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Abstract
Titanium dioxide (TiO2) as one of the most important biocompatible semiconductor nanomaterials, has been widely used

as antibacterial agents. However, since it is only active under ultraviolet radiation, its application has been dramatically

limited. Here, TiO2 nanoparticle (NP)-Au nanocluster (NC)-graphene (TAG) nanocomposites were designed to improve

the antibacterial activity of TiO2 NPs under sunlight condition. Incorporation of Au NCs and graphene into TiO2 NPs can

significantly enhance the solar energy utilization efficiency and promote the electron–hole separation, leading to enhanced

reactive oxygen species (ROS) production in TAG, as evidenced by dihydrorhodamine 123 and DCF assays. Bacterial

growth inhibition assessments revealed that TAG nanocomposites possessed more potent antibacterial activity against both

gram-negative Escherichia coli (E. coli) and gram-positive Staphylococcus aureus (S. aureus) bacteria than TiO2 NPs

alone. Scanning electron microscope images of bacteria further displayed that TAG could cause severe damage on the

surface membrane structure of both E. coli and S. aureus bacteria. Intracellular ROS production, glutathione depletion, and

lipid peroxidation of bacteria were found to be elicited by TAG, suggesting the molecular mechanism underlying their

antibacterial activity is possibly based on oxidative stress.
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Introduction

Antibacterial agents are very important in water disinfec-

tion, food packaging, medicine and textile industry [1].

Traditional organic compound-based antibacterial agents

have been widely applied in these fields, however, their

disadvantages of volatility, toxicity, poor heat resistance,

easy solution, adverse side effects, and multiple drug

resistance have dramatically limited their further applica-

tion [2]. This prompts the development of alternative

strategies for inactivation of bacteria. Nanomaterials with

unique physicochemical properties are emerging as new

antibacterial agents because they are stable and low-toxic,

and able to directly destroy bacteria without targeting a

specific step in their metabolic pathway as most organic

compound-based antibacterial agents did [3–6].

The semiconductors-based photocatalysis for bacterial

inactivation has emerged with inestimable superiority as an

alternative green method for water disinfection in recent

years [7]. Titanium dioxide (TiO2) as one of the most

important semiconductor nanomaterials, has been widely

used as an antibacterial agent in the past few decades due

to their photoinduced electrons and holes that facilitate the

generation of reactive oxygen species (ROS) to inhibit the

bacterial growth [8–10]. Since sunlight is abundant in

nature, development of new antibacterial nanomaterials

that can efficiently utilize the solar energy is necessary.
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However, the wide band gap energy (3.0–3.2 eV) [11, 12]

of TiO2 makes them only active under ultraviolet (UV)

radiation, which dramatically reduces their solar utilization

efficiency because about 96% of photons from solar energy

have wavelengths larger than 385 nm at the earth’s surface

[13]. Moreover, the fast recombination of photoinduced

electrons and holes on TiO2 nanomaterials can significantly

reduce the efficiency of ROS generation, ultimately

resulting in lowered antibacterial activity. Many efforts

have been made to advance the antibacterial activity of

TiO2 nanomaterials through enhancement of their solar

utilization efficiency or inhibition of the recombination of

electron–hole pairs. For example, sulphur was doped into

TiO2 nanoparticles (NPs) to reduce the band gap energy of

TiO2 NPs and facilitate hydroxyl radical generation under

visible light radiation, resulting in significantly enhanced

damage to Micrococcus lylae [14], and silver was depos-

ited on the surface of TiO2 NPs to trap the electron excited

from TiO2 NPs, preventing electron excited from TiO2

NPs, preventing the recombination of electron–hole pairs

[15] and showing excellent antibacterial activity against

Escherichia coli (E. coli) bacteria.

Au nanoparticles have been reported to enhance the

photocatalytic and antibacterial activity of TiO2 under

sunlight radiation, however, the efficiency for utilizing

solar light is low because it can only absorb sunlight with

the wavelength near 550 nm caused by the localized sur-

face plasmon resonance effect [16–18]. It has been reported

that the energy gap between the highest occupied molec-

ular orbital (HOMO) and the lowest unoccupied molecular

orbital (LUMO) of gold nanoclusters (Au NCs) is ranging

from 1.4 to 1.7 eV [19, 20]. It means Au NCs (A) can be

excited by the photons at the wavelength smaller than

729 nm, which makes them as ideal sensitizers under

sunlight exposure. For example, Au25(SR)18 NCs loading

onto TiO2 give rise to largely enhanced photocatalytic

activity under visible light radiation, where Au25(SR)18
NCs act as small-band-gap semiconductors to absorb vis-

ible light and promote electron–hole separation; [21]; Au

NCs loading on BaLa4Ti4O15 photocatalyst can enhance

the water splitting performance [22]; Au NCs also can

effectively enhance the rate of hydrogen evolution when

they are loaded on TiO2 because Au NCs have higher

LUMO energy (- 0.63 V versus reversible hydrogen

electrode (RHE)) [20] than the conduction band (CB)

energy (- 0.51 V versus RHE) [23, 24] of TiO2 NPs,

facilitating the electron transfer from LUMO of Au NCs to

CB of TiO2 NPs and the hole staying at HOMO of Au NCs.

As a result, incorporation of Au NCs onto TiO2 NPs can

significantly enhance the absorption in the visible region

and introduce free electrons and holes under sunlight

radiation.

The fast recombination is another problem which

reduces the efficiency of ROS generation. Graphene, with

mobility exceeding 15,000 m2 V-1 s-1 at room tempera-

ture [25, 26], could effectively inhibit electron–hole

recombination. Graphene–TiO2 nanocomposites have been

previously designed to raise the performance of TiO2 in

photocatalytic and antibacterial activity. For example,

graphene-wrapped anatase TiO2 NPs were reported to

possess excellent photocatalytic property due to the hin-

drance of the recombination of excited electrons [27];

graphene–TiO2 nanocomposites show much higher

antibacterial activity against E. coli bacteria than original

TiO2 nanocrystals [28].

In the present study, TiO2 NP-Au NC-graphene (TAG)

nanocomposites were designed to sufficiently utilize solar

energy and facilitate the electron–hole separation in pur-

pose of improving the antibacterial activity of TiO2 NPs.

As shown in Fig. 1, under sunlight radiation, the electron

of Au NCs can be excited from HOMO to LUMO and

transfer to CB of TiO2 NPs, and ultimately to graphene due

to the staggered energy levels, leaving holes in HOMO.

Moreover, the electrons in valence band (VB) of TiO2 can

also be excited by the UV portion of sunlight, and the

generated electrons and holes can transfer to graphene and

Au NCs, respectively. After this efficient electron–hole

separation, free electrons in graphene and free holes in Au

NCs can react with oxygen (O2) and water (H2O) to form

superoxide radical anion (O2�-) and hydroxyl radical

(�OH), respectively, resulting in more significantly

enhanced antibacterial activity of TAG nanocomposites

compared to TiO2 NP-graphene (TG), TiO2 NP-Au NC

(TA) nanocomposites and TiO2 NPs (T) alone. The

antibacterial activity was investigated in both gram-nega-

tive E. coli and gram-positive Staphylococcus aureus

Fig. 1 Schematic illustration of electron transfer and ROS generation

mechanism on TAG under sunlight radiation. The narrow band gap of

Au NCs facilitates the electrons to be excited from HOMO to LUMO

under sunlight radiation, and the staggered energy bands further

promote the electrons transferring to CB of TiO2 NPs, and ultimately

to graphene matrix, forming the free electrons and subsequent

superoxide radicals. Holes left behind by electrons on HOMO of Au

NCs and transferred from VB of TiO2 NPs can form hydroxyl radicals
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(S. aureus) bacteria, and the potential mechanism was

clarified.

Materials and Methods

Materials

TiO2 (commercial P25) was purchased from Degussa Co.,

Ltd., Germany. Graphite, sodium nitrate, potassium per-

manganate, sulphuric acid (98%), H2O2, hydrochloric acid,

Glutathione (GSH), chloroauric acid, sodium dodecyl sul-

fate (SDS), dithiothreitol (DTT), 5,5-dithio-bis-(2-ni-

trobenzoic acid) (DTNB), thiobarbituric acid (TBA),

trichloroacetic acid (TCA), hydrochloric acid (HCl) were

purchased from Aladdin (Shanghai, China). Pure water

(18.2 MX) was obtained from a Milli-Q water purification

system (Millipore, Bedford, MA) in all experiments.

Preparation of TG, TA, and TAG

Graphene oxide (GO) and Au NCs were firstly synthesized

according to the reported method [29, 30]. For TA prepa-

ration, 20 mL of TiO2 NPs aqueous suspension

(10 mg ml-1) was added into 20 mL of as-prepared Au

NCs (20 mM) suspensions, and the resulting suspension

was allowed to stir for 5 h. After centrifugation, the

achieved TA nanocomposites were washed with water and

dried at 80 �C for 12 h. For TG and TAG preparation,

100 mg TiO2 (or TA) was added to GO solution (30 mL of

H2O and 15 mL of anhydrous ethanol) with vigorous stir-

ring for 2 h, resulting in a homogeneous suspension. Then,

this suspension was transferred to a 100 mL-Teflon-sealed

autoclave and maintained at 120 �C for 3 h. After cen-

trifugation and washing by water, achieved TG and TAG

were dried at 80 �C.

Physicochemical Characterization of T, TG, TA,
and TAG

The X-ray diffraction (XRD) patterns were recorded on a

Rigaku X-ray diffractometer using Cu Ka radiation oper-

ated at 40 kV and 200 mA. The morphology was charac-

terized using a JEM-2010 transmission electron

microscope (TEM) at an accelerating voltage of 200 kV.

The contents of Au NCs were determined by inductively

coupled plasma optical emission spectrometry (ICP-OES,

Thermo Scientific iCAP6300). Diffuse reflectance ultravi-

olet–visible (UV–Vis) spectra was recorded with Perkin

Elmer UV–Vis Spectrometer Lambda 35 by using BaSO4

as a reference material. Infrared (IR) spectrum was recor-

ded with VERTEX 70 fourier transform infrared spec-

trometer. Dynamic light scattering (DLS) measurements

were performed on a Malvern Zetasizer Nano ZS

apparatus.

Detection of Photoinduced ROS

Total ROS were determined by dihydrorhodamine 123

(DHR123) and 20,70-dichlorodihydrofluorescein diacetate

(H2DCFDA), which can react with ROS to exhibit the

increased fluorescence [31–33]. For DHR123 assay, to

each well of a 96 multiwell black plate we added 80 lL of

DHR123 working solution (20 lM) and 20 lL of

nanoparticle suspension (1000 lg mL-1), followed by

radiation with or without simulated sunlight for 15 min.

After 2 h of incubation, the fluorescence emission spectra

of DHR123 in the range of 500–600 nm were collected

using a SpectraMax M3 microplate reader with an excita-

tion wavelength of 490 nm. Similar procedure was also

performed for H2DCFDA (10 lM) assay, and the fluores-

cence emission spectra were collected in the range of

500–600 nm with an excitation wavelength of 490 nm.

Antibacterial Assessments

Monocolonies of E. coli and S. aureus were grown at 37 �C
for 12 h under 160 rpm rotation in liquid Luria–Bertani

(LB) culture medium (yeast extract 5 g, tryptone 10 g and

NaCl 5 g in 1 L of deionized water at pH = 7.3). As for

antibacterial experiments, the bacteria concentrations were

determined by measuring the optical density at 600 nm

(OD600). 50 lL of a stepwise concentration gradient (0,

9.375, 18.75, 37.5, 75, 150, 300, 600, 1200, and

2400 lg mL-1) of T, TG, TA, and TAG suspensions was

prepared in LB culture medium and placed in a 96 well cell

culture plate. 100 lL of E. coli or S. aureus bacterial

suspension (OD600 = 0.1) was then inoculated into each

well. The above procedure was performed in duplicate: one

plate was radiated with simulated sunlight (Sun 2000 Solar

Simulator, Abet Technologies) for 30 min, followed by 6 h

of incubation at 37 �C at 160 rpm rotation; the other plate

was only incubated at 37 �C for 6 h at 160 rpm rotation

without sunlight radiation. The value of OD600 was

recorded every hour. In addition, colony forming capability

was evaluated on agar LB plates. 50 lL of 600 lg mL-1

particles in LB was mixed with 100 lL of bacterial sus-

pension (OD600 = 0.1), and the resulting suspension was

radiated with simulated sunlight for 30 min, followed by

2 h of incubation at 37 �C at 160 rpm rotation, or only

incubated at 37 �C for 2 h at 160 rpm rotation without

sunlight radiation. Then, the resulting bacterial suspension

was diluted for 10,000 times, and 50 lL of the suspension

was spread on agar plate. The number of the colonies was

counted after 24 h of incubation at 37 �C.

Sunlight-Mediated Antibacterial Activity Enhancement of Gold Nanoclusters and Graphene… 987

123



Live/Dead Staining for Assessment
of Antibacterial Activity

500 lL of 600 lg mL-1 T, TG, TA, or TAG suspensions

were prepared in LB culture medium and placed in a 6-well

cell culture plate. 1000 lL of E. coli or S. aureus bacterial

suspension (OD600 = 0.1) was then added into each well.

The above procedure was performed in duplicate: one plate

was radiated under simulated sunlight for 30 min, followed

by 2 h of incubation at 37 �C at 160 rpm rotation; the other

one was only incubated at 37 �C for 2 h at 160 rpm rota-

tion without sunlight radiation. 1 mL of the above solution

was centrifuged at 10,000g for 10 min, and then the pellets

were re-suspended in 1 mL of LB culture medium. The

bacterial suspension was stained by SYTO9 (10 lM) and

propidium iodide (PI, 10 lM) for 30 min under dark con-

dition at room temperature. Then, the bacterial suspension

was centrifuged at 10,000g for 10 min and re-suspended in

1 mL of PBS buffer. 5 lL of the stained bacterial sus-

pension was trapped between a slide and a coverslip, and

the fluorescence images were taken by Nikon Ti-S fluo-

rescence microscope (Tokyo, Japan) with 40 9 objective.

Scanning Electron Microscopy (SEM) Observation
of Bacteria Treated with TAG Nanocomposites

50 lL of 600 lg mL-1 TAG suspension in LB was mixed

with 100 lL of E. coli or S. aureus bacterial suspension

(OD600 = 0.1), and the resulting suspension was radiated

with simulated sunlight for 30 min, followed by 2 h of

incubation at 37 �C at 160 rpm rotation, After centrifuga-

tion, the TAG-treated or untreated bacteria were harvested

and fixed with 2.5% glutaraldehyde solution in 4 �C
overnight. Then, the samples were sequentially dehydrated

with 30, 50, 70, 90, and 100% ethanol for 20 min,

respectively. Finally, the sample dispersed in 100% ethanol

was dropped on silicon wafer and coated with gold in a

sputter coater. SEM images were taken by Scanning

Electron Microscopy (Hitachi S-4800-II).

Intracellular ROS, Lipid Peroxidation and GSH
Assessments

500 lL of 600 lg mL-1 T, TG, TA, or TAG suspensions

were prepared in LB medium and placed in a 6-well cell

culture plate. 1000 lL of E. coli or S. aureus bacterial

suspension (OD600 = 0.1) was then added into each well.

The above procedure was performed in duplicate: one plate

was radiated with simulated sunlight for 30 min, followed

by 6 h of incubation at 37 �C at 160 rpm rotation; the other

plate was only incubated at 37 �C for 6 h at 160 rpm

rotation without sunlight radiation. For intracellular ROS

detection, 1 mL of the bacterial suspension was collected

by centrifugation and incubated with 1 mL of LB medium

containing 10 lM H2DCFDA for 30 min under dark con-

dition. Then the cells were centrifuged and dispersed in

200 lL of PBS buffer. 5 lL of the stained bacterial sus-

pension was trapped between a slide and a coverslip, and

the fluorescence images were taken by Nikon Ti-S fluo-

rescence microscope (Tokyo, Japan) with 40 9 objective.

For lipid peroxidation experiment, SDBME buffer was

used for cell lysis. 1 mL of the above bacterial suspension

was collected by centrifugation and incubated with 100 lL
of SDBME buffer (4.5 mg Tris–HCl, 2.66 mg Tris-base,

30 lL of 10% SDS, 200 lL of 1 M DTT and 770 lL of

H2O) for 15 min of lysis in boiling water bath. Then,

100 lL of TBA-TCA-HCl reagent (2 lL of concentrated

HCl, 98 lL of H2O, 14.72 mg TCA, and 0.375 mg TBA)

was added and boiled for another 15 min. After cooling,

the flocculent precipitates were removed by centrifugation

at 10,000g for 10 min. The absorbance of the supernatant

was measured at 532 nm in a UV–Vis spectrophotometer

to determine the level of lipid peroxidation. For GSH

experiment, DTNB was used to determined intracellular

GSH levels [34]. 1 mL of the bacterial suspension was

collected by centrifugation and lysed by 100 lL of lysis

buffer (KeyGEN BioTECH). 30 lL of cell extracts was

mixed with 150 lL of 30 lg mL-1 DTNB for 25 min, and

the absorbance at 412 nm that is proportional to the GSH

level was measured using UV–Vis spectrophotometer.

Results and Discussion

Synthesis and ROS Generation of T, TG, TA,
and TAG Under Sunlight Radiation

GO was synthesized by Hummers’ method [29]. The TEM

image, XRD pattern and IR spectrum (Figure S1) of GO

clearly showed that GO had been successfully synthesized.

Au NCs were synthesized according to a reported method

[30]. The energy gap between HOMO and LUMO in Au

NCs was 2.01 eV which was determined by UV–Vis dif-

fuse reflectance spectra (Figure S2A-B) [35]. It implies that

Au NCs could be excited by the photons with wavelength

smaller than 617 nm, which was equal to 36.8% of sunlight

energy according to the solar radiation spectrum. TEM

image as well as the size-distribution histogram (Fig-

ure S2C-D) revealed that the primary size of Au NCs was

0.9 ± 0.1 nm. Au NCs were loaded on the surface of TiO2

(T) NPs by electrostatic interaction between the positive

charges of TiO2 NPs and negative charges of carboxyl

groups in Au NCs [36]. ICP-OES analysis showed the

content of Au NCs in TA was 6.4%. TG and TAG were

obtained through a hydrothermal method where T or TA
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reacted with GO to form TG or TAG, respectively. Fig-

ure 2a showed the TEM images of T, TG, TA, and TAG.

The diameter of TiO2 NPs was about 20 nm with irregular

shapes, and graphene or Au NCs could be clearly displayed

on TG, TA and TAG nanocomposites. The size-distribution

histogram (Figure S3) showed the size of Au NCs in TAG

was similar with that of as-synthesized Au NCs, indicating

that Au NCs can keep their original nature after formation

of TAG nanocomposites. As shown in high resolution TEM

(Fig. 2b) of TAG, typical wrinkle morphologies [37] of

graphene could be displayed clearly, and the lattice fringes

with interplanar distance of 0.35 and 0.24 nm were corre-

sponding to the planes of TiO2 (101) and Au NCs (111)

[38]. In order to prove the electron transferring ability

between Au NCs and TiO2 NPs, the fluorescence emission

of Au NCs (50 lg mL-1) containing different concentra-

tions of TiO2 (0-1.6 mg mL-1) was shown in Figure S4.

The fluorescence intensity was decreased with increasing

TiO2 NP concentrations. When the concentration of TiO2

reached to 1.6 mg mL-1, the fluorescence of Au NCs was

completely quenched. Figure 2c further shows the fluo-

rescence emission of Au NCs, TA and TAG nanocom-

posites with equal contents of Au NCs, where the

fluorescence intensity of TA was weaker than that of Au

NCs and the fluorescence of TAG was completely quen-

ched. It implied the exited electron of Au NCs can effec-

tively transfer to TiO2 NPs, and ultimately to graphene.

TAG was designed for improving ROS generation under

sunlight radiation through sufficiently utilizing the solar

energy and promoting the electron–hole separation. ROS

generation on TAG compared to T, TG, and TA was

examined by dihydrorhodamine 123 (DHR123) with or

without sunlight radiation. Figure 2d shows that all the T,

TG, TA and TAG nanomaterials could enhance the fluo-

rescence intensity of DHR123 under sunlight radiation, and

TAG exhibited the most potent fluorescence, followed by

TA, TG and T, implying incorporation of Au NCs or

graphene into TiO2 NPs can significantly contribute to the

Fig. 2 Physicochemical properties of T, TG, TA, and TAG nanoma-

terials. a TEM images of T, TG, TA, and TAG nanomaterials; b High

resolution TEM image of TAG; c Fluorescence emission spectra of

Au NCs, TA and TAG (Ex = 420 nm) according to equal Au

contents; d Fluorescence emission spectra of DHR123 (Ex = 490 nm)

in the presence of T, TG, TA, and TAG (200 lg mL-1, equal to

TiO2) with and without simulated sunlight radiation (SSR)
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ROS generation of TiO2 NPs. In comparison, without

sunlight radiation, the fluorescence intensity of DHR123

was even weakened in the presence of T, TG, TA and

TAG, meaning there is no ROS generation on these TiO2-

containing nanomaterials without sunlight radiation. In

addition, ROS generation was also evaluated by another

assay, DCF assay, and a similar trend was achieved (Fig-

ure S5), confirming the strongest ROS generation on TAG

under sunlight radiation. All above results demonstrate

TAG can efficiently generate ROS where Au NCs and

graphene play crucial roles in free electron and hole

formation.

Antibacterial Activity of T, TG, TA, and TAG

ROS can oxidize a range of biomolecules and damage

cellular components such as lipids, protein and nucleic

acids. The significantly enhanced ROS production on

nanomaterials can lead to inactivation of bacteria. The

antibacterial activity of T, TG, TA, and TAG according to

their TiO2 contents was examined in gram-negative E. coli

and gram-positive S. aureus bacteria by investigating their

growth kinetics. All these TiO2-containing nanomaterials

could be well dispersed in LB medium with hydrodynamic

sizes at the range of 206.7 ± 28.9 to 348.5 ± 25.7 nm as

determined by DLS (Table S1). Bacterial suspensions were

incubated with a range of concentrations of T, TG, TA, and

TAG for 30 min under sunlight radiation, and the subse-

quent bacterial growth was monitored by measurement of

the optical density of bacterial suspension at 600 nm every

hour. Bacterial viability assessments showed that all these

TiO2-containing nanomaterials exhibited remarkable dose-

dependent inhibition against both E. coli and S. aureus

bacterial growth (Fig. 3a), where TAG exhibited the

strongest antibacterial activity, followed by TA, TG and T.

This trend was consistent to their ROS generation trend.

However, T, TG, TA and TAG did not exhibit antibacterial

activity without sunlight radiation (Figure S6). In addition,

Au NCs alone showed no antibacterial activity with or

without sunlight radiation (Figure S7). The 0–6 h growth

curves of E. coli and S. aureus in Fig. 3b (800 lg mL-1 of

nanomaterials) and Figure S8 (400 lg mL-1 of nanoma-

terials) also clearly indicated the strongest inhibition ability

of TAG among these TiO2-containing nanomaterials under

sunlight radiation, while Figure S9 revealed that non-an-

tibacterial activity of these nanomaterials was shown

without sunlight radiation. To corroborate the significant

performance of TAG nanocomposites in inactivation of

bacteria, the colony-forming capability of E. coli and S.

aureus bacteria in LB agar plates was compared with or

without sunlight radiation. As shown in Fig. 3c, TiO2-

containing nanomaterial-treated bacteria showed the sig-

nificantly reduced the colony number, where TAG showed

the most remarkable inhibition on the colony formation,

and sunlight or Au NCs alone as a control treatment could

not cause the photolysis of bacteria. Without sunlight

radiation, all these nanomaterials could not reduce the

colony number of bacteria (Figure S10). Meanwhile, the

Live/Dead fluorescence staining assay of bacteria further

revealed the strongest antibacterial activity of TAG with

sunlight radiation (Fig. 3d) and their non-antibacterial

activity without sunlight radiation (Figure S11). In addi-

tion, the morphological changes of E. coli and S. aureus

bacteria were investigated using SEM technology. Figure 4

showed both untreated E. coli and S. aureus bacteria

exhibited intact and smooth membranes. After 6 h of

incubation with 200 lg mL-1 of TAG under sunlight

radiation, the morphology of both types of bacteria was

significantly changed. The bacterial membrane lost the

integrity with a collapsed structure, leading to irreversible

cell damage or cell death, revealing TAG can heavily

damage the cell membranes of bacteria and cause cell

death. All above results clearly demonstrate that TAG

nanocomposites with the efficient ROS generation show

the prominent antibacterial activity against both gram-

negative and gram-positive bacteria under sunlight radia-

tion. These results indicate the antibacterial activity of

TiO2 nanoparticles can be significantly enhanced by

introducing of Au NCs, which can make full use of solar

light with wavelength smaller 617 nm due to its narrow

HOMO–LUMO energy gap. While in Au NPs-sensitized

TiO2 nanocomposites, solar light only with the wavelength

near 550 nm can be absorbed due to the localized surface

plasmon resonance (LSPR) effect of Au NPs. For example,

it was reported that the free electrons and holes generating

ability of Au/TiO2 particles originated from activation of

Au LSPR by light with wavelength at the range of

530–650 nm, which only utilized 15.6% of solar light

[18, 39]. However, in Au NCs-sensitized TiO2 nanocom-

posites introduced in the present study, about 36.8% of

solar light can be utilized to generate free electrons and

holes, which are a significant improvement compared with

traditional Au NPs-sensitized TiO2 nanocomposites.

Besides, Au NCs can be uniformly engineered on TiO2

NPs with high density with a simple method, which could

favor the electron and hole transfer in the interface between

Au NCs and TiO2 NPs. As a result, the antibacterial

activity can be increased with the help of Au NCs rather

than Au NPs. In order to investigate the stability of TAG

nanocomposies, TEM image of TAG was re-collected after

sunlight irradiation (Figure S12), which shows the similar

morphology with that before irradiation. Meanwhile, the

mass ratio of Ti:Au:C determined by ICP-OES and ele-

mental analyzer was 11.03:2.46:1 after irradiation, similar

to that before irradiation (10.91:2.49:1). All above results

demonstrate that the morphology and composition of TAG
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Fig. 3 Antibacterial activity of A, T, TG, TA, and TAG nanomate-

rials. a The bacterial viability of E. coli and S. aureus incubated with

different doses of T, TG, TA, and TAG nanomaterials; b The 0–6 h

growth curves of E. coli and S. aureus incubated with 51.2 lg mL-1

A or 800 lg mL-1 T, TG, TA, and TAG nanomaterials; The colony-

forming capability c and Live (SYTO-9, green)/Dead (PI, red)

staining d of E. coli and S. aureus incubated with 12.8 lg mL-1 A or

200 lg mL-1 T, TG, TA, and TAG nanomaterials. For a–d, the

bacteria were radiated with simulated sunlight for 30 min and then

incubated at 37 �C for 6 h (a, b, and d) or 24 h (c) on a rotary

platform at a 160 rpm
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cannot change after sunlight irradiation, indicating the

excellent stability of TAG nanocomposites.

Molecular Mechanism Underlying
the Antibacterial Activity of T, TG, TA, TAG

Since the antibacterial activity of T, TG, TA, and TAG

showed a close correlation with their ROS generation, the

oxidative stress was probably involved in the mechanism

of bacterial inactivation. ROS generated on T, TG, TA and

TAG can cause incremental ROS generation in bacteria

through directly damaging the cell organelles and indi-

rectly disturbing the equilibrium between oxidant and

antioxidants process. Cellular ROS of bacteria was asses-

sed by DCF, and the fluorescence images of E. coli and S.

aureus bacteria were shown in Fig. 5a, b. TAG-treated

bacteria exhibited the most potent fluorescence, followed

with TA-, TG- and T-treated bacteria, implying incorpo-

ration of Au NCs or graphene into TiO2 NPs can signifi-

cantly contribute to the intracellular ROS generation. As is

well known, ROS can damage the bacterial membrane

through removing hydrogen atoms from the methylene

groups on polyunsaturated fatty acid of bacterial mem-

brane, leading to lipid peroxidation, ultimately to inacti-

vation of bacteria [40]. The lipid peroxidation of bacteria

can be assessed by their produced malondialdehyde (MDA)

that can form an adduct with TBA and result in increased

absorbance at 532 nm [41, 42]. Figure 5c showed all the T,

TG, TA, and TAG could increase MDA levels in both

E. coli and S. aureus bacteria under sunlight radiation and

TAG exhibited the strongest lipid peroxidation effect.

Without sunlight radiation, there was no MDA increase

observed in the bacteria treated by any of these nanoma-

terials. In addition, significantly increased cellular ROS can

ultimately overwhelm the antioxidant protection, leading to

cellular GSH depletion. Intracellular GSH levels of E. coli

and S. aureus bacteria treated with T, TG, TA and TAG

were assessed by the DTNB assay [43]. Figure 5d indi-

cated that T, TG, TA and TAG could obviously reduce

GSH levels in both E. coli and S. aureus bacteria under

sunlight radiation and TAG showed the strongest effect

again. In addition, Au NCs alone could not induce cellular

ROS generation, lipid peroxidation, and GSH depletion,

proving their excellent biocompatibility. Based on ROS

Fig. 4 SEM images of E. coli

and S. aureus bacteria treated

with 200 lg mL-1 TAG under

simulated sunlight radiation for

30 min and incubated at 37 �C
for 6 h on a rotary platform at a

160 rpm
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Fig. 5 Oxidative stress responses of E. coli and S. auresus bacteria

treated with A, T, TG, TA, and TAG nanomaterials with or without

SSR. Fluorescence images of E. coli (a) and S. aureus (b) bacteria
stained by DCF; c Lipid peroxidation assessments of bacteria based

on a MDA method; d GSH levels of bacteria determined by DTNB.

Bacteria incubated with 12.8 lg mL-1 A or 200 lg mL-1 T, TG, TA,

and TAG nanomaterials were radiated with or without simulated

sunlight for 30 min, followed by 6 h incubation at 37 �C on a rotary

platform at a 160 rpm
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production, lipid peroxidation, and GSH depletion, the

antibacterial activity of TAG is stimulated through oxida-

tive stress signaling pathway.

Conclusion

In summary, Au NCs and graphene were incorporated into

TiO2 NPs to form unprecedented TAG nanocomposites

used for enhancement of antibacterial activity of TiO2 NPs.

Incorporation of Au NCs and graphene could significantly

enhance the solar energy utilization efficiency and promote

the electron–hole separation of TiO2 nanoparticles, leading

to enhanced ROS production. Under sunlight radiation,

TAG nanocomposites showed remarkable antibacterial

activity against both E. coli and S. aureus, which were

more potent than intrinsic TiO2 NPs as well as TA and TG

nanocomposites. The underlying mechanism of antibacte-

rial activity of TAG nanocomposites was revealed through

activation of oxidative stress.
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