
© 2018 Huang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2018:13 2585–2599

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
2585

O r I g I N a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/IJN.S158559

glypican-1-antibody-conjugated gd–au 
nanoclusters for FI/MrI dual-modal targeted 
detection of pancreatic cancer

Xin huang,1,* chengqi Fan,2,* 
huanhuan Zhu,1 Wenjun le,1 
shaobin cui,1 Xin chen,3 
Wei li,4 Fulei Zhang,4 Yong 
huang,4 Donglu shi,1,5 Zheng 
cui,1,6 chengwei shao,2 
Bingdi chen1

1The Institute for Translational 
Nanomedicine, shanghai east hospital, The 
Institute for Biomedical engineering &  
Nano science, Tongji University school 
of Medicine, shanghai, china; 2radiology 
Department of changhai hospital, The 
second Military Medical University, 
shanghai, china; 3Department of Thyroid 
surgery, The First Bethune hospital of 
Jilin University, Jilin, china; 4International 
Joint cancer Institute, The second Military 
Medical University, shanghai, china; 5The 
Materials science & engineering Program, 
Department of Mechanical & Materials 
engineering, college of engineering & 
applied science, University of cincinnati, 
Oh, Usa; 6Department of Pathology, Wake 
Forest University school of Medicine, 
Winston-salem, Nc, Usa

*These authors contributed equally 
to this work

Introduction: Pancreatic cancer (PC) has a poor prognosis with high mortality, due to the lack 

of effective early diagnostic and prognostic tools.

Materials and methods: In order to target and diagnose PC, we developed a dual-modal 

imaging probe using Glypican-1 (GPC-1) antibody conjugated with Gd–Au nanoclusters (NCs; 

Gd-Au-NC-GPC-1). GPC-1 is a type of cell surface heparan sulfate proteoglycan, which is often 

highly expressed in PC. The probe was successfully prepared with a hydrodynamic diameter 

ranging from 13.5 to 24.4 nm.

Results: Spectral characteristics showed absorption at 280 nm and prominent emission at 650 nm. 

Confocal microscopic imaging showed effective detection of GPC-1 highly expressed PC cells 

by Gd-Au-NC-GPC-1, which was consistent with flow cytometry results. In vitro relaxivity 

characterization demonstrated that the r1 value of the probe was 17.722 s−1 mM−1 Gd, which 

was almost 4 times higher compared with that of Gd-diethylenetriaminepentacetate (DTPA; r1 

value =4.6 s−1 mM−1 Gd). Gd-Au-NC-GPC-1 exhibited similar magnetic resonance (MR) signals 

when compared to Gd-DTPA even at lower Gd concentrations. Much higher MR signals were 

registered in PC cells (COLO-357) compared with normal cells (293T). Furthermore, Gd-Au-NC-

GPC-1 could effectively detect PC cells in vivo by dual-modal fluorescence imaging/magnetic 

resonance imaging (FI/MRI) at 30 minutes postinjection. In addition, Gd-Au-NC-GPC-1 did not 

show significant biotoxicity to normal cells at tested concentrations both in vitro and in vivo.

Conclusion: Gd-Au-NC-GPC-1 has demonstrated to be a promising dual-modal FI/MRI 

contrast agent for targeted diagnosis of PC.

Keywords: pancreatic cancer, Glypican-1, fluorescence imaging, magnetic resonance imaging, 

Gd–Au NCs

Introduction
Pancreatic cancer (PC) is considered to be one of the deadliest diseases. Its 5-year survival 

rate is ,5%.1,2 For most PC patients, the tumor lesions are not detected at an early stage, 

which explains the high mortality rate. Most PC patients do not show any significant 

symptoms until the cancer has already metastasized; consequently, surgical therapy is no 

longer effective.3 Hence, there is an urgent need to develop clinical diagnostic tools for early 

detection and diagnosis, which could significantly improve prognosis and survival.4–6

For PC diagnosis, it is critical to discern specific biomarkers that are highly tumor-

specific.7 One of these biomarkers, carbohydrate antigen 19-9 (CA19-9), has been used 

in the clinic to screen PC patients. However, CA19-9 lacks specificity and sensitivity, 

making it unable to distinguish malignant tissues from benign tissues.8–10 In 2015, Melo 

et al reported a potential biomarker for PC, Glypican-1 (GPC-1).11 As a heparan sulfate 
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proteoglycan on cell membrane, GPC-1 promotes tumor 

growth and invasion.12,13 The expression of GPC-1 is higher 

in human PC compared with normal pancreatic or benign 

lesions, making it an ideal biomarker for PC detection.12

In recent years, multimodal molecular imaging has 

attracted researchers’ attention for medical diagnosis. Using 

a combination of imaging systems, it is possible to monitor 

tumor biological behavior in real time and to analyze malignant 

tissue at the cellular and subcellular level. Currently, in both 

clinical and preclinical settings, positron emission tomography 

and single-photon emission computed tomography are con-

sidered the common approaches for functional imaging, while 

magnetic resonance imaging (MRI) and computed tomography 

are used for structural imaging. In addition, optical tools, 

including fluorescence imaging (FI) and bioluminescence 

imaging, have become popular because of their low cost.14–17

A variety of multimodal nanoprobes have been synthe-

sized for molecular imaging in medical research.18–22 Among 

them, dual-modal fluorescence imaging/magnetic resonance 

imaging (FI/MRI) agents exhibit impressive advantages and 

have attracted many researchers’ attention for years. Both FI 

and MRI are noninvasive and nonradioactive, and so these 

two imaging methods are safe.23 FI, operating at wavelengths 

.600 nm, offers high detection sensitivity (including low 

background and autofluorescence detection), but it is lim-

ited for spatial resolution.23,24 In contrast, MRI does not 

have the shortcomings of shallow tissue penetration or poor 

image quality. It has high anatomical resolution, but lacks 

sensitivity.25–27 Dual-modal FI/MRI integrates the advantages 

of both FI and MRI. Dual-modal FI/MRI agents exhibit 

desirable resolution, sensitivity, and penetration depth. These 

characteristics make dual-modal FI/MRI agents well suited 

to obtain precise information of tumor sites, in the clinic.

Herein, we report a dual-modal FI/MRI probe, Gd–Au 

nanoclusters (NCs) conjugated with GPC-1 antibody (Gd-Au-

NC-GPC-1), for detecting PC cells. Gd-Au-NC-GPC-1 shows 

dual-modal imaging with intense red fluorescent emission 

and strong T1 effect. In addition, conjugation with GPC-1 

antibody enables the functional imaging probe to target high-

GPC-1-expressing PC cells both in vitro and in vivo.

Materials and methods
reagents
All reagents were commercially available. Ultrapure water 

was obtained by Millipore machines (Billerica, MA, USA). 

The following are the manufacturer details of the reagents: 

Bovine serum albumin (BSA) was purchased from Sigma-

Aldrich (Louis, MO, USA); HAuCl
4
 from Guoyao Reagent 

Corporation (Shanghai, China); GdCl
3
⋅6H

2
O from HWRK 

Chemistry Corporation (Beijing, China); NaOH from Aladdin 

Chemistry Corporation (Shanghai, China); and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC)⋅HCl from GL 

Biochemistry Corporation (Shanghai, China).

Instrumentation
The following are the details of the instrumentation: Agilent 

7800 (Hitachi Ltd., Tokyo, Japan) was used for inductively 

coupled plasma mass spectrometry; JEM-2100F electron 

microscopy (JEOL, Tokyo, Japan) for high-resolution 

transmission electron microscopy (HRTEM); Veeco Nano-

Scope Multimode IIIa (Veeco, Plainview, NY, USA) for 

atomic force microscopy (AFM); JEM Zetasizer Nano-ZS90 

(Malvern Instruments, Malvern, UK) for hydrodynamic 

diameter measurement; Cary 50 spectrophotometer (Varian, 

Palo Alto, CA, USA) for ultraviolet (UV)–visible absorp-

tion spectra measurement; F-182 4500 spectrophotometer 

(Hitachi) for fluorescence measurement; and RBD-upgraded 

PHI-5000C ESCA system (Perkin Elmer, Waltham, MA, 

USA) for X-ray photoelectron spectroscopy (XPS).

Preparation of Ncs
Gd–Au NCs were synthesized using an improved “facile” 

synthetic route reported previously.28 Briefly, 250 mg BSA 

and 5 mL water were mixed. Then, 5 mL HAuCl
4
 solution 

(10 mM) was slowly added to the mixture. Ten minutes later, 

0.15 mL GdCl
3
 solution (500 mM) was slowly added to the 

mixture with stirring; 0.75 mL 1 M NaOH was then added 

10 minutes later, and the solution was stirred at 37°C for 

12 hours. The Gd–Au NCs were purified using dialysis and 

then freeze-dried. They were then dissolved with appropriate 

media on the day of use.

GPC-1 antibody (Abcam, Cambridge, UK) was conju-

gated with Gd–Au NCs by EDC.29 Briefly, 30 mg Gd–Au 

NCs were dissolved in 900 µL PBS, and 10 mg EDC was dis-

solved in 100 µL PBS. After adding EDC solution (100 µL) 

to Gd–Au NC solution (900 µL), the solution was mixed 

for 5 minutes at room temperature (RT) with sonication. 

GPC-1 antibody (30 µL) was then added into the activated 

Gd–Au NC solution at RT for 2 hours with stirring, protected 

from light. The mixture underwent centrifugal ultrafiltration 

(4,000 rpm, 20 minutes) and was washed with PBS 3 times, 

and the conjugates were then diluted with PBS (hereafter 

referred to as Gd-Au-NC-GPC-1).

cell culture and in vitro cytotoxicity
Human PC cells (COLO-357) and human normal cell lines 

(293T) were used in this study. COLO-357 cells were 

obtained from the Second Military Medical University 
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(Shanghai, China). 293T cells were obtained from Tongji 

University School of Medicine (Shanghai, China). All cells 

were maintained according to the previously described 

methods and were cultured at 37°C in a 5% CO
2
 incubator. 

This research was approved by the Second Military Medical 

University Institutional Review Board (Shanghai, China).

For in vitro cytotoxicity testing, COLO-357 or 293T 

(8×103 cells/well) cells were cultured in 96-well plates at 

37°C in the presence of 5% CO
2
. The next day, Cell Counting 

Kit-8 (CCK-8) assays were performed following the manu-

facturer’s protocol (ZOMANBIO, Beijing, China). Briefly, 

cultured media were removed and replaced with 200 µL fresh 

culture media containing Gd–Au NCs or Gd-Au-NC-GPC-1 

in various concentrations. The mixture of target cells and 

NCs was incubated at 37°C for 24 hours. Then, the media 

were removed, and the cells were washed 2 times with PBS 

and were then incubated in fresh media with CCK-8 solution 

at 37°C for 1 hour. Absorbance at 450 nm was measured 

using an enzyme-linked immunosorbent assay (ELISA) Plate 

Reader (Thermo Fisher Scientific, Waltham, MA, USA). 

Three independent biological experiments were performed.

Fluorescence labeling in vitro
COLO-357 and 293T cells were seeded in culture dishes 

at a seeding density of 2×105 cells/well and incubated for 

24 hours under culture conditions. After incubation, the 

cells were washed 2 times with PBS and then treated with 

Gd-Au-NC-GPC-1 or Gd–Au NCs at Au concentration of 

0.46 mM for 2 hours. After discarding NCs, the cells were 

washed 2 times with PBS and then visualized using a Leica 

confocal microscope (Leica TCS SP5 II, Wetzlar, Germany) 

with a 60× oil objective. The cells were then digested with 

Trypsin (Hyclone, Logan, UT, USA), washed 2 times with 

PBS, and resuspended in 0.5 mL PBS. The fluorescence 

intensity analysis was performed by flow cytometry using a 

BD FACSVerse and FlowJo_V10 cytometers (BD Biosci-

ence, Lake Franklin, NJ, USA). We gated the fluorescence 

intensities from cells incubated without NCs as baseline fluo-

rescence. We then analyzed and compared the percentages 

of cells with positive fluorescence in the different groups. 

Three independent experiments were performed.

relaxometry and in vitro MrI
The longitudinal (T1) and transverse (T2) relaxation times 

of Gd-Au-NC-GPC-1 were evaluated by using a 1.41 T 

minispec mq60 NMR Analyzer (Bruker Optik GmbH, 

Ettlingen, Germany) at 37°C. Relaxivity values of r1 and r2 

were calculated by fitting the 1/T1 and 1/T2 relaxation time 

(s−1) versus the Gd concentration (mM) curves.

For in vitro MRI, COLO-357 and 293T cells (2×106) were 

treated with various concentrations of Gd-Au-NC-GPC-1 at 

37°C for 2 hours. The cells were then washed 3 times with 

PBS and harvested by trypsinization for 3 minutes. After 

centrifugation at 1,000 rpm for 5 minutes, the cells were 

resuspended in 20 µL PBS in an Eppendorf Tube® (Axygen, 

CA, USA). Magnetic resonance images were acquired using a 

3.0 T MAGNETOM Skyra MRI scanner (Siemens, Erlangen, 

Germany) using T1-weighted sequence (Mapping, repetition 

time/echo time [TR/TE] =6.83/2.26 ms, thickness =2 mm).

animal model and immunohistochemical 
(Ihc) staining
Male nude mice (4–5 weeks old) were purchased from 

Shanghai Laboratory Animal Center of the Chinese Academy 

of Sciences (Shanghai, China). To develop the mouse tumor 

model, 1×106 COLO-357 cells were subcutaneously injected 

into the axillary fossa of each mouse. Experiments were 

performed on COLO-357 tumor-bearing mice when tumor 

volumes reached about 60 mm3. All mouse experiments were 

approved by and performed according to the guidelines of 

the Second Military Medical University Laboratory Animal 

Center (Shanghai, China; approval ID: #20170105024).

IHC staining was performed as previously described 

using the GPC-1 antibody.30 Integrated optical density (IOD) 

was analyzed using Image-pro plus 6.0 (Media Cybernetics 

Inc., Rockville, MD, USA).

In vivo FI/MrI
For in vivo FI, 200 µL Gd–Au NCs or Gd-Au-NC-GPC-1 

(Au: 37 µM/kg) was intravenously injected into each COLO-

357 tumor-bearing mouse (n=3). Then, fluorescence images 

were acquired at different time points before (0 minute) 

and after (10, 30, and 40 minutes) tail vein injection. FI 

was performed using an IVIS Lumina II (Hopkinton, MA, 

USA). The excitation wavelength of filter was 535 nm, and 

the emission wavelength was 670 nm. In addition, relative 

fluorescence intensity of the tumor region was measured and 

expressed as mean ± SD.

For in vivo MRI, 200 µL Gd–Au NCs or Gd-Au-NC-

GPC-1 (Gd: 50 µM/kg) was intravenously injected into each 

COLO-357 tumor-bearing mouse (n=3). Then, MR images 

were obtained at different time points before (0 minute) and 

after (10, 30, 60, and 120 minutes) tail vein injection. MRI 

was performed using a 3.0 T MAGNETOM Skyra MRI 

scanner (Siemens) using T1-weighted sequence (Mapping, 

TR/TE =6.83/2.26 ms, thickness =2 mm). In addition, the 

relative MR intensity of the tumor region was measured and 

expressed as mean ± SD.
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In vivo toxicity of Ncs
To evaluate the acute toxicological effects of Gd-Au-NC-

GPC-1 in vivo, healthy nude mice (n=3) were intravenously 

injected with 200 µL saline solution or Gd-Au-NC-GPC-1 

(Gd: 50 µM/kg). Mice injected with saline solution were used 

as the control. All nude mice were anaesthetized and eutha-

nized 24 hours later. For blood chemistry analysis, serum 

biochemistry analysis was performed using an Automatic 

Chemistry Analyzer Chemray 240 (Rayto Life and Analytical 

Sciences Co., Ltd., Shenzhen, China). For histology exami-

nations, appropriate organs were harvested and stained with 

hematoxylin and eosin (H&E). Pathological changes were 

observed using an optical microscope.

Results and discussion
Preparation and characterization 
of gd-au-Nc-gPc-1
Gd–Au NCs were prepared according to the methods previ-

ously reported by our group.28 BSA, commonly employed as 

a substrate for biomineralization, was selected as the model 

protein for this study. Upon adding HAuCl
4
 and GdCl

3
 to 

the aqueous BSA solution, the protein molecules sequestered 

and entrapped Au and Gd ions.31,32

GPC-1 antibody was then conjugated with Gd–Au NCs 

using EDC, a water-soluble carbodiimide crosslinker.29,33–35 

Under these conjugation conditions, BSA was activated by 

EDC and then conjugated with GPC-1 antibody.29

HRTEM images showed a round-like morphology for 

Gd-Au-NC-GPC-1 with ~3 nm average diameter (Figure 1A), 

which was similar to the Gd–Au NCs (Figure S1A). Dynamic 

light scattering showed the hydrodynamic diameters of 

Gd-Au-NC-GPC-1 ranging from 13.5 to 24.4 nm with an 

average of 18.2 nm (Figure 1B), which was slightly larger 

than that of Gd–Au NCs (8.7 nm) due to GPC-1 antibody 

conjugation (Figure S1B). AFM 3-dimensional topographic 

images and line profiles showed a low surface roughness for 

Gd-Au-NC-GPC-1 (Figure 1C and D), which was similar 

to Gd–Au NCs (Figure S1C and D). From the data obtained 

from 3-dimensional topographic images and line profiles by 

AFM, we conclude the following: 1) the surface roughness 

of both nanomaterials (Gd-Au-NC-GPC-1 and Gd–Au NCs) 

were low; 2) the height distributions of both nanomaterial 

surfaces were homogeneous; 3) the average thickness of 

Gd-Au-NC-GPC-1 (23 nm) was slightly greater than that of 

Gd–Au NCs (18 nm) due to GPC-1 antibody conjugation; 

and 4) the thickness of both nanomaterials demonstrates 

the frame role that BSA plays in the 2 nanomaterials. The 

chemical structures of the probes were characterized using 

XPS. The C1s XPS spectra showed that 6 components are 

found to be associated with carbon atoms in the C1s region: 

O−C=O (289.1 eV), C=O (287.7 eV), C−O (286.5 eV), C−N 

(285.7 eV), C−C (284.5 eV), and C=C (283.2 eV). For Gd-

Au-NC-GPC-1, the intensity peak of O−C=O was missing, 

indicating that the conjugation between carboxyl groups and 

primary amines was successful. The intensity peak of C=C 

in Gd-Au-Nc-GPC-1, which mostly came from the GPC-1 

antibody, indicated successful conjugation of the GPC-1 

antibody to Gd–Au NCs (Figure 1E and F).

Property characterization of gd-au- 
Nc-gPc-1
Property characterization of Gd-Au-NC-GPC-1 indicated 

that there was no significant influence by conjugating the 

GPC-1 antibody. As shown in Figure 2A, Gd-Au-NC-GPC-1 

had absorption at 280 nm. The absorption peak was less 

well defined in Gd-Au-NC-GPC-1 compared with Gd–Au 

NCs (Figure S2A), which was mostly associated with ultra-

filtration. It has been reported that the absorption peak at 

280 nm originates from the aromatic amino acid.36 As free 

BSA was removed during purification by ultrafiltration, the 

absorption peak in the Gd-Au-NC-GPC-1 became less well 

defined. Fluorescence emission spectra showed that strong 

fluorescence at 650 nm was observed from Gd-Au-NC-

GPC-1 (Figure 2B), which was similar to that of Gd–Au 

NCs (Figure S2B). Using a 365-nm UV-lamp irradiation, 

Gd-Au-NC-GPC-1 exhibits strong fluorescence intensity 

as for Gd–Au NCs (Figures 2C and S2C), which make it an 

ideal FI contrast agent.

To evaluate the potential application of Gd-Au-NC-

GPC-1 as an MRI contrast agent, the T1 and T2 relaxivity 

values were measured at different Gd concentrations. As 

shown in Figure 2D, the r1 value of Gd-Au-NC-GPC-1 was 

17.722 s−1 mM−1 Gd, which was almost 4 times higher com-

pared with the r1 value of Gd-diethylenetriaminepentacetate 

(DTPA; a clinical MRI contrast agent; r1 value =4.6 s−1 mM−1 

Gd).36 In addition, the ratio of r2 to r1 was relatively low 

(r2/r1 =1.39, r2/r1,3), indicating a strong T1 effect.37 In this 

study, we considered 3 as a useful cutoff r2/r1 ratio, because 

most of the T1 contrast agents had r2/r1 ratios ranging 

between 1 and 2, while the r2/r1 ratios for T2 contrast agents 

are always much higher (iron oxide particles $10).37,38 Next, 

the T1-weighted MR images were compared (Figures 2E 

and S2D). Gd-Au-NC-GPC-1 exhibits similar MR signals 

as Gd-DTPA even at lower Gd concentrations (Figure 2E). 

Results showed that MR signals between Gd-Au-NC-GPC-1 

and Gd–Au NCs were almost same, which indicated that 
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the conjugation of the GPC-1 antibody did not result in sig-

nificant influence on MR signals from Gd–Au NCs. These 

results suggest that Gd-Au-NC-GPC-1 could be used as a 

T1-positive contrast agent.

cell toxicity of gd-au-Nc-gPc-1
In order to test the cell toxicity of Gd-Au-NC-GPC-1, we 

selected human PC cells (COLO-357) and human normal 

cell lines (293T) as our target cells. CCK-8 assays were 

used to determine cell toxicity.33 The results of target cells 

treated with both Gd–Au NCs and Gd-Au-NC-GPC-1 at 

various concentrations for 24 hours are shown in Figure 3. 

Concentrations ranging from 0 to 150 mg/L were tested. 

Results indicated that there was no significant cytotoxicity 

(cell viability .80%) for Gd–Au NCs against both COLO-

357 (Figure 3A) and 293T cells (Figure 3B) at all the con-

centrations tested, which was consistent with our previously 

published results.28 For Gd-Au-NC-GPC-1, no significant 

cytotoxicity was observed in 293T cells at all concentrations 

tested, which was similar to Gd–Au NCs (Figure 3B). How-

ever, Gd-Au-NC-GPC-1 showed dose-dependent cytotoxic-

ity (cell viability: from 75.7% to 37.4%) against COLO-357 

cells at relatively high concentrations (concentrations: from 

30 to 150 mg/L; Figure 3A), which may be associated with 

Figure 1 (A) TeM image of gd-au-Nc-gPc-1 (red circles). (B) hydrodynamic diameter distribution of gd-au-Nc-gPc-1. (C) Topographic profile of Gd-Au-NC-GPC-1. 
(D) Line profile of Gd-Au-NC-GPC-1. (E) The c1s XPs spectra of gd-au-Nc-gPc-1. (F) The c1s XPs spectra of gd–au Ncs.
Note: (D) Red arrowheads: two points selected artificially during the process of cartography, in order to determine the location of the line profile.
Abbreviations: gd-au-Nc-gPc-1, gd–au Ncs conjugated with gPc-1 antibody; gPc-1, glypican-1; Ncs, nanoclusters; TeM, transmission electron microscopy; XPs, 
X-ray photoelectron spectroscopy.
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complement-dependent cytotoxicity.39 Gd-Au-NC-GPC-1 

showed selective cell toxicity to PC cells, but almost no 

toxicity to human normal cells (293T cells), indicating that Gd-

Au-NC-GPC-1 would be a promising agent for in vivo use.

Dual-modal imaging of Pc cells in vitro
As Gd-Au-NC-GPC-1 exhibits strong fluorescence at 

650 nm, it is possible to detect PC cells by FI using confocal 

microscopy and flow cytometry. COLO-357 and 293T cells 

were incubated with Gd-Au-NC-GPC-1 or Gd–Au NCs (Au 

concentration: 0.46 mM) at 37°C for 2 hours (Figure 4A). 

Gd-Au-NC-GPC-1 exhibits strong red fluorescence on the 

surface of COLO-357 cells, but was rather weak on the sur-

face of 293T cells. In contrast, incubating with Gd–Au NCs, 

the red fluorescence on the surface of both COLO-357 and 

293T cells was almost absent. These results suggest that Gd-

Au-NC-GPC-1 is a selective FI agent for detecting PC cells in 

vitro. Next, we investigated whether the labeling of PC cells 

Figure 2 (A) UV–visible absorption spectra of gd-au-Nc-gPc-1. (B) Fluorescent emission spectra of gd-au-Nc-gPc-1. (C) Bright (left) and fluorescent (right) 
photograph of gd-au-Nc-gPc-1. (D) T1 and T2 relaxation times of gd-au-Nc-gPc-1. (E) T1-weighted Mr images of gd-DTPa and gd-au-Nc-gPc-1 at various 
concentrations (mM).
Abbreviations: DTPa, diethylenetriaminepentacetate; gd-au-Nc-gPc-1, gd–au Ncs conjugated with gPc-1 antibody; gPc-1, glypican-1; Mr, magnetic resonance; 
Ncs, nanoclusters; UV, ultraviolet.

Figure 3 cell viability of cOlO-357 (A) and 293T cells (B) after incubation with different concentrations of gd–au Ncs (blue) or gd-au-Nc-gPc-1 (red) for 24 hours.
Abbreviations: gd-au-Nc-gPc-1, gd–au Ncs conjugated with gPc-1 antibody; gPc-1, glypican-1; Ncs, nanoclusters.
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by Gd-Au-NC-GPC-1 is through specific binding of GPC-1 

antibody to antigen. We preincubated COLO-357 cells with 

GPC-1 antibody at 37°C for 2 hours, followed by incuba-

tion with Gd-Au-NC-GPC-1 at 37°C for another 2 hours 

(Figure 4B). If Gd-Au-NC-GPC-1 labeling of PC cells was 

through the specific binding of GPC-1 antibody to antigen, 

then GPC-1 antibody will competitively bind to GPC-1 anti-

gen in the preincubation stage, leading to reduced binding 

of Gd-Au-NC-GPC-1 to PC cells. In addition, we incubated 

COLO-357 cells with Gd-Au-NC-GPC-1 at 4°C for 2 hours 

(Figure 4C). It is known that the optimal condition for most 

IgG antibody binding to antigen is at 37°C; hence, the low 

temperature would reduce the binding rate of antibody and 

antigen.40 If Gd-Au-NC-GPC-1 labeling of PC cells was 

through the specific binding of GPC-1 antibody to antigen, 

the incubation temperature at 4°C will reduce the binding 

rate of Gd-Au-NC-GPC-1 to PC cells. Results showed that 

the intensity of fluorescence was reduced for both GPC-1 

antibody preincubation and 4°C incubation. These results 

suggest that the FI of PC cells by Gd-Au-NC-GPC-1 was 

through specific binding of GPC-1 antibody to antigen.

As shown in Figure 5A, the fluorescence intensity values 

of Gd–Au NCs on COLO-357 and 293T cells were quite 

low (COLO-357: 0.42%; 293T: 0.23%). In sharp contrast, 

the fluorescence intensity of Gd-Au-NC-GPC-1 on COLO-

357 cells was enhanced significantly (99.4%). However, the 

Figure 4 Confocal fluorescence images of in vitro cell uptake of Gd-Au-NC-GPC-1 at Au concentration of 0.46 mM. (A) cOlO-357 and 293T cells were incubated with gd-
au-Nc-gPc-1 or gd–au Ncs at 37°c for 2 hours. (B) cOlO-357 cells were preincubated with or without gPc-1 antibody (dilution rate, 1:50) at 37°c for 2 hours. after 
discarding gPc-1 antibody and washing target cells with PBs 2 times, cOlO-357 cells were incubated with gd-au-Nc-gPc-1 at 37°c for another 2 hours. (C) cOlO-357 
cells were incubated with gd-au-Nc-gPc-1 at 37°c or 4°c for 2 hours. Bar, 25 µm.
Abbreviations: gd-au-Nc-gPc-1, gd–au Ncs conjugated with gPc-1 antibody; gPc-1, glypican-1; Ncs, nanoclusters.
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Figure 5 GPC-1 targeted uptake analysis of Gd-Au-NC-GPC-1 at Au concentration of 0.46 mM by flow cytometry. (A) cOlO-357 and 293T cells were incubated with gd-
au-Nc-gPc-1 or gd–au Ncs at 37°c for 2 hours. (B) cOlO-357 cells were preincubated with or without gPc-1 antibody (dilution rate, 1:50) at 37°c for 2 hours. after 
discarding gPc-1 antibody and washing target cells with PBs 2 times, cOlO-357 cells were incubated with gd-au-Nc-gPc-1 at 37°c for another 2 hours. (C) cOlO-357 
cells were incubated with gd-au-Nc-gPc-1 at 37°c or 4°c for 2 hours.
Abbreviations: gd-au-Nc-gPc-1, gd–au Ncs conjugated with gPc-1 antibody; gPc-1, glypican-1; Ncs, nanoclusters.
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fluorescence intensity of Gd-Au-NC-GPC-1 on 293T cells 

was slightly enhanced (38.2%). These data indicate that 

Gd-Au-NC-GPC-1 was a selective FI agent for labeling PC 

cells in vitro, which is consistent with the results obtained 

by confocal microscopy. Figure 5B shows that preincubation 

with GPC-1 antibody reduced the fluorescence intensity of 

Gd-Au-NC-GPC-1 on COLO-357 cells (26.5%). Figure 5C 

shows that incubation at 4°C also reduced the fluorescence 

intensity of Gd-Au-NC-GPC-1 on PC cells (8.81%). These 

data suggest that the fluorescence labeling of Gd-Au-NC-

GPC-1 is through specific binding of GPC-1 antibody to 

antigen, which is consistent with the results obtained by 

confocal microscopy. These results indicate that Gd-Au-NC-

GPC-1 is a potential FI contrast agent with a strong in vitro 

GPC-1 targeting capability.

Since Gd-Au-NC-GPC-1 exhibits a strong T1 effect, it is 

possible to detect PC cells by MRI. Figure 6 shows the MR 

signal intensities of COLO-357 and 293T cells treated with 

various concentrations of Gd-Au-NC-GPC-1. Data show that 

the cells treated with Gd-Au-NC-GPC-1 exhibit concentration-

dependent MR signal intensity. In addition, MR signal intensity 

of COLO-357 cells was much stronger compared with 293T 

cells, which was associated with the strong GPC-1 targeting 

capability of Gd-Au-NC-GPC-1. These results suggest that 

Gd-Au-NC-GPC-1 is a promising selective positive MRI 

contrast agent for detecting PC cells in vitro.

Dual-modal imaging of Pc cells in vivo
We next investigated the dual-modal imaging effect of Gd-

Au-NC-GPC-1 in vivo. COLO-357 tumor-bearing nude 

mice were used as animal models. To investigate the level of 

GPC-1 in the tumor tissues of COLO-357 tumor-bearing nude 

mice, we performed IHC staining of GPC-1 in COLO-357 

tumor tissues and adjacent normal tissues (Figure 7A and B). 

The results of IOD analysis showed that the expression level 

of GPC-1 in COLO-357 tumor tissues was significantly 

higher than that of normal tissues (Figure 7C), which was 

consistent with the previous reports.12

After intravenous injection with 200 µL Gd–Au NCs or 

Gd-Au-NC-GPC-1 into tumor-bearing mice, in vivo fluo-

rescence images and MR images were obtained at different 

Figure 6 In vitro MrI study with cOlO-357 and 293T cells.
Abbreviations: gd-au-Nc-gPc-1, gd–au Ncs conjugated with gPc-1 antibody; 
gPc-1, glypican-1; MrI, magnetic resonance imaging; Ncs, nanoclusters.

Figure 7 gPc-1 is increased in the tumor tissues of cOlO-357 tumor-bearing nude mice. (A, B) Ihc staining of gPc-1 (brown color) in the normal tissues (A) and cOlO-
357 tumor tissues (B). (C) IOD of the results of (A, B).
Abbreviations: gPc-1, glypican-1; Ihc, immunohistochemical; IOD, integrated optical density.
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Figure 8 In vivo FI and MrI of cOlO-357 tumor-bearing nude mice in the supine position. (A) Fluorescence images were taken at different time points after intravenous 
injection of gd–au Ncs or gd-au-Nc-gPc-1. The tumor sites are marked by black dotted circles. (B) Relative fluorescence intensities of tumor sites relate to (A). (C) 
T1-weighted Mr images were taken at different time points after intravenous injection of gd–au Ncs or gd-au-Nc-gPc-1. The tumor sites are marked by red dotted 
circles. (D) relative Mr signal intensities of tumor sites relate to (C).
Abbreviations: FI, fluorescence imaging; Gd-Au-NC-GPC-1, Gd–Au NCs conjugated with GPC-1 antibody; GPC-1, Glypican-1; MRI, magnetic resonance imaging; NCs, 
nanoclusters.

time points. Figure 8A shows the fluorescence images of NCs 

in vivo. Figure 8B shows the relative fluorescence intensities 

of tumor sites. For Gd–Au NCs-treated mice, the fluorescent 

intensities in tumor sites gradually increased during the first 

10 minutes after injection and decreased slightly during the 

following 30 minutes. We inferred that the enhancement 

of fluorescence signal may be attributable to the enhanced 

permeability and retention (EPR) effect.36 For Gd-Au-NC-

GPC-1-treated mice, the fluorescence intensity in tumor 

sites increased with time, reached a peak at 30 minutes after 

injection, and then subsequently decreased during the next 

10 minutes. The fluorescence signal of tumor sites in the 

Gd-Au-NC-GPC-1 group was much higher than that in the 

Gd–Au NCs group, suggesting the strong GPC-1 targeting 

capacity of Gd-Au-NC-GPC-1 in vivo. Although the results 

of FI had limited spatial resolution, the high detection 

sensitivity makes Gd-Au-NC-GPC-1 an ideal FI contrast 

agent for detecting PC cells.

Figure 8C shows the MR images of NCs in vivo. In addi-

tion, Figure 8D shows the relative MR intensities of tumor 

sites. For Gd–Au NCs-treated mice, the MR signal in the tumor 

site increased gradually during the first 60 minutes and then 

started to decrease during the next 60 minutes. Similarly, we 

inferred that the time-dependent increase of MR signal in the 

Gd–Au NCs group was also associated with the EPR effect.36 

For Gd-Au-NC-GPC-1-treated mice, an obviously bright MR 

signal was observed in the tumor site at 30 minutes after injec-

tion. The MR signal in the Gd-Au-NC-GPC-1-treated group 

was earlier and stronger than that in the Gd–Au NCs-treated 

group. These results confirmed the strong GPC-1 targeting 
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Figure 9 acute toxicology evaluation of gd-au-Nc-gPc-1 in vivo. healthy nude mice were intravenously injected with 200 µl saline solution or gd-au-Nc-gPc-1 (gd: 50 µM/kg) 
and then were euthanized 24 hours later (n=3). (A–D) results of serum biochemistry analysis. (E) h&e stained images of mice visceral organs. scale bar: 200 µm.
Abbreviations: alB, albumin; alT, alanine aminotransferase; BUN, blood urea nitrogen; cr, creatinine; gd-au-Nc-gPc-1, gd–au Ncs conjugated with gPc-1 antibody; 
gPc-1, glypican-1; h&e, hematoxylin and eosin; Ncs, nanoclusters.

capacity of Gd-Au-NC-GPC-1 in vivo, which was consistent 

with the results of FI. Although the results of MRI had low sen-

sitivity, the high spatial resolution makes Gd-Au-NC-GPC-1 

an ideal MRI contrast agent for detecting PC cells.

It is documented that FI has high detection sensitivity, but 

suffers from limited spatial resolution.23,24 Conversely, MRI 

has high anatomical resolution, but lacks the sensitivity.25–27 

The sensitivity of Gd-Au-NC-GPC-1 with dual-modal FI/

MRI function is reflected in the following aspects: 1) in the 

dual-modal imaging of PC cells in vitro, MRI could only 

demonstrate whether or how much Gd-Au-NC-GPC-1 was 

located with PC cells or the combination degree. However, 

FI could clearly show that Gd-Au-NC-GPC-1 was targeted 

on the cell membrane of COLO-357 cells; and 2) in the dual-

modal imaging of PC cells in vivo, FI could only demonstrate 

whether Gd-Au-NC-GPC-1 was targeted to the tumor and the 

approximate position of the tumor in the mouse. However, 

MRI could clearly show the exact location of the tumor 

based on the position of other organs. In this study, Gd-Au-

NC-GPC-1 not only demonstrated the targeting spot at the 

cellular level, but also showed the exact location of the tumor 

in vivo. Therefore, Gd-Au-NC-GPC-1 with dual-modal FI/

MRI function has the potential to be used both for the early 

diagnosis of PC in the clinic and as a research tool to deter-

mine the mechanism of action at the cellular level.

In vivo toxicity of gd-au-Nc-gPc-1
To investigate the acute toxicity of Gd-Au-NC-GPC-1 

in vivo, serum biochemistry and histological examina-

tions were performed (Figure 9). Healthy nude mice (n=3) 

were intravenously injected with 200 µL saline solution or 

Gd-Au-NC-GPC-1 (Gd: 50 µM/kg) and then euthanized 

24 hours later. The results of serum biochemistry analysis 

showed that there were no significant differences between 

the saline solution and Gd-Au-NC-GPC-1 group. Both liver 

function markers (Figure 9A and B) and kidney function 

markers (Figure 9C and D) in the Gd-Au-NC-GPC-1 group 

were within the normal range. H&E staining images of 

5 major organs (heart, liver, spleen, lung, and kidney) from 

the saline-solution-injected mice and Gd-Au-NC-GPC-1-

injected mice were compared (Figure 9E). Compared with 

the saline-solution-injected mice, there were no obvious 

pathology changes in the major organs of the Gd-Au-NC-

GPC-1-injected mice. These results indicate that Gd-Au-NC-

GPC-1 has good biosafety at the tested dose, which makes 

possible further clinical application.

Conclusion
We established a new multifunctional nanoprobe designated 

Gd-Au-NC-GPC-1 for detecting PC cells. Dual-modal Gd-

Au-NC-GPC-1 nanoprobe exhibits intense red fluorescent 
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emission and strong T1 effect. Conjugation with GPC-1 

antibody enabled the functional imaging probe to effectively 

target GPC-1-expressing PC cells both in vitro and in vivo. 

Gd-Au-NC-GPC-1 could be a promising candidate for detect-

ing PC cells in the clinic.
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Supplementary materials

Figure S1 (A) TeM image of gd–au Ncs. (B) hydrodynamic diameter distribution of gd–au Ncs. (C) Topographic profile of Gd–Au NCs. (D) Line profile of 
gd–au Ncs.
Note: (D) Red arrowheads: two points selected artificially during the process of cartography, in order to determine the location of the line profile.
Abbreviations: gd-au-Nc-gPc-1, gd–au Ncs conjugated with gPc-1 antibody; gPc-1, glypican-1; Ncs, nanoclusters; TeM, transmission electron microscopy.

Figure S2 (A) UV–visible absorption spectra of gd–au Ncs. (B) Fluorescent emission spectra of gd–au Ncs. (C) Bright (left) and fluorescent (right) photograph of 
gd–au Ncs. (D) T1-weighted Mr images of gd-DTPa and gd–au Ncs with various concentrations (mM).
Abbreviations: DTPa, diethylenetriaminepentacetate; gd-au-Nc-gPc-1, gd–au Ncs conjugated with gPc-1 antibody; gPc-1, glypican-1; Mr, magnetic resonance; 
Ncs, nanoclusters; UV, ultraviolet.
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