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A B S T R A C T

The plasmonic metal doping on the UV-active metal oxide nanoparticle turns the resultant 
plasmonic metal-metal oxide (PMMO) into visible light active and upon exogenous illumination 
the photogenerated energetic charge carriers and the in situ generated reactive oxygen species 
(ROS, e.g. ⋅OH and O2

− ⋅) authoritatively enhances its biological and catalytic activity. Herein, a 
hexagonal rod-shaped ZnO nanoparticles (NP) precursor was prepared using the sol-gel method, 
which in the presence of varying concentrations of gold (0.005M, 0.01M, and 0.015M) via a 
greener citrate reduction method afforded a nanocrystalline Au-ZnO nanocomposite. Using 
which, the visible-light driven photo-degradation kinetics investigation of rhodamine-6G (R6G) 
dye under blue LED irradiation were carried out. The use of 20 mg 0.015-Au-ZnO completes the 
degradation of R6G (97.0 %, k = 6.5 X 10− 3s− 1 at pH 7) within 55 min while 50 mg of 0.015-Au- 
ZnO catalyst improves the rate of R6G degradation (15 min 97.8 %, k = 14.8 × 10− 3 s− 1) and it is 
reusable up to three cycles. The LC-MS spectra of the remains of R6G (after 15 min) identified 
various low molecular ions (up m/z = 65). Further, the blue-LED assisted anti-cancer studies 
(MTT assay) using 0.015-Au-ZnO towards human lung cancer cells (A549), breast cancer cells 
(SKBr3) show high anti-proliferation rate and low cytotoxicity against healthy human embryonic 
kidney cells (HEK-293) with an IC50 value of 65, 53 and 124 μg/mL respectively. Also, the AO-EB 
dual staining and DCFH-DA analysis of SKBr3 and A549 cells revealed ROS-mediated cell death 
via apoptosis. Moreover, plasmid cleavage studies against supercoiled pBR322 DNA result in 
single-stranded linear DNA without traversing the nicked circular form, suggesting the possible 
DNA targeting activity of Au-ZnO nanozyme. Thus, the synthesized Au-ZnO nanocomposite shows 
excellent photocatalytic and biological activity.
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1. Introduction

Water is an elixir of life, however, in the name of industrialization and urbanization, water resources and potable nature are being 
destroyed [1]. Access to clean water is a cornerstone of a healthy economy; according to the WHO and UNICEF 2022 report, 25 per cent 
of the world’s population has no access to safe drinking water [2,3]. Hence, water treatment becomes vital to retrieve its potability and 
the advanced oxidation process (AOP) is one of the promising methods developed for the same [4–12]. It involves the in-situ generation 
of reactive oxygen species (ROS) such as •OH and O2

⋅− radicals etc., through various external stimuli [9–12]. Photochemical AOP 
(PAOP) is the long-established decontamination protocol, in which the use of semiconductor photocatalysts such as titania (TiO2) and 
zinc oxide (ZnO) results in a complete breakdown of organic pollutants without any secondary pollutants generation and lead to 
mineralization [13–17]. Incidentally, both ZnO and TiO2 are UV active because of their wider band gap (~3.2–3.3 eV) and the band 
gap engineering with the help of plasmonic metals (e.g. Ag, Au) makes it visible light responsive material [16,17]. This may be due to 
two reasons, one, the creation of the Schottky barrier height at the junction of plasmonic metal-metal oxide (PMMO) enhances the 
charge separation and in turn, restricts the electron-hole recombination [18,19], two the local surface plasmon resonance effect (LSPR) 
of the plasmonic metal facilitates hot electron injection to semiconductor conduction band [16–23]. Further insight into this matter 
reveals that the LSPR effect has a multifold role to play in the enhancement of photocatalysis namely: it extends the spectral absorption 
range towards the visible region, augments the local electromagnetic field and concurrently produces the photothermal heating effect. 
The stronger the electromagnetic field, the greater the separation of photogenerated electron-hole pairs and drastically reduces the 
rate of recombination [21]. Chen et al. with the help of a heat transfer model demonstrated that the temperature of AuNP tremen
dously increased to 795K under the reaction conditions [22]. Linic and coworkers showed that the oxidation rate of photothermal 
catalysis is multifold times higher than the photocatalysis (mol h− 1g− 1 and μmol h− 1g− 1 respectively) owing to the LSPR effect [23]. 
Thus, a library of PMMOs was developed for numerous high-profile applications such as environmental remediation in the form of 
industrial effluent treatment, water purification, water splitting, solar energy conversion, nano-drug carriers, etc [5–25]. In particular, 
the use of PMMO in environmental remediation provides a holistic approach to mineralize the large number of industrial effluents that 
are otherwise resistant to chemical and biological processes [13,14,25].

Herein, Au-ZnO nanocomposite (NC) with varying concentrations of gold (0.005M, 0.01M, and 0.015M labelled as 0.005-Au- 
ZnO,0.01-Au-ZnO and 0.015-Au-ZnO respectively) were synthesized via the benign citrate reduction method and structurally char
acterized using powder-XRD, FESEM, HRTEM, EDS, UV–Vis-DRS and XPS analysis. The PXRD pattern of ZnO reveals a hexagonal 
wurtzite-type structure, and FESEM analysis confirms the same. Further, the PXRD patterns of all three Au-ZnO are similar with a 
weaker peak at 38.3◦ indicating the presence of Au (111 plane) [26,27]. The TEM analysis of Au-ZnO identified the randomly 
distributed spherical gold nanoparticles (AuNP) on a micrometer-long wire-shaped ZnO, the XPS analysis reveals the presence of both 
Zn2p/3p and Au4f peaks. As Au-ZnO’s are visible-light active, photocatalytic activity towards industrial dye degradation such as 
rhodamine-6G dye (R6G) was carried out using blue-LED (λ~455 nm) irradiation. Earlier, 3.0 wt% of Au-doped ZnO synthesized via 
microwave synthesis completed the R6G degradation with a much slower rate (k = 1.62 × 10− 3 min− 1 corresponds to 2.7 × 10− 5 

sec− 1) [28]. In the present study, a complete degradation of R6G was achieved (97 %) using 50 mg of 0.015-Au-ZnO within 15 min and 
at a much higher rate (k = 14.8 X 10− 3s− 1). Also, the colorimetric analysis using 50 mg of 0.015-Au-ZnO observed a dramatic colour 
change from red-orange to colourless within 15 min.

Phototheranostics is an emerging and adjuvant treatment for cancer that provides synergistic antitumour efficacy by encompassing 
a combinatorial therapeutic modality such as photodynamic (PDT) and plasmonic photothermal therapy (PTT). Herein, the plasmonic 
noble metal nanoparticles with PDT/PTT agents unveil enhanced optical absorption properties owing to their LSPR effect [29–32]. 
Both ZnO and Au are biologically active and are widely used in many biological applications [33–36]. It is found that the AuNPs show 
excellent photothermal response with minimum side effects, and particularly the photothermal heating effect significantly increases 
with the size of AuNPs. Also, AuNPs efficiently generates ROS species such as hydroxyl and superoxide radicals under ambient con
ditions [32,33]. In other words, to enhance their efficacy, exogenous illumination is essential, which boosts the light-to-heat con
version and effectively generates a significant amount of intracellular ROS. These ROS become an effective antagonist for malignant 
cells and pave the way for ROS-based nanomedicine [34–39]. Thus, the MTT assay under blue-LED irradiation of ZnO and Au-ZnO 
(0.005-Au-ZnO, 0.01-Au-ZnO, and 0.015-Au-ZnO) was investigated. The 0.015-Au-ZnO nanocomposite was more effective against 
the breast cancer cell line (SkBr3 IC50 = 53 ± 1.02 μg/ml) than the lung cancer cell line (A549, IC50 = 65 ± 1.02 μg/ml), and exhibits 
relatively low cytotoxicity towards healthy human embryonic kidney cell lines (HEK-293, IC50 = 124 ± 1.02 μg/ml). The acridine 
orange-ethidium bromide (AO-EB) dual staining method shows the presence of more orange-stained irregularly shaped cells revealing 
the apoptotic pathway of cancer cell death mechanism and the use of DCFH-DA assay further strengthens the observation by quan
tifying the endogenous ROS generation [40–43]. It is to be noted that the accumulation of ROS molecules in cancer cell cytoplasm 
provokes apoptotic pathways which cause mitochondrial membrane potential (MMP) loss. Also, the excess ROS leads to severe 
oxidative damage and cell membrane rupture [44]. The DNA cleavage ability against pBR322 DNA under blue LED illumination shows 
that the super-coiled DNA (form I) was denatured and completely stranded to a linear form III without passing through the nicked 
circular form II. This also suggests that Au-ZnO is an efficient nanozyme and may act as a DNA-targeting anti-cancer drug.

2. Results and discussion

2.1. Synthesis and Morphological studies of ZnO and Au-ZnO

Herein, a greener wet chemical method was successfully attempted for the synthesis of both ZnO and Au-ZnO (see supporting 
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information) [45,46]. The ZnO was calcined at 400 ◦C for 3hr to obtain off-white ZnO solid which was then treated with aqueous 
HAuCl4 (0.005, 0.01 and 0.015 M) and sodium citrate solution under high temperature (180 ◦C for 48 h) in a Teflon lined stainless steel 
autoclave followed by calcination at 400 ◦C for 3 h. The original off-white ZnO was turned to dark gray, indicating the formation of 
Au-ZnO. Here in, sodium citrate not only acting as reducing agent but also as a capping agent for Au-ZnO. Also, the calcination on or 
above 400 ◦C improves the crystallinity, which in turn the photocatalytic activity of the Au-ZnO nanocomposite. The formation of 
hexagonal rod-shaped ZnO nanostructures in various sizes ranging from 300 to 400 nm is evident from FESEM analysis (Fig. 1A). 
Fig. 1B–D shows the TEM micrograph of 0.005, 0.01, and 0.015-Au-ZnO respectively, in which the presence of micrometer length ZnO 
wires are clearly visible over which the Au NP’s are distributed as microdots. In other words, the addition of AuNP over ZnO forms 
AuNP decorated ZnO wires. Further, the energy-dispersive X-ray analysis (EDX) of ZnO and Au-ZnO confirms the composition of Zn, O, 
and Au in the respective nanostructures and shows that the 0.015-Au-ZnO contains only 0.8 wt % of Au in the ZnO matrix, (Fig. 1E–F).

2.2. X-ray photoelectron spectroscopic (XPS) analysis

XPS investigation reveals the composition and valence state of the given elemental surface. Fig. 2A represents the XPS survey 
spectra of ZnO and Au-ZnO which ascertain the presence of Au, Zn, O, and C elements with no other impurities. All the peaks were 

Fig. 1. (A) FESEM image of ZnO; (B)–(D) TEM images: (B) 0.005-Au-ZnO; (C) 0.01-Au-ZnO; (D) 0.015-Au-ZnO; (E) FESEM-EDX spectra of ZnO NP; 
(F) TEM-EDS spectra of Au-ZnO NC (showing 0.8 wt% of Au). The red cricles and lines indicating the presence of Au NP’s.
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Fig. 2. XPS spectra of ZnO and Au-ZnO (A) Survey spectrum; (B) Au 4f; (C) Zn 2p of ZnO (D) Zn 2p of Au-ZnO (E) O1s of ZnO; (F) O1s of Au-ZnO; 
(G) C1s of ZnO; (H) C1s of Au-ZnO.
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assigned with reference to binding energy (BE) of adventitious C1s peak at 284.7 eV (Fig. 2G–H). It is a well-known fact that the Zn3p 
overlap with Au 4f, and it is quite evident from the Au 4f spectra (Fig. 2B) of Au-ZnO, which contain both Au 4f (4f7/2 @ 83.0 and 4f5/2 
@ 86.2 eV) and Zn3p peaks (3p3/2 @ 87.9 and 3p1/2 @ 90.5 eV) in accordance with the earlier reports [26–28,47–53]. Also, the 
high-resolution Zn2p XPS spectra of pristine ZnO (Fig. 2C) show a characteristic doublet located at 1044.9 and 1021.9 (corresponding 
to Zn2p1/2 and Zn2p3/2) with an expected energy separation of (ΔBE) 23 eV while the doublet in Au-ZnO appeared at 1044.6 and 
1021.5 eV which is slightly lower than the pristine ZnO (Fig. 2D). Thus, the significant shift of Au4f (by 1.0 eV against the bulk gold 
84.0 eV) and Zn2p indicating the strong metal support interaction (SMSI) exist between the ZnO support and the AuNP. Earlier, 
Casaletto et al. [54] found that the BE of Au+ and Au3+ species supported on TiO2, SiO2 and CeO2 appears at Au4f7/2 = 85.6–85.8 and 
86.5 eV respectively along with Au0 species at 83.9–84.5 eV, while Wolski et al. [55,56] reported the presence of Auδ− species in 
Au-ZnO and Au-ZnNb2O6 nanocomposites in the region of 83.1 and 82.8–83.3 eV respectively. Further, it is suggested that the SMSI 
causes the electron transfer from ZnO to Au and in turn the metallic AuNP’s acquires partial negative charge to form a {Au0}δ− species 
[55–57]. In the present case, the negative offset on the BE of Au4f confirming the presence of {Au0}δ− species.

The symmetric O1s spectra of ZnO (Fig. 2E) indicate their high purity and centred at 531.6 eV, while in Au-ZnO two deconvoluted 
peaks at 532.8 and 530.0 eV may be assigned as oxygen-containing surface species and the lattice oxygen respectively [26–28,50–53]. 
Recently, Frankcombe et al. explained that the O1s peak around 531 eV (here in 531.5 eV) was not due to an oxygen vacancy site or 
oxygen-deficient region but the O1s electrons of a chemisorbed water molecule [58]. Also, the C1s spectra of Au-ZnO (Fig. 2H) consist 
of three deconvoluted peaks that may be assigned to C-C (284.7 eV) and carboxylate carbonyl units of citrate in Au-ZnO (C-C=O 286.0 
eV and C=O 288.8 eV) while in ZnO the small fractions of C1s at 286.2 eV may be derived from the oxalic acid that was used during the 
synthesis of ZnO.

2.3. Powder XRD analysis

The crystallinity, purity, and phase of the sample were identified using PXRD analysis. Fig. 3 shows the PXRD pattern of prepared 
ZnO and Au-ZnO (0.005, 0.01, and 0.015 M). It consists of various peaks at 2θ = 32.0◦, 34.6◦, 36.5◦,47.7◦, 56.7◦, 63.0◦, 66.60, 68.20, 
and 69.2◦ may be indexed to (100), (002), (101),(102), (110), (103), (200), (112) and (201) crystal planes respectively of hexagonal 
wurtzite ZnO structure (JCPDS card No.36-1451) [59]. The PXRD patterns of all four samples are sharp and intense, suggesting the 
high crystalline nature of the samples. Particularly, the 100, 002, and 101 phases are dominant, indicating that these phases determine 
the properties of the resultant nanocomposites. Also, all four XRD patterns are similar and no characteristic gold peaks are present. This 
rules out the substitution of Au on the ZnO crystalline lattice and supplements the HRTEM observations. However, the magnification of 
the PXRD spectra (inset of Fig. 3) shows a small peak at 38.3

◦

may be indexed as (111) plane of Au (JSPDS card no (04–0784) [26,27,
59]. The lower gold doping and the presence of sodium citrate capping agent as evident from the C1s asymmetric XPS spectra (Fig. 2H) 
may be the reasons for the hidden nature of gold planes.

2.4. Electronic properties

It is possible to fine-tune the functional properties of semiconductor nanomaterials just by modifying the number and nature of the 
defect sites. In other words, the band gap engineering of ZnO disturbs the zinc-to-oxygen ratio either by introducing a deeper oxygen 
defect or by causing shallow zinc atoms to interstitial with oxide atoms [56,59,61]. Essentially, ZnO is an n-type semiconductor with a 
band gap energy (Eg) of 3.37 eV, and the defect-rich ZnO as obtained from the thermolytic method ≥250 ◦C, shifts the absorption edge 

Fig. 3. Powder XRD patterns of (a) pure ZnO; (b) 0.005-Au-ZnO; (c) 0.01-Au-ZnO; (d) 0.015-Au-ZnO.
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close to 3.2–3.3 eV [59]. Earlier, Driess and co workers demonstrated that the thermal treatment of ZnO between 150 and 800 ◦C 
tremendously reduces the bandgap to 3.40–2.95 eV [60]. The UV–visible-diffuse reflectance spectroscopic analysis (UV–Vis-DRS) of 
ZnO and Au-ZnO shows a characteristic band edge absorption occurs at 365 nm for ZnO (corresponds to the electron transition of 
valence band to conduction band of ZnO). Additionally, Au-ZnO contains typical LSPR absorption in the visible region of 530–550 nm 
(λmax 536 nm for 0.005-Au-ZnO; λmax 539 nm for 0.01-Au-ZnO and λmax 549 nm for 0.015-Au-ZnO as in Fig. 4). Further, in our case, as 
the ZnO and Au-ZnO were prepared by thermal treatment at 400 ◦C, the Eg of ZnO was shifted towards 3.20 eV and by doping with gold 
(0.015M), Eg was slightly reduced to 3.17 eV (Fig. S1). In general, the electronic properties of PMMO’s are mainly depends on the 
concentration of the plasmonic metal and the annealing temperature. Apart from this, the size, morphology, and interparticle distances 
of metal nanoparticle will also affect the same [21,56]. In our case, the observed LSPR band is clearly red shifted from 536 nm to 549 
nm with increasing the concentration from 0.005-Au-ZnO to 0.015-Au-ZnO. Owing to which, the mobility of the charge carriers at the 
surface were enormously increased and that facilitate the effective interaction with adsorbed O2 and H2O molecules to form the 
corresponding ROS species. This strong absorption clearly explains the enhanced photocatalytic activity of Au-ZnO under visible light 
illumination [16,17,23,50–52]. Moreover, the UV–Vis absorption of all the catalysts seems similar, inferring that the concentration of 
Au dopant is lower owing to which the band gap change is not much.

2.5. Photocatalytic activity

In general, dyes are bio-nondegradable and therefore severely inhibit the photosynthetic process and biota growth, which in turn 
increase chemical and biological oxygen demands. Thus, dye degradation becomes essential for the supply of pure and drinkable 
water. Our thorough literature analysis reveals that the reports on various industrial dye degradation are huge. However, the reports 
on the rhodamine 6G (R6G) is scarce. Herein, the photocatalytic activity of as-prepared Au-ZnO nanocomposites was demonstrated 
against rhodamine-6G dye (R6G) degradation studies. R6G dye is a fluorophore of the xanthene family and finds applications in dye 
lasers, printing, tracer dyes, etc. However, the effluent containing R6G is highly corrosive and carcinogenic and causes severe damage 
to rat retinal ganglion cells [62]. The UV–Vis spectra of R6G show three high energy absorbances at 256, 290 and 350 nm representing 
the π-π* & n-π* transition of the aromatic portion of R6G and a visible absorption at 527 nm corresponds to the charge-transfer 
transition [63].

Freshly prepared ZnO and Au-ZnO (0.005, 0.01, and 0.015M of Au) were used as photocatalysts for R6G dye degradation. The 
reaction was carried out in a cylindrical vessel and inside of which was wrapped with blue LED strip lights (Fig. S2, see supporting 
information). In a typical experiment, a stock solution of 500 mg/L of R6G (~1 mM) was prepared, and 10 mL of which was diluted to 
100 mL (0.11 mg/mL) and added to the photocatalyst of varying amount (10–50 mg). The vessel containing the resultant suspension 
was kept in the dark for 30 min, after which it was irradiated with a blue LED strip with constant stirring. The reaction was monitored 
using UV–Vis absorption analysis by observing visible absorption at 527 nm, using 5 mL aliquots of R6G at regular intervals of time 
(Fig. 5 and Table 1). Also, the catalytic degradation was monitored via the colorimetric method using 50 mg of 0.015-Au-ZnO (Fig. 5E), 
where a visible colour change from red-orange to colourless was observed within 15 min. The UV–Vis analysis shows a huge decline in 
intensity from 1.5 to 0.03 arb.u (Fig. 5A) indicating the possible structural deformation. However, it may be confirmed that the core 
structure of R6G might be retained, as the UV–Vis pattern of R6G at t0 and tn (n = 15 min) look similar.

As pH plays a vital role in photocatalytic reactions, the effect of pH on R6G degradation was investigated under various pH ranges 
using 0.015-Au-ZnO for a prolonged period of time (400 min, Fig. 5B). The semi-log plot of a lnCt/C0 vs time (Ct and C0 refer to 
concentrations of the reactant at time t and zero reaction time respectively) shows enhanced activity in neutral pH conditions (pH = 7) 

Fig. 4. UV–Vis-DRS spectra of ZnO (black), 0.005-Au-ZnO (red, LSPR@536 nm), 0.01-Au-ZnO (blue, LSPR@539 nm) and 0.015-Au-ZnO (magenta, 
LSPR@549 nm).
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and least activity in the pH range of 3–5, while pH 8 and 9 show intermediate activity close to neutral pH conditions. Thus, all 
photocatalytic reactions were carried out under neutral pH conditions. In general, heterogeneous photocatalytic dye degradations fit 
well with the Langmuir-Hinshelwood model which delineates the empirical relation between the initial concentration (on a loga
rithmic scale) of the compound and the observed reaction rate [10,17,28,33,34,53,56]. 

Fig. 5. (A) UV–Vis absorption profile of aqueous rhodamine 6G before and after degradaton by 0.015-Au-ZnO; kinetic plot (B) with 20 mg of ZnO 
and 0.005, 0.01 and 0.015 Au-ZnO catalysts (C) at various pH with 20 mg of 0.015-Au-ZnO; (D) effect of amount of Au-ZnO (E) Colorimetric 
observation of R6G with 50 mg of 0.015-Au-ZnO catalyst.

Table 1 
Photocatalytic rhodamine-6G dye degradation studies at pH 7.0.

S.No Name Catalyst 
Weight

Time(min) Slope Rate 
Constant (Sec− 1)

1 No Catalyst – 75 − 0.0052 0
2 ZnO 20 75 − 0.0514 0.00085
3 0.005 M Au-ZnO 20 75 − 0.2373 0.0039
4 0.010 M Au-ZnO 20 75 − 0.2434 0.0040
5 0.015 M Au-ZnO 10 75 − 0.2854 0.0047
6 0.015 M Au-ZnO 20 55 − 0.3900 0.0065
7 0.015 M Au-ZnO 30 40 − 0.5880 0.0098
8 0.015 M Au-ZnO 40 30 − 0.6840 0.0114
9 0.015 M Au-ZnO 50 15 − 0.8880 0.0148
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− ln
Ct

C0
= kat (ka = apparent rate constant).

In all those cases, as the concentration of the dopant or the catalyst is significantly smaller, a pseudo-first-order kinetic equation is 
suitable, and accordingly, from the ln Ct/C0 (or At/A0) vs time plot (A0, At are the absorbance at time 0 and t respectively) the rate of 
the reaction can be calculated by applying linear regression analysis (Table 1).

Fig. 5C shows the effect of Au doping concentration on ZnO with respect to the degree of degradation, and found that 0.015-Au-ZnO 
is highly effective. However, the plot reveals that the first 10 min of the reaction were relatively slower and completed the degradation 
process within the next 5 min of the reaction. This may be due to the in situ generated heat owing to the continuous illumination by blue 
LED strip light, in turn, reduces the volume of the reaction mixture and enhances the rate of the degradation process. The results of dye 
degradation are shown in Table 1. According to that, 20 mg of 0.005 and 0.01-Au-ZnO require 75 min to affect 80 % and 75 % of R6G 
degradation respectively, while 20 mg of 0.015-Au-ZnO causes 97 % degradation in 55 min. The use of 50 mg of 0.015-Au-ZnO results 
in a complete breakdown of R6G dye molecules (97.8 %, Table S3). The simple blue-LED irradiation shows no degradation, while ZnO 
(20 mg) is probably the slowest of all (10 % and k = 0.857 × 10− 3 s− 1).

The variation in the amount of the catalyst and the concentration of the doping was examined (Fig. 5D). The observed rate is much 
greater for 0.015-Au-ZnO with 50 mg (14.8 × 10− 3 s− 1) than 40 (11.4 × 10− 3 s− 1) and 30 mg (9.8 × 10− 3 s− 1) of the photocatalyst. 
Also, it is lower for 20 mg of 0.01 Au-ZnO (4.05 × 10− 3 s− 1), 0.005 Au-ZnO (3.95 × 10− 3 s− 1) which is still lesser than 10 mg of 0.015- 
Au-ZnO (4.6 × 10− 3 s− 1) photocatalyst. The results from this study indicate that a higher concentration of Au doping, as well as a 
higher amount of catalyst, are necessary to affect the complete degradation of the R6G dye molecules. As the amount of the catalyst 
increases, the available active sites and ROS generation also increase, thereby increasing the rate of discolouration and dye degra
dation. The superior catalytic activity of the Au-ZnO nanocomposite may be due to the presence of the Schottky barrier and the 
resultant Fermi level equilibration (Chart 1). In other words, as the work function of ZnO (5.2 eV) is relatively higher than Au (5.0 eV), 
the transfer of electrons to ZnO occurs initially [19,20,61] and as the Fermi level energy of Au is higher than ZnO, it initiates the back 
transfer from Au and happens until it reaches equilibrium thereby creating a new Fermi level in the nanocomposite [19,20]. During 
visible light irradiation, equilibrated fermi-level electrons were injected rapidly into the ZnO conduction band via an LSPR mechanism. 
These injected electrons will now act as an efficient reducing agent and induce the formation of ROS radicals, which further mineralize 
the dye molecules (Chart 1) [20].

It was proposed that the enhanced photocatalytic activity of the Au-ZnO nanocomposite may be due to the in situ generated ROS 
species. These were awakened upon photo-irradiation from the adventitious oxygen molecule dissolved in the reaction medium. To 
confirm the in situ photogeneration of ROS in the reaction mixture, EPR spectra of the photocatalyst under the identical reaction 
condition as that of the photocatalytic experiment were recorded in water solvent using TEMPO (2,2,6,6-Tetramethylpiperidine 1- 
oxyl) reagent. It is well known fact that the EPR spectrum of solvated TEMPO shows a characteristic triplet pattern [34,35]. The 
idea is that the energetic electrons generated after photoirradiation of Au-ZnO NC were trapped with the help of TEMPO reagent, as 
this radical shows characteristic triplet EPR pattern of equal intensity (1:1:1), the addition of Au-ZnO without light illumination 
drastically reduced the intensity by 1.2 times while after the blue-LED illumination (20 min) maximise the intensity by 2.3 times 
(Fig. 6). The energised electrons react with the O2 molecule and generates the O2

− ⋅which further helps to degrade the dye molecule 
[64]. Also, the triplet pattern is retained after the light illumination, suggesting the O2 radical formation rather than the ⋅OH radical 
generation.

Fig. 6. EPR Spectra of 20 mM 2,2,6,6-Tetramethylpiperidine 1-oxyl(TEMPO) alone, with Au-ZnO and Au-ZnO with blue LED illumination for 
20 min.
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2.6. Stability and reusability of the Au-ZnO

The stability of the Au-ZnO was evaluated by irradiating an aqueous suspension of 0.005-Au-ZnO with blue LED light and sonicated 
for 1.5 h. The analysis of the resultant solution by UV–Vis-DRS analysis confirms that the Au-ZnO was quite stable (Fig. S3, see 
supporting information). The reusability of Au-ZnO was tested by centrifuging the catalyst from the R6G solution, washing it with 
deionized water, and drying it in an air oven at 100 ◦C. The re-used catalyst showed a successful response for the second and third 
cycles and showed similar photocatalytic behaviour against R6G degradation, which also illustrates that Au-ZnO nanocomposites can 
be reused for at least three cycles (Fig. S4 see supporting information).

2.7. LC-MS analysis of the photodegradation products

LC-MS spectrometric analysis determined the degradation products of R6G formed during visible light irradiation with 0.015-Au- 
ZnO (Fig. 7). Earlier, Tayade and Koodali groups individually identified fragmented ions of rhodamine B dye using ESI-MS analysis 
[65,66] while Rasheed et al. extended the observations to R6G dye molecular degradation [67]. On the basis of these previous reports, 
fragments of R6G ions are assigned. Accordingly, the initial photoexcitation of R6G in the presence of ZnO or Au-ZnO catalyst releases 
the ⋅OH radical which reacts with the acidic NH proton of R6G and forms the base peak at m/z 415. This corresponds to the loss of the 
ethyl group in the R6G molecule [M − C2H5]. The 7-min run of the LC-MS analysis shows several fragmented ions of lower molecular 
weight. Among these, the peaks at 387, 372, and 317 represent the loss of -C2H5, NH3, and ethyl acetate molecules while the peaks at 
249 and 231 correspond to the derivatives of phenylcyclopenta[b] chromenylium ions. It also contains lower molecular ion peaks at 
113 and 65 may be assigned as the oxygen based radical as shown in Chart 1. Similarly, the recorded LC-MS spectrum after the 
completion of the photocatalytic reaction (15 min run) shows only two significant peaks at 114 and 74. Chart 2 summarizes the 

Fig. 7. LC-MS spectrum of Rhodamine 6G degradation products at (a) 0 min (b) 7 min (c) 15 min.
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putative intermediates involved in the dye degradation process. The colorimetric analysis also confirmed that R6G dye completely 
breakdown within 15 min, and the LC-MS analysis complimented it very well.

2.8. Cytotoxic effect of ZnO and Au-ZnO nanocomposite

2.8.1. MTT assay
Several metal oxide nanoparticles exhibit antitumour activities against various malignant cells [39,68,69]. Among them, ZnO is 

most preferable owing to its unique properties [70–75]. MTT assay is a colorimetric assay widely used to determine viable cell numbers 
and the cytotoxicity [40,41]. Herein, the presence of a mitochondrial enzyme in metabolically active cells reduces the yellow tetra
zolium salt of MTT (3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyltetrazolium bromide) into a deep purple insoluble crystalline formazan 
product. After solubilization (mostly DMSO solvent), the spectrophotometric measurement reveals the number of viable cells, which is 
proportional to the amount of total formazan formed during the course of the reaction. Prior to the analysis, the photocatalysts were 
incubated for 24 h and irradiated with blue LED for 20 min. A 10–200 μg of catalysts were tested for 24 h screening against malignant 
lung cancer cells (A549), breast cancer cells (SkBr3), and healthy human embryonic kidney cells (HEK293), and the IC50 concen
trations were calculated (Table 2). According to that, ZnO is least potent towards both the cancer cell lines (A549 174 ± 1.02, SkBr3 
183 ± 1.08 μg/ml) while the 0.015-Au-ZnO recorded the lowest IC50 value against the cancer cell lines (A549 65 ± 1.02, SkBr3 53 ±
1.04 μg/ml). Likewise, 0.01-Au-ZnO (A549 115 ± 1.02, SkBr3 104 ± 1.03 μg/ml) and 0.005-Au-ZnO (A549 169 ± 1.05, SkBr3 158 ±
1.07 μg/ml) are relatively less effective. Also, against healthy HEK-293 cells, ZnO displays excellent cell viability (IC50 204 ± 1.04) 
while it reduces with increasing the concentration of Au on ZnO (0.005 Au-ZnO 183 ± 1.07; 0.01 Au-ZnO 158 ± 1.06; 0.015 Au-ZnO 
124 ± 1.01 μg/mL). Thus, the Au-ZnO nanozyme, has a dynamic dose-dependent cytotoxic effect, where 0.015-Au-ZnO is particularly 
potent against SkBr3 breast cancer cells while relatively low against healthy HEK293 cells.

2.9. Induction of apoptosis – acridine orange-ethidium bromide (AO-EB) dual staining

As shown in Fig. 8, the AO-EB dual staining images correspond to A549 and SkBr3 cancer cell lines. The MTT assay clearly shows 
the cytotoxic effect of ZnO and Au-ZnO nanocomposites against A549 and SkBr3 malignant cells. In general, cancer treatment em
phasizes the induction of apoptosis, therefore detailed knowledge of cell death mechanisms is essential. Liu et al. qualitatively 
distinguished early and late apoptotic and necrotic cells using the AO-EB dual staining method [42]. Herein, the difference in 
membrane permeability of AO and EB dyes (AO permeates the membrane of normal and early apoptotic cells while EB permeates the 
damaged membrane of late apoptotic and dead cells) has been highly exploited. As both AO and EB dyes bind effectively with nucleic 
acids, they show characteristics of green (normal or early apoptotic cells) or bright orange emission (late apoptotic or necrotic cells). 
Cell shrinkage, nuclear and cytoplasmic condensation, chromatin fragmentation, and phagocytosis are the major characteristic fea
tures of apoptosis [76]. The control (i.e. untreated) cells are significantly larger and smoother than the ZnO and Au-ZnO treated 
malignant cells. The shrinkage of cell volume, rounding of cells, and fragmented and condensed chromatin formation are visible in 
both 0.01-Au-ZnO and 0.015-Au-ZnO treated cancerous cells. Additionally, the bright orange nucleus formation confirms that cell 
death occurs through an apoptotic pathway (Fig. 8).

2.10. DCFH-DA staining for ROS determination

Several cellular oxidative mechanisms generate ROS, which modulates various cellular functions and cell signalling molecules 
[34–39]. However, ROS at higher concentrations affects many physiological processes [44,77]. Thus, cancer cells are always asso
ciated with excess ROS production relative to normal viable cells. Therefore, it becomes essential to quantify the in situ generated total 
intracellular ROS level. For which DCFH-DA staining (2′,7′-dichlorodihydrofluorescein diacetate) was performed [43]. Herein, the 
presence of esterase inside the cell initiates the hydrolysis of DCFH-DA and forms non-fluorescent DCFH, which subsequently becomes 
green fluorescent dichlorofluorescein (DCF) by reacting with intracellular ROS. Fig. 9A shows the DCFH-DA staining images of A549 
and SkBr3 carcinoma cells in the presence of ZnO, 0.005-Au-ZnO, 0.01-Au-ZnO and 0.015-Au-ZnO. The treated cancerous cells alone 
fluoresce green and the plate reader assay of SkBr3 cells shows high fluorescent intensity with 0.015-Au-ZnO owing to high ROS 
generation (Fig. 9). It acts on the tumour environment to reduce the development of tumour mass and eventually reduce the rate of 
tumour progression. The excess ROS level leads to severe oxidative stress, which in turn provokes apoptotic pathways responsible for 
mitochondrial membrane potential (MMP) loss and eventually become an effective antagonist against cancerous cells [77,78].

Table 2 
In vitro cytotoxic studies of the ZnO and Au-ZnO under blue-LED illumination

Nano-composites A549 (μg/mL) SkBr3 (μg/mL) HEK-293 (μg/mL)

ZnO 174 ± 1.02 183 ± 1.08 204 ± 1.04
0.005-Au-ZnO 169 ± 1.05 158 ± 1.07 183 ± 1.07
0.01-Au-ZnO 115 ± 1.02 104 ± 1.03 158 ± 1.06
0.015-Au-ZnO 65 ± 1.02 53 ± 1.04 124 ± 1. 01
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2.11. Plasmid cleavage ability of ZnO and Au-ZnO nanocomposites

The plasmid cleavage ability of ZnO and Au-ZnO nanocomposites was examined using the standard gel electrophoresis technique 
[78,79]. The conversion of supercoiled circular conformation (Form I) of PBR 322 DNA to nicked circular conformation (Form II) and 
linear conformation (Form III) will be monitored, and the results are depicted in Fig. 10. Au-ZnO at all tested concentrations under 
blue-LED illumination shows nuclease activity. The control studies based on pBR322 plasmid DNA alone showed no DNA cleavage 
activity (Lane 1). The supercoiled plasmid DNA was converted into circular form at 100 μg/mL. On the other hand, a higher con
centration (250 μg/mL) demonstrated the conversion of form I into form III without passing through the nicked form II. We thus 
concluded that Au-ZnO could act as a potential chemical nuclease for double-strand DNA cleavage. This also indicates that Au-ZnO 
could be used as a DNA-targeting anti-cancer agent. Earlier, Zhou et al. showed that the TiO2 may act as a nanozyme to mimic 
photolyase in repairing DNA damage [80].

Overall, the anticancer studies under blue LED light illumination reveal that the synthesized Au-ZnO nanocomposites actively 
penetrate the cell membrane and induce mitochondrial membrane potential loss (MMP). As a result of the in situ generation of ROS 
species on the Au-ZnO nanocomposite, intracellular ROS production is further triggered. Accumulation of the same in the cell cyto
plasm provokes mitochondrial apoptosis followed by nuclear membrane potential loss. Consequently, it leads to DNA instability and 

Fig. 8. Morphological observation of A549 and SkBr3 cancer cell lines with AO-EB dual staining image by fluorescence microscope. Control; ZnO; 
0.005M Au-ZnO; 0.010M Au-ZnO; 0.015M Au-ZnO.

Fig. 9. A) ROS images for A549 & SkBr3 cell lines using DCFH-DA staining method from Control, ZnO, 0.005-Au-ZnO, 0.010-Au-ZnO, and 0.015- 
Au-ZnO. B) Quantification of the ROS level by the plate reader assay.

P. Thangamuniyandi et al.                                                                                                                                                                                           Heliyon 11 (2025) e41061 

11 



produces denatured DNA in the pBR322 plasmid (Fig. 11).

3. Conclusions

It is a well-known fact that photoactivated PMMOs generate energetic charge carriers and reactive oxygen species (⋅OH and O2
⋅- 

radicals) that are essential for environmental remediation applications. Thus, we have demonstrated the use of ZnO and various 
concentrations of Au-ZnO (0.005, 0.01and 0.015M) against rhodamine 6G (R6G) dye degradation. Among which the 0.015-Au-ZnO 
shows excellent photocatalytic activity and rapid R6G degradation occurs within 15 min. Based on MTT assay, 0.015-Au-ZnO ex
hibits high anticancer activity against both A549 and SkBr3 cancerous cells with cell-line-specific potency towards SkBr3. AO-EB dual 
staining confirms early and later-stage apoptotic cell formation. The DCFH-DA analysis quantifies the intracellular ROS generation and 
DNA cleavage studies against pBR322 plasmid reveals that the supercoiled plasmid (form I) becomes linear single-stranded DNA (form 
III) without going to the nicked circular form II and leads to complete denaturation of DNA. All these observations indicating that the 
mitochondrial apoptosis is the plausible cell death mechanism of the cancerous cell. It is possible that the Au-ZnO nanocomposite may 
be a potential phototheranostic agent combined with the ability to act as a DNA-targeting anticancer agent.

Associated content

Supporting Information is available free of charge.

Fig. 10. Lane 1, pBR 322 DNA; Lane 2, pBR 322 DNA + ZnO 100 μg/mL; Lane 3, pBR 322 DNA +100 μg/mL Au-ZnO NPs; Lane 4, pBR 322 DNA 
+100 μg/mL Au-ZnO NPs; Lane 5, pBR 322 DNA +100 μg/mL Au-ZnO NPs. Incubation time 45 min.

Fig. 11. Schematic representation of ROS mediated cellular apoptosis in cancer cells.
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Fig. 12. Proposed photocatalytic mechanism of Au-ZnO under visible light irradiation [15].

Fig. 13. LC-MS analysis of the various R6G degradation products with the plausible intermediates.
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