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Abstract: This work emphasizes to use silver decorative method to enhance the antibacterial activity 16 
of TiO2 and ZnO nanoparticles. These silver decorated nanoparticles (hybrid nanoparticles) were 17 
synthesized by using sodium borohydride as a reducing agent, with the weight ratio of Ag 18 
precursors: oxide nanoparticles = 1: 30. The morphology and optical property of these hybrid 19 
nanoparticles were investigated using transmission electron microscopy (TEM) and UV–vis 20 
spectroscopy. The agar-well diffusion method was used to evaluate their antibacterial activity 21 
against both Staphylococcus aureus and Escherichia coli bacteria, with or without light irradiation. The 22 
TEM images indicated clearly that silver nanoparticles (AgNPs, 5-10 nm) were well deposited on 23 
the surface of nano-TiO2 particles (30-60 nm). Besides, smaller AgNPs (< 2 nm) were dispersed on 24 
the surface of nano-ZnO particles (20-50 nm). UV-vis spectra confirmed that the hybridization of Ag 25 
and oxide nanoparticles led to shift the absorption edge of oxide nanoparticles to the lower energy 26 
region (visible region). The antibacterial tests indicated that both oxide pure nanoparticles did not 27 
exhibit inhibitory against bacteria, with or without light irradiation. However, the presence of 28 
AgNPs in their hybrids, even at low content (< 40 mg/mL) leads to a good antibacterial activity and 29 
the higher inhibition zones under light irradiation as compared to that in dark was observed. 30 

Keywords: Silver nanoparticles, nano-TiO2, nano- ZnO, nanohybrids, antibacterial 31 
 32 

1. Introduction 33 

It was reported in literature that nanoparticles can attack bacteria through six main mechanisms 34 
[1-15] such as:  i) Destruction of the cell wall and peptidoglycan layer; ii) Release of toxic ions; iii) 35 
Destruction of protons efflux bombs and modification of membrane charges; iv) Formation of reactive 36 
oxygen species (ROS) degrading cell wall; v) Reactive oxygen species (ROS) degrading DNA, RNA 37 
and proteins; vi) Low adenosintriphosphat (ATP) production. In case of metallic oxide nanoparticles 38 
(such as NiO, Co3O4, ZnO, Fe2O3, Fe3O4, MgO, CuO, TiO2, SiO2…), ROS is the predominant 39 
antibacterial mechanism, especially for nano-ZnO and Nano-TiO2. For noble metal nanoparticles, 40 
such as silver nanoparticles (AgNPs), they can attack effectively against both Gram-negative and 41 
Gram-positive bacteria [16-19], via all 6 mentioned above antimicrobial mechanisms [20-22]. Therefore, 42 
in the application AgNPs can be used as the sole antimicrobial agent. AgNPs could also react with 43 
bacteria through the photo-catalytic production of ROS in solution [23]. However, Ag+ free ions 44 
released from AgNPs are considered toxic not only to human cells, but also to the environment. 45 
Loading (embedding/ immobilizing immobilizing) AgNPs into oxide matrices is new approach due 46 
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to its ability to control solubility and toxicity of AgNPs.  Various metallic oxide matrices have been 47 
used for loading/hybridizing AgNPs, such SiO2, ZrO2, Al2O3, Fe3O4, CuO… [24]. 48 

 49 
Regarding the metal oxide semiconductor nanoparticles, such as ZnO anh TiO2, they can destroy 50 

the pathogenic bacteria by ROS mechanism under UV light radiation. In this case, when a photon of 51 
higher energy than their optical band gap energy (Eg~ 3.2-3.4 ev) is absorbed by these nanoparticles, 52 
the electron–hole pairs were created and then generated ROS. The practical applications of these 53 
nanoparticles are limited due to following two reasons: (i) wide band gap  ~3.2 eV  for nano-TiO2 54 
[25]; 3.37 eV for nano-ZnO [26]; and (ii) low photoenergy conversion efficiency [27] with low charge 55 
separation efficiency and fast recombination of photogenerated charge carriers) [28, 29].  Two main 56 
approachs have been tried to improve the photocatalytic of these nanoparticles: (1) diminution of the 57 
recombination for photogenerated electron–hole pairs; and (2) enhancement of the visible light 58 
sensitivity [25]. The first pathway focused on the design of heterostructures (heterojunctions), such 59 
as (i) deposition of noble metals (Ag, Au or Pt) on the surface of nanoparticles; and (ii) coupling other 60 
semiconductor (such as CdSe, Ag2O, CdS…) with the oxide semiconducting nanoparicles [30-34]. The 61 
formation of the Schottky barriers at the interface of noble metals/semiconducting oxide 62 
nanoparticles could enhance significantly the segregation of charges, thus reduced the charge 63 
recombination [35-36]. In this direction, under UV irradiation, Ubonchonlakate et al. [37] indicated 64 
that Ag decorated TiO2 had higher antibacterial activity (100 % in 10 min) against P.aeruginosa 65 
bacteria, than that of pure TiO2 (57% in 15 min). In other direction, the doping of transition metals/rare 66 
earth ions into these oxide crystal lattices could reduce their optical band gap. For TiO2, the 67 
absorption edge was shifted into the lower energy region by S doping [38] and its absorption in visible 68 
region increased with the doping content of noble metals [39].  69 

 70 
Recently, the hybridization of noble metals (Au, Ag, Pd) and semiconducting oxides becomes 71 

the most promising strategy to defeat large band gap of semiconducting oxides [40-44]. The energy 72 
level alignment is combined at the heterojunction of these nanoparticles. In the hybrid nanoparticles, 73 
the noble metal nanoparticles (gold and silver) exhibit Localized Surface Plasmon resonance (LSPR) 74 
absorption in visible light region, which can have significant impact at the heterointerfaces. We 75 
published several books and articles on the related topic [21, 40, 45, 64-79].   76 

 77 
In this study, the hybridization of AgNPs and ZnO/TiO2 nanoparticles are expected not only to 78 

simply combine property of single components, but also to significantly enhance their antibacterial 79 
properties [45]. Thus, this work aims to present the role of silver decoration in enhancing the 80 
antibacterial activity of both ZnO and TiO2 nanoparticles, against two most popular bacteria : 81 
Staphylococcus aureus (ATCC 25923, Gram-positive) and Escherichia coli (Gram-negative, ATCC 25922). 82 

2. Materials and Methods 83 

2.1. Materials 84 
TiO2 (rutile) and ZnO nanoparticles, were purchased from Sigma Aldrich (Singapore), having a 85 

mean diameter <100 nm and a specific surface area of 18 and 15–25 m2/g, respectively. AgNO3 and 86 
NaBH4 were provided by Sigma Aldrich (Thailand). 87 

 88 
2.2.  Synthesis of silver decorated nanoparticles 89 

0.2 g of TiO2 (or ZnO) nanoparticles was firstly dispersed in 200 ml of distilled water under 90 
ultrasonication. AgNO3 solution (0.01 g in 20 ml water) then slowly added into the prepared nano-91 
TiO2 (or ZnO) solution under ultrasonication in 30 m. The mixing solution then poured into the 500-92 
ml three-necked pot. Then, NaBH4 solution (0.01 g in 30 ml water) was then added dropwise (1 93 
drop/s) to the 500 ml three-necked pot. The reaction temperature was kept at 4 ºC, and reaction 94 
mixture was stirred mechanically for 60 minutes. The nanohybrids were then collected by using 95 
centrifugation at 10 000 rpm/min for 5 minutes. The residual precursors and agents were then fully 96 
removed after several times of centrifugation by adding fresh distilled water. 97 
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 98 
2.3. Characterization 99 

The morphologies of the hybrid nanoparticles were investigated using transmission electron 100 
microscopy (JEM1010, JEOL, Japan), operating at 80 kV (resolution of 3 Å). UV–Vis spectra were 101 
obtained by using a CINTRA 40 spectrophotometer (USA) in absorbance mode with 2 nm slip width. 102 

 103 
2.4. Antibacterial tests 104 

The agar-well diffusion method was then used to evaluate their antibacterial activity against 105 
Gram-positive (Staphylococcus aureus - ATCC 25923) and Gram-negative (Escherichia coli - ATCC 106 
25922) bacteria. Nutrient agar plates were inoculated in brain heart infusion (BHI) broth using 100 µl 107 
of 106 CFU bacterial suspensions. Wells (8 mm diameter) were then punched in the inoculated plates, 108 
by using a sterile plastic rod. These wells were then filled with 50 µL of solutions containing 109 
nanoparticles, at various concentrations, such as 8, 16 and 40 mg/mL. Control wells were filled with 110 
50 µL of distilled water. These plates were the incubated at 37 ºC for 18 h (with or without light 111 
irradiation). After this period, the antibacterial activities of these nanoparticles were evaluated by 112 
measuring the inhibition zone diameter around the wells (100 µm resolution; Model: Haloes Caliper 113 
- Zone Reader, IUL, Spain). 114 

 115 
For light irradiation test, a LED (cold white, 1500 mcd, 3V DC) bulbs (two bulbs) has been used 116 

with illumination of ∼300 lux. These white LEDs were designed as mixture of blue (450-470 nm) and 117 
yellow (560-590 nm) lights that could be perceived by the eye as white color [46]. 118 

3. Results and discussions 119 

3.1. Morphological study 120 

Figure 1 shows the electron microscopy images of AgNPs decorated nano-TiO2 particles. As can 121 

be seen in this figure, AgNPs (black particles, 5-10 nm) were well dispersed on the surface of nano-122 

TiO2 particles (30-60 nm). The bigger nanoparticles are nano-TiO2 and the smaller ones are AgNPs as 123 

well described in the literature [21]. It has to be noted that the synthesis process of hybrid 124 

nanoparticles was optimized to obtain the reported sizes of the hybrid nanoparticles. 125 

TEM images of AgNPs decorated nano-ZnO particles are presented in Figure 2. As shown in this 126 

figure, small AgNPs (black spots, < 2 nm) were alternatively deposited and linked to nano-ZnO 127 

nanoparticles (10-30 nm). These small AgNPs might result in the presence of sharp peak at 410 nm in 128 

the UV-vis spectra for these Ag/ZnO nanohybrids (Figure 4 below).  129 

For a comparative study, the size of AgNPs deposited on surface of TiO2 nanoparticles was higher 130 

than that on surface of ZnO nanoparticles.  131 

 132 

 133 
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 134 

Figure 1. TEM images of Ag loaded TiO2 nanoparticles at different magnifications showing 135 

the hybrid structure; a) 40,000x and b) 80,000x. Inserted images show the schematic 136 

illustration of hybrid nanoparticles. Red point represents Ag nanoparticles and bleu support 137 

is nano-TiO2  138 

 139 

 140 

 141 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 May 2019                   doi:10.20944/preprints201905.0298.v1

Peer-reviewed version available at J. Compos. Sci. 2019, 3, 61; doi:10.3390/jcs3020061

https://doi.org/10.20944/preprints201905.0298.v1
https://doi.org/10.3390/jcs3020061


 5 of 16 

 

 142 

Figure 2. TEM images of Ag loaded ZnO nanoparticles at differenct magnification: a) 143 

30,000x and b) 100,000x. 144 

 145 

The UV-visible absorption spectra of AgNPs, nano-TiO2 and AgNPs decorated nano-TiO2 146 

particles (dispersed in water) are presented in Figure 3. In case of AgNPs (~10 nm of diameter),   147 

broad band around 398 nm was the characteristic of the  Surface Plasmon Resonance (SPR peak) of 148 

AgNPs [47]. For AgNPs decorated nano-TiO2 particles, the hybridization of nano-TiO2 and AgNPs 149 

leads to shift the absorption edge to the lower energy region (visible region), as compared with the 150 

pure nano-TiO2 (at 360 nm in the UV region). Similar results were reported for Ag–TiO2 151 
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nanocomposites [48, 49]. The authors signaled that visible light absorption by Surface Plasmon 152 

Resonance of AgNPs induced electron transfer to TiO2, resulting in charge separation and therefore 153 

activated by visible light.  154 

Figure 4 shows the UV-visible spectra of AgNPs, nano-ZnO and AgNPs decorated nano-ZnO 155 

particles (dispersed in water). As can be seen in Figure 4, a broad band around 410 nm was observed, 156 

indicating the presence of AgNPs on the surface of nano-ZnO particles. 157 

 158 

Figure 3. UV-Vis spectra of AgNPs, nano-TiO2 and AgNPs decorated nano-TiO2 particles (dispersed 159 

in water) 160 

 161 
 162 

Figure 4.  UV-Vis spectra of AgNPs decorated nano-ZnO particles (dispersed in water) 163 

3.2. Antibaterial tests 164 
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3.2.1. TiO2 and Ag/TiO2 nanoparticles 165 

Figures 5 and 6 present the photographs of antibacterial test for nano-TiO2 and Ag/TiO2 NPs 166 

against S. aureus and E. coli bacteria, without and with light irradiation, respectively. Tables 1 and 2 167 

show their corresponding inhibition zones. As shown in Figures 5a and 5b, in the dark TiO2 NPs did 168 

not exhibit inhibitory effects on S. aureus bacteria (at concentrations of 10-40 mg/mL), whereas Ag 169 

loaded TiO2 NPs exhibited significant antibacterial activity at the concentration of 40 mg/mL). It was 170 

reported that TiO2 nanoparticles are easy to attach to the cell membranes and accumulate [50].  In 171 

general, TiO2 nanoparticles can destroy the pathogenic bacteria by ROS mechanism under UV light 172 

radiation. Since the emitted wavelengths of the white LED lights include peaks in the blue (450-470 173 

nm) and yellow (560-590nm) areas, the inhibition zone of Ag loaded TiO2 NPs (40 mg/mL) could be 174 

attributed to the content of AgNPs in the nanohybrids (e.g ~1.3 mg/mL). Please note that the 175 

concentration of TiO2 in nanohybrids is 30 times higher than that of AgNPs (from synthesis:  the 176 

weight ratio of Ag precursors: TiO2 = 1: 30). Besides, Ubonchonlakate et al. [51] reported that Ag 177 

doped TiO2 had higher antibacterial efficiency (100 % in 10 min) against P. Aeruginosa bacteria than 178 

that of pure TiO2 (57% in 15 min), under UV irradiation. The interesting results are observed under 179 

light irradiation for Ag/TiO2 nanohybrids (Table 1). These nanoparticles exhibited the inhibition zone 180 

of 2 mm (in diameter) at the lower concentration of 16 mg/mL, indicating the contribution of TiO2 181 

nanoparticles in this nanohybrids to their antibacterial activity. At the high concentration of 40 182 

mg/mL, their inhibition zone is similar to the case in dark (4 mm in diameter), indicating the 183 

dominated contribution of AgNPs to the antibacterial activity of these nanohybrids (at this high 184 

concentration).  185 

 186 

As seen in Figures 5c and 5d, TiO2 NPs did not exhibit inhibitory effects under this light 187 

irradiation on these bacteria (at concentration of 8-40 mg/mL). It was reported that the absorption of 188 

light in the visible region of TiO2 increased with the noble metals (Pt, Au and Pd) doping content [52].  189 

Yue Lin et al. [53] also reported the antibacterial properties against E.coli of the Ag/TiO2 core/shell 190 

nanoparticles without the presence of UV light. They observed the obvious zone of inhibition around 191 

the hybrid nanoparticles, whereas there was no inhibition detected around the pure TiO2 192 

nanoparticles. Similar results also were observed by Dhanalekshmi et al [54] for Ag/TiO2 core/shell 193 

hybrid nanoparticles against E.coli and S.aureus bacteria. Zhang et al. [55] reported TiO2 nanoparticles 194 

with highly dispersed Ag clusters are entirely restricted the E. coli bacterial growth [55]. Barudin et 195 

al. [56] indicated that Ag-TiO2 nanoparticles exhibited the superior antibacterial activity, as compared 196 

to the lone individual TiO2 nanoparticles, under visible light irradiation [56].  197 

In this work, for E.coli bacteria, under light irradiation Ag/TiO2 nanohybrids have the higher 198 

antibacterial activity than that in darkness (Table 2, with concentration of 8 and 16 mg/mL), due to 199 

the hybridization of AgNPs and TiO2 NPs. Besides, in dark, the  inhibition zones of Ag/TiO2 200 

nanohybrids increase with their concentration, due to the increase of AgNPs in the nanohybrids.  201 
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 202 

Figure 5. Photographs of antibacterial test against S. aureus bacteria (agar-well diffusion 203 

method) for pure TiO2 and Ag loaded TiO2 nanoparticles (a and b: without light irradiation; c and d: 204 

without light irradiation). Concentrations of 8, 16 and 40 mg/mL. 205 

 206 
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Figure 6. Photographs of antibacterial test against E. coli bacteria (agar-well diffusion 207 

method) for Ag loaded TiO2 nanoparticles: a) without light irradiation; b) under light irradiation).  208 

Concentration of 8, 16 and 40 mg/mL. 209 

 210 

Table 1: Antibacterial activity against S. aureus bacteria of TiO2 nanoparticles and Ag loaded 211 

TiO2 nanoparticles  212 

Concentrations 

(mg/mL) 

Inhibition Zone (mm) 

without light irradiation under light irradiation 

TiO2 

nanoparticles 

Ag decorated TiO2 

nanoparticles 

TiO2 

nanoparticles 

Ag decorated TiO2 

nanoparticles 

8 0 0 0 0 

16 0 0 0 2 

40 0 4 0 4 

 213 

 214 

Table 2: Antibacterial activity against E. coli bacteria of TiO2 nanoparticles and Ag loaded 215 

TiO2 nanoparticles  216 

Concentrations 

(mg/mL) 

Inhibition Zone (mm) 

without light irradiation under light irradiation 

TiO2 

nanoparticles 

Ag decorated TiO2 

nanoparticles 

TiO2 

nanoparticles 

Ag decorated TiO2 

nanoparticles 

8 0 2 0 6 

16 0 6 0 8 

40 0 8 0 8 

 217 

 218 

3.2.2. ZnO and Ag/ZnO nanoparticles 219 

It was reported in literature that ZnO has the inherent gain of broad antibacterial activities 220 

against virus, bacteria, fungus and spores [57-59]. Stoimenov et al. [60] defined that ZnO 221 

nanoparticles attached on the bacterial surface due to electrostatic force of attraction. We expect that 222 

the hybridization of AgNPs with ZnO NPs may exhibit the superior antibacterial activity, as 223 

compared to the lone individual NPs [45].    224 

Figures 7 and 8 show the photographs of antibacterial test for nano-ZnO and Ag/ZnO NPs 225 

against S. aureus and E. coli bacteria, without and with light irradiation, respectively. Tables 3 and  4 226 

show their corresponding inhibition zones. As shown in Figures 7 and 8, ZnO NPs did not exhibit 227 

inhibitory effects on both bacteria with or without light irradiation (at concentrations of 10-40 228 

mg/mL).  229 

For Ag/ZnO nanohybrids, as shown in Tables 3 and 4, light irradiation increases the diameter 230 

of inhibition zone for both S. aureus (at 8 mg/mL) and E. coli (at 8, 16, 40 mg/mL) bacteria. Similarity, 231 

Mariana Ibanescu et al. [61] reported the antimicrobial property of Ag/ZnO nanocomposites against 232 

both E. coli and M. luteus bacteria. The authors found that small amounts of silver could significantly 233 

enhance the antimicrobial activity. The photocatalytic activity of Ag/ZnO nanocomposites could 234 

contribute to their high antimicrobial activity. Nagaraju et al. [62] also indicated the high 235 
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antimicrobial activity of Ag-ZnO NPs against both E. coli and S. aureus bacteria. The inhibition zone 236 

could be observed at the concentration of 500 µg Ag-ZnO NPs. Wei et al. [63] also described the high 237 

antibacterial activity of Ag-ZnO hybrid nanofibres against E. coli and P. aeruginosa bacteria. 238 

For the comparative study, under light irradiation at the low concentration (8 mg/mL), Ag/ZnO 239 

nanohybrids exhibit the higher antibacterial activity against both two bacteria, than Ag-Ag/TiO2 240 

nanohybrids. One possible explanation is the better homogeneous deposition of the smaller AgNPs 241 

on the surface of nano-ZnO particles, as compared to that of nano-TiO2 nanoparticles (Figures 1 and 242 

2). 243 

 244 

Figure 7. Photographs of antibacterial test against S. aureus bacteria (agar-well diffusion 245 

method) for pure ZnO nanoparticles (a: without light irradiation; b: under light irradiation) and Ag 246 

loaded ZnO nanoparticles (c: without light irradiation; d: under light irradiation).  Concentration of 247 

8, 16 and 40 mg/mL. 248 

 249 

 250 
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 251 

Figure 8. Photographs of antibacterial test against E. coli bacteria (agar-well diffusion 252 

method) for ZnO nanoparticles (a-without  light irradiation; b-under light irradiation) and and Ag 253 

loaded ZnO nanoparticles (c-without  light irradiation; d-under light irradiation).  Concentration of 254 

8, 16 and 40 mg/mL. 255 

 256 

 257 

Table 3: Antibacterial activity against S. aureus bacteria of ZnO nanoparticles and Ag loaded 258 

ZnO nanoparticles  259 

Concentrations 

(mg/mL) 

Inhibition Zone (mm) 

without light irradiation under light irradiation 

ZnO 

nanoparticles 

Ag decorated 

ZnO 

nanoparticles 

ZnO 

nanoparticles 

Ag decorated 

ZnO 

nanoparticles 

8 0 0 0 2 

16 0 2 0 2 

40 0 4 0 4 

 260 

 261 

 262 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 May 2019                   doi:10.20944/preprints201905.0298.v1

Peer-reviewed version available at J. Compos. Sci. 2019, 3, 61; doi:10.3390/jcs3020061

https://doi.org/10.20944/preprints201905.0298.v1
https://doi.org/10.3390/jcs3020061


 12 of 16 

 

 263 

Table 4: Antibacterial activity against E. coli bacteria of ZnO nanoparticles and Ag loaded 264 

ZnO nanoparticles  265 

Concentrations 

(mg/mL) 

Inhibition Zone (mm) 

without light irradiation under light irradiation 

ZnO 

nanoparticles 

Ag decorated 

ZnO 

nanoparticles 

ZnO 

nanoparticles 

Ag decorated 

ZnO 

nanoparticles 

8 0 2 0 7 

16 0 4 0 8 

40 0 6 0 8 

 266 

4. Conclusions 267 

The main findings of this work were as follows: 268 
1. Silver decorated oxide nanoparticles have been successfully synthesized by using 269 

sodium borohydride as reducing agent, with the weight ratio of Ag precursors: oxide 270 
nanoparticles = 1: 30. 271 

2. The TEM images indicated that AgNPs (5-10 nm) were deposited on the surface of nano-272 
TiO2 particles (30-60 nm). Whereas, the smaller AgNPs (< 2 nm) were dispersed on the 273 
surface of nano-ZnO particles (10-30 nm).  274 

3. UV-vis spectra indicated that the hybridization of Ag and oxide nanoparticles led to 275 
shift the absorption edge of oxide nanoparticles to the lower energy region (visible 276 
region).  277 

4. The antibacterial tests indicated that both oxide nanoparticles did not exhibit inhibitory 278 
against bacteria, with or without light irradiation. However, the presence of AgNPs in 279 
their hybrids (at the concentration < 40 mg/mL) exhibited the higher inhibition zones 280 
under light irradiation, as compared to that in dark. At the high concentration of 40 281 
mg/mL, the antibacterial behavior of these nanohybrids under light irradiation is similar 282 
to that in dark, indicating the dominated contribution of AgNPs to the antibacterial 283 
activity of these nanohybrids (at this high concentration).  284 

5. As the comparative study, under light irradiation at the low concentration (8 mg/mL), 285 
Ag/ZnO nanohybrids exhibit the higher antibacterial activity against both two bacteria, 286 
than the Ag-Ag/TiO2 nanohybrids. 287 
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