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Abstract

Oxide materials (ZnO, TiO2) doped with noble metals were synthesized using the

combustion technique. The results of the addition of Ag, Au, and Pd up to a

concentration of 2 mol% on the structural, optical, morphological and

antimicrobial properties was considered. X-ray diffraction experiments revealed

that the crystal structure of the host materials remained unaltered despite doping

with noble metals. From the scanning electron microscopy results, it was evident

that the doped nanoparticles aggregated in clusters of different sizes in the host
.e01333
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matrix. The plasmonic effect was also observed in the absorbance spectra of the

different doped materials. The obtained materials have shown promising

antimicrobial features. All ZnO materials exhibited a high antimicrobial activity,

with very low minimum inhibitory concentration values, against the planktonic

growth of all tested Gram-positive and Gram-negative bacterial strains. All doped

materials exhibited very good anti-biofilm activity, the lowest minimal biofilm

eradication concentration values being registered for ZnO doped with Au and Pd

toward Escherichia coli and for ZnO doped with Ag against Candida albicans.

These results indicate the potential that these materials have for antimicrobial

applications in the fields of biomedicine and environmental protection.

Keywords: Materials science, Nanotechnology, Materials chemistry,

Pharmaceutical science

1. Introduction

The past decades have seen a strong research interest in nanomaterials due to their

potential for a wide range of applications, such as for industrial, optoelectronic

and biomedical applications, etc. [1, 2, 3]. The ZnO and TiO2 nanomaterials are

among the most studied for antimicrobial applications, due to their large spectrum

of anti-infectious activities, including viral, bacterial, fungal and protozoal infec-

tions. Direct comparisons of these two materials have been presented by various re-

searchers [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. One of the mechanisms of their

antimicrobial activity is the production of reactive oxygen species (ROS) (i.e., hy-

droxyl radicals OH�, superoxide ions O2
��, and singlet oxygen) particularly under

ultraviolet (UV) illumination, causing deleterious effects on microorganisms through

peroxidation of cellular constituents like proteins and lipids as well as the loss of

membrane integrity [4, 17, 18, 19]. However, the cellular membrane damage could

also be due to the direct interaction between the nanoparticles (NPs) and the cell

membrane lipids and/or proteins, even in the absence of ROS release [20, 21]. While

TiO2 exhibits excellent chemical stability, ZnO is stable only in a very narrow pH

range and it typically releases Zn2þ in aqueous solutions [9]. Noble metals such

as Ag, Au, Pd are frequently used to modify oxide based semiconductors in order

to improve their properties, including the antimicrobial activity. Noble metal doping

or incorporation in ZnO has drawn particular attention, due to the specific advan-

tages of this material, although TiO2 could represent a suitable alternative for

ZnO since both materials exhibit similar band-gap energies [22, 23, 24]. Ashkarran

[25] synthesized Ag-doped TiO2 NPs by a two-stage process which proved to be

active against Escherichia coli under UV and visible light irradiation. Other studies

have shown that Ag/TiO2 NPs proved to exhibit a wide spectrum of antimicrobial

activity against several Gram-negative and Gram-positive bacteria, including
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enteropathogenic Escherichia coli and highly resistant strains, such as methicillin-

resistant Staphylococcus aureus strains [4]. The significant enhancement in the anti-

bacterial properties of Ag/TiO2 NPs under visible light irradiation has been proved to

be directly related to the effect of Ag, which acts as electron traps in the TiO2 band

gap [4]. The antimicrobial activity of Ag/TiO2 NPs proved to be enhanced in com-

parison with bare TiO2 and Ag NPs after incubation in the dark, suggesting that the

synergistic effect of the hybrid materials could also occur by a

photoactivityeindependent mechanism [4].

Previously we have reported on the antibacterial properties of pure (undoped) ZnO

synthesized by the combustion method, which was noted to be an effective process

to obtain nanocrystalline large surface area material directly without need of further

processing or thermal treatment [26]. We have also previously reported the structure

and Plasmon absorption properties of ZnO nanocrystalline material with noble metal

dopant created by combustion synthesis [27]. Photocatalytic properties of Ag and Au

doped ZnO were reported together with limited biological testing [28], while in the

present work we consider in detail the antimicrobial properties of Ag, Au and Pd (2

mol%) doped ZnO as well as reporting on the structural, optical and antimicrobial

properties of undoped and Au doped (0.5 mol%) TiO2.
2. Experimental

2.1. Synthesis

Zinc nitrate [Zn(NO3)2.6H2O], titanyl nitrate [TiO(NO3)2], silver nitrate [AgNO3],

tetrachloroauric-III-acid hydrate (HAuCl4.xH2O) and potassium tetrachloropalladate

(K2PdCl4) were taken as starting chemicals. Dopant and host precursors, with urea

(CO(NH2)2) as fuel, were used to create an aqueous solution with 5 mL of water.

While stirring, a gel was formed by heating at 80 �C for 30 min. When this was

put in a muffle furnace set to 500 �C, a combustion process occurred shortly there-

after. The product was ground to obtain the oxide nanomaterials.
2.2. Structural and optical characterization

The prepared nanomaterials were characterized in terms of crystal structure using

Cu Ka radiation to perform X-ray diffraction (XRD) experiments with a Bruker

D8 Advance machine. Morphology of the synthesized NPs was examined by

scanning electron microscopy (SEM). An integrating sphere made of spectralon

was used with a PerkinElemer Lambda 950 UVevis spectrophotometer to collect

diffuse reflectance (DR) spectra. Photoluminescence (PL) measurements were

made at room temperature using a 325 nm emitting He-Cd laser for excitation

of the samples.
on.2019.e01333

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2019.e01333
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 https://doi.org/10.1016/j.heliy

2405-8440/� 2019 The Auth

(http://creativecommons.org/li

Article Nowe01333
2.3. Antimicrobial activity assay

The tested hybrid nanomaterials, i.e., Ag/ZnO, Pd/ZnO, Au/ZnO, TiO2, Au/TiO2

were solubilized in dimethyl sulfoxide (DMSO) for obtaining a stock concentration

of 10 mg/mL. The following reference strains were used: Gram-positive bacterial

strains (Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC

29212), Gram-negative bacterial strains (Escherichia coli ATCC 25922, Pseudo-

monas aeruginosa ATCC 27857) and the yeast strain Candida albicans ATCC

10231. The microbial strains were streaked on plate count agar medium incubated

at 37 �C for 24 h in order to obtain fresh cultures, from which standardized microbial

inocula of 0.5 McFarland density (1-3x108 CFU-colony forming units/mL) were

prepared in sterile saline.
2.3.1. Qualitative screening of the antimicrobial activity

This was done by an adapted diffusion method consisting of spotting a volume 10 mL

of the stock solutions on Muller-Hinton agar medium previously seeded with the mi-

crobial suspension. The plates were allowed to incubate at room temperature for

15e20 min for the adsorption of the solution drop into the medium, and then incu-

bated at 37 �C for 24 h. The reading of the results was carried out by measuring the

diameters (mm) of the microbial growth inhibition zones generated by the gradient

of the hybrid materials diffused in the culture medium. The DMSO solvent was also

tested for any potential antimicrobial activity.
2.3.2. Quantitative assay of the antimicrobial activity

The quantitative assay was performed by the Mueller Hinton broth (MHB) microdi-

lution method using 96-well plates to determine the minimum inhibitory concentra-

tion (MIC) of the tested materials, defined as the minimum amount of the chemical

compound capable of inhibiting the visible growth of microbial liquid cultures. In a

volume of 100 mL of MHB, serial binary dilutions of the stock solutions were

achieved, ranging from 5 to 0.009 mg/mL. The wells were then seeded with 20

mL of standard microbial suspensions. Each test was run with a positive control (a

row of wells containing only the culture medium inoculated with the microbial sus-

pension) and a negative control (a row of wells containing only sterile culture me-

dium). The plates were incubated at 37 �C for 24 h and then the results were read

by the macroscopic examination. The control wells were first examined, in order

to confirm the existence of a visible growth in the positive control well (the medium

was cloudy as a result of microbial development) and the absence of microbial

growth in the negative control (the medium remained clear, transparent). The lowest

concentration which inhibited the visible growth of microbial culture (the aspect of

the well-being similar with that of the negative control) was recorded as the MIC

value (mg/mL) for the respective material.
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2.3.3. Study of the influence of tested materials on the
development of microbial biofilms to the inert substratum

For this purpose, after reading the MIC values, the 96-well plates were emptied,

washed twice with sterile saline in order to remove the non-adherent cells, and the

microbial cells which adhered to the plastic wells were fixed with 130 mL of 80%

cold methanol for 5 min and stained with 1% violet crystal alkaline solution (130

mL/well) for 15 min. The staining solution was then removed, the plates were rigor-

ously washed under tap water and the stained microbial biofilms formed on the plas-

tic plates were re-suspended in 33% acetic acid solution, the intensity of the colored

suspension being evaluated by reading the absorbance at 492 nm [5].
3. Results and discussion

3.1. X-ray diffraction

X-ray diffraction patterns of the ZnO doped with noble metals have already been re-

ported to show peaks consistent with the hexagonal wurtzite structure of ZnO as well

as additional peaks corresponding to the expected positions of the noble metal dop-

ants [27]. X-ray diffraction patterns of the pure and noble metals doped TiO2 are pre-

sented in Fig. 1. For the undoped TiO2 all the diffraction peaks matched the

tetragonal structure of TiO2 (PDF 01-084-1286, anatase). In the case of the doped

samples, extra peaks indicated by asterisks (*) occurred at the expected angles of

Au, very similar to the case of doped ZnO. The crystallite size for the TiO2 host ma-

terial was obtained by using the Scherrer equation [29, 30] which gave a value of

about 28 nm. For TiO2 the width of the diffraction peaks become narrower when

doped with Au. It is evident that the diffraction peaks labelled (105) and (211) are

better separated in the Au doped TiO2 sample than in the pure TiO2, which implies

a larger crystallite size and enhancement of crystallinity of the doped TiO2.
Fig. 1. XRD patterns of pure and Au doped TiO2. Peaks marked with an asterisk correspond to Au NPs.

on.2019.e01333

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2019.e01333
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 https://doi.org/10.1016/j.heliy

2405-8440/� 2019 The Auth

(http://creativecommons.org/li

Article Nowe01333
3.2. Surface morphology

The surfacemorphology of undoped ZnO nanomaterials produced by combustion syn-

thesis has been reported to exhibit a flower-like structure [26]. Fig. 2 shows a SEM im-

age of Pd doped ZnO, consisting of a mixture of nanoparticles with larger particles of

several hundred nanometres. The grain size was generally higher than that observed for

pure ZnO [26] and the larger grain size may be explained by NPs agglomeration. The

morphology of Pd doped ZnOwas found to be similar to that for ZnO dopedwith some

other noble metals, namely Ag and Au, as shown in our previous work [28].

Fig. 3 shows the morphology of undoped and Au doped TiO2 powders. White spots

represent the accumulation of gold NPs. The effect of different dopants (B, N, Ag)

was studied by Bezerra et al. [31] and they found that the morphology and grain size

changed with different type and concentration of dopants.
3.3. Optical study

The absorbance of ZnO, both undoped and noble metal doped, has been reported

previously [27] and absorption peaks associated with localized surface plasmon

resonance (LSPR) of the noble metal NPs were observed at the corresponding wave-

lengths of the NPs [32, 33] while undoped ZnO showed no absorbance at wave-

lengths greater than 400 nm. Fig. 4(a) illustrates the absorbance of TiO2 and Au/

TiO2. For the Au/TiO2 sample there was some absorbance observed as a broad

peak between 550-650 nm, which is attributed to the agglomeration of gold particles

and corresponding localized surface plasmon resonance (LSPR) absorption.

Fig. 4(b) plots photoluminescence spectra of TiO2 material, in the case of undoped

and Au doped material. We previously reported [27] that for ZnO the PL intensity of

the excitonic as well as defect emissions increased after doping with noble metals.
Fig. 2. SEM image of Pd/ZnO.
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This was attributed to the aggregation of noble metallic NPs in the ZnO, which act as

the recombination centres, and consequently, an increase in the charge recombina-

tion [34]. The formation of Au and Pd NPs enhanced the excitonic emission while

Au NPs were most effective in increasing the visible emission. In the case of pure

TiO2 (Fig. 4(b)) the defect peak is observed in the visible region centred at 600

nm. Unlike in the case of ZnO, doping the TiO2 with Au reduces this visible defect

emission. This may be due to the presence of the NPs quenching the radiative recom-

bination process, unlike what was observed for ZnO, or it may be more plausible that

the defects (concentration or form) were significantly affected by the doping of the

noble material (Au) which led to decreased luminescence. Similar results for in Au/

TiO2 were reported by Bouhadoun et al. [35]. They synthesised NPs in one step us-

ing the laser pyrolysis method and described that the PL emission is consistent with

the reduced radiative recombination of the photo-induced electrons trapped in the

TiO2 particle surface.
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3.4. Antimicrobial activity

The effect of noble metal doping on antimicrobial properties of ZnO and TiO2 mate-

rials was investigated. The study of the potential antimicrobial activity of the obtained

hybrid materials was carried out toward Gram-positive and Gram-negative bacterial,

as well as fungal reference strains, both in planktonic and biofilm growth state.

The qualitative assay of the antimicrobial activity of the stock solutions (10 mg/mL

in DMSO) of the obtained materials revealed that ZnO group materials proved to

better diffuse in the solid medium and to affect the growth of the Gram-positive S.

aureus and E. faecalis strains, inducing the occurrence of significant growth inhibi-

tion zones (Table 1 and Fig. 5). Fig. 5 shows the inhibitory effect of the test chemical

compounds for the Gram-positive S. aureus as an example. The TiO2 and Au/TiO2

compounds did not exhibit a visible inhibitory effect on the tested strains in this

experimental model. However, this could be due to the low solubility and diffusion

of these compounds in the solid culture medium.
Table 1. Microbial growth inhibition zones diameters (mm) obtained in the

presence of the DMSO stock solutions of the tested materials.

Material S. aureus E. faecalis E. coli P. aeruginosa C. albicans

DMSO - - - - -

TiO2 - - - - -

Au/TiO2 - - - - -

ZnO 9 10 - - -

Ag/ZnO 10 10 - - -

Au/ZnO 10 10 - - -

Pd/ZnO 9 10 - - -

Fig. 5. Evidence of the inhibitory effect of the test substances by the qualitative method on an agar me-

dium, the Gram-positive S. aureus. The test chemical compounds were (a) T-1 (TiO2), T-5 (TiO2:Au),

GlassAgO, GlassAg1, GlassAg3, GlassAg5 and (b) ZnO:Ag, ZnO:Pd, ZnO:Au, ZnO, dissolved in

DMSO, as indicated in the photographs.
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Table 2. MICs (mg/mL) of the obtained materials toward the tested strains.

TiO2 Au/TiO2 ZnO Ag/ZnO Au/ZnO Pd/ZnO

S. aureus 10 5 0.078 0.039 0.078 0.039

E. faecalis 10 10 0.039 0.039 0.078 0.078

E. coli 5 2.5 0.039 0.039 0.078 0.039

P. aeruginosa 5 5 0.039 0.039 0.078 0.039

C. albicans 1.25 2.5 0.312 0.156 0.312 0.312

Fig. 6. MIC values obtained for test compounds against microbial reference strains.
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The quantitative assay of the antimicrobial activity was performed in liquid medium.

This assay assures a better and homogenous contact between the tested nanoparticles

and the microbial cells and allows one to establish the MIC of the tested materials

(Table 2 and Fig. 6).

The results of the quantitative assay have confirmed the qualitative screening

finding, demonstrating that ZnO derived materials proved to exhibit a significantly

higher antimicrobial activity, as revealed by the much lower MIC values, ranging

between 0.078 and 0.039 mg/mL for all tested bacterial strains and from 0.312 to

0.156 mg/mL for the yeast strain. In case of TiO2 materials, the Au doping slightly

increased their efficiency against S. aureus and E. coli strains, as revealed by the

halving of the MIC value, while for ZnO ones, doping with Ag improved the activity

of ZnO NPs against S. aureus and C. albicans strains and Pd increased the efficiency

of the hybrid materials against S. aureus. Previous studies have shown that Ag/ZnO

NPs display a higher antibacterial efficacy than pure ZnO NPs towards both Gram-

positive (S. aureus, B. subtilis) and Gram-negative (E. coli and P. aeruginosa) bac-

terial strains in planktonic growth state [5]. These results have been also confirmed in

our study for S. aureus in planktonic growth state. It has been also observed that the
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Ag doping of ZnO increases the efficacy of Ag/ZnO against S. auerus strains in a

concentration dependent manner. Our previous results showed that the antibacterial

activity of TiO2 nanoparticles increased with the increasing AgNPs content, the ef-

fect being more intensive for Gram-positive bacteria [6].

Despite previous studies showing that Au/ZnO exhibited improved photocatalytic

activity and antibacterial effects against S. aureus and E. coli under visible light irra-

diation [5, 6], we did not observe any difference between the pure ZnO and Au/ZnO

nanomaterials concerning their antimicrobial features against planktonic cells. Very

few studies regarding the influence of Pd on the antimicrobial features of ZnO NPs

have been reported. Gondal et al. reported that loading ZnO NPs with 5% nano-Pd

increased the antifungal activity of nano-ZnO against Aspergillus sp. and Candida

sp. strains [5]. Our study reveals that Pd increased the inhibitory activity of ZnO

against the planktonic growth of S. aureus.

Although the efficiency of TiO2 materials was lower than that of ZnO materials

against planktonic cells, however, they proved a similar or even improved activity

against biofilm growth, the MBEC values being up to 4 times lower than the corre-

sponding MIC values (Table 3 and Fig. 7).
Table 3. MBECs (mg/mL) of the obtained materials toward the tested strains.

TiO2 Au/TiO2 ZnO Ag/ZnO Au/ZnO Pd/ZnO

S. aureus 2.5 2.5 0.625 0.625 0.625 0.625

E. faecalis 5 2.5 1.25 1.25 1.25 1.25

E. coli 2.5 2.5 0.625 0.312 0.156 0.078

P. aeruginosa 1.25 1.25 1.25 1.25 1.25 1.25

C. albicans 1.25 1.25 0.312 0.156 0.312 0.312

Fig. 7. The CMEB values obtained for the compounds tested against microbial germinating strains.
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This is a very significant result, taking into account that the microbial cells grown in

biofilms are much more tolerant to antimicrobial substances, the concentrations

required to eradicate biofilms being up to hundreds times higher than the concentra-

tions active on the microbial cells grown in suspension. Moreover, Au doping

increased the anti-biofilm activity of TiO2 material in the case of E. faecalis biofilms.

However, ZnO materials exhibited a much lower anti-biofilm activity in case of all

tested bacterial strains, the MBEC values being up to 16 fold higher than the corre-

sponding MICs. Only the antifungal activity of these materials was similar against

yeast cells in planktonic and biofilm growth state. All doping of noble metals

improved the anti-biofilm activity of ZnO materials against E. coli biofilms,

decreasing the MBEC values by 8 fold in case of Pd, 4 fold in Au and 2 fold in

case of Ag. The results of our study indicate only a moderate antimicrobial activity

of Au doped TiO2 NPs, as revealed by the high MIC values.
4. Conclusion

ZnO and TiO2 nanomaterials were produced successfully by combustion synthesis.

The XRD patterns revealed that tetragonal TiO2 of anatase phase was formed. The

SEM data showed that there was not uniform mixing of the noble metal dopants in

the Pd/ZnO and Au/TiO2 samples and they were agglomerated. LSPR absorption of

the Au was also observed for TiO2 samples in the range 550e650 nm. The results of

the antimicrobial assays were very promising, showing a large spectrum of antimi-

crobial activity for all ZnO materials towards the planktonic growth of all tested

Gram-positive and Gram-negative bacterial strains, with very low MIC values and

the good anti-biofilm features of all doped materials, particularly of ZnO doped

with Au and Pd against E. coli and of ZnO doped with Ag against C. albicans bio-

film. From these results the potential that these materials have for antimicrobial ap-

plications in biomedicine and environmental protection was demonstrated.
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