
1Scientific Reports | 6:23190 | DOI: 10.1038/srep23190

www.nature.com/scientificreports

Far-red/near-infrared fluorescence 
light-up probes for specific in vitro 
and in vivo imaging of a tumour-
related protein
Chao Chen1, Yongquan Hua2, Yawen Hu1, Yuan Fang1, Shenglu Ji1, Zhimou Yang1, Caiwen Ou2, 
Deling Kong1 & Dan Ding1

As lysosomal protein transmembrane 4 beta (LAPTM4B) is an important biomarker for many solid 
tumours, development of small-molecule fluorescence light-up probes for detection and imaging of 
LAPTM4B proteins is particularly valuable. In this work, we reported the design and synthesis of a far-
red/near-infrared (FR/NIR) fluorescence light-up probe DBT-2EEGIHGHHIISVG, which could specifically 
visualize LAPTM4B proteins in cancer cells and tumour-bearing live mice. DBT-2EEGIHGHHIISVG was 
synthesized by the conjugation of two LAPTM4B-binding peptide ligands (EEGIHGHHIISVG) with one 
environment-sensitive fluorogen, 4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole (DBT). Owing to the 
intramolecular charge transfer character of DBT, DBT-2EEGIHGHHIISVG is weakly emissive in aqueous 
solution, but switches to fluoresce upon LAPTM4B proteins specifically bind to the peptide ligand of the 
probe, which provide the DBT with hydrophobic microenvironment, greatly reducing its charge transfer 
effect with water. It is found that DBT-2EEGIHGHHIISVG can achieve targeted imaging of LAPTM4B 
proteins in HepG2 cancer cells and visualize LAPTM4B protein-expressed tumour tissues of live mice in a 
selective and high-contrast manner.

Selective detection and sensing of proteins in vitro and in vivo are of vital importance for providing clini-
cians and scientists with sight and insight into the diagnostics and therapeutics of many a disease1–4. Recently, 
small-molecule fluorescence light-up probes that are capable of imaging specific proteins have been attract-
ing increasing interest by virtue of their intrinsic advantages such as high sensitivity and large signal-to-noise 
ratio5–8. So far, several intelligent fluorescence quenching/activation mechanisms have been adopted to contrive 
small-molecule fluorescence light-up probes for protein detection (enzymes and non-enzymatic proteins), which 
include fluorescence resonance energy transfer (FRET)9, excited-state intramolecular proton transfer (ESIPT)10, 
photoinduced electron transfer (PET)11,12, restriction of intramolecular motions (RIM)13–15 and intramolecular 
charge transfer (ICT)16–18. In spite of these pioneering studies, successful examples that are able to selectively 
visualize proteins in live animals are rather limited19, which may be hampered by either poorly accessible to living 
organisms, low emission wavelength of fluorophores or small fluorescence turn-on ratio. As a consequence, new 
fluorescence light-up probes that can address the aforementioned limitations remain highly desirable.

In recent years, great interest has been focused on the design of small-molecule fluorescence light-up probes 
by employment of environment-sensitive molecules16–19. The fluorogens with environment-sensitive signature 
are often weakly fluorescent in polar media (e.g., water) because of the ICT-induced fluorescence quenching. 
However, the fluorogens could alter to show strong fluorescence when located in hydrophobic environment, 
which significantly reduces ICT between the fluorogen and polar media20,21. This unique fluorescence activa-
tion mechanism makes the environment-sensitive fluorogens an ideal material to fabricate fluorescence light-up 
probes with simple synthetic procedures, high sensitivity and large fluorescence turn-on ratio5,19. Nevertheless, 
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the main obstacle in the in vivo application of environment-sensitive fluorogen-based light-up probes is that most 
of the currently available environment-sensitive fluorogens are low-wavelength emitters (< 650 nm), which often 
suffer from relatively high biological background fluorescence and low tissue permeability22–24. Very recently, 
we have developed an environment-sensitive fluorogen, namely, 4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole 
(DBT) with strong ICT feature and far-red/near-infrared (FR/NIR) fluorescence7. The FR/NIR fluorescence 
window (650–900 nm)25,26 endows the DBT-based fluorescence light-up probes with great potential for in vivo 
bioimaging.

Lysosomal protein transmembrane 4 beta (LAPTM4B) is a vital biomarker for many solid tumours27–29. 
Detection and imaging of the emergence and localization of LAPTM4B proteins will significantly indicate the 
cancer occurrence, treatment efficacy and prognosis15,30,31. Therefore, exploration of small-molecule fluorescence 
light-up probes for LAPTM4B protein sensing is particularly valuable. In this contribution, a specific LAPTM4B 
protein detecting light-up probe with FR/NIR fluorescence was rationally designed and prepared via incorpo-
ration of DBT with a specific LAPTM4B-binding peptide IHGHHIISVG15. The peptide sequence EEG was also 
utilized as a hydrophilic linker between DBT and IHGHHIISVG to improve the water-solubility of the resultant 
probe (DBT-2EEGIHGHHIISVG, Fig. 1A). DBT-2EEGIHGHHIISVG is found to selectively light up LAPTM4B 
proteins in solution and cancer cells. Furthermore, the in vivo bioimaging study using a tumour-bearing mouse 

Figure 1.  Synthetic route and proposed principle of the probe. (A) The synthetic route to probe DBT-
2EEGIHGHHIISVG. (B) Schematic illustration of proposed principle of DBT-2EEGIHGHHIISVG in 
LAPTM4B protein detection.
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model reveals that DBT-2EEGIHGHHIISVG can also serve as an FR/NIR fluorescence light-up probe to selec-
tively visualize the LAPTM4B protein-expressed tumour. To the best of our knowledge, this study reports the first 
example of fluorescence light-up probe for in vivo LAPTM4B imaging, which may inspire more exciting in vivo 
use probes in the future research.

Results
Synthesis and characterization of DBT-2EEGIHGHHIISVG.  The synthetic route toward DBT-
2EEGIHGHHIISVG is depicted in Fig. 1A. The azide-functionalized EEGIHGHHIISVG (N3-EEGIHGHHIISVG) 
was firstly synthesized via standard solid-phase Fmoc peptide chemistry. DBT-2EEGIHGHHIISVG was then 
synthesized through “click” chemistry between peptides of N3-EEGIHGHHIISVG and bisethynyl-bearing DBT. 
N3-EEGIHGHHIISVG and DBT-2EEGIHGHHIISVG were characterized by 1H NMR, HPLC, LC-MS and 
HRMS (Supplementary Figs S1–S6) to verify the purity and identity. The UV-vis absorption spectrum of DBT-
2EEGIHGHHIISVG shows a peak centred at around 490 nm (Supplementary Fig. S7), which pretty matches the 
488 nm laser excitation of confocal laser scanning microscopy and the 523 nm excitation filter (ranging from 503 
to 548 nm) of Maestro in vivo imaging system.

Selective detection of LAPTM4B proteins in solution.  The photoluminescence spectra of DBT-
2EEGIHGHHIISVG in phosphate buffered saline (PBS) buffer and in cell culture medium (DMEM) are displayed 
in Fig. 2A. The probe (10 μM) is very weakly emissive in the above-mentioned media, suggesting the capability of 
DBT-2EEGIHGHHIISVG as a light-up probe to be utilized in complex biological environments. Furthermore, 
we have also demonstrated that unlike pure DBT, DBT-2EEGIHGHHIISVG does not interact with the cell mem-
brane phospholipid thanks to its good water solubility (Supplementary Fig. S8). Noteworthy, upon incubation 
with LAPTM4B proteins, the specific binding of the probe with two LAPTM4B proteins would occur, leading 
to self-assembled complexes, which offers the DBT with hydrophobic microenvironment (Fig. 1B). As shown 
in Fig. 2A, after incubation with 100 μg mL−1 of LAPTM4B protein, the DBT-2EEGIHGHHIISVG fluorescence 
significantly turns on for about 13 times with maximum emission wavelength at around 640 nm. This should be 
attributed to the decreased ICT effect between DBT and polar media water by virtue of the hydrophobic microen-
vironment providing by the self-assembled complexes. The fluorescence life-time of DBT-2EEGIHGHHIISVG in 
the presence of LAPTM4B proteins is 1.9 times longer than that of the probe itself, revealing the change of probe 
microenvironment after binding with the proteins. As displayed in Fig. 2B, plot of fluorescence enhancement fold 
(I/I0) of DBT-2EEGIHGHHIISVG after treatment with LAPTM4B proteins as a function of LAPTM4B concen-
tration gives a good linear line. The limit of detection (LOD) for DBT-2EEGIHGHHIISVG is then determined to 
be 2.4 μg mL−1 based on the slope in Fig. 2B via a 3-sigma method32.

To manifest that DBT-2EEGIHGHHIISVG is uniquely responsible for LAPTM4B protein, the probe was also 
incubated with a variety of other proteins, which include pancreatin, lysozyme, alkaline phosphatise, and trypsin. 
As shown in Fig. 2C, no obvious probe fluorescence activation can be seen upon treatments with these control 
proteins, suggesting the superb selectivity of our probe. It is also important to note that EL2 (PYRDDVMSVN; 
MW: 1194.5) has been reported as the hydrophilic extracellular loop of LAPTM4B protein, which is able to specif-
ically bind to the peptide ligand IHGHHIISVG15,30. Actually, EL2 is the recognition site of IHGHHIISVG toward 
LAPTM4B protein. However, in our case, EL2 cannot switch on the fluorescence of DBT-2EEGIHGHHIISVG 
even at the concentration of 100 μg mL−1 (Fig. 2C). This is quite different from the results reported by Zhang 
and co-workers15,30. They developed a fluorescence light-up probe with aggregation-induced emission (AIE) 
characteristics for LAPTM4B protein detection, which was obtained by covalently coupling of an AIE fluorogen 
(AIEgen) and IHGHHIISVG. The fluorescence of AIEgen-IHGHHIISVG is able to be switched on upon addition 
of EL2, because their interaction could effectively restrict the intramolecular rotations of phenyl rings in AIEgens. 
However, it is obvious that the binding between the two small molecules of DBT-2EEGIHGHHIISVG and EL2 
could not efficiently lead to assembled complexes that can provide DBT with hydrophobic microenvironment. 

Figure 2.  Specific fluorescence light-up toward LAPTM4B protein. (A) Photoluminescence spectra of DBT-
2EEGIHGHHIISVG in PBS and cell culture medium as well as the probe after treatment with 100 μg mL−1 
of LAPTM4B protein. (B) Plot of I/I0 versus LAPTM4B protein concentration. I and I0 are the fluorescence 
intensities of DBT-2EEGIHGHHIISVG in the presence and absence of LAPTM4B proteins, respectively. Data 
are expressed as mean ± SD (n =  3). (C) Plot of (I–I0)/I0 versus a variety of proteins and EL2. I and I0 are the 
fluorescence intensities at protein/EL2 concentrations of 100 and 0 μg mL−1, respectively. Data are expressed as 
mean ± SD (n =  3). [probe] =  10 μM and λex =  490 nm for (A–C).
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Therefore, due to the different fluorescence activation mechanism, DBT-2EEGIHGHHIISVG is specific for bio-
imaging of LAPTM4B protein with large molecular weight.

Targeted imaging of LAPTM4B proteins in cancer cells.  The utility of DBT-2EEGIHGHHIISVG in 
targeted imaging of LAPTM4B protein in cancer cells was investigated with confocal laser scanning microscopy. 
Human hepatocelluar carcinoma cells (HepG2) that are overexpressed LAPTM4B proteins were employed15,30. 
The HepG2 cancer cells were incubated with DBT-2EEGIHGHHIISVG (10 μM) on ice for 90 min, followed by 
imaging by confocal microscopy with 488 nm laser excitation and fluorescence signal collection above 650 nm. 
Fig. 3A shows the confocal images of DBT-2EEGIHGHHIISVG–treated HepG2 cancer cells at 0 °C. It is found 
that intense fluorescence signals are observed on the surface of the cancer cells, which is consistent with Zhang’s 
results15. This verifies that DBT-2EEGIHGHHIISVG specifically binds to LAPTM4B proteins on the membranes 

Figure 3.  Targeted LAPTM4B protein imaging in HepG2 cancer cells. Confocal images of HepG2 cancer 
cells after incubation with DBT-2EEGIHGHHIISVG at (A) 0 °C and (B) 37 °C. The cell nuclei were stained by 
DAPI.
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of HepG2 cancer cells. It is noted that by contrast, no detectable autofluorescence is observed from the cells with-
out probe treatment under the same imaging condition (Supplementary Fig. S9).

In addition, DBT-2EEGIHGHHIISVG was also used to incubate with HepG2 cancer cells at 37 °C. As shown 
in Fig. 3B, obvious red fluorescence can be seen in both the membrane and cytoplasm of HepG2 cancer cells, 
which is further confirmed by the 3D confocal image (Supplementary Fig. S10). The competitive binding exper-
iment via pre-treatment with IHGHHIISVG peptides verifies the specific binding interaction of the peptide 
ligand in the probe and LAPTM4B protein (Supplementary Fig. S11). These results reveal the cellular internali-
zation of the probes through their specific binding with LAPTM4B proteins, which may also indicate that DBT-
2EEGIHGHHIISVG is able to track the intracellular movement of LAPTM4B proteins. Furthermore, hepatic 
L02 cells and human smooth muscle cells were used as normal cell lines to verify the selective LAPTM4B protein 
imaging of our probe. After incubation of hepatic L02 cells or smooth muscle cells with DBT-2EEGIHGHHIISVG 
(10 μM) for 90 min, as displayed in Fig. 4, nearly negligible fluorescence signal can be detected in both the normal 
cells, which should be due to the very low expression of LAPTM4B proteins in these two cell lines. In comparison, 

Figure 4.  Cellular imaging in normal cells. Confocal images of (A) hepatic L02 cells and (B) smooth muscle 
cells after incubation with DBT-2EEGIHGHHIISVG for 90 min. The cell nuclei were stained by DAPI.
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HepG2 cancer cells and L02 cells were also incubated with pure DBT (10 μM) at 37 °C for 90 min, respectively. 
It is noted that the experimental condition for pure DBT is the same as that for DBT-2EEGIHGHHIISVG. As 
shown in Supplementary Fig. S12, similarly intense fluorescence signals are observed in pure DBT-stained HepG2 
cells and L02 cells, revealing that pure DBT is not able to differentiate cancer cells (overexpressed LAPTM4B) 
and normal cells (low LAPTM4B expression) like DBT-2EEGIHGHHIISVG does. This result also verify the role 
and necessity of the peptide ligands in the probe. The cytotoxicities of DBT-2EEGIHGHHIISVG against HepG2 
cancer cells and L02 cells were estimated by MTT assay. The data illustrated in Fig. 5 reveal that the cell viabilities 
remain more than 90% within 48 h even at the probe concentration of 120 μM (12 times higher than the concen-
tration used for cellular imaging), implying that DBT-2EEGIHGHHIISVG is safe for both detected cancer cells 
and normal cells.

Visualization of LAPTM4B protein-expressed tumours in live mice.  The application of DBT-
2EEGIHGHHIISVG in in vivo imaging of LAPTM4B protein-expressed tumour tissues was next studied using 
non-invasive live animal fluorescence imaging technique33. In this experiment, HepG2 cancer cells were sub-
cutaneously inoculated into the right axillae of the nude mice to establish the tumour-bearing mouse model. 
Subsequently, the tumour-bearing mice were intravenously injected with DBT-2EEGIHGHHIISVG, which was 
followed by imaging with a Maestro in vivo fluorescence imaging system. Spectral unmixing was employed to 
remove the mouse autofluorescence using Maestro software (Supplementary Fig. S13). As displayed in Fig. 6A, 
after intravenous administration of the probes for 1 h, strong fluorescence can be detected at the tumour site, 
which clearly delineates the tumour shape. It is encouraging that at 1 h, only intense signal from tumour tissue 
can be observed, whereas negligible fluorescence in other normal tissues is detected. As the time elapses, the 
fluorescence intensity in tumour gradually decreases but remains to indicate the tumour tissues at 6 h (Fig. 6B). 
Moreover, obvious fluorescence signals clearly appear in the abdomen regions of mice after 4 h, suggesting that 
the probes may be rapidly excreted from the mouse body34,35. At 24 h post-administration, almost no probe flu-
orescence signals can be detected in tumour and normal organs (Supplementary Fig. S14), demonstrating that 
most of the probes can be cleared from the body within 24 h. The fast metabolism of our probes is quite different 
from some carbon-based biomaterials that showed long-term retention in normal organs36, which may imply the 
negligible in vivo side toxicity, meeting the requirement of bioimaging. Furthermore, at 1 h post intravenous injec-
tion of DBT-2EEGIHGHHIISVG, the HepG2 tumour-bearing mice were sacrificed and various tissues including 
heart, liver, spleen, lung, kidney, intestine, and tumour were collected for ex vivo imaging. As displayed in Fig. 6C, 
only tumour tissue exhibits bright fluorescence signal of probe, while there is almost no detectable probe signals 
in other normal organs, which agrees well with the non-invasive result at 1 h post-injection. The result in Fig. 6 
indicates that DBT-2EEGIHGHHIISVG is capable of visualizing LAPTM4B protein-expressed tumours of live 
mice in a selective and high-contrast manner at about 1 h post intravenous injection. As a control, pure DBT was 
also intravenously injected into HepG2 tumour-bearing mice. At 1 h post-injection, both non-invasive in vivo 
fluorescence imaging and ex vivo imaging data reveal that besides tumour, intense fluorescence signals are also 
observed in normal organs such as liver, intestine, and kidney (Supplementary Fig. S15), suggesting that pure 
DBT fails to selectively image LAPTM4B protein-expressed tumour in vivo. This result also verifies the rationality 
of our probe design.

Discussion
In summary, we report the design and synthesis of an FR/NIR fluorescence light-up probe that can specifically 
detect and image LAPTM4B proteins in HepG2 cancer cells and in HepG2 tumour-bearing live mice. Thanks to 
the ICT character of DBT and good water-solubility of peptide of EEGIHGHHIISVG, DBT-2EEGIHGHHIISVG 
emits weakly in aqueous solution; however, the probe changes to fluoresce when LAPTM4B proteins specif-
ically bind to IHGHHIISVG of the probe, as the complexes of probe/proteins provide the DBT with hydro-
phobic microenvironment, significantly reducing its ICT effect with water. Cellular studies using HepG2 cancer 
cells, hepatic L02 cells and smooth muscle cells reveal that DBT-2EEGIHGHHIISVG is a safe probe for targeted 

Figure 5.  Cytotoxicity study. Metabolic viability of HepG2 cancer cells and hepatic L02 cells after incubation 
with DBT-2EEGIHGHHIISVG at different concentrations for 48 h.
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LAPTM4B protein imaging in cancer cells. The in vivo bioimaging study also manifests that after 1 h post intra-
venous injection of DBT-2EEGIHGHHIISVG, the probe has the capacity in selective visualization of LAPTM4B 
protein-expressed tumour tissues in live mice.

Methods
Chemicals.  Fmoc-OSu and other Fmoc-amino acids were purchased from GL Biochem (Shanghai, China). 
2-Cl-trityl chloride resin (1.0–1.2 mmol g−1) was purchased from Nankai University Resin Co. Ltd. Human 
LAPTM4B full length protein was bought from Abcam. All the other starting materials were bought from 
Sigma-Aldrich. Chemical reagents and solvents were utilized as received from commercial sources. Bisethynyl-
functionalized DBT was synthesized according to previous literature7.

General methods.  1H NMR spectra were recorded on a Bruker ARX 400. HPLC was carried out at a 
LUMTECH HPLC (Germany) system using a C18 RP column with MeOH (0.1% of TFA) and water (0.1% of 
TFA) as the eluents. LC-MS was conducted at the LCMS-20AD (Shimadzu) system. High resolution mass spec-
tra (HR-MS) were received from VG ZAB-HS system (England). UV-vis spectra were measured on a Shimadzu 
UV-1700 spectrometer. Photoluminescence spectra were measured on a Perkin-Elmer LS 55 spectrofluorometer. 
Cellular imaging was performed by confocal laser scanning microscopy (CLSM, Zeiss LSM 410, Jena, Germany). 
Non-invasive in vivo fluorescence imaging was conducted on a Maestro EX system (CRi, Inc.).

Synthesis of azide-functionalized EEGIHGHHIISVG.  The azide-functionalized EEGIHGHHIISVG 
was synthesized by solid-phase 9-fluorenylmethoxycarbonyl (Fmoc) peptide synthesis (SPPS) using 2-chlorotrityl 
chloride resin and the corresponding N-Fmoc protected amino acids with side chains properly protected by a 
tert-butyl group. Azide caproic acid was synthesized according to a previous report7 and used as an amino acid. 
The growth of the peptide chain was according to the established Fmoc SPPS protocol. The product was purified 
via HPLC (79% yield). 1H NMR (400 MHz, DMSO-d6, ppm) δ: 8.94–9.00 (d, 3 H), 8.41–8.46 (m, 1 H), 8.27–8.36 
(m, 3 H), 7.97–8.18 (m, 7 H), 7.87–7.93 (m, 1 H), 7.71–7.77 (d, J =  8.66Hz, 1 H), 7.30–7.37 (t, 3 H), 4.56–4.71  
(m, 4 H), 4.41–4.45 (m, 1 H), 4.17–4.30 (m, 6 H), 4.10–4.14 (m, 1 H), 3.70–3.80 (m, 8 H), 3.04–3.12 (m, 3 H), 
2.93–3.02 (m, 3 H), 2.54 (s, 8 H), 2.22–2.26 (m, 2 H), 2.10–2.17 (m, 2 H), 1.97–2.03 (m, 1 H), 1.68–1.79 (m, 4 H), 
1.47–1.56 (m, 4 H), 1.24–1.33 (m, 3 H), 1.00–1.11 (m, 3 H), 0.71–0.89 (m, 24 H). MS: calcd M+ =  1523.65, obsvd 
1/2(M +  H)+ =  762.50.

Synthesis of DBT-2EEGIHGHHIISVG.  Azide-bearing EEGIHGHHIISVG (12 mg, 7.9 μmol) and 
bisethynyl-functionalized DBT (1 mg, 2.9 μmol) were dissolved in 2 mL of DMSO. After that, 50 μL of 0.1 M 
CuSO4 and 50 μL of 1 M sodium ascorbate aqueous solution were added to the mixture to initiate the click chem-
istry. The reaction was proceeded at room temperature under stirring for 16 h to yield the final product (80% 

Figure 6.  Imaging of LAPTM4B protein-expressed tumours in live mice. (A) Time-dependent non-
invasive in vivo fluorescence images of HepG2 tumour-bearing nude mice after intravenous injection of 
DBT-2EEGIHGHHIISVG. The white circle indicates tumour site. (B) Semiquantitative analysis of the relative 
signal intensity in tumour tissue. (C) Ex vivo fluorescence image of various tissues from mice after intravenous 
injection of DBT-2EEGIHGHHIISVG for 1 h.
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yield), which was purified by HPLC. 1H NMR (400 MHz, DMSO-d6, ppm) δ: 8.85–8.92 (m, 6 H), 8.63 (s, 2 H), 
8.26–8.36 (m, 9 H), 8.17–8.21 (m, 5 H), 8.00–8.07 (m, 6 H), 7.72–7.76 (m, 2 H), 7.55–7.58 (d, 2 H), 7.24–7.33 (m, 
10 H), 7.13 (s, 4 H), 7.00 (s, 4 H), 4.60–4.66 (m, 6 H), 4.39–4.44 (m, 6 H), 4.19–4.31 (m, 14 H), 4.10–4.16 (m, 4 H), 
3.67–3.84 (m, 24 H), 2.65–2.69 (m, 2 H), 2.21–2.31 (m, 8 H), 2.12–2.19 (m, 4 H), 1.98–2.03 (m, 2 H), 1.86–1.92 
(m, 6 H), 1.69–1.76 (m, 6 H), 1.52–1.58 (m, 4 H), 1.22–1.32 (m, 11 H), 1.15–1.20 (m, 2 H), 1.00–1.11 (m, 7 H), 
0.71–0.88 (m, 48 H). MS: calcd M+ =  3395.77, obsvd 1/3(M +  3H)+ =  1133.00.

Cell culture.  Human hepatocelluar carcinoma cells (HepG2), hepatic L02 cells and human smooth muscle 
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum and 1% 
penicillin-streptomycin at 37 °C in a humidified environment containing 5% CO2, respectively. Before experi-
ments, the cells were pre-cultured until confluence was reached.

Cellular imaging.  HepG2 cancer cells were seeded and cultured in confocal imaging chambers and 
then the cells were divided into two groups. One was placed at 37 °C and the other was placed at 0 °C for 
30 min. Subsequently, the cells were washed three times with 1×  PBS buffer and then incubated with DBT-
2EEGIHGHHIISVG (10 μM) in serum-free cell culture medium at 0 °C or 37 °C. After incubation for 90 min, 
the cells were washed three times with 1×  PBS and fixed using 4% paraformaldehyde for 20 min at 0 °C. The 
cells were then stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min at room temperature, which was 
followed by imaging with confocal laser scanning microscopy upon excitation at 488 nm and a collection of fluo-
rescence signals above 650 nm. The cell imaging studies of hepatic L02 cells and smooth muscle cells was carried 
out following the same experimental procedure as that for HepG2 cancer cells.

Cytotoxicity study.  The cytotoxicities of DBT-2EEGIHGHHIISVG against HepG2 cancer cells and hepatic 
L02 cells were evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Briefly, 
HepG2 cancer cells or L02 cells were seeded in 96-well plates at an appropriate density of 5 ×  103 cells of each 
well. After adherence, the cells were exposed to the probe at a pre-determined range of concentrations at 37 °C. 
After incubation for 48 h, the cell culture medium was removed and the cells were washed twice with sterile 1×  
PBS. 100 μL of MTT dissolved in serum-free culture medium (0.5 mg/mL) was added into each well. After 4 h 
incubation, the MTT solution was removed cautiously and then 100 μL of DMSO was added into the wells, fol-
lowed by gently shaking for 10 min. The absorbance of MTT at 570 nm was determined by the microplate reader 
(Genios Tecan). To dispel the absorption interference of the probe at 570 nm, the cells were also incubated with 
the same concentrations of DBT-2EEGIHGHHIISVG as the control. After 48 h incubation, the control cells were 
not treated with MTT and then the absorbance at 570 nm were monitored by microplate reader. The absorbance 
of MTT in sample well was determined by the differentiation between the absorbance of the sample well and 
that of the corresponding control well. Cell viability was expressed by the ratio of the absorbance of MTT in the 
sample wells to that of the cells incubated with culture medium only.

Animals and tumour-bearing mouse model.  All animal studies were performed in compliance with 
the guidelines set by Tianjin Committee of Use and Care of Laboratory Animals and the overall project proto-
cols were approved by the Animal Ethics Committee of Nankai University. 8 weeks old male BALB/c nude mice 
(obtained from the Laboratory Animal Center of the Academy of Military Medical Sciences (Beijing, China)) 
were utilized to establish the tumour-bearing mouse model. In brief, the mice were subcutaneously inoculated 
in the right axillae with 1 ×  107 HepG2 cancer cells. When the tumours reached to 200–400 mm3, the mice were 
used for in vivo imaging study.

Non-invasive in vivo fluorescence imaging.  The HepG2 tumour-bearing mice were injected with 200 μL 
of DBT-2EEGIHGHHIISVG or pure DBT at 120 μM via the tail vein. Subsequently, scans were conducted with a 
Maestro EX in vivo fluorescence imaging system at designated time intervals after administration. When taking 
images, the mice were temporarily anesthetized with isoflurane and placed appropriately. The 523 nm excitation 
filter (ranging from 503 to 548 nm) was selected and spectral imaging from 560 nm to 900 nm (10 nm step) was 
performed with an exposure time of 200 ms for each image frame. Additionally, the HepG2 tumour-bearing mice 
intravenously injected with DBT-2EEGIHGHHIISVG or pure DBT were sacrificed at 1 h post-administration. 
Subsequently, the main organs and tumour tissue were isolated and imaged with Maestro system.

References
1.	 Venkatraman, P. et al. Fluorogenic probes for monitoring peptide binding to class II MHC proteins in living cells. Nat. Chem. Biol. 

3, 222–228 (2007).
2.	 Gao, Y., Shi, J., Yuan, D. & Xu, B. Imaging enzyme-triggered self-assembly of small molecules inside live cells. Nat. Commun. 3, 1033 

(2012).
3.	 Nahrendorf, M. et al. Noninvasive vascular cell adhesion molecule-1 imaging identifies inflammatory activation of cells in 

atherosclerosis. Circulation 114, 1504–1511 (2006).
4.	 Li, Y. et al. Ultrasensitive near-infrared fluorescence-enhanced probe for in vivo nitroreductase imaging. J. Am. Chem. Soc. 137, 

6407–6416 (2015).
5.	 Zhuang, Y. D., Chiang, P. Y., Wang, C. W. & Tan, K. T. Environment-sensitive fluorescent turn-on probes targeting hydrophobic 

ligand-binding domains for selective protein detection. Angew. Chem. Int. Ed. 52, 8124–8128 (2013).
6.	 Sakabe, M. et al. Rational design of highly sensitive fluorescence probes for protease and glycosidase based on precisely controlled 

spirocyclization. J. Am. Chem. Soc. 135, 409–414 (2012).
7.	 Wang, H. et al. Self-assembly-induced far-red/near-infrared fluorescence light-up for detecting and visualizing specific 

protein–peptide interactions. ACS nano 8, 1475–1484 (2014).
8.	 Shults, M. D. & Imperiali, B. Versatile fluorescence probes of protein kinase activity. J. Am. Chem. Soc. 125, 14248–14249 (2003).
9.	 Lin, X. et al. Hybrid ferritin nanoparticles as activatable probes for tumor imaging. Angew. Chem. Int. Ed. 50, 1569–1572 (2011).



www.nature.com/scientificreports/

9Scientific Reports | 6:23190 | DOI: 10.1038/srep23190

10.	 Song, Z. et al. A ratiometric fluorescent probe based on ESIPT and AIE processes for alkaline phosphatase activity assay and 
visualization in living cells. ACS Appl. Mater. Interfaces 6, 17245–17254 (2014).

11.	 Zhang, H. et al. Fluorescence discrimination of cancer from inflammation by molecular response to COX-2 enzymes. J. Am. Chem. 
Soc. 135, 17469–17475 (2013).

12.	 Zhang, H. et al. An off-on COX-2-specific fluorescent probe: targeting the golgi apparatus of cancer cells. J. Am. Chem. Soc. 135, 
11663–11669 (2013).

13.	 Ding, D., Li, K., Liu, B. & Tang, B. Z. Bioprobes based on AIE fluorogens. Acc. Chem. Res. 46, 2441–2453 (2013).
14.	 Shi, H., Liu, J., Geng, J., Tang, B. Z. & Liu, B. Specific detection of integrin αvβ3 by light-up bioprobe with aggregation-induced 

emission characteristics. J. Am. Chem. Soc. 134, 9569–9572 (2012).
15.	 Hu, F. et al. Targeted bioimaging and photodynamic therapy of cancer cells with an activatable red fluorescent bioprobe. Anal. Chem. 

86, 7987–7995 (2014).
16.	 Toutchkine, A., Kraynov, V. & Hahn, K. Solvent-sensitive dyes to report protein conformational changes in living cells. J. Am. Chem. 

Soc. 125, 4132–4145 (2003).
17.	 Loving, G. S., Sainlos, M. & Imperiali, B. Monitoring protein interactions and dynamics with solvatochromic fluorophores. Trends 

Biotechnol. 28, 73–83 (2010).
18.	 Lavis, L. D. & Raines, R. T. Bright ideas for chemical biology. ACS Chem. Biol. 3, 142–155 (2008).
19.	 Kobayashi, H., Ogawa, M., Alford, R., Choyke, P. L. & UranoNew, Y. Strategies for fluorescent probe design in medical diagnostic 

imaging. Chem. Rev. 110, 2620–2640 (2009).
20.	 MacNevin, C. J. et al. Environment-sensing merocyanine dyes for live cell imaging applications. Bioconjugate Chem. 24, 215–223 

(2013).
21.	 Chen, G. et al. Nanostructure formation-induced fluorescence turn-on for selectively detecting protein thiols in solutions, bacteria 

and live cells. Chem. Commun. 51, 10758–10761 (2015).
22.	 Frangioni, J. V. In vivo near-infrared fluorescence imaging. Curr. Opin. Chem. Biol. 7, 626–634 (2003).
23.	 Weissleder, R. A clearer vision for in vivo imaging. Nat. Biotechnol. 19, 316–316 (2001).
24.	 Li, X., Qin, J. & Ma, J. Silk fibroin/poly (vinyl alcohol) blend scaffolds for controlled delivery of curcumin. Regen. Biomater. 2, 

97–105 (2015).
25.	 Pu, K. Y., Li, K. & Liu, B. A molecular brush approach to enhance quantum yield and suppress nonspecific interactions of conjugated 

polyelectrolyte for targeted far-red/near-infrared fluorescence cell imaging. Adv. Funct. Mater. 20, 2770–2777 (2010).
26.	 Ding, D. et al. Precise and long-term tracking of adipose-derived stem cells and their regenerative capacity via superb bright and 

stable organic nanodots. ACS Nano 8, 12620–12631 (2014).
27.	 Shao, G. et al. Molecular cloning and characterization of LAPTM4B, a novel gene upregulated in hepatocellular carcinoma. 

Oncogene 22, 5060–5069 (2003).
28.	 Yang, H. et al. LAPTM4B allele*2 is a marker of poor prognosis following hepatic tumor resection for hepatocellular carcinoma. 

PloS one 7, e34984 (2012).
29.	 Huang, Y. et al. Highly specific targeting and imaging of live cancer cells by using a peptide probe developed from rationally 

designed peptides. Chem Bio Chem 12, 1209–1215 (2011).
30.	 Huang, Y. et al. Tetraphenylethylene conjugated with a specific peptide as a fluorescence turn-on bioprobe for the highly specific 

detection and tracing of tumor markers in live cancer cells. Chem. Eur. J. 20, 158–164 (2014) .
31.	 Kasper, G. et al. The human LAPTM4b transcript is upregulated in various types of solid tumours and seems to play a dual 

functional role during tumour progression. Cancer Lett. 224, 93–103 (2005).
32.	 Hitomi, Y., Takeyasu, T., Funabiki, T. & Kodera, M. Detection of enzymatically generated hydrogen peroxide by metal-based 

fluorescent probe. Anal. Chem. 83, 9213–9216 (2011).
33.	 Gao, X., Cui, Y., Levenson, R. M., Chung, L. W. K. & Nie, S. In vivo cancer targeting and imaging with semiconductor quantum dots. 

Nat. Biotechnol. 22, 969–976 (2004).
34.	 Li, S. D. & Huang, L. Pharmacokinetics and biodistribution of nanoparticles. Mol. Pharmaceutics 5, 496–504 (2008).
35.	 Liu, Z. et al. Circulation and long-term fate of functionalized, biocompatible single-walled carbon nanotubes in mice probed by 

Raman spectroscopy. Proc. Natl. Acad. Sci. USA 105, 1410–1415 (2008).
36.	 Wu, W. et al. Covalently combining carbon nanotubes with anticancer agent: preparation and antitumor activity. ACS Nano 3, 

2740–2750 (2009).

Acknowledgements
This work was supported by the NSFC (31571011, 81301311, 81220108015, 31271053 and 51373079), the 
PCSIRT (No. IRT13023), the Science & Technology Project of Tianjin of China (No. 15JCYBJC29800), and the 
Guangdong Province Natural Science Fund (S2013010015314).

Author Contributions
C.O., D.K. and D.D. designed the research. C.C., Yongquan Hua, Yawen Hu, Y.F. and S.J. performed the 
experiments. C.C., Yongquan Hua, Yawen Hu, Y.F., S.J., Z.Y., C.O., D.K. and D.D. analyzed data and participated 
in the discussion. C.C., C.O., D.K. and D.D. wrote and revised the paper. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Chen, C. et al. Far-red/near-infrared fluorescence light-up probes for specific in vitro 
and in vivo imaging of a tumour-related protein. Sci. Rep. 6, 23190; doi: 10.1038/srep23190 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Far-red/near-infrared fluorescence light-up probes for specific in vitro and in vivo imaging of a tumour-related protein

	Results

	Synthesis and characterization of DBT-2EEGIHGHHIISVG. 
	Selective detection of LAPTM4B proteins in solution. 
	Targeted imaging of LAPTM4B proteins in cancer cells. 
	Visualization of LAPTM4B protein-expressed tumours in live mice. 

	Discussion

	Methods

	Chemicals. 
	General methods. 
	Synthesis of azide-functionalized EEGIHGHHIISVG. 
	Synthesis of DBT-2EEGIHGHHIISVG. 
	Cell culture. 
	Cellular imaging. 
	Cytotoxicity study. 
	Animals and tumour-bearing mouse model. 
	Non-invasive in vivo fluorescence imaging. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Synthetic route and proposed principle of the probe.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Specific fluorescence light-up toward LAPTM4B protein.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Targeted LAPTM4B protein imaging in HepG2 cancer cells.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Cellular imaging in normal cells.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Cytotoxicity study.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Imaging of LAPTM4B protein-expressed tumours in live mice.



 
    
       
          application/pdf
          
             
                Far-red/near-infrared fluorescence light-up probes for specific in vitro and in vivo imaging of a tumour-related protein
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23190
            
         
          
             
                Chao Chen
                Yongquan Hua
                Yawen Hu
                Yuan Fang
                Shenglu Ji
                Zhimou Yang
                Caiwen Ou
                Deling Kong
                Dan Ding
            
         
          doi:10.1038/srep23190
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23190
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23190
            
         
      
       
          
          
          
             
                doi:10.1038/srep23190
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23190
            
         
          
          
      
       
       
          True
      
   




