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Abstract: Zinc oxide nanoparticles (ZnO NPs) have been applied widely in agriculture, and many
studies were conducted to evaluate the effect of ZnO NPs on plant growth. So far, few studies have
been investigated with regard to the potential effect of ZnO NPs on cereal yield formation or Zn
content in grains. Herein, we used a pot experiment, which was conducted involving five dosages of
Zn (0.3, 0.6, 1.2, 2.4, and 4.8 g Zn pot−1), to evaluate the impacts which ZnO NPs made in rice yield,
dry matter accumulation, rice quality and grain Zn contents. The results demonstrated that ZnO NPs
increased the production of grain, dry matter accumulation and particulate Zn content. Compared
with control treatment, ZnO NPs application presented higher rice yield with more panicle number
(4.83–13.14%), spikelets per panicle (4.81–10.69%), 1000-grain weight (3.82–6.62%) and filled grain
rate (0.28–2.36%). Additionally, the dry jointing, heading and mature periods, LAI, SPAD values,
and photosynthetic potentials of ZnO NPs were all significantly higher relative to treatment without
ZnO NPs. The more photosynthetic substances and higher dry matter accumulated in the whole
rice growing stage resulted in higher rice grain yield. Furthermore, ZnO NPs increased brown rice
rate, milled rice rate, head rice rate, chalkiness size, chalkiness grain rate, chalkiness degree, amylose
content and protein content, improving rice processing and appearance qualities. For the Zn nutrition
in rice grain, ZnO NPs application significantly increased the Zn content of edible polished rice and
promoted the relocation of Zn from the aleurone layer. This study effectively demonstrated that ZnO
NPs could be a potential high-performed fertiliser for enhancing rice yield and quality.

Keywords: Zinc oxide nanoparticles; yield formation; rice quality; photosynthetic potential

1. Introduction

As one of the crucial aspects of plant growth or development, Zinc (Zn) is a significant
element found in plants. It promotes photosynthesis, carbohydrate and phosphorus
metabolism of plants and promotes the development of grains [1]. Zn is also closely
related to human health. Zn deficiency will slow the growth and development of the
human body and weaken immunity [2–6]. As one of the most vital staple grains for the
global population, rice is an essential source of energy, vitamins, mineral ingredients,
and rare amino acids for people consuming rice as the staple food in daily life [7,8].
However, the Zn content of rice is exceedingly low, at approximately 20 mg kg−1, and
could not supply the human body’s demands that require 40–50 mg kg−1 [9,10]. In
recent decades, many studies have investigated how to reverse Zn deficiency in rice. For
example, breeding, genetic modification, and agricultural practices in bio-fortification are
all considered strategies [11–13].

Zn fertiliser application to leaves and soil can increase the absorption and transfor-
mation of Zn to the edible segments of plants. Foliar fertilisation is an effective and safe
approach to enrich Zn levels in crops. Leaf-applied substances can penetrate the cuticle
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or the stomatal pathway to enter the leaf. Fang et al. reported that zinc foliar fertiliser
application at the flowering stage could highly increase the Zn content of the rice [14].
However, the sustainability of Zn ions adhering to the surface of rice leaves is too challeng-
ing, and sprayed zinc solutions easily drip from leaves or are leached by the rain, which
affects leaf absorption of Zn. Notably, Zn fertiliser application to the soil increases the
Zn content of grains while also increasing grains’ yield [15,16]. Many research reports
on Zn fortification of rice show that the amount of Zn fertiliser facilitates rice growth,
and an appropriate amount of Zn increases rice yield [17,18]. Unfortunately, the iron
and aluminium oxides, clay minerals, and humus in the soil can adsorb and fix Zn ions,
reducing Zn fertiliser’s effectiveness in the soil. Moreover, Zn fertiliser not absorbed will
accumulate in the agricultural soil and could have adverse impacts on the agricultural
ecosystem [19]. Therefore, it is necessary to search for a new fertiliser containing Zn, which
should have high positive performance and low negative environmental impacts and could
be substituted for conventional Zn fertilisers.

Studies based on the implications of nanotechnology in agricultural areas have been
exponentially growing over the past decades [20,21]. Recently, researchers have evaluated
that nano-zinc can be absorbed and utilised by crops and increase grain yields and Zn
content [22,23]. For instance, Dimpkpa et al. reported that under low NPK fertilisation cir-
cumstances, Zn oxide nanoparticles (ZnO NPs) would increase growth, nutrient absorption
and sorghum crops Zn content [24]. The application of nano-zinc fertiliser can increase the
Zn content of grains and promote root development, improving rice growth [18,25]. The
positive impacts of ZnO NPs on Cd levels alleviation in several plant species have also been
reported [11–13]. ZnO NPs s are non-saturable and can be integrated with other atoms
and stabilised, exhibiting high chemical activity. As the particle size decreases, the surface
area, surface energy and surface binding energy of ZnO NPs particles increase rapidly [26].
Therefore, compared with traditional fertilisers, nano-zinc fertilisers are less affected by
soil texture, structure, and colloidal content, for example, and are easily absorbed and
utilised by plants. There are many positive implications of ZnO NPs for increasing the Zn
content of grains, particularly cereal grains. Additionally, most ZnO NPs are combined
with traditional fertilisers to develop new fertilisers or are used as seed dressing agents [27].
However, few studies have considered the influences of applied ZnO NPs on rice yield
formation or Zn content in grains.

This study utilised pot experiments to study the implications of ZnO NPs fertiliser
applied to the soil on grain yield, components, biomass, rice quality and Zn content. The
purposes of this study were: (1) the investigations of the effects of applied ZnO NPs on rice
yield and growth performance, and (2) to evaluate the influences of ZnO NPs application
rates on the Zn content of the grains and quality of the rice. It is anticipated that the
research results will provide significant resources for safely applying ZnO NPs, which is a
new fertiliser in the rice production process.

2. Materials and Methods
2.1. Zn Origination and Characteristic Traits

Researchers purchased ZnO NPs from Shanghai Chaowei Nano Technology Co., Ltd.,
and ZnSO4·7H2O was purchased from Aladdin Chemical Co., Ltd. Scanning electron
microscopy (SEM) was used to confirm that ZnO NPs were spherical, with a particle size
of 20–50 nm and a specific surface area of 133.6 m2 g−1.

2.2. Experimental Location and Design Process

In this study, a pot experiment was conducted in Yangzhou University, Yangzhou,
Jiangsu Province, China, during the rice-growing seasons in 2020. Soil that was identified
as sandy loam soil was collected from a nearby paddy field. The organic substance density
was 12.6 g kg−1, and the total nitrogen (N) content was 9.4 g kg−1. The available N was
73.3 mg kg−1. The available phosphorus (P) was 85.6 mg kg−1. The available potassium (K)
was 103.1 mg kg−1, while available Zn contents of the 0–20 cm topsoil was 0.98 mg kg−1.
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During the pot experiments, the control was used as the treatments (no Zn fertiliser, CK),
applied ZnO NPs of the basal stage with a content of 0.3 as T1, 0.6 as T2, 1.2 as T3, 2.4 as
T4, and 4.8 as T5 Zn pot−1, respectively. According to the area of the pot, the amounts of
ZnO NPs application in T1, T2, T3, T4, and T5 treatments are equivalent to 7.5, 15, 30, 60
and 120 kg hm−2, respectively.

A total of 60 PVC pots (ten replicates for each of the six treatments) were used in this
study. Both the length and height of the pot are 75 cm, while the width of the pot is 50 cm.
The Oryza sativa L. cv. Nanjing 9108 was used in this study as the rice cultivar. On June
19, the experiment used rice seedlings with a density of 25 cm × 12.5 cm, i.e., 16 holes per
pot and four seedlings per hole and was transplanted. The N fertiliser (urea, N = 46%)
in the experiment was 270 kg N hm−2 and was applied with basal, tillering, and panicle
fertilizer at a ratio of 3:3:4 at the relevant growth stage. The potash fertiliser (potassium
chloride, K2O = 60%) was applied at 270 kg K2O hm−2, while the phosphate fertiliser
(superphosphate, P2O5 = 16%) application-level was P2O5 kg N hm−2. Moreover, the
potash fertiliser was applied as 50% basal fertiliser + 50% panicle fertiliser. The phosphate
fertiliser was applied entirely as basal fertiliser. The rice was harvested on 15 October 2020.
According to what was observed on the field, the grain-filling period of rice was 46 days.
The pots were arranged in a completely randomised design throughout the experiment.

2.3. Measurements and Analysis
2.3.1. Dry Matter Accumulation and Leaf Area Index

In stages of jointing (panicle initiation), heading and maturity, this research regarded
plants from five prominent hills of each pot as samples to evaluate the mean amount
of stems or tillers per pot. This study also used the length-width coefficient method to
measure the leaf area during the jointing or heading stages. Each sample is then divided
into four parts; green leaves, stems plus sheaths, and panicles would be put into kraft paper
bags and placed in an oven. After drying at 105 ◦C for 30 min, samples were oven-dried at
72 ◦C in the bags and stopped when a constant weight had been obtained. The last step is
to measure the dry matter weight of each part of the ground.

2.3.2. SPAD Value and Photosynthesis Potential

The SPAD values were determined using a chlorophyll meter (SPAD-502). The SPAD
value presented in this paper was the average value of 10 leaf chlorophyll measurements.

The following equation was used for photosynthesis potential calculations:

Photosynthesis potential (m 2 m−2 d) = [(L 1+L2) × (t1 − t2)]/2 (1)

where L1 and L2 are the first and second measurements of leaf area indices (m2 m−2).

2.3.3. Grain Yield and Yield Components

The number of panicles was measured separately from 20 hills, randomly selected
from each treatment during the mature stage of the grain. Based on the average panicles
for each plant, the rice panicles, which were contained in three plants, were assembled
and then put in net bags to measure the grain number of each panicle, seed setting rate,
and 1000-grain weight. At the mature period, the study continuously harvested 50 hills in
each treatment. Simultaneously, this study used an LDS-1G grain moisture meter for three
functions: calculating the grain moisture content, removing impurities, and converting
the actual yield to 14.5% moisture content. When the rice reached maturity, three pots
of rice plants were randomly chosen for every treatment to analyse the yield and yield
components. The dry weight of these organs was measured by separating the rice plants
from stems, leaves and ears, and panicles and then drying them at a regulated temperature
of 80 ◦C.
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2.3.4. Rice Quality

The harvested rice plants from treatments were threshed, dried by air, and stored
inside for 90 days. Firstly, air will select them, also by NP-450 winnowing machine [28].
After that, they were mixed with three other samples, each of which weighed 200 g. Based
on the NY/T83, the study measured brown rice rate, milled rice rate, head rice rate,
chalkiness size, chalkiness grain rate, chalkiness degree, and amylose content. Protein
levels were measured by using a FOSS Kjeldahl nitrogen analyser as well.

2.3.5. Determination of Zn Content

A huller hulled the unhusked rice. A grinder was used for crushing the brown rice
and glume. For gaining milled rice, the brown rice should be polished. Firstly, those
samples were thoroughly analysed with two elements which were HNO3 and HClO4.
Secondly, an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) was
used to measure the Zn content of the brown rice and glume. Briefly, the samples (0.3 g per
replication) were transferred to a digestion tank containing 5 mL nitric acid (65%, v/v) for
mineralization using a MARS6 high-throughput closed microwave digestion system. After
the ashes were dissolved and filtered overnight, 2 mL of hydrogen peroxide (30%, v/v) was
added to each digestion tank. Then the final solution was transferred to a 50-mL flask and
the volume was made up to 50 mL with deionized water.

2.4. Data Analysis

One-way analysis of variance (ANOVA) was applied using SPSS 20.0 to analyse the
data. The LSD test was applied at a 0.05 probability level to establish the significance of
discrepancy among each mean.

3. Results
3.1. Rice Yield and Its Components

The data in Table 1 depicts the influence of ZnO NPs on grain yield and yield parts of
rice. The application of ZnO NPs significantly increased rice grain yield, and it increased at
first but then decreased with the increasing ZnO NPs application. The increase following
treatments of ZnO NPs was possibly correlated with the increased panicle amount (4.83–
13.14%) in grain yield, spikelets per panicle (4.81–10.69%), 1000-grain weight (3.82–6.62%)
and filled grain rate (0.28–2.36%). Notably, with increasing levels of ZnO NPs applied, the
variation of panicle number first increased and then decreased, and the highest panicle
number was observed in the T4 group. The ANOVA results demonstrated no extreme
differences in panicle number among the different ZnO NPs application amounts. The
Spikelets per panicle, 1000-grain weight and filled grain rate under ZnO NPs treatments
had no consistently significant changes.

Table 1. Rice yield and its components under different ZnO NPs application amounts.

Treatments Panicle
(×106 hm−2)

Spikelets
Per Panicle

1000-Grain
Weight (g)

Filled Grain Rate
(%)

Harvest Yield
(t hm−2)

CK 3.73 ± 0.15 b 108.09 ± 1.39 d 25.68 ± 0.24 c 88.22 ± 0.57 d 10.07 ± 0.15 c

T1 3.99 ± 0.20 a,b 113.29 ± 1.14 c 26.67 ± 0.08 b 88.47 ± 0.15 d 10.40 ± 0.25 bc

T2 4.03 ± 0.15 a,b 116.40 ± 0.73 b 27.38 ± 0.02 a 89.30 ± 0.17 c 10.57 ± 0.15 a,b

T3 3.97 ± 0.15 a,b 119.64 ± 0.80 a 27.13 ± 0.02 a 89.61 ± 0.11 b,c 10.62 ± 0.30 a,b

T4 4.22 ± 0.25 a 113.92 ± 3.03 b,c 27.26 ± 0.14 a 90.30 ± 0.07 a 10.83 ± 0.33 a

T5 3.91 ± 0.16 a,b 116.20 ± 1.36 b 26.68 ± 0.23 b 90.01 ± 0.34 a,b 10.55 ± 0.21 a,b

Note: Values within the same column followed by different letters are significantly different at the 0.05 probability level.
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3.2. Dry Matter Accumulation

The accumulation of dry matter in rice is the key to the formation of grain yield.
As shown in Table 2, the application of ZnO NPs significantly increased rice dry matter
weight at the jointing, heading, and mature stages. Compared with CK treatment, the
dry matter weights of ZnO NPs treatments were 12.93–19.53% higher at the jointing stage,
19.38–22.97% higher at the handling stage, and 9.88–16.98% higher at the maturity stage.
No significant effects were detected on rice dry matter weight at all growth stages among
the different ZnO NPs treatments. The higher growth rate of dry matter weight at the
heading stage suggests that ZnO NPs played an integral role in the formation of rice yield
at this period. This proposal was confirmed with dry matter accumulation and proportion
in different growth stages of rice in Table 3. The most significant dry matter accumulation
and proportion stage of rice was observed at the jointing-heading stage. The weight of dry
matter in a certain period reflected the growth status of the ZnO NPs treatments during
that period. The cumulative amount and proportion of dry matter during the period
showed the growth rate and characteristics of the growth process of rice. Therefore, the
higher dry matter accumulation in the jointing-heading stage would increase the final yield,
consistent with the grain yield results. Moreover, rice dry matter cumulative amounts at
the heading-maturity stages of T2, T3, T4, and T5 were higher than CK, suggesting that the
ZnO NPs also improve the dry substances’ accumulation in the latter growing stage of rice.

Table 2. Dry matter weight of rice under different ZnO NPs application amounts.

Treatments
Dry Matter Weight (t hm−2)

Harvest Index
Jointing Heading Maturity

CK 3.79 ± 0.25 b 10.58 ±1.11 b 16.90 ± 1.08 b 0.37 ± 0.08 a

T1 4.32 ± 0.40 a 12.63 ± 1.41 a 18.57 ± 1.25 a 0.36 ± 0.05 a

T2 4.30 ± 0.38 a 12.74 ± 0.80 a 19.37 ± 1.16 a 0.35 ± 0.09 a

T3 4.28 ± 0.27 a 12.87 ± 1.85 a 19.66 ± 1.50 a 0.35 ± 0.04 a

T4 4.53 ± 0.37 a 13.00 ± 1.55 a 19.77 ± 1.56 a 0.35 ± 0.09 a

T5 4.45 ± 0.52 a 13.01 ± 0.95 a 19.73 ± 1.22 a 0.35 ± 0.08 a

Note: Values within the same column followed by different letters are significantly different at the 0.05 probabil-
ity level.

Table 3. Dry matter accumulation and proportion in different growth stages of rice under different ZnO NPs application amounts.

Treatments
Sowing-Jointing Jointing-Heading Heading-Maturity

Accumulation
(t hm−2)

Ratio
(%)

Accumulation
(t hm−2)

Ratio
(%)

Accumulation
(t hm−2)

Ratio
(%)

CK 3.79 ± 0.25 b 22.76 ± 6.58 a 6.79 ± 0.78 b 40.07 ± 9.54 a 6.32 ± 1.28 a 37.17 ± 8.43 a

T1 4.32 ± 0.40 a 23.24 ± 0.72 a 8.31 ± 1.41 a 44.86 ± 6.48 a 5.94 ± 1.25 a 31.90 ± 6.81 a

T2 4.30 ± 0.38 a 22.30 ± 2.10 a 8.44 ± 0.80 a 43.71 ± 2.96 a 6.63 ± 1.16 a 33.99 ± 3.46 a

T3 4.28 ± 0.27 a 21.93 ± 3.00 a 8.59 ± 1.85 a 43.30 ± 7.28 a 6.79 ± 1.50 a 34.77 ± 4.35 a

T4 4.53 ± 0.37 a 23.10 ± 3.83 a 8.47 ± 1.55 a 42.92 ± 7.21 a 6.77 ± 1.56 a 33.99 ± 9.25 a

T5 4.45 ± 0.52 a 22.51 ± 1.66 a 8.56 ± 0.95 a 43.51 ± 6.22 a 6.72 ± 1.22 a 33.98 ± 4.59 a

Note: Values within the same column followed by different letters are significantly different at the 0.05 probability level.

3.3. Leaf Area Index, Decreasing Rate of Leaf Area at the Grain-Filling Stage

Leaf area index (LAI) can directly affect the interception and utilisation of light energy
through plants, affecting rice plants’ growth and development in turn. As shown in Table 4,
the LAI of CK treatment was lower than those of ZnO NPs treatments at the jointing and
maturity stages. At the heading stage, LAI of low ZnO NPs application amount treatments
(T1 and T2) were slightly lower than CK treatment without marked differences. The LAI of
ZnO NPs treatments increased with the increase of ZnO NPs dosage, indicating that the
ZnO NPs application greatly affected LAI at the hole growth stage of rice. Additionally,
the attenuation rate of LAI during CK treatment at the grain-filling stage seemed to be
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significantly higher than those of ZnO NPs treatments. There was no significant relationship
between the attenuation rate of LAI and ZnO NPs dosage.

Table 4. Leaf area index and attenuation rate of leaf area at grain-filling stage of rice under different
ZnO NPs application amounts.

Treatments
Leaf Area Index Attenuation Rate of Leaf Area Index

at Grain-Filling Stage (LAI d−1)Jointing Heading Maturity

CK 4.29 ± 0.10 c 6.57 ± 0.33 a,b 3.80 ± 0.08 c 0.0603 ± 0.0102 a

T1 4.38 ± 0.19 b,c 6.55 ± 0.25 a,b 4.09 ± 0.13 b 0.0536 ± 0.0067 b

T2 4.42 ± 0.12 b,c 6.54 ± 0.19 b 4.14 ± 0.07 b 0.0522 ± 0.0076 b

T3 4.63 ± 0.23 a,b 6.82 ± 0.13 a,b 4.28 ± 0.08 ab 0.0552 ± 0.0021 b

T4 4.86 ± 0.20 a 6.90 ± 0.13 a,b 4.51 ± 0.16 a 0.0520 ± 0.0062 b

T5 4.85 ± 0.15 a 6.97 ± 0.14 a 4.51 ± 0.09 a 0.0535 ± 0.0023 b

Note: Values within the same column followed by different letters are significantly different at the 0.05 probabil-
ity level.

3.4. Photosynthetic Potential

The data in Table 5 demonstrates that the photosynthetic leaf potential of all treatments
increased with the continued growth and development of the rice. In the slowing-jointing,
jointing-heading, and heading-maturity stages, the photosynthetic potentials from most of
the ZnO NPs treatments were higher than CK treatment. The results suggest that ZnO NPs
application increased the photosynthetic potential at three key growth stages. Increasing
ZnO NPs dosage showed no significant difference in photosynthetic potential in each ZnO
NPs treatment at three key growth stages.

Table 5. Leaf photosynthetic potential of rice under different ZnO NPs application amounts.

Treatments
Photosynthetic Potential (×104 m2 d hm−2)

Sowing-Jointing Jointing-Heading Heading-Maturity

CK 141.75 ± 4.28 a 172.11 ± 3.02 b 270.07 ± 5.79 b

T1 138.84 ± 1.63 a 182.38 ± 2.38 a 271.45 ± 4.12 b

T2 143.61 ± 4.43 a 180.80 ± 4.54 a 274.74 ± 0.87 a,b

T3 142.26 ± 2.41 a 182.87 ± 3.51 a 281.21 ± 2.90 a

T4 144.76 ± 3.65 a 177.91 ± 3.46 a,b 274.06 ± 4.93 a,b

T5 143.12 ± 3.93 a 178.35 ± 6.65 a,b 273.41 ± 3.63 b

Note: Values within the same column followed by different letters are significantly different at the 0.05 probabil-
ity level.

3.5. SPAD Value

To further explain the increase of dry matter accumulation in the later growth stages
of rice after ZnO NPs application, the SPAD values of rice leaves were determined between
1 August to 12 October, at the heading-maturity stage. The results are presented in Figure 1.
The leaf SPAD values of ZnO NPs treatments showed a gradual decrease during the
grain-filling period. Compared with SPAD readings during ZnO NPs treatments, the CK
treatment data displayed lower SPAD at most measurements. As shown in Figure 1, leaf
SPAD values of T3, T4 and T5 remained high even on 12 October, validating the high
photosynthetic and dry matter synthesis capacities.

3.6. Grain Quality of the Rice

As depicted in Table 6, significant differences expected in brown rice and milled rice
rates between CK and ZnO NPs treatments were not present. However, the ZnO NPs
treatments showed higher outcomes of the brown milled rice rate, with an average growth
rate of 0.88% and 0.75% compared with CK treatment data. The brown and milled rice
rates increased with increasing amounts of ZnO NPs applied. No significant effects on
head rice rate were observed between CK and ZnO NPs treatments. The head rice rate of
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T1 was significantly higher than T4 and T5, suggesting that the head rice rate decreased
with increasing ZnO NPs dosage.
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Table 6. Rice quality under different ZnO NPs application amounts.

Treatments Brown Rice
Rate (%)

Milled Rice
Rate (%)

Head Rice
Rate (%)

Chalkiness
Size (%)

Chalkiness
Grain Rate (%)

Chalkiness
Degree (%)

Amylose
Content (%)

Protein
Content (%)

CK 85.07 ± 0.22 a 75.45 ± 0.22 a 64.07 ± 0.81 a,b 56.81 ± 1.23 a 15.42 ± 1.03 a 8.76 ± 0.29 a 17.47 ± 0.40 a 7.20 ± 0.20 a

T1 85.74 ± 0.03 a 75.67 ± 0.37 a 67.39 ± 1.73 a 54.20 ± 0.34 a 14.56 ± 0.98 a,b 7.89 ± 0.22 a,b 17.63 ± 0.12 a 7.37 ± 0.15 a

T2 85.51 ± 0.06 a 76.10 ± 0.15 a 63.31 ± 0.38 b 49.47 ± 1.92 a 11.01 ± 0.96 b 5.45 ± 0.14 b 17.62 ± 0.10 a 7.47 ± 0.15 a

T3 85.84 ± 0.08 a 76.22 ± 0.21 a 65.85 ± 0.29 a,b 47.63 ± 3.00 a 10.71 ± 1.08 b 5.10 ± 0.22 b 17.70 ± 0.06 a 7.47 ± 0.15 a

T4 85.94 ± 0.33 a 76.11 ± 0.33 a 62.86 ± 0.18 b 53.27 ± 0.90 a 13.73 ± 0.32 a,b 7.31 ± 0.21 a,b 17.93 ± 0.10 a 7.63 ± 0.31 a

T5 86.06 ± 0.13 a 75.85 ± 0.25 a 63.71 ± 0.23 b 49.53 ± 4.91 a 11.97 ± 1.04 b 5.93 ± 0.19 b 17.63 ± 0.25 a 7.40 ± 0.15 a

Note: Values within the same column followed by different letters are significantly different at the 0.05 probability level.

Analysing rice appearance quality, chalkiness size, chalkiness grain rate, and chalki-
ness degree yielded better results for CK than the ZnO NPs treatments. However, overall
there was no apparent difference in chalkiness size. With increasing ZnO NPs dosage, the
chalkiness size, chalkiness grain rate and chalkiness degree showed no noticeable trend.
The rice appearance quality results imply that ZnO NPs application would slightly enhance
the appearance quality of rice.

The nutritional quality of rice, amylose content and protein content of CK was lower
than those of the ZnO NPs treatment groups, with no apparent differences. With increasing
ZnO NPs dosage, the amylose content, and the protein content first increased and then
decreased. The highest amylose content was 17.93%, and the protein content of T4 was
7.63%.

3.7. Zn Content of Rice Grain

As presented in Table 7, the applied ZnO NPs significantly augmented the Zn content
in rice grain. Compared with the CK, the applied ZnO NPs of the basal stage increased
the Zn content in rice grain by 20.46–41.09%. The Zn content of rice grain increased with
the ZnO NPs dosage increase. Similarly, the applied ZnO NPs improved the Zn content in
brown rice and glume. The Zn content was significantly more increased in glume compared
to brown rice. The basal stage applied ZnO NPs increased the Zn content by 25.78–48.29%
in brown rice and 36.48–66.50% in glume. The Zn content increasing of brown rice was
remarkably lower than the vegetative organs, indicating that more Zn was sediment in the
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vegetative organs and not efficiently positioned in rice grains. The typical opposite pattern
was observed in the polished rice and aleurone layer after further processing of brown rice.
The applied ZnO NPs augmented the Zn content by 16.67–35.35% and 3.94–26.33% for the
edible polished rice and inedible aleurone layer. Such an outcome may be because ZnO
NPs improved the relocation of Zn from the aleurone layer to polished rice, implying that
ZnO NPs could provide better nutrition for the body of humans.

Table 7. Zinc concentration of rice grain, glume and brown rice under different ZnO NPs application amounts.

Treatments Rice Grain
(mg kg−1)

Glume
(mg kg−1)

Brown Rice
(mg kg−1)

Polished Rice
(mg kg−1)

Aleurone Layer
(mg kg−1)

CK 16.86 ± 0.40 f 34.25 ± 0.80 c 13.81 ± 0.45 d 11.39 ± 0.49 d 32.81 ± 1.07 f

T1 19.67 ± 0.08 e 33.52 ± 1.16 c 17.37 ± 0.17 c 13.72 ± 0.12 c 44.78 ± 0.24 e

T2 20.95 ± 0.07 d 41.01 ± 1.52 a 17.55 ± 0.31 c 13.90 ± 0.23 c 47.07 ± 0.96 d

T3 21.79 ± 0.05 c 38.24 ± 2.32 a,b 19.07 ± 0.34 b 15.33 ± 0.29 b 48.75 ± 0.39 c

T4 22.47 ± 0.05 b 34.67 ± 3.02 b,c 20.48 ± 0.50 a 16.07 ± 0.65 a 54.63 ± 0.90 a

T5 22.82 ± 0.12 a 40.74 ± 2.13 a 19.92 ± 0.45 a 15.79 ± 0.36 a,b 50.53 ± 1.03 b

Note: Values within the same column followed by different letters are significantly different at the 0.05 probability level.

4. Discussion

Our results found that as a new type of zinc fertiliser ZnO NPs increased rice yield
by 2.5% to 11.8% compared with CK treatment. It is worth noting that the available zinc
content of the tested soil in this study was 0.98 mg kg−1. According to Liu’s [29] zinc
fertiliser application classification to soil and crops, the tested soil belongs to the effective
area of zinc fertiliser (0.5–1.0 mg kg−1). Supplementing zinc fertiliser on zinc-deficient
soils can increase crop yields. ZnO NPs application improved the efficient quantities of
rice panicles and rice spikelets for each of the panicles. Therefore, the increased spikelet
number of rice crops made the full-grain rate and 1000-grain weight stable. The results
in the current study indicate that more dry substances could be collected if ZnO NPs
were applied at the jointing, heading and mature stages, suggesting that ZnO NPs would
facilitate final yield increases. Notably, zinc is an essential component of hundreds of plant
enzymes that participate in chlorophyll and auxin synthesis and the synthesis and transfor-
mation of carbohydrates. Increased levels of zinc in rice will promote photosynthesis and
photosynthetic efficiency. Many scholars believe that the high production of photosynthetic
substances is essential to achieving a high grain yield [30,31]. In this study, the application
of ZnO NPs significantly increased the grain zinc content. Higher zinc content resulted in
higher photosynthetic potential and more photosynthetic substances. Additionally, applied
ZnO NPs had significantly increased the LAI of rice during the whole growth period.
They decreased the attenuation rate of LAI at the grain-filling stage, suggesting more
photosynthetic substances transferred to grains from leaves. Such mechanisms directly
contribute to the outcomes of ZnO NPs to yield formation. The highest grain yield was
achieved when ZnO NPs application level was 2.4 g Zn pot−1 (60 kg hm−2). At this ZnO
NPs application amount, the yield of T4 was 7.55% higher than that of treatment without
ZnO NPs.

Additionally, the rice quality is influenced by ZnO NPs application. Zinc can acti-
vate flavour enzymes, decomposing sugar, fat, and protein in rice. Flavour substances
such as fatty acids, aldehydes, and ketones are increased, and the overall taste of rice is
improved [32,33]. The data in our study showed that the appropriate amount of basal
application of ZnO NPs increased the rate of the brown rice, milled rice and head rice,
improving the rice processing quality. In addition, the chalkiness size, chalkiness grain
rate, chalkiness degree, amylose content and protein content were also enhanced by ZnO
NPs application. Such outcomes may be related to the high leaf area index, photosynthetic
potential, dry matter accumulation, and low decreasing rate of leaf area at the grain-filling
stage. Studies have also proved that zinc fertilisers can promote the transfer of photosyn-
thetic products to the grains and increase the activity of rice protein synthase [18,22,23].
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For Zn nutrition in rice grain, ZnO NPs application primarily increased the Zn content of
edible polished rice, which also promoted the relocation of Zn from the aleurone layer [34].
More Zn nutritious supplications for the human body are of great significance while also
further increasing the nutritional value of rice.

The effectiveness of zinc in ZnO NPs has been suggested as one primary mechanism
of nanomaterial affecting plant growth. As the size of the nanoparticles is relatively tiny,
ZnO NPs could not adhere to the soil particle that would result in loss of the Zn ingredi-
ents [35,36]. Moreover, ZnO NPs, which can slowly and continuously release Zn [37,38],
effectively delivering a continuous supply of Zn to meet the need of the plants [35,39].
Sufficient Zn was adsorbed by rice roots during the growth period, promoting the growth
and development of the rice, especially at the heading-mature stage. Additionally, ZnO
NPs with potent free radicals possess augmented chemical activity and react with soil
organic substances, promoting the decomposition of organic substances and the release
of soil nutrients [40]. For example, Zn ions released from ZnO NPs form Zn phosphate
agglomerates and promote nutrient elements to be more easily absorbed and utilised by
the root system, meeting the needs of rice growth [41]. Many studies have shown that
nanomaterials can significantly increase the nutrient content of available nitrogen, phospho-
rus, and potassium in the soil by affecting the activities of related microorganisms [18,40].
Notably, ZnO NPs in rice plants could directly increase the peroxidase activity and help
remove the active oxygen, improving the resistance of rice effectively [42]. Moreover, ZnO
NPs enhanced chlorophyll synthesis in leaves by affecting the activities of glutamyl-tRNA
reductase and protoporphyrinogen oxidase [43]. This may explain the observed high SPAD
values, photosynthesis and photosynthetic efficiency during the grain-filling period in
ZnO NPs treatments, leading to higher grain yields and better rice qualities of ZnO NPs
treatments than those without ZnO NPs.

5. Conclusions

The current study clearly demonstrates that ZnO NPs improve the rice yield, rice
quality, and Zn content of the grain. Applied ZnO NPs at the basal stage can increase grain
yield and yield components. Moreover, the grain yield firstly increased and then decreased
with increasing amounts of ZnO NPs application. The higher grain yields of ZnO NPs
treatment resulted in higher panicle number, spikelets per panicle, 1000-grain weight, and
filled grain rate. In addition, ZnO NPs application improved the dry matter accumulation,
leaf area index, SPAD value, and photosynthetic potential in the whole rice growth period.
In the current study, ZnO NPs application exhibited favourable benefits in rice processing,
appearance, and nutritional value. ZnO NPs application significantly increased the Zn
content of edible polished rice and promoted the relocation of Zn from the aleurone layer,
further increasing the nutritional value of rice. Therefore, ZnO NPs were shown to be
promising nanomaterials as a micronutrient fertiliser, enabling growth promotion for rice
to obtain better yields and enhanced nutritional quality.
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