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Abstract
Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related deaths in China. Glypican-3 (GPC3) is 
a specific antigen related to HCC, which is widely used in clinical detection as a reliable marker of HCC. In this paper, 
a highly sensitive homogeneous apatasensor was designed for GPC3 detection based on fluorescence resonance energy 
transfer (FRET) where the GPC3 aptamer labelled gold carbon dots (AuCDs-GPC3Apt) are used as a donor and magnetic 
graphene oxide (Fe3O4/GO) nanosheets are used as an acceptor. A one-step hydrothermal method was used to synthesize 
AuCDs to provide sufficient fluorescence. The FRET phenomenon exists between AuCDs-GPC3Apt and Fe3O4/GO, which 
weakens the fluorescence intensity of the whole system. When the target GPC3 is added to the FRET system, the fluorescent 
AuCDs-GPC3Apt binds to the GPC3 and forms a folded structure, which leads to AuCDs-GPC3Apt separation from Fe3O4/
GO nanosheets. The Fe3O4/GO is then magnetically separated so that the fluorescence of free labelled AuCDs-GPC3Apt is 
restored. Under the optimum conditions, the fluorescence recovery rate is linearly correlated with the concentration of GPC3 
(5–100 ng·mL−1) and the detection limit is 3.01 ng·mL−1 (S/N = 3). This strategy shows recoveries from 98.76 to 101.29% 
in real human serum samples and provides an immediate and effective detection method for the quantification of GPC3 with 
great potential applications for early diagnosis of HCC.

Keywords  Glypican-3 · Fluorescence resonance energy transfer · Magnetic graphene oxide · Gold carbon dots · 
Fluorescence aptasensor

Introduction

Hepatocellular carcinoma (HCC) is the major histological 
subtype among types of primary liver cancer and is the 
second leading cause of cancer-related deaths in China [1]. 
Due to tumor heterogeneity and distant metastasis, the cure 
rate of patients with advanced HCC is not optimistic, while 
clinical studies have demonstrated that the survival rate of 
patients with early-stage HCC is greatly increased if they 
are treated promptly [2]. Therefore, strategies to screen for 
and diagnose early HCC are urgently needed [3]. Serological 
levels of alpha-fetoprotein (AFP) are commonly used as a 
classical marker in the field of hepatocellular carcinoma 
detection [4], but assays targeting AFP have been difficult 
to meet the requirements of modern medicine for HCC 
diagnosis in terms of specificity and relevance [5].

Glypican-3 (GPC3) is a transmembrane proteogly-
can anchored to the cell membrane by glycosylated 
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phosphatidylinositol (GPI) [6]. GPC3 has been verified to 
be closely correlated to the growth, proliferation, invasion, 
and metastasis of cancer cells [7]. Increasing evidence indi-
cates that its gene is a potential target for promoting HCC 
cell apoptosis and inhibiting metastasis through the Wnt/
beta-catenin and Hh singling pathways [8, 9]. GPC-3 can be 
actively expressed in hepatoma cells, acting as both tumor 
promoters and inhibitors in a cancer type-specific manner. 
Thus, serum GPC3 level can be used as an excellent liver 
cancer marker to accurately detect HCC. There are various 
methods to detect GPC3, among which electrochemical 
measurement [10], luminescence immunoassay [11], and 
immunological diagnosis [12] are the mainstream ones. 
However, these methods either have high requirements for 
equipment or the detection process is cumbersome, which 
cannot be detected in time and effectively. Herein, we pro-
pose an aptamer-based sensor to overcome the above short-
comings and accurately detect the target protein.

Compared with common biomarkers detection methods 
such as PCR (polymerase chain reaction), immunohisto-
chemistry, and flow cytometry, the biosensor constructed 
by aptamer (i.e., aptasensors) has the advantages of micro-
scale, rapid response, low detection cost, and micro-detec-
tion [13–15]. Aptamers are artificially synthesized single-
stranded RNA or DNA oligonucleotide and selected using 
random libraries in the standard systematic evolution of 
ligands by exponential enrichment (SELEX) [16]. Aptamer 
has a high affinity to relevant targets for forming a spatial 
structure with specific functions, which ensures higher accu-
racy compared with other biorecognition elements [17]. 
Related studies show that colorimetric transducers, fluo-
rescent, and electrochemical analysis can greatly improve 
the detection accuracy after combining with aptamers. 
As a widely used technology, fluorescence aptasensor has 
excellent properties such as low cost, simple operation, and 
high sensitivity [18–20]. In particular, the theory of fluores-
cence resonance energy transfer (FRET) has been adopted 
to recognize subtle changes in fluorescence, where energy 
transfer occurs between fluorescence particles (fluorescence 
dyes, carbon quantum dots, and UCNPs) as the donors and 
quenching materials (gold nanoparticles, graphene, and 
dyes) as the acceptors within a distance less than 10 nm 
[21, 22]. For instance, Gong et al. constructed a simple and 
sensitive two-photon imaging fluorescent nitrogen-doped 
carbon dots (N-CDs) platform which can visually monitor 
anticancer drug loading by FRET [23]. He et al. developed 
an intracellular DNA nanoprobe called DNA tetrahedron 
nanotweezers (DTNT), which can reliably image tumor-
related genes in living cells based on the “off” to “on” signal 
readout mode of FRET [24].

Graphene oxide (GO) is the oxidation product of gra-
phene and is the thinnest material in the universe and has 
attracted huge attention in recent years [25]. GO has a 

huge surface area and a large number of functional groups 
including hydroxyl, epoxy groups, and carboxyl groups, 
which provide abundant attachment sites for the function-
alization [26, 27]. In addition, magnetic Fe3O4 nanoparti-
cles have many excellent properties such as low toxicity, 
biocompatibility, strong magnetism, and catalytic behavior, 
which makes it a suitable candidate material for biomedi-
cal hybrid material [28, 29]. Therefore, it is expected that 
supported GO on magnetic nanoparticles (i.e., magnetic 
graphene oxide (Fe3O4/GO)) would have profound effects 
on the performance compared to bared Fe3O4 nanoparticles 
or especially pure GO. On the one hand, GO played a “flex-
ible confinement” function to prevent the agglomeration of 
pulverized Fe3O4. On the other hand, the magnetic Fe3O4/
GO nanohybrids improved the sensitivity of the detection 
method contributed to the process of magnetic enriching 
and separation. Many fluorescence aptasensors with Fe3O4/
GO nanohybrids as quenchers show excellent detection per-
formance [30–32]. For example, Li et al. presented a fluo-
rometric Hg(II) detection based on the method of magnetic 
graphene oxide (Fe3O4/GO) as a quencher and preconcentra-
tors. The fluorescence of thymine (T) rich ssDNA labelled 
with naphthalimide derivative is quenched by Fe3O4/GO due 
to FRET [32].

Rhodamine, upconversion nanomaterials (UCNPs), and 
nucleic acid fluorescent dyes are all commonly used as fluo-
rescence probe for detection. Although rhodamine has high 
fluorescence intensity, it is inherently toxic and extremely 
harmful to humans which is not suitable for routine experi-
mental research [33]. UCNPs are optically stable but have 
low quantum yields and poor biocompatibility which can 
affect the experimental results [34]. Nucleic acid fluorescent 
dyes require staining of cells and are complicated to oper-
ate [35]. Here, it is necessary to find a suitable fluorescence 
source to support the experiment. Carbon dots (CDs) are 
a kind of coordinated optical fluorescence nanomaterials 
because of their excellent emission spectrum controllabil-
ity, biocompatibility, and easy functionalization [36]. Gold 
nanoparticles (AuNPs), as another kind of nanomaterial that 
has the advantages of high biocompatibility and low toxic-
ity, high extinction coefficients, and fluorescence quenching 
effect, are widely used in the field of fluorescence detec-
tion [37]. Gold carbon dots (AuCDs) nanohybrids have the 
advantages of both AuNPs and CDs, such as high stability, 
high fluorescence intensity, and large Stokes shift. CDs is 
used as the main body to ensure a sufficient fluorescence 
source for the synthesized AuCDs. AuNPs are absorbed onto 
the surface of CDs can enhance good attachment of AuCDs 
to aptamers due to high affinity of gold for aptamers [38]. In 
addition, the AuCDs have a longer fluorescence decay after 
the AuNPs is attached to the surface of CDs. For instance, 
Takashi et al. reported the synthesis of N-CDs and found 
that N-CDs can be used as reducing and stabilizing agents 
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to reduce chloroauric acid to AuNPs. And the average fluo-
rescence decay of the N-CD–AuNPs nanocomposite (ca. 
2.3 ns) was larger than that of the N-CDs (ca. 1.5 ns) [39].

Herein, a FRET-based aptasensor for GPC3 detection was 
constructed by using gold-carbon dot nanohybrids (AuCDs) 
labelled GPC3 aptamer as donors and magnetic graphene 
oxide (Fe3O4/GO) as acceptors. The fluorescence-labelled 
AuCDs-GPC3Apt complex is formed by the combination 
of mercapto GPC3Apt and AuCDs through Au–S bond and 
the coordination of the N atoms in the DNA component 
and the gold ions of the AuCDs. Fe3O4/GO not only has 
the advantages of magnetic Fe3O4 nanomaterials but also 
has excellent detection performance as a strong quencher. 
The fluorescence-labelled AuCDs-GPC3Apt complex can be 
adsorbed on the surface of Fe3O4/GO nanosheets through the 
π-π interaction between the surface of the material and the 
ssDNA base, thus showing an excellent fluorescence quench-
ing effect. With the addition of target protein GPC3, the 
fluorescent labelled aptamer binds to the GPC3 and forms 
a folded structure, which leads to separation from Fe3O4/
GO nanosheets, thus, the fluorescent signal is retained. The 
concentration of target GPC3 is quantitatively determined by 
the changes in fluorescence intensity recorded by spectro-
photometer before and after the forming of GPC3-GPC3Apt 
complex.

Experimental

Reagents and materials

GO was purchased from Nano Pioneer Company (Nanjing, 
China). Hydrated ferrous sulfate (FeSO4·7H2O), polyeth-
ylene glycol (PEG-20000), sodium hydroxide, and other 
substances were supplied by Xilong Chemical Co., Ltd. 
(Guangzhou, China). Glucose, chloroauric acid (HAuCI4), 
and sodium citrate tribasic (SCT) were provided by Aladdin 
Reagents Ltd. (Shanghai, China).

GPC3 protein and thiolated GPC3 aptamer (GPC3Apt) 
(sequence: 5’-SH-C6-AAA​AAA​AAT​ACT​CAG​GGC​ACT​
TGC​AAG​CAA​TTG​TGG​TCC​CAA​TGG​GCT​GAG​TAT​-3’) 
[40] were obtained from Shanghai Sangon Biotech Co., 
Ltd. (Shanghai, China). All solutions were prepared with 
ultrapure water obtained by standard purification treatment 
(Milli-Pore, Bedford, MA, USA).

Apparatus

Scanning electron microscopy (SEM) images were col-
lected from Quanta 200 field environmental scanning elec-
tron microscope (FEICOMPANY, USA). The structure of 
AuCDs was observed by transmission electron microscopy 
(TEM, JEM-2100F, Japan). The zeta potential was measured 

by Malvern Nano ZS90 Zetasizer (Almelo, Netherlands). 
All ultraviolet absorption spectra were generated within a 
limited wavelength range of 200–800 nm (UV–vis, UH5300, 
HITACHI, Japan). Fluorescence measurements were per-
formed on an F-4600 fluorometer (Hitachi Co., Ltd., Japan).

Preparation of the AuCDs and AuCDs‑GPC3Apt

The AuCDs are synthesized by a one-step hydrothermal 
method through synthesis of CDs with simultaneous reduc-
tion of the gold ions in chloroauric acid (HAuCl4) to gold 
monomers. Briefly, 30 mg glucose was added into 50 mL 
distilled water to obtain 0.6 mg·mL−1 glucose solution, 
then 0.01 mol·L−1 chloroauric acid (HAuCl4) solution was 
added to the glucose solution and stirred for 30 min. Next, 
0.01 mol·L−1 SCT was dropped into the mixed solution and 
continue stirring for another 5 min to make the mixture more 
complete. Finally, the mixture was poured into a hydrother-
mal reactor lined with Teflon and heated at 200 °C for 6 h 
in a blast drying oven. Upon completion of the reaction, the 
container was cooled to room temperature and centrifuged 
at 13,000 r·min−1 for 20 min to obtain AuCDs. The AuNPs 
and CDs have been prepared without added SCT or without 
added HAuCl4 with the same preparation process.

40 μL 80 nmol·L−1 thiolated GPC3 aptamer (GPC3Apt) 
was added to 5.0 mL AuCDs solution and gently stirred 
in the dark for 4 h at room temperature. The fluorescence-
labelled AuCDs-GPC3Apt complex is formed by the com-
bination of thiolated GPC3Apt and AuCDs through Au–S 
bond, and the van der Waals forces, and the coordination 
of the N atoms in the DNA component and the gold ions of 
the AuCDs. Then separating the coupled AuCDs-GPC3Apt 
from the uncoupled by centrifuging at 10,000  rpm for 
about 30 min. Finally, redispersing the residue in 1.0 mL 
ultrapure water.

Preparation of Fe3O4/GO nanosheets>

30 mg GO was dispersed in 7.5 mL deionized water dis-
solved with 0.6255 g FeSO4·7H2O by ultrasonic dispersion. 
2.5 mL PEG-20000 solution (50 g·L−1) was dissolved into 
the mixed solution and stirred vigorously at 30 °C. After 
uniform mixing, dilute ammonia water (0.625 mL concen-
trated ammonia water, 7.5 mL deionized water) was slowly 
added to pH = 10 so that Fe2+ was precipitated in the form 
of Fe(OH)2, which was dark green. Then, 67.5 μL H2O2 
solution was added slowly while stirring for 20 min. After 
that, the mixed solution was transferred into a high-pres-
sure reaction kettle with a reaction of 160 °C for 5 h. After 
natural cooling, the product after magnetic separation was 
thoroughly washed with deionized water and absolute ethyl 
alcohol in sequence. The product was dried overnight in a 
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vacuum drying oven at 70 °C. Finally, grinding the product 
in a mortar to obtain Fe3O4/GO powder.

Construction of the FRET‑based aptasensor 
and detection of GPC3

To construct the FRET-based aptasensor, 400 μL Fe3O4/GO 
(2.0 mg·mL−1) and 400 μL AuCDs-GPC3Apt (80 mmol·L−1) 
were added to 1600 μL HEPES buffer (20  mmol·L−1, 
pH = 7.0, containing 5.0 mmol·L−1 KCl and 5.0 mmol·L−1 
MgCl2) and the resulting solution was incubated at 25 °C 
for 50 min after the shake and mixing. From it, the sys-
tem solution of AuCDs-GPC3Apt-Fe3O4/GO FRET was 
constructed. The fluorescence intensity was recorded as 
F0 under scanning with a fluorescence spectrophotometer 
(λex/em = 350/440 nm). Uniformly dividing the system solu-
tion after measuring the fluorescence intensity was evenly 
divided into 10 groups. Then, the GPC3 (2 μg·mL−1) was 
gradually diluted into ten groups (5, 10, 20, 40, 60, 80, 
100, 200, 400, and 600 ng·mL−1) with PBS buffer solution 
(20 mmol·L−1, pH = 7.0, containing 5.0 mmol·L−1 KCl and 
5.0 mmol·L−1 MgCl2). Next, 40 μL GPC3 protein solution 
(in different concentration) was added to 240 μL AuCDs-
GPC3Apt-Fe3O4/GO FRET system and reacted at 25 °C for 
120 min with shaking evenly and the fluorescence inten-
sity was recorded as F1 under scanning with a fluorescence 
spectrophotometer (λex/em = 350/440 nm). The calibration 
plot between fluorescence recovery rate (F1 − F0) / F0 and 
GPC3 concentration was obtained.

Detection GPC3 in human serum samples

In order to demonstrate the practicality of the proposed 
method, GPC3 in human serum samples were assayed by the 
AuCDs-GPC3Apt-Fe3O4/GO FRET system. We got human 
serum samples from Guangxi Key Laboratory of Metabolic 
Disease Research, 924 Hospital of Chinese People’s Libera-
tion Army (Guilin, China). 0.5 mL healthy human serum 
was diluted with HEPES buffer to 5.0 mL volume. Then 
mixing 2.0 μL of diluted human serum with 2.0 μL GPC3 
standard solutions of various concentrations (10.0, 30.0, and 
60.0 ng·mL−1) which used as different spiked samples. The 
different spiked samples were added into AuCDs-GPC3Apt-
Fe3O4/GO FRET system, and detected by fluorescence spec-
troscopy as described above. Then the fluorescence recov-
ery rate is calculated and the specific content of GPC3 was 
obtained according to the above calibration plot.

Results and discussion

Characterization of AuCDs

CDs, AuNPs, and AuCDs were synthesized using the same 
hydrothermal method. The synthesis of AuCDs is to reduce 
the gold ions in chloroauric acid to gold monomers which 
is adsorbed on the surface of CDs. Details of their respec-
tive properties were investigated using the UV spectra and 
fluorescence spectra. Figure 1a is the UV spectra of CDs 

Fig. 1   a UV characteriza-
tion of AuCDs and CDs. b 
Fluorescence emission spectra 
of AuCDs, CDs, and AuNPs. 
c EDS spectrum of AuCDs. d 
X-ray photoelectron spectros-
copy of AuCDs

Li G. et al.6444



1 3

and AuCDs, and in comparison with CDs, AuCDs have an 
additional gold absorption peak at 520 nm, which further 
supports the synthesis of AuCDs. Seen from Fig. 1b, AuNPs 
have no fluorescence, CDs have strong fluorescence, while 
AuCDs have less fluorescence. The decrease in fluorescence 
of the AuCDs confirm that AuNPs have some fluorescence 
quenching ability [41]. Figure 1c demonstrates the presence 
of Au element in AuCDs through energy dispersive spec-
trometer. As shown in XPS spectrum (Fig. 1d), the peak of 
Au-Peak1 is close to 83.8 eV, while the peak of Au-Peak2 is 
near to 84.55 eV [42], which further supports that the gold 
ion is reduce to AuNPs and adsorbed on CDs.

The properties of AuCDs as a fluorescence donor are 
shown in Fig. 2. The TEM image of AuCDs shows particles 
are spherical and uniformly dispersed on the contact surface 
without aggregation, and diameter in the range of 3–7 nm 
which proves good dispersion (Fig. 2a). The dynamic light 
scattering measurements revealed that the average size of 
the AuCDs is near 8 ± 2 nm (Fig. S1a), which is consistent 
with the size measured by TEM. Under the excitation light 
source, the electrons in AuCDs generate the motion path 
of the ground state-excited state-first excited singlet state-
ground state, which leads to energy migration and fluores-
cence emission. The initial excitation spectrum and fluores-
cence emission spectrum of AuCDs are shown in Fig. 2b, the 
synthesized AuCDs were excited at 350 nm wavelength, and 
the fluorescence emission intensity was observed at 440 nm. 
Compared with the excitation wavelength (EX), the fluo-
rescence emission wavelength (EM) has a redshift, and the 

Stokes shift of AuCDs is 90 nm. In addition, the fluores-
cence color of AuCDs is blue under a UV lamp illumination, 
and the AuCDs solution appears golden yellow under bright 
light (inset of Fig. 2b).

Characterization of AuCDs‑GPC3Apt fluorescence 
probe

In order to confirm the binding between AuCDs and 
aptamer, AuCDs-GPC3Apt fluorescence spectrum and 
ultraviolet absorption spectrum were measured. The fluo-
rescence spectra of AuCDs and AuCDs-GPC3Apt complex 
are shown in Fig. 2c. Both of AuCDs and AuCDs-GPC3Apt 
complex have similar fluorescence emission spectra. How-
ever, compared to AuCDs, AuCDs-GPC3Apt complex has 
less fluorescence intensity, and exhibited fluorescence 
quenching caused by photo-induced electron transfer 
between AuCDs and aptamer, which may be the cause 
of the aggregation-disaggregation behavior [43]. AuCDs 
is disaggregation state and AuCDs-GPC3Apt complex is 
aggregation state, which could cause the efficient exciton 
energy transfer from smaller AuCDs to larger aggregates 
in the complex, leading to the fluorescence quenching 
in AuCDs-GPC3Apt complex. Nair et al. [44] presented 
aptamer can quench the fluorescent of sulfur-doped gra-
phene quantum dot (S-GQD) through aggregation-induced 
quenching of S-GQD with aptamer via S-GQD-aptamer 
complex formation. On the other hand, it is well known 
that fluorescence emission occurs when a fluorescence 

Fig. 2   a TEM images of 
AuCDs. b Fluorescence excita-
tion spectrum and emission 
spectrum of AuCDs (inset is the 
photograph of AuCDs under 
a UV lamp illumination and 
bright light). c Fluorescence 
emission spectra of AuCDs and 
AuCDs-GPC3Apt. d Ultraviolet-
Vis absorption spectra of 
AuCDs, AuCDs-GPC3Apt, and 
GPC3Apt
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substance is irradiated by a specific excitation wavelength. 
Therefore, the intensity of fluorescence emission is influ-
enced by the intensity of excitation light. When the Au–S 
bond between AuCDs and sulfhydryl-modified GPC3Apt 
covers the surface of quantum dots, it can weaken the irra-
diation of external light waves to quantum dots. And the 
excitation intensity is weakened, the emission intensity is 
reduced accordingly [45].

The AuCDs and AuCDs-GPC3Apt complex were 
also characterized using UV–visible spectroscopy. Fig-
ure 2d shows that GPC3Apt has a peak at 260 nm and the 
AuCDs have peaks at 290 nm. When the GPC3Apt aptamer 
was added, a new peak located at 275 nm appears, indi-
cating the complexation of aptamer with AuCDs which 
evidences the conjugation of DNA chains.

To ensure that the AuCDs-GPC3Apt complex could 
be used as fluorescence probe, the stability of the probe 
was tested in different conditions. It was demonstrated 
that the probe maintained fluorescence intensity within 
the same level at different NaCl solution (Fig.  S2a, 
0.05–1.00  mol·L−1), different pH (Fig.  S2b, 6.0–8.0), 
and different storage time (Fig. S2c, 24–96 h), and the 
fluorescence intensity of AuCDs-GPC3Apt was basically 
constant under different conditions, which shows that 
AuCDs-GPC3Apt has a strong stability and provides broad 
possibility and reliability for further practical applications.

Characterization of Fe3O4/GO nanosheets

In the fluorescence recovery system, substances with strong 
fluorescence quenching ability can amplify the fluorescence 
intensity of the “turn on–off” phenomenon in the system, 
which is conducive to improving the detection performance 
of the probe. As a fluorescence quenching with superior per-
formance, magnetic Fe3O4/GO is produced by immobilizing 
Fe3O4 nanoparticles (NPs) on the surface of GO, which has 
the advantage of large accessible surface area of GO and 
the ability to perform magnetic separation [31]. The par-
ticle size of Fe3O4/GO is around 800 ± 300 nm (Fig. S1b). 
The typical SEM images of GO and Fe3O4/GO are shown 
in Fig. 3a and Fig. 3b. The GO surface presents a thin film 
structure (Fig. 3a), and the surface structure of Fe3O4/GO 
shows a characterization picture of a thin film containing 
particles (Fig. 3b). This shows that the hybrid materials of 
the two substances have been successfully prepared. Fe3O4/
GO has a unique adsorption capacity for nucleotides and is 
easy to form complexes. Therefore, Fe3O4/GO has good flu-
orescence quenching ability and magnetic separation ability.

The Fourier transform infrared (FT-IR) spectra of GO and 
Fe3O4/GO were drawn to detect their functional groups and 
chemical bonds (Fig. 3c). GO (Fig. 3c, curve black) has a 
characteristic peak at 1125 cm−1 (C–C stretching vibration), 
1390 cm−1 (CH stretching vibration), and 1650 cm−1 (C = C 

Fig. 3   a SEM images of GO. 
b SEM images of Fe3O4/GO. 
c Infrared spectrum of GO and 
Fe3O4/GO. d Zeta potential of 
AuCDs, AuCDs-GPC3Apt, and 
Fe3O4/GO
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stretching) [46]. As a reference, the Fe3O4/GO (Fig. 3c curve 
red) has a new reinforced peak at 578 cm−1 which is ascribed 
to the Fe–O bond stretching vibrations [46]. The zeta 
potential affects the adsorption amount of charge around 
particles. As shown in Fig. 3d, the zeta potential of AuCDs, 
AuCDs-GPC3Apt, and Fe3O4/GO is 30.37 mV, − 5.23 mV, 
and − 14.6 mV, which indicates the surface potential of biomass 
belongs to negative polarity.

Principle of fluorescence aptasensor for GPC3 
detection based on Fe3O4/GO and AuCDs

The detection strategy of the GPC3 fluorescence aptasensor is 
shown in Fig. 4a. AuCDs-GPC3Apt was employed as energy 

donor with Fe3O4/GO as energy acceptor to identify GPC3 
via FRET process. In this study, the fluorescence AuCDs is 
manufactured through the hydrothermal method, and sulfhydryl-
modified GPC3Apt is combined with AuCDs through gold-sulfur 
bonds and π-π interactions to form the fluorescently labelled 
AuCDs-GPC3Apt probe. AuCDs-GPC3Apt probe can be adsorbed 
on the surface of Fe3O4/GO via π-π stacking interactions 
between Fe3O4/GO nanosheets and nucleotide base [47], and 
the phenomenon of FRET occurs, resulting in the fluorescence 
of AuCDs-GPC3Apt quenching. When the target protein GPC3 is 
added to the above AuCDs-GPC3Apt-Fe3O4/GO system, GPC3 
selectively binds to the aptamer of AuCDs-GPC3Apt complex 
to form Apt-GPC3, leading to the AuCDs-GPC3Apt detached 
from the Fe3O4/GO nanosheets, thereby resulting in significant 

Fig. 4   a Schematic illustration of fluorescent aptasensor for 
GPC3 detection based on aptamer and AuCDs-GPC3Apt-Fe3O4/
GO. b The feasibility of fluorescence GPC3 detection based on 

AuCDs-GPC3Apt-Fe3O4/GO FRET system (GPC3 concentration: a, 
0 ng·mL−1; b, 40 ng·mL−1; c, 400 ng·mL−1)

A highly sensitive strategy for glypican‑3 detection based on aptamer/gold carbon dots/magnetic… 6447
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recovery of fluorescence of the AuCDs. The recognition and 
binding with GPC3 persuaded conformational alteration in 
aptamer and has reversed the binding of AuCDs-GPC3Apt 
complex to GPC3-GPC3Apt complex with the discharge of 
fluorescent AuCDs. In addition, the association constant 
between the AuCDs-GPC3Apt probes and GPC3 is bigger than 
that between the AuCDs-GPC3Apt probe probes and Fe3O4/
GO nanosheets, which leads to AuCDs-GPC3Apt separation 
from Fe3O4/GO nanosheets. The concentration of target GPC3 
is quantitatively determined by the changes in fluorescence 
intensity recorded by spectrophotometer before and after 
the forming of GPC3-GPC3Apt complex. The fluorescence 
recovery is positively correlated with GPC3 concentration. 
This developed aptasensor is rapid and simple since AuCDs 
and Fe3O4/GO were used without functionalization and FRET 
phenomenon was directly achieved by their intrinsic property.

Then, the feasibility of the GPC3 fluorescence aptasen-
sor was investigated with 40 ng·mL−1 and 400 ng·mL−1 
GPC3 as the experimental group and without GPC3 as the 
control group, and the results are shown in Fig. 4b. Upon 
the addition of GPC3 into the AuCDs-GPC3Apt-Fe3O4/
GO FRET system, GPC3 aptamer binds preferentially to 
GPC3, resulting in conformational changes that impair the 
synergy of AuCDs-GPC3Apt. Due to the magnetic proper-
ties of quencher Fe3O4/GO, AuCDs-GPC3Apt was magneti-
cally separated from the contact surface. With the increase 
of the distance between AuCDs-GPC3Apt and Fe3O4/GO, 
the FRET process between them was terminated, and the 
fluorescence of AuCDs-GPC3Apt was restored. Compared 
with the control group (0 ng·mL−1, fluorescence intensity: 

77), the fluorescence of the experimental group was signifi-
cantly enhanced with the increase of concentration of GPC3 
(40 ng·mL−1, fluorescence intensity: 230; 440 ng·mL−1, fluo-
rescence intensity: 400). The degree of fluorescence recov-
ery is positively correlated with the GPC3 concentration. 
Therefore, the fluorescence recovery degree can be regarded 
as the biochemical index of GPC3 concentration to realize 
high-precision detection.

The feasibility FRET between Fe3O4/GO and AuCDS

In order to show the specific properties between the flu-
orescence donor and the fluorescence acceptor during 
FRET, Fig. 5a shows the fluorescence emission spectrum 
of AuCDs-GPC3Apt and the ultraviolet absorption spec-
trum of Fe3O4/GO. The fluorescence emission wavelength 
of AuCDs-GPC3Apt partially overlaps with the ultraviolet 
absorption wavelength of Fe3O4/GO (400–500 nm), which 
proves the feasibility of resonance energy transfer between 
them, and can result in efficient FRET OFF under excitation 
of a 350 nm laser.

Furthermore, the feasibility of detecting GPC3 by Fe3O4/
GO and AuCDs was evaluated. The fluorescence intensity 
of AuCDs-GPC3Apt solution is recorded in three states: ini-
tial state, fluorescence quenching state, and fluorescence 
recovery state (Fig. 5b). The fluorescence intensity of the 
initial state (AuCDs-GPC3Apt) is the highest (Fig. 5b, curve 
a, peak: 764). After adding Fe3O4/GO (2.0 mg·mL−1) to 
the AuCDs-GPC3Apt solution, the AuCDs-GPC3Apt (fluo-
rescence donor) was adsorbed on the surface of Fe3O4/

Fig. 5   a The ultraviolet-Vis 
absorption spectrum of Fe3O4/
GO nanosheets and fluores-
cence emission spectrum of 
AuCDS-GPC3Apt. b Fluo-
rescence emission spectra of 
AuCDs-GPC3Apt (a, initial 
state), AuCDs-GPC3Apt-Fe3O4/
GO (c, fluorescence quenching 
state), and AuCDs-GPC3Apt-
Fe3O4/GO + GPC3 (b, fluores-
cence recovery state). c The 
quenching effect of Fe3O4/GO 
concentration (0–2.0 mg·mL−1) 
on the fluorescent aptasensor. d 
Fluorescence emission spectra 
of AuCDs-GPC3Apt-Fe3O4/GO 
in different times
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GO (fluorescence receptor) by strong coordination inter-
action force, and the fluorescence of AuCDs-GPC3Apt was 
quenched by FRET process. The fluorescence intensity of 
the fluorescence quenching state (AuCDs-GPC3Apt) greatly 
decreased (Fig. 5b, curve c, peak: 77). However, after add-
ing GPC3 (400 ng·mL−1) to AuCDs-GPC3Apt-Fe3O4/GO 
system, the fluorescence was restored to high intensity 
(Fig. 5b, curve b, peak: 410). In the process, the change in 
spatial structure caused by the combination of aptamer and 
GPC3 leads to the magnetic separation of AuCDs-GPC3Apt 
from Fe3O4/GO. The fluorescence of AuCDs-GPC3Apt was 
recovered because this process blocked FRET. Therefore, we 
concluded that GPC3 could be sensitively detected based on 
specific changes of fluorescence intensity.

In order to record the quenching effect of Fe3O4/GO on 
the fluorescent solution, different concentrations of Fe3O4/
GO were separately added to the same fluorescent solution, 
and the results are shown in Fig. 5c. With the increase of 
Fe3O4/GO concentration, the fluorescence quenching effect 
of Fe3O4/GO on AuCDs-GPC3Apt is increasing. Therefore, it 
is feasible to use Fe3O4/GO as a quencher in this experiment, 
and the optimum concentration of Fe3O4/GO is 2.0 mg·mL−1 
(curve g in Fig. 5c).

Figure 5d indicates the time dependence of fluorescence 
quenching efficiency. The effect of fluorescence quenching 
is the most obvious in the first 30 min and stabilized after 
50 min. In the subsequent fluorescence recovery experiment, 
50 min was chosen as incubation time to ensure the best 
quenching effect.

Optimization of experimental conditions

In order to make the phenomenon of fluorescence recov-
ery more obvious in the experiment, several crucial factors 
such as incubation time, incubation temperature, pH value 
of buffer solution, and the concentration of AuCDs-GPC3Apt 
were optimized. In the experiment, the fluorescence intensity 
of AuCDs-GPC3Apt after adding Fe3O4/GO for fluorescence 
quenching is denoted as F0, the fluorescence intensity after 
adding GPC3 to restore fluorescence in AuCDs-GPC3Apt-
Fe3O4/GO FRET system is denoted as F1, and the fluores-
cence recovery rate is expressed as (F1 − F0) / F0.

Figure 6a shows the influence of incubation time on the 
GPC3 fluorescence aptasensor (from 0 to 180 min). Within 
140 min, the fluorescence recovery rate of the aptasensor 
is linearly proportional to incubation time. After 140 min, 
the fluorescence recovery rate reaches the highest value and 
remains constant. Therefore, 140 min was selected as the 
optimum time for incubation GPC3.

Figure 6b shows the influence of incubation temperature on 
the GPC3 fluorescence aptasensor (from 0 to 50 °C). Within 
25 °C, the fluorescence recovery rate increases with the tem-
perature. After 25 °C, the intensity is inversely proportional 
to the incubation time. Therefore, 25 °C was selected as the 
optimum incubation temperature for GPC3 detection.

Figure 6c shows the influence of pH on the GPC3 fluores-
cence aptasensor (from 6.0 to 8.0). Similar to before, the fluo-
rescence recovery rate reaches the peak when the pH value 
is set to 7.0, the fluorescence recovery effect can be best. So, 

Fig. 6   Optimization of different 
factors: a incubation time, b 
incubation temperature, c pH, 
and d concentration of AuCDs-
GPC3Apt
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the optimal pH value is 7.0. There is worth mentioning that 
the figure (Fig. 6c) is not symmetrical, and the slope on the 
right is larger indicate that alkaline conditions have a greater 
influence on fluorescence recovery rate than acidic conditions. 
Therefore, in order to achieve the best effect of fluorescence 
recovery rate, it is necessary to make the system non-alkaline.

The fluorescence intensity of the detection system is closely 
related to the concentration of AuCDs-GPC3Apt (fluorescence 
donors). Therefore, according to the fluorescence recovery 
effect, optimization experiments were carried out within the set 
concentration range of AuCDs-GPC3Apt (120–220.0 nmol·L−1). 
Figure 6d shows the peak that represents the best fluorescence 
recovery rate effect appears at 200 nmol·L−1. When the con-
centration exceeds 200 nmol·L−1, the fluorescence recovery rate 
shows suddenly drop, which can cause a great interference to 

the detection process. Therefore, the 200 nmol·L−1 of AuCDs-
GPC3Apt is selected as the optimum concentration.

As a summary, the following experimental conditions are 
found to give the best results, the optimal incubation time is 
140 min, the optimal incubation temperature is 25 °C, the 
optimal pH value is 7.0, and the optimal AuCDs-GPC3Apt 
concentration is 200 nmol·L−1. Thus, the subsequent experi-
ments are carried out under these optimal conditions.

Performance evaluation of the FRET‑based 
fluorescence aptasensor

Under the above optimal conditions, the fluorescence aptasen-
sor was used to detect different concentrations of GPC3 pro-
tein (0–600.0 ng·mL−1), and the detection performance was 

Fig. 7   a The fluorescence 
spectra of the AuCDs-
GPC3Apt-Fe3O4/GO with 
GPC3 concentrations from 0 to 
600 ng·mL−1. b The calibration 
curves between the fluorescence 
recovery rate and concentrations 
of GPC3 with the range of 5 to 
100.0 ng·mL−1. c Fluorescence 
spectra of different targets 
(HSA, AFP, IgG, IgE) for the 
specificity of the proposed 
GPC3 fluorescence aptasensor. 
d Histogram for the specific-
ity of the proposed GPC3 
fluorescence aptasensor. All the 
above data were presented as 
average ± SD from three inde-
pendent measurements and the 
error bars indicate the relative 
standard deviation

Table 1   Comparison of the 
analytical results with a variety 
of methods for GPC3 detection

DPV, differential pulse voltammetry; BLEIA, bioluminescence enzyme immunoassay; CLIA, chemilumi-
nescence immunoassay; ELISA, enzyme-linked immunosorbent assay; TRFIA, time-resolved fluorescence 
immunoassay; FIA, fluorescence immunoassay

Materials Method Linear range
(ng·mL−1)

LOD
(ng·mL−1)

References

Ig-biotin-GR DPV 0.75–75 0.2 [10]
AF2119/GPN2-NLuc BLEIA 1.25–20 1.5 [11]
Affimer-MAb CLIA 0.03–600 0.03 [12]
GSH/GQDs-GPC3Apt FIA 5–150 2.395 [20]
Anti-GPC3 McAb TRFIA 1–50 0.039 [48]
Immunoassay kit ELISA 0.625–40 1.5 [49]
AuCDs-GPC3Apt-Fe3O4/GO FIA 5–100 3.01 This work
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evaluated by the fluorescence recovery degrees. As shown in 
Fig. 7a, with the increase of GPC3 protein concentration, the 
degree of fluorescence recovery gradually increases. There-
fore, the quantitative detection of GPC3 protein was realized 
by calculating the corresponding relationship between fluo-
rescence intensity and GPC3 concentration.

Figure  7b  is the calibration plot of the fluorescence 
aptasensor for different concentrations of GPC3 protein. 
The fluorescence recovery intensity exhibits a dynamic 
linear correlation with the concentration of GPC3 protein 
in the range of 0.0–100.0 ng·mL−1. The calibration curve 
is Y = 2.30743 + 0.0197X with the correlation coefficient is 
0.99352 (Y is fluorescence recovery rate, X is concentrations 
of GPC3 protein). The limit of detection (LOD) is calculated 
to be 3.01 ng·mL−1 (S/N = 3).

Moreover, Table 1 shows the comparison of deter-
mination of GPC3 between the fluorescent method and 
other techniques in other literatures. Compared with other 
sensors, our fluorescence aptasensor has a wider linear 
range, which is more conducive to the practical detec-
tion of GPC3. Different from other large-scale detec-
tion equipment, the preparation process of aptasensors 
is simple and convenient, which effectively reduces the 
cost of constructing a detection system. The Fe3O4/GO 
have the characteristics of abundant oxygen-containing 
functional groups and high specific surface area, which 
provide a suitable adsorption site for fluorescence AuCDs 
quenching. In addition, the aptamer has high affinity and 
selectivity to the target object, which greatly improves the 
accuracy and anti-interference of GPC3 detection. The 
fluorescence detection system based on FRET and aptam-
ers enriches the types of GPC3 detection methods, which 
can provide a very valuable example for the design of 
high sensitivity detection methods for clinical application.

Four other interferents (such as HSA, AFP, IgG, and 
IgE) frequently appear with GPC3 protein were chosen 
to verify the selectivity of fluorescence aptasensor. The 
aptasensor was immersed in GPC3 (1.0 µg·mL−1) or the 
interferents (10.0 µg·mL−1) or the mixture solution (mix-
ture of GPC3, HSA, AFP, IgG, and IgE, the concertration 
of every substance is 1.0 µg·mL−1) and the fluorescence 
intensity is detected, and the fluorescence recovery rate 
is further obtained. As shown in Fig. 7c and Fig. 7d, the 
interferents showed negligible in fluorescence recov-
ery rate, only the addition of GPC3 protein resulted in a 

significant recovery in fluorescence intensity, while the 
addition of other interferents just prompted a slight recov-
ery in fluorescence intensity. For the same concentration, 
there is few difference in the fluorescence degree recov-
ered between GPC3 and mixture. All in all, the fluores-
cence aptasensor performed satisfactory selectivity.

Analysis of GPC3 in actual human serum samples

In order to have an intuitive understanding of the measure-
ment of the constructed sensor, the fluorescence aptasensor 
was used to analysis of GPC3 in human serum. The GPC3 
standard solution was spiked into a kind of normal human 
serum sample. The different spiked samples were measured 
three times in parallel with the fluorescence aptasensor, and 
the experimental results are shown in Table 2. The recovery 
rate of the fluorescence aptasensor is between 98.76 and 
101.29%. The RSD value is between 0.53 and 2.04%. These 
results show that the fluorescence biosensor has a good per-
formance in practicability, which indicates that the sensor 
had good potential in clinical detection.

Conclusions

In summary, a highly sensitive aptamer-based fluorescent 
sensing platform for GPC3 detection has been constructed 
based on the specific binding of GPC3Apt to GPC3 and the 
FRET between AuCDs and Fe3O4/GO. In the presence of 
GPC3, GPC3 selectively binds to the aptamer of AuCDs-
GPC3Apt to form Apt-GPC3, leading to the AuCDs-GPC3Apt 
detached from the Fe3O4/GO nanosheets, thereby interrupt-
ing the transfer of FRET and restoring significant recovery 
of fluorescence of the AuCDs. Under the optimal experi-
mental conditions, the fluorescence recovery rate is linearly 
correlated with the concentration of GPC3 in the range of 
5.0–100.0 ng·mL−1 with the LOD of 3.01 ng·mL−1 (S/N = 3). 
The developed fluorescence aptasensor combines the charac-
teristics of the wide output range, f low cost, high specificity, 
and strong anti-interference, which would provide a valuable 
technique for GPC3 detection and good potential in clinical 
application.

Supplementary Information  The online version contains supplementary 
material available at https://​doi.​org/​10.​1007/​s00216-​022-​04201-5.

Table 2   Results of detecting 
GPC3 in human serum samples 
using the proposed GPC3 
fluorescence apatasensor 
(measured (n = 3))

Samples Added GPC3 concen-
tration (ng·mL−1)

Measured GPC3 concen-
tration (ng·mL−1)

RSD% Recovery%

Normal human serum 10 9.86 2.04% 98.76%
30 29.78 1.86% 99.28%
60 60.77 0.53% 101.29%
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