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Abstract  In the green synthesis of titanium dioxide nanoparticles (TiO2 NPs) chemical reagents are replaced with 

biological extracts. Conventional methods used in the manufacture of TiO2 NPs raise environmental issues as they use 

harmful chemicals and spend a high amount of energy. At a laboratory scale, biologically synthesized titanium dioxide 
nanoparticles (bio-TiO2 NPs) proved to be a suitable alternative to the chemically synthesized ones. The biological 

activity of NPs is mainly determined by their shape, size and crystalline structure. However, these characteristics are 

hardly controlled when natural sources of reagents are used and so bio-TiO2 NPs did not reach an advanced 
technology readiness level. In this paper, we reviewed the majority of the available studies referring to bio-TiO2 NPs. 

Our aim is to briefly present the efficiency of biochemicals from different living organisms in producing TiO2 nano-

scale particles as well as the benefits bio-TiO2 NPs would bring to the biomedical, agricultural and industrial sectors. 

Finally, based on the available data we discuss the sustainability of bio-TiO2 NPs referring to their possible 
environmental, economic and societal impacts.  
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Introduction 

 

Titanium dioxide nanoparticles (TiO2 NPs) are some of 

the most produced and used nanomaterials worldwide. 
Products containing TiO2 NPs are already available on 

the market (Robichaud et al., 2009; Inshakova and 

Inshakov, 2017). Also, applications involving them in 
agriculture (Rodríguez-González et al., 2019), medicine 

(Ziental et al., 2020) and energetical field (Hou et al., 

2019) are currently under development. Therefore, the 
production volume of TiO2 NPs is predicted to grow in 

the near future in order to satisfy the increased demand. 

As the majority of human activities, the industry of NPs 

has a serious negative impact on the environment. 
According to estimations made in 2018, the global 

greenhouse emissions of TiO2 NPs manufacturing 

process were comparable to that of automobile 
manufacturing industry in the United States (Wu et al., 

2019).  

The negative environmental impact of NPs synthesis 

derives from the conventional techniques used by 
manufacturers. These usually require high energy 

consumption and harmful reagents (Jamkhande et al., 

2019).  
 

 

 

 

 

 

In an attempt to prevent the increase of emissions of NPs 
manufacturing, researchers explored the potential of 

natural extracts as reagents instead of chemical ones.  

The techniques that involve extracts from 
microorganisms or different plant parts are important in 

the framework of the biological/green NPs synthesis 

methods. Broadly, NPs are formed through the action of 

biochemicals on metal ions provided by a precursor salt. 
In the case of TiO2 NPs, the precursor can be represented 

by titanium tetraisopropoxide (Landage et al., 2020), 

metatitanic acid (Alavi and Karimi, 2018), titanium 
oxysulfate (Subhapriya and Gomathipriya, 2018) or bulk 

forms of TiO2 (He et al., 2017). If we go further, 

agrowastes or organic matter waste may represent a 
sustainable source of biomolecules for the green 

synthesis of NPs (Zamani et al., 2019).  

However, biological techniques remained at a laboratory 

scale mostly because the morphology of NPs is hard to be 
controlled. The biological activity of TiO2 NPs is mainly 

determined by their shape, size and crystalline structure. 

However, there is evidence that bio-TiO2 NPs present on 
their surface biomolecules from the biological extract 

used (Kaur et al., 2019). So far, it is unknown whether 

this coating brings new properties to green NPs. 
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Even though green synthesis methods are clearly 

economically feasible and have a low impact on 
environment, there are concerns regarding their final 

products, the nano-scale particles. Public acceptance of 

NPs is mainly impeded by their possible toxic effects. 
However, experimental data referring to the toxicity of 

green TiO2 NPs are nearly inexistent. Research focused 

more on the applications of bio-TiO2 NPs and in many 
cases, they proved to be a viable alternative to the 

chemically synthesized ones.  

 

Conventional methods used for TiO2 NPs 

synthesis   

 

As time went on, intense research efforts in 
nanotechnology have led to the designing of a wide 

variety of synthesis approaches that are available 

nowadays for the production of nanoscale particles. 

IUPAC defines a NP as a particle with dimensions 
between 1 and 100 nm (Vert et al., 2012). Thus, there are 

two different possibilities to build NPs, depending on 

”the starting point”. One cluster of synthesis methods are 
defined by a top-down approach consisting in the 

reduction in size of a larger structure represented by the 

bulk material. The other option is to start from lower size 
particles such as atoms and molecules and assemble them 

until the new structure reach the dimension of a NP. The 

last one represents the principle of the bottom-up 

approach. Also, NPs synthesis methods can be classified 
as physical, chemical or biological (green synthesis or 

bio-assisted synthesis) methods, depending on the nature 

of treatments and processes involved (Ijaz et al., 2020).  
Generating NPs by physical methods implies the use of 

mechanical (Yadav et al., 2015), thermal (Sofronov et al., 

2020), radiation (Singh et al., 2016) or electrical energy 

(Kumar et al., 2019), processes usually making use of the 
top-down principle. Other common physical methods that 

led to the formation of metal oxide NPs include ball 

milling, sputtering, electrospraying, laser ablation and 
laser pyrolysis. These techniques are different and each 

one presents advantages and disadvantages. However, 

there are a few physical methods such as the flame spray 
pyrolysis that are classified as bottom-up methods. 

Overall, the major disadvantage of physical methods is 

that they are less economical. Processes require a huge 

amount of energy, expensive equipment and an abundant 
waste is produced. On the other side, these methods can 

be used to obtain a large range of materials, 

contamination does not occur and NPs obtained have 
particular properties depending on the method used 

(Jamkhande et al., 2019). 

The synthesis of NPs through chemical techniques is 
usually done by bottom-up methods. Examples of the 

most common chemical methods used to synthesise 

metallic oxide NPs are sol gel method, microemulsion 

technique, hydrothermal method, polyol synthesis and 
chemical vapor synthesis. The major disadvantage of 

chemical methods is that they use substances which are 

corrosive, toxic, harmful for human health and also may 

pollute the environment having concerning 
consequences. On the other hand, the parameters 

(morphology, size, shape) of NPs produced by chemical 

methods are easily controlled and the techniques are 
relatively simple (Jamkhande et al., 2019). 

 

Green approaches and natural sources of 

biochemicals used for synthesis of TiO2 

NPs 

 

Nowadays, biological methods are gaining more attention 
due to their characteristics which make them a viable 

eco-friendly, simple and cost-effective alternative to 

chemical and physical methods (Wong-Pinto et al., 

2020). Practices involving living organisms in the 
synthesis of NPs are also known as green synthesis 

methods because they are in accordance with the 

principles of green chemistry, a concept of sustainable 
development addressed to the molecular level. 

Ten year ago, the Twelve Principles of green chemistry 

have been stated, which can be summarised as: 1) waste 

prevention, 2) atom economy (to maximise the fraction of 
the used raw materials), 3) less hazardous chemical 

synthesis, 4) safer chemicals, 5) safer solvents and 

auxiliaries, 6) energy efficiency, 7) renewable feedstocks, 
8) reduced derivatives, 9) use catalytic reagents, 10) 

design biodegradable materials and chemicals, 11) 

pollution prevention and 12) accident prevention 
(Anastas and Eghbali, 2010). 

The majority of studies implement a NPs synthesis 

approach in two steps: 1) preparation of a biological 

reagent and 2) the synthesis of NPs.  
Generally, aqueous plant extracts are preferred, although 

ethanol is sometimes used as a solvent. To prepare this 

type of extract, a plant part is collected, washed, dried 
and grinded. The obtained powder is mixed with a 

solvent and usually boiled for a couple of minutes. The 

extract and biological waste material are separated by 
filtration or centrifugation. On the other hand, 

microorganisms can be also involved in the green 

synthesis of NPs as intact cells or a filtrate obtained from 

a liquid culture.  
To synthesise metallic NPs, the biological reagent is 

mixed with a precursor containing metal ions. The 

biochemicals from the biological reagent will start 
converting ions into nuclei in a time dependent manner. 

A constant deposition of ions on the nuclei will lead to 

the increase of their dimensions up to the nanoscale 

(Tehrani et al., 2019). Previously it was observed that 
properties of the green NPs, such as their morphology, 

depend on the amount of biochemicals extracted, the ratio 

between biochemicals reducing agents and quantity of 
ions, the period of time in which they are in contact, 

temperature, pH of the mixture as well as exposure time 

to light (Shankar et al., 2014; Kumari et al., 2016; 
Velgosová et al., 2016; Satpathy et al., 2019).    
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Mostly, the biological synthesis of NPs is based on the 

reducing power of microorganisms and plants extracts. 
As each species is able to synthesize different 

biomolecules, the reducing power and yield differ from 

one organism to other.  
Broadly, the biological activity of NPs is dependent on 

their size and shape. For TiO2 NPs the crystalline phase is 

also specific. TiO2 crystals can be packed into the form of 

anatase, rutile or brookite, each with different features. 
      

1. Bacterial species involved in the synthesis of TiO2 
NPs  
 

Once biological entities have been involved in the 

nanotechnological field, bacteria proved that can act as 

important nanofactories. First, bacteria possess an intense 
ion reducing activity due to their enzymatic system which 

is able to convert different metal salts into nanoscale 

metal structures (Kalimuthu et al., 2008; Bai et al., 2009). 
Secondly, hazardous chemicals are not used in bacterial 

mediated synthesis and the costs are minimal. Moreover, 

bacterial cultures are easy to handle and obtain as 

bacterial cells usually have a high growth rate. Also, the 
parameters influencing their growth (e.g. temperature, 

nutrients) are controlled without difficulties in an 

artificial environment.  
Studies performing bacterial mediated synthesis of TiO2 

NPs used organisms belonging to different genera such 

as: Aeromonas (Jayaseelan et al., 2013), Bacillus (Kirthi 
et al., 2011; Órdenes-Aenishanslins et al., 2014; Khan 

and Fulekar, 2016; Jalali et al., 2020), Halomonas (Taran 

et al., 2018), Propionibacterium (Babitha and Korrapati, 

2013), Staphylococcus (Landage et al., 2020) and 
Streptomyces (Ağçeli et al., 2020). So far, several species 

of the genus Bacillus were involved in the green 

synthesis of TiO2 NPs and all led to different 
performances. TiO2 NPs synthesized in a culture of B. 

thuringiensis had a size of 33-44 nm and Fourier-

transform infrared spectroscopy (FTIR) analysis 
suggested that they are coupled with phenolic, alcoholic, 

carboxylic groups and aliphatic amines as well as lipids 

and proteins. The analysis also suggested that water 

droplets are present on their surface (Jalali et al., 2020). 
Scanning electronic microscopy (SEM) images revealed 

TiO2 NPs within the size range of 50 to 90 nm when B. 

subtilis cells were used. The evaluation showed that the 
biomolecules on the surface were not so diverse (Kirthi et 

al., 2011). A similar result was obtained by Órdenes-

Aenishanslins et al. (2014) when TiO2 NPs were 

synthesized using B. mycoides. The study of Khan and 
Fulekar (2016) on TiO2 NPs synthesis using B. 

amyloliquefaciens suggested that the extracellular 

bacterial enzyme alpha amylase plays a significant role in 
the formation and stabilization of these NPs. The reaction 

between B. amyloliquefaciens cells and titanyl sulphate 

resulted in TiO2 NPs with a variable size (22.11-97.28 
nm) and a cristaline anatase structure. It is important to 

mention that, in order to boost the photocatalytic 

performances of the resulted NPs, they were doped with 

different metals such as: platinum, lanthanum, zinc and 

silver (Khan and Fulekar, 2016). The ability of alpha 
amylase to assist the biosynthesis of TiO2 NPs was also 

confirmed by Ahmad et al. (2015). They proposed that 

the proline residues of this enzyme play a crucial role in 
the TiO2 NPs biosynthesis mechanism. More specifically, 

the titanyl hydroxide or titanyl sulphate (or any other 

precursor) is protonated due to a hydrogen ion from this 

amino acid which is picked up by a pair of electrons from 
the oxygen in hydroxyl group of the precursor salt. 

Further, a water molecule detaches from the precursor, 

causing the reduction of titanium to the ionic form Ti
3+

. 
The proline chemical structure recovers by picking up the 

hydrogen ion from the Ti compound and thus the 

formation of TiO2 takes place (Ahmad et al., 2015). The 

same mechanism was proposed also by Jayaseelan et al. 
(2013) that studied the formation of TiO2 NPs assisted by 

Aeromonas hydrophila. Gas chromatography–mass 

spectrometry (GC-MS) analyses revealed that the 
dipeptide glycyl-L-proline was the major constituent of 

the liquid culture used. Other found minor constituents (l-

Leucyl-d-leucine, glycyl-L-glutamic acid and uric acid) 
also include carboxyl and carbonyl groups which are 

thought to be involved in the reducing and capping of 

NPs (Jayaseelan et al., 2013). It is necessary to mention 

that besides amylase other enzymes such as urease 
(Johnson et al., 2012) and lysozyme (Luckarift et al., 

2006) were found to be involved in NPs biosynthesis 

process.  
As precursor titanium salts could harm bacteria and so 

affect the success of NPs formation, the use of heavy 

metal resistant microorganisms could solve this issue. 
The pressure of hostile environments forced bacteria to 

adapt by evolving molecular mechanisms aiming to 

solubilize and accumulate metals (Jose et al., 2011; 

Lopes et al., 2020). For example, Propionibacterium 
jensenii strain isolated from coal fly ash effluent and 

screened for different heavy metal salts was effectively 

used to synthesise anatase-TiO2 NPs with a size range 
between 15 to 80 nm as SEM images shown (Babitha and 

Korrapati, 2013). TiO2 NPs were also synthesized using a 

strain of B. mycoides originating from the soil of a 

volcanic area (Órdenes-Aenishanslins et al., 2014).    
Another method developed to obtain TiO2 NPs used a 

strain of Streptomyces isolated from soil samples. It was 

noticed that concentration of titanyl hydroxide (used as a 
precursor) had no significant effect on the size 

distribution of TiO2 NPs, but changed the yield of 

reaction. Therefore, a proportion of 2:1 between the 
titanyl hydroxide solution and bacterial culture was found 

to maximize the production of TiO2 NPs, but just at a pH 

of 6.5. Increased pH values above this limit caused a 

decline in the production rate of NPs (Ağçeli et al., 
2020). The biosynthesis of TiO2 NPs was reported also 

using Staphylococcus aureus (Landage et al., 2020) and 

Halomonas elongata (Taran et al., 2018).  
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All studies mentioned in this section are summarized in 

Table 1 together with characteristics of the obtained NPs 
and their possible applications. 

 

 

 

  Table 1. Bacterial species involved in TiO2 NPs synthesis 

Bacterial species 
Titanium 

precursor 

Size (nm) 

and shape 

Crystalline 

phase 
Application Reference 

Aeromonas hydrophila TiO(OH)2 
28-54; 

round 
rutile antibacterial activity Jayaseelan et al. (2013) 

Bacillus 

amyloliquefaciens 
TiOSO4 

22.11-

97.28; 

spherical 

anatase 
photocatalytic degradation 

of reactive red 31 dye 

Khan and Fulekar 

(2016) 

Bacillus mycoides TiO(OH)2 
40-60; 

spherical 
anatase 

antibacterial activity; 

potential use in solar cells 

Órdenes-Aenishanslins 

et al. (2014) 

Bacillus subtilis TiO(OH)2 
66-77; 

spherical 
anatase - Kirthi et al. (2011) 

Bacillus thuringiensis TiO(OH)2 
33-44; 

spherical 

anatase and 

rutile 

increasing the persistence 

of a microbial insecticide 
Jalali et al. (2020) 

Halomonas elongate TiO(OH)2 

104.63 

±27.75; 

spherical 

anatase antibacterial activity Taran et al. (2018) 

Propionibacterium 

Jensenii 
TiO(OH)2 

15-80; 

spherical 
anatase wound healing potential 

Babitha and Korrapati 

(2013) 

Staphylococcus aureus TTIP 
10-30; 

spherical 
anatase antibacterial activity Landage et al. (2020) 

Streptomyces sp. TiO(OH)2 
43-67; 

spherical 
anatase 

antibacterial and 
antifungal activity 

Ağçeli et al. (2020) 

  TTIP– titanium isopropoxide; TiOSO4 – titanium oxysulfate; TiO(OH)2 – metatitanic acid. 

 

 

2. Fungi and yeast species involved in the synthesis of 

TiO2 NPs 
 

Some unique features that make microfungi suitable for 

NPs production were revealed so far. First of all, fungal 
cultures, as bacterial ones, does not require high amounts 

of financial or energetical resources. They are easily 

obtained and handled and their use makes the synthesis of 
NPs greener. Compared to other microorganisms, 

microfungi can easily grow in bioreactors, the mycelial 

biomass being increased as well as the yield of NPs 

production. Fungal mediated synthesis of NPs is mostly 
based on the amount of extracellularly released enzymes 

(Alghuthaymi et al., 2015; Guilger-Casagrande et al., 

2019). However, the synthesis can be performed also 
intracellularly, fungal cells showing higher accumulation 

yields which are based on a high affinity of the cell walls 

for metal salts. Not least, microfungi tolerate high 
amounts of metals when compared to bacterial cells 

(Hulkoti and Taranath, 2014). 

In the past years some fungal strains were studied for 

their ability to reduce titanium oxide to nanoscale 
particles. So far, species of Aspergillus (Rajakumar et al., 

2012a; Raliya et al., 2015), Fomes (Rehman et al., 2020) 

and Trichoderma (Chinnaperumal et al., 2018) were 
involved in studies that performed the fungal mediated 

synthesis of TiO2 NPs. FTIR spectrum revealed that the 

culture filtrate of T. viride contained a lot of possible 

functional groups that could produce the reduction of 
titanyl hydroxide, including the O-H and C=O bonds.  

 

 

Analysis showed spherical rutile-TiO2 NPs with 
diameters between 60 and 86.67 nm. No agglomerates 

were observed and TiO2 NPs kept scattered revealing that 

T. viride has a good capping activity (Chinnaperumal et 

al., 2018). Fomes fomentarius assisted synthesis of TiO2 
NPs did not produce favorable results as the NPs were 

too large, exceeding the limit of 100 nm and formed 

aggregates. Interestingly, in the same study F. 
fomentarius was used for the synthesis of silver NPs with 

a completely different size range (10-20 nm), but they 

were also agglomerated which indicate an inefficient 

capping process (Rehman et al., 2020). However, the 
mechanisms of fungi mediated synthesis of NPs is 

unclear and there are no other studies to compare the 

efficiency of F. fomentarius in TiO2 NPs formulation.  
Two studies performing the synthesis of TiO2 NPs 

through a similar approach involved each a different 

strain of Aspergillus flavus. However, the characteristics 
of NPs were dramatically different. Raliya et al. (2015) 

obtained NPs with a diameter ranging from 12 to 15 nm 

while Rajakumar et al. (2012a) observed that NPs have a 

size between 62 and 74 nm. The difference may be 
explained by the amount of biomolecules included in the 

reaction mixture. In general, it was observed that using 

high concentrations of biochemicals lead to the formation 
of larger NPs (Kumari et al., 2016; Jain and Mehata, 

2017). Whereas bacteria synthesized predominantly TiO2 

NPs in anatase form (Kirthi et al., 2011; Taran et al., 
2018; Landage et al., 2020) fungi mediated rutile form of 

these NPs (Chinnaperumal et al., 2018; Rehman et al., 
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2020). Other studies revealed that Saccharomyces 

cerevisiae generated TiO2 NPs in anatase form. Other 
researchers were able to convert amorphous bio-TiO2 

NPs into anatase or rutile by calcination, the crystalline 

phase obtained being dependent on the temperature 
applied. For example, Jalali et al. (2020) observed that 

calcination at 450°C led to anatase-TiO2, but increasing 

the temperature up to 1200°C would cause the conversion 

of anatase into rutile (Jalali et al., 2020). However, Bao et 
al. (2012) demonstrated that the crystal phase of TiO2 

NPs cannot be changed through thermic treatments up to 

750°C, but the biotemplates used could determine the 
NPs structure. In their experiment, biosynthesis reaction 

performed using yeast or albumen has led to the 

formation of anatase-TiO2 NPs while rutile-TiO2 NPs 

were obtained using dandelion pollen, these results being 
unchanged at different temperatures from 250°C to 

750°C (Bao et al., 2012). The same situation was 

observed by Peiris et al. (2018) with thermic treatments 
of TiO2 NPs synthesized by Saccharomyces cerevisiae. 

In all cases an anatase crystalline phase of TiO2 NPs was 

obtained (Peiris et al., 2018).  
In general, yeast cells can easily cope with high levels of 

metal toxicity. All yeast genera possess detoxification 

mechanisms that allow them to survive in such conditions 

and accumulate intracellularly certain heavy metal ions. 
These detoxification mechanisms are based on reductive 

enzymes, chelation with extracellular biomolecules or 

control of ion flux through the cell wall and membrane 
(Rana et al., 2020). To the best of our knowledge 

Saccharomyces cerevisiae is the only yeast species that 

was involved in the green synthesis of TiO2 NPs. In 
general, these studies reported the formation of NPs with 

a small size, up to 20 nm. Peiris et al. (2018) reported 

TiO2 NPs with a size between 3.6 nm and 12 nm while 

NPs synthesized by He et al. (2011) were 10-12 nm in 
diameter. Jha et al. (2009) reported slightly larger NPs 

with dimensions ranging from 8 nm to 20 nm. The 

synthesis of TiO2 NPs through yeast mediated approaches 
is mainly based on the biocatalyst molecules from the cell 

wall. Ti
4+

 ions are picked up by the electrostatic 

interaction between them and the negatively charged 

molecules on the yeast cell surface. Ti
4+

 interacts with 
hydroxyl groups on the cell wall and then the 

yeast/Ti(OH)4 structure is converted through calcination 

into yeast/TiO2 NP (He et al., 2011). Also, Jha et al. 
(2009) proposed that membrane bound oxidoreductases 

are responsible for the formation of TiO2 NPs by their 

strong oxidase activity at low pH values (Jha et al., 
2009). All studies mentioned in this section are 

summarized in Table 2 together with the characteristics 

of the obtained NPs and their possible applications. 
 

3. Plant species involved in the synthesis of TiO2 NPs 
 

Almost all plants contain a unique and complex 
combination of chemical compounds which can act as 

reducing and capping agents, thus being able to mediate 

the biosynthesis of NPs. 

Plant extracts have been used to initiate and support the 

processes involved in NPs synthesis. This was possible 
due to the presence of a mixture of organic acids, amino 

acids, proteins, enzymes, vitamins, polysaccharides and 

other phytochemicals provided by the plant extract 
(Rajeshkumar and Bharath, 2017).  

There are also other advantages that determined the most 

important and widespread use of plants in NPs 

biosynthesis research. So, plant biomass is available 
almost everywhere on the planet and its diversity is 

remarkably high. Plant extracts are safe to handle and 

their use in the synthesis of NPs turns this process into a 
greener and cost effective one. However, standardizing 

and implementing the green synthesis of NPs at an 

industrial scale may face difficulties. There are great 

differences between plants regarding the nature of their 
phytochemical content and there is an annual variation of 

the natural compounds in any plant. Also, pH, 

temperature, contact time, plant extract concentration and 
metal precursor salt concentration have to be considered. 

Still insufficient knowledge regarding how these 

parameters influence the yield of the synthesis process 
and the properties of the obtained NPs is available. 

In the case of TiO2 NPs synthesis, leaves were the 

preferred source of phytochemicals probably because 

they contain the greatest variety of biomolecules with 
reducing potential. However, some scientists reported the 

production of TiO2 NPs using roots (Suman et al., 2015; 

Bavanilatha et al., 2019), fruits (Hossain et al., 2019), 
seeds (Kashale et al., 2016; Maurya et al., 2019) and 

parts of plants that are considered agricultural waste 

(Amanulla and Sundaram, 2019).  
When it comes to the extraction, a great number of 

experiments were performed using water as solvent and 

only a few chose ethanol (Sundrarajan et al., 2017; 

Ahmad et al., 2020). TiO2 NPs were synthesised starting 
from bulk TiO2 (Velayutham et al., 2012; Thakur et al., 

2019), but also from different metal salts: TiO(OH)2 

(Hudlikar et al., 2012; Zahir et al., 2015), TiCl4 (Kashale 
et al., 2016; Goutam et al., 2018), titanium 

tetraisopropoxide (Sankar et al., 2014; Shanavas et al., 

2020), titanium oxysulphate (Bavanilatha et al., 2019) or 

titanium butoxide (Bekele et al., 2020).  
Regarding the plant species used, it seems that there is a 

focus on medicinal plants with healing properties (Ayaz 

et al., 2017; Unuofin and Lebelo, 2020). NPs can acquire 
similar properties through the transfer of the 

phytochemicals on their surface during the capping 

process. For example, Ahmad et al. (2020) have 
developed a mint-based method by which spherical NPs 

have been obtained with a size between 20 and 70 nm, 

probably due to the presence of  alkaloids, terpenoids and 

phenolics in the Mentha arvensis ethanolic leaf extract 
(Ahmad et al., 2020). Also Rajkumari et al. (2019) 

revealed that terpenoids and flavonoids were associated 

with TiO2 NPs synthesised using Aloe vera leaf extract. 
Besides medicinal plants, common herbs and spices 

extracts including Origanum vulgare (Sankar et al., 2014) 
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and Cinnamomum tamala (He et al., 2017) were involved 

in TiO2 NPs biosynthesis.  
In general, research has focused on Angiosperm plants 

while Plantae kingdom comprises also gymnosperms, 

pteridophytes (ferns), bryophytes (mosses) and 
macroalgae, and for other kind of NPs these organisms 

have given efficient results (Acharya and Sarkar, 2014;  

Bhor et al., 2014; Jha and Prasad, 2010; Momeni and 

Nabipour, 2015). 

To the best of our knowledge, TiO2 NPs were 

biologically synthesised so far using only bacteria, fungi 
and angiosperms. TiO2 NPs synthesised through the 

green approach seem to have a spherical shape in almost 

every condition. However, their size is fluctuating. In the 
studies that we took into consideration, the size ranges 

between 10 nm (Senthilkumar et al., 2018) and around 

200 nm (Hossain et al., 2019) which is more than the 

limit of 100 nm set for describing NPs (Vert et al., 2012).

 

 

Table 2. Fungal species involved in TiO2 NPs synthesis  

Fungal species 
Titanium 

precursor 

Size (nm) 

and shape 

Crystalline 

phase 
Application Reference 

Aspergillus flavus bulk TiO2 

12-15; shape 

not 

mentioned 

not 

mentioned 
nano-fertilizer potential Raliya et al. (2015) 

62-74 nm; 

spherical 

rutile and 

anatase 
antibacterial activity Rajakumar et al. (2012a) 

Fomes 

fomentarius 
TTIP 

80-120; 

irregular 
rutile 

antibacterial activity; potential 

cytotoxicity against cancer 

cells 

Rehman et al. (2020) 

Saccharomyces 

cerevisiae 

TiCl3 
3.6-12; 

spherical 
anatase 

antibacterial and antifungal 

activity 
Peiris et al. (2018) 

TiCl3 10-12; oval anatase 
photodegradation of pollutants 

from wastewater 
He et al. (2011) 

TiO(OH)2 
8-20; 

spherical 

not 

mentioned 
- Jha et al. (2009) 

Trichoderma 

viride 
TiO(OH)2 

60-86.67; 

spherical 
rutile nano-pesticide potential 

Chinnaperumal et al. 

(2018) 

 TTIP – titanium isopropoxide; TiCl3 – titanium trichloride; TiO(OH)2 – metatitanic acid. 

 

 

Maurya et al. (2019) have obtained TiO2 NPs with an 

average diameter of 13 nm using an ethanolic extract of 
Bixa orellana seeds. This extract, containing mainly the 

apocarotenoids bixin and norbixin, was integrated in a 

sol-gel approach which starts the TiO2 NPs synthesis 
from titanium butoxide. Using the biomolecules extracted 

from the seeds of Cicer arietinum, Kashale et al. (2016) 

synthesised TiO2 NPs with a size around 14 nm as shown 

by particle size distribution histogram performed by 
TEM. Also, TiO2 NPs with sizes between 10 and 12 nm 

were synthesised using leaf extract of the medicinal plant 

Diospyros ebenum (Senthilkumar et al., 2018). 
Furthermore, TiO2 NPs of 10-20 nm were prepared using 

Jatropha curcas leaves extract and were analyzed by 

SEM (Goutam et al, 2018). A similar result was noticed 
by Sundrarajan et al. (2017) that used Morinda citrifolia 

leaves, while root extract of this plant led to larger NPs 

(Suman et al., 2015). TiO2 NPs up to 20 nm were 

obtained also by using Syzygium cumini leaves extract 
(Sethy et al., 2020).  

Larger particles and more variable in shape were 

produced by using lemon (Citrus limon) extract, SEM 
analyses revealing TiO2 structures of 20-200 nm (Hossain 

et al., 2019). A large variation was also observed when 

using the root extract of Glycyrrhiza glabra, the 
calculated particle size from X-ray diffractogram being 

69 nm, but SEM revealed structures with a diameter of  

 

 

60-140 nm (Bavanilatha et al., 2019). TiO2 NPs of 25 to 

110 nm were observed using Catharanthus roseus leaf 
extract (Velayutham et al., 2012). Also, TiO2 NPs, that 

almost reached the limit of 100 nm were synthesised 

using extracts of Artemisia haussknechtii (Alavi and 
Karimi, 2018), Euphorbia prostrata (Zahir et al., 2015), 

Vitex negundo (Gandhi et al., 2016) or Moringa oleifera 

(Sivaranjani and Philominathan., 2016) leaves. In a 

majority of studies, the cause of obtaining large 
nanoscale structures is represented by the aggregation of 

TiO2 NPs as revealed by electronic microscopy (Suman 

et al., 2015; Gandhi et al., 2016; Goutam et al., 2018). 
This may indicate a poor-efficiency capping process, an 

inapropriate concentration of phytochemicals or other 

unfavourable conditions (Romanello and Fidalgo de 
Cortalezzi, 2013; Bekele et al., 2020). A selection of 

studies referring to the plant assisted synthesis of TiO2 

NPs is presented in Table 3 together with the 

characteristics of the obtained NPs and their possible 
applications. 
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Biomedical applications of biologically 

synthesized TiO2 NPs  

 

1. Antimicrobial activity 
 

As many plants contain phytochemicals with bactericidal 
effect (Marasini et al., 2015; Todorović et al., 2016), the 

biosynthesized NPs using them could have a more 

pronounced antibacterial activity than the conventionally 

produced ones. Human pathogenic bacteria cause serious 

problems worldwide as infectious diseases have an 
alarming rate and raise health concerns (Vouga and 

Greub, 2016). Clinicians used antibiotics for decades in 

order to keep under control the pathogenic bacteria. 
However, the large scale and irresponsible use of 

antibiotics have led to the occurrence of mutant resistant 

bacteria (Zaman et al., 2017).   

 

 

Table 3. Plant species involved in TiO2 NPs synthesis 

Plant source 
Titanium 

precursor 

Size (nm) and 

shape 

Crystalline 

phase 
Application Reference 

Aloe vera  
aqueous leaf extract 

TiCl4 20-50; spherical 
rutile, 

anatase and 

brookite 

antibacterial activity Rajkumari et al. (2019) 

Artemisia haussknechtii 

aqueous leaf extract 
TiO(OH)2 

92.58 ±56.98; 

spherical 

rutile and 

anatase 

antibacterial and 

antioxidant activity 
Alavi and Karimi (2018) 

Azadirachta indica 

aqueous leaf extract 

bulk TiO2 15-87; spherical 
rutile and 

anatase 
antibacterial activity Thakur et al. (2019) 

TTIP ~124; spherical amorphous 

photocatalytic 

degradation of methyl 

red dye 

Sankar et al. (2015) 

Bixa orellana  

ethanolic seed extract 
Ti(OBu)4 13 ± 2; spherical anatase photovoltaic potential Maurya et al. (2019) 

Catharanthus roseus 

aqueous leaf extract 
bulk TiO2 

25-110; 

irregular 

rutile and 

anatase 

effectiveness against 

animal parasites 
Velayutham et al. (2012) 

Cicer arietinum  

aqueous seed extract 
TiCl4 

~14 nm; 

spherical 

rutile and 

anatase 

electrochemical 

performance in a li-ion 

battery 

Kashale et al. (2016) 

Cinnamomum tamala 

aqueous leaf extract 
bulk TiO2 ~23; irregular anatase 

potential cytotoxicity 

against cancer cells 
He et al. (2017) 

Citrus limon  
aqueous fruit extract 

bulk TiO2 
20-200; 

spherical, 

irregular 

rutile and 
anatase 

nano-pesticide potential Hossain et al. (2019) 

Diospyros ebenum 

aqueous leaf extract 
TTIP 10-12; spherical anatase 

antibacterial activity; 

photocatalytic 

degradation of crystal 

violet dye 

Senthilkumar et al. 

(2018) 

Eclipta prostrata 

aqueous leaf extract 
TiO(OH)2 36-68; spherical rutile - Rajakumar et al. (2012b) 

Euphorbia prostrata 

aqueous leaf extract 
TiO(OH)2 

83.22 ± 1.50; 

spherical 
anatase antiparasitic activity  Zahir et al. (2015) 

Glycyrrhiza glabra 

aqueous root extract 
TiOSO4 

60-140; 

spherical 
anatase 

antibacterial activity; 

cytotoxicity assessment 
Bavanilatha et al. (2019) 

Jatropha curcas 

aqueous latex extract 
TiO(OH)2 

25-50; 

spherical, 

irregular 

anatase - Hudlikar et al. (2012) 

Jatropha curcas 

aqueous leaf extract 
TiCl4 10-20; spherical anatase 

photocatalytic treatment 

of wastewater 
Goutam et al. (2018) 

Kniphofia foliosa 

ethanolic root extract 
Ti(OBu)4 

not mentioned; 

spherical 
anatase antibacterial activity Bekele et al. (2020) 

Mangifera indica 
aqueous leaf extract 

TiO(OH)2 30 ± 5; spherical rutile antiparasitic activity Rajakumar et al. (2015) 

Melia azedarach 

aqueous leaf extract 
bulk TiO2 

54.12-78.45; 

spherical 
rutile 

nano-fertilizer potential; 

photocatalytic 

degradation of eosin dye 

Rafique et al. (2019) 

Mentha arvensis 

ethanolic leaf extract 
TTIP 20-70; spherical anatase 

antibacterial and 

antifungal activity 
Ahmad et al. (2020) 

Mentha aquatica 

ethanolic leaf extract 
TTIP ~69; spherical anatase 

in vitro cytotoxicity and 

genotoxicity 
Koca and Duman (2019) 
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Momordica charantia 

aqueous leaf extract 
TiCl4 ~70; irregular 

not 

mentioned 

potential use in 

preventing malaria 
Gandhi et al. (2018) 

Morinda citrifolia 

aqueous root extract 
TiO(OH)2 

20.46-39.20; 

spherical, oval, 

triangular 

anatase 
effectiveness against 

mosquito larvae 
Suman et al. (2015) 

Morinda citrifolia 

ethanolic leaf extract 
TiCl4 10-20; spherical rutile 

antibacterial and 

antifungal activity 
Sundrarajan et al. (2017) 

Moringa oleifera 

aqueous leaf extract 
bulk TiO2 ~100; spherical 

not 

mentioned 
wound healing potential 

Sivaranjani and 

Philominathan (2016) 

Origanum vulgare 
aqueous leaf extract 

TTIP 
not mentioned; 

spherical 
amorphous wound healing potential Sankar et al. (2014) 

Phyllanthus niruri 

aqueous leaf extract 
TTIP 30-50; spherical anatase - Shanavas et al. (2020) 

Prunus yedoensis 

aqueous leaf extract 
bulk TiO2 25-50; spherical 

rutile and 

anatase 

antibacterial activity; 

photocatalytic removal 

of phosphate 

Manikandan et al. (2018) 

Sesbania grandiflora 

aqueous leaf extract 
bulk TiO2 

43-56; 

spherical, 

square, 

triangular 

rutile and 

anatase 
toxicity assessment Srinivasan et al. (2019) 

Solanum trilobatum 

aqueous leaf extract 
TiO(OH)2 ~70; spherical anatase antiparasitic activity Rajakumar et al. (2014) 

Syzygium cumini 

aqueous leaf extract 
TTIP 11-18; spherical anatase 

photocatalytic removal 

of lead from wastewater 
Sethy et al. (2020) 

Trigonella foenum-

graecum aqueous leaf 

extract 

TiOSO4 20-90; spherical anatase 
antibacterial and 

antifungal activity 

Subhapriya and 

Gomathipriya (2018) 

Vitex negundo aqueous 

leaf extract 
TiCl4 

~93.33; 

spherical 
rutile antiparasitic activity Gandhi et al. (2016) 

TTIP – titanium isopropoxide; TiCl4 – titanium tetrachloride; TiO(OH)2 – metatitanic acid; TiOSO4 – titanium oxysulfate; 

Ti(OBu)4 – titanium butoxide.

 

 

Microbial resistance became a serious problem nowadays 
forcing researchers to find new strategies for the control 

of diseases. NPs may represent a viable alternative to the 

antibiotics that nowadays cannot be used against 

multidrug-resistant bacteria. Even though the 
antimicrobial potential of NPs was first described for 

those synthesized by physical and chemical methods, 

biogenic NPs show good antimicrobial activity and 
depending on their capping biomolecules, their activity 

may be enhanced. A lot of NPs show antibacterial 

activity, including TiO2 NPs.  
The antimicrobial effect of NPs is of great interest due to 

its broad-spectrum of action. NPs can be used against 

pathogenic microorganisms in the field of medicine 

and/or animal breeding and they can be applied on 
surfaces, textiles or food packaging (Diaz-Visurraga et 

al., 2010; Radetić, 2013).  

The antibacterial activity of green synthesized TiO2 NPs 
was so far assessed on different types of human 

pathogenic bacteria including the most common 

Escherichia coli and other gastrointestinal pathogens, but 

also the ones causing lung infectious diseases 
(Subhapriya and Gomathipriya, 2018; Bavanilatha et al., 

2019; Ahmad et al., 2020; Ağçeli et al., 2020). When it 

comes to fungal species, the most targeted seems to be 
Candida albicans (Ağçeli et al., 2020; Peiris et al., 2018; 

Subhapriya and Gomathipriya, 2018; Sundrarajan et al., 

2017), although some experiments tested the antifungal  

 

 

activity of TiO2 NPs against some species of Aspergillus 
(Ağçeli et al., 2020; Ahmad et al., 2020; Sundrarajan et 

al., 2017) or Arthrographis cuboid (Ahmad et al., 2020). 

Using phytochemicals from Kniphofia foliosa plant, 

Bekele et al. (2020) managed to obtain bio-TiO2 NPs that 
were almost as effective as gentamicin, a commonly used 

antibiotic. The disc diffusion method has revealed that 

the inhibitory property of these NPs was even higher than 
gentamicin when applied on S. aureus or Streptococcus 

pyogenes. Bio-TiO2 NPs were not as effective as 

gentamicin when it comes to E. coli and Klebsiella 
pneumoniae, but the difference between results was not 

considerable. This study also showed that an equivalent 

mixture of the precursor salt and plant extract used for 

the production of bio-TiO2 NPs have better results than 
an unbalanced ratio (Bekele et al. 2020). Similarly, TiO2 

NPs synthesized via A. hydrophila exhibited a higher 

inhibitory effect than tetracycline when applied to a 
series of pulmonary or digestive infectious bacteria 

(Jayaseelan et al. 2013).  

However, a series of studies have reported no or 

inefficient effect of TiO2 NPs against some of the 
bacteria mentioned above which means that their 

antimicrobial activity is highly dependent on the 

biomolecules provided by the biological entity used. For 
example, when compared to Ag or Cu NPs synthesized 

via A. haussknechtii leaf extract, bio-TiO2 NPs were 

useless against all bacterial species tested. The study also 
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revealed that TiO2 NPs absorbed on their surface the least 

amount of phenolics, flavonoids and tannins (Alavi and 
Karimi, 2018). Furthermore, TiO2 NPs synthesized using 

M. arvensis had no effect against E. coli or S. aureus as 

well as against A. cuboid or Aspergillus fumigates fungi 
(Ahmad et al. 2020). A minor bactericidal effect was 

reported when TiO2 NPs synthesized using Prunus 

yedoensis were applied against S. aureus and E. coli 

(Manikandan et al. 2018). Depending on the 
biochemicals used, as well as on the technical parameters 

(e.g. temperature, pH), bio-TiO2 NPs acquired different 

antimicrobial properties. This is the reason why an 
optimization step is desirable when bio-TiO2 NPs with 

antimicrobial activity are synthesized.  

Regarding to the antifungal activity, biogenic TiO2 NPs 

exhibited a moderate effect. As in the case of bacteria, 
some studies reported no effect (Ağçeli et al. 2020; 

Ahmad et al. 2020) while others reported almost the same 

effect as antifungal substance nystatin (Subhapriya and 
Gomathipriya, 2018). A promising result was achieved 

with TiO2 NPs synthesized using yeast and applied 

against Candida albicans. TiO2 NPs exhibited high 
toxicity in light, but also in dark conditions and this 

raised their potential to be a future anti-Candida 

alternative agent. However, the effect against A. 

baumannii was not significantly different compared to 
the control culture, even though a slight growth inhibition 

was observed (Peiris et al. 2018).     
 

2. Antiparasitic activity 
 

The toxicity of TiO2 NPs may be potentially applied 

against human and animal parasites. Biogenic TiO2 NPs 
were tested in vitro against a series of blood feeding 

parasites including Pediculus humanus capitis 

(Rajakumar et al., 2014; Gandhi et al., 2016), 
Plasmodium falciparum (Gandhi et al., 2018), 

Leishmania donovani (Zahir et al., 2015), Hippobosca 

maculate (Velayutham et al., 2012), Bovicola ovis 
(Velayutham et al., 2012), Hyalomma anatolicum 

(Rajakumar et al., 2014, 2015), Anopheles subpictus 

(Rajakumar et al., 2014, 2015; Gandhi et al., 2016), 

Culex quinquefasciatus (Rajakumar et al., 2015; Suman 
et al., 2015; Gandhi et al., 2016), Rhipicephalus 

microplus (Marimuthu et al., 2013; Rajakumar et al., 

2015), Haemaphysalis bispinosa (Marimuthu et al., 2013; 
Rajakumar et al., 2015), Anopheles stephensi (Suman et 

al., 2015; Gandhi et al., 2018) and Aedes aegypti 

(Durairaj et al., 2014; Suman et al., 2015). Analyzing all 

the above cited studies we observed that a concentration 
between 20 and 25 ppm biogenic-TiO2 NPs is sufficient 

to cause a 100% mortality in 24 hours when applied on 

the majority of parasites even though the NPs obtained 
were different in terms of size and crystalline structure.  

The leaf extract of C. roseus was used to produce TiO2 

NPs with ability to kill Hippobosca maculate and 
Bovicola ovis in their adult stage. These parasites are 

responsible for the spreading of infections to sheep and 

cattle. The dose that kills 50% of the parasite population 

(LD50) has been reported to be around 7 ppm. TiO2 NPs 

had a significantly improved antiparasitic efficiency 
compared to the bulk form of TiO2 and the plant extract 

(Velayutham et al., 2012).  

Mosquitoes are a group of insects raising public health 
concerns worldwide as they are important vectors for 

many diseases: malaria is spreading through different 

species of Anopheles including A. subpictus and A. 

stephensi, dengue fever is transmitted by A. aegypti and 
the vector of the West Nile fever is C. quinquefasciatus. 

The mortality of A. aegypti second and third instar after 

exposure to 10 ppm fungal synthesized biogenic-TiO2 
NPs was 74%, and 60% respectively (Durairaj et al., 

2014). The TiO2 NPs synthesized by Suman et al. (2015) 

using M. citrifolia root extract were less efficient against 
A. aegypti. The mortality caused by bio-TiO2 NPs was 
related to an increased proteolysis rate and a decline in 

lipid and carbohydrate content (Durairaj et al., 2014). A. 

subpictus and C. quinquefasciatus fourth instar larvae 
were killed with 100% efficiency when 25 ppm TiO2 NPs 

obtained with extract of Mangifera indica were applied. 

The LD50 was around 8 ppm for both species (Rajakumar 
et al., 2015). These results were also confirmed by 

Gandhi et al. (2016) with TiO2 NPs generated by the V. 

negundo extract. TiO2 NPs synthesized via S. trilobatum 

were more toxic in the case of A. subpictus as 5 ppm 
killed the entire population, the LD50 being 1.94 ppm 

(Rajakumar et al., 2014). Contrariwise, TiO2 NPs 

synthesized via M. citrifolia root were more tolerable for 
C. quinquefasciatus larvae, the LD50 being around 30 

ppm (Suman et al., 2015). The etiological agent of 

malaria seems to be quite tolerant to TiO2 NPs 
synthesized using Momordica charantia plant (Gandhi et 

al., 2018). Chloroquine is a commonly used antimalarial 

drug which becomes unusable because of a gradual 

spreading of resistant parasites. Even tested on a 
chloroquine resistant line of P. falciparum, the half 

maximal inhibitory concentration of the standard drug 

was around 0.26 ppm, while for TiO2 NPs it was around 
60 ppm (Gandhi et al., 2018).   

When it comes to the blood feeding acaricides, in most 

cases, the mortality was also 100% at a dose of 25 ppm, 

but LD50 exceeded 10 ppm for the tested species: R. 
microplus, H. anatolicum and H. bispinosa (Rajakumar et 

al., 2015). Also, the entire populations of R. microplus 

and H. bispinosa larvae and adults could be killed with 
16 ppm TiO2 NPs synthesized using Calotropis gigantea 

flower extract (Marimuthu et al., 2013). Furthermore, 

TiO2 NPs synthesized using Solanum trilobatum leaf 
extract were more toxic for H. anatolicum (Rajakumar et 

al., 2014). The extract of S. trilobatum had a more 

pronounced effect against head louses (P. h. capitis) than 

the extract of V. negundo. The proportion was maintained 
when it comes to the antiparasitic efficiency acquired by 

NPs synthesized through these extracts. For S. trilobatum 

– TiO2 NPs, the LD50 value was 4.34 ppm while for V. 
negundo – TiO2 NPs, it was 24.32 ppm. TiO2 NPs were 

more toxic against both the plant extract and NPs 
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precursors (TiCl4 and bulk TiO2) (Rajakumar et al., 2014; 

Gandhi et al., 2016). The LD50 values for the biogenic-
TiO2 NPs mentioned in this section are listed in Table 4. 

 

 

 

       Table 4. The efficiency of biologically synthesised TiO2 NPs against different parasites 

Target organism 
Development 

stage 
LD50 (ppm) Reference 

Aedes aegypti 

2nd instar 6.70 
Durairaj et al. (2014) 

3rd instar 8.40 

larval stage 23.71 Suman et al. (2015) 

Anopheles stephensi 

1st instar 2.50 

Gandhi et al. (2018) 

2nd instar 2.86 

3rd instar 3.29 

4th instar 3.43 

Pupa 5.04 

larval stage 13.62 Suman et al. (2015) 

Anopheles subpictus 

4th instage 7.72 Rajakumar et al. (2015) 

4th instage 7.52 Gandhi et al. (2016) 

larval stage 1.94 Rajakumar et al. (2014) 

Bovicola ovis adult stage 6.56 Velayutham et al. (2012) 

Culex quinquefasciatus 

4
th 

instar 8.10 Rajakumar et al. (2015) 

4th instar 7.23 Gandhi et al. (2016) 

larval stage 29.79 Suman et al. (2015) 

Haemaphysalis bispinosa 
larval stage 10.64 Rajakumar et al. (2015) 

adult stage 9.15 Marimuthu et al. (2013) 

Hippobosca maculata adult stage 7.09 Velayutham et al. (2012) 

Hyalomma anatolicum 
larval stage  12.11 Rajakumar et al. (2015) 

larval stage 4.11 Rajakumar et al. (2014) 

Pediculus humanus capitis 
adult stage 24.32 Gandhi et al. (2016) 

adult stage 4.34 Rajakumar et al. (2014) 

Plasmodium falciparum  
chloroquine-sensitive strain 3D7 

- 53.42 Gandhi et al. (2018) 

Plasmodium falciparum  
chloroquine-resistant strain INDO 

- 59.71 Gandhi et al. (2018) 

Rhipicephalus microplus 
larval stage 13.21 Rajakumar et al. (2015) 

larval stage 5.43 Marimuthu et al. (2013) 

        LD50 – dose that causes the death of 50% of the group of parasites tested. 

 

 

3. Antioxidant activity 
 

Reactive oxygen species (ROS) are generated during 
intracellular metabolic reactions in mitochondria, 

peroxisomes and cytosol. The reduction of molecular 

oxygen with one electron leads to the occurrence of 

superoxide radical, a primary ROS. This is generated in 
several reactions catalyzed either by cyclooxygenase, 

nicotinamide adenine dinucleotide phosphate oxidase or 

cytochrome c reductase. Superoxide radical is a 
byproduct of the mitochondrial electron transport chain. 

Further processes including Fenton reaction or 

dismutation generate other ROS such as hydroxyl radical 
or hydrogen peroxide (Manke et al., 2013). Even though 

ROS generation is a normal process, it can be stimulated 

by external agents such as pollutants (Lakey et al., 2016) 

or nanomaterials (Fu et al., 2014). Oxidants are cytotoxic, 
so homeostasis needs to be maintained by an antioxidant 

defense system. ROS are neutralized by the action of 

antioxidant enzymes such as catalase, superoxide 
dismutase, glutathione peroxidase and reductase as well  

 
as by non-enzymatic antioxidants including glutathione, 

thioredoxin, ascorbate and different vitamins. When 

antioxidants no longer cope with an abundance of ROS, 
oxidative stress occurs. The increase of ROS level is  

 

linked with many diseases affecting the nervous, 

cardiovascular, respiratory, urinary or reproductive 
systems (Rahman et al., 2012).  

Even though there is evidence that standard TiO2 NPs can 

produce oxidative stress (Park et al., 2008; Hu et al., 
2019), biogenic synthesized TiO2 NPs may react 

differently due to their corona of phytochemicals and 

biomolecules. The in vitro approach performed by Alavi 
and Karimi (2018) showed that biogenic TiO2 NPs 

exhibit a relatively equal antioxidant activity as the leaf 

extract of A. haussknechtii that was used in their 

synthesis. So, TiO2 NPs would be a good form of 
packaging the antioxidant biomolecules of the leaf 

extract. However, this preliminary work showed that 

green silver and copper NPs have better results when it 
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comes to their antioxidant activity (Alavi and Karimi, 

2018). 
 

4. Anticancer effect 
 

The anticancer activity of TiO2 NPs refers to their 
toxicity against tumoral cells and so far, it was tested 

through in vitro approaches. The effects of conventional 

TiO2 NPs on cancer cells include morphological changes, 
inhibition of cell proliferation and apoptosis. Proliferation 

of A549 lung cancer cells was inhibited in a time and 

dose dependent manner following treatments with TiO2 
NPs. The treatment with 200 µg TiO2 NPs ml

-1
 leads to 

an inhibitory rate of almost 50% while apoptosis rate was 

20% (Wang et al., 2015). Most of the studies described a 

photokilling effect meaning that exposing TiO2 NPs at 
UV light for a short period of time enhance their 

cytotoxicity. Viability of MDA-MB-468 breast cancer 

cells was reduced by 70% when treatment with TiO2 NPs 
was accompanied by UV irradiation. TiO2 NPs without 

UV exposure affected just 45% of the cell population. 

The same effect was observed on another breast cancer 

cell line, MCF-7 (Lagopati et al., 2014). However, TiO2 
NPs had no effect on the viability of Caco-2 colon 

carcinoma cells. Even though intracellular ROS amount 

was increased after 6 hours, it decreased to an 
insignificant level after 24 hours (De Angelis et al., 

2012).  
In general, bio-TiO2 NPs exhibited high cytotoxic 
activity against cancer cells. Rehman et al. (2020) 

observed that Fomes fomentarius based TiO2 NPs caused 

a massive decrease in the viability of HCT-116 human 

colorectal carcinoma cells. Up to 90% of the cells died 
when they were exposed at 0.5 µg bio-TiO2 ml

-1
 for 48 

hours (Rehman et al., 2020). A similar result was also 

reported by He et al. (2017) when C. tamala extract-
based TiO2 NPs decreased the viability of prostatic 

cancer cells DU145 with more than 60% after 24 hours 

(He et al., 2017). Despite these promising results, 
concerns regarding the non-specificity of TiO2 NPs could 

be developed. However, one study gives evidence that 

tumoral cells may be more sensitive at TiO2 NPs than 

normal cells. The IC50 registered by G. glabra TiO2 NPs 
was 4 times lower for HepG2 hepatocellular cancer cells 

than in the case of Vero kidney normal cells (Bavanilatha 

et al., 2019).  
 

5. Wound healing potential 
 

The wound healing potential of bio-TiO2 NPs may be 
equally applied on animals and humans. TiO2 is already 

recognized as a common scaffold used in tissue 

engineering due to its biocompatibility (Ghosal et al., 
2019). In vivo studies on rats suggest that applying TiO2 

NPs on skin wounds would accelerate the healing 

process. TiO2 NPs synthesized using leaf extract from a 

common spice, O. vulgare, were applied daily on a skin 
excision created at Wistar rats. Results showed that NPs 

slightly speeded up the wound closure and no bleeding, 

pus or infection occurred. The pro healing efficacy of 

bio-TiO2 NPs was confirmed at tissular and molecular 

levels. On the 12
th
 day of experiment, the treated wound 

was characterized by an epithelium with a higher amount 

of collagen and an increased number of fibroblasts and 

aggregated macrophages (Sankar et al., 2014).  
There are more strategies to apply NPs on skin wounds. 

The healing process took four days less when the 

treatment consisted in a collagen film incorporating TiO2 

NPs synthesized in a culture of P. jensenii (Babitha and 
Korrapati, 2013). Also, a significant healing effect was 

revealed when TiO2 NPs were synthesized using M. 

oleifera and applied as a gel-based ointment. The wound 
healing activity was increased compared to the control, 

but also to the treatment with sulfadiazine, a standard 

antibiotic which prevents the occurrence of infections 

mainly in patients with skin burns (Sivaranjani and 
Philominathan, 2016). 

 

Agricultural applications of biologically 

synthesized TiO2 NPs  

 

Agriculture is a really crucial sector for the existence of 

our complex socio-economic system. First of all, 
agricultural practices provide the basic source of food, 

having a direct impact on national incomes (Praburaj, 

2018). Public health is also affected by the nutrient 
content of different products consumed by humans (Poti 

et al., 2017). The increase of population we face 

nowadays results in a continuous increase of food 

demand, thus a serious pressure on the agro-industrial 
sector occurs. Moreover, farmers have to deal with 

climate change and the costs of the high amount of water 

and energy required for crops. In the past decades, crop 
yield was increased and maintained high due to a massive 

use of chemical fertilizers and pesticides. However, these 

substances have a major disadvantage: they are toxic and 
can easily accumulate and spread through water, causing 

issues related to human and environmental health. 

Furthermore, pest insects or pathogens can evolve 

resistance strategies against chemical pesticides 
(Hawkins et al., 2019). Therefore, scientists were forced 

to find alternatives that may decrease the environmental 

impact of agricultural practices, but maintain a higher 
crop production, overall making agriculture more 

sustainable. Several studies have tried so far to involve 

TiO2 NPs in crop protection or plant fertilization, the 
results being promising. Moreover, performing green 

synthesis methods to obtain NPs for agriculture would 

lower the environmental impact of this economical 

sector. Below we described some latest results suggesting 
that the research and development of nano-fertilizers and 

nano-pesticides should not be neglected in the future. We 

identified just a small number of studies regarding the use 
of biogenic TiO2 NPs in agriculture. 
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1. Nano-pesticides based on biologically synthesized 

TiO2 NPs 
 

Nano-pesticides may be useful against two types of target 

organisms: microorganisms causing diseases and insects 

that lead to important economic losses. We already 
discussed the antibacterial and antifungal activity of 

biogenic TiO2 NPs against different human pathogens.  

Plants can be affected by some strains of the human 
pathogenic microorganisms that proved to be sensible at 

TiO2 NPs (Abdulrahman et al., 2020; Schroth et al., 

2018). These include strains of Pseudomonas aeruginosa 
(Jayaseelan et al., 2013; Peiris et al., 2018; Rajkumari et 

al., 2019; Subhapriya and Gomathipriya, 2018; 

Sundrarajan et al., 2017) and different strains of 

Aspergillus (Ağçeli et al., 2020; Ahmad et al., 2020; 
Sundrarajan et al., 2017) which are also common food 

contaminants. However, the abovementioned studies 

were more focused on the medicinal applications of bio-
TiO2 NPs.  

The study of Hossain et al. (2019) is focused on the effect 

of bio-TiO2 NPs against Dickeya dadantii, a broad host 
range phytopathogenic bacterium. The biogenic NPs 

were prepared using an aqueous extract of lemon fruit, 

TEM images revealing that their size was variable in a 

range between 20 and 200 nm. When applied on the 
bacterial cultures, analyses showed that NPs inhibited the 

growth and motility of D. dadantii with up to 60% and 

the biofilm formation with 64-66%. Applying bio-TiO2 
NPs on the affected sweet potatoes by this pathogen 

showed that occurrence of the damaged tissues 

(maceration zones) was 60% less likely to happen, 

showing that efficiency obtained through the in vitro 
approach was maintained also in vivo. Moreover, this 

study showed that TiO2 is more effective against 

pathogenic microorganisms in the nano-scale form taking 
into consideration that bulk TiO2 was not able to inhibit 

the growth of D. dadantii (Hossain et al., 2019).       

Research is not so advanced when it comes to the use of 
bio-TiO2 for controlling insect attacks, but recent studies 

suggest that they can affect pests during their larval 

stages. For example, TiO2 NPs synthesized using the 

fungus Trichoderma viride caused a serious rate of 
mortality when applied on Helicoverpa armigera in their 

first, second and third instar stage. More precisely, a 

concentration of 100 ppm bio-TiO2 NPs exhibited a 
mortality between 92% and 100% while chemically 

synthesized TiO2 NPs caused the mortality of 74% for the 

1
st
 instar larvae and just 33% for the 3

rd
 instar larvae. The 

pupicidal activity of bio-TiO2 NPs was also proved to be 

very high (Chinnaperumal et al., 2018). At the same time, 

some concerns can be related to the toxicity of TiO2 NPs 

on non-target organisms such as organic matter 
decomposers or pollinators. However, the few studies 

done so far suggest that bio-TiO2 NPs could be harmless 

to non-targeted insects. Chinnaperumal et al. (2018) 
showed that exposing Eudrilus eugeniae earthworms to 

biosynthesized TiO2 NPs when placed in an artificial soil 

would cause no toxic effects. In the same conditions, but 

in the presence of cypermethrin, earthworms experienced 

a serious decline in weight and vitality (Chinnaperumal et 
al., 2018).  

Microbial insecticide based on the entomopathogen B. 

thuringiensis is also harmless to non-targeted insects, but 
when applied on the field, sunlight (including UV 

radiation), rain or unfavorable temperature make its 

persistence shorter, affecting its efficiency. To improve 

the effect of this insecticide, Jalali et al. (2020) added 
bio-TiO2 NPs on a B. thuringiensis culture. They 

observed that spores from the treated culture exhibited a 

viability of almost 80% when exposed to UVA radiation, 
while non-treated spores’ viability was 41%. The highest 

protective activity was obtained in the case of a mix of 

anatase and rutile biosynthesized TiO2 NPs. After 

irradiation, spores were applied on the second-instar 
larvae of the pest insect Ephestia kuehniella and 

mortality caused by treated entomopathogens was by 

20% higher than in the case of the non-treated B. 
thuringiensis (Jalali et al., 2020). 

Even though there are some studies with interesting and 

promising results regarding the use of biosynthesized 
TiO2 NPs in controlling pests, it seems that research has 

not yet turned its attention to this topic. More studies are 

needed in order to accurately prove the efficiency of bio-

TiO2 NPs in protecting crops as well as to assess their 
toxicity when it comes to the non-targeted organisms 

including the human population. 
 

2. Nano-fertilizers based on biologically synthesized 

TiO2 NPs 
 

As in the case of chemical fertilizers, the ones based on 
nanoscale particles can reach the plant’s vascular system 

following their application on the soil or foliar surface. 

The efficiency of nano-fertilizers is determined by 
intrinsic factors, including particle size and the 

particularities of surface coating. There are also extrinsic 

factors that influence the uptake effectiveness of the 
nutrients packed as NPs. Soil properties (e.g. texture, pH) 

represent the most important extrinsic factor to be 

considered when designing new fertilizers. Plant 

metabolic processes maintaining the organism’s vitality, 
growth rate and production yield strongly depend on a 

variety of macronutrients (e.g. nitrogen, phosphorus, 

magnesium, potassium) and micronutrients (e.g. zinc, 
boron, iron, manganese, copper) (Zulfiqar et al., 2019).  

Despite the fact that TiO2 is not a nutrient, the few 

studies done so far showed that its application on plants 

could enhance their growth. There is a lack of knowledge 
regarding the mechanism by which bio-TiO2 NPs 

intervene in plant development processes. The effect of 

TiO2 nano-fertilizers on seed germination and plant 
growth has been assessed mainly in laboratory 

conditions. Raliya et al. (2015) revealed that, TiO2 NPs 

synthesized by extracellular enzymes released by A. 
flavus applied on the foliar surface of Vigna radiata 

plants lead to the enhancement of shoot and root length 

R
e
v
ie

w
s
 i
n

 B
io

lo
g

ic
a
l 
a
n

d
 B

io
m

e
d

ic
a
l 
S

c
ie

n
c
e
s

 
 



Miu and Dinischiotu / Rev. Biol. Biomed. Sci. 2021 4 (1) 1-21                                                                                                     

 

 

13 

compared to control ones but this was statistically 

insignificant. 
Another study used TiO2 NPs biosynthesized via Melia 

azedarach leaf extract applied on the seeds of 

Pennisetum glaucum. The results showed that bio-TiO2 
NPs enhanced the parameters related to seed germination 

and their efficiency is better than the bulk form of TiO2 

(Rafique et al., 2019).  

To the best of our knowledge, these are the only two 
studies that referred to the possible application of bio-

TiO2 NPs as a fertilizer. Even though the results were not 

certain and statistically significant, we consider that 
further studies are needed in order to confirm that TiO2 

NPs exhibit no effect on the seed germination and growth 

performance of economically important plant species.  

 

The use of biologically synthesized TiO2 

NPs in environmental management and 

industrial applications 

 

1. Photocatalytic removal of pollutants  
 

The high reactivity and surface area of biogenic NPs 
make them to act like adsorbents, oxidants, reductants or 

catalysts. Due to this, their potential to be used in 

bioremediation processes is important. So far, different 
biogenic NPs have been involved in the removal of heavy 

metals (Ehrampoush et al., 2015; Arsiya et al., 2017; 

Vélez et al., 2018), as well as other organic and inorganic 
pollutants with a specific focus on toxic dyes (Baruah et 

al., 2018; David and Moldovan, 2020). NPs may be used 

in the degradation of toxic chemicals mostly from waters 

(groundwaters, surface waters or wastewaters), but also 
from soil (Wang et al., 2019). However, most of the 

studies are still performed in laboratory conditions and 

the reported results are preliminary.  
TiO2 NPs possess a high catalytic performance which is 

induced under bright sunlight or ultraviolet irradiation. 

Several studies showed that the removal of pollutants 

using bio-TiO2 NPs cannot happen in dark conditions 
(Manikandan et al., 2018; Senthilkumar et al., 2018; 

Sethy et al., 2020). So far, the catalytic activity of bio-

TiO2 NPs was tested against several organic pollutants 
including methyl red (Sankar et al., 2015), reactive red 31 

(Khan and Fulekar, 2016), crystal violet (Senthilkumar et 

al., 2018) and eosin (Rafique et al., 2019). TiO2 NPs 
synthesized using A. indica plant proved to have a high 

photocatalytic activity and caused the degradation of a 

high amount of methyl red dye in the first hour of 

treatment (Sankar et al., 2015). In the case of crystal 
violet dye, the removal was even faster in the presence of 

TiO2 NPs synthesized using D. ebenum leaves extract 

(Senthilkumar et al., 2018).  
Bacterial synthesized TiO2 NPs seem to require more 

time for removal of another dye, reactive red 31, but at 

the end of the 7 hour experiment almost all dye amount 
was removed (Khan and Fulekar, 2016).  

An important result was achieved by Goutam et al. 

(2018) which designed an experimental system that uses 
the photocatalytic power of TiO2 NPs and sunlight in 

order to be involved in the treatment of tannery 

wastewater. TiO2 NPs were synthesized using the leaf 
extract of J. curcas. Previous studies showed that even 

after a conventional secondary treatment, the wastewater 

released from tannery facilities exceeded the 

recommended limit of pollutants when referring to 
industrial discharge. The secondary treated wastewater 

that passed through their experimental reactor with these 

NPs was cleaner and analyses on the chemical oxygen 
demand revealed that TiO2 NPs removed pollutants with 

an efficiency around 82%. Also, the removal efficiency 

of chromium was found to be at 76.5% when the reactor 

operated for 5 hours (Goutam et al., 2018). Beside 
chromium, bio-TiO2 NPs proved their efficiency in 

degrading phosphate (Manikandan et al., 2018) and lead 

removal (Sethy et al., 2020). The photocatalytic activity 
of TiO2 NPs synthesized using S. cumini leaves was 

useful in removing lead from the wastewater discharged 

by an explosive factory. Lead elimination rate was 
around 82%, but the amount of time required to achieve 

this value was considerably high (Sethy et al., 2020). In 

general, bio-TiO2 NPs exhibited a high pollutant removal 

yield. However, we consider that the process is not fast 
enough to be applied at an industrial level and further 

improvements are needed.  
 

2. Energy production and storage 
 

The photocatalytic activity of TiO2 NPs make them 

suitable for energetical purposes and they could help 
improving the efficiency of batteries or solar cells. The 

use of bio-TiO2 NPs in energy storage was explored so 

far by Kashale et al. (2016). Briefly, their study showed 
that manufacturing the working electrode of lithium ion 

batteries from bio-TiO2 NPs would improve the 

performance of the battery and stability of its storage 
capacity after a series of recharging cycles (Kashale et 

al., 2016). Some studies using conventionally synthesized 

TiO2 NPs have reported similar results (Wu et al., 2014; 

Wei et al., 2015). When used as a photoanode in a solar 
cell, bio-TiO2 NPs were not effective in mobilizing 

electrons. Therefore, the performance of the device was 

decreased in comparison with the solar cell manufactured 
using conventionally synthesized TiO2 NPs. However, 

researchers hypothesized that the coating of calcined 

biomolecules on the surface of bio-TiO2 NPs may act as 

an insulator, constraining the electrical conductivity of 
the material. So, it was discovered that removing the 

organic matter from NPs lead to the manufacture of a 

solar cell with promising performances (Órdenes-
Aenishanslins et al., 2014). The transfer of electrons in 

the solar cell is also facilitated by a pure crystalline phase 

rather than a mixed phase (Maurya et al., 2019). 
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Sustainability of biologically synthesized 

TiO2 NPs: environmental, economic and 

societal implications 

 

The analysis of sustainability is mainly based on the 

assessment of environmental, economic and societal 
impacts. A correct evaluation of the sustainability of 

nanotechnology cannot be done nowadays because of the 

limited experimental data (Mata et al., 2015). We already 
presented some advantages which make the biological 

synthesis of NPs an environmentally friendly method. 

Referring to the economic impact, we think that 
involving agrowastes in NPs synthesis would make this 

process more feasible and cost effective. Some studies 

already explored this possibility. For example, fruit peels 

or nutshells from economically important plants are 
considered food waste materials, although they are a rich 

source of biomolecules. In an attempt to make agriculture 

more sustainable and to implement the model of circular 
economy, research in biotechnology has tried to find a 

way to use agro-wastes. As in the case of raw plants, 

agro-waste materials contain active bioproducts that can 
be easily extracted and used in the synthesis of NPs. 

Briefly, the extraction protocol consists in grinding, 

drying and boiling food wastes, thus a low amount of 

energy is needed.  
Normally, all types of NPs can be obtained through 

biowaste mediated synthesis. So far, wastes involved in 

NPs production are fruit peels (e.g. banana, orange, 
lemon, mango, pomegranate, rambutan, groundnut, sugar 

apple), oak fruit hull, watermelon rind, coconut coir, 

grape waste, timber industry wastes (e.g. teak leaves) or 

many others (Adelere and Lateef, 2016). 
 

Table 5. Agro-waste materials involved in TiO2 NPs synthesis 

Agro-waste type 
Titanium 

precursor 

Size (nm) and 

shape 

Crystalline 

phase 
Application Reference 

Annona squamosa peel 

extract 
TiO(OH)2 

23 ± 2; 

spherical 
rutile - Roopan et al. (2012) 

Coffee husk TTIP 
8-10; not 

mentioned 
anatase 

remediation of 

polluted water 
Al Qarni et al. (2019) 

Kiwi peel extract bulk TiO2 
54,17-85,13; 
cylindrical 

anatase 
antibacterial and 

antioxidant activity 
Ajmal et al. (2019) 

Lemon peel extract bulk TiO2 
80-140; 

spherical 
anatase 

photocatalytic 

activity 
Nabi et al. (2020) 

Orange peel extract TiCl4 
20-50; not 

mentioned 
anatase 

antibacterial activity 

and anticancer 

potential  

Amanulla and Sundaram 

(2019) 

Peach peel extract bulk TiO2 
~200; 

cylindrical 
anatase 

antibacterial and 

antioxidant activity 
Ajmal et al. (2019) 

Plum peel extract bulk TiO2 
47,1-63,21; 

cylindrical 
anatase 

antibacterial and 

antioxidant activity 
Ajmal et al. (2019) 

Rice straw powder TTIP 
13.0 ± 3.3; 
spherical 

anatase - 
Ramimoghadam et al. 

(2014) 

Tangerine peel extract TTIP 
50-150; 

spherical 

rutile and 

anatase 
- Rueda et al. (2020) 

TiO(OH)2 – metatitanic acid; TTIP – titanium isopropoxide; TiCl4 – titanium tetrachloride. 

 
 

Characteristic for the coffee husk extract is the 

abundance of caffeine and caffeic acid. Even though 

FTIR showed that after calcination biochemicals were not 
absorbed on the surface of NPs, the reduction power is 

higher than in the case of ethanol as size of NPs show (Al 

Qarni et al., 2019). Amanulla and Sundaram (2019) have 
boiled a common organic waste, orange peel, in order to 

obtain an aqueous extract suitable for the green synthesis 

of TiO2 NPs. The high concentration orange peel extract 
was used as a substitute of the sulfuric acid involved in 

the chemical synthesis method. The authors were able to 

obtain triangular TiO2 NPs within a size range of 20 to 50 

nm. FTIR analysis has revealed the presence of fatty 
acids and carbohydrates on the obtained NPs. From the 

same category of fruits, lemon peel extract showed lower 

reducing potential as TiO2 NPs obtained were higher in 
size (Nabi et al., 2020). Also, NPs synthesized via 

tangerine peel extract had a variable size range of 50 to 

150 nm (Rueda et al., 2020). Smaller NPs were obtained 

using Annona squamosa peel extract (Roopan et al., 
2012). Using a powder from wasted rice straws also 

decreased the dimensions of TiO2 NPs. Straws are a rich 

source of polysaccharides packed in the cellulose 
structure (Ramimoghadam et al., 2014). Beside agro-

wastes resulted from plants, there are other biological by-

products that showed potential to be involved in the 
production of NPs. These include eggshells (Nikhil et al., 

2019), honey (Reddy et al., 2012; Haiza et al., 2013) or 

fish scales (Sinha and Ahmaruzzaman, 2015). Future 

studies should consider the exploitation of organic waste 
from households for the manufacture of NPs. A selection 

of studies referring to the agro-waste assisted synthesis of 

TiO2 NPs is presented in Table 5 together with the 
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characteristics of the obtained NPs and their possible 

applications. 
Regarding the impact on society, the acceptance of NPs 

by general public and stakeholders is impeded by 

concerns referring to their safety. The toxicity of green 
TiO2 NPs against wildlife and human health is not well 

determined. Srinivasan et al. (2019) have obtained TiO2 

NPs through an eco-friendly technique which uses 

Sesbania grandiflora leaves extract, and they tested their 
effect on zebrafish embryos. Briefly, TiO2 NPs affected 

the eggs surface, and it was reported a delayed hatching 

and some malformations in the case of a high 
concentration treatment (Srinivasan et al., 2019). 

However, experiments on guppy fish showed that 10 mg 

l
-1

 TiO2 NPs would not cause any toxic effects (Gandhi et 

al., 2018). We consider that further studies are needed to 
evaluate the toxicity of biologically synthesized TiO2 

NPs against aquatic and terrestrial ecosystems as well as 

to identify their possible ways of spreading into natural 
habitats. 

 

Conclusions  

 
TiO2 NPs are of great interest due to their numerous and 

diverse potential applications. However, their most 

common synthesis methods are associated with 
environmental issues. Taking into account that it was 

predicted that production of TiO2 NPs will increase in the 

future, scientists have tried to find sustainable ways for 

their synthesis. Bio-mediated synthesis of TiO2 NPs was 
done successfully in a great number of studies and it was 

proved to be an eco-friendly and cost-effective approach. 

However, this method remained at a laboratory scale. So 
far, several studies encouraged the use of green TiO2 NPs 

for biomedicinal, agricultural or industrial purposes. The 

antimicrobial, antiparasitic, antioxidant, toxicity against 

tumoral cells and healing potential of bio-TiO2 NPs were 
explored with promising results. Green NPs proved that 

they still possess photocatalytic properties like chemical 

ones and so reported good results in experimental devices 
designed to store and convert solar energy, as well as in 

treatment of wastewater to get rid of pollutants. 

Regarding agricultural applications, TiO2 may be 

effective in controlling pests and for animal healing, but 
the fertilizer potential was not certainly confirmed so far. 

These biological activities are mainly determined by the 

size, shape and cristaline structure of TiO2 NPs. The size 
of the biogenic TiO2 NPs varies from one approach to 

another. The spherical form was predominant, and the 

majority of studies obtained an anatase crystalline 

structure. TiO2 NPs were synthesized by microorganisms 
including bacteria, microfungi and yeast. In addition, 

most studies used plants to obtain these NPs. Introducing 

living organisms into nanotechnological approaches may 
be the way to make NPs more sustainable. Even if 

nowadays everyone’s attention is mainly focused on 

environmental issues, sustainability relies also on 
economical and societal impacts. A correct and complete 

evaluation of the sustainability of green TiO2 NPs cannot 

be done at this moment because of the limited 

experimental data. Future research should focus on the 
characteristics of green NPs and how they can be 

controlled and standardized. Also, it is desirable to find if 

biochemicals on the surface of green NPs exert a role in 
their biological activity. Not least, the toxicity of bio-

TiO2 NPs, as well as their possible routes of 

bioaccumulation and spreading into environment, need to 
be examined. 
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