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Abstract: In this study, we synthesized water-soluble fluorescent gold nanoclusters (Au NCs) 

stabilized with dihydrolipoic acid (DHLA). The cytotoxicity of these Au NCs was then assessed 

in the normal human hepatic cell line (L02) and the human hepatoma cell line (HepG2) at dif-

ferent exposure times. Cell viability was normal in both cell lines at 24 hours and 48 hours; 

however, the growth of HepG2 cells was significantly inhibited at 72 hours. The change in lactate 

dehydrogenase level was strongly correlated with cell viability after 72 hours incubation with 

DHLA–capped Au NCs, and the increase in cellular reactive oxygen species may be related to 

the decrease in cell viability. Growth inhibition of HepG2 cells was possibly due to difficultly 

passing the checkpoint between G1 phase and S phase. The anticancer activity of DHLA–capped 

Au NCs should be considered when used in biomedical imaging and drug delivery.
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Introduction
Noble metal nanoclusters (NCs) such as Au and Ag, typically consist of several to tens 

of atoms and have an ultra small size (2 nm) comparable to the Fermi wavelength of 

free electrons.1,2 Gold nanoclusters (Au NCs) have bright fluorescence ranging from 

ultraviolet to the near-infrared region depending on the cluster size and composition.1,3 

Due to their ultra small size, excellent luminescence properties, and stable structures, 

Au NCs have attracted significant attention in the past decade.2–5 Chen et al6 determined 

the enzyme activity by assessing the change in emission intensity of fluorescent Au 

NCs, Qiao et al7 reported that ovalbumin-protected Au NCs with folic acid can be used 

for HeLa cells imaging, and Yue et al8 synthesized bovine serum albumin–capped Au 

NCs as a fluorescence probe to determine nitrite (NO
2

-) sensitively and selectively.

Inorganic nanoparticles are difficult to biodegrade and induce long-term toxicity, 

which hinders their application in clinical practice.9 Particles smaller than 5.5 nm can 

be rapidly and efficiently removed by the kidneys,9,10 which allows them to be used 

safely in the clinic. Recently, Zhang et al10 reported that the renal clearance rate of 

glutathione-protected Au NCs (2.1 nm) was maximum at 2 hours after injection, and 

only 6% of Au could be detected in mice at 28 days.

With the development of nanoparticle application, it is necessary to assess their 

potential toxicity to avoid adverse effects in humans and the environment.11 Liu et al12 

found that bare Au
55

(Ph
2
PC

6
H

4
SO

3
H)

12
Cl

6
 combined irreversibly into the major grooves 

of B-DNA (depth: 0.9 nm; length: 1.43 nm) due to their distinct size of 1.4 nm. Sub-

sequently, Tsoli et al13 reported that the IC
50

 (half maximal inhibitory concentration) of 

Au
55

(Ph
2
PC

6
H

4
SO

3
H)

12
Cl

6
 was approximately 180 times lower than the anticancer drug 

cisplatin in BLM melanoma cells and more than 200 times lower in the MV3 cell line. 
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Besides, the toxicity of Au
55

 in osteosarcoma cell lines (SK-ES-1 

and U-2OS) was higher than healthy cell line (MC3T3-E1). Oh 

et al14 have also found that Au NCs elicit cytotoxicity in the 

cellular viability test using COS-1 cell line.

Liver, as reticuloendothelial system, is the primary expo-

sure site to foreign compounds.15 Moreover, results from in 

vivo assay showed that Au NCs were mainly accumulated 

in the liver.10,16 Shang et al3 developed a one-pot synthetic 

strategy to synthesize water-soluble dihydrolipoic acid 

(DHLA)–capped Au NCs, which are promising imaging 

agents for biomedical and cellular imaging. In the present 

study, we selected the normal human hepatic cell line (L02) 

and hepatoma cell line (HepG2) to investigate the cytotoxic-

ity of DHLA–Au NCs.

Materials and methods
chemicals
Lipoic acid, sodium borohydride, and HAuCl

4
 were sup-

plied by Sinopharm Chemical Reagent Co Ltd (Shanghai, 

People’s Republic of China). Fetal bovine serum was 

purchased from Sijiqing, (Hangzhou, People’s Republic of 

China). RPMI 1640 medium was purchased from HyClone 

Laboratories (Logan, UT, USA). Trypsin and dimethyl 

sulfoxide (DMSO) were obtained from Sigma-Aldrich  

(St Louis, MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) and RNase A were 

provided by Sangon Biotech (Shanghai, People’s Republic of 

China). Deionized water was prepared from EMD Millipore 

(Billerica, MA, USA). Other reagents used were of analyti-

cal grade.

Preparation and characterization of 
Dhla–capped au Ncs
DHLA–capped Au NCs were synthesized following a previ-

ously reported method.3 Briefly, 100 µL of NaOH (2 M) and 

39 mL of deionized water were mixed in a flask and then 

13 mg of lipoic acid was added and stirred for 15 minutes 

at room temperature (approximately 25°C). To the mixture, 

400 µL of HAuCl
4
 (2% by mass) was added and stirred for 

another 5 minutes until colorless. Finally, 800 µL of aqueous 

solution of sodium borohydride (50 mM) was added slowly 

with stirring. After 12 hours of stirring, the resulting DHLA–

capped Au NCs were purified by dialysis (molecular weight 

cut off was 3 kDa) for 72 hours and dried in vacuum.

Transmission electron microscopy images were measured 

with JEM-2100 (JEOL, Tokyo, Japan). Absorption spectra 

were measured with a Puxi TU-1810 visible spectrophotom-

eter (Beijing, People’s Republic of China).  Fluorescence 

spectra were determined by RF-5301PC fluorescence 

spectrometer (Shimadzu, Kyoko, Japan). The size dis-

tribution was carried on dynamic light scattering using a 

BI-200SM (Brookhaven Instruments Corporation, Holtsville, 

NY, USA). Zeta potentials were recorded on a Zetasizer Nano 

3600 (Malvern Instruments Ltd, Malvern, UK).

cell culture
The normal human hepatic cell line (L02) and the human 

HepG2 were provided by the Cell Bank of Shanghai Insti-

tute of Biochemistry and Cell Biology, Chinese Academy of 

Sciences (Shanghai, People’s Republic of China). Both were 

cultured in RPMI 1640 medium containing 10% fetal bovine 

serum and 1% penicillin–streptomycin. The cell lines were 

maintained at 37°C in a humidity- and CO
2
-controllable incu-

bator (Thermo Forma, Marietta, OH, USA) with 5% CO
2
, and 

all the experiments were performed in a clean atmosphere.

cell viability assay
Cell viability was determined by the colorimetric MTT assay, 

in which water-soluble MTT was reduced to undissolved blue 

formazan dye within viable cells. Both L02 and HepG2 cells 

were seeded into 96-well plates (5.0×103 cells per well) and 

incubated at 37°C for 24 hours, and DHLA–capped Au NCs 

in RPMI 1640 medium were added at final concentrations of 

12.5 µM, 25 µM, 50 µM, 75 µM, 100 µM, and 125 µM. At 

the end of the fixed incubation period (24 hours, 48 hours, 

and 72 hours), the culture medium was discarded and 20 µL 

of MTT reagent (diluted in culture medium, 0.5 mg/mL) 

was added. After 4 hours incubation at 37°C, MTT/medium 

was removed, and the plates were carefully washed with 

phosphate-buffered saline (PBS). To dissolve the formazan 

crystals, 150 µL of DMSO was added and incubated for 

30 minutes, and the absorbance at 490 nm was recorded 

using a microplate reader. All experiments were performed 

in triplicate.

lactate dehydrogenase assay
Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme 

and is released into cell culture medium when the plasma 

membrane is damaged due to either apoptosis or necrosis. 

Accordingly, LDH activity can be regarded as an indicator 

of cell membrane integrity and used to assess the cytotoxicity 

caused by chemical compounds or other toxic environmental 

factors. HepG2 cells (5.0×103 cells per well) were incubated 

with different concentrations of DHLA–capped Au NCs 

(12.5 µM, 25 µM, 50 µM, 75 µM, 100 µM, and 125 µM) 

for 72 hours and then centrifuged (800 rpm, 5 minutes, 
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Eppendorf 5810R centrifuge) and 120 µL of culture super-

natant was collected. LDH levels were determined according 

to commercial kit protocols (Beyotime, Shanghai, People’s 

Republic of China). Absorption was measured using a 

microplate reader at 490 nm.

reactive oxygen species
Reactive oxygen species (ROS) were determined using 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) accord-

ing to the kit protocol. DCFH-DA has no fluorescence and 

can enter the plasma membrane passively, where it is then 

converted to DCFH by intracellular esterase. DCFH cannot 

cross the membrane and is converted to the highly fluorescent 

derivative dichlorofluorescein after being oxidized by ROS. 

A total of 5.0×103 HepG2 cells per well were cultured with 

or without DHLA–capped Au NCs for 72 hours. After three 

washes, 10 µM of DCFH-DA working solution was added, 

and the cells were incubated for 20 minutes at 37°C. The 

plates were then washed three times to remove DCFH-DA. 

Fluorescence intensity was detected using a microplate coun-

ter at an excitation wavelength of 488 nm and an emission 

wavelength of 525 nm.

cell cycle assay
Determination of the cell cycle was carried out by staining 

the DNA with propidium iodide, followed by the assessment 

of fluorescence by flow cytometry. HepG2 cells were seeded 

in 6-well plates (1.0×105 cells per well) and treated with the 

culture medium (control), 25 µM and 100 µM DHLA–capped 

Au NCs for 72 hours. The cells were washed three times 

with PBS, harvested using 0.25% trypsin, fixed in prechilled 

70% ethanol overnight at 4°C, incubated for 30 minutes in 

20 mg/L RNase A, and then stained with propidium iodide 

at a final concentration of 20 mg/L for 30 minutes. The cell 

cycle was analyzed by flow cytometry and calculated using 

ModFit LT version 3.1 software.

statistical analysis
All the data were presented as mean ± standard error of the 

mean. Multiple group comparisons of the means were evalu-

ated by one-way analysis of variance using SPSS 16.0, and 

P0.05 was considered statistically significant.

Results
characterization of Dhla–capped 
au Ncs
The DHLA–capped Au NCs were synthesized using the 

one-pot synthesis method as reported in the literature3 and 

their characteristics are shown in Figure 1. The UV–vis 

absorption bands were located at 505 nm and 560 nm as in 

the previous report,3 and the 520-nm absorbance peak of 

surface plasmon resonance was not observed (Figure 1A). 

The photoluminescence spectra of DHLA–capped Au NCs 

are described in Figure 1B, in which the maximum emission 

peak was centered at 660 nm following excitation at 550 nm. 

Dynamic light scattering was also used to determine the size 

of DHLA–capped Au NCs (Figure 1C), and the average 

hydrodynamic diameter was 3.32±0.62 nm. The core struc-

tures of DHLA–capped Au NCs was shown in the transmis-

sion electron microscopy micrograph, and the average core 

size was 1.5±0.1 nm (Figure 1D). Zeta potential is usually 

used to estimate surface charge and predict the stability of 

the suspension. Our DHLA–capped Au NCs in deionized 

water showed a negative charge of -26.9 mV.

cell viability in the presence  
of Dhla–capped au Ncs
DHLA–capped Au NCs had no effect on the viability of 

L02 cells and HepG2 cells even at the high concentration of 

100 µM after 24 hours and 48 hours of exposure (Figure 2A 

and B). At 72 hours, the viability of DHLA–capped Au 

NC–treated L02 cells was 98.75%±3.16% versus control 

(P0.05), while the viability of HepG2 cells decreased 

significantly at the concentration of 50 µM (78.65%±0.44% 

versus control, P0.01), and only 44.42%±0.80% (P0.001) 

of control cells survived at the maximal dose of 125 µM 

(Figure 2C).

lDh leakage caused by Dhla–capped 
au Ncs
As shown in Figure 3A, LDH leakage in HepG2 cells increased 

in a concentration-dependent manner after 72 hours of exposure.  

A statistically significant difference in LDH concentration was 

observed at 50 µM (155.86%±2.63% versus control, P0.01), 

which was in accordance with the cell viability results. LDH 

leakage was 213.37%±5.91% (P0.001) of the control at the 

highest concentration of DHLA–capped Au NCs (125 µM). 

There was a strong correlation between decreased cell 

viability and increased LDH activity (R2=0.961) after 72 hours 

incubation with DHLA–capped Au NCs (Figure 3B).

Oxidative stress induced by Dhla–
capped au Ncs
Figure 4 shows that the fluorescence intensity of dichlo-

rofluorescein in HepG2 cells was elevated with increasing 

concentrations of DHLA–capped Au NCs up to 50 µM 
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Figure 1 characterization of dihydrolipoic acid–capped gold nanoclusters.
Notes: (A) UV–vis absorption spectrum, (B) photoluminescence spectrum (dashed line, emission at 660 nm; straight line, excitation at 550 nm), (C) size distribution, and 
(D) transmission electron microscopy images.
Abbreviations: Pl, photoluminescence; UV-vis, ultraviolet visible.

(194.00%±7.78% versus control, P0.001) at 72 hours. The 

fluorescence intensity then decreased markedly, and only 

62.66%±3.45% (P0.05) and 59.34%±2.82% (P0.05) of 

the control were detected at the concentration of 100 µM and 

125 µM, respectively.

cell cycle in the presence of  
Dhla–capped au Ncs
We chose the low concentration (25 µM) and high concentration 

(100 µM) to determine the effects of DHLA–capped Au NCs on 

the cell cycle, and the results are shown in Figure 5. Compared 

to the control group, low concentration had almost no effect on 

the G1 (control: 54.69%, 25 µM: 54.09%), G2 (control: 5.18%, 

25 µM: 4.77%), and S phase (control: 40.13%, 25 µM: 41.13%). 

The high concentration caused an apparent increase at the G1 

phase (control: 54.69%, 100 µM: 58.18%), while the percent-

age of cells in the G2 phase was lower than that in the control 

(control: 5.18%, 100 µM: 4.18%), and the proportion in the S 

phase decreased (control: 40.13%, 100 µM: 37.63%).

Discussion
Due to the different quality between preparations of primary 

cells, cell lines (producing more reproducible results) are 

most often used for cytotoxicity screening.17 We investi-

gated the cytotoxicity of DHLA–capped Au NCs in the L02 

and HepG2 cell lines at different exposure times. DHLA–

capped Au NCs did not affect L02 cell viability even when 

exposed to 100 µM for 72 hours, but resulted in time- and 

concentration-dependent toxicity in the HepG2 cell line. 

The concentration of LDH in the culture medium of HepG2 

cells increased after incubation for 72 hours, which was in 

accordance with the results of the cell viability assay. Intra-

cellular ROS peaked at the concentration of 50 µM and then 

decreased with increasing concentrations of DHLA–capped 
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Figure 2 cytotoxicity of dihydrolipoic acid–capped gold nanoclusters against l02 cells and hepg2 cells after (A) 24-h, (B) 48-h, and (C) 72-h exposure.
Notes: The viability was calculated relative to negative control. all data are presented as mean ± standard error of the mean (n=3). **P0.01 and ***P0.001 verus control 
according to analysis of variance.
Abbreviation: h, hours.
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Due to their chemical stability and intrinsic photolumines-

cence, small Au NCs have shown great promise in cell label-

ing, biosensing, biomedical imaging, and drug delivery.3,5 

Gold is commonly known as an “innocent” element,16 and 

numerous papers have reported that gold nanoparticles have 

low toxicity and good biocompatibility. Alkilany et al18 

reported that the apparent cytotoxicity of CTAB-capped 

gold nanorods in human colon carcinoma cells (HT-29) was 

caused by free CTAB in solution rather than the gold nano-
rods. Qiu et al19 also concluded that CTAB molecules were 

the cause of Au nanorods cytotoxicity. However, Pan et al20 

found that 1.4-nm Au NCs had the lowest IC
50

 in a series 

of Au nanoparticles ranging in size from 0.8 nm to 15 nm, 

which was similar to previous reports which indicated that 

Au
55

(Ph
2
PC

6
H

4
SO

3
H)

12
Cl

6
 caused serious cytotoxicity.13 We 

found that DHLA–capped Au NCs affected liver cancer cells 

more than healthy cells, which is consistent with the cyto-

toxicity results obtained with Au
55

 reported by Tsoli et al.13 

Figure 4 Formation of reactive oxygen species in hepg2 cells after 72-h incubation 
with different concentrations of dihydrolipoic acid–capped gold nanoclusters.
Notes: The dichlorofluorescein (DCF) fluorescence intensity was calculated relative 
to negative control. all data are presented as mean ± standard error of the mean 
(n=3). *P0.05 and ***P0.001 verus control according to analysis of variance.
Abbreviation: h, hours.
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This sensitivity of Au NCs indicated that they may induce 

anticancer effect when used in bioimaging and drug delivery. 

Li et al21 reported that polypolex inhibited the growth of 

HepG2 cells and induced apoptosis, while keeping safe to 

L02 cell line at the same concentration. The authors deemed 

the different result of cytotoxicity was due to the different 

swollen ability between the tumor and normal cells.

Cell death or plasma membrane damage can cause cyto-

plasmic LDH leakage into the extracellular medium.22 The 

concentration of LDH in the culture medium can reflect the 

integrity of the cell membrane.22–24 The correlation between 

decreased cell viability and increased LDH activity after incu-

bation with DHLA–capped Au NCs for 72 hours indicated 

that the reduction in cell number was related to membrane 

damage.

Oxidative stress following nanoparticle-induced ROS gen-

eration can cause external or internal cell damage, followed 

by decreased cell proliferation and may even lead to cell death 

via an apoptotic or necrosis pathway.22,24,25 At relatively low 

concentrations, DHLA–capped Au NCs induced an increase 

in fluorescence in HepG2 cells after 72 hours of treatment, 

indicating the generation of ROS. Therefore, we suggest 

that decreased cell viability was related to oxidative stress. 

A previous report showed that the toxicity of many nanoma-

terials (eg, titanium dioxide, carbon nanotubes, zinc oxide) 

was induced by oxidative stress.22 The decreased fluorescence 

of dichlorofluorescein at the concentration of 100 µM and 

125 µM might be attributed to significant cell death.26

In the normal cell cycle, the DNA content changes regu-

larly. Thus, we can determine the distribution of cell cycle 

phases through DNA staining and flow cytometry to calculate 

the percentages of cells in the G1, S, and G2 stages. G1 and 

G2 phases have two important checkpoints in the cell cycle, 

and a number of nanoparticles induce cell arrest in these 

phases.27,28 The increased percentage of cells in the G1 phase 

suggested that DHLA–capped Au NCs induced HepG2 cell 

arrest in the G1 phase after high-dose treatment for 72 hours. 

This meant that cells had difficulty passing the checkpoint 

between the G1 phase and S phase,19 which further reduced 

the cell viability.27

Conclusion
In conclusion, DHLA–capped Au NCs were synthesized 

using the one-pot synthesis method and cytotoxicity was 

assessed in the L02 normal human hepatic cell line and the 

HepG2 human hepatoma cell line. DHLA–capped Au NCs 

affected the HepG2 cell line more than the L02 cell line. 

The cytotoxicity of DHLA–capped Au NCs in the HepG2 

cell line was related to LDH leakage and ROS generation, 

while cell viability decreased due to cell cycle arrest in the 

G1 phase after treatment for 72 hours.
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