgical navigation system,12,13 accurate detection of the tumor
is becoming more and more important.
During HCC surgery, the most frequently used imaging
modality is ultrasound in the operating room.14−16 However,
due to the limited sensitivity and signal speciﬁcity, ultrasound
cannot distinguish cancer from normal tissues and is unable to
visualize microlesions (diameter <5 mm).15,17−20 Therefore, it
is urgent to develop new imaging technologies for accurate
intraoperative detection of HCC.21−23 During the emerging
imaging modalities, due to its high sensitivity, optical imaging,
especially ﬂuorescence imaging, has been used to detect cancer
lesions during the operation, but high signal-to-background
ratios (STBRs) are required to identify cancer lesions from
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Figure 1. UV−vis-NIR (a) and ﬂuorescence (b) spectra of free IRDye800 and Gd@DOTA&IRDye800-SP94.

normal tissues.24 In addition, for HCC, the STBR is especially
important because the liver is a metabolic organ. Thus, to
overcome this problem, the construction of hepatoma-speciﬁc
contrast agent is urgent.
In this study, the ability to combine MRI with ﬂuorescence
imaging for preoperative diagnosis and intraoperative guidance
resection of the HCC has been explored. We selected HCCspeciﬁc peptide SP94 (with slight modiﬁcation, sequence:
NH2-GCESFSIIHTPILPL-COOH) to conjugate with a NIR
dye (IRDye800 CW) and Gd chelated DOTA (Gd@
DOTA&IRDye800-SP94) to further enhance the speciﬁcity
of the MRI and ﬂuorescence imaging of the liver tumors. The
in vitro and in vivo results indicated that our imaging probe
could eﬀectively diagnose the liver tumor preoperative using
MRI and delineated the margin of the tumor (include the
primary tumors and micrometastasis) and guided the resection
of the tumor during the surgery. These results showed that
these SP94 conjugates have clinical potential for precise
diagnosis and imaging-guided resection of the liver tumor.

compared with the probe attaching to LO2 cells, especially
when the concentration of FITC is higher than 0.4 μg/mL
(HepG2 > Hep3B > SMMC-7721 ≈ Bel-7402 > LO2) (Figure
2). However, when incubated with free FITC, there was no
signiﬁcant diﬀerence in mean ﬂuorescence intensity between
human HCC cell lines and normal liver cell line (Figure 2).
These ﬁndings indicate that the created Gd@DOTA&FITCSP94 bound speciﬁcally to HCC cell lines.
Further, to conﬁrm the speciﬁcity of our probe intuitively,
the confocal images of the HCC cell lines were obtained 4 h
after incubation with our probe (Figure 3) or free FITC
(Figure S3). The cell cytoskeleton was stained red with
rhodamine phalloidin and the cell nucleus was dyed blue by
DAPI. The cellular uptake of our probe is HepG2 > Hep3B >
SMMC-7721 ≈ Bel-7402, which is consistent with that shown
in Figure 2, further indicating that the cellular uptake of our
probe is dependent on the expression amount of P94 in the
surface of the cells. From Figure S3, after incubation with free
FITC, no signiﬁcant cellular uptake was found, which also
further suggested the good targeting ability of our probe to
human HCC cell lines.
Fluorescence and MRI Imaging of the Gd@DOTA&IRDye800-SP94. All animals tolerated the 1.0 T MRI system and
IVIS imaging system well without signs of any acute toxic
reactions after Gd@DOTA&IRDye800-SP94 administration,
and all animals fully recovered after the MRI imaging or
ﬂuorescence imaging sessions.
The ﬂuorescence intensity and MRI intensity of the Gd@
DOTA&IRDye800-SP94 solutions were measured (Figure S4a
and Figure 4l,m). When the concentration of our probe
increased, both the ﬂuorescence intensity and MRI intensity of
the solutions gradually increased (Figure S4a and Figure 4l,m),
and the MRI intensity was linear with the concentrations of the
Gd@DOTA&IRDye800-SP94 (Figure 4m). However, the
ﬂuorescence intensity of the Gd@DOTA&IRDye800-SP94
gradually decreased when the concentration of the IRDye800 is
over than 2 μg/mL (Figure S4a), attributed to the ﬂuorescence
self-quenching of the dye.
In the subcutaneous tumor model, ﬂuorescence imaging
results from progressive time points showed that IRDye800SP94 localized to the subcutaneous tumor by 30 min, and
gradually accumulated until 4 h after intravenously injected of
Gd@DOTA&IRDye800-SP94 (Figure S4b−e). In Figure S4b−
e, the amount of Gd@DOTA&IRDye800-SP94 accumulated at
the tumor site (Hep 3B > HepG2 ≈ Bel-7402 > SMMC-7721)
is not completely consistent with that obtained from ﬂow
chamber experiments (Figure 2). However, after injected with

■

RESULTS
Synthesis and Characterization of Gd@DOTA&IRDye800-SP94. The obtained DOTA&IRDye800-SP94 was
characterized through the electrospray ionization mass
spectrometry (ESI-MS) (Figure S1). There were no signiﬁcant
diﬀerence of the molecular weight of the obtained DOTA&IRDye800-SP94 between calculation (3464.6 Da) and test, which
indicated that the DOTA&IRDye800-SP94 was synthesized
successfully. Further, the purity of the DOTA&IRDye800-SP94
99.06% was determined by high-performance liquid chromatography (HPLC) (Figure S2). The ﬂuorescence absorbance
and emission spectra for Gd@DOTA&IRDye800-SP94 are
shown in Figure 1. After conjugation with the SP94, there is a
red-shift in the ﬂuorescence emission peak, which may be in
favor of intraoperative ﬂuorescence surgical navigation to avoid
the interference of excitation light. Through calculating the
unconjugated IRDye800 and DOTA, the ratio of IRDye800
CW, DOTA, and SP94 in the DOTA&IRDye800-SP94 was
about 1.01:0.94:1. Furthermore, the ﬂuorescence spectra of the
Gd@DOTA&IRDye800-SP94 (in fetal bovine serum solution)
were measured for 24 h, indicating that they are photostable
under ambient light conditions.
Flow Chamber Experiments and Confocal Microscope
Testing Gd@DOTA&FITC-SP94 Binding Speciﬁcity to
Human HCC Cells. The mean ﬂuorescence intensity and
percentage of cellular uptake of the Gd@DOTA&FITC-SP94
per human HCC cell was signiﬁcantly higher (p < 0.001)
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Figure 2. Mean ﬂuorescence intensity (a−e) and the percentage of cellular uptake (f−j) of the diﬀerent kind of liver cancer cells after diﬀerent
treatment: (a,f) Bel-7402 cell line; (b,g) Hep3B cell line; (c,h) HepG2 cell line; (d,i) SMMC-7721 cell line; (e,j) LO2 cell line.

free IRDye800 (Figure S5) or blocked with 1000 μg SP94
(Figure S6 and Figure S7), there was no signiﬁcant diﬀerence
between the tumor and adjacent tissues. These results
suggested that the tumor targeting ability of the Gd@
DOTA&IRDye800-SP94 is not only dependent on the
expression amount of P94 in the tumor site, but also correlated

with the tumor environments such as the microvessel density
and so forth.
By statistical calculation, the STBRs of the tumor gradually
increased and reached the highest at diﬀerent time (Bel
7402:3.96 ± 0.15, 48 h; Hep3B: 3.20 ± 0.30, 48 h; HepG2:3.08
± 0.20, 48 h; SMMC-7721:2.06 ± 0.11, 12 h) during the
process of imaging (Figure S4f−i). Overall consideration these
1477
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Figure 3. Confocal laser scanning microscope images of HepG2, Bel 7402, SMMC-7721, and Hep3B cells after incubating with free as-prepared
FITC-SP94 for 4 h at 37 °C, respectively: cell nucleus (blue) and cell cytoskeleton (red) were stained by DAPI and rhodamine phalloidin for
visualization, respectively, and Gd@DOTA&FITC-SP94 was green (Scale bar: 20 μm).

was in favor of the precise resection of the HCC to minimize
unnecessary damage to the adjacent normal liver tissues as
much as possible.
The contrast eﬀects of Gd@DOTA&IRDye800-SP94 were
evaluated by 1.0 T MRI system (Siemens, Germany) and its
MRI signals were compared with those of deionized water. The
T1 images of solutions with diﬀerent concentration of Gd@
DOTA&IRDye800-SP94 were shown in Figure 4i, which
appears as a brighter signal in the T1 image compared to that of
water and gradually enhanced with the increase of concentration. The relaxivity coeﬃcient (r1) of the Gd@DOTA&IRDye800-SP94 is 9.654 mM−1·s−1 (Figure 4m), which is much
higher than that of magnevist (r1 = 3.56 mM−1·s−1).25 These
results suggested that the Gd@DOTA&IRDye800-SP94 had
strong MRI contrast-enhancing capabilities.
Based on the in vitro MRI experiments, the Gd@
DOTA&IRDye800-SP94 may also be able to represent a
suitable in vivo MRI contrast enhancement. To test this
hypothesis, we injected Gd@DOTA&IRDye800-SP94 into the
orthotropic transplantation tumor-bearing mice (Hep3B, Bel7402, or SMMC-7721). Before and 2 h after injection, we
imaged the mice using a standard MRI T1-weighted protocol.
By contrast, we observed a notable signal enhancement in the
tumor site (Figure 4n). The STRBs of our probe are higher
than 2.23 ± 0.14, even reaching 3.56 ± 0.35; however, it is
lower than that obtained from invasive ﬂuorescence imaging,
which may be attributed to the lower sensitivity of the MRI
system. To conﬁrm its target-speciﬁcity, free Gd@DOTA was
used as a control. At the same conditions, compared with the
free Gd@DOTA (STRBs: 1.46 ± 0.12), our probe (3.54 ±
0.42) exhibited signiﬁcant enhancement at the tumor site in the
Hep3B orthotropic transplantation tumor bearing model
(Figure S8). It is an indication of contrast agent speciﬁc
accumulation at the liver orthotropic transplantation tumor.

results and the oncogenicity, Hep3B, Bel-7402, and SMMC7721 were selected as representative cell lines of HCC in
further study.
As all we know, liver is a metabolism organ. The distribution
of our probe in the mice bearing liver orthotropic transplantation tumor were detected (Figure 4). To further analysis
the detectability of the tumor margins of our probe, the
distribution of the Gd@DOTA&IRDye800-SP94 was studied
with MRI and ﬂuorescence imaging, respectively. The
ﬂuorescence signals of tumors reach the highest at 2 h (Figure
4a−c) and the similar results were obtained from the MRI
images (Figure 4n). By statistical calculation, the highest
STBRs in the ﬂuorescence imaging were all higher than 1.5
(Figure 4d−f), which is lower than that obtained from the
subcutaneous transplantation tumor model (Figure S4b−e) and
MRI images in the liver orthotropic transplantation tumor.
Two reasons may explain these results: (1) the location of the
liver orthotropic transplantation tumor is deeper than that of
the subcutaneous transplantation tumor; (2) attenuation occurs
during light penetration.
To conﬁrm our speculation, the main organs (including
heart, liver, spleen, lung, kidney, brain, and intestine) of the
liver orthotropic transplantation tumor-bearing mice (Bel 7402
cell line) were imaged with IVIS imaging system (Figure 4g and
h) in bioluminescence imaging (BLI) and ﬂuorescence imaging
(FMI) modes. The Bel 7402 cell line was transgenic and could
express luciferase. The BLI showed the location of the tumor
(Figure 4g and j), and the FMI showed the probe distribution
in the organs (Figure 4h and k). The BLI and FMI of the tumor
were consistent, indicating the HCC speciﬁcity of IRDye800SP94. The STBR was 4.62 ± 0.36, which is nearly 3-fold of that
determined by noninvasive ﬂuorescence images. These results
conﬁrmed our speculation and the STBR is enough to
discriminate between the cancerous and normal tissues, which
1478
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Figure 4. (a−c) In vivo ﬂuorescence imaging and (d−f) signal-to-background ratios of the liver orthotopic transplantation tumor model with Hep3B
cells (a), Bel 7402 cells (b), and SMMC-7721 cells (c) at diﬀerent time point; (g,h) the BLI and FMI images of the organs of the liver orthotropic
transplantation tumor model with Bel 7402 cells 2 h after intravenous injection of the Gd@DOTA&IRDye800-SP94; (i−k) photography, BLI, and
FMI images of the liver 2 h after intravenous injection of the Gd@DOTA&IRDye800-SP94; (l) MRI phantoms of the solutions with diﬀerent
concentrations of Gd@DOTA&IRDye800-SP94; (m) the relationship between 1/T1 and the concentration of the Gd3+ ions; (n) MRI images of the
liver orthotropic transplantation tumor before and 2 h after Gd@DOTA&IRDye800-SP94 injection (the white arrow refers to the tumor site) (n =
5).

Figure 5. Intraoperative detection of the liver orthotopic tumor: (a) Hep3B cells; (b) Bel-7402 cells; (c) SMMC-7721 cells (n = 5).

These ﬁndings indicated that our probe enhanced the detection
sensitivity and had much potential to diagnostic the HCC.
Ultrasensitive Detection of Microscopic Liver Tumor.
We then investigated the detection sensitivity of the probe in a
murine cancer model of liver orthotropic transplantation tumor.

Two hours after intravenous injection of the Gd@DOTA&IRDye800-SP94 (1000 μg/kg), the intraperitoneal cavity was
surgically exposed, and ﬂuorescence images of these intraperitoneal cavities were obtained using the molecular imaging
navigation system developed by our group. The ﬂuorescence
1479
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Figure 6. Live ﬁbered confocal ﬂuorescence microscopic (FCFM) images of diﬀerent liver orthotopic tumor models (HepG2, Bel-7402,
SMMC7721, and Hep3B) (the green ﬂuorescence is the signal of the probe and the red ﬂuorescence is the signal of the Evan’s blue, which was used
to visualize the microvascular network).

images of the liver showed that the locations of the ﬂuorescence
signals were in good accordance with the locations of the HCC
according to bright-ﬁeld images, with almost no signal intensity
in the normal liver tissues (Figure 5). Quantitative analysis of
the probe’s detection sensitivity suggests that signal intensities
from the tumor were about 4-fold larger than the intensities
from surrounding normal liver tissues, which is consistent with
that obtained from the IVIS system. When pretargeting with
100 μg SP94, there was no signiﬁcant accumulation of Gd@
DOTA&IRDye800-SP94 at the tumor site (Figure S9), further
suggesting the good tumor targeting ability and speciﬁcity of
the Gd@DOTA&IRDye800-SP94 for the liver orthotopic
tumor. The HCC was further analyzed by histological analysis
(Figure S10) to conﬁrm the accuracy of our probe to detect the
tumor. These ﬁndings also indicated that the IRDye800-SP94
could precisely detect the margins of the liver tumor in the
surgical operation, and the minimum size of the detected tumor
was smaller than 1 mm, which is invisible to the naked eye
(Figure S11).
To further verify the accuracy of the probe for detecting liver
orthotopic tumor nodules, both (BLI) and NIR FMI were used
to image the live mice bearing Bel 7402-ﬂuc tumor nodules in
the liver after intravenous injection of the Gd@DOTA&IRDye800-SP94 (1000 μg/kg). The NIR FMI signal from the
Gd@DOTA&IRDye800-SP94 and the BLI signal from the Bel
7402-ﬂuc tumor nodule colocalized (Figure S12), as conﬁrmed
by ex vivo imaging of the liver after the in vivo experiments
(Figure S10). The colocalization of the BLI and NIR FMI
signals provide further evidence of the high speciﬁcity and
accuracy of the probe in detecting tumor nodules. It is worth
noting that our probe can detect not only the microprimary
malignancy but also the micrometastasis foci (Figure S13a−c),
and the results were conﬁrmed through HE staining (Figure
S13d−f).
Ultra-Precise Detection of Liver Tumor. Through
confocal ﬂuorescence endomicroscopy analysis, we identiﬁed

the location of the Gd@DOTA&FITC-SP94 in the tumor
tissues (Figure 6 and Figure S14) and the normal tissues (such
as kidney, spleen, brain, and muscle, Figure S15). In the tumor
tissues, the probe mainly located in the tumor tissues indicating
that the probe can easily go through the blood vessel to the
tumor tissues (Figure 6 and Figure S14). The tumor tissues can
be easily discriminated from the normal tissues suggesting the
speciﬁcity of our probe for detection of hepatocellular
carcinoma (the last line of pictures in Figure 6). From Figure
S15, in the normal tissues, the probe mainly distributed in the
kidney, indicating that the probe was primarily eliminated
through the kidney.

■

DISCUSSION
HCC is the second leading cause of cancer-associated death
worldwide.1−3 Cancer (diameter <5 mm) cannot be distinguished from the normal liver tissues with the diagnostic
imaging modalities in the clinic in preoperative examination
and during the operation. MRI with high sensitivity is wellsuited for preoperative examination. Since ﬂuorescence
microscopy imaging can provide cellular resolution with several
millimeters of penetration, it is a particularly attractive approach
to detect tumor boundaries and tumor residuals. There are
many nanoparticles such as quantum dots and nanoparticle
conjugated or encapsulated ﬂuorescence dye developed for
tumor detection.26−29 However, many existing molecular
imaging probes nonspeciﬁcally accumulate within the healthy
organs of the mononuclear phagocytic system (MPS), such as
liver or spleen, which could compete with the tumor for the
probes.30,31 Small molecules such as indocyanine green (ICG)
were also used for detection of primary and metastatic
HCC.32−34 However, ICG also could accumulate in noncancerous tissues in the liver,23,35 which can compromise the
STBR and result in false positives. In recent years, targeted
ﬂuorochromes such as folate modiﬁed FITC have been used in
human ovarian cancer patients, and shown promising
1480
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results;36,37 however, similar results have not yet been reported
for HCC. Due to the avid accumulation in the normal liver
parenchyma, it is diﬃcult for most contrast agents to be used in
the intrahepatic tumors with suﬃcient STBRs.
Thus, it is very urgent to develop a probe with less
nonspeciﬁc accumulation in MPS organs and high speciﬁcity
for the HCC to improve the detection sensitivity in the
preoperative examination and identify tumor boundaries,
microprimary malignancy, and micrometastasis foci during the
surgical resection of HCC in real time, which can reduce the
need for subsequent surgery, lower the risk of local recurrence,
and preserve as much healthy tissue as possible. Due to its
speciﬁc binding to HCC cells but not the hepatocyte, SP94 has
been used for HCC imaging (such as SPECT)38 and therapy
(such as chemotherapy and radiotherapy).39−41 Based on that,
we developed Gd and IRDye800 labeled SP94 for preoperative
diagnosis and intraoperative guided resection of HCC.
We have selected four kinds of HCC cells and one kind of
hepatocyte cells to detect the binding activity of the SP94
conjugates. The results show that all of these HCC cell lines
express the target molecule that can be recognized by the SP94
(Figure 2 and Figure 3). However, the binding ability of the
SP94 conjugates to the hepatocyte cells is very weak, indicating
the speciﬁcity of our probe to the HCC cells, which can
improve the STBR.
We show here that the probe could be used as a contrast
agent for HCC delineation. The smaller size of the peptide
leading to a short blood clearance time, and 1 to 4 h after
injection, are required for optimal tumor visualization (Figure
S4 and Figure 4). The hepatic uptake is negligible (Figure 6 and
Figure S14), which facilitates the detection of primary HCC
and intrahepatic metastasis. Gd@DOTA&IRDye800-SP94
identiﬁed every tumor correctly (Figure S10 and Figure S12),
as corroborated by histopathology (Figure S9). For our probe,
a diﬀerence in accumulation between cancerous and normal
liver tissues (measured through inductively coupled plasma
mass spectrometry) reached more than ∼4-fold, which can
interpret the higher STBRs. However, the results obtained from
in vivo experiments (Figure S4 and Figure 4) are not consistent
with those obtained from in vitro experiments (Figure 2 and
Figure 3), which may be due to the tumor targeted ability in
vivo being related not only with the expression of the target
molecules, but also with the vascular density, and so forth.
Otherwise, our probe can be used to visualize submillimeter
HCC, which is invisible to the naked eye (Figure S10). It also
can be used to visualize the micrometastasis foci (Figure S12).
The high speciﬁcity of SP94 conjugates is favorable for precise
intraoperative visualization of tumor margins and microscopic
tumor invasion, which could improve surgical oncology
applications.
In conclusion, our results suggest that MRI and ﬂuorescence
molecular imaging using a novel SP94-targeted bimodal
imaging contrast agent allows highly accurate and reliable
detection of HCC (including microprimary malignancy and
micrometastasis foci: diameter <1 mm) in preoperative
detection and intraoperative guidance. This study lays a good
foundation for further development of this promising imaging
approach for earlier HCC detection and paves the way for
translational clinical trials in the future. We hope this agent may
give eﬀective guidance to physicians to detect and resect the
HCC and may eﬀectively avoid false negative detection.

Article

MATERIALS AND METHODS

Synthesis of the Gd@DOTA&IRDye800-SP94. Carboxyl
group activated IRDye800 (IRDye800 CW-NHS ester) and
DOTA-MAL were purchased from LI-COR biosciences and
Xi’an ruixi Biological Technology Co., Ltd., respectively. At
room temperature, 0.87 mg IRDye800 CW-NHS ester (or 0.29
mg FITC) and 0.57 mg DOTA-MAL in PBS (pH 8.5) were
incubated with 1 mg of SP94 for 2 h. The impurities were
removed through a Sephadex G50 column (PD-10). IRDye800and DOTA-conjugated SP94 (DOTA&IRDye800-SP94) were
stored at 4 °C for further use. The amounts of unconjugated
IRDye800 CW-NHS ester and DOTA-MAL were determined
through ﬂuorescence spectrophotometer and HPLC, respectively. The purity and molecular weight of the obtained
DOTA&IRDye800-SP94 were determined through HPLC and
ESI-MS, respectively. In the HPLC analysis experiment, the
mobile phase consisted of buﬀer A and buﬀer B at a ﬂow rate of
1.0 mL/min. In the analysis process, the percentage of buﬀer B
was varied from 31% to 49% linearly in 8 min and kept
constant. Buﬀer A was 0.1% TFA in water and buﬀer B was
0.1%TFA in acetonitrile. In the ESI-MS analysis experiment,
the solvent was 80% acetonitrile and 20% water, and the ﬂow
rate was 0.2 mL/min.
The obtained DOTA&IRDye800-SP94 was dialyzed with
acetate buﬀer (pH 6.5) for 24 h, and then, GdCl3·6H2O (5.6
mg) was added to the solution and stirred for 12 h at 37 °C.
Finally, the solution was dialyzed with phosphate buﬀer
solution (PBS, pH 7.4) for 24 h to remove the residue Gd3+
ion and the acetate buﬀer to obtain Gd@DOTA&IRDye800SP94.
The peptide concentration of SP94 conjugates was
determined with absorbance at 280 nm.
Cell Lines and Cell Culture. Human hepatocellular
carcinoma cell lines, HepG2, SMMC-7721, Bel 7402, and
Hep3B, were all purchased from the American Type Culture
Collection (Berthold Technologies, Germany) in 2011−2016.
The normal liver cell line LO2 were provided by our
collaborator from Chinese PLA General Hospital. These ﬁve
kinds of cells were all cultured with Dulbecco Minimum
Essential Medium (DMEM, Life Technologies) containing 10%
fetal bovine serum, 0.03% L-Glutamine, 100 units/mL
penicillin, and 100 μg/mL streptomycin in 5% CO2 at 37 °C.
Due to the limitation of the detection equipment, Gd@
DOTA&FITC-SP94 was used in this experiment and the
confocal experiment. Gd@DOTA&FITC-SP94 was produced
by similar procedure to Gd@DOTA&IRDye800-SP94. Flow
cytometry was used to quantitatively analyze the ﬂuorescence
enhancement by SP94. Human HCC cell lines, HepG2,
SMMC-7721, Bel 7402, and Hep3B (5 × 105), were plated
on a 6-well culture plate and incubated for 24 h. Gd@
DOTA&FITC-SP94 or FITC (with the same concentration of
FITC: 0, 0.1, 0.2, 0.4, 1.0, and 2.0 μg/mL) was added to the
medium, and the cells were further incubated for 4 h. Flow
cytometry was done using a C6 Flow CytometerSystem (BD
Biosciences, USA) to analyze the targeting eﬀect of the Gd@
DOTA&FITC-SP94. During the examination, the excitation
light is the argon ion 488 nm laser, and a 530/30 nm band-pass
ﬁlter was used to collect the signals from the cells. All data were
analyzed using CFlowPlus software (BD Biosciences, USA).
The mean ﬂuorescence intensity and percentage of cell uptake
of the probe were used to assess the ﬂuorescing capability of
the cells.
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Semiquantitative comparison of the average ﬂuorescence
intensity was done at diﬀerent time points. Regions of interest
(ROIs) were drawn within the tumor depicted by Gd@
DOTA&IRDye800-SP94 images and additional ROIs were
drawn at the surrounding nontumorous areas to determine the
ﬂuorescence intensity using IVIS 4.0 software. All experiments
were done in triplicate. The signal-to-background ratio (STBR)
was calculated as follows:

Confocal Microscopy. Four kinds of human HCC cell
lines, HepG2, SMMC-7721, Bel 7402, and Hep3B cells (2 ×
104), were plated on the confocal dish and incubated for 24 h.
Gd@DOTA&FITC-SP94 or FITC (with the same concentration of FITC 0.4 μg/mL) was added to the medium, and the
cells were incubated for 4 h. Then, the cell nucleus and cell
cytoskeleton were stained by DAPI and rhodamine phalloidin,
respectively. A Zeiss LSM710 laser scanning confocal microscope (Carl Zeiss, Germany) equipped with a variety of lasers
was used to observe the uptake and distribution of our probe in
diﬀerent cell lines.
Tumor Model. All procedures in animal studies were
carried out in compliance with the Guide for the Care and Use
of Laboratory Animal Resources and approved by the
Institutional Animal Care and Use Committee at Peking
University. The subcutaneous and orthotopic transplantation
tumor models were established by subcutaneous or orthotropic
injection of 2 × 106 human HCC cells in Balb/c nude mice
(Beijing Vital River Laboratory Animal Technology Co., Ltd.).
In vivo experiments were done at 10−15 days after injection of
the human HCC cells.
MRI Imaging and Fluorescence Imaging. The in vitro
imaging ability of the Gd@DOTA&IRDye800-SP94 at diﬀerent
concentrations was detected through a 1.0 T MRI system
(Siemens, Germany) or an IVIS spectrum imaging system
(PerkinElmer, USA). Further, Gd@DOTA&IRDye800-SP94
(1000 μg/kg) was injected into the mice bearing subcutaneous
and orthotopic transplantation tumor implants. At diﬀerent
time points after injection of Gd@DOTA&IRDye800-SP94,
the MRI or ﬂuorescence images were obtained through a 1.0 T
MRI system (Siemens, Germany) or an IVIS spectrum imaging
system (PerkinElmer, USA). MRI was used to determine the
location of the tumor and ﬂuorescence imaging was used to
ﬁnd the microprimary malignancy and micrometastasis foci and
guide the precise resection of the tumor during the operation.
All experiments were done in triplicate.
Optical Endoscopic Bioimaging of the Gd@DOTA&FITC- SP94. Four hours after i.v. injection of the Gd@
DOTA&FITC-SP94, Evan’s blue used to exhibit the microvascular network (20 mg/mL, 150 μL) was injected through
the tail vein, and 15 min later, two-dimensional images of the
subcutaneous and orthotropic transplantation tumor implants
were acquired using a Cellvizio Dual Band instrument (Mauna
Kea Technologies, France) (488 and 660 nm) with ﬁberoptical
microprobes that permitted topographical or interior imaging
of the Gd@DOTA&FITC-SP94 and Evan’s blue. Mice were
placed in supine position (orthotropic transplantation tumor)
or lateral position (subcutaneous transplantation tumor) and
anesthetized with the mixture of 1.5% isoﬂurane and 98.5%
oxygen when videos were acquired. Videos were acquired using
an S-1500 probe with a penetration depth of 15 μm below the
tissue surface. All imaging was carried out using the following
parameters: a frame rate of 9 Hz (full FOV), a ﬁeld of view of
618 × 609 μm, and 100% laser power at 488 and 660 nm. The
images were analyzed and output through the Cellvizio dual
viewer (Mauna Kea Technologies, Paris, France) and images
were acquired.
Semi-Quantitative Comparison of Fluorescence Intensities and Signal-to-Background Ratios of the
Tumors. Spectral ﬂuorescence images of the human
hepatocellular carcinoma (including HepG2, SMMC-7721,
Bel 7402, and Hep3B tumors) bearing mice were obtained
through an IVIS spectrum imaging system (PerkinElmer, USA).

STBR =

Fluorescence intensitytumor
Fluorescence intensityadjacent tissues

Intraoperative Detection of the Tumor. Four hours after
intravenous injection of the Gd@DOTA&IRDye800-SP94
(1000 μg/kg), the intraperitoneal cavity was surgically exposed,
and spectral ﬂuorescence images of intraperitoneal cavities were
obtained using the molecular imaging navigation system
developed by our group. The excitation wavelength was 745
nm and the emission light was 800 nm. All experiments were
done in triplicate. Histologic examination (H&E stain) was
done to conﬁrm the accuracy of Gd@DOTA&IRDye800-SP94
images for HCC delineation.
Assessment of the Speciﬁcity for the Detection of the
Orthotropic Transplantation Tumor Implants. Four hours
before Gd@DOTA&IRDye800-SP94 administration, 100 μg
SP94 was intravenously injected into the mice to block the
targeted molecules on the surface of the cancer cells. The
intraperitoneal cavity was surgically exposed, and spectral
ﬂuorescence images of the intraperitoneal cavity were obtained
using the molecular imaging navigation system developed by
our group 4 h after intravenous injection of Gd@
DOTA&IRDye800-SP94 (1000 μg/kg). The excitation wavelength was 745 nm and the emission light was 800 nm. All
experiments were done in triplicate.
Statistical Analysis. Statistical analysis was performed
using Sigmaplot (version 13.0) and Origin (version 9.0).
Student’s t test was used to assess the statistical signiﬁcance of
the experimental results. A p-value of less than 0.05 was
considered statistically signiﬁcant and a p-value of less than
0.001 was considered very signiﬁcant.
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