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Gold nanorods  (Au NRs) have been receiving ext ens ive attention owing to their ext remely 

attractive prop ert ies which make them suit able for various biomedical applicat ions. Au NRs 

could induce nano-toxicity, but  this  trouble could turn into therap eut ic pot ential t hrough tuning 

the autophagy . However, t he autophagy -inducing activity and mechanism of Au NRs is still 

unclear. Here we showed t hat surface chemical modificat ion can tune the autophagy -inducing 

activity of Au NRs in human lung adenocarcinoma A549 cells . CT AB-coat ed Au NRs induce 

remarkable levels of autophagy act ivity as  evidenced by L C3-II convers ion and p62 

degradation, while PSS- and PDDAC-coat ed Au NRs barely induce autophagy. More 

import antly, we also demonstrated that t he AKT -mTOR signaling p athway was  responsible for 

CTAB-coat ed Au NRs-induced autop hagy. We furthermore showed t hat CTAB-coat ed Au NRs 

also induces autop hagy in human fetal lung fibroblast MRC -5 cells in a time-dependent 

manner. T his st udy unveils a previous ly unknown function for Au NRs in aut ophagy induction, 

and provides  a new ins ight  for designing surface modificat ions  of Au NRs for biomedical 

applications .

Introduction  

Owing to their unique properties, which depend on their shape, size, 

and aspect ratio, nanomaterials have attracted intense interest from 

scientists as therapeutic and diagnostic agents.1-3 Gold nanorods (Au 

NRs) are one of most promising nanomaterials because their size, 

aspect ratio (ratio of length to diameter) and coating can all be easily 

controlled. Their applications in the biomedical field include cell and 

animal imaging, drug and gene delivery, and therapy and diagnosis 

in many diseases.4-8 The most convenient synthesizing fashion of Au 

NRs is seed-mediated method using cetyltrimethylammonium 

bromide (CTAB), and CTAB is a well-known toxic cationic 

surfactant. Consequently the CTAB-Au NRs should be further 

coated by negatively charged PSS, positively charged PDDAC and 

PEG for biomedical applications. Recent studies have reported 

preliminary research into the intracellular localization, uptake and 

cytotoxicity of Au NRs in cells and whole animals. Qiu et al. showed 

that the aspect ratio and surface chemistry mediated cellular uptake 

and cytotoxicity of Au NRs.9 In addition, Wang et al. demonstrated 

that Au NRs can selectively target to mitochondria and induce cell 

death for cancer therapy.10 Our previous studies also indicated that 

the penetration and thermotherapy efficacy of Au NRs were 

determined by surface chemistry in multicellular tumor spheroids.11 

However, the mechanism of cell death induced by Au NRs is still 

unclear, and further study of the cell death mechanism is urgently 

needed before Au NRs are widely used in clinical studies.  

Autophagy is a lysosome-based degradation process by which 

eukaryotic cells self-digest long-lived proteins and dysfunctional 

organelles, and thereby maintains intracellular homeostasis. 

Autophagy also plays an essential role in a variety of human diseases, 

including cancer, neurodegenerative disorders and infectious 

diseases.12-14 In general, autophagy is regarded as a prosurvival 

mechanism. However, increasing evidence demonstrate that 

autophagy play a key role in cell death.15-17 Nanomaterials have been 

suggested to play different roles in autophagy and cell death due to 

their specific properties.18, 19 Recently, several studies have 

demonstrated that autophagy can be induced by a variety of 

nanomaterials, including quantum dots (QDs), polyamidoamine 

(PAMAM), single-walled carbon nanotubes (SWNTs) and 

lanthanide-based nanocrystals.20-25 Our previous results show that 

gold nanoparticles can block autophagy in a size-dependent manner 

by increasing the lysosomal pH. In this work, we investigated the 

effect of Au NRs with different surface coatings on autophagy 

activity, and analyzed the underlying mechanisms and signaling 

pathway  involved in Au NRs-induced autophagy. 

Results and discussion  

Synthesis and Characterization of Au NRs 
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Fig. 1 Characterization of Au NRs. (a) TEM image of the CTAB-

coated Au NRs. (b) representative UV-Vis-NIR absorption spectra 

of CTAB-coated Au NRs, PSS-coated Au NRs and PDDAC-coated 

Au NRs. (c-e) Zeta potential distribution of Au NRs coated with 

CTAB (c), PSS (d) and PDDAC (e). 

In order to investigate the surface chemistry-dependent induction of 

autophagy activity by Au NRs, we synthesized Au NRs with three 

different polymer coatings: cetyltrimethylammonium bromide 

(CTAB), polystyrene sulfonate (PSS) and poly 

(diallyldimethylammonium chloride) (PDDAC) as described in the 

Methods section. The CTAB, PSS and PDDAC frequently was used 

a model polymer coating in Au NRs. As shown in Fig. 1a, the 

morphology and size of the Au NRs were measured and statistically 

analyzed based on TEM images. The aspect ratio of all Au NRs was 

4, and the mean size of the Au NRs was 55 nm × 14 nm (length × 

diameter). The UV-Vis-NIR absorption spectra showed that the  

Fig. 2 Autophagic features induced by Au NRs. (a) Cell death 

detection after treatment with Au NRs alone, or Au NRs plus the 

autophagy inhibitor 3-MA. (b) TEM images of autophagosomes in 

A549 cells treated with Au NRs for 4 hours. Black arrows, 

autophagosomes. Scale bar, 500 nm. 

maximum absorption peaks were close to 808 nm, and the visible 

absorption spectrum was correlated with shape, size, monodispersion 

and surface stabilization of the Au NRs (Fig. 1b). Zeta potential is 

usually used to predict the surface charge and stability of 

nanomaterials in solution. We measured the zeta potentials and 

found that the CTAB-coated Au NRs and the PDDAC-coated Au 

NRs were positively charged, whereas the PSS-coated Au NRs were 

negatively charged (Fig. 1c-e). This result is consistent with previous 

studies on coated Au NRs under the same conditions. It has been 

previously reported that the size and zeta potential of Au NRs are 

critical for the nonspecific adsorption of serum proteins onto the 

surface, and the presence of these proteins on the surface of the 

nanoparticles is related to the cellular uptake and cytotoxicity.9 We 

further examined the zeta potential of the surface-coated Au NRs 

after incubating them with DMEM containing 10% fetal bovine 

serum for 2 hours. The surface charges of all the Au NRs 

immediately became negative, as we expected (Figure S1 in 

Supporting Information). Thus the results of the following 

autophagy studies most likely depend on the surface coating of the 

Au NRs instead of their zeta potential.  

Fig. 3 Changes in LC3 distribution induced by Au NR treatment. (a) 

Western blotting of LC3 in A549 cells that were untreated (control) 

or treated with Au NRs for 4 h. (b) Statistical analysis of the LC3-II 

band intensity relative to that of LC3-I in (a). (c) Confocal 

microscopy images of formation of endogenous LC3-positive dots in 

A549 cells treated with the different surface-coated Au NRs for 4 h. 

Scale bar, 20 nm. 

Autophagic cell death induced by CTAB-coated Au NRs   

In order to understand the mechanism of cell death induced by Au 

NRs, we first examined the cytotoxicity of CTAB-, PSS- and 

PDDAC-coated Au NRs using the autophagy inhibitor 3-

methyladenine (3-MA). Starvation, the most widely used inducer of 

autophagy, was employed as a positive control. The results showed 

that 70 pM Au NRs exhibited coating-dependent toxicity to human 

lung adenocarcinoma A549 cells (Fig. 2a). The CTAB-coated Au 
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NRs have notable cytotoxicity, but when further coated with PSS 

and PDDAC, the cytotoxicity of the Au NRs decreased greatly  to 

negligible levels. Interestingly, we observed that the cytotoxicity 

induced by CTAB-coated Au NRs could be rescued by treatment 

with 3-MA, suggesting that CTAB-coated Au NRs likely induced 

cell death via autophagy.  

To further confirm our hypothesis that CTAB-coated Au NRs 

induced cell death through autophagy, we used TEM to examine the 

formation of autophagosomes, which are key intermediate vesicles 

in the autophagy pathway. TEM imaging revealed that treatment 

with CTAB-coated Au NRs significantly increased autophagosomes 

formation in A549 cells (Fig. 2b), compared to those treated with 

PSS- and PDDAC-coated Au NRs. We next examined the 

conversion of the autophagy-related protein microtubule-associated 

protein 1 light chain 3 (LC3).26 LC3 has two isoforms, LC3-I, which 

is cytosolic, and LC3-II, which associates with autophagosomal 

membranes. Autophagy is characterized by an increase in LC3-II 

protein and LC3-positive puncta. We analyzed the expression of 

LC3 by western blotting and found that CTAB-coated Au NRs 

induced a remarkable increase in LC3-II expression compared to the 

control, while PSS- and PDDAC-coated Au NRs did not enhance the 

LC3-II/LC3-I ratio (Fig. 3a and 3b).  Consistently, CTAB-coated Au 

NRs but not PSS- and PDDAC-coated Au NRs increased LC3 

puncta formation (Fig. 3c). Moreover, we also observed that the 

number of PDDAC-coated Au NRs in cells was much greater than 

that of CTAB- or PSS-coated Au NRs. These results indicated that 

the level of Au NR uptake was not related to the level of autophagy 

induction. In addition, CTAB-coated Au NRs also induce 

accumulation of LC3-II in a HeLa cell line which stably expresses 

GFP-tagged LC3 (Figure S2). To confirm these results, the human 

fetal lung fibroblast (MRC-5) cells, a normal cell line, was chose to 

analyze LC3-II conversion after treated with CTAB-coated Au NRs 

Fig. 4 Effect of different surface-coated Au NRs on lysosome pH. (a) 

Representative fluorescent images of A549 cells treated with 

different surface-coated Au NRs for 4 h, then exposed for 30 min to 

1 μmol/L LysoSensor Green DND-189 (scale bar, 50 μm). (b) FACS 

analysis of cells stained with LysoSensor Green DND-189.  

 (Figure S3). CTAB-coated Au NR also induces autophagy in MRC-

5 cells in a time-depended manner. Taken together, these data 

demonstrate that CTAB-coated Au NRs can influence the autophagy 

process. 

Au NRs have no effect on the function of lysosomes 

Autophagosome accumulation and the enhancement of the LC3-

II/LC3-I ratio may be due to inhibition or induction of autophagy.27 

It is well known that lysosome function, especially the internal pH, 

plays vital roles in maintaining cellular processes, including 

autophagy. LysoSensor Green DND-189 shows an acidification-

dependent increase in fluorescence intensity, which allows us to 

monitor pH changes in lysosomes.28, 29 Our previous study showed 

that gold nanoparticles decreased the alkalinization of lysosomes and 

therefore inhibited autophagy in a size-dependent manner.30 In order 

to examine whether Au NRs can affect lysosome pH, A549 cells 

were labeled with LysoSensor Green DND-189 dye after treatment 

with different Au NRs. Confocal microscopy analysis demonstrated 

that lysosome pH was unaffected in Au NR-treated cells (Fig. 4a). 

Flow cytometry analysis also confirmed this result (Fig. 4b and 

S4).These results indicate that CTAB-, PSS- and PDDAC-coated Au 

NRs have no effect on lysosome pH and do not influence the 

autophagy process by this mechanism. 

Fig. 5 Au NRs induce autophagy through the AKT-mTOR signaling 

pathway. (a) Western blotting of LC3 in A549 cells that were treated 

with CTAB-Au NRs under nutrient-rich or starvation conditions for 

4 h with or without BFA1. (b) Statistical analysis of the LC3-II/LC3-

I band density ratio in (a). (c) The degradation of p62 was detected 

by Western blotting. (d) Statistical analysis of the p62/tubulin band 

density ratio in (c). (e) Effect of Au NRs on the level of phospho-

p70S6 kinase (p-p70S6K). Cells starved or treated with Au NRs for 

4 h were analyzed with anti-p70S6K and anti-phospho-p70S6K 

antibodies. (f) Western blotting analysis of Au NR-treated and 

untreated control cells probed with anti-phospho-AKT antibody. 

The AKT–mTOR signaling pathway is involved in CTAB-coated 

Au NR-induced autophagy 
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To further distinguish whether the main effect of CTAB-coated Au 

NRs is on autophagy induction or blockage of autophagic flux, the 

ratio of LC3-II/LC3-I was checked in the presence and absence of a 

lysosome degradation inhibitor, bafilomycin A1 (BFA1). It was 

found that BFA1 further increased the CTAB-coated Au NR-induced 

conversion of LC3-II (Fig. 5a and 5b). This result indicates that the 

CTAB-coated Au NRs themselves actually induced autophagy. p62 

(also known as SQSTM1/sequestome1), a substrate that is 

preferentially degraded by autophagy, was also monitored by 

western blotting analysis.31 As shown in Fig. 5c and 5d, starvation 

induced rapid down-regulation of p62. CTAB-coated Au NRs also 

caused marked degulation of p62, while PSS- and PDDAC-coated 

Au NRs had no effect on p62 protein level. These data suggest that 

CTAB-coated Au NRs promote autophagy to accelerate p62 

turnover through blockade of autophagic flux. In mammalian cells, 

autophagy is regulated by several classical signaling pathways, most 

of which involve the inhibition of a serine/threonine protein kinase, 

mammalian target of rapamycin (mTOR).32, 33 The mTOR protein 

exists in a phosphorylated form and suppresses autophagy  under 

normal conditions, but when the level of phosphorylated mTOR is 

down-regulated, such as during starvation, autophagy is up-regulated. 

To test whether CTAB-coated Au NRs induced autophagy occurred 

via inhibition of mTOR activity, the level of phosphorylated p70 S6 

kinase (p-p70S6K), an indicator for mTOR activity, was examined 

by western bloting analysis. It was found that both CTAB-coated Au 

NRs and starvation significantly decreased the level of p-p70S6K), 

while PSS- and PDDAC-coated Au NRs had no effect on the 

expression of p-p70S6K (Fig.5e). This demonstrated that CTAB-

coated Au NRs induced autophagy through down-regulation of 

mTOR activity. Previous studies have shown that the effect of 

mTOR on autophagy can be regulated by the PI3K-AKT-TSC1/2 

pathway.34 To further understand the signaling pathway involved in 

CTAB-coated Au NR-induced autophagy, we examined 

phosphorylated AKT, a vital marker upstream of the mTOR 

pathway.35 As shown in Fig. 5f, the phosphorylated AKT level was 

significantly decreased when cells were incubated with CTAB-

coated Au NRs, and starvation caused similar reductions. PSS- and 

PDDAC-coated Au NRs were analyzed under the same conditions, 

and had no effect on the levels of phosphorylated AKT, as we 

expected. Together, these results revealed that CTAB-coated Au 

NRs induced autophagy through the AKT-mTOR signaling pathway, 

while other surface coatings did not induce autophagy. 

Conclusions 

Accumulating evidence show that Au NRs cause cell death for 

cancer therapy, however, the molecular mechanism to trigger 

cytotoxicity is poorly understood. As illustrated in Fig. 6, we have 

provided compelling evidence that CTAB-coated Au NRs promote 

autophagy while other surface-modifying polymers did not cause 

obvious autophagy process, indicating that autophagy-inducing 

activity of Au NRs is tuned by surface chemistry. Meanwhile, 

CTAB-coated Au NR also induces autophagy in human fetal lung 

fibroblast MRC-5 cells in a time-dependent manner. Furthermore, 

we demonstrated that the AKT-mTOR signaling pathway is involved 

in the induction of autophagy by CTAB-coated Au NRs. Herein, this 

study unveils a previously unknown function for CTAB-coated Au 

NRs in autophay induction and provides guidance for rational design 

of surface coatings for nanoparticles in biomedical applications and 

pharmaceutical therapy.  

Fig. 6 Schematic illustration of the mechanism and signaling 

pathways in autophagy induced by CTAB-Au NRs. 

Experimental section 

Materials and antibodies 

Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine 

serum (FBS) were obtained from Hyclone (Logan, UT, USA). 

Cetyltrimethylammonium bromide (CTAB), hydrogen 

tetrachloroaurate (III) trihydrate (HAuCl4·3H2O), silver nitrate 

(AgNO3), L-ascorbic acid, and sodium borohydride (NaBH4) were 

purchased from Alfa Aesar. Poly (sodium-p-styrenesulfate) (PSS, 

molecular weight: 70,000) and poly  (diallyldimethyl ammonium 

chloride) (PDDAC, 20%) were obtained from Aldrich. Lysosensor 

green DND-189 (L-7535) was purchased from Invitrogen. The 

polyclonal anti-LC3 antibody (NB100-2220) was obtained from 

MBL. The anti-p62 antibody was purchased from MBL. The 

monoclonal anti-p70S6K (#2708) and anti-phospho-p70S6K 

antibodies (#9206) were obtained from Cell Signaling Technology. 

Deionized water (18.2 MΩ cm-1) produced by a Milli-Q system 

(Millipore Co., USA) was used in all the experiments. Unless 

specified, all of the commercial products were used without further 

purification. 

CTAB-coated Au NRs 

As described previously, the CTAB-coated Au NRs were 

synthesized by seed-mediated growth.36, 37 First, the CTAB-capped 

Au seeds were obtained by chemical reduction of HAuCl4 with 

NaBH4: 7.5 ml CTAB (0.1 M) was mixed with 100 μl HAuCl4 (24 

mM) and diluted with water to 9.4 ml. Then, 0.6 ml ice-cold NaBH4 

(0.01 M) were freshly prepared and added while stirring 

magnetically. After 2 min of vigorous stirring, the seed solution was 
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kept at room temperature (25 oC) and used within 2-5 h. Second, the 

Au NR growth solution, consisting of 100 ml CTAB (0.1 M), 2 ml 

HAuCl4 (24 mM), 2 ml H2SO4 (0.5 M), certain amount of AgNO3 

(10 mM), and 800 μl ascorbic acid (0.1 M) was prepared. The 

amount of Ag ions added was used to control the aspect ratio of the 

Au NRs. Afterwards, 240 μl seed solution was added to the above 

growth solution to initiate the growth of the Au NRs. The reaction 

was stopped after 12 h and the outcome was centrifuged at 8000 rpm 

for 10 min. The precipitates were collected and re-suspended in 

deionized water. Au NRs with an aspect ratio of 4 were obtained.  

Polyelectrolyte-coated Au NRs 

The preparation of multilayer polyelectrolyte-coated Au NRs was 

performed via a layer-by-layer approach according to references.38, 39 

The multilayer polyelectrolyte-coated Au NRs were synthesized by  

sequentially coating negatively charged PSS and positively charged 

PDDAC onto the as-synthesized CTAB-coated Au NRs. For PSS 

coating, 12 ml Au NRs were centrifuged at 12000 rpm for 10 min, 

and the precipitate was dispersed in 12 ml of 2 mg/ml PSS aqueous 

solution (containing 6 mM NaCl). The solution was stirred 

magnetically for 3 h. Afterwards, this solution was centrifuged at 

12,000 rpm for 10 min, and the precipitate was redispersed in water. 

For further coating with PDDAC, a similar procedure was ap plied to 

the PSS-coated Au NRs. 

Characterization of Au NRs 

UV-Vis-NIR absorbance, transmission electron microscopy (TEM) 

and dynamic light scattering (DLS) were used for characterization of 

the optical properties, size and zeta potential of the particles. The 

UV-Vis-NIR absorption spectra were measured with a Lambda 950 

UV/vis/NIR spectrophotometer (Perkin-Elmer, USA). The size and 

morphology of the Au NRs was determined using a Tecnai G220 

STWIN transmission electron microscope (FEI Company, Philips, 

Netherlands) with 200 kV acceleration voltages. The zeta-potential 

distribution of the Au NRs was measured by a Zetasizer Nano ZS 

(Malvern, England), at 25 oC. 

CCK-8 assay  

The human lung adenocarcinoma A549 cell line was purchased from 

ATCC, and cultured in DMEM supplemented with 10% FBS, 100 

U/ml penicillin/streptomycin at 37 oC in a 5% CO2 incubator at 95% 

humidity. A549 cells were seeded at a density of 5 ×103 cells per 

well in 96-well plates in culture medium and incubated overnight. 

The cells were then pre-treated with or without 3-MA for 4 h and the 

medium was then replaced with 100 μL 70 pM of Au NRs, Au NRs 

plus 3-MA or 3-MA. After a further incubation period of 24 h, 

cytotoxicity assays were performed using CCK-8 Kits (Dojindo 

Molecular Technologies, Tokyo, Japan). Absorbance was detected at 

450 nm with a TECAN Infinite M200 microplate reader (Tecan, 

Durham, USA). All experiments were conducted in triplicate. 

Transmission electron microscopy analysis  

3×105 A549 cells were seeded in 33 mm dishes overnight, then 

incubated with 70 pM Au NRs for 4 h. The cells were fixed in 2.5% 

glutaraldehyde in 0.01 M PBS (pH 7.4) for 10 min at room 

temperature. The fixed cells were then embedded, sectioned and 

double stained with uranyl acetate and lead citrate for observation 

under the transmission electron microscope (H-7650B). 

Evaluation of lysosomal acidity  

A549 cells were collected from growth media after treating with 70 

pM Au NRs for 4h and washed three times with 0.01 M PBS. The 

cells were incubated for 30 min under growth conditions with 500 

μL of prewarmed medium containing 2 μmol/L LysoSensor Green 

DND-189 dye (Invitrogen). After washing, the cells were 

resuspended in 0.01 M PBS and immediately analyzed by an 

Attune® acoustic focusing cytometer (Applied Biosystems, Life 

Technologies, Carlsbad, CA). The cytometer was purchased jointly 

with the Nanotechnology lab for bioapplications, and was installed 

by Life Technologies Corp. in the National Center for Nanoscience 

and Technology, China. The green fluorescence was collected within 

1 min from a population of 20 000 cells. 

Immunofluorescence analysis 

Immunofluorescence analysis was performed as described 

previously.40 Cells were grown in six-well plates on glass coverslips 

and treated with 70 pM Au NRs for 4 h. Before incubation with 

antibodies, cells were fixed for 30 min with 4% paraformaldehyde at 

room temperature, permeabilized for 10 min with 0.2% Triton X-100 

(Sigma) and blocked for 2 h in 10% horse serum albumin. 

Incubation overnight at 4 °C with the primary antibody was followed 

by the secondary antibody for 3 h at room temperature. Endogenous 

LC3 was detected with anti-LC3 antibody. Confocal laser scanning 

was done on a Zeiss LSM  710 Laser Scanning Microscope. 

Western blotting  

After incubating with 70 pM Au NRs for 4 h, A549 Cells were lysed 

in lysis buffer, denatured at 100 oC for 10 min and then the proteins 

were separated by SDS-PAGE before transferring to PVDF 

membranes. Membranes were blocked for 1 h with 0.01 M PBS/0.05% 

Tween/5% milk. The PVDF membranes were incubated with 

primary antibody at 4 °C overnight, washed in TBST, and detected 

by a horseradish peroxidase-conjugated secondary antibody at room 

temperature for 1 hour followed by treatment with the ECL detection 

system. Quantitative analysis was calculated using AlphaEaseFC 

software. 

Statistical analysis 

All data are presented as the mean ± standard deviation (SD). 

Differences between groups were analyzed by a one-way analysis of 

variance (ANOVA) and t-test using the SPSS software package. In 

all statistical analyses, p < 0.05 was regarded as statistically 

significant. 
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