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ABSTRACT

	 Nanotechnology deals with the measurement and modeling of matter at nanoscale level by 
integrating the field of engineering and technology. Nanoparticles (NPs) have to be characterized 
for chemical, physical, optical and electrical properties followed by their catalytic assessment for 
exploiting their potential in antimicrobial aspects. Recent interest in nanotechnology witnessed the 
importance of doped NPs in various biomedical fields. Some of the prominent features of doped 
NPs that imparts them greater antimicrobial activity involves their stabilization, large surface area 
to volume ratio, and their ability to generate reactive oxygen species as a result of modification of 
band structure by introducing dopants into them. The types of dopants, synthesis techniques and 
experimental parameters are known to affect the overall electronic structure of the material, which 
leads to varied antibacterial efficiency. This review article provides in-depth information of utilization 
of doped nanoparticles of ZnO and TiO2 which are actively in pursuit for antibacterial potential against 
various bacterial and fungal strains.
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INTRODUCTION

	 Nanotechnology involves the designing 
and formulation of matter at nanometer scale from 
their bulk counterparts by incorporating the field of 
engineering and technology1. One of the important 
feature that attracts the use of these engineered 
materials included their manipulation and modification 
for generating novel functional properties2. This 
approach is increasingly exploited on diverse products 
such as foods, testing kits, sensors in security 
systems, in health and medical products3,4.

	 Nanotechnology based approaches are 
more exciting and hence exploited for preparing 
antimicrobial systems for biomedical applications 
by reducing or killing the activity of numerous 
microorganisms5. Researchers have observed 
that titanium and zinc exhibit greater antimicrobial 
potential when reoriented to nanoscale due to their 
potential of generating reactive oxygen species and 
offered increased surface area6. The effectiveness 
against bacteria owe to many favorable attributes 
of NPs such as their size and physical nature, their 
interaction with microorganisms, and their great 
potential in penetrating the bacterial cell7. However, 
NPs based antimicrobial systems suffer from 
limitations owing largely due to overwhelming growth 
and reproduction of bacteria and their capability 
of developing resistance against various bacterial 
population8-11. 

	 Zinc oxide nanoparticles (ZnO-NPs) 
represents an important metal oxide NPs owing to 
their peculiar physical and chemical properties. They 
are being employed in rubber industry as they can 
provide wear-proof of the rubber composite, improve 
performance of high polymer in their toughness 
and intensity, and antiaging. Due to the strong UV 
absorption property of ZnO, it is increasingly used 
in personal care products such as cosmetics and 
sunscreen. In addition, ZnO-NPs have superior 
antibacterial, antimicrobial and excellent UV-blocking 
properties. Therefore in the textile industry, the 
fabrics finished by adding ZnO-NPs exhibited the 
attractive functions of UV and visible light resistance, 
antibacterial and deodorant. Their utility is extended in 
other fields like concrete production, photocatalysis, 
electronics and electro-technology industries12.

	 Titanium dioxide (TiO2) is found in various 
consumer goods and products of daily use such 

as cosmetics, paints, dyes and varnishes, textiles, 
paper and plastics, food and drugs. Due to its high 
diffraction index, and strong light scattering and 
incident-light reflection capability, TiO2 is mostly 
used as white pigment. Moreover, its strong UV 
resistance makes TiO2 the standard pigment found 
in white dispersion paints. Currently, they are mainly 
found in high-factor sun protection creams, textile 
fibers or wood preservatives. The better dispersion 
properties and photostability of TiO2 are achieved by 
coating with other materials. TiO2-NPs exists in two 
phases, rutile and anatase. While the rutile TiO2 are 
applied mainly in suncreams, paints and dyes, the 
anatase TiO2 are rather suited for photocatalysis. 
In the presence of UV radiation, anatase TiO2 can 
form radicals from air or water which can degrade 
oxidatively organic pollutants. Due to their hydrophilic 
character, water forms a closed film on the surface in 
which pollutants, degradation products and microbial 
agents can be easily carried away13. 

Importance of doped NPs as antimicrobial agents
	 Due to the occurrence of several biological 
processes at nanoscale level, it is quite possible 
that engineered nanomaterials may play significant 
role in such cellular processes. The modification of 
surface properties of metal oxide NPs as a result 
of doping with special atom(s) improved the optical 
and electrical properties of these NPs. Metal oxide 
NPs can be deposited on bacteria’s surface or can 
be accumulated in the periplasmic region and for 
disrupting the cellular function for disorganizing 
the membranes. Doped NPs are favorable largely 
as they offer improved interaction to bacterial 
surfaces for ensuring better antibacterial effects14,15. 
The possible mechanism might be that doped 
NPs interacts with the nucleic acid and protein for 
promoting deformation and structural changes in 
the DNA, protein and some growth factor which 
ultimately leads to change in metabolic pathway16-

18. The presence of dopant to NPs may result in 
generation of higher amount of ROS that is required 
for disrupting the membrane structure which leads 
to bacterial death. Mechanistically, these NPs bind 
membrane lipids and liberates ROS to release free 
radicals with significantly enhanced antibacterial 
action Fig.1. Moreover, doped NPs can be coated 
on to surfaces for better use of their antimicrobial 
action as they exhibit greater stability in aqueous 
dispersion for longer durations.

Antimicrobial efficacy of doped ZnO-NPs
	 Zinc oxide is listed as GRAS for its 
antibacterial activity by Food and Drug Administration, 
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Fig. 1. Antibacterial action mechanism of doped nanoparticles 

Table 1: Dopants used to increase the antimicrobial potential of ZnO-NPs

S. no.	 Dopant	 Microbial organisms	 Antimicrobial activity                                                                                       Reference

  1	 Cobalt and	 S. aureus, B. cereus, 	 Antibacterial efficacy against these strains by MIC method showed that

	 Iron	 S. typhi, E.coli	 co-doped ZCF10 and ZCF5 nanoparticles exhibited 40-50% increase in

			   ZOI as compared to pure ZF.	 22	

  2	 Copper	 E. coli E. coli,	 The bactericidal property was found to be concentration dependent and

			   ZnO-NPs with 5% Cu dopants show the maximum inhibition against

			   bacterial growth.	 23

			   ZOI obtained for K. pneumoniae and E. coli by ZnO-NPs was 9 mm and

			   10 mm, respectively while these values were 11 mm and 14 mm for Nd

			   doped ZnO-NPs.	 24

  3	 Neodymium	 K. pneumonia	 ZOI observed by undoped and doped NPs was 10 mm and 20 mm, 

		  S. mutans,	 respectively for S. mutans. However, these values were 12 mm and

		  P. aeruginosa	 23 mm, respectively, for P. aeruginosa. 	 33	

  4	 Nickel	 S. dysenteriae, 	 Antibacterial activity observed by Ni doped ZnO-NPs was 30%, 25%

		  V. cholerae, E. coli	 and 23% against S. dysenteriae, V. cholerae and E. coli, respectively, 

			   as compared to 16%, 7% and 5%, respectively, against these bacterial

			   strains for undoped (pure) ZnO-NPs.	 25

  5	 Fluorine	 E. coli, S. aureus	 The number of organisms grown in the presence of pure ZnO-NPs

			   decreased with time for the first 3 h and then remained same. 

			   However, enhanced antimicrobial activity was observed when the

			   organism was grown in the presence of F-doped ZnO-NPs under visible light.	 26

  6	 Aluminium	 S. aureus, P. aeruginosa, 	 ZOI for Al doped ZnO-NPs was enhanced by 30-50% as compared to

		  S. typhimurium, 	 pure ZnO-NPs against various bacterial strains.	 27

		  K. pneumonia

  7	 Tantalum	 B. subtilis, 	 For E. coli and S. aureus, no significant antibacterial activity was observed

		  S. aureus, 	 for pure ZnO. The lowest MIC for E. coli, S. aureus and B. subtilis was 180,

		  E. coli,	 200, and 160 μg/ml after adding the 5 % Ta-doped nanoparticles into the

			   tubes, respectively.	 28

  8	 Manganese	 P. aeruginosa E. coli, 	 ZOI of ZnS:Mn2+ nanoparticles against E. coli and B. subtilis was 32 mm

		  B. subtilis	 and 35 mm as compared to 15 and 20 mm ZOI, respectively by undoped ZnS.	 29

  9	 Plant extract	 E. coli, S. typhi, 	 ZOI value for E. coli at 40 mg concentration was 13 mm and 15 mm when

		  P. aeruginosa	 red and white flower extracts were used as dopants, respectively. However

			   these values were 15 mm and 20 mm, and 15 mm and 17 mm for S. typhi 

			   and P. aeuruginosa, respectively under identical experimental conditions. 	 31

 10	 Cobalt	 E. coli, V. cholerae	 ZOI of pure ZnO-NPs was 13 mm, 15 mm, 17 mm and 18 mm for S. dysenteriae 

			   ,S. typhi, V. cholera and E. coli, respectively while for 5% Co doped ZnO-NPs,

			   these values were 17 mm, 20 mm, 21 mm and 22 mm, respectively.	 32

USA. Hence, it is extensively used to prepare food 
cans for packaging corn, meat, fish and peas for 
preserving colors and preventing spoilage. ZnO-
NPs exhibited small size and high surface area 
which allowed them to interact with bacteria. Such 

properties imparts enhanced antimicrobial potential 

to these NPs as compared to their bulk counterpart. 

Recent studies suggested their toxicity to selective 
bacteria with minimal effects to human cells 
thereby making them highly suitable for designing 
antimicrobial probes19. Many studies on ZnO-NPs 
exhibited wide range of antibacterial activities20,21.
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 11	 Manganese	 S. aureus, E. coli, 	 MIC for undoped ZnO was 0.16-0.43 mg/ml in case of bacteria. The most 

	 and Iron	 K. pneumoniae, S. typhi,	 effective value of MIC was obtained against S. typhi and E. coli at 0.16 mg

		  C. albicans, A. fumigates,	 /ml while MIC observed for T. mentegrophytes and C. neoformens was 0.33

		  C. neoformans, 	 mg/ml and 26.6 mg/ml, respectively. Moreover, MIC of 0.09 mg/ml was 

		  T. mentegrophytes	 obtained with 10% Fe doping for B.subtilis followed by 0.11 mg/ml for 

			   E. coli and 0.12 mg/ml for S. aureus at the same doping concentration. In

			   case of 1% Fe doping, of all the pathogenic microbes used S. typhi showed

			   best results at 0.13 mg/ml MIC. MIC values for both the fungal strains, i.e. 

			   T. mentegrophytes and C. neoformens were 0.25±0.21 mg/ml and P. 

			   aeruginosa, B. subtilis,11.5±11.8 in case of 10% Fe doping and 0.33±0.14 

			   mg/ml and 13.5±10.9 mg/ml in case of 1% Fe doping, respectively.	 30

 12	 Yttrium	 E. coil, B. subtilis,	 Pure ZnO-NPs showed maximum antibacterial activity against S. aureus, i.e., 

		  S. typhi	 18 mm as compared to 16 mm by 15% Y doped ZnO-NPs.	 35

 13	 Cerium	 S. aureus,	 At 100 microlitre/well concentration of ZnO-NPs, ZOI (mm) was 9, 8, 12, 12

	 and Iron	 K pneumoniae, E. coli, 	 and 11 for S. aureus, K. pneumoniae, E. coli, P. aeuruginosa and B. subtilis,

		  P. aeuruginosa, B. subtilis	 respectively. However, these values were 24, 25, 24, 28 and 23 mm, respectively

			    for the doped ZnO-NPs.	 39

 14	 Silver and	 B. subtilis, 	 The photocatalytic activity of ZnO-NPs was improved for decolorization efficiency

	 Nickel	 P. aeruginosa	 of methyl violet (industrial pollutant) by Ag doping with optimum 2%.	 36

			   ZOI for ZnO-NPs and Ni-doped ZnO-NPs against P. aeruginosa and B. subtilis 

			   was 4-8 mm and 9-14 mm, respectively.	 37

 15	 Copper oxide	 E. coli, S. aureus	 ZOI for prickly Zn-CuO-NPs were 24.2 and 26.8 mm for E. coli and S. aureus, 

			   respectively, while the corresponding data for Zn-CuO nanorods were 0 and 

			   20.1 mm.	 38

Table 2: Dopants used to increase the antimicrobial potential of TiO2-NPs

 S. 	 Dopant	 Microbial	 Antibacterial activity                                                                                                              References
no.		  organisms

 1	 AgNPs	 S. aureus,	 The viability of S. aureus, P. aeruginosa and E. coli was reduced to zero at 3% and 7% 	 49

		  P. aeruginosa, 	 Ag-doped TiO2-NPs. However, annealed TiO2 showed zero viability at 80 mg/30 mL where 

		  E. coli,	 as doped Ag-TiO2 7% showed zero viability at 40 mg/30 mL culture in the case of

		  S. epidermidis,	 P. aeruginosa only.	

			   Undoped NPs does not show any antibacterial activity against S. aureus and E. coli. However,	 45

			   Ag doped and chitosan doped TiO2-NPs exhibited excellent bacterial inhibition zone. The 

			   size and ZOI increases with the increase in Ag content. Interestingly, ZOI was more for 

			   Ag/chitosan capped TiO2-NPs as compared S. aureus, E. coli to Ag doped TiO2-NPs.	

			   The OD of bacterial culture media was reduced by 95% in the presence of Ag doped 	 51

			   TiO2-modified NRLF after 3 h as compared to 50% by TiO2-modified NRLF under similar 

			   experimental conditions.	

 2	 Cerium	 E. coli	 In 1 mg/ml cerium doped TiO2-NPs, only 38 colonies were observed as compared to 120 

			   colonies observed for pure TiO2-NPs.	 46

 3	 Iron and	 E. coli, 	 A significant decrease was observed in S. aureus at 500 μg/ml concentration of 0.5% 	

	 Indium	 S. aureus	 indium doped TiO2-NPs.	 47

 4	 SiO2	 P. aeruginosa, 	 ZOI (mm) for pure and TiO2-SiO2-Ag nanocomposite obtained for S. aureus was 12 and 16, 

		  E. coli	 respectively; K. pneumonia was 14 and 18, respectively; E.coli was 14 and 17, respectively; 

			   P. aeruginosa was 15 and 21, respectively; A. niger was 11 and 14, respectively; Trichophyton

			   was 14 and 20, respectively; Fusarium was 12 and 16, respectively; and Mucor was 12 and 

			   16, respectively.		

 	  		  Ag doped TiO2-SiO2 catalyst showed superior photoactivity against E.coli as compared to 	 50

			   the gel-derived TiO2-SiO2 counterpart under similar experimental conditions.	

 5	 Nitrogen	 S. pyogenes, 	 AgNPs impregnated N-doped titania films exhibited strong visible-light enhanced antibacterial	 52

		  E. coli, S. aureus,	  properties and improved durability as compared to undoped NPs.	

		  A. baumannii		
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	 Since, the doping of NPs results in 
generation of higher amount of ROS which is needed 
for disrupting the cell for inducing bacterial death, 
researchers have earlier formulated Co/Fe doped 
and Co-Fe Co-doped ZnO-NPs (of composition 
Zn0.85Co0.15–x FexO where x = 0, 0.15, 0.10, 0.05 
labeled as ZC, ZF, ZCF10, ZCF5) by mechano-
chemical method. XRD results suggested that  
Co/Fe doped and Co-Fe co-doped ZnO-NPs 
possess wurtzite crystal with hexagonal structure 
with an average crystallite size between 17-32 nm. 
FTIR result showed the presence of absorption 
bands in 478-445 cm-1 region due to νZn–O mode 
which indicated that Co and Fe have substituted 
Zn in ZnO matrix22. SEM images revealed that Co 
doped ZnO nanocrystalline powder (ZC) possesses 
spherical structure whereas Fe doped (ZF) and  
(Co, Fe) co-doped (ZCF10 and ZCF5) samples 
have shown hexagonal structures. The antimicrobial 
potential of the prepared samples were observed 
in Gram positive bacteria such as B. cereus and 
S. aureus, and in Gram negative bacteria including 
S. typhi and E. coli. MIC method has shown ZC, 
and co-doped ZCF10 and ZCF5 NPs constitute 
promising antibacterial agents as compared to ZF. 
In another approach, sol-gel technique was used to 
prepare Zn1−x CuxO (x = 0.00, 0.01, 0.03, and 0.05) 
NPs by employing nitrate and gelatin as precursors. 
Further, the effect of various concentration of copper 
was observed on other bacterial strains. XRD 
result illustrated the doping of Cu into ZnO-NPs. 
Field emission SEM revealed their spherical shape 
which measures 30-52 nm. Doping with copper 
generated Cu–O–Zn structure on the surface which 
was responsible for decrease in its crystalline size 
and increase in the energy band gap. Moreover, it 
was observed that Cu doped ZnO-NPs show better 
antimicrobial potential against E. coli as observed by 
measuring the zone of inhibition (ZOI) diameter23.

	 Neodymium (Nd) was earlier used to dope 
ZnO-NPs to improve its properties by co-precipitation 
technique. Zn-O stretching bands were observed at 
422 and 451 cm-1 for ZnO-NPs and Nd doped ZnO-
NPs, respectively as observed by FTIR spectroscopy. 
UV-Vis spectroscopy revealed the presence of 
excitonic peaks at 373 nm and 380 nm for the 
formulated samples. Antimicrobial screening of these 
nanomaterials against E. coli and K. pneumoniae 
exhibited that Nd doped ZnO-NPs were superior 
as compared to undoped ZnO-NPs. Moreover, 

SEM showed negligible viability of bacterial cell 
because of impairment of cell membrane integrity24. 
In another study, ZnO-NPs were doped with Ni to 
observe their antimicrobial effect against V. cholera, 
S. dysenteriae and E. coli. Ni-doped ZnO-NPs 
represents hexagonal wurtzite structure as revealed 
by XRD analysis. Additionally, the shifting of XRD 
peaks for the doped NPs gave clues for the Ni ions 
incorporated well in the ZnO lattice. SEM confirmed 
the formation of nanocrystallites with spherical 
shape. EDS spectroscopy indicated that Ni2+ was 
substituted in lattice site of Zn2+. The optical property 
of the designed doped NPs was further substantiated 
by UV-Vis studies which indicated that Ni-doped  
ZnO-NPs enhanced the antibacterial potential  
in E. coli and V. cholera as compared to pure  
ZnO-NPs25. S. aureus and E. coli when employed 
to evaluate the antimicrobial properties of F doped 
ZnO-NPs confirmed the same26. It was further 
noticed that F-doping was more effective against  
E. coli and S. aureus as compared to pure ZnO-NPs 
after irradiated with visible light.
	
	 Doping of ZnO-NPs by aluminum had 
shown improved antibacterial activities against 
many bacterial strains like S. aureus, P. aeruginosa,  
S. typhimurium and K. pneumonia27. Moreover, ZnO-
NPs were doped using Ta by Guo and coworkers, 
and their antimicrobial study was carried on  
E. coli, S. aureus, P. aeruginosa and B. subtilis 
by a standard microbial method28. MIC results 
indicated that such Ta5+ ions incorporates into ZnO 
and improved their bacteriostasis effect on many 
strains under the absence of light. Alternately, doped 
ZnO-NPs showed high bactericidal efficacy in dark 
as witnessed by MIC results. Such improvement 
in antibiotic efficiency in dark conditions may be 
hypothesized due to combined effect of enhanced 
electrostatic force and surface bioactivity.

	 ZnS-NPs were doped with Mn2+ and 
modified by thio-glycolic acid to estimate its 
antimicrobial utility against B. subtilis and E. coli. 
It was observed that B. subtilis showed greater 
antimicrobial effect (35 mm) to Mn doped NPs at 
50 mM. However, ZOI (20 mm) was maximum for  
E. coli under similar incubation conditions29. Sharma 
et al., (2016) have earlier developed the combination 
therapy of antibiotics and doped ZnO-NPs that can 
be used against MDR microorganisms30. The doped 
ZnO-NPs showed enhanced antimicrobial potential 
as compared to pure ZnO-NPs. 
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	 Green nanotechnology was also attempted 
for pathogen detection and environmental protection 
[Shoba et al., 2013]. These workers exploited 
ethanolic extract of Bougainvillea glabra as dopant 
to dope MgS-NPs and observed that they display 
promising antibacterial activity. Interestingly, it was 
observed that MgS-NPs doped with white colored 
flower extracts enhanced the antimicrobial potential 
significantly as compared to doping with red colored 
flower extracts. They hypothesized that white flowers 
may contain active antibacterial component and can 
be suggested as an antibiotic agent to inhibit the 
bacterial growth31. Cobalt doped ZnO-NPs exhibited 
greater effects against water borne bacteria. XRD 
and SEM results suggested the crystalline single 
phase structure. Doping of ZnO-NPs with Co, 
coupled with sunlight exposure further elevates 
the antimicrobial activity for water borne isolates of 
bacteria like E. coli and V. cholerae32. 

	 An attempt was made to dope ZnO-NPs 
with trivalent neodymium (Nd3+) to improve the 
optical and antibacterial performance against certain 
human pathogenic bacteria. The high resolution SEM 
images pointed to spindle shaped structure, and the 
presence of Nd3+ ions was indicated through EDS 
spectroscopy. Greater concentration of Nd3+ used 
to dope ZnO-NPs exhibited enhanced antimicrobial 
potential than the lower concentration of Nd3+ 
used for doping. This effect was due to the oxygen 
vacancies created that leads to the electron-hole 
pairs of the NPs33. Sharma and coworkers have 
studied the antimicrobial activities of ZnO-NPs that 
were doped with Mn/Fe against S. typhi, B. subtilis, 
S. aureus, E. coli, P. aeruginosa and K. pneumoniae, 
and several fungi including T. mentegrophytes,  
A. fumigatus, C. albicans and C. neoformans. The 
formulated doped NPs were evaluated for their 
photocatalytic activities by degrading methylene blue 
dye in aqueous solution under UV light irradiation. 
It was observed that ZnO-NPs doped with 10% of 
Mn and Fe ions exhibited maximum antimicrobial 
potential and photodegradation efficiency which 
may be attributed to ROS generation as a result of 
synergism of Mn and Fe34.

	 Yttrium-doped ZnO-NPs were utilized as 
antimicrobial agents against B. subtilis, S. typhi 
and E. coli. Pure ZnO-NPs showed excellent 
antimicrobial efficacy against S. aureus while ZnO-
NPs doped with Yttrium showed excellent inhibition 

for all the tested strains35. Hence, Y-doped ZnO-
NPs can serve as inexpensive and good inorganic 
antimicrobial agents. Similarly, Ag-doped ZnO-NPs 
and Ni doped ZnO-NPs were successfully utilized in 
wastewater treatment plants and as an antimicrobial 
agent against P. aeruginosa and B. subtilis, 
respectively36,37. Zinc-doped CuO-NPs serves as 
an excellent antimicrobial nanomaterial due to its 
effective antibacterial activity against MDR bacteria. 
These NPs liberate intracellular ROS that plays an 
important role in killing bacteria. Hence, Zn doped 
CuO-NPs were synthesized by Wu and coworkers via 
sono-chemical method which were shown to exhibit 
strong antibacterial activity. They were able to kill 
99.0% bacteria within 10 min under dark conditions 
apart from significantly hampering the bacterial 
growth in LB culture medium. The formulated Zn 
doped CuO-NPs exhibited nanopiercing on bacterial 
membrane which accelerates the leakage of 
cytoplasma leakage. Hence, such multidimensional 
Zn doped CuO-NPs nanorods and exhibit distinct 
distinct antibacterial activity as compared to undoped 
ZnO-NPs or undoped CuO-Ce-Fe doped zinc NPs 
NPs38,39.

Antimicrobial efficacy of doping TiO2-NPs
	 Introduction of dopants into the synthesized 
NPs leads to the development of versatile 
antimicrobial materials that are finding utility as 
packaging materials and in other biomedical 
applications. The photo activation property of the 
oxide component of titanium nanoparticles (TiO2-
NPs) makes them highly effective in antimicrobial 
screening. Their biocidal action arises due to the 
modulation of charge (electron-hole) carriers at 
the interface of the external surface of the material 
which is needed for imparting durable capability. 
The dispersion of inorganic phase and organic-
inorganic interfacial contact was optimally achieved 
for TiO2-NPs by several researchers40-42. These 
NPs possess broad-spectrum antimicrobial efficacy 
against gram-negative and Gram-positive bacteria, 
and several fungi. Since, the doped TiO2-NPs 
nanoparticles exert a non-contact biocidal property 
and are environmental friendly, they do not release 
potentially toxic ions, a property required to prepare 
disinfectants43,44.

	 Titanate nanowires film was prepared by Xu 
and co-workers on a Ti substrate by hydrothermal 
technique. AgNPs were used to dope the prepared 
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nanowire followed by the deposition of chitosan. It 
resulted in increased surface area and enhancement 
in the biocompatibility of titanium implants45. Doping 
of these wires with AgNPs further elevates the 
antimicrobial potential. Cell viability tests further 
indicated the involvement of Ag+ for hindering the 
growth proliferation. Earlier, cerium doped TiO2-NPs 
were investigated for their excellent antibacterial 
potential against E. coli46. Moreover, TiO2-NPs doped 
with iron and indium exhibited greater antibacterial 
activities against E. coli and S. aureus in contrast 
to their naïve counterparts47. Additionally, TiO2-NPs 
and silica nanoparticle (TiO2@SiO2) were modified 
by AgNPs and characterized by SEM and EDAX. 
The result on antibacterial activities showed higher 
inhibition efficiency against P. aeruginosa bacteria 
and Trichophyton fungi48. Similarly, pure TiO2 and Ag-
doped TiO2-NPs were assessed for their antibacterial 
properties against P. aeruginosa, E. coli and  
S. aureus under visible-light irradiation49. The viability 
of the attempted microorganisms was hampered by 
these NPs. Similarly, the disinfection efficiency of 
Ag-TiO2-SiO2 nanomaterials were determined under 
solar irradiations, in dark condition, UV-A and UV-C 
against E. coli. SiO2 mixed with TiO2 (Si to Ti = 10:90) 
increased the specific surface area of the obtained 
photocatalyst as compared to commercial TiO2. Ag-
TiO2-SiO2 nanomaterials exhibited higher disinfection 
efficiency than TiO2-SiO2 since both AgNPs and 
ions showed strong antimicrobial potential50. The 
bactericidal effect of Ag-TiO2-SiO2 was improved 
under light in contrast to dark conditions. Moreover, 
the superior synergistic effect of Ag-TiO2-SiO2 was 
obtained under both solar light and UV-A.

	 Incorporation of Ag-doped TiO2-NPs into 
natural rubber latex foam (NRLF) enhanced its 
antimicrobial potential under visible light51. Modified 
NRLF showed greater antibacterial activity against  
S. aureus, E. coli and S. epidermidis under 
visible light conditions. The spectrophotometric 
measurements confirmed the inhibition of bacterial 
growth by the modified NRLF. Therefore, it can 
be suggested that Ag-doped TiO2-NPs modified 
NRLF can be exploited as a potential antimicrobial 
agent for making antibacterial natural rubber latex 

foam materials. The antibacterial properties of N2 
doped TiO2-NPs as sandwich films embedding 
Ag in between the two layers was investigated by 
Wong and co-workers. The antibacterial potential of 
these thin films was improved significantly in both 
dark and visible light, and could efficiently remove  
S. pyogenes, A. baumannii, S. aureus and E. coli52.

CONCLUSION

	 Doped NPs have gained significant attention 
in obtaining successful antimicrobial systems in the 
recent past since they prevent the aggregation 
of NPs and allow them to disperse in aqueous 
environments or other hydrophilic media. Doping 
modification is one of the most effective methods 
to regulate and control the interaction of NPs and 
bacteria. Hence, doped NPs are increasingly used 
to target bacteria as an alternative to antibiotics and 
have shown their utility in treating bacterial infections. 
Examples include the utilization of doped NPs in 
antibacterial coatings for implantable devices and 
medicinal materials to prevent infection and promote 
wound healing, in antibiotic delivery systems to treat 
disease, in bacterial detection systems to generate 
microbial diagnostics, and in antibacterial vaccines 
to control bacterial infections. The antibacterial 
mechanisms of doped NPs are poorly understood, but 
the currently accepted mechanisms include oxidative 
stress induction, metal ion release and non-oxidative 
mechanisms. The multiple simultaneous mechanisms 
of action against microbes would require multiple 
simultaneous gene mutations in the same bacterial 
cell for antibacterial resistance to develop; therefore, 
it is difficult for bacterial cells to become resistant to 
doped National Pension System (NPs). 
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