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Abstract: Gold nanoparticles (AuNPs) have been widely studied in a great mass of cellular biomarkers detection and
diagnostics due to their unique combination of physical and optical properties. Sea urchin-like gold nanoparticles (SUL-AuNPs)
are well characterized multi-thorn gold nanostructures which possess at least four gold nanothorns on spherical gold surface,
mimicking the morphology of sea urchin. Compared to spherical AuNPs, SUL-AuNPs showed a wide variety of light absorption
and scattering properties, and the Surface-enhanced Raman Scattering (SERS) properties of SUL-AuNPs were also widely
studied dependent on their surface morphology. Herein, three different diameters of SUL-AuNPs based on spherical AuNPs
seed-mediated growth method by altering the amount of AuNPs in reaction system had been synthesized. The UV-vis spectrum
of synthesized SUL-AuNPs displayed a shift from 550 nm to 650 nm compared to spherical AuNPs. FRET method was applied
for the detection of GSH in hepatocytes and cell extracts using rhodamine B (RB) functionalized SUL-AuNPs, among the
synthesized three different diameters SUL-AuNPs, 100nm RB-SUL-AuNPs displayed highest sensitivity for GSH detection.
What's more, all synthesized SUL-AuNPs turned out to be membrane-permeable, and displayed ignorable cytotoxicity, which
make SUL-AuNPs promising cellular thiols detection probes. In particular, it should be noted that the application of RB
functionalized SUL-AuNPs exemplify ongoing efforts in design and utility of multifunctional nanoplatforms of SUL-AuNPs.
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size of the synthesized SUL-AuNPs altered and their UV-vis
spectrum shifted [5]. The widely studied Surface-enhanced
Raman Scattering (SERS) properties of SUL-AuNPs are mostly
dependent on their surface morphology and SUL-AuNPs with
smaller diameters and longer thorns gave rise to a stronger
SERS enhancement [6-9].

Great progression has been made for cellular thiols detection
by luminescent or colorimetric sensors [10-13]. Glutathione
(GSH), which is well known as the most abundant intracellular
thiol [14, 15], plays an influential role in cellular antioxidant
defence system [16-19]. Intracellular GSH levels are
dramatically affected by oxidative stress, wherefore intracellular
detection of GSH is one of the priority among priorities for
cellular study [15]. Hence, GSH was selected here as a cellular
thiol model for SUL-AuNPs. Fluorescence resonance energy
transfer (FRET), which is typically used to measure the

1. Introduction

Gold nanoparticles (AuNPs), due to their unique
combination of physical and optical properties, have been
widely used in a great mass of cellular biomarkers detection and
diagnostics [1]. The aggregation of AuNPs resulted in color
changes and accelerated the development of a serials of assays
for cellular biomarkers detections [2-4]. Sea urchin-like gold
nanoparticles (SUL-AuNPs) are a newly developed type of
multi-thorn gold nanostructures which possess at least four gold
nanothorns on spherical gold surface. SUL-AuNPs mimic the
shape of sea urchin and the unique structure of SUL-AuNPs
showed a wide variety of light absorption and scattering
properties. Through altering the initiated amount of spherical
gold seeds, hydroquinone, HAuCl, in the reaction system, the
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interaction between two molecules labeled with two different
fluorophores, the donor and the acceptor, by the transfer of
energy from the excited donor to the acceptor [20-23], was
selectively utilized for estimating cellular GSH levels [24-26].
Here we synthesized three different sizes of SUL-AuNPs,
modified them with rhodamine B (RB) using electrostatic
interaction, named as RB-functionalized SUL-AuNPs
(RB-SUL-AuNPs), subsequently, as “ON” state of FRET [24].

FRET ‘OFF’ FRET ‘ON’
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+
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While in the presence of GSH, GSH competitively react with
SUL-AuNPs based on Au-S covalent binding, resulting in the
release of RB from SUL-AuNPs, as “OFF” state of FRET,
which was used for cellular GSH monitor (Figure 1).
Furthermore, the results showed that synthesized SUL-AuNPs
are membrane-permeable, and displayed ignorable
cytotoxicity, and 100 nm diameter SUL-AuNPs displayed a
promising cellular thiols detection properties.

FRET ‘OFF’

Au-S
covalent bonding

GSH

Figure 1. Illustration of GSH detection using RB-SUL-AuNPs coupled with FRET.

2. Material and Methods
2.1. Synthesis of Gold Seeds

The synthesis method of spherical Au seeds was based on
the citrate reduction method [27]. Prepare 300 mM HAuCl,
solution by dissolving 1 g of HAuCl,; -H,O into 8.09 mL of
deionized H,O. Add 25 pL 300 mM HAuCly, solution and 30
mL of deionized H,O into a flask and heated to boil. Add 900
puL of 1 w/v% sodium citrate solution to the boiling solution
and kept the mixture in boiling condition until the mixture
solution became red. Stir the mixture solution until it cool to
room temperature. The Au seeds precipitated out and should
be used within one day [28].

2.2. Synthesis of SUL-AuNPs

Dilute 8 pL of 300 mM HAuCl, solution with 9.6 mL of
deionized H,O under vigorous stirring. Subsequently, 100/300/600
pL of synthesized Au seeds, 22 pL of 1 w/v% sodium citrate
solution, ImL of 30 mM freshly prepared hydroquinone solution
was added to the diluted HAuCl, solution in the order. The mixed
solution was kept stirring at room temperature for 30 mins to
synthesize different size of SUL-AuNPs [28].

2.3. Preparation of RB-SUL-AuNPs

1 mL of 8.0 uM RB solution was added to synthesized 3 mL
of 8.0 nM SUL-AuNPs solution and interact with each other in
dark for 1 hr at room temperature. Subsequently,
RB-SUL-AuNPs were precipitated by centrifugation at 8000
rpm for 10 mins. 2 mL deionized H,O was added and
sonicated for 2 mins to obtain RB-SUL-AuNPs solution.

2.4. Detection of GSH
The characterization of RB-SUL-AuNPs by adding

displayed concentrations of GSH solutions was observed at
room temperature using UV-vis spectrophotometer. Briefly, 3
mL of RB-SUL-AuNPs solution was added to a series of GSH
solutions each with final GSH concentrations ranging from 2
uM to 1000 uM. The supernate of the reaction mixture was
taken for fluorescence measurement after 1h shaking in dark
room for reaction.

2.5. Cell Culture and Flow Cytometry

HepG2 cells and 102 cells used in this study were cultured
in DMEM supplemented with 10% fetal bovine serum, 2 mM
glutamine, 100 wunits/'mL penicillin/streptomycin, and
incubated at 37°C in a humidified atmosphere with 5% CO,
and 95% air. Intracellular fluorescence express was detected
by flow cytometry using cell lysate extract from HepG2 cells
and L02 cells. Flow cytometry assay was performed by
CytoFLEX flow cytometer (Beckman) with a laser excitation
wavelength of 488 nm.

2.6. Assessment of Cell Viability

Cell viability was assessed with CCK-8. Briefly, HepG2
cells and L02 cells incubated with different sizes of
SUL-AuNPs for 24 hrs at different concentrations. CCK-8
solution was then added to the cell culture media and
incubated for additional lhr, which were assessed by
measuring 450 nm absorbance measurement.

3. Results and Discussion

To synthesis of SUL-AuNPs, spherical AuNPs with a
diameter of 20 nm were firstly prepared based on the citrate
reduction approach [27]. In this step, citrate acted as the ligand,
while both citrate and hydroquinone acted as reductants. As
indicated in Figure 2A, a clearly size increase of synthesized
SUL-AuNPs were displayed with three different diameters
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under TEM, 58 nm, 76 nm, 100 nm, respectively (Figure 2A
and Figure 3), when the amount of spherical AuNPs decreased
from 600 pL, 300 pL to 100uL, while HAuCly, hydroquinone,
sodium citrate amounts kept fixed. It turned out that the bigger
SUL-AuNPs size, the more nanothorns synthesized on
spherical Au surface. Hence, 100 nm SUL-AuNPs displayed
better preferable sea urchin morphologies and calculated
concentrations of synthesized SUL-AuNPs are S54ug/mL
(Figure 2A, e&f). Consequently, to obtain better
morphologies of SUL-AuNPs, a lower concentration of

AuNPs seeds was favored in the reaction system. The color of
the synthesized SUL-AuNPs solution displayed turned to
green-pink from pink (Figure 2B), implying the morphology
variation of SUL-AuNPs. Meanwhile, the UV-vis absorption
of SUL-AuNPs shifted from 550 nm to 650 nm (Figure 2C), as
a result of an increase of SUL-AuNPs diameters, which was
consistent with their optical observation (Figure 2B), while
the spherical AuNPs with a diameter of 20 nm have an
absorption at 520 nm (Figure 4). The calculated
concentrations of synthesized SUL-AuNPs are 54 ug/mL.
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Figure 2. (4) Influence of the AuNPs seeds amounts on the morphologies of SUL-AuNPs, 100 L (a) (b), 300 1L (c) (d), 600 uL (e) (f). (B) Influence of the AuNPs
seeds amounts on the optical observation of synthesized SUL-AuNPs. (C) UV-vis absorption spectra of the as-prepared SUL-AuNPs.
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Figure 4. UV-vis absorption spectra of 20 nm Au seeds and the as-prepared
SUL-AuNPs.

To obtain the optimal GSH detection condition, 100 nm
SUL-AuNPs with preferable morphologies was used for
RB-SUL-AuNPs synthesis. Figure 5 showed that the
fluorescence intensity of RB enhanced dramatically when
increase added GSH concentrations, indicating that RB were
released from SUL-AuNPs because of GSH competitive
binding. The effect of the reaction time for GSH detection was
also investigated. After the addition of GSH for 60 mins, the
fluorescence intensity of RB became constant and keep stable
for at least 1hr. Hence, we selected 60 mins as the optimized
reaction time for GSH detection using 100 nm SUL-AuNPs.
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uM, 100 uM, 200 uM, 500 uM, to 1000 uM, respectively. Fluorescence
intensity was measured at 578 nm.

We further tested the fluorescence intensity of released RB
from RB-SUL-AuNPs by adding different GSH
concentrations under the optimized reaction conditions. As
shown in Figure 6A, the fluorescence intensity of RB was
increased with increased GSH concentrations at 578 nm.
Figure 6B displayed the relationships (R?=0.9888) between
the fluorescence intensity and the concentration of added GSH.
The inset of Figure 6B showed a linear relationship between
the fluorescence intensity and the added GSH concentrations
from 2 pM to 100 pM. Effect of GSH concentrations on the
fluorescent intensity of 58 nm and 76 nm RB-SUL-AuNPs
were also investigated (Figure 7), which showed lower GSH
detection sensitivity compared with 100 nm SUL-AuNPs.
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Figure 6. Effect of GSH concentration on the fluorescence intensity of RB-SUL-AuNPs. (4) GSH concentration increased from 2 uM to 1000 uM. Fluorescence
intensity was measured at 578 nm with 100 nm SUL-AuNPs. (B) The calibration curve of fluorescent intensity at different GSH concentrations was provided.
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Figure 7. Effect of GSH concentrations on the fluorescent intensity of RB-SUL-AuNPs. GSH concentration increased from 10 uM to 1000 uM. Fluorescent
intensities were measured at 578 nm with different SUL-AuNPs, 58 nm (4), 76 nm (B).
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Figure 8. The fluorescence intensity of RB-SUL-AuNPs in the presence of
different metal ions. The concentration of GSH and the concentration of metal
ions are 50 uM. RB-SUL-AuNPs only solution was used as Blank.

The influences resulted from coexisting ions in the reaction
solution were simply tested since the interference came from
amino acids, proteins and other thiol species is negligible in
hepatocytes. To test the selectivity of RB-SUL-AuNPs (100
nm SUL-AuNPs) for GSH in hepatocytes, several metal ions,
including Na®, Ca®", Mg*", K', AI’", Fe’”, Pb" and Cu®", were
tested at the concentrations of 50 pM. As shown in Figure 8,
none obvious fluorescence changes of RB-SUL-AuNPs was
observed under the same GSH reaction condition, indicating
that the tested metal ions have little influence on hepatocytes

cellular thiols detection using RB-SUL-AuNPs.

To test cellular use of SUL-AuNPs for GSH detection, flow
cytometry assay was applied to characterize the HepG2 cells
fluorescence signals in the presence of RB-SUL-AuNPs (Figure
9A). When HepG2 cells were incubated with RB-SUL-AuNPs (2
nM) for 24 hrs, intracellular fluorescence dramatically increased
compared with 20 nm Au seeds, and the bigger diameter size, the
higher fluorescence increasement. 100 nm SUL-AuNPs
displayed highest fluorescence intensity increasement compared
to the other two sizes of SUL-AuNPs at the same reaction
condition. Normal hepatocytes L02 cells were also applied at the
same reaction condition and the results displayed lower
fluorescence intensity compared with HepG2 cells (Figure 9B),
which was consistent with previous study that hepatoma HepG2
cells contain high levels of GSH [29]. Meanwhile, this result also
indicates  that our  synthesized  SUL-AuNPs are
membrane-permeable. Furthermore, the intercellular GSH
detection using RB-SUL-AuNPs in hepatoma HepG2 cells
extracts can also be observed through naked eye. Incubated
HepG2 cells extracts with RB-SUL-AuNPs (100 nm
SUL-AuNPs) for 1 hr, the HepG2 cells lysate supernatant
showed a bright pink (Figure 10). Conclusively, it seems that
SUL-AuNPs provides a quick qualitative estimating of cellular
thiols instead of quantitative estimation.
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Figure 9. Flow cytometry assay of fluorescent signals in HepG2 cells (4) and L02 cells (B) before and after incubation with RB-SUL-AuNPs.
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Figure 10. Visual detection of thiols in HepG2 cell extracts using (4) 20 nm Au seeds, (B) 100 nm SUL-AuNPs. (a) HepG2 cell extracts, (b) RB &Au NPs only, (c)

HepG?2 cell extracts in the presence of RB &Au NPs, respectively.

The cytotoxicity of the SUL-AuNPs in HepG2 cells and L02 cells were furtherly studied by CCK-8 assay. As the data shown
in Figure 11, it could be concluded that the SUL-AuNPs have no cytotoxicity to either HepG2 cells or L02 cells under the

indicated concentrations.

>

|
100% 'W

20nm
-= 58nm
—& 76nm
-+ 100nm

50%

Cell viability (%)

T T T T

0 5 10 25 50

SUL-AuNPs concentration(ug/mL)

e e

20nm
-= 58nm
-+ 76nm
-+ 100nm

50%

Cell viability (%)

0 5 10 25 50

SUL-AuNPs concentration(ug/mL)

Figure 11. Relative cell viabilities of HepG2 cells (4) and LO2 cells (B) after incubation with 20 nm AuNPs and SUL-AuNPs, 58 nm, 76 nm, 100 nm, respectively.

4. Conclusions

In summary, we synthesized three different diameters of
SUL-AuNPs based on spherical AuNPs seed-mediated growth
method by altering the amount of AuNPs in reaction system.
SUL-AuNPs sizes vary from 58 nm to 100 nm and extinction
spectrum shows a shift from 550 nm to 650 nm. RB
functionalized SUL-AuNPs was successfully applied for GSH
detection in hepatocytes and cell extracts, among them, 100
nm SUL-AuNPs showed preferable morphologies and highest
sensitivity. RB-SUL-AuNPs coupled with FRET for GSH
detection, which we developed, provided many advantages,
such as simplicity of preparation and without specific
instruments. What’s more, the synthesized SUL-AuNPs
turned out membrane-permeable, and displayed ignorable
cytotoxicity, which make SUL-AuNPs promising cellular
thiols detection probes in nanodiagnosis.
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