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Abstract 

Owing to the uniqueness of quantum dots (QDs) as a potential nanomaterial for agricultural application, hence 
in the present study, titanium dioxide quantum dots (TiO2 QDs) were successfully synthesized via sol-gel technique 
and the physico-chemical properties of the prepared TiO2 QDs were analyzed. Based on the results, the TiO2 QDs 
showed the presence of anatase phase of TiO2. TEM examination revealed spherical QDs morphology with an aver-
age size of 7.69 ± 1.22 nm. The large zeta potential value (-20.9 ± 2.3 mV) indicate greater stability of the prepared TiO2 
QDs in aqueous solutions. Moreover, in this work, the application of TiO2 QDs on Hibiscus sabdariffa plants was con-
ducted, where H. sabdariffa plants were foliar sprayed twice a week in the early morning with different concentra-
tions of TiO2 QDs (0, 2, 5, 10, 15 and 30 ppm) to evaluate their influence on these plants in terms of morphological 
indexes and biochemical parameters. The results exhibited an increasing impact of the different used concentrations 
of TiO2 QDs on morphological indexes, such as fresh weight, dry weight, shoot length, root length, and leaf number, 
and physio-biochemical parameters like chlorophyll a, chlorophyll b, carotenoid contents, total pigments and total 
phenolic contents. Remarkably, the most prominent result was recorded at 15 ppm TiO2 QDs where plant height, total 
protein and enzymatic antioxidants like catalase and peroxidase were noted to increase by 47.6, 20.5, 29.5 and 38.3%, 
respectively compared to control. Therefore, foliar spraying with TiO2 QDs positively serves as an effective strategy 
for inducing optimistic effects in H. sabdariffa plants.
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Introduction
 Quantum dots (QDs) represent a special class of semi-
conductor nanoparticles (NPs) with diameters in the 
range of 1–10 nanometers [1]. Due to their distinctive 

qualities, which range from optical to electrical, they 
attracted a great deal of attention. They are now widely 
employed for a variety of novel applications in biology, 
chemistry, medicine and agriculture and have the poten-
tial to significantly alter the world of industry [2]. It has 
been discovered that their chemical and physical char-
acteristics differ from those of bulk materials [3–5]. The 
high surface-to-volume ratio and high reactivity of the 
generated QDs can improve a number of applications, 
including fuel cells, solar cells, photocatalysts and anti-
bacterial activities [5].
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Due to the increasing demand and use of QDs in a 
variety of applications, there is now a chance that these 
semiconducting QDs will accumulate and leak into the 
environment, with potentially different effects on human 
and environmental health and safety. Thus, there is a 
greater need to accurately analyze the consequences of 
QDs exposure on biota. Wang and Nowack [6] displayed 
that the majority of QDs enter the environment mostly 
through indirect pathways (such as dispersion after use). 
However, these materials can clearly interact with biota 
and be active within trophic food chains; these processes 
can modify and/or amplify their effects [7] and this kind 
of interaction may become a crucial when the materials 
are used to products of interest in agriculture and food 
production.

Numerous studies have demonstrated that the influ-
ences of nanomaterials on plant growth of various spe-
cies are closely related to the type of nanomaterial and 
plant varieties [8]. QDs can be applied to plant culti-
vation, agricultural production and life activities as a 
nanofertilizer [9, 10]. It may be possible for plant cells to 
uptake QDs to increase and optimize solar energy trap-
ping, potentially increasing plants’ photosynthetic effi-
ciency [11]. The quantum size of QDs allows their easy 
penetration into plant cells for smart delivery. Addition-
ally, it has been found that QDs have a major impact on 
plant physiological processes. QDs can stimulate pho-
tosynthesis even at low concentrations, which leads to 
improved plant growth and an increase in yield [12]. 
According to Kasibabu et al. [13] QDs are also effective in 
detecting and eradicating plant disease caused by bacte-
ria and fungi without affecting normal plant growth.

Since the process of their transportation is fully estab-
lished, QD uses in plants are increasing. Depending on 
the method of application, the plant may absorb QDs 
from the soil or foliar areas, where they may be exposed 
to the leaves or roots and internalized by the plant. When 
leaves are exposed, they may enter through the leaf 
stoma, travel through the vascular system of the leaves, 
and then be transported through the phloem to other 
sections of the plant. In contrast, for root exposure; they 
must be absorbed by the root, then passed via the epider-
mis and endodermis, enter the xylem vessel, and finally 
reach the plant’s aerial sections. Before they can enter 
the plant cell, they must pass through the cytoplasmic 
membrane and the cell wall. Those are expected to pass 
through and reach the plasma membrane whose size will 
be smaller than the largest pore, while the larger particles 
will not enter the plant cells [14].

Numerous studies have shown the beneficial effects of 
various QDs on plants (Table 1). For example, graphene 
QDs increased the growth characteristics (leaves, roots, 
shoots, flowers, and fruits) of treated coriander and 

garlic seeds [12]. Carbon dots improved seed germination,  
root elongation, carbohydrate production and disease 
resistance in addition to increasing rice yield through 
increased activity of the enzyme ribulose-1,5-bisphos-
phate carboxylase (RuBisCO) and also through better 
thionin gene expression [15]. Gohari et  al. [16] showed 
that the growth of grapevine (Vitis vinifera) plants can be 
enhanced under salinity stress conditions by the applica-
tion of putrescine-functionalized carbon QDs (Put-car-
bon QDs). On contrary, CdSe/ZnS QDs showed negative 
effect on the Arabidopsis thaliana [17]. Beside, Das et al. 
[18] utilized CdS:Mn/ZnS QDs to treat snow pea (Pisum 
sativum) plants, and observed a substantial decrease 
in total chlorophyll content, leading to phytotoxicity, at 
concentrations more than 40 µg mL−1. Consequently, to 
improve the safety and risk assessment of these nanoma-
terials, further research is required to understand the link 
between various NP types and plant species and their 
distinct effects on those species [19].

Titanium dioxide (TiO2) is an important semiconduc-
tor oxide because of its strong photocatalytic capabilities, 
low cost, eco-friendliness and non-toxicity [24]. Its pho-
tocatalytic activity can also be further increased using a 
variety of physical and chemical techniques. Because of 
these qualities, TiO2 is a promising material for a wide 
range of applications and it being one of the most widely 
used NPs in agriculture [25, 26]. It has been discovered 
that TiO2 NPs increase enzyme activity and stimulate 
plant growth in some plants [27–30]. While, TiO2 in the 
form of QDs exhibit markedly increased surface area due 
to small particle size [4].

In Egypt, the roselle plant, Hibiscus sabdariffa, is 
referred to as “Karkadeh” [31] and is a member of the 
Malvaceae family. This plant has the potential to be 
grown in the summer as an industrial and medicinal 
plant and acts as an affluent source of phenolic com-
pounds. Furthermore, H. sabdariffa L. and its extract 
have been shown to have a number of medical benefits 
worldwide, including the treatment of kidney stones, 
hypertension, improving the digestive system, prevent-
ing cancer and protecting liver damage [32, 33]. Much 
research has been done on the role of various NPs in 
diverse crop plants to understand their physiological 
and biochemical impacts, including both antagonis-
tic and synergistic effects [29, 34]. Nevertheless, there 
are currently few findings about the function of QDs in 
plants, particularly Hibiscus plants. To our knowledge, 
up to date, there are no research studies on the effect of 
TiO2 QDs on the physiological and biochemical proper-
ties of plants. In this work, sol-gel method was used to 
prepare TiO2 QDs and the prepared QDs were charac-
terized by various techniques including X-ray diffrac-
tion (XRD), fourier transform infrared (FTIR), high 
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resolution-transmission electron microscopy (HR-TEM) 
and zeta potential. Moreover, their application on H. sab-
dariffa plants was conducted in terms of morphological 
indexes and biochemical parameters.

Materials and methods
Preparation of TiO2 QDs
Chemicals
Titanium (IV) isopropoxide (97%, Aldrich), ethanol abso-
lute (Adwic), nitric acid (Adwic) and deionized water. 
All of these chemicals were of analytical grade and used 
without further purification.

TiO2 QDs was prepared by sol-gel technique using tita-
nium (IV) isopropoxide (TTIP) [Ti [OCH (CH3)2]4 as 
precursor in accordance with the previous report [35]. 
The sol-gel method includes hydrolysis and condensation 
process of titanium (IV) isopropoxide in aqueous media 
under acidic condition. First, TTIP was added to abso-
lute ethanol at ratio of (1: 3) under continuous stirring for 
30 min until a homogenous clear yellow solution formed. 
Then, solution of deionized water and absolute ethanol 
with a volume ratio of (1:4) was prepared. The pH value 
of the former solution was adjusted at ~ 2 by drop wise 
addition of nitric acid (HNO3) under continuous stirring 
for 1  h at room temperature to restrain the hydrolysis 

Table 1  A list of the studies showing the types and effects of various QDs on plants

Reference Type of QDs Plant Effects

Chakravarty et al. [12] Graphene QDs Coriander and garlic plants Graphene QDs increased the growth characteristics (leaves, 
roots, shoots, flowers, and fruits) of treated coriander and gar-
lic seeds.

Li et al. [15] Carbon dots Rice plants Carbon dots improved seed germination, root elongation, 
carbohydrate production and disease resistance in addition 
to increasing rice yield.

Gohari et al. [16] Put-carbon QDs Grapevine (Vitis vinifera cv. ‘Sultana’) Put- carbon QDs (10 mg L−1) concentration, improving leaf 
fresh and dry weights, K+ content, photosynthetic pigments, 
chlorophyll fluorescence, proline content, total phenolics 
and antioxidant enzymatic activities of grapevine.

Navarro et al. [17] CdSe/ZnS QDs Arabidopsis thaliana plants Plants exposed to CdSe/ZnS QDs suspensions experienced 
oxidative stress.

Das et al. [18] CdS:Mn/ZnS QDs Snow pea (Pisum sativum L.) Snow pea seed germination and growth processes were 
promoted at concentration up to 40 µg mL−1 CdS:Mn/ZnS 
QDs and above this threshold, drastic reduction in seedling 
growth was observed as well as negative impact on total 
chlorophyll (a + b) content.

Liang et al. [19] ZnO QDs Lettuce plants Lettuce treated with 50 to 200 mg·L–1 ZnO QDs, promoted 
Ca, Mg, Fe, Mn, Zn, and B absorption and accumulation; 
increased soluble sugar content; and improved the let-
tuce biomass and nutritional quality. While, lettuce treated 
with 500 mg·L–1 ZnO QDs produced a large amount of ROS, 
which adversely affected the absorption of nutrients, soluble 
protein content, and chlorophyll content, thus reducing 
plant biomass.

Gong and Dong [20] Cerium-doped carbon QDs Wheat plants Cerium-doped carbon QDs (0.025 mg mL–1) promoted 
the growth and development of wheat plants.

Li et al. [21] SiQDs Italian lettuce SiQDs significantly promoted Italian lettuce seedling growth 
(root length, seedling height and biomass) at concentrations 
below 30 mg L−1 by increasing the chlorophyll a and b con-
tent, soluble sugar and water content.

Feng et al. [22] Graphene QDs Mung bean and tomato seedlings Graphene QDs enhanced the accumulation of chlo-
rophyll in mung bean (250–1250 mg L−1) and tomato 
(250–500 mg L−1) seedlings after exposure for 2 weeks. High 
concentrations of graphene QDs (1000–1500 mg L−1) led 
to an increase in the H2O2, malondialdehyde, proline, glu-
tathion levels, as well as increased catalase and glutathione 
reductase activities in seedlings of both species.

Haydar et al. [23] Fe–Mn graphene QDs Triticum aestivum Fe–Mn graphene QDs application increased enzymatic 
antioxidants like catalase, peroxidase, glutathione reduc-
tase and total phenolics of T. aestivum plants under normal 
and stress condition.
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process of the solution. Finally, the prepared solution was 
added slowly into TTIP solution and aged under stirring 
for 2 h. The gel was digested at 80 °C in water bath for 1 h 
until most ethanol evaporate, after which dried at 80  °C 
for 24 h. The dry powder was then calcined at 400 °C for 
2 h to obtain TiO2 QDs.

TiO2 QDs characterization
X-ray diffraction (XRD) patterns were documented 
in the 2θ range of 4–70° with a Pan Analytical Model 
X’ Pert Pro which was equipped with CuKα radiation 
(λ = 0.1542  nm). An accelerating voltage of 40  kV and 
an emission current of 40 mA were used. Using an FTIR 
spectrometer model (JASCO, FT/IR–4100 type A), the 
fourier transform infrared (FTIR) spectrum was acquired 
at room temperature in the wavenumber range of 400–
4000  cm−1. Dual split beam UV–Vis spectrophotometer 
(Model Spectro dual split beam, UVS-2700) was used to 
measure UV–Vis spectrum in the wavelength range from 
270 to 700 nm with 1 nm step.

High Resolution Transmission Electron Microscopy 
(HR-TEM) image for the prepared sample was recorded 
on a JEOL JEM-1230 electron microscope operating at 
an acceleration voltage of 120  kV to verify the QD size 
and morphology. Using dynamic light scattering meth-
ods (Zeta sizer, Malvern, UK), the zeta potential of TiO2 
QDs was determined. Double-distilled water was used to 
dilute the sample 1:100, and the measurement was con-
ducted at 25 °C with a 90 ° detection angle.

Preparation of stock solutions of TiO2 QDs
Stock solution was prepared by dissolving 1000 mg TiO2 
QDs in litre distilled water at room temperature. The 
solution was subjected to a 2  h sonication process in a 
Branson Model B200 ultrasonic bath sonicator to guar-
antee dispersion and prevent clumping and agglomera-
tion. Then different concentrations were prepared from 
the stock solution as shown in Table 2.

Field experiment and culture of the plants
H. sabdariffa L. seeds were bought after permission from 
the Agricultural Research Center, Giza, Egypt. Experi-
ment was carried out a field at a Faculty of Science, 
Zagazig University, Egypt. H. sabdariffa seeds were disin-
fected with 5% sodium hypochlorite solution for 10 min 
and then were sowed in the field. After 15 days from sow-
ing, TiO2 QDs were sprayed twice a week using a conven-
tional hand sprayer in the early morning. After 15 days 
from TiO2 QDs application, samples were collected at the 
vegetative stage.

Plant morphological indexes
Samples from each treatment were taken at the vegeta-
tive stage, following 30 days of cultivation, and properly 
cleaned with tap water to get rid of dust and dirt particles. 
To measure morphological indexes of Hibiscus plants 
treated with different TiO2 QDs concentrations, plants 
were separated to roots and shoots and root length, shoot 
length and plant height were measured using a measur-
ing scale and expressed in cm. Also the fresh and dry 
weights of roots and shoot were measured using elec-
tronic balance and expressed in gram. Dry weights were 
measured after oven dried at 60 °C for 2 days. Number of 
leaves was counted for each treatment. At harvest, fruits 
were collected.

Plant biochemical analysis
Determination of photosynthetic pigments
In the early morning, samples of fresh Hibiscus leaves 
were randomly taken from each treatment to evaluate the 
pigments found in leaves, specifically chlorophyll a, chlo-
rophyll b and carotenoids so 100 mg of fresh leaves were 
extracted using 10 mL of 85% acetone. Using pure 85% 
acetone as a blank, the produced color was measured at 
wavelengths of 663, 644, and 452.5  nm using a UV-vis-
ible spectrophotometer, RIGOL (Model Ultra-3660), as 
described by Metzner et al. [36]. Calculations of carote-
noid, chlorophylls a and b contents were performed with 
consideration for the dilution factor. The following for-
mulae were used to calculate the pigment fraction con-
centration in mg mL−1.

Finally, the pigment fractions were calculated as µg/mg 
fresh wt. of leaves.

(1)Chlorophyll a = 10.3E663− 0.918E644

(2)Chlorophyll b = 19.7E644 − 3.87E663

(3)Carotenoids = 4.2E452.5− (0.0264 Chl a + 0.426 Chl b)

Table 2  Treatments and concentration of TiO2 QDs

Treatments Concentration

T0 0 ppm TiO2 QDs

T1 2 ppm TiO2 QDs

T2 5 ppm TiO2 QDs

T3 10 ppm TiO2 QD

T4 15 ppm TiO2 QD

T5 30 ppm TiO2 QD



Page 5 of 14Abdelhameed et al. BMC Plant Biology          (2024) 24:112 	

Assessment of total soluble protein content
Using mortar and pestle under ice-cold conditions, 10 
mL of the extraction buffer containing 100 mM potas-
sium phosphate (pH 7.0), 0.1 mM EDTA and 1% (w/v) 
polyvinyl pyrrolidone were added to a known fresh wt 
of Hibiscus leaf (1 g) in order to homogenize the protein 
according to the Qiu et  al. [37] method. After centrifu-
gation (10,000 rpm for 20 min) at 4  °C, the supernatant 
was collected to evaluate total soluble proteins and anti-
oxidant enzymes (peroxidase; POX and catalase; CAT). 
The protein content from each treatment was calculated 
following the method of Lowry et  al. [38] with a few 
changes. The mixture was added to the alkaline cop-
per sulphate reagent and shaken for 10 min. After add-
ing Folin’s reagent, the mixture was kept in an incubator 
for 30 min. Every sample’s absorbance was measured at 
700  nm in comparison to a blank. Using the reference 
curve of bovine serum albumin as a standard, the con-
centration of total soluble proteins was calculated and 
represented as mg/g fresh wt.

Assessment of total phenolic compounds
First, 0.5 g of Hibiscus plants was extracted with 10 mL 
of 80% methanol for 30  min. and the extract was then 
centrifuged at 8000 rpm for 30 min. The supernatant was 
collected and the total phenolics were determined spec-
trophotometrically using Folin–Ciocalteau reagent [39]. 
Briefly 1.4 mL of distilled water and 0.1 mL of 50% Folin-
Ciocalteu phenol reagent (diluted with water 1:1), 0.5 
mL of the extract was added. After 3 min of incubation 
in darkness at room temperature, 125 µL of 20% Na2CO3 
was added and mixed. The spectrophotometer was used 

to measure the blue complex’s absorbance at 725  nm. 
Through the use of a standard curve created using vari-
ous gallic acid concentrations, the absorbance readings 
were converted to total phenols and expressed as µg gal-
lic acid equivalent\g fresh wt.

Assay of antioxidant enzyme
Aebi [40] and Chance and Maehly [41] protocols outline 
measurement of CAT and POX activity in plant tissue by 
spectrophotomeric assay. CAT activity in the supernatant 
was determined by monitoring H2O2 consumption for 
2 min at 240 nm. In order to determine POX, 4 mL of the 
assay mixture; which included 1 mL of enzyme extract, 
50 µM catechol, 50 µM H2O2, and 300 µM phosphate 
buffer (pH 6.8) were prepared and optical density was 
then measured at 470 nm.

Statistical analyses
Excel and SPSS software were used for the statistical 
analysis of the experimental data (one way analysis of var-
iance, ANOVA). The mean ± standard error of three rep-
licates was utilized to express all estimated parameters. 
Different letters indicate significant differences according 
to Duncan’s multiple range test which calculated at the 
0.05 level of significance (p < 0.05).

Results and discussion
Characterization of TiO2 QDs
Figure 1 showed the flow chart for the synthesis of TiO2 
QDs from titanium (IV) isopropoxide via sol-gel process. 
To further understand the crystalline properties of the 
prepared TiO2 QDs, X-ray diffraction (XRD) was utilized. 

Fig. 1  Flow chart for the synthesis of TiO2 QDs from titanium (IV) isopropoxide via sol-gel process
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The patterns of XRD were investigated in the range of 2θ 
between 4° and 70°. The XRD pattern of the TiO2 QDs 
calcinated at 400  °C is presented in Fig.  2a. All the dif-
fraction peaks of the XRD pattern were clearly indexed 
to anatase phase (JCPDS No. 21–1272) with tetragonal 
structure. The diffraction peaks located at 2θ = 25.21°, 
37.60°, 47.94°, 51.45°, 53.92°, 55.01°, 62.59° and 65.42° cor-
responding to the diffraction planes (101), (004), (200), 
(105), (211), (204), (116) and (215), respectively. Using 
Debye-Scherrer equation [42] for the most intense (101) 
diffraction peak;

where k is constant related to the crystallite shape 
(K ≈ 1), λ represents the X-ray wavelength (1.5406 Å), β is 
FWHM (Full Width at Half Maximum) of the high inten-
sity peak, and θ Bragg’s angle of diffraction. The crystal-
lite size was computed to be ~ 7.2 nm thereby confirming 
formation of the TiO2 QDs.

The generated TiO2 QDs’ functional groups have been 
verified by the FTIR spectra (Fig.  2b). There is a band 
present at 3430  cm−1 in the sample due to OH stretch-
ing vibrations. Two bands at 2918.7 and 2851 cm−1 could 
be ascribed to the characteristic frequencies of residual 
organic species, which was not completely removed by 
distilled water washing are assigned to C-H stretching 
vibrations. The band present in the sample at 1625 cm−1 
shows Ti-OH bending vibrations of adsorbed H2O mol-
ecules and band at 1341  cm−1 indicating Ti-O [43]. The 
weak band observed at 1106  cm−1 belongs to the Ti–
O–C group. The band present at 542.8  cm−1 represents 
Ti–O–Ti stretching bonding [3].

The UV–Vis spectrum for TiO2 QDs is presented in 
Fig. 3a. The absorption curve of the TiO2 QDs has a peak 
in the UV region at around 300 nm, which is lower than 
that for anatase TiO2 NPs. The reduction in the TiO2 size 
to ~ 7 nm induced a blue shift in the onset of absorption, 

(4)D = K�/ β cos θ

this in agreement with previous study reported by Javed 
et al. [44].

Figure 3b shows the TEM image of the prepared TiO2 
QDs which clearly shows the random distributions of 
homogenous fine spherical shaped particles with aver-
age diameter of 7.69 ± 1.22 nm, which is fairly consistent 
with calculated average crystalline size from XRD data. 
A slight agglomeration of particles can be observed, pos-
sibly due to the hydrophilic and high-energy surface of 
the NPs during the drying process. Such small nanosize 
makes it possible for them to enter the plant body [45].

Zeta potential is an essential measure which reflects the 
degree of repulsive force among particles and the stability 
of dispersion. Zeta potential is necessary for controlling 
the stability of TiO2 QDs in suspensions. Figure 3c shows 
that the TiO2 QDs had a large zeta value (-20.9 ± 2.3 mV), 
illustrating the negative surface charge of TiO2 QDs and 
indicating their greater stability in aqueous solutions. 
This also suggests that the TiO2 QDs repelled each other 
and have a low possibility to agglomerate [46]. Thus at 
neutral pH, TiO2 QDs dispersed in water have negatively 
charged surface that can adsorb cationic dyes and other 
organic pollutants on their surface through electrostatic 
attraction [47].

Effect of TiO2 QDs on growth of Hibiscus plants
Various nano-sized materials involving QDs have been 
employed to promote plant growth because of their 
improved biocompatibility and low toxicity [48]. To 
study the impact of foliar spraying with different con-
centrations of TiO2 QDs, the weights (fresh and dry) 
and lengths of roots and shoots and leaf numbers of 
Hibiscus plants were observed and their data was cal-
culated. Generally, all growth characters of Hibiscus 
plants such as shoot length, root length, fresh wt. and 
dry wt. of shoot and roots were increased as a result 
of foliar spray with TiO2 QDs (Fig.  4; Table  3). The 

Fig. 2  a X-ray diffraction pattern and b FTIR spectrum of TiO2 QDs
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highest values of Hibiscus growth parameters were 
obtained from the concentration of 15 ppm TiO2 QDs. 
Compared with the control group, the plant height 
of Hibiscus plants treated with 15 ppm TiO2 QDs 
was increased by 47.6% (Fig.  5). Similarly, Gong and 
Dong [20] demonstrated that, at a specific concentra-
tion range, carbon QDs or cerium-doped carbon QDs 
stimulate wheat growth and development. Chakravarty 
et  al. [12] have also reported using graphene QDs to 
boost the growth of garlic and coriander plants; where 
during planting, the QDs were applied, and the plants’ 
roots, leaves, and flowers appeared to grow longer and 
heavier. These results are in an agreement with those 
obtained by Abdalla et  al. [29] who found that TiO2 
NPs had significant and consistent effect on the germi-
nation and growth of soybean plants under normal and 
salinity stress condition. More crucially, Li et  al. [21] 
found that, at concentrations below 30 mg L−1, the QDs 
greatly boosted the growth of Italian lettuce seedlings 
in terms of biomass, root length, and seedling height. 

This effect may have been caused by an increase in sol-
uble sugar and water content.

Various nanomaterials have huge applications because 
of their distinct characteristics, which include enhanced 
cellular penetration, fast distribution inside organ-
isms, and strong biochemical reactivity. NPs can quickly 
enhance the plant’s characteristics because of their 
capacity to diffuse into the plant cell. Particles that are 
smaller in diameter than the cell wall’s pore diameter are 
typically able to pass through the plasma membrane [49, 
50]. Recently, Arshad et  al. [48] demonstrated that the 
special qualities of graphene QDs allow for their applica-
tion in nanobiotechnology, where they can be employed 
as a regulator of plant growth because of their smaller 
size than that of the cell wall.

Effect of TiO2 QDs on chlorophyll contents of Hibiscus 
plants
Plants employ a class of green pigments called chloro-
phyll to absorb light energy. An excess of chlorophyll 

Fig. 3  a UV-Vis absorption spectrum, b TEM image and c Zeta potential of TiO2 QDs
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can boost a plant’s ability to photosynthesize, activate 
its photosystem, and produce carbohydrates [51] and 
thus promote their growth and development. It has 
been noted that specific nanomaterials can stimulate 
the physiological processes in plants such as photosyn-
thesis which attracted more and more attention [21, 52, 
53]. The application of varying concentrations of TiO2 
QDs solution to Hibiscus plants resulted in a notable 
increase in pigment content in their leaves, as illustrated 
in Fig.  6a-e and this suggests that the spraying process 
may have a positive impact on the production of chlo-
rophyll. Giving highly significant result was at 15 ppm 
which recorded an increase of 77.2, 72.1 and 83.6% for 
chlorophyll a, b and carotenoids contents, respectively as 
compared with the untreated plants. Similarly, following 
treatment with 0.025 mg mL−1 of cerium-doped carbon 
QDs, the amount of chlorophyll in the leaves of wheat 

seedlings increased by 51% as compared to the control 
group [34]. Interestingly, by using different concentra-
tions of SiQDs, Li et  al. [21] observed that the chloro-
phyll a and b contents increased with no inhibition, even 
at the highest dose of 200 mg L−1. The study of Gohari 
et  al. [16] documented benefits of carbon QDs in chlo-
rophyll a and b contents under normal and salinity con-
ditions. Further investigation revealed that carbon QDs 
can enhance the photosystem activity by improving the 
electron transfer rate and also affect other critical indi-
cators in photosynthesis, such as chlorophyll content and 
motivates RuBisCO activity [54]. QDs convert a given 
fraction of the solar spectrum into one that can be more 
effectively utilized by photosynthetic light reactions so; 
QDs provide an efficient and cost-effective light source 
alternative with proper spectral composition to intensify 
the photosynthetic rate of plants [55, 56].

Fig. 4  Hibiscus plants under the effect of different concentrations of TiO2 QDs; a at vegetative stage, b at flowering stage and c the obtaining fruits
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According to a study by Moaveni et al. [57], TiO2 NPs 
can increase pigment content and facilitate the trans-
portation of photosynthetic materials by recovering 
chlorophyll structure and light sorption. Furthermore, 
the research conducted by Liang et  al. [19] shown a 
considerable increase in chlorophyll at 50 mg L−1 ZnO 
QDs. However, when exposed to 500 mg L−1 ZnO QDs, 
there was a significant decrease in the amount of chlo-
rophyll, which may have been caused by an increase in 
malondialdehyde content that damaged the chloroplast 
membrane and reduced the amount of chlorophyll.

Effect of TiO2 QDs on the total soluble protein content 
of Hibiscus plants
Because of their small size, higher surface area and 
absorption rate and sufficient reactive sites, NPs are 
employed as an emerging technique to activate specific 
biochemical events relevant to plant physiological out-
put [58]. The foliar application of Hibiscus plants with 
TiO2 QDs at 2, 5, 10, 15 and 30 mg L−1 had a significantly 
increased the total protein content as compared with 
control ones (Fig.  7a). The highest values for total pro-
tein were determined for the plants treated with 10 and 

Fig. 5  Effect of different concentrations of TiO2 QDs foliar spray on growth of Hibiscus plants in terms of a plant height (cm), b total fresh wt. (g), 
c leaves number and d total dry wt. (g). Data are the mean of three replicates ± standard error (error bars, n = 3). Different letters above bars indicate 
a significant difference between treatments using ANOVA followed by Duncan’s multiple range test (p < 0.05)

Table 3  Effect of different concentrations of TiO2 QDs on growth of Hibiscus plants at the vegetative stage

Data are the mean of three replicates ± standard error (n = 3). For each parameter, different letters in the same column indicate a significant difference between 
treatments using ANOVA followed by Duncan’s multiple range test (p < 0.05)

Treatments Shoot length (cm) Root length (cm) Shoot fresh wt. (g) Root fresh wt. (g) Shoot dry wt. (g) Root dry wt. (g)

T0 13.66 ± 0.6c 7.33 ± 0.33c 1.04 ± 0.027e 0.096 ± 0.0025d 0.202 ± 0.005d 0.0206 ± 0.0005d

T1 16.66 ± 0.33b 11 ± 0.57ab 2.39 ± 0.063c 0.14 ± 0.0037c 0.281 ± 0.007c 0.0275 ± 0.00073b

T2 17 ± 1.15b 12 ± 0.57a 2.44 ± 0.038d 0.141 ± 0.0034c 0.301 ± 0.005bc 0.0269 ± 0.00064bc

T3 17.5 ± 1.15ab 11.5 ± 0.33a 2.97 ± 0.078b 0.138 ± 0.006c 0.347 ± 0.009b 0.0251 ± 0.00066c

T4 19.67 ± 0.88a 11.33 ± 0.57a 3.77 ± 0.099a 0.211 ± 0.0056a 0.426 ± 0.011a 0.0367 ± 0.00097a

T5 16.3 ± 0.33b 8 ± 0.29b 3 ± 0.099b 0.175 ± 0.008b 0.367 ± 0.0097b 0.0277 ± 0.00073b
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15 ppm TiO2 QDs with an increase of 15.1 and 20.5%, 
respectively as compared with control. According to 
Liang et al.’s [19] research from 2021, at 50 and 100 mg 
L−1 ZnO QDs, respectively, the soluble protein content 
of lettuce plants increased by 6.12 and 50.86%. Similar 
results were also seen by Hu et al. [59], who discovered 
that treating plants with TiO2 NPs raised its soluble pro-
tein content. The results obtained are in line with the 
earlier research conducted by Sturikova et al. [60], which 
showed that plants treated with low-concentration ZnO 
QDs had a significant increase in their soluble protein 
and soluble sugar content. This improvement in plant 
nutrition may have implications for the agricultural sec-
tor. Simultaneously, soluble protein accumulation and 

plant growth promote antioxidation and enhance plant 
resilience [54]. When the plant is exposed to external 
stress, the amount of soluble protein content maintains a 
metabolic balance [61]. Also, Liang et al. [19] discovered 
that administering ZnO QDs at a high concentration 
(500 mg L−1) can considerably lower the amount of solu-
ble proteins. This could be attributed to lipid degradation 
in the cell membrane, which hinders the production of 
new proteins.

Effect of TiO2 QDs on the total phenolics content 
of Hibiscus plants
The concentration of phenols in plant tissues is a good 
indicator that enables researchers to estimate the range 

Fig. 6  Effect of different concentrations of TiO2 QDs on pigment fractions of Hibiscus plants. Data are the mean of three replicates ± standard error 
(error bars, n = 3). Different letters above bars indicate a significant difference between treatments using ANOVA followed by Duncan’s multiple 
range test (p < 0.05)
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of tolerance to the stress factors that occur in plants 
[62]. Phenolic compounds are signaling molecules in the 
defense mechanism of plants. Plants that produce more 
phenolic compounds are better able to withstand oxida-
tive stress because these compounds function as water-
soluble, non-enzymatic antioxidants that restrict free 
radicals and reactive oxygen species (ROS) [63]. Current 
results (Fig. 7b) revealed that the content of total pheno-
lics increased as a result of the applied different concen-
trations of TiO2 QDs. The highest increase in the value 
of this parameter (by 45.2 and 72.9%) was observed as a 
result of the application of the highest concentration of 
TiO2 QDs (15 and 30 ppm), compared to the control. 
Similarly, increased phenolics were reported by Feng 
et al. [22] after applying low concentrations of QDs. The 
findings of Gohari et al. [16] showed that carbon QDs at 
10 mg L−1 and Put-carbon QDs at 5 and 10 mg L−1 were 
beneficial in protecting against oxidative stress caused by 
NaCl by increasing the production of phenolics. A study 
of Haydar et al. [23] observed that Fe–Mn nanocompos-
ites doped graphene QDs increased total phenolics of 
Triticum aestivum plants under normal and stress con-
dition. In addition, TiO2 NPs treatment enhanced plant 
phenolics under normal and salinity conditions [64]. Phe-
nolics decrease oxidative stress and lessen its negative 
effects by preventing ROS production and accumulation 
[65, 66].

Effect of TiO2 QDs on POX and CAT activities of Hibiscus 
plants
To investigate the antioxidant activity of TiO2 QDs in 
Hibiscus plants, the antioxidant enzymes were quanti-
fied. Plants contain large amounts of POX, an adaptable 
enzyme with high activity in the antioxidized system, 
whose activity can precisely represent plant development 

characteristics, metabolism, and environmental adapta-
tion. Additionally, POX can convert H2O2 into water and 
safe oxygen [67, 68]. The data in Fig.  8a and b showed 
the effect of different concentrations of TiO2 QDs (0, 
2, 5, 10, 15 and 30 ppm) on POX and CAT activities of 
Hibiscus plants through foliar application. As shown in 
this figure, there are significant increases in their activi-
ties with increasing the TiO2 QDs concentrations. POX 
and CAT activity of Hibiscus plants was increased by 38.3 
and 29.5% at 15 ppm TiO2 QDs and by 50 and 32.2% at 30 
ppm TiO2 QDs compared with the control group.

Increases in POX activity in wheat plants following 
the application of varying concentrations of cerium-
doped carbon QDs as a nanofertilizer, as reported by 
Gong and Dong [20], suggest that the plant has become 
more acclimated to its external environment and is 
more resilient to stress. According to a different study 
by Liang et  al. [19], ZnO QDs at concentrations of 50, 
100, 200 and 500 mg L−1 have a remarkable effect on 
the CAT and POX activity of lettuce shoots. All con-
centrations increase CAT activity, but the POX activity 
would be ineffective at concentrations higher than 500 
mg L−1. Similarly, Gohari et  al. [16] found that under 
both control and stress settings, the maximum CAT 
activity was observed after applying 10 mg L−1 Put-
Carbon QDs. POX with large number of isoenzymatic 
forms contribute in a variety of cellular functions such 
as growth, development, differentiation, senescence, 
auxin catabolism and lignifications [30, 69]. POX is able 
to catalyze the reaction of H2O2 with amines and acids 
to lessen damage to the cell membrane and maintain the 
membrane’s selective permeability. CAT has important 
functions in the growth, biotic, and abiotic stressors of 
plants by breaking down H2O2 into water and oxygen to 
prevent cellular oxidative damage [70].

Fig. 7  Effect of different concentrations of TiO2 QDs on total soluble protein and total phenolics of Hibiscus plants. Data are the mean of three 
replicates ± standard error (error bars, n = 3). Different letters above bars indicate a significant difference between treatments using ANOVA followed 
by Duncan’s multiple range test (p < 0.05)
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Conclusions
To sum up, the sol–gel approach was successfully used 
to synthesize TiO2 QDs with a tetragonal structure and 
an anatase phase. TEM confirmed that the average size 
of the TiO2 QDs was around 7  nm. From the present 
study, it can be inferred that foliar application of TiO2 
QDs could influence the growth parameters of Hibis-
cus plants, thereby caused the changes in chlorophyll 
content, soluble protein and total phenolics. Moreover, 
the application of TiO2 QDs enhanced the antioxidant 
activity of Hibiscus plants by increasing POX and CAT 
activities. The results of this work show strong evidence 
for the high efficiency of this new nanofertilizer on 
Hibiscus growth enhancement. However, more research 
is needed to determine the exact mechanism by which 
TiO2 QDs affect plants under both normal and stressful 
environments for use in biotechnology and agriculture.

Abbreviations
CAT​	� Catalase
FTIR	� Fourier transform infrared
HR-TEM	� High Resolution-Transmission Electron Microscopy
NPs	� Nanoparticles
POX	� Peroxidase
Put	� Putrescine
QDs	� Quantum dots
ROS	� Reactive oxygen species
RuBisCO	� Ribulose-1,5-bisphosphate carboxylase
TiO2	� Titanium dioxide
TTIP	� Titanium isopropoxide
XRD	� X-Ray Diffraction

Experimental research and field studies on plants
“All relevant institutional, national and international guidelines and legislation 
were compiled or adhered to in the production of this study”.

Authors’ contributions
Reda E. Abdelhameed, Hanan Abdalla and Manar A. Ibrahim sharing in Con-
ceptualization, Methodology and Data curation.  Reda E. Abdelhameed and 

Manar A. Ibrahim sharing in Writing, Reviewing and Editing. All authors read 
and approved the final manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB).

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Seeds of Hibiscus were attained after permission from the Department of Agri-
cultural Research Center, Giza, Egypt. This article does not contain any studies 
with human participants or animals performed by any of the authors.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 24 December 2023   Accepted: 2 February 2024

References
	1.	 Demir E, Castranova V. Evaluation of the potential genotoxicity of quan-

tum dots. A review. Aspects Nanotechnol. 2017;1(1):1–19.
	2.	 Gupta A, Mehta SK, Kunal K, Mukhopadhyay K, Singh S. Quantum dots as 

promising nanomaterials in agriculture. In: Ghosh S, Thongmee S, Kumar 
A, editors. Woodhead Publishing series in food science, technology and 
nutrition, agricultural nanobiotechnology. Woodhead Publishing; 2022. p. 
243–296. https://​doi.​org/​10.​1016/​B978-0-​323-​91908-1.​00016-X.

	3.	 Pan L, Zou JJ, Wang S, Huang ZF, Yu A, Wang L, Zhang X. Quantum dot 
self-decorated TiO2 nanosheets. Chem Commun. 2013;49(59):6593–5.

	4.	 Danish R, Ahmed F, Koo BH. Rapid synthesis of high surface area anatase 
titanium oxide quantum dots. Ceram Int. 2014;40(8):12675–80.

	5.	 Abu Bakar NF, Tan HL, Lim YP, Adrus N, Abdullah J.  Environmental impact 
of quantum dots. In: Al-Douri Y. Woodhead publishing series in electronic 
and optical materials, graphene, nanotubes and quantum dots-based 

Fig. 8  Effect of different concentrations of TiO2 QDs on the activity of antioxidant (POX and CAT) of Hibiscus plants. Data are the mean of three 
replicates ± standard error (error bars, n = 3). Different letters above bars indicate a significant difference between treatments using ANOVA followed 
by Duncan’s multiple range test (p < 0.05)

https://doi.org/10.1016/B978-0-323-91908-1.00016-X


Page 13 of 14Abdelhameed et al. BMC Plant Biology          (2024) 24:112 	

nanotechnology. Woodhead Publishing; 2022. p. 837–867. https://​doi.​
org/​10.​1016/​B978-0-​323-​85457-3.​00011-6.

	6.	 Wang Y, Nowack B. Environmental risk assessment of engineered 
nano-SiO2, nano iron oxides, nano-CeO2, nanoAl2O3, and quantum dots. 
Environ Toxicol Chem. 2018;37(5):1387–95.

	7.	 Gardea-Torresdey JL, Rico CM, White JC. Trophic transfer, transformation, 
and impact of engineered nanomaterials in terrestrial environments. 
Environ Sci Technol. 2014;48(5):2526–40.

	8.	 Tripathi S, Sarkar S. Influence of water soluble carbon dots on the growth 
of wheat plant. Appl Nanosci. 2015;5:609–16.

	9.	 Marmiroli M, Pagano L, Savo Sardaro ML, Villani M, Marmiroli N. Genome-
wide approach in Arabidopsis thaliana to assess the toxicity of cadmium 
sulfide quantum dots. Environ Sci Technol. 2014;48(10):5902–9.

	10.	 Modlitbová P, Novotný K, Pořízka P, Klus J, Lubal P, Zlámalová-Gargošová 
H, Kaiser J. Comparative investigation of toxicity and bioaccumulation of 
cd based quantum dots and cd salt in freshwater plant Lemna minor L. 
Ecotoxicol Environ Saf. 2018;147:334–41.

	11.	 Kongkanand A, Tvrdy K, Takechi K, Kuno M, Kamat PV. Quantum dot 
solar cells. Tuning photiresponse through size and shape of CdSe–TiO2 
architecture. J Am Chem Soc. 2008;130(12):4007–15.

	12.	 Chakravarty D, Erande MB, Late DJ. Graphene quantum dots as enhanced 
plant growth regulators: effects on coriander and garlic plants. J Sci Food 
Agric. 2015;95(13):2772–8.

	13.	 Kasibabu BSB, D’souza SL, Jha S, Singhal RK, Basu H, Kailasa SK. One-step 
synthesis of fluorescent carbon dots for imaging bacterial and fungal 
cells. Anal Methods. 2015;7:2373–8.

	14.	 Khan MAU, Arshad H, Majid A. Transport mechanism from Quantum dots 
to plant systems. In: Quantum dots for plant systems. Nanotechnology 
in the life sciences. Cham: Springer; 2022. p. 103–36. https://​doi.​org/​10.​
1007/​978-3-​031-​10216-5_5.

	15.	 Li H, Huang J, Lu F, Liu Y, Song Y, Sun Y. Impacts of carbon dots on rice 
plants: boosting the growth and improving the disease resistance. ACS 
Appl Bio Mater. 2018;1(3):663–72.

	16.	 Gohari G, Panahirad S, Sadeghi M, Akbari A, Zareei E, Zahedi SM, Bahrami 
MK, Fotopoulos V. Putrescine-functionalized carbon quantum dot (put-
CQD) nanoparticles effectively prime grapevine (Vitis vinifera Cv. ‘Sultana’) 
against salt stress. BMC Plant Biol. 2021;21(1):120.

	17.	 Navarro DA, Bisson MA, Aga DS. Investigating uptake of water-dispersible 
CdSe/ZnS quantum dot nanoparticles by Arabidopsis thaliana plants. J 
Hazard Mater. 2012;211–212:427–35.

	18.	 Das S, Wolfson BP, Tetard L, Tharkur J, Bazata J, Santra S. Effect of N-acetyl 
cysteine coated CdS:Mn/ZnS quantum dots on seed germination and 
seedling growth of snow pea (Pisum sativum L.): imaging and spectro-
scopic studies. Environ Sci Nano. 2015;2(2):203–12.

	19.	 Liang Z, Pan X, Li W, Kou E, Kang Y, Lei B, Song S. Dose-dependent effect 
of ZnO Quantum dots for lettuce growth. ACS Omega. 2021;6(15):10141–
9. https://​doi.​org/​10.​1021/​acsom​ega.​1c002​05.

	20.	 Gong Y, Dong Z. Transfer, transportation, and accumulation of cerium-
doped carbon quantum dots: promoting growth and development in 
wheat. Ecotoxicol Environ Saf. 2021;226:112852. https://​doi.​org/​10.​1016/j.​
ecoenv.​2021.​112852.

	21.	 Li Y, Li W, Zhang H, Liu Y, Ma L, Lei B. Amplified light harvesting for 
enhancing Italian lettuce photosynthesis using water soluble silicon 
quantum dots as artificial antennas. Nanoscale. 2020;12(1):155–66.

	22.	 Feng P, Geng B, Cheng Z, Liao X, Pan D, Huang J. Graphene quantum dots 
induced physiological and biochemical responses in mung bean and 
tomato seedlings. Braz J Bot. 2019;42(1):29–41.

	23.	 Haydar MS, Ali S, Mandal P, Roy D, Roy MN, Kundu S, Kundu S, Choudhuri 
C. Fe–Mn nanocomposites doped graphene quantum dots alleviate 
salt stress of Triticum aestivum through osmolyte accumulation and 
antioxidant defense. Sci Rep. 2023;13(1):11040. https://​doi.​org/​10.​1038/​
s41598-​023-​38268-6.

	24.	 Khan MM, Ansari SA, Pradhan D, Ansari MO, Han DH, Lee J, Cho MH. Band 
gap engineered TiO2 nanoparticles for visible light induced photoelectro-
chemical and photocatalytic studies. J Mater Chem A. 2014;2(3):637–44.

	25.	 Azim Z, Singh A, Niharika K, Khare S, Yadav RK, Bano C, Singh NB, Amist N, 
Yadav V. A review summarizing uptake, translocation and accumulation 
of nanoparticles within the plants: current status and future prospectus. J 
Plant Biochem Biotechnol. 2022;32(2):1–14.

	26.	 Neme K, Nafady A, Uddin S, Tola YB. Application of nanotechnology in 
agriculture, postharvest loss reduction and food processing: food security 
implication and challenges. Heliyon. 2021;7(12):e08539.

	27.	 Song G, Gao Y, Wu H, Hou W, Zhang C, Ma H. Physiological effect of 
anatase TiO2 nanoparticles on Lemna minor. Environ Toxicol Chem. 
2012;31(9):2147–52.

	28.	 Castiglione MR, Giorgetti L, Geri C, Cremonini R. The effects of nano-TiO2 
on seed germination, development and mitosis of root tip cells of Vicia 
narbonensis L. and Zea mays L. J Nanoparticle Res. 2011;13(6):2443–9.

	29.	 Abdalla H, Adarosy MH, Hegazy HS, Abdelhameed RE. Potential of green 
synthesized titanium dioxide nanoparticles for enhancing seedling 
emergence, vigor and tolerance indices and DPPH free radical scaveng-
ing in two varieties of soybean under salinity stress. BMC Plant Biol. 
2022;22(1):560. https://​doi.​org/​10.​1186/​s12870-​022-​03945-7.

	30.	 Metwally RA, Soliman SA, Abdalla H, Abdelhameed RE. Trichoderma cf. 
asperellum and plant-based titanium dioxide nanoparticles initiate mor-
phological and biochemical modifications in Hordeum vulgare L. against 
Bipolaris sorokiniana. BMC Plant Biol. 2024. https://​doi.​org/​10.​1186/​
s12870-​024-​04785-3.

	31.	 Chang Y-C, Huang K-X, Huang A-C, Ho Y-C, Wang C-J. Hibiscus 
anthocyanins-rich extract inhibited LDL oxidation and oxLDL-mediated 
macrophages apoptosis. Food Chem Toxicol. 2006;44(7):1015–23.

	32.	 Da-Costa-Rocha I, Bonnlaender B, Sievers H, Pischel I, Heinrich M. Hibiscus 
Sabdariffa L.–a phytochemical and pharmacological review. Food Chem. 
2014;165(2):424–43.

	33.	 El-Sayed SM, El-Sayed HS, Ibrahim OA, Youssef AM. Rational design of chi-
tosan/guar gum/zinc oxide bionanocomposites based on Roselle calyx 
extract for Ras cheese coating. Carbohydr Polym. 2020;239(1):116234.

	34.	 Abdel Latef AAH, Zaid A, Abu Alhmad MF, Abdelfattah KE. The impact of 
priming with Al2O3 nanoparticles on growth, pigments, osmolytes, and 
antioxidant enzymes of Egyptian roselle (Hibiscus sabdariffa L.) cultivar. 
Agronomy. 2020;10(5): 681. https://​doi.​org/​10.​3390/​agron​omy10​050681.

	35.	 Mansour AF, Mahmoud SA, Elsisi ME. Optical properties and photo stabil-
ity of different nanomaterials. J Eng Appl Sc. 2020;15(10):2279–86.

	36.	 Metzner H, Rau H, Senger H. Untersuchungen zur synchronisier-
barkeit einzelner pigment-mangel mutanten von chlorella. Planta. 
1965;65:186–94.

	37.	 Qiu RL, Zhao X, Tang XZ, Yu FM, Hu PJ. Antioxidative response to CD in 
a newly discovered cadmium hyperaccumulator, Arabis paniculata F. 
Chemosphere. 2008;74(1):6–12. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2008.​09.​069.

	38.	 Lowry OH, Rosbrough NJ, Farr AL, Randall RJ. Protein measurement with 
the folin phenol reagent. J Biol Chem. 1951;193:265–75.

	39.	 Jindal KK, Singh RN. Phenolic content in male and female Carica papaya: 
a possible physiological marker sex identification of vegetative seedlings. 
Physiol Plant. 1975;33(1):104–7.

	40.	 Aebi H. Catalase. In: Bergmeyer H, editor. Methods of enzymatic analysis. 
Weinheim: Weinheim-Verlagchemie; 1983. p. 273–86.

	41.	 Chance M, Maehly AC. Assay of catalases and peroxidases. Methods 
Enzymol. 1955;2:764–75.

	42.	 Goswami N, Sharma DK. Structural and optical properties of unannealed 
and annealed ZnO nanoparticles prepared by a chemical precipitation 
technique. Phys E. 2010;42(5):1675–82.

	43.	 León A, Reuquen P, Garín C, Segura R, Vargas P, Zapata P, Orihuela P. FTIR 
and Raman characterization of TiO2 nanoparticles coated with polyethyl-
ene glycol as carrier for 2-methoxyestradiol. Appl Sci. 2017;7(1):49.

	44.	 Javed S, Islam M, Mujahid M. Synthesis and characterization of TiO2 
quantum dots by sol gel reflux condensation method. Ceram Int. 
2019;45(2):2676–9.

	45.	 Avellan A, Yun J, Zhang Y, Spielman-Sun E, Unrine JM, Thieme J, Li J, 
Lombi E, Bland G, Lowry GV. Nanoparticle size and coating chemistry 
control foliar uptake pathways, translocation, and leaf-to-rhizosphere 
transport in wheat. ACS Nano. 2019;13(5):5291–305.

	46.	 Pandi P, Gopinatha C. Synthesis and characterization of TiO2–NiO 
and TiO2–WO3 nanocomposites. J Mater Sci Mater Electron. 
2017;28(7):5222–34.

	47.	 Azeez F, Al-Hetlani E, Arafa M, Abdelmonem Y, Nazeer AA, Amin MO, 
Madkour M. The effect of surface charge on photocatalytic degradation 
of methylene blue dye using chargeable titania nanoparticles. Sci Rep. 
2018;8(1):1–9.

https://doi.org/10.1016/B978-0-323-85457-3.00011-6
https://doi.org/10.1016/B978-0-323-85457-3.00011-6
https://doi.org/10.1007/978-3-031-10216-5_5
https://doi.org/10.1007/978-3-031-10216-5_5
https://doi.org/10.1021/acsomega.1c00205
https://doi.org/10.1016/j.ecoenv.2021.112852
https://doi.org/10.1016/j.ecoenv.2021.112852
https://doi.org/10.1038/s41598-023-38268-6
https://doi.org/10.1038/s41598-023-38268-6
https://doi.org/10.1186/s12870-022-03945-7
https://doi.org/10.1186/s12870-024-04785-3
https://doi.org/10.1186/s12870-024-04785-3
https://doi.org/10.3390/agronomy10050681
https://doi.org/10.1016/j.chemosphere.2008.09.069
https://doi.org/10.1016/j.chemosphere.2008.09.069


Page 14 of 14Abdelhameed et al. BMC Plant Biology          (2024) 24:112 

	48.	 Arshad H, Majid A, Khan MAU. Graphene quantum dots. In: Quantum 
dots for plant systems. Nanotechnology in the life sciences. Cham: 
Springer; 2022. https://​doi.​org/​10.​1007/​978-3-​031-​10216-5_3.

	49.	 Alimohammadi M, Xu Y, Wang D, Biris AS, Khodakovskaya MV. Physi-
ological responses induced in tomato plants by a two-component 
nanostructural system composed of carbon nanotubes conjugated with 
quantum dots and its in vivo multimodal detection. Nanotechnology. 
2011;22(29):295101–9.

	50.	 Khodakovskaya MV, Kim BS, Kim JN, Alimohammadi M, Dervishi E, 
Mustafa T. Carbon nanotubes as plant growth regulators: effects on 
tomato growth, reproductive system, and soil microbial community. 
Small. 2013;9(1):115–23.

	51.	 Hotta Y, Tanaka T, Takaoka H, Takeuchi Y, Konnai M. New physiological 
effects of 5-aminolevulinic acid in plants: the increase of photosynthe-
sis, chlorophyll content, and plant growth. Biosci Biotechnol Biochem. 
1997;61(12):2025–8.

	52.	 Xu X, Mao X, Zhuang J, Lei B, Li Y, Li W, Zhang X, Hu C, Fang Y, Liu Y. 
PVA-coated fluorescent carbon dot nanocapsules as an optical amplifier 
for enhanced photosynthesis of lettuce. ACS Sustainable Chem Eng. 
2020;8:3938–49.

	53.	 Abdelhameed RE, Abu-Elsaad NI, Abdel Latef AAH, Metwally RA. Tracking 
of zinc ferrite nanoparticle effects on pea (Pisum sativum L.) plant growth, 
pigments, mineral content and arbuscular mycorrhizal colonization. 
Plants. 2021;10(3):583. https://​doi.​org/​10.​3390/​plant​s1003​0583.

	54.	 Wang H, Zhang M, Song Y, Li H, Huang H, Shao M, Huang H, Kang Z. 
Carbon dots promote the growth and photosynthesis of mung bean 
sprouts. Carbon. 2018;136(26):94–102.

	55.	 Pavlov SA, Sherstneva NE, Koryakin SL, Maksimova EY, Makovetskiy VV, 
Krikushenko VV, Antipov EM. Features of light conversion process with 
covering materials containing quantum dots and their application in 
agriculture. Nano Hybrids and Composites. 2017;13:162–75. https://​doi.​
org/​10.​4028/​www.​scien​tific.​net/​NHC.​13.​162.

	56.	 Bai H, Liu H, Chen X, Hu R, Li M, He W, Du J, Liu A, Lam JWY. Augment-
ing photosynthesis through facile AIEgen-chloroplast conjugation and 
efficient solar energy utilization. Mater Horiz. 2021;8:1433–8.

	57.	 Moaveni P, Talebi A, Farahani HA, Maroufi K. Study of nano particles TiO2 
spraying on some yield components in Barley (Hordem vulgare L.). Adv 
Environ Biol. 2011;5(8):2224–7.

	58.	 Abideen Z, Hanif M, Munir N, Nielsen BL. Impact of nanomaterials on the 
regulation of gene expression and metabolomics of plants under salt 
stress. Plants. 2022;11(5):691. https://​doi.​org/​10.​3390/​plant​s1105​0691.

	59.	 Hu J, Wu X, Wu F, Chen W, Zhang X, White JC, Li J, Wan Y, Liu J, Wang 
X. TiO2 nanoparticle exposure on lettuce(Lactuca sativa L.): dose-
dependent deterioration of nutritional quality. Environ Sci Nano. 
2020;7(2):501–13.

	60.	 Sturikova H, Krystofova O, Huska D, Adam V. Zinc, zinc nanoparticles and 
plants. J Hazard Mater. 2018;349:101–10.

	61.	 Ekmekci Y, Tanyolac D, Ayhan B. Effects of cadmium on antioxidant 
enzyme and photosynthetic activities in leaves of two maize cultivars. J 
Plant Physiol. 2008;165(6):600–11.

	62.	 Metwally RA, Abdelhameed RE, Soliman SA, Al-Badwy AH. Potential 
use of beneficial fungal microorganisms and C-phycocyanin extract for 
enhancing seed germination, seedling growth and biochemical traits of 
Solanum lycopersicum L. BMC Microbiol. 2022;22:108.

	63.	 Ashraf MA, Ashraf M, Ali Q. Response of two genetically diverse wheat 
cultivars to salt stress at different growth stages: leaf lipid peroxidation 
and phenolic contents. Pak J Bot. 2010;42(1):559–65.

	64.	 Gohari G, Mohammadi A, Akbari A, Panahirad S, Dadpour MR, Fotopou-
los V. Titanium dioxide nanoparticles (TiO2 NPs) promote growth and 
ameliorate salinity stress effects on essential oil profile and biochemical 
attributes of Dracocephalum moldavica. Sci Rep. 2020;10(1):1–14. https://​
doi.​org/​10.​1186/​s12870-​021-​02901-1.

	65.	 Hajam YA, Lone R, Kumar R. Role of plant phenolics against reactive oxy-
gen species (ROS) induced oxidative stress and biochemical alterations. 
In: Plant phenolics in abiotic stress management. Singapore: Springer; 
2023. p. 125–147. https://​doi.​org/​10.​1007/​978-​981-​19-​6426-8_7.

	66.	 Stein K, Hain J-U. Catalase biosensor for the determination of hydrogen 
peroxide, fluoride and cyanide. Microchim Acta. 1995;118:93–101.

	67.	 Abdelhameed RE, Abdel Latef AAH, Shehata RS. Physiological responses 
of salinized fenugreek (Trigonella foenum-graecum L.) plants to foliar 

application of salicylic acid. Plants. 2021;10:657. https://​doi.​org/​10.​3390/​
plant​s1004​0657.

	68.	 Metwally RA, Abdelhameed RE. Co-application of arbuscular mycorrhizal 
fungi and nano-ZnFe2O4 improves primary metabolites, enzymes and 
NPK status of pea (Pisum sativum L.) plants. J Plant Nutr. 2024;47(3):468–
86. https://​doi.​org/​10.​1080/​01904​167.​2023.​22801​21.

	69.	 Abu-Elsaad NI, Abdelhameed RE. Copper ferrite nanoparticles as nutritive 
supplement for cucumber plants grown under hydroponic system. J 
Plant Nutr. 2019;42(14):1645–59.

	70.	 Pan L, Luo Y, Wang J, Li X, Tang P, Yang H, Hou X, Liu F, Zou X. Evolution 
and functional diversification of catalase genes in the green lineage. BMC 
Genomics. 2022;23(1):411. https://​doi.​org/​10.​1186/​s12864-​022-​08621-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/978-3-031-10216-5_3
https://doi.org/10.3390/plants10030583
https://doi.org/10.4028/www.scientific.net/NHC.13.162
https://doi.org/10.4028/www.scientific.net/NHC.13.162
https://doi.org/10.3390/plants11050691
https://doi.org/10.1186/s12870-021-02901-1
https://doi.org/10.1186/s12870-021-02901-1
https://doi.org/10.1007/978-981-19-6426-8_7
https://doi.org/10.3390/plants10040657
https://doi.org/10.3390/plants10040657
https://doi.org/10.1080/01904167.2023.2280121
https://doi.org/10.1186/s12864-022-08621-6

	Unique properties of titanium dioxide quantum dots assisted regulation of growth and biochemical parameters of Hibiscus sabdariffa plants
	Abstract 
	Introduction
	Materials and methods
	Preparation of TiO2 QDs
	Chemicals

	TiO2 QDs characterization
	Preparation of stock solutions of TiO2 QDs
	Field experiment and culture of the plants
	Plant morphological indexes
	Plant biochemical analysis
	Determination of photosynthetic pigments

	Assessment of total soluble protein content
	Assessment of total phenolic compounds
	Assay of antioxidant enzyme
	Statistical analyses

	Results and discussion
	Characterization of TiO2 QDs
	Effect of TiO2 QDs on growth of Hibiscus plants
	Effect of TiO2 QDs on chlorophyll contents of Hibiscus plants
	Effect of TiO2 QDs on the total soluble protein content of Hibiscus plants
	Effect of TiO2 QDs on the total phenolics content of Hibiscus plants
	Effect of TiO2 QDs on POX and CAT activities of Hibiscus plants

	Conclusions
	References


