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Abstract 

Background The biogenic synthesis of metallic nanoparticles is a green alternative that reduces the toxicity of this 
nanomaterials and may enable a synergy between the metallic core and the biomolecules employed in the process 
enhancing biological activity. The aim of this study was to synthesize biogenic titanium nanoparticles using the filtrate 
of the fungus Trichoderma harzianum as a stabilizing agent, to obtain a potential biological activity against phytopath‑
ogens and mainly stimulate the growth of T. harzianum, enhancing its efficacy for biological control.

Results The synthesis was successful and reproductive structures remained in the suspension, showing faster and 
larger mycelial growth compared to commercial T. harzianum and filtrate. The nanoparticles with residual T. harzi-
anum growth showed inhibitory potential against Sclerotinia sclerotiorum mycelial growth and the formation of new 
resistant structures. A great chitinolytic activity of the nanoparticles was observed in comparison with T. harzianum. 
In regard to toxicity evaluation, an absence of cytotoxicity and a protective effect of the nanoparticles was observed 
through MTT and Trypan blue assay. No genotoxicity was observed on V79‑4 and 3T3 cell lines while HaCat showed 
higher sensitivity. Microorganisms of agricultural importance were not affected by the exposure to the nanoparticles, 
however a decrease in the number of nitrogen cycling bacteria was observed. In regard to phytotoxicity, the nanopar‑
ticles did not cause morphological and biochemical changes on soybean plants.

Conclusion The production of biogenic nanoparticles was an essential factor in stimulating or maintaining struc‑
tures that are important for biological control, showing that this may be an essential strategy to stimulate the growth 
of biocontrol organisms to promote more sustainable agriculture.
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Graphical Abstract

Introduction
In recent years, pest biological control has emerged, 
aiming mainly at developing more sustainable crops 
and reducing the use of hazardous pesticides. How-
ever, this journey faces obstacles to total success, such 
as the viability of the microorganisms used as biocon-
trol agents, the product storage and the interference of 
combined products. There are still some challenges to 
using microorganisms as the primary way to control 
agricultural pathogens in large crops.

According to Liu et al. the application of nanotechnol-
ogy in agriculture has positive aspects [1]. Still, there are 
some gaps to be addressed, mainly regarding the trans-
ference of the knowledge from the laboratory bench to 
the application of the products in the field. In this con-
text, micro and nanotechnology need more studies to 
enhance the biological activity of microorganisms since 
these technologies enable applications aiming at both 
soil fertilization and pest control [1–5]. A review about 
nanoparticles as nanofertilizers by Fatima et  al. showed 
that there is an incentive for the use of biological organ-
isms to develop a sustainable agrosystem in the future. 
It is believed that this goal will be achieved with the use 
of nanofertilizers which will come to replace biofertiliz-
ers and synthetic fertilizers [3]. To guarantee security 
and sustainable development, some nanoplatforms were 
developed with several requirements to ensure agricul-
tural revolution [6].

A wide range of possibilities highlights nanotechnology 
to be applied in the agricultural sector as different strate-
gies may be used, such as nanosensors [7, 8], polymeric 
nanocapsules for the controlled release of pesticides [9–
12], metallic nanoparticles [13, 14] and metal oxide nan-
oparticles such as titanium dioxide which did not show 
phytotoxicity and may promote plant growth [15–17]. 
Concerning microtechnology, there is the possibility of 
encapsulating organisms to ensure field resistance [4].

The biogenic synthesis of metallic nanoparticles 
employing living organisms and their metabolites is con-
sidered a sustainable alternative that may enable the syn-
ergy between the metallic core and the metabolites from 
the organism, which remain around the metallic core 
forming a capping. This capping may contain enzymes 
acting as pest control agents and as direct or indirect 
enhancers for soil fertilization [18–22].

Trichoderma spp is widely used in biological control 
due to its specificity. This fungus controls the develop-
ment of several phytopathogens and stimulates plant 
growth [23–27]. Sclerotinia sclerotiorum (White mold) 
is one of the phytopathogenic fungi susceptible to 
Trichoderma spp biological activity. This pest affects the 
development of crops of economic importance, such as 
soybean, beans, potato and tomato, causing losses of up 
to 100% of the yield [28, 29]. Trichoderma spp. is respon-
sible for controlling phytopathogens through the com-
bined action of different routes such as competition, the 
release of metabolites in plants’ rhizosphere and systemic 
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resistance [30, 31]. Regarding the use of Trichoderma 
as a fertilizer, studies show that in addition to the activ-
ity against phytopathogens, Trichoderma also promotes 
plant growth, as it induces the production of phytohor-
mones that activate plant supplements and produce sec-
ondary metabolites, being used as biofertilizers [32–35]. 
According to Marra et al., Trichoderma spp. will signifi-
cantly contribute to developing a new generation of envi-
ronmentally friendly biostimulants and bioprotectors in 
the coming years [36].

The present study brings biogenic titanium nano-
particles that were designed to stimulate the growth of 
Trichoderma spp, aiming at better product efficiency, 
increase in shelf life, improvement of biocontrol activ-
ity and enhancement of Trichoderma colonization in the 
field. A previous study by our group showed that bio-
genic iron oxide nanoparticles promoted the stimulation 
of Trichoderma growth due to the presence of germina-
tive structures remaining from the synthesis, apparently 
being a way to ensure more significant development and 
maintenance of the fungus in the field [22]. In this way, 
it was decided to synthesize titanium nanoparticles (tita-
nium oxide IV/Rutile) since studies showed the absence 
of toxicity and its biocompatible properties [37]. Espe-
cially in the agricultural sector, the use of titanium diox-
ide showed a stimulating effect triggering the increase of 
plant biomass production and photosynthetic rate [38, 
39], stimulation of seed germination, higher nutrient 
absorption rate by the roots, stimulation of enzymatic 
activity, resistance to stress and, consequently, a higher 
yield [16]. Another deciding factor was the finding that 
the cultivation of Trichoderma in the presence of S. scle-
rotiorum cell wall stimulates the production of chitinases, 
β-glucanases and proteases [40, 41]. This finding trig-
gered the biogenic synthesis of titanium nanoparticles 
using Trichoderma harzianum with and without enzy-
matic stimulation by the phytopathogen S. sclerotiorum.

Accordingly, the objective of this study was to syn-
thesize biogenic titanium nanoparticles using titanium 
oxide IV (Rutile) as a metallic precursor and the filtrate 
of the fungus Trichoderma harzianum (with and with-
out enzymatic stimulation by the cell wall of Sclerotinia 

sclerotiorum) as a stabilizing agent, in an attempt to 
obtain not only nanoparticles with biological activity 
against phytopathogens but mainly nanoparticles that 
stimulate the growth of Trichoderma, enhancing its 
efficacy for biological control. Growth kinetics, activ-
ity against S. sclerotiorum and toxicity in soil and plants 
were also evaluated.

Materials and methods
Materials
The commercial product Ecotrich WP 1 ×  1010 UFC/g 
 (Balagro™, Brazil) was used to obtain the initial culture of 
T. harzianum to synthesize the nanoparticles. Titanium 
IV Rutile oxide (≥ 99.98% purity), MTT (3-(4,5-dimeth-
ylthiazolyl-2)-2,5-diphenyltetrazolium bromide) salt 
(≥ 97.5% purity), Trypan Blue dye and Resazurin sodium 
salt were purchased from Sigma Aldrich Chemicals, 
USA. Potato dextrose agar (PDA), potato dextrose broth 
(PDB) and Müeller Hinton broth (MHB) were obtained 
from Kasvi, Brazil. Dimethylsulfoxide (DMSO) (99.9% 
purity) was obtained from Dinâmica, Brazil; Power  Soil™ 
DNA Isolation Kit was purchased from Qiagen.  Qubit™ 
RNA HS Assay Kit and  SUPERSCRIPT™ III RT were 
purchased from Thermo Fisher Scientific, USA. Other 
reagents were acquired analytically from local suppliers 
(Sorocaba, Brazil). Cytotoxicity and genotoxicity evalu-
ations were performed using three cell lines (Table  1) 
obtained from BCRJ (Cell bank of Rio de Janeiro).

Methods
Obtaining of Sclerotinia sclerotiorum cell wall
The Sclerotinia sclerotiorum sclerotia were grown on 
potato dextrose agar (PDA) plates at room tempera-
ture and 12 h photoperiod for 7 days. After this period, 
mycelium discs were transferred to potato dextrose broth 
(PDB) and kept under stirring at 180 rpm and room tem-
perature for 7 days. Then, the biomass was collected by 
filtration, lyophilized and macerated in liquid nitrogen, 
giving rise to a powder. Distilled water was added to the 
fungal cell wall powder at 5 mg  mL−1. This mixture was 
centrifuged at 12,000 ×g for 15 min, and the presence of 
protein in the supernatant was evaluated by the Bradford 

Table 1 Cell lines used in cytotoxicity and genotoxicity assays: species, origin/code and technical characteristics

Cell line Species Origin Technical characteristics

HaCat Homo sapiens BCRJ Code 0341 Tissue: Skin
Cell type: keratinocytes

V79‑4 Cricetulus griséus
(Chinese Hamster)

BCRJ Code 0244 Tissue: Lung
Cell type: Fibroblasts

3T3—Swiss albino Mus musculus
(Swiss albino)

BCRJ Code 0017 Tissue: Embrionary
Cell type: Fibroblasts
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assay [42]. The washing and centrifugation process was 
repeated until no proteins were detected in the superna-
tant. The cell wall was again lyophilized and macerated to 
supplement the culture broth and induce the production 
of enzymes from the T. harzianum fungus in synthesiz-
ing titanium nanoparticles with stimulation.

Trichoderma harzianum culture and biogenic synthesis 
of titanium nanoparticles
The culture of T. harzianum was performed using 
the commercial product Ecotrich WP (Balagro—1010 
UFC   g−1, according to the manufacturer). Potato dex-
trose agar plates were inoculated with 1 mL of T. harzi-
anum suspension (200 mg  mL−1) and kept in the dark at 
room temperature for 6 days. Then, mycelium discs were 
transferred to two different broths, potato dextrose broth 
supplemented with the cell wall of S. sclerotiorum (0.5%) 
as a stimulator for enzymatic activity, and potato dex-
trose broth without supplementation [21]. The cultures 
were kept in the dark at constant stirring (150 rpm) and 
room temperature for 12 days. Then, the biomasses were 
collected by filtration, transferred to ultrapure water and 
left under the conditions mentioned above for 72 h, fol-
lowed by filtration and use of the filtrates for synthesizing 
the nanoparticles. Titanium IV Rutile oxide was added to 
the filtrates to a final concentration of 1 mM. The suspen-
sions were kept under stirring at room temperature for 
24  h to synthesize the nanoparticles [43]. Two different 
nanoparticles were obtained: NPTiOIVR-NS (without S. 
sclerotiorum stimulation) and NPTiOIVR-WS (with S. 
sclerotiorum stimulation).

Initial physico‑chemical characterization of the nanoparticles
The concentration of the nanoparticle suspensions 
(NPs  mL−1) was obtained by nanoparticles tracking anal-
ysis (NTA—NanoSight LM14) [44, 45]. The samples were 
100-fold diluted and analysed by NanoSight LM14 and 
NanoSight v.2.3 software [46]. Dynamic Light Scatter-
ing (DLS) technique was performed to obtain the average 
hydrodynamic diameter (HD) and polydispersity index 
(PDI) and microelectrophoresis technique to determine 
zeta potential (ZP) (ZetaSizer Nano ZS 90—Malvern). 
The nanoparticles were two-fold diluted, and three read-
ings were performed per sample at a fixed angle of 90º 
and temperature of 25  ºC. For TEM analysis, a drop of 
the samples was added to a copper grid and treated with 
a drop of 2% (v/v) aqueous uranyl solution. Then, the grid 
was kept at room temperature until the samples were 
dried entirely and later analyzed in a Zeiss transmission 
electron microscope -LEO 906 equipped with Olympus’ 
CCD camera and iTEM image capture software, which 
operates with voltage 60  kV, with a tungsten filament. 

The analyses were performed at the Electronic Micros-
copy Laboratory of the Biology Institute of the State Uni-
versity of Campinas (UNICAMP), Brazil.

Growth of residual T. harzianum from the synthesis
After the synthesis, residual T. harzianum conidia were 
observed in the suspension of nanoparticles. An assay 
was performed to evaluate the viability of the fungus 
carried by the suspension. For this purpose, initially, the 
biogenic titanium nanoparticles were separately added to 
PDA plates at the concentration of 1 ×  108 NPs  mL−1. To 
investigate the ability of the nanoparticles in stimulating 
the growth of T. harzianum, plates containing equal con-
centrations of nanoparticles were inoculated with com-
mercial T. harzianum (0.127  mg   mL−1). Control plates 
containing only commercial T. harzianum were also pre-
pared. The cultures were kept at room temperature, for 
7 days, with 12 h of photoperiod, and then T. harzianum 
growth was evaluated [22].

Once Trichoderma growth was observed on the plates, 
the kinetics of fungal growth was evaluated. Sterile filter 
discs embedded in the suspensions of nanoparticles  (108 
NPs  mL−1) were added to the center of PDA plates (trip-
licate), and the cultures were kept at room temperature 
and 12 h photoperiod. T. harzianum growth was moni-
tored through photos for later kinetics evaluation using 
ImageJ Software. To calculate the kinetics growth, zero 
time (T0) was defined as the time when mycelial growth 
was observed exceeding the filter limits in any of the 
plates. The cultures were photographed at times T0 and 
3, 6, 9, 12, 24, 36, 48 and 60 h after plating. The growth 
curve was plotted through the relative growth area of the 
fungus as a function of time, evaluated and calculated 
using Eq. 1.

where, A(T) = area in the evaluated time, A(T0) = area 
in zero time (considered the initial mycelial growth) and 
A(F) = total plate area.

Evaluation of the activity of the nanoparticles 
against Sclerotinia sclerotiorum
To verify the activity of the biogenic titanium nanopar-
ticles against S. sclerotiorum in vitro, PDA plates were 
supplemented with filtered (0.2  µm) and non-filtered 
suspensions of nanoparticles  (108 NPs   mL−1), and T. 
harzianum (0.127  mg   mL−1) as a control. After agar 
solidification, one sclerotia (resistance structure of S. 
sclerotiorum) was inoculated in the center of each plate, 
keeping control plates free of nanoparticles and T. har-
zianum. The cultures were kept at room temperature for 

(1)Relative area =
A(T )− A(T0)

A(F)− A(T0)
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7 days, with 12 h photoperiod. After the culture period, 
mycelial growth and the generation of new sclerotia were 
observed. All tests were performed in triplicate.

Characterization of the selected NPTiOIV‑NS
Based on the previous results obtained for both the 
nanoparticles, NPTiOIV-NS was selected to con-
tinue the investigations. Scanning electron microscopy 
(SEM) analysis of the nanoparticles’ morphology was 
performed with a scanning electron microscope (FEI-
Inspect-F50-LNNano, Campinas) at different magnifi-
cations, using a secondary electron detector (Everhart 
Thornley SED) operating with an acceleration voltage 
of 2  kV. The nanoparticle suspension was dripped onto 
5 × 5 mm (4˝ Ø) previously treated (glow discharge) sili-
con chips. After drying, the silicon substrate was added 
to the sample holder with carbon glue, and thick carbon 
film (10 nm) deposition under an argon atmosphere was 
performed. Energy Dispersive Spectroscopy (EDS) was 
also performed to identify the elemental composition of 
NPTiOIV-NS [47].

The X-ray diffraction (XRD) analyses was performed 
using the solid nanoparticle sample obtained by freeze-
drying of the aqueous suspension. The diffractogram was 
obtained using a Shimadzu XRD-6100 diffractometer 
(Laboratory of Materials FINEP 3, Federal University 
of São Carlos, Sorocaba) operated at 40 kV and 30 mA, 
with the copper emission line (λCu Kα = 1.5418 Å) as the 
radiation source. Scanning was performed in the angle 
range from 10 to 90°, at a rate of 2°/min, with a step size 
of 0.02°. Fourier transform infrared spectroscopy (FTIR) 
analyses was performed to investigate the main func-
tional groups in the composition of the nanoparticles and 
T. harzianum filtrate. KBr tablets were prepared using a 
proportion of 1.5% of the solid nanoparticles. The spec-
tra were acquired in the range from 4000 to 400   cm−1, 
at 8   cm−1 resolution, with 64 scans, using a JASCO FT/
IR-410 spectrometer.

Chitinolytic assay to determine the chitinase activity 
of the nanoparticles
The chitinolytic activity assay was performed to detect 
the presence of active enzymes in the suspension. The 
indicative medium was prepared according to Agrawal 
and Kotasthane [48]. Filter paper discs soaked with the 
nanoparticles were placed in the center of the agar Petri 
dishes, which were incubated for 7 days at 25 ºC. Photos 
were taken 3, 5 and 7 days after incubation to record the 
formation of the halo of chitin degradation. The assay was 
performed in triplicate, using T. harzianum as a control.

Evaluation of the cytotoxicity and genotoxicity 
of the nanoparticles on cell lines in the presence and absence 
of ultraviolet radiation
The cytotoxicity of the nanoparticles was determined by 
the evaluation of mitochondrial activity and membrane 
integrity through the reduction of MTT (3-(4,5-dimeth-
ylthiazolyl-2)-2,5-diphenyltetrazolium bromide) salt 
and the exclusion of trypan blue dye techniques, respec-
tively, with and without exposure to UV radiation. In the 
assays, the cells were plated at 0.5 ×  105 cells   mL−1 on 
96-well microplates and the culture was carried out until 
adhesion.

For the MTT assay, the cells were exposed to the fil-
tered biogenic titanium nanoparticles (0.2  µm) at con-
centrations between 0.06 and 2.1 ×  109 NPs.mL−1 for 
24  h [9]. At the end of the exposure period, the wells 
were washed with phosphate-buffered saline (PBS), the 
MTT solution (0.5 mg  mL−1) was added to the wells, and 
the plates were incubated for 3 h, followed by the MTT 
removal and addition of DMSO. The absorbance was 
read at 540  nm (Readwell PLATE, ROBONIK). All the 
tests were performed in sextuplicate, and the results were 
analyzed by the calculation of relative viability, consider-
ing the average absorbance values obtained in the nega-
tive control as 100% viability. The exact parameters of the 
MTT assay were employed for the trypan blue dye exclu-
sion assay. The cells were exposed to the filtered biogenic 
titanium nanoparticles for 1 h. The plates were kept in an 
incubator until the end of each analysis. After cell expo-
sure, trypan blue dye solution (0.4%) was added to the 
cell culture (1:1 v/v), and the counting of viable and non-
viable cells was performed using an optical microscope. 
The percentage of viable cells was calculated using Eq. 2 
[49].

For the analysis in the presence of UV radiation, the 
cell cultures were exposed to UVC radiation 30 min after 
the start of the exposure to the nanoparticles (OSRAM 
PURITEC HNS UV-C lamp 30 W, dominant wavelength: 
254  nm) for 10  min, with a distance of 12  cm from the 
surface of the culture media containing the cells [50, 51], 
and incubated again until the entire incubation period 
(24 h exposure).

The comet assay was performed according to the 
adapted methodology of Singh et  al. to determine the 
genotoxicity of the nanoparticles [52]. The cells were 
exposed to the filtered nanoparticles at 1 ×  109 and 1 ×  108 

(2)

Cell viability(%)

=
Number of viable cells

Total cells(viable cells + nonviable cells)
X100
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NPs   mL−1 for 1  h, followed by homogenization with 
low melting point agarose (0.8%) and spread on 1.5% 
agarose-coated slides using coverslips. All the assay was 
performed in triplicate. After slide preparation, cell lysis 
was performed at 4 ºC, then neutralization and transfer-
ence to the electrophoresis chamber. The cells were kept 
in an electrophoresis buffer for 20 min for DNA unwind, 
and the electrophoresis was performed (20 min at 30 V, 
300 mA and 10 W). After electrophoresis, the slides were 
neutralized and left to dry at room temperature over-
night [9]. The slides were previously fixed for silver stain-
ing, kept in staining solution for 35 min, and left to dry 
at room temperature. The analyses were performed using 
an optical microscope by visual scoring, classifying the 
DNA damage into five different categories, where 0 (D0) 
indicates the absence of damage and 4 (D4) indicates the 
higher damage index [53].

Effects of the nanoparticles on microorganisms 
of agricultural importance and nitrogen‑cycling bacteria
The minimal inhibitory concentration (MIC) assay to 
evaluate the possible effects of the nanoparticles on the 
development of microorganisms of agricultural impor-
tance was performed with Bacillus thuringiensis [54], 
Pseudomonas aeruginosa [55], Bradyrhizobium japoni-
cum [56] and Beauveria bassiana [57]. The assays were 
performed in triplicate with two controls: microorgan-
isms free of nanoparticle exposure and culture media 
without microorganisms. The microorganisms were 
incubated at 35ºC for 24 h in 96-well microplates contain-
ing Müeller Hinton broth supplemented with the nano-
particles in concentrations between 0.06 and 2.1 ×  109 
NPs   mL−1 [9]. After exposure, resazurin dye was added 
(6.75 mg  mL−1), and the microplates were incubated for 
24 h. Results were obtained by visual analysis, consider-
ing the colour change from blue to pink as an indicator of 
the viability of the microorganisms.

Molecular analysis of soil bacteria was performed to 
verify the possible effects of the nanoparticles on the 
soil microbiota, which acts in nitrogen cycling. Initially, 
the soil was sieved, separated into 10 g aliquots in coni-
cal tubes and exposed to 2.6 mL of nanoparticle suspen-
sions at a concentration of 1 ×  108 NPs   mL−1. A sample 
containing T. harzianum in a concentration proportional 
to that used in the field and negative control (only water) 
was also prepared [58]. Initially, DNA was extracted from 
a soil sample without any type of exposure (denoted soil 
zero) for use as a control reflecting the initial soil con-
ditions. DNA extraction was performed using Power 
 Soil® DNA Isolation Kit (Qiagen). DNA extractions 
were performed 15 and 360 days after exposure, and the 
genetic material was quantified by fluorescence (Qubit 
3.0 Fluorometer) and diluted to a final concentration 

of 100  ng   mL−1. Gene quantification was performed by 
qPCR with specific primers (Nitrogenase reductase—
nifH, Cu-containing nitrite reductase—nirK, Nitrite 
reductase—nirS, Nitric oxide reductase—cnorB, Nitrous 
oxide reductase—nosZ and Nitrate reductase—narG), in 
triplicate, employing Step One SYSTEM (Thermofisher), 
with the amplification conditions according to Maruy-
ama et  al. [59]. 16S rRNA was used as a reference gene 
for the relative quantification of bacterial DNA, and the 
DNA sample initially extracted from soil zero was used 
as a control.

Effects of the nanoparticles on soybean plants
Soybean was cultivated in plastic pots (14  cm in upper 
diameter, 9.5  cm in lower diameter and 10.5  cm in 
height) containing soil previously exposed to the nano-
particles in the proportion of 3.82 ×  1013 NPs   m2. Five 
seeds were planted per pot, with five repetitions. The 
exact number of pots was prepared as control with soil 
free of nanoparticles. The experiment was conducted in 
a greenhouse in a randomized design under natural light 
conditions for 25 days (from April 25th 2019 to May 20th 
2019), with daily watering and supplementation with 
50 mL of Hoagland and Arnon’s nutrient solution (1 mM 
 KH2PO4, 4  mM Ca(NO3)2.4H2O. 2  mM  K2SO4, 4  mM 
 (NH4)2SO4, 2 mM  MgSO4.7H2O, 92.5 μM  H3BO3, 18 μM 
 MnCl2.4H2O, 1.5  μM  ZnCl2, 0.56  μM  Na2MoO4.2H2O, 
0.66  μM  CuCl2.2H2O, 100  μM  FeSO4) twelve days after 
sowing [60]. After plant growth, morphological param-
eters were evaluated by measuring shoot and root length, 
leaf area, shoot and root fresh and dry weight. Hydro-
gen peroxide  (H2O2) and malondialdehyde (MDA) were 
quantified in leaves and roots as markers of oxidative 
stress and lipid peroxidation, respectively. Initially, for the 
analysis of oxidative stress, 0.1 g of vegetal tissue (leaf and 
root) were ground to a powder with liquid nitrogen and 
diluted in 1 mL cold 0.2% trichloroacetic acid solution in 
methanol (w/v), followed by centrifugation at 13,700 xg, 
at 4 ºC for 5 min, collecting the supernatant for hydrogen 
peroxide and malondialdehyde quantification, accord-
ing to Alexieva et al. [61] and Camejo et al. [62], respec-
tively. To investigate the effects of the nanoparticles on 
soybean roots, the expression of genes involved in root 
lignification was analyzed. Total RNA was extracted from 
the plant roots following the methodology described by 
Bitencourt et al. [63]; RNA was quantified (Qubit™ RNA 
HS Assay Kit) and converted to complementary DNA 
(cDNA) by reverse transcription (SUPERSCRIPT™ III 
RT). Real-time PCR (StepOne thermocycler) was per-
formed employing the ΔΔCT  (2−ΔΔCT) method with spe-
cific primers to evaluate the expression of Phenylalanine 
ammonia-lyase (PAL), Cinnamate 4-hydroxylase (C4H), 
Cinnamyl alcohol dehydrogenase (CAD), Peroxidase 2 
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(POD2), Peroxidase 4 (POD4) and Peroxidase 7 (POD7) 
genes [64]. The β-actin gene was used as an endogenous 
normalizer.

Statistical analysis
Statistical analysis was performed using ANOVA, fol-
lowed by Tukey’s HSD post hoc test (equal variances) and 
Wilcoxon’s T-test, GraphPad Prism program. Statistical 
significance was defined as p < 0.05.

Results and discussion
Synthesis and initial characterization of titanium 
nanoparticles
The biogenic synthesis of metallic nanoparticles is gen-
erally proposed as the action of metabolites from the 

organisms employed as reducing and stabilizing agents in 
the process [65, 66]. However, as the metallic precursors 
used in the present study are not reactive, it is possible to 
suppose that the synthesis occurs through the dispersion of 
titanium oxide in the enzymatic content of T. harzianum 
followed by the adsorption of fungal protein on the surface 
of the nanoparticles. In this way, suspensions containing 
titanium oxide nanoparticles capped with biomolecules 
synthesized by the fungus, free biomolecules (not adsorbed 
to the nanoparticles) and fungal structures such as myce-
lium residues, conidia and chlamydospores are obtained. 
Figure 1 demonstrates the possible mechanism of synthesis 
of titanium nanoparticles with and without supplementa-
tion with the cell wall of S. sclerotiorum (0.5%) and suggests 
the formation of different cappings.

Fig. 1 Mechanism of synthesis of titanium nanoparticles with and without supplementation with S. sclerotiorum cell wall suggesting the 
production of different biomolecules and the formation of different cappings
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This hypothesis suggests that biogenic nanoparticles 
may be synthesized from compounds that do not release 
ions and do not suffer enzymatic reduction, different from 
silver and iron oxide nanoparticles [14, 22]. In the case of 
the present study, the nanoparticles were synthesized with 
the same metallic precursor and different metabolites due 
to the enzymatic stimulation employing S. sclerotiorum 
cell wall (Fig.  1). According to the literature, the precur-
sors used in the synthesis are colloids, and the proteins are 
probably adsorbed on the surface of previously dispersed 
titanium oxide nanoparticles. It is justified by the fact that 
the stability of biogenic nanoparticles is related to the pres-
ence of a capping [14, 67, 68].

The average HD, PDI, ZP, concentration and pH of 
each nanoparticle were determined right after synthesis 
(Table 2).

Regarding pH, the results showed nanoparticles with pH 
7.4 and 6.5 (Table 2), considered appropriate as literature 
shows that pH values around 7 are adequate for agricul-
tural applications by chemigation [69–71]. The different 
parameters of characterization observed when comparing 
the nanoparticles are probably due to the different cap-
pings composed of protein, carbohydrates and secondary 
metabolites released by T. harzianum in the presence and 
absence of S. sclerotiorum cell wall as an enzymatic stimu-
lator. This capping confers stability and specificity to the 
nanoparticles [65], showing that different conditions of 
synthesis may result in different interactions between the 
capping and the metallic core (Fig. 1).

It is possible to observe that the nanoparticles synthe-
sized with stimulation showed a larger hydrodynamic 
diameter (Table 2) that may be attributed to the presence 
of a more significant amount or diversity of biomolecules 
produced by T. harzianum in the presence of S. sclerotio-
rum cell wall. Choudhary et al. concluded that hydrolytic 
enzymes and other metabolites from the medium may trig-
ger the formation of nanoparticles with larger cappings 
[72]. The nanoparticles synthesized without stimulation 
showed higher zeta potential than those with stimulation, 
showing the difference in the functional groups exposed to 
the external surface and, consequently, the difference in the 
capping of each nanoparticle.

The analyses by TEM showed that the titanium bio-
genic nanoparticles have spherical morphology and 
smooth surface, with an average diameter of 431 ± 87 nm 

for NPTiOIVR-NS (Fig.  2A) and 378 ± 65  nm for 
NPTiOIVR-WS (Fig. 2B).

Investigation of the presence of remaining T. harzianum
Mycelial growth was observed on PDA plates inoculated 
with the suspension of NPTiOIVR-NS, confirming the 
presence of viable T. harzianum remaining in the sus-
pension of nanoparticles (Fig.  3A). This growth occurs 
probably, due to the presence of chlamydospores or other 
reproductive structures in the final suspension [22]. The 
nanoparticles synthesized with stimulation by S. scle-
rotiorum cell wall did not show T. harzianum residual 
growth (Fig. 3A).

To verify if the biogenic titanium nanoparticles had the 
potential to stimulate the growth of commercial T. harzi-
anum in culture, plates containing the nanoparticles and 
the conidia of commercial T. harzianum were prepared 
(Fig.  3B). Suspensions of filtered and unfiltered nano-
particles were used, and the results showed fast mycelial 
growth in the plates containing unfiltered NPTiOIV-NS 
(with the remaining reproductive structures). The plates 
containing filtered NPTiOIV-NS showed mycelial growth 
similar to the control plates containing only T. harzi-
anum. The plates containing NPTiOIV-WS did not show 
fast mycelial growth, indicating that the stimulation by 
S. sclerotiorum cell wall did not enable the presence of 
viable reproductive propagules after synthesis. Another 
observation is that the filtrate employed in the synthesis 
did not show T. harzianum growth, indicating that the 
nanoparticles possess a potentializing effect.

Table 2 Physico‑chemical characterization of biogenic titanium nanoparticles

Nanoparticle pH HD (nm) PDI ZP (mV) Concentration (NPs  mL−1)

NPTiOIVR‑NS 7.4 567 ± 58 0.741 ± 0.08 − 20 ± 3 6.8 ×  109 ± 1.4 ×  109

NPTiOIVR‑WS 6.5 650 ± 46 0.535 ± 0.09 − 17 ± 1 1.9 ×  1010 ± 3.3 ×  109

Fig. 2 TEM micrographs of biogenic titanium nanoparticles. 
A NPTiOIVR‑NS, 100 ×magnification; B NPTiOIVR‑WS, 
100 ×magnification
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A possible change in the metabolism of T. harzianum 
triggered by S. sclerotiorum cell wall (synthesis with 
stimulation) may explain the absence of viable reproduc-
tive structures in NPTiOIV-WS. Probably, the defense 
mechanisms of T. harzianum were activated as a prior-
ity, and the production of reproductive structures was 
converted into a secondary mechanism [73, 74], directing 
the metabolism to fight the pathogen instead of employ-
ing energy on development and multiplication [75]. It is 
possible to observe that compared to the commercial T. 
harzianum control, the plates containing commercial 
Trichoderma + NPTiOIVR-NS nanoparticles show more 
significant mycelial growth (Fig. 3B). This growth is not 

observed in the plate containing commercial Tricho-
derma + filtered nanoparticles, confirming the previous 
existence of reproductive structures remaining from the 
synthesis. In the plates containing NPTiOIV-WS with 
commercial T. harzianum, the growth was relatively the 
same as in the control plates. These results corroborate 
the hypothesis that, probably, the addition of the cell wall 
of the phytopathogen during T. harzianum growth stim-
ulated a higher production of hydrolytic enzymes, which 
play a crucial role in biological control [40, 41], trigger-
ing a shift of energy resources towards the production of 
metabolites against the phytopathogen.

Fig. 3 Evaluation of the growth of T. harzianum remaining in the suspension of biogenic titanium nanoparticles. A Nanoparticles without filtration 
of the remaining fungus; B Growth of remaining T. harzianum with and without filtration of the suspension in plates containing T. harzianum 
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The growth kinetics was evaluated for both the nano-
particles. The results showed that NPTiOIVR-NS exhib-
ited a significantly higher T. harzianum growth area with 
time compared to the growth of commercial T. harzi-
anum. The plates containing NPTiOIVR-WS did not 
show T. harzianum mycelial growth (Fig. 4).

The reproductive structures of T. harzianum remain-
ing in the suspension is not the unique explanation for 
the more intense development of T. harzianum after the 
synthesis of the nanoparticles since the filtrate employed 
in the synthesis did not show similar mycelial growth 
(Fig. 4). Chlamydospores are fungal structures with high 
resistance to stress conditions and possess an impor-
tant role in fungal growth and proliferation [76, 77]. The 
contact of the fungus with the metallic precursor dur-
ing the synthesis may be a stressor factor that triggered 
the development of chlamydospores as resistant struc-
tures to ensure survival. An exciting factor corroborating 
this hypothesis is that these structures are preferentially 
formed in liquid medium such as the synthesis suspen-
sion. In this way, the tests comparing commercial Tricho-
derma and nanoparticles, in fact, probably, compare 
the growth and activity of conidia and chlamydospores, 
respectively. Another important point to highlight is the 

fact that Trichoderma species produce chlamydospores, 
toxic substances and hydrolytic enzymes which degrade 
the cell wall of pathogenic fungi, favouring their survival 
[40, 77]. These characteristics justify the synthesis pro-
cess described in this study as a scientific-based proposal, 
suggesting that the biological activity of the biogenic nan-
oparticles is triggered by a synergy between the metallic 
core and the capping.

Evaluation of the influence of Sclerotinia sclerotiorum 
cell wall stimulation on the biological activity 
of the nanoparticles
The results of the evaluation of the biological activity 
of the nanoparticles in  vitro showed that NPTiOIV-NS 
inhibited mycelial growth and the development of new 
sclerotia of S. sclerotiorum (Fig. 5).

It was possible to observe the fast growth of T. harzi-
anum on the plates treated with NPTiOIV-NS prob-
ably due to the presence of residual propagules, and the 
colonization of the initial sclerotia, inhibiting S. sclero-
tiorum mycelial growth. In addition, NPTiOIV-NS indi-
rectly affects S. sclerotiorum since it enhances the growth 
of T. harzianum, which inhibits the development of S. 
sclerotiorum. On the contrary, the cultures containing 

Fig. 4 Kinetics of T. harzianum growth. A  Growth area of NPTiOIVR‑WS and NPTiOIVR‑NS relative to commercial T. harzianum suspension at 
0.127 mg  mL−1 and the filtrate employed in the synthesis for comparison purposes. B Comparison only with NPTiOIVR‑WS and commercial T. 
harzianum, highlighting the low growth in NPTiOIVR‑WS
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NPTiOIV-WS did not show T. harzianum growth and 
inhibition of S. sclerotiorum. An average amount of 
new sclerotia was observed (56 sclerotia), a lower num-
ber than that observed in the control plates (91.3 new 
sclerotia).

Characterization of the selected NPTiOIV‑NS
After the results of the biological activity of the nanopar-
ticles, which showed that NPTiOIV-WS did not possess 
inhibitory potential against S. sclerotiorum, NPTiOIV-NS 
was chosen to continue the investigations due to the bet-
ter performance and ease of synthesis. In view of this, a 
more in-depth characterization was carried out.

SEM analysis showed a size distribution between 250 
and 300  nm and spherical shape (Fig.  6A and 6B). EDS 
analysis showed a peak characteristic of titanium, con-
firming the presence of the metal in elemental form 
in the suspension of nanoparticles. Peaks characteris-
tic of organic compounds were detected suggesting the 

presence of biomolecules from T. harzianum associated 
with the nanoparticles (Fig. 6C).

XRD analysis showed diffraction peaks at 27.2º, 36.0º, 
39.0º, 41.0º, 44.0º, 54.3º and 56.6º which correspond to 
(110), (101), (200), (111), (210), (211) and (220) crystal 
planes, respectively, attributed to rutile phase of tita-
nium dioxide (rutile TiO2, JCPDS Code 751,537 [78, 79]. 
According to Debye–Scherrer equation, the crystal size 
of the nanoparticles is 21.73 nm.

The FTIR analysis showed some similar bands for T. 
harzianum filtrate and NPTiOIVR-NS. The absorp-
tion bands around 3300   cm−1 indicate hydroxyl (OH) 
groups and the N − H bond of amine groups while the 
band 2930  cm−1 may be attributed to the stretching of 
aliphatic C − H, 1651  cm−1 corresponded to stretching 
of the amide C = O bond and 1400   cm−1 may indicate 
a C − C vibration [14, 22, 80–82]. The band 1535  cm−1 
attributed to amide II in the filtrate of T. harzianum 
was shifted to 1552   cm−1 and suffered a decrease in 
intensity in NPTiOIVR-NS, indicating an out-of-plane 

Fig. 5 Evaluation of the activity of titanium nanoparticles for the control of S. sclerotiorum.  Average number of new sclerotia and aspect of the 
culture plates showing the presence or absence of new sclerotia according to the exposure to NPTiOIV‑NS, NPTiOIV‑WS, T. harzianum and control 
(only culture medium)
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symmetric angular deformation of  NH2. The band 
1060   cm−2 which suffered an increase in intensity in 
NPTiOIVR-NS may indicate deformations of C–O 
[14]. These results indicate that some functional 
groups of the filtrate remained in the suspension of 
nanoparticles, however some changes in the position 
and intensity of the bands suggest a possible associa-
tion between these groups and the metallic core.

Chitinolytic assay to determine the chitinase activity 
of the nanoparticles
The chitinolytic activity assay showed a high activ-
ity of chitinase of NPTiOIV-NS 7 days after incubation. 
The medium colour change from yellow to purple was 
observed in the hole plate, and the mycelium growth of 
T. harzianum was also observed. At the same time, T. 
harzianum alone did not show high chitinolytic activity 
(Fig. 7).

Fig. 6 A SEM micrographs of NPTiOIVR‑NS, 20320 ×magnification; B Size distribution obtained from the analysis of SEM images; C EDS analysis; D 
Diffractogram of XRD analysis; E FTIR analysis of NPTiOIVR‑NS and T. harzianum filtrate

Fig. 7 Chitinolytic activity of NPTiOIV‑NS and T. harzianum filtrate 3, 5 and 7 days after plating
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Similar results were obtained by Bilesky-José et  al., 
where a higher activity of chitinase was observed for the 
suspension of biogenic iron oxide nanoparticles synthe-
sized with T. harzianum filtrate in comparison with T. 
harzianum alone [22]. Maruyama et  al. compared the 
chitinolytic activity of calcium alginate microparticles 
containing T. harzianum and the non-encapsulated fun-
gus and observed a higher activity of the microparticles, 
with a more intense colour change of the medium and 
mycelium growth [4].

Evaluation of the cytotoxicity and genotoxicity 
of the nanoparticles on cell lines in the presence 
and absence of ultraviolet radiation
Cytotoxicity and genotoxicity evaluations were performed 
since exposure to workers may occur in the case of agri-
cultural applications. The results showed low cytotoxicity 
(Fig. 8) and an evident protective effect of the nanoparti-
cles when the cells were exposed to UVC radiation. The 
cells showed high viability in both MTT and Trypan blue 
assays, without the determination of  IC50 by MTT assay 

Fig. 8 Evaluation of the cytotoxicity of biogenic titanium nanoparticles. A MTT assay of NPTiOIV‑NS in concentrations between 0.06 and 2.1 ×  109 
NPs  mL−1 with different cell lines with (UV +) and without (UV− ) exposure to ultraviolet radiation. B Direct viability analysis of cells exposed to 
NPTiOIV‑NS at the concentrations 1 ×  109 and 1 ×  108 NPs  mL−1 with (UV +) and without (UV− ) exposure to ultraviolet radiation by the exclusion of 
trypan blue dye. *Indicates difference when compared to the control; a and b indicate comparisons between the assays without and with exposure 
to UVC radiation, respectively (p < 0.05)
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(Fig.  8A), for the cells exposed and not exposed to UVC 
radiation. These results indicate the low toxicity of the 
nanoparticles to the exposed cell lines. Park et al. demon-
strated a concentration-dependent increase in the cyto-
toxicity of human bronchial epithelial cells exposed to 
titanium dioxide nanoparticles. However,  IC50 was not 
obtained even at the highest concentrations, reaching just 
over 60% of viability in a one-hour exposure [83].

Titanium dioxide on the nanoscale is widely used in 
sunscreens and cosmetics due to the high index of refrac-
tion. The rutile crystalline phase is the most used for this 
application [84–87]. However, it is crucial to consider 
the possible toxic effects of this nanomaterial since some 
studies show impacts on health and the environment 
[88]. According to Morlando et  al., the catalytic poten-
tial of titanium dioxide, especially at the nanoscale, may 
increase the production of reactive oxygen species (ROS) 
in the presence of UV radiation, inducing higher cyto-
toxicity [89]. Consequently,  TiO2 nanoparticles are often 
capped with different compounds (silica, magnesium or 
aluminium) to prevent and reduce reactions to UV expo-
sure [86, 90, 91]. However, these cappings are not widely 
studied, and few studies compare the toxicity of different 
 TiO2 nanomaterials. According to Hamzeh and Suna-
hara, significant differences in cytotoxicity and genotox-
icity were found between nano-TiO2 and micro-TiO2, as 
well as between capped and uncapped nano-TiO2 [92].

In the present study, an increase in relative cell viabil-
ity of the three cell lines was observed with the exposure 
to the nanoparticles in the presence and absence of UVC 
radiation, mainly HaCat and 3T3 cell lines (Fig. 8A). It sug-
gests that the nanoparticles may have a protective effect 
against the damage to the cellular metabolism of the MTT 
salt caused by radiation. The evaluation of direct cell via-
bility by excluding trypan blue showed that the nanoparti-
cles did not cause cytotoxic effects to the exposed cell lines 
at the concentrations of 1 ×  108 e 1 ×  109 NPs   mL−1, with 

and without exposure to UVC radiation (Fig. 8B). Similar 
results were found by Hanot-Roy et al., that exposed lung 
carcinoma cells to titanium dioxide nanoparticles at a wide 
range of concentrations (5, 200 and 800 µg  mL−1) and did 
not observe significant cytotoxic levels [93]

Therefore, the viability results indicate that the capping 
formed during the synthesis of the nanoparticles had 
a similar effect to that presented in some studies where 
the cappings are added to the nanoparticles to prevent 
the reaction with UV radiation. It is plausible to consider 
that the capping from T. harzianum metabolites had an 
essential role in reducing the photocatalytic action of the 
nanoparticles, corroborating with a study that reports a 
lower photocatalytic activity of titanium dioxide nano-
particles capped with the natural polymer chitosan [89].

The genotoxic potential of titanium nanoparticles was 
evaluated by comet assay using HaCat, 3T3 and V79-4 
cell lines. The results did not show an increased damage 
index for V79-4 and 3T3 cell lines in comparison with 
control, whereas HaCat cells showed higher sensitivity to 
both concentrations of nanoparticles (Fig. 9).

Bhattacharya et al. reported the absence of genotoxicity 
after lung fibroblasts and bronchial epithelium cells were 
exposed to anatase titanium oxide nanoparticles [94]. In 
contrast, the results reported by Patel et al. showed a sig-
nificant increase in DNA damage of blood cells exposed 
to titanium dioxide nanoparticles obtained with chemi-
cal synthesis at the concentrations of 25, 75 and 125 µM 
[95]. A similar response was reported by Armand et al., 
where low concentrations of chemical titanium diox-
ide nanoparticles, with prolonged exposure, triggered 
genotoxic effects on lung carcinoma cells [96]. Koca and 
Duman reported a dose and time-dependent DNA dam-
age caused by biogenic titanium nanoparticles synthe-
sized from the leaf extract of Mentha aquatica [97].

These results demonstrate the importance of inves-
tigating the toxicity of nanoparticles and their relation 

Fig. 9 Evaluation of the genotoxicity of the biogenic titanium nanoparticles at the concentrations of 1 ×  109 and 1 ×  108 NPs mL. * Indicate 
significant difference (p < 0.05)
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with the physicochemical characteristics. According to 
the route of synthesis and the features and properties of 
the nanoparticles, unique behaviors in regard to toxicity 
may be observed.

Effects of the nanoparticles on microorganisms 
of agricultural importance and nitrogen‑cycling bacteria
The possible effects of the nanoparticles on the microor-
ganisms of agricultural importance Bacillus thuringien-
sis, Pseudomonas aeruginosa, Bradyrhizobium japonicum 
and Beauveria bassiana were evaluated. No inhibitory 
effects were observed at the concentration of 2.1 ×  109 
NPs  mL−1.

Regarding the molecular analysis of the genes of the 
bacteria involved in the nitrogen cycle by qPCR, 15 and 
360  days after exposure, it was possible to observe a 
decrease in the number of bacteria in the soil exposed to 
NPTiOIVR-NS as well as in the soil exposed to T. harzi-
anum (Fig. 10A).

The proportion of bacteria quantified in soil samples 
(Fig. 10B) shows that the soil exposed to NPTiOIVR-NS 
had similarities to the soil exposed to commercial T. har-
zianum during all the periods. This fact may be explained 
by the presence of remaining fungus in the suspension 
of nanoparticles. It is possible to observe an increase in 
the quantity of nitrogen-fixing bacteria (nifH gene) and 
a decrease in the number of denitrifying bacteria (nirK 
gene) compared with the control 15 days after exposure. 
The difference in the proportions of the genes in both the 
soils exposed to the nanoparticles and T. harzianum in 
comparison with control decreased 360 days after expo-
sure, indicating a possible recovery. However, the quan-
tification shows a decrease in the quantity of bacteria in 
the soil exposed to NPTiOIVR-NS, which may be due to 
a possible accumulation of ammonia in the soil, chang-
ing pH and causing toxicity to the bacteria [98]. Similar 
results were reported by Simonin et al., that observed a 
sequence of adverse effects on denitrifying microorgan-
isms after a high impact of titanium dioxide nanoparti-
cles on nitrifying bacteria, however, this effect was only 
observed in soils exposed to commercial T. harzianum 
[98].

Effects of the nanoparticles on soybean plants
The morphological analysis of the plants exposed to 
NPTiOIVR-NS may be used as an indication of the phy-
totoxicity of nanoparticles. It is possible to observe that 
the nanoparticles did not cause significant changes in leaf 
area (Fig. 11A), shoot and root length (Fig. 11B), as well 
as in the fresh and dry weight of shoot and root of the 
soybean plants (Figs.  11C, D). Negative influences were 
not observed when the plants were cultivated in the soil 
containing the nanoparticles (Figs. 11, 12).

Several studies show that exposure to  TiO2NPs does 
not cause significant changes in the shoot and root length 
of plants such as tomato, fennel, wheat, cucumber, corn 
and soybean [15, 99–102]. Regarding the biomass of the 
plants exposed to titanium nanoparticles, some studies 
report the absence of significant changes [101, 102] and 
other studies report increases in biomass until a limit-
ing concentration and decreases at higher concentrations 
[99, 100, 103], in contrast with the results found in the 
present study. Mahmoodzadeh et al. reported an increase 
in the germination and growth of canola plantlets even at 
high concentrations of  TiO2NPs (1200 and 1500 mg  L−1) 
[104], which may be due to the generation of ROS trig-
gered by the nanoparticles and as a consequence, the 
increase of seed resistance to stress and the promotion 
of greater uptake of water and oxygen, necessary for the 
increase of growth rate [105].

Regarding oxidative stress and lipid peroxidation, no 
significant changes were observed in the levels of hydro-
gen peroxide  (H2O2) and malondialdehyde (MDA) in 
the leaves and roots of the plants cultivated in the soil 
exposed to NPTiOIVR-NS (Fig. 12).

Some studies report the increase in ROS generation 
caused by titanium nanoparticles triggering oxidative 
stress and possible toxicity. Song et  al. reported a con-
centration-dependent increase in the oxidative stress and 
consequent lipid peroxidation of Lemna minor aquatic 
plants exposed to  TiO2NPs [103]. In contrast, Foltête 
et al. did not observe oxidative stress when exposed Vicia 
faba plants to titanium nanoparticles capped with alu-
minium hydroxide and dimethicone film for sunscreen 
applications [106].

The analysis of lignification-related genes in the roots 
of soybean plants showed an increase in the expression of 
POD4 gene (Fig. 13).

Peroxidase 4 (POD4) is an enzyme in the group of 
class III peroxidases which have an essential role in plant 
physiological processes such as root lignification and 
other defense mechanisms against abiotic stress [107]. 
An increase in these enzymes’ activity and gene expres-
sion probably indicates the activation of plant defense 
mechanisms against significant damage [108, 109]. Few 
studies investigate the effects of metallic nanoparticles 
on the expression of plant lignification-related genes. In 
accordance with our study, Nair and Chung observed an 
increase in the expression of POD4 gene in the roots of 
soybean plants exposed to copper oxide nanoparticles, 
indicating major lignification as a defense mechanism 
[64]. Cunha-Lopes et  al. reported an increase in root 
and steam lignin content and an increase in the activity 
of POD enzymes in soybean plants exposed to iron oxide 
nanoparticles compared with the control, accompanied 
by a decrease in the activity of PAL enzymes [108].
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In the present study, the results of the plant analy-
sis suggest that NPTiOIVR-NS do not trigger oxidative 
stress on soybean, corroborating with the results of plant 
morphology and the evaluations of toxicity on animal cell 
lines. The absence of adverse effects may be due to the 
capping of biomolecules from T. harzianum.

Conclusion
The production of biogenic nanoparticles using Tricho-
derma harzianum as a reducing and stabilizing agent 
and TiO(IV) rutile as a metallic precursor was success-
ful, with differences between the nanoparticles produced 
with and without stimulation by S. sclerotiorum cell wall. 

Fig. 10 Molecular analyses of the genes of bacteria involved in the nitrogen cycle in soil exposed to NPTiOIVR‑NS at the concentration 1 ×  108 
NPs  mL−1 and T. harzianum at the concentration indicated for field application. A Gene quantification; B Gene proportions
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The presence of residual propagules, mainly hyphae and 
chlamydospores, was observed in the final suspension of 
titanium nanoparticles without stimulation and, accord-
ing to the plan, it enhanced T. harzianum growth. It was 
also possible to observe that the filtrate of T. harzianum 
employed in the synthesis was insufficient to increase T. 
harzianum growth, indicating the enhancing effect of 
NPTiOIVR-NS.

NPTiOIVR-NS did not induce cytotoxicity on the 
tested cell lines, even at the highest concentrations with 
exposure to ultraviolet radiation. This result may be 
related to the presence of the capping from the fungus 
employed in the synthesis. Morphological changes and 

oxidative stress were not observed in soybean plants 
cultivated in the soil exposed to the nanoparticles. 
Regarding the effects on microorganisms of agricultural 
importance, no inhibition was observed on Bacillus 
thuringiensis, Pseudomonas aeruginosa, Bradyrhizobium 
japonicum and Beauveria bassiana, and minor altera-
tions were observed in the quantification and proportion 
of bacterial genes involved in the soil nitrogen cycle.

The results of this study suggest that the presence of 
titanium nanoparticles may be responsible for the stimu-
lation of T. harzianum multiplication. It is likely that the 
production of biogenic nanoparticles was an essential 
factor in stimulating or maintaining structures that are 

Fig. 11 Morphological analysis of soybean plants cultivated in soil exposed to NPTiOIVR‑NS at 3.82 ×  1013 NPs  m2. A Leaf area; B Shoot and root 
length; C Shoot and root fresh weight; D Shoot and root dry weight

Fig. 12 Analysis of oxidative stress and lipid peroxidation markers in the soybean plants cultivated in soil exposed to NPTiOIVR‑NS in the proportion 
3.82 ×  1013 NPs  m2. A Hydrogen peroxide  (H2O2); B Malondialdehyde (MDA)
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important for biological control. This may be an essential 
strategy to stimulate the growth of biocontrol organisms 
to promote more sustainable agriculture.
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