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ABSTRACT

In order to test the effective concentration of titanium dioxide (TiO,) nanoparticles on growth, yield and nutrient
uptake in bell pepper, two-year open field experiment was conducted with three replications and seven treatment
combinations. TiO, nanoparticles (size<25 nm) was applied with three levels (50, 100 and 150 mg/L) by using
two methods i.e. through seed treatment and foliar application and one control without application of TiO,
nanoparticles. The full recommended dose of nutrients was applied uniformly to all treatments through urea,
single super phosphate and muriate of potash (94, 202.50 and 39.60 g/plot, respectively). The results revealed
that treatment comprised of TiO, nanoparticles (100 mg/L) through foliar application produced the best outcomes
and brought significant increment for all the growth parameters. Whereas, application of TiO, nanoparticles
(50 mg/L) through seed treatment improved macro & micronutrient content and number of primary branches
in bell pepper. Also, application of TiO, nanoparticles (50 mg/L) through foliar spray improved average fruit
weight and NPK uptake in bell pepper. The findings concluded that application of TiO, nanoparticles
(50 mg/L) through seed treatment as well as foliar application and 100 mg/L through foliar application have
the potential to enhance growth, yield and nutrient uptake in bell pepper.
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INTRODUCTION

Bell pepper (Capsicum annuum L.), belongs to
Solanaceae family, is a high-value and popularly
grown as commercial crop among large number of
small and marginal farmers of North-Western hilly
areas, especially Himachal Pradesh, India.
Nanotechnology provides novel approaches offering
innovative solutions to address complex challenges
across multiple fields, including agriculture (Pramanik
et al., 2020). In the present era, metal oxide
nanoparticles offer enormous potential for usage as
agricultural inputs to reduce the adverse effects of
various factors on crop growth and development
(Diaz-Parra et al., 2025). By merging nanotechnology
in agriculture, new opportunities have emerged for
boosting plant growth, enhancing crop resilience and
ensuring sustainable farming techniques (El-Saadony
et al., 2022). Due to the evident, unique and amazing
capabilities of nanoparticles, efforts have been made
to employ nanotechnology and nanomaterials to
improve the agricultural system (Grillo et al., 2015).
With their special physicochemical characteristics,
nanoparticles improved the nutritional status of plants

by raising nutrient uptake and nutrient utilization
efficiency, which further improved plant metabolism
as well as growth (Brar et al., 2023; Bhardwaj et al.,
2024). Previous studies have also demonstrated that
titanium dioxide (TiO,) nanoparticles particularly in
anatase form, at low to moderate concentrations can
positively impact seed germination, seedling strength
and early growth stages in multiple plant species
(Zainab et al., 2024). Additionally, it has been noted
that TiO, nanoparticles enhance plant growth and
production (Kumar et al., 2025). Because of their
ability to boost metabolic activity and microbial
activity, TiO, nanoparticles hold great promise as an
effective source of nutrients for plants to improve
biomass (Aqeel et al., 2022).

In this study, TiO, nanoparticles were selected due to
its widespread application as one of the most popular
but less exploited nanoparticles for agricultural
interventions (Soran et al., 2021). Their potential to
penetrate and interact with plant cells is enhanced by
their nanoscale size. Seed treatment and foliar spraying
are common application methods of nanoparticles.
Increased yield, improved levels of essential elements
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in plant tissues, and increased chlorophyll content in
pepper (Capsicum annuum L.) are the three main
impacts of titanium element on plants’ physiology
(Pérez-Velasco et al., 2023). So, the purpose of this
study is to examine how seed treatment and foliar
spraying of TiO, nanoparticles affect bell pepper
growth, yield, and nutrient absorption.

MATERIALS AND METHODS

Field experiments were conducted at experimental
farm of Department of Soil Science and Water
Management, Dr. Yashwant Singh Parmar University
of Horticulture and Forestry, Solan, Himachal
Pradesh, during 2021 and 2022. The area is located
in mid-hills, sub-humid, agro-climate zone-II of
Himachal Pradesh, India at 30° 52! North latitude and
77° 11" East longitude. The initial soil status before
experiment revealed that soil pH 7.20, electrical
conductivity 0.40 dS/m and organic carbon 0.55%.
The soil available NPK was 349.41, 21.20 and
239.76 kg/ha, respectively. The soil was sandy loam
in texture and belongs to order Inceptisol and sub
group Eutrochrept.

The experiment was laid out in randomized block
design comprised of seven treatments with three
replications; in plot size of 2.40x1.80 m (4.32 m?) with
spacing 60x45 cm. Each plot accommodated
16 plants, with a total of 336 plants in 21 plots. The
full amount of recommended dose of nutrients
(N: 100 kg/ha, P,O,: 75 kg/ha and K,O: 55 kg/ha)
(Anonymous, 2014) was applied uniformly to all
treatments through chemical fertilizers (urea: 94 g/plot;
single super phosphate: 202.50 g/plot and muriate of
potash: 39.60 g/plot); 15 days prior to the
transplanting of seedlings. Treatments include different
concentrations (mg/L) of TiO,-NPs such as
T1: control (without application of TiO,-NPs),
T2: ST 50, T3: FS 50, T4: ST 100, T5: FS 100,
T6: ST 150 and T7: FS 150.

Titanium dioxide nano powder (TiO,; anatase; Sigma-
Aldrich Co., St Louis, MO, USA) with particle size
<25 nm, white in color, poorly water soluble, and has
99.7% purity, was used for the experiment. TiO, nano-
powder was first dissolved in ethanol and then further
mixed in distilled water to prepare final solution of
desired concentration. Titanium dioxide nanoparticles
(TiO,-NPs) was applied by two methods i.e. seed
treatment (S7) and foliar application (FS), with
concentration of 50, 100 and 150 mg/L, respectively.
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For seed treatment, the seeds were dipped in respective
concentration for overnight and in case of foliar
application, one foliar spray of respective
concentration was given after 15 days of transplanting.

Plant growth attributes were recorded at maturity by
selecting five random plants from each plot and
3 pickings (i.e. 60, 75 and 90 days after transplanting)
were taken for calculating the total yield. Digestion
of the samples was carried out by method laid down
by Piper (1966) for P, K, Zn, Cu, Fe and Mn. The
total nitrogen was analyzed by Micro-Kjeldahl’s
method (AOAC, 1980). The total phosphorus by
Vanado-molybdate phosphoric yellow colour method
(Jackson, 1973). Total potassium was estimated in
flame photometer (Jackson, 1967). The estimation of
Zn, Cu, Fe and Mn was carried out on atomic
absorption spectrophotometer (Vogel, 1978). Nutrient
uptake by plant was calculated using the following
formula:

Nutrient uptake (kgfha) =

Nutrient content (24) X Plant biomass (kg/ha]
100

The benefit cost ratio was computed using the given
formula:
Gross Return (3]

Benefit Cost Ratio =
Total Cost ()

The data generated from both the years were pooled
and analyzed by applying randomized block design
(Panse & Sukhatme, 2000). The analysis of variance
(ANOVA) of pooled data was performed using
Microsoft Excel 2016 and OPSTAT packages (Sheron
et al., 1998). The least significant difference (LSD)
was determined among the treatment means at p<0.05.

RESULTS AND DISCUSSION

The results revealed that the highest plant height
(56.75 cm), root length (14.19 cm), plant biomass
(63.87 g/plant) and yield (18.40 t/ha) were noted under
treatment T5. Seed treatment of TiO, nanoparticles
50 mg/L (T2) recorded the highest number of
primary branches (4.88), whereas treatment T3 i.e.
foliar application of TiO, nanoparticles 50 mg/L
registered maximum average fruit weight (65.33 g).
Compared to control treatment (T1), foliar application
of TiO, nanoparticles 100 mg/L showed the best
outcome for all growth parameters (Fig. 1).
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Fig 1 : Effect of TiO, nanoparticles on growth parameters of bell pepper
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Fig. 2 : Effect of TiO, nanoparticles on benefit cost ratio of bell pepper

Also, the foliar application of TiO, nanoparticles at
100 mg/L (T5) recorded highest benefit-cost ratio
(2.59) among all treatments (Fig. 2).

In the present study, foliar application of TiO,
nanoparticles at 100 mg/L improved plant growth
parameters, leading to maximum plant height, root
length, plant biomass, yield and benefit-cost ratio. TiO,
nanoparticles accelerate the conversion of inorganic
nitrogen into organic nitrogen and enhances nitrogen

metabolism and increases nitrate absorption, which
promotes better plant development (Kaur et al., 2022).

The remarkable capacity of titanium to stimulate plant
development may be responsible for the enhanced
growth characteristics of bell pepper. These findings
are consistent with those of Irshad et al. (2021) who
found that foliar application of TiO, nanoparticles
(100 mg/L) led to increased plant parameters of wheat.
Increased transport and photosynthetic life of the plant
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Fig. 3 : Effect of TiO, nanoparticles on nutrient content and uptake in bell pepper

may be responsible for the rise in plant growth
parameters under foliar application of TiO,
nanoparticles. Due to improved photosynthetic and
enzymatic activities, bell pepper biomass and
production also increased (Bhatti et al., 2025). The
growth of plants was also enhanced by titanium
through increased rates of photosynthesis and nutrient
uptake (by increasing root volume) (Morshedloo et al.,
2025). Khattak et al. (2021) also reported that foliar
treatment of TiO, nanoparticles (25 to 300 mg/L) had
beneficial effects on sunflower (Helianthus annus L.).
In our study, when bell pepper was treated with
100 mg/L through foliar spray of TiO, nanoparticles,
plant biomass and yield metrics enhanced due to
increased enzymatic activities. The foliar spray of TiO,
nanoparticles increased oxidative enzyme activity
(superoxide dismutase, peroxidase and catalase)
(Khalid et al., 2024). They have also noted that, the
enhanced oxidant enzyme activity scavenges reactive
oxygen species (ROS) and reduces plants’ stress
indicators (Hydrogen peroxide, Malondialdehyde)
production. This reduction in stress indicators

improved plant growth by minimizing oxidative
damage, preserving cellular function, enhancing
nutrient assimilation in plants. Another study by
Mustafa et al. (2022) also revealed that TiO, acts as
a plant stimulant, activating defense mechanisms
against various stress factors. Kolencik et al. (2020)
also reported that applying TiO, nanoparticles
significantly increased sunflower plant growth and
yield attributes.

The data sequence presented in Fig. 3 indicated a
statistically significant improvement in total
N (5.45%), P (0.63%), K (6.21%)), Fe (442.08 mg/kg)
and Zn (83.55 mg/kg) content by the application of
TiO, nanoparticles at 50 mg/L through seed treatment
(T2) compared to the control. But, the effect of
different applied treatments of TiO, nanoparticles was
remained non-significant for total manganese and
copper content in bell pepper. The possible outcomes
of metal oxide nanoparticles depend on composition,
size, type and concentration of that particular
nanoparticle. Even some of the research studies also
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showed no appreciable effects by the application of
TiO, nanoparticles. In a similar way, Rawat et al.
(2018) also investigated the impact of metal oxide
nanoparticles on growth of capsicum plants and found
no significant effect on some of the growth parameters
which further signified that the interaction between
nanoparticles and biological system might be
dependent on several factors specific to the
experimental environment. Also, study conducted by
Diaz-Parra et al. (2025) revealed the variability of
nutrient accumulation and their uptake; and often
negligible bioaccumulation by the application of metal
oxide nanoparticles in capsicum.

In present study, treatment T2 recorded the highest
macro & micronutrient content and number of primary
branches. Hu et al. (2020) also found that applying
TiO, nanoparticles at 50 mg/L increased the nutrient
content in coriander. Furthermore, with treatment
T3 i.e. foliar application of TiO, nanoparticles at
50 mg/L, a noteworthy rise in nitrogen, phosphorus
and potassium uptake (88.30, 10.04 and 106.54 kg/ha)
were noted (Fig. 3). Similar results were also reported
by Sehrish et al. (2024). Their findings concluded that
foliar application of 100 mg/L TiO, nanoparticles
significantly enhanced macro as well as micronutrient
uptake in Brassica napus.

CONCLUSION

Growth, yield and nutrient uptake parameters of bell
pepper was greatly impacted by the use of TiO,
nanoparticles (50 mg/L) as seed treatment as well as
foliar application; and 100 mg/L as foliar application.
It has been shown that usage of nanoparticles in plants
can enhance fertilization strategies and sustain vital
physiological functions including increased plant
biomass and net nutrient absorption, which are
necessary for the best possible plant development in
order to enhance agricultural productivity by
stimulating plant metabolism. Further investigation on
TiO, nanoparticles in bell pepper should explore
molecular mechanisms, and analyze environmental
safety. TiO, nanoparticles can be integrated with
biofertilizers and using smart delivery systems might
augment nutrient efficiency, boost yield, and support
sustainable agriculture with minimal environmental
impact. Ensuring safe and sustainable use of
nanoparticles requires focused research on their
potential residues in edible crops and associated
environmental impacts.
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