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Background: Clear tumor imaging is essential to the resection of hepatocellular carcinoma (HCC). This
study aimed to create a novel biological probe to improve the HCC imaging.
Methods: Au nano-flower particles and CulnS,-ZnS core-shell quantum dots were synthesized by hy-
drothermal method. Au was coated with porous SiO, and combined with anti-AFP antibody. HCC cell
line HepG2 was used to evaluate the targeting efficacy of the probe, while flow cytometry and MTT as-
say were used to detect the cytotoxicity and bio-compatibility of the probe. Probes were subcutaneously
injected to nude mice to explore light intensity and tissue penetration.
Results: The fluorescence stability of the probe was maintained 100% for 24 h, and the brightness value
was 4 times stronger than that of the corresponding CulnS,-ZnS quantum dot. In the targeting experi-
ment, the labeled HepG2 emitted yellow fluorescence. In the cytotoxicity experiments, MTT and flow cy-
tometry results showed that the bio-compatibility of the probe was fine, the inhibition rate of HepG2 cell
with 60% Cu-QDs/Anti-AFP probe and Au-QDs/Anti-AFP probe solution for 48 h were significantly differ-
ent (86.3%+7.0% vs. 4.9%+1.3%, t=19.745, P<0.05), and the apoptosis rates were 83.3%+5.1% vs. 4.4%+0.8%
(P<0.001). In the animal experiment, the luminescence of the novel probe can penetrate the abdominal
tissues of a mouse, stronger than that of CulnS;-ZnS quantum dot.
Conclusions: The Au@SiO,@CulnS,-ZnS/Anti-AFP probe can targetedly recognize and label HepG2 cells
with good bio-compatibility and no toxicity, and the strong tissue penetrability of luminescence may be
helpful to surgeons.

© 2019 First Affiliated Hospital, Zhejiang University School of Medicine in China. Published by Elsevier

B.V. All rights reserved.

Keywords:

Plasmon enhancement
Quantum dots
Nanoparticle
Luminescence
Cytotoxicity

Introduction

Hepatocellular carcinoma (HCC) is a life threatening disease,
ranking sixth of common malignant diseases and the second cause
of cancer death. HCC in China accounts for about half of the
world’s new cases and mortalities [1,2]. HCC diagnosis is mainly
relied on imaging and tumor markers, such as ultrasound, CT, MRI
and alpha-fetoprotein (AFP). However, traditional imaging can only
identify tumors with a certain diameter, tiny or even cell-level tu-
mors can hardly be identified and imaged. Clearer and more pre-
cise imaging that detects the location and size of tumor is essential
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to plan tumor resection. Therefore, some researchers use organic
fluorescent dyes for HCC imaging during surgery [3-5].

Quantum dots (QDs) is a hypotoxic semiconductor nanocrystal,
which can emit different colors of fluorescence for a long time un-
der the excitation of ultraviolet near infrared light. Compared to
organic fluorescent dyes, QDs have a unique set of properties in
terms of optics: (1) the wavelength of the excitation light changes
are the same size of the QDs changes; (2) the QDs excitation
wavelength range is wider, the emission wavelength range is nar-
rower, and the fluorescence brightness is stronger; (3) the QDs can
be linked to an targeted antibody by chemical modification. QDs
probe has broad application in medical imaging [6-8].

Our previous studies [9,10] demonstrated that following the in-
creases of the elements and complexity of QDs, the toxicity of
the QDs was gradually decreased. Due to the weak absorption
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of near-infrared light by body fluids and tissues, the complex of
QDs-antibody may be used to detect internal organ tumors [11,12].
However, since the luminescence intensity of near-infrared QDs is
weaker than that of visible light QDs [13-15], it is still difficult to
fully and accurately reflect the size, depth and boundary of tumors
when used as fluorescent markers for deep organs.

In this study, we synthesized a novel biological probe,
Au@SiO,@CulnS;-ZnS/Anti-AFP probe. We used this complex to la-
bel HepG2 and evaluated the cytotoxicity, fluorescence brightness
and tissue penetrability of the probe.

Methods
Materials

Reagents were purchased from Sigma Aldrich (St. Louis, MO,
USA) or Gibco (New York, NY, USA). Cell line HepG2 was purchased
from Cell Bank of Chinese Academy of Science, Shanghai, China,
rabbit anti-AFP antibody from Proteintech Group, Wuhan, China,
Annexin V-PI kit from BestBio, Shanghai, China, and BALB/c mouse
from GemPharmatech, Nanjing, China. Flow cytometer was pur-
chased from Beckman Coulter, California, USA, in vivo imaging sys-
tem from Bio-Real, Salzburg, Austria, microplate reader (ELX 800)
from Bio-Tek, Winooski, USA and Laser scanning Confocal Micro-
scope from Leica, Wetzlar, Germany.

Synthesis of CulnS,-ZnS QDs (Cu-QDs)

CulnS,-ZnS QDs synthesis protocol was the same with previous
study [16]. Briefly, the CulnS,-ZnS core-shell QDs were prepared
by adding 0.8 mmol Zn(OAc),-2H,0, 1mmol sodium citrate and
1.2 mmol glutathione into the CulnS, QD solution. Then 0.8 mmol
Na,S solution was slowly added. After stirring for 10 min, the re-
action solution was heated for 2h at 100°C. The mixed solution
was transferred into a 15mL autoclave and heated at 150°C for
21h. After the solution was cooled to room temperature, ethanol
was added. The precipitation was centrifuged with high-speed cen-
trifuge (10 000rpm, 3min) and the pellet was dissolved in the
deionized water.

Synthesis of Au@SiO,@CulnS,-ZnS QDs (Au-QDs)

There are 5 steps in the synthetic process. (1) Synthesis of Au
nanospheres: 0.6 mL of NaBH,4 (10 mmol/L in ice bath was added to
10 mL of HAuCl, (0.25 mmol/L) and CTAB (0.1 mol/L) aqueous so-
lution. The solution was incubated at 30°C for 3h; added 0.3 mL
Au nanosphere and 5mL Acrylic Acid (AA, 0.09mol/L) to 12mL
of HAuCl, (0.25 mmol/L) and hexadecyl trimethyl ammonium bro-
mide (CTAB, 0.1 mol/L). The mixture was centrifuged at 12 000 rpm
for 45min, and then the pellet was dissolved in 1mL of pure
water. (2) Polyvinyl pyrrolidone (PVP)-stabilized gold seed crys-
tal: 200pL of the prepared Au nanosphere solution was added
to 6 mL of dimethyl formamide (DMF) solution containing HAuCly
(0.16 mmol/L) and PVP (Mw=10,000, 0.21 mol/L), and then, the re-
action solution was stirred for 1h in an oil bath at 80°C. (3) Syn-
thetic gold nanoflowers: 15mL of PVP (0.4, 0.6 and 0.9 mol/L, re-
spectively) and 180 pL of HAuCl, were mixed. The Au seed crystals
were added and stirred for 2 h. The obtained product was washed
twice and dissolved in alcohol. (4) Preparation of Au nanoflow-
ers @SiO,: 3mL of water was added to the alcohol solution of
Au nanoflowers, and 1 mL of ammonia water was introduced. Then
15pL, 20l and 80uL of a mixture of ammonium persulfate (APS)
and tetraethylorthosilicate (TEOS) (molar ratio of 2:1) were added
under vigorous stirring for 20 min, and the product was washed
with alcohol and finally dissolved in pure water. (5) Preparation of
Au nanoflowers@SiO, @CulnS,-ZnS QDs: 100 pL of QDs were added

to Au nanoflowers@SiO, aqueous solution. After 10 min of ultra-
sound, the product was centrifuged and dissolved in phosphate
buffer saline (PBS).

Preparation of Au@SiO,@CulnS,-ZnS/Anti-AFP and
CulnS,-ZnS/Anti-AFP probe

UV-visible absorbance was measured using a UV-3600 UV-VIS-
NI spectrophotometer. Photoluminescence spectra were measured
by using F-4600 fluorescence spectrophotometer. Twenty mL of
APS was added into Au@SiO,@CulnS,-ZnS QDs and CulnS,-ZnS
QDs composite nanomaterial respectively, and incubated for 6h
at room temperature. Both were centrifuged and dispersed in PBS
buffer. Ten mg of APS-modified composite nanoparticles were dis-
solved in 1 mL of PBS (containing 5% formaldehyde), incubated for
2h in a shaker, centrifuged and dispersed in PBS buffer, and 100 uL
of anti-AFP antibody (concentration: 1 mg/mL) was added to the
above solution for 4h, and finally the solution was washed three
times with PBS buffer to obtain Au@SiO,@CulnS,-ZnS/Anti-AFP
probe (Au-QDs/Anti-AFP probe) and CulnS,-ZnS/Anti-AFP probe
(Cu-QDs/Anti-AFP probe), and stored at 4°C.

Cell labeling and imaging

HepG2 cells were cultured with medium (90% DMEM, 10% FBS,
1% Penicillin-Streptomycin) and fixed on the slides, and 50 uL Au-
QDs/Anti-AFP probe and 50 L Au-QDs solution (0.24 mg/mL) were
dropped onto the slides, respectively, and incubated at 37°C for
40 min, then PBS washed 3 times to remove free probes. After dyed
with 4’,6-diamidino-2-phenylindole (DAPI), laser scanning confocal
microscope was used for analysis. Yellow fluorescence from QDs
and blue fluorescence from DAPI can be excited by light at the
wavelength of 520 nm and 360 nm, respectively.

MTT assay

The 100uL suspension cells (5-10 x 104/mL) were planted into
96-well plates, and the medium was discarded when the cells
were fully attached. Different concentrations (2.5%, 5%, 10%, 20%,
40%, and 60%) of Au-QDs/Anti-AFP probe (experiment) and Cu-
QDs/Anti-AFP probe (control) in 100 pL medium were added into
these wells, with each concentration tested in 5 wells. And then,
three 96-well plates were cultured at 37 °C for 12, 24, and 48 h, re-
spectively. After the 150 uL dimethyl sulfoxide (DMSO) was added
and all the plates were shaken for 10 min in dark, and the optical
density (OD) value was read with a plate reader at 490 nm to cal-
culate the cell survival rate which equal to (E-Z)/(C-Z) x 100% (E, C,
Z were OD value of experimental group, control and zero setting
group, respectively).

Flow cytometry

Exponential phase HepG2 cells with 5-10 x 10°/well were cul-
tured in 6-well plates with 2mL medium contains 60% of Au-
QDs/Anti-AFP probe or Cu-QDs/Anti-AFP probe solution, and blank
control group was cultured in medium without probe. After 48 h
of incubation, AnnexinV-PI kit was used to detect the cell apopto-
sis with a flow cytometer.

Animal experiment

Six-week-old BALB/c mice were wused in this study.
Au@SiO,@CulnS,-ZnS/Anti-AFP probe (0.2 mL) or CulnS,-ZnS/Anti-
AFP probe (0.2mL) was injected into different site (shoulder,
quarter ribs and partes iliaca). Two minutes later, the fluorescence
emitted from the mice was detected with Bio-Real in vivo imaging
system.



268 Y-W. Dai et al./Hepatobiliary & Pancreatic Diseases International 18 (2019) 266-272

0.8

Intensity
o
o
1

<
'S
1

0.2

0 T T T 1 A
400 500 600 700 800
Wavelength (nm)

1.0 -+=-- 60 nm
----- 40 nm
"""""" 25nm
—— QDs
0.8 Q
0.6
Z
wv
=}
3
=
0.4 +
0.2 H
0 T T T T 1 B
300 400 500 600 700 800

Wavelength (nm)

Fig. 1. A: Photoluminescence spectra (excitation wavelength EX=365nm for QDs, and EX=550 nm, 600 nm, 620 nm for the three Au-QD/Anti-AFP probes, respectively) of
CulnS;-ZnS QDs (QDs, solid line) and Au-CulnS,-ZnS (Au-QD, dashed lines), wherein the ratio of In:Cu is 1:2, 1:4 and 1:6 when preparing QDs (the corresponding QDs PL
are three solid curves from left to right, respectively); B: corresponding absorption spectra: where the solid line is the QDs absorption spectrum and the dashed lines are
the absorption spectra of the gold nanoflowers (linking QDs) with different diameters. QD: quantum dot.

Statistical analysis

Data that conform to normal distribution were expressed as
mean # SD, and were analyzed using SPSS 22.0. ANOVA (one-way)
were used to analyze the time and dose effects. A P value of <0.05
was considered statistically significant.

Results
Optical property of Au-QDs/Anti-AFP probe

The different In:Cu ratios at the time of preparation of QDs
caused the photoluminescence spectroscopy emission peaks of
QDs, and the ratio of In:Cu is 1:2, 1:4 and 1:6, respectively
(Fig. 1A). The emission peaks were 590nm (600nm), 630nm
(643nm) and 690nm (705nm) (corresponding to the composite
probe emission peak position in parentheses). The emission of the
nanocomposite probe had a certain degree of red shift relative
to the purity spectrum of QDs, because the composite probe was
coated with SiO, which had caused the refractive index of the
probe to become larger. From the area covered by the spectral cov-
erage, the emission intensity of the composite probe was higher
than that of the QDs, due to the resonance enhancement effect of
plasmon on excitation light [17] and the acceleration of QDs fluo-
rescence radiation [18]. The absorption spectrum of different QDs
changed little, and one of the curves was shown in Fig. 1B. How-
ever, the absorption spectrum of gold nanoflowers had a significant
red shift with its diameter. The absorption peaks of 25nm, 40 nm
and 60 nm gold nanoflowers were 550 nm, 605 nm and 664 nm, re-
spectively.

The absorption spectrum of the gold nanoflower-QDs compos-
ite probe was a superposition of the QDs and the gold absorption
spectrum. Since the absorption peak of gold got closer to the near-
infrared region, the disadvantage of QD absorbed weakly near the
near-infrared was avoided, as shown in Fig. 1B. It can be seen that
the absorption of the Au-QD/Anti-AFP probe was stronger than that
of the QD from several peak ranges of 550nm to 700 nm. There-
fore, in the in vivo body labeling experiment, near-infrared light
with strong penetration into living tissue can be used as the ex-
citation light source for the Au-QD/Anti-AFP probe labeling case.
Fig. 1B showed the plasmon resonance absorption of three sam-

ples. As the size of nanoflower increased, their absorption peaks
can be adjusted from visible to near-infrared. This phenomenon is
due to that the surface plasmon resonance peak was closely re-
lated to the local electric field distribution of the metal nanoparti-
cles. The charges were often localized at the sharp corners of the
nanoparticles. The increased size resulted in the enhancement of
the distance between positive and negative charges. This would in-
crease the plasmon resilience, and cause the movement of the sur-
face plasmon peak [19].

Representation of Au nanoflower structure

In order to study the effect of PVP solubility on the product
absorption peak, three samples were synthesized. As the concen-
tration of PVP decreased, the absorption peak of nanoflowers con-
tinuously violet shift approached the seed crystal. This should be
due to a high proportion of vinylpyrrolidone monomer/Au atoms
resulted in a fast, kinetically controlled growth phenomenon. Based
on thermodynamics, the nanoparticles grew along the facets of low
surface energy. The preferred growth process of the nanoparticles
was inhibited because of the decrease of PVP concentration. This
hindered the synthesis of dendritic nanostructures, resulted in the
formation of spherical-like nanoparticles.

Fig. 2A was a 60nm sample of three Au nanoflower samples
with corresponding absorption peaks to the far right of Fig. 1B,
and Fig. 2B was a structural representation of the Au-QDs/Anti-AFP
probe. As the size of nanoflowers increased, their absorption peaks
can be adjusted from visible to near-infrared because the distance
between positive and negative charge resonances increased, re-
sulted in additional energy loss [20] and the plasmon peak moved
toward the infrared direction with less energy.

Cell labeling and imaging

In Au-QDs/Anti-AFP probe group (experiment), both the blue
nuclei and the yellow fluorescent cytoplasm can be observed under
the yellow-blue dual channel (Fig. 3A), while under the blue chan-
nel only blue nucleus can be observed (Fig. 3B). In Au-QDs group
(control), under both blue channel and yellow-blue dual channel,
only the blue nucleus can be observed (Fig. 3C and D). This ex-
periment presented that the synthesized probes can target labeled
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Fig. 2. A: The transmission electron microscopy (TEM) image of Au nanoflower structure (original magnification x 75,000); B: structural representation of the Au-QDs/Anti-
AFP probe. QD: quantum dot.
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Fig. 3. A: Yellow-blue dual channel of the experimental group; B: blue channel of the experimental group; C: yellow-blue dual channel of the control group; D: blue
channel of the control group. Original magnification x 600.
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Fig. 4. The cell inhibition rate of Cu-QD/Anti-AFP probe (A) and Au-QD/Anti-AFP probe (B) were calculated and presented. QD: quantum dot.

cells through specific binding of antigen and antibody reaction and
imaged the HCC cells through fluorescence emitted from QDs.

MTT assay

The inhibition rates of the probes were calculated and plotted
as a line graph. In the Cu-QDs/Anti-AFP probe group, there was a
positive correlation between the probe concentration and the inhi-
bition rate at 12 h, 24 h, and 48 h, respectively (P<0.05, Fig. 4A).

In the Au-QDs/Anti-AFP probe group, there were no signifi-
cant relation between the inhibition rate and the probe concentra-
tion and time of incubation (P>0.05, Fig. 4B). The inhibition rate
of Cu-QDs/Anti-AFP probe and Au-QDs/Anti-AFP probe in 48h-60%
were significantly different (86.3%+7.0% vs. 4.9%+1.3%, t=19.745,
P<0.05). The cytotoxicity tests presented the fine biocompatibility
of the Au-QDs/Anti-AFP probe.

Flow cytometry

The apoptosis rate of blank control group (Fig. 5A), Au-
QDs/Anti-AFP probe group (Fig. 5B), and Cu-QDs/Anti-AFP probe
group (Fig. 5C) was presented. ANOVA (one-way) showed that
the mean apoptosis rate of the three groups were not equal
(F=670.146, P<0.001). Multiple comparisons showed no significant
difference between the blank control group and the Au-QDs/Anti-
AFP probe group (3.8%+1.0% vs. 4.4%+0.8%, P=0.878), but the
Cu-QDs/Anti-AFP probe group was statistically different from the
blank control group (83.3%+5.1% vs. 3.8%+1.0%, P<0.001) and the
Au-QDs/Anti-AFP probe group (83.3%+5.1% vs. 4.4%+0.8%, P<0.001)
respectively (Fig. 5D). The apoptosis rate of Au-QDs/Anti-AFP probe
was lower than 5%, indicating that the probe was not significantly
toxic.

Animal experiment

The pseudo imaging of different probes in a mouse illuminated
with infrared was presented in Fig. 6. The image was taken with a
small animal fluorescence camera with an excitation wavelength of
620 nm. The selection of this excitation wavelength was based on
the absorption spectra of two Au-QDs/Anti-AFP probe of In:Cu=1:4
and In:Cu=1:6. According to Fig. 1B, 620nm was at the overlap-
ping wavelength of two absorption peaks. It can be seen from
the brightness comparison of the three regions in Fig. 6 that the

brightness of region 2 and region 3 was stronger than the region
1 of the same QDs, because the plasmon resonance absorption ef-
fect of the Au nanoflowers at 620 nm was obtained. The absorp-
tion of the composite probe was stronger than that of the QDs, and
the excitation rate of the Au-QDs/Anti-AFP probe fluorescence was
faster than that of the QDs. The fluorescence intensity of region 3
was also brighter than region 2, because the fluorescence wave-
length of region 2 was 705 nm, which was closer to the center of
“near infrared window” of the living body, therefore, its transmit-
tance was stronger than that of region 2 (643 nm).

Discussion

In our previous study [9], CulnS,-ZnS-AFP core-shell QDs probe
was synthesized to eliminate the majority of cytotoxicity of the
ZnS shell. The coating of CulnS, QDs not only increases the QDs
stability, but also effectively protects the inner core, greatly reduc-
ing the fluorescent bleaching effect caused by oxidation reaction,
reducing its cytotoxicity.

In this study, Au@SiO,@CulnS,-ZnS QDs was synthesized, and
the toxicity of QDs is completely eliminated with the package of
Si0, on QDs and Au nanoflowers. The cytotoxicity of gold nanopar-
ticles has been reported to be related to particle size and coag-
ulation. When the particle size is greater than the threshold for
endocytosis, the nanoparticles will adhere to the membrane sur-
face rather than get into the cells [21]. The Au-QDs/Anti-AFP probe
we prepared was less than 100 nm in diameter and therefore can
enter the interior of the cell through the cell window. Since Au
nanoflower and QDs were encapsulated by SiO, to form a protec-
tive film, the overall cytotoxicity of the Au-QDs/Anti-AFP probe was
eliminated completely. Our MTT assay and flow cytometry showed
that the Au-QDs/Anti-AFP probe had no cytotoxicity and fine bio-
compatibility.

The weak brightness and poor tissue penetration of QDs are
caused by the following two reasons. Firstly, the fluorescence is
greatly absorbed by body fluid and tissues in the process of pen-
etrating. Secondly, although the absorption of near-infrared light
(630-1100 nm wavelength) by the tissue is weaker, the body ab-
sorbs light 2-3 order of magnitudes weaker than the ultraviolet
to visible region, thus near-infrared QDs are used to link the an-
tibody frequently [22,23]. The absorption of light by near-infrared
QDs is exponentially attenuated from the ultraviolet to the near-
infrared wavelength. The result is that the excitation efficiency of
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no probe; B: medium contains 60% of Au-QDs/Anti-AFP probe; C: medium contains 60% of Cu-QDs/Anti-AFP probe; D: mean apoptosis rate of three groups. ***: P<0.001,

compared with the Cu-QDs/Anti-AFP probe group. QD: quantum dot.

the near-infrared light source is very low, and the luminous in-
tensity is weaker than the visible QDs [14,15]. So the near-infrared
QDs probe cannot be imaged clearly in vivo.

To resolve the problem, we designed and synthesized a novel
plasmon fluorescence-enhanced probe based on gold nanoflower-
QD/Antibody structure, which enhances the luminescence intensity
greatly. The plasmon resonance absorption effect of Au nanoflow-
ers was used to shift the excitation wavelength from the ultravi-
olet to the near-infrared region, and to enhance the luminescence
intensity of the QDs more than 4 times of the general QDs.

Since the chemical reactivity of In3+ is stronger than that of
Cu*, the reaction between In3* and S~ is more complete than
that of Cu* and S?- [24]. In CulnS,, during the QD formation pro-
cess, if the proportion of Cu* is large (ie., In:Cu is reduced), un-
reacted Cut and S?- vacancies are increased [25]. According to

theoretical analysis, the Cu™ and S2~ vacancies in the gaps in the
crystal are in the forbidden band of the band structure, and the
S2- vacancy level is higher than the Cu* level. The main fluores-
cent peak is due to the electron-hole complexing between the sul-
fur vacancy level and the Cu™ level. With increasing Cu doping, the
Cu* level will increase in the forbidden gap [26,27], reducing the
energy level difference between S2- and Cut and causing a red
shift in the main fluorescent peak.

The imaging of the animal experiment in this study pre-
sented that the fluorescence brightness of the probe from strong
to weak were Au@SiO,@CulnS,-ZnS/Anti-AFP (In:Cu =1:6),
Au@SiO,@CulnS,-ZnS/Anti-AFP (In:Cu =1:4) and CulnS,-ZnS QD
(In:Cu =1:4). It means that the novel probe can enhance the
fluorescence brightness of the QDs, and the appropriate proportion
of In to Cu can improve the brightness further. The brightness of
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Fig. 6. Pseudo imaging of different QDs in a mouse illuminated with infrared. Re-
gion 1 (partes iliaca): CulnS,-ZnS QD (In:Cu=1:4) with the emission wavelength
of 630nm; Region 2 (quarter ribs): Au@SiO,@CulnS,-ZnS/Anti-AFP (In:Cu=1:4)
with the emission wavelength of 643 nm; Region 3 (shoulder): Au@SiO,@CulnS,-
ZnS/Anti-AFP (In:Cu =1:6) with the emission wavelength of 705 nm.

the novel probe was enough to penetrate the abdominal tissues of
a mouse.

With the problems of cytotoxicity and fluorescence brightness
solved gradually, Au-QDs/Anti-AFP composite probe could be ex-
pected to be used in clinical practice.
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