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Abstract: Cadmium (Cd) has attained top priority among all the toxic trace elements, and it easily
accumulates in the human body through various pathways. The current pot study was focused on the
impacts of foliar spray zinc oxide nanoparticles (ZnO NPs) (0, 50, 75, 100 mg-L.~!), alone or combined
with soil-applied bamboo biochar (1.0% w/w), on the maize growth and Cd and Zn accumulations
in the grains of maize under Cd-contaminated soil. The results showed that the maize-growth,
photosynthesis, and gas-exchange attributes were accelerated by the foliar-applied ZnO NPs, and this
effect was further enhanced by the bamboo biochar application in combination with ZnO NPs. All
the amendments decreased the electrolyte leakage (EL) and malondialdehyde (MDA) and hydrogen
peroxide (H,O;) contents, and they enhanced the activities of the antioxidant enzymes in the leaves
and roots of the maize more than the control. The Cd concentrations in the shoots decreased by
74.55%, in the roots 66.38%, and in the grains by 76.19% after the bamboo biochar combined with a
foliar spray of 100 mg-L~! ZnO NPs. The current study concluded that the combination of the foliar
spray of ZnO NPs and soil-applied bamboo biochar is a feasible strategy for safely growing crops on
Cd-contaminated soils.
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1. Introduction

The rapid development of urbanization and industrial automation over the last few
years has promoted the issue of environment degradation [1,2]. The metal contamination
of agricultural soils is one of the most serious challenges facing agricultural production,
and it is seriously damaging arable land resources, leading to severe soil degradation [3].
The heavy metal contamination of soil is more serious in China. The National Soil Pollution
Survey of China in 2014 reported that about 7.0% of the total arable areas within China were
contaminated by cadmium (Cd). Characterized by high mobility, toxicity, and extensive
circulation and enrichment over large areas, Cd takes top priority over other toxic trace
elements [4]. Atmospherically deposited Cd in contaminated soils is highly mobile and
toxic, and it can easily be taken up by plants via the roots and translocated to different
plant parts [5,6], thereby inducing serious negative effects on the crop growth by reducing
the chlorophyll synthesis, crop yields, and photosynthetic pigment production, as well as
causing ultrastructural alternations [7,8]. As an important grain, as well as a forage crop,
maize (Zea mays ssp. mays L.) shows a higher Cd uptake rate and faster Cd translocation
to the aerial part compared with other cereals, leading to higher Cd concentrations [9].
A national statistical bulletin showed that the maize-planting area reached 4126 hm?,
accounting for about 35.3% of the total grain-planting area. It is imperative now to find
an efficient and environmentally friendly method to control the transfer of Cd from soil to
maize plants.
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Biochar is a carbon-rich biological charcoal that is produced by the slow pyrolysis
(limited oxygen) of organic residues at a high temperature [10,11], and it has a high surface
area, high nutrient- and water-holding capacities, resists decomposition in soil, and retains
specific effects for a longer time. Previous studies have demonstrated that biochar can
greatly elevate the soil pH values, increase the organic content, and reduce the Cd uptake
by plants [12,13]. It is therefore an effective adsorbent for soil heavy metals to mitigate the
impacts of climate change by reducing CH4 emissions and environmental pollution [14].
As a fast-growing plant, bamboo is widely distributed in China [15]. Bamboo charcoal is a
recently developed biomass adsorbent; it serves as an alternative to wood-based activated
carbon. The unique microporous structure on the surface of bamboo biochar possesses
distinctive biological properties and a large surface area. Therefore, it could be a promising
way to achieve maize security by growing low-grain Cd maize varieties in combination
with the application of bamboo biochar to Cd-contaminated soils.

Nanoparticles (NPs), which range in size from 1 to 100 nm, have unique properties
attributed to quantum effects, larger surface areas, and the ability to self-assemble [16]. In
recent years, ZnO NPs have been widely used as novel materials in various fields. ZnO
NPs have been applied as a fertilizer to improve the Zn availability to crops. In seed
germination, ZnO NPs have positive effects on the seedling growth and generation of
biomass on onion [17], green pea (Pisum sativum) [18], cotton (Gossypium hirsutum L.) [19],
and moringa (spicy wood) [20]. Moreover, a report has shown that the Cd uptake by wheat
plant was reduced with the supply of ZnO NPs [21]. In addition, the application of ZnO
NPs will result in a higher level of antioxidant enzyme activities and reduce the oxidative
damage to various plant species [22-24].

Zn is an essential element for all living organisms, plants, and animals, all of which
need Zn to function. It is also a cofactor in many enzymes, thereby playing critical roles
in various physiological processes, such as photosynthesis, respiration, electron transport,
protein metabolism, chlorophyll synthesis, and hormonal regulation [25]. Therefore, any
Zn deficiency can reduce the crop yield and will be manifested in the form of micronutrient
deficiencies in humans [26]. The development of Zn-efficient cultivars is thus an effective
method to maintain the crop yield and alleviate micronutrient deficiencies. The soil for this
pot experiment was from Wangyan village, in which only Cd surpasses the threshold level.
The sown land is specifically for agricultural use and is mainly used for maize and wheat
planting. As maize is an important global grain and is widely cultivated in Zn-deficient
soils throughout China, this study aims to assess the effectiveness of ZnO NPs, as well as
the combined use of ZnO NPs and bamboo biochar, on concentrations of various substances
so as to enhance the growth of maize in Cd-contaminated soil and its accumulation of Cd
and Zn.

2. Materials and Methods
2.1. Materials and Field Experiment

The soil was collected from the agricultural land of Wangyan Village, which is located
downstream of a mine site; the soil samples obtained from this area have been subjected to
polluted surface runoff from the mine for 30 years. The initial properties of the selected
agriculture land soil were only contaminated with Cd, and the other elements were below
the threshold levels in the soil. The random soil sampling was conducted at a depth of
0-20 cm by using a stainless-steel spade. Five sampling points were decided on within the
collection area in an “S” pattern. In order to guarantee homogeneity, the soil was air-dried
for 7 days, and then it was sieved via a sieve with a pore size of 2 mm and characterized.
The soil pH and EC values were 6.78, and 1.58 dS-m !, respectively. The organic matter
content was 0.92%. The total concentrations of Cd, Pb, Zn, Cu, Mn, and Fe were 4.15, 3.02,
30.98, 29.48, 53.15, and 101.62 mg-kg~! DW (dry weight), respectively. The test bamboo
charcoal was purchased from Henan Lize Environmental Protection Technology Company,
and it was carbonized at 700 °C. Its properties were as follows: a pH of 6.78, organic carbon
content of 634.15 g-kg !, total nitrogen content of 7.74 g-kg !, total phosphorus content
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of 1.58 g-kg ™!, total potassium content of 9.24 g-kg~!, and an AB-DTPA-extractable Cd
concentration of 0.74 mg-kg . After the soil analysis, 20 kg of dried soil was put into
each pot.

The ZnO NPs were purchased from Alfa Aesar, with a purity of 99%, 20-30 nm APS
powder, and a density of 5.606 g-cm~3. Four levels of ZnO NPs (0, 50, 75, 100 mg-L~1)
were prepared with deionized H,O and were ultrasonicated for about 30 min to separate
and homogenize the particles.

2.2. Experimental Setup

The experiment was conducted in the greenhouse at the Zhijiang base of Hangzhou
Academy of Agricultural Science (30°09'19” N, 120°05'18” E). The test area is located in the
northern part of the southeastern coast of China, which is characterized by a subtropical
monsoon climate with four distinct seasons and an abundant rainfall pattern. The average
annual temperature is 17.8 °C, the average relative humidity is 70.3%, and the annual
precipitation and sunshine are 1454 and 1765 h, respectively. The designed treatments were
as follows: TO: control; T1: bamboo biochar mixed in half pots at a rate of 1.0% (w/w); T2:
50 mg-L~! ZnO NPs; T3: 75 mg-L~! ZnO NPs; T4: 100 mg-L~! ZnO NPs; T5: BC (1.0%,
w/w) + 50 mg-L~! ZnO NPs; T6: BC (1.0%, w/w) + 75 mg-L~! ZnO NPs; T7: BC (1.0%,
w/w) + 100 mg-L~! ZnO NPs.

A total of 48 pots (36 cm height and 25 cm width) were filled with 20.0 kg of sieved soil
per pot. The maize seeds (variety: Qianjiang 3-2017) were disinfected for 5 min in hydrogen
peroxide (2.5%, v/v) solution and then rinsed with d-H,O. Then, the maize seeds were
sown in the soil bamboo biochar, mixing in the soil. Five seeds were sown in each pot, and
after 6 days of germination, three seedlings with good growth were selected, and fertilizers
(K2SO4-DAP-Urea) were used at a dose of 120-50-25 kg-ha~! with irrigation water. Urea
fertilizer was applied in two applications (i.e., once with other fertilizers, and the second
time after 15 days). The first foliar application of ZnO NPs (0, 50, 75, 100 mg-L’l) was
performed by using a hand-held sprayer after two weeks of germination. In total, seven
sprays were applied in the whole experiment, with a one-week interval. In the pots, the
soil surface was treated with a plastic cover to avoid the directly entry of ZnO NPs to the
soil, and replicates of the same treatment were grouped during each spray to maximize the
contact of the plants with the NPs.

2.3. Plant Harvesting

After 82 days, the maize plants were harvested. The plant heights, spike heights,
lengths, and widths were recorded at the harvesting stage, while the shoot and root dry
weights were measured later. The washed samples were dried at a temperature of 65 °C for
a constant weight and were stored for further use.

2.4. Determination of Chlorophyll and Gas-Exchange Parameters

Fresh maize leaf samples were taken to determine the chlorophyll contents. The
samples were placed in a dark place and continuously shaken at 4 °C in acetone (85% v/v)
solution [27]. The absorbance of the extracted solution at selected wavelengths (470, 647,
and 664.5 nm) was recorded using a spectrophotometer, and the chlorophyll concentration
of the maize leaves was measured using coefficients. A portable infrared gas analyzer
(Analytical Development Company, Hoddesdon, UK) was used to measure the stomatal
conductance, photosynthetic rate, and transpiration rate prior to harvesting the plants.

2.5. Determination of Electrolyte Leakage (EL) and Antioxidant Enzymes

About 200 mg of fresh maize leaves were thoroughly rinsed with distilled water to
avoid surface contamination, before a 1.0 g leaf sample was added to 8.0 mL deionized
water. The tubes were positioned in a water bath for two hours at 32 °C to record EC1. Then,
the cylinders were placed in the water bath for twenty minutes at 121 °C to record EC2.
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Finally, the electrolyte leakage was estimated through the given formula by Dionisio-Sese
and Tobita [28] (electrolyte leakage = (EC1/EC2) * 100).

Fresh leaves were ground into a slurry with 2 mL of prechilled phosphate buffer in
a prechilled mortar placed in an ice bath. Then, the slurry was transferred into a 10 mL
centrifuge tube. The mortar was rinsed with phosphate buffer, and any remnant slurry
was also added to the centrifuge tube. The tube was then centrifuged at 10,000x g for
30 min at 4 °C. The supernatant was collected and stored at 4 °C until analyzed. The
HyO; content was calculated in accordance with the method described by Qi [29], while
the malondialdehyde content was determined by the thiobarbituric acid method, and the
peroxidase activity was determined by the guaiacol method. In addition, the superoxide
dismutase activity was determined by the nitrogen blue tetrazolium method, the chloram-
phenicol acetyltransferase activity by the ultraviolet absorption method, and the ascorbate
peroxidase activity in accordance with the method described by Nakano et al. [30].

2.6. Determination of Cd and Zn Concentrations

The dry weights (0.5 g) of the shoot, roots, and grains of the maize were subjected
to di-acid digestion using nitric acid (HNOj3) and perchloric acid (HCIOy) in a 1:3 ratio,
respectively, followed by heating on a hot plate at 250 °C [31,32]. Samples were later filtered
and analyzed for the Cd and Zn analyses using an atomic absorption spectrophotometer
(AAS) (z2000, Hitachi, Tokyo, Japan). The postharvest soil was analyzed for the pH and
AB-DTPA-extractable Cd, as given in the previous section, as the characterization of the
soil and amendments.

2.7. Statistical Analysis

The significance of the differences between the treatments was analyzed by one-
way and two-way analyses of variance (ANOVA) using IBM SPSS Statistical software,
version 21.0. Differences between the treatments were detected, and the mean values were
compared by the Tukey’s range test (p = 0.05). The analysis of correlation was performed
by using a Pearson’s correlation test by considering p < 0.05 as significant (two-tailed).

3. Results
3.1. Plant Growth and Photosynthesis

In this study, the effects of treating soil with bamboo biochar and the foliar spraying
of ZnO NPs were recorded for maize grown under Cd stress (Table 1). Compared with the
control, the shoot and root dry weights per plant significantly increased by 31.52%, 49.63%,
71.37%, 54.09%, 52.79%, and 32.40% during the application of 100 mg-L~! ZnO NPs alone,
and increased by 40.32%, 57.12%, 82.53%, 64.38%, 68.67%, and 36.28% in the ZnO NPs
(100 mg-L~!) + bamboo biochar treatments. Separately, they had a significant impact on all
the parameters, whereas the combined effects of ZnO NPs and bamboo biochar were not
significant. The foliar spraying of ZnO NPs had a significant effect on the spike length and
width (p < 0.001), plant height, spike height, and shoot and root dry weights (p < 0.01). Soil
treated with bamboo biochar had a significant effect on the plant height, spike length, root
dry weight (p < 0.001), spike height and width, and shoot dry weight (p < 0.01). Overall,
the combined application of bamboo biochar and the foliar spraying of ZnO NPs greatly
improved the resistance of maize to Cd toxicity.

The application of ZnO NPs alone or in combination with bamboo biochar enhanced
the chlorophyll concentrations, photosynthesis rate, stomatal conductance, and transpira-
tion rate (Figure 1). The chlorophyll “a” (Figure 1A) and “b” (Figure 1B) concentrations
in the 50, 75, and 100 rng~L’l ZnO NPs alone treatment increased by 20.21%, 40.41%, and
62.18%, and 23.36%, 31.78%, and 64.49%, respectively; they increased by 32.12%, 53.89%,
and 73.46%, and 34.58%, 47.66%, and 76.64%, respectively, in the same NP treatments with
bamboo biochar. At the highest application rate for the foliar spraying of ZnO NPs alone,
the photosynthetic rate (Figure 1C), stomatal conductance (Figure 1D), and transpiration
rate (Figure 1E) increased by 61.95%, 57.14%, and 31.47%, respectively, compared with
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those of the control. The combined treatments with the bamboo biochar and foliar spraying
of ZnO NPs at 100 mg-L~! had a significant impact on the photosynthetic rate, stomatal
conductance, and transpiration rate, which increased by 68.43%, 86.12%, and 36.55%, re-
spectively, when compared with those for the control. A two-way ANOVA revealed that
the combined effects of ZnO NPs and bamboo biochar were not significant. The foliar
spraying of ZnO NPs and soil treated with bamboo biochar had the same significant effect
on the chlorophyll a and b, photosynthetic rate, stomatal conductance, and transpiration
rate (p < 0.001).

Table 1. Growth responses of corn by using bamboo biochar and foliar application of ZnO NPs.

T Plant Height Spike Height Spike Length Spike Width Shoot Dry Root Dry Weight
reatments .
(cm) (cm) (cm) (cm) Weight (g) (g)
CK 150.72 £ 451 e 5851+ 1.63e 18.37 £ 135 f 379 +£013e 23.68 £1.15d 6.45+0.25c¢
T1 167.58 + 4.08 cd 6734+ 1.17 cd 19.89 + 1.08 ef 4.01 £0.25f 27.04+1.77 cd 6.94 £ 0.24 bc
T2 174.04 £ 5.86 be 70.01 £ 2.82 cd 2156 +1.21e 471+£0.18d 29.61 +1.94 be 7.66 £ 0.33 ab
T3 185.92 £ 5.42 ab 80.38 +2.77 ¢ 27.75+1.07d 512 £0.12 cd 3214+ 1.09b 778 £026a
T4 192.26 £ 6.09 ab 87.55 +2.51 bc 3148 £1.25cd 5.84 £0.21 cd 36.18 £ 1.66 b 8.54 £ 0.44 ab
T5 186.45 £ 5.09 ab 77.46 £+ 2.78 be 25.48 +1.32 bc 5.05 £ 0.27 be 31.88 +1.31 ab 813+047a
T6 198.49 £ 4.55 ab 83.47 +2.07 ab 2931+ 1.11ab 5.63 £ 0.18 abc 34.95 + 1.08 ab 835+037a
T7 211.77 £ 5.66 a 9193 +2.83a 3353+ 1.24a 623+028a 39.94 £ 1.08a 879 £0.67a
BC 0.000 *** 0.025 ** 0.000 *** 0.048 ** 0.027 ** 0.000 ***
ZnO NPs 0.036 ** 0.047 ** 0.000 *** 0.000 *** 0.024 ** 0.041 **
BC x ZnO NPs ns ns ns ns ns ns
Note: T1-T7: T1: 2.0% co-composted BC (hereafter termed BC); T2: 50 mg-L~! ZnO NPs; T3: 75 mg-L~! ZnO
NPs; T4: 100 mg-L~! ZnO NPs; T5: 2.0% co-composted BC + 50 mg-L~! ZnO NPs; T6: 2.0% co-composted
BC + 75 mg-L~! ZnO NPs; T7: 2.0% co-composted BC + 100 mg-L~! ZnO NPs. Values are means of four
replications, and bars represent standard deviations. Different letters demonstrate significant differences among
treatments. In the table: ns: nonsignificant; ** significant at 0.01, and *** significant at 0.001 levels.
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Figure 1. Effects of foliar-applied ZnO NPs alone and combined with bamboo biochar on (A) chloro-
phyll a, (B) chlorophyll b, (C) photosynthetic rate, (D) stomatal conductance, and (E) transpiration
rate in maize plant under Cd stress. Bars show standard deviations of four replications. Different
letters on the bars demonstrate the significant differences between treatments at p < 0.05. In the
figures: ns: non-significant; and *** significant at 0.001 levels.
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3.2. Oxidative Stress and Antioxidant Enzymes of Maize Leaves and Roots

The effects of ZnO NPs with and without bamboo biochar on the MDA, H,O,, EL,
and antioxidant enzymes in maize leaves are shown in Figure 2. At the 100 mg-L~! foliar
application of ZnO NPs alone, the MDA (Figure 2A) and H,O, (Figure 2B) contents and
EL (Figure 2C) in the maize leaves decreased by 39.91%, 42.96%, and 56.44%, respectively,
while those during the combined application of bamboo biochar and 100 mg-L~! ZnO NPs
decreased by 61.47%, 51.56%, and 61.25%, respectively, compared with those of the control.
A two-way ANOVA revealed that the foliar application of ZnO NPs and the addition of
bamboo biochar to the soil had the same significant effect on the MDA and H,O, contents
and EL in the maize leaves (p < 0.001), while the combined effects of ZnO NPs and bamboo
biochar did not significantly affect the HyO, content and EL in the maize leaves; however,
the combined effects of ZnO NPs and bamboo biochar had a significant effect on the MDA
content (p < 0.05).

16+ ; — 304
A [ Without BC BC= *** D [ Without BC BC= +++
a: With BC ZnONPs= **'i . 24 HE With BC ZnONPs= *#%
%2 . b b BCTiONbet b : BN Zn NP ris
—E b - i d g = 184 & cd d
< §’ 8 T gE E Tu- €
2= < 2 12 z
=1
44 S =
50 75 100 50 75 2 100
ZnO NPs concentration (mg-L 1) ZnO NPs concentration (mg-L l)
L 2401 B BC= #%* o 3004 v BC= %
B 5o ZnONps=**+ 2 o ZnONPg= +*+
7 a BCxZnONPs=ns o3 a BCxZnONPs= ns
S 160 ab p= 5
= = cd de = 1804 c
= 1204 ot d d
= ef fg = e
2 g S 1201 :
(=1 80 =
i .E
S, 40 o 601
e 0- = 0-
0 50 75 100 0 50 23 = 100
ZnO NPs concentration (mg-L~ 1) ZnO NPs concentration (mg-L )
607 . 800 BO= ###
a BC= ##*
e e i ZnONPg= *¥*
& 451 b el < 601 ab b BC*ZnONPs= ns
< - BC*ZnONPs= ns EN - ¢ c
5 ¢ . 2 d
= 304 . g 40- 5 N
é g £
154 d 204
0- 0-
0 50 75 100 0 50 75 100

ZnO NPs concentration (mg-L~ l)

Zn0 NPs concentration (mg-L )

Figure 2. Effects of foliar-applied ZnO NPs alone and combined with bamboo biochar on MDA
in (A) leaves, (B) H,O, in leaves, (C) El in leaf, (D) MDA in root, (E) H,O, in root, and (F) El
in root in maize plants under Cd stress. Different letters on the bars demonstrate the significant
differences between treatments at p < 0.05. In the figures: ns: non-significant; * significant at 0.05,
and *** significant at 0.001 levels.

The results of the impacts of the applied treatments on oxidative stress are shown in
Figure 2, which shows that the application of ZnO NPs alone can significantly reduce the
MDA (Figure 2D) and H;O; (Figure 2E) contents and EL (Figure 2F) in maize roots. As
the concentration of ZnO NPs increased, the EL and H,O, and MDA contents decreased
correspondingly. Upon the application of 100 mg-L~! Zn NPs alone, the EL and H,0O,
and MDA contents decreased by 39.13%, 32.56%, and 28.87%, respectively, compared with
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those of the control. The bamboo biochar + 100 mg-L~! ZnO NPs enhanced the EL and
H,0O; and MDA contents in the maize roots by 45.57%, 44.84%, and 43.16%, respectively,
compared with the control. A two-way ANOVA revealed that separate applications of the
foliar spraying of ZnO NPs and the addition of bamboo biochar in the soil had the same
significant effects on the EL and H,O, and MDA contents in the maize roots (p < 0.001),
while the effects of the combined application of ZnO NPs and bamboo biochar were
not significant.

3.3. Antioxidant Enzymes of Maize Leaves and Roots

As shown in Figure 3, the foliar application of ZnO NPs improved the activities of
the antioxidant enzymes in the leaves under all treatments. The SOD activity in the leaves
increased by 21.08%, 71.86%, and 91% with applications of 50, 75, and 100 mg-L~! ZnO
NPs (Figure 3A), respectively, compared with that in the control. At the application of
100 mg-L‘1 ZnO NPs alone, the POD (Figure 3B), CAT (Figure 3C), and APX activities
(Figure 3D) in the maize leaves increased by 53.54%, 142.55%, and 44.89%, respectively,
compared with those of the control. The maximum values of the antioxidant enzymes
in the leaves were achieved under the combined bamboo biochar and foliar application
of 100 mg-L_1 ZnO NPs, which enhanced the SOD, POD, CAT, and APX activities in the
maize leaves by 112.53%, 92.92%, 186.10%, and 59.52%, respectively, compared with those
of the control. A two-way ANOVA revealed that the foliar application of ZnO NPs had a
significant effect on the SOD, POD, CAT, and APX activities (p < 0.001), while the addition
of bamboo biochar to the soil had a significant effect on the SOD, POD, CAT (p < 0.001),
and APX activities (p < 0.01). The combined effects of the ZnO NPs and bamboo biochar on
the SOD, POD, CAT, and APX activities in the maize leaves were not significant.

[ without BC [ With BC
1004 4 BC= . S'BBC: Sk 451 C BC=*** 3001 pBC= **
ZnO NPs= *#% a a e 2 _ ok
1 ZnO NPs= #** = ZnO NPs= *%** ZnO NPs a
o BCxZnO NPs=ns b o BCxZnO NPs= ns 364 BCxZnO NPs=ns b 2504 BCxZnO NPs=nsp, be
¢ P b c ;
8o d 8 o £y 8= 8 £200- d d
g Z60 | g %3 ey S& e e
= €< = = £ 7150
=a 1t a ! = 2 X g |
Qg [l = E &S5
S E40 o 521 < 5184 o)
#A = = U= 100+
20+ 11 94 50
0 L o L 0- 00 0- -
0 50 75 100 0 50 75 100 0 50 75 1 0 50 75 100
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0 50 75
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4] BCxZnONPs=nsp D[~ %1 Bexzno NPs="*p 280 BC=ZnO NPs=ns
F | aE ac | g ¢ o b b P
'8' 537 = e g %40_ g EZ]O— dgcd $ T
H e C B 2
S 2 3 80 Z 140
20
1 ] 70
wo. - 95 S0 75 100 9 0 so 75 100~ 9 o0 50 75 100

ZnO NPs concentration (mg-L ") ZnO NPs concentration (mg-L ") ZnO NPs concentration (mg-L ")

Figure 3. Effects of foliar-applied ZnO NPs alone and combined with bamboo biochar on (A) SOD in
leaf, (B) POD in leaf, (C) CAT in leaf, (D) APX in leaf, (E) SOD in root, (F) POD in root, (G) CAT in root,
and (H) APX in root in maize plants under Cd stress. Different letters on the bars demonstrate the
significant differences between treatments at p < 0.05. In the figures: ns: non-significant; * significant
at 0.05, ** significant at 0.01, and *** significant at 0.001 levels.
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As shown in Figure 3, the foliar application of ZnO NPs improved the activities of
the antioxidant enzymes in the roots under all treatments. The SOD activity in the leaves
increased by 28.76%, 41.20%, and 62.74% upon the applications of 50, 75, and 100 mg-L !
ZnO NPs alone (Figure 3E), respectively, over the control. At 100 mg-L~! ZnO NPs alone,
the POD (Figure 3F), CAT (Figure 3G), and APX activities (Figure 3H) in the maize roots
were increased by 50.00%, 59.74%, and 30.43%, respectively, as compared with those in
the control. The maximum values of the antioxidant enzymes in the leaves were reached
under the combined treatments of bamboo biochar and the foliar application of 100 mg-L ™!
ZnO NPs, which enhanced the SOD, POD, CAT, and APX activities in the leaves by
89.94%, 71.83%, 93.90%, and 34.85%, respectively, compared with those in the control. A
two-way ANOVA revealed that the foliar application of ZnO NPs and the addition of
bamboo biochar to the soil had the same significant effect on the SOD, POD, CAT, and APX
activities (p < 0.001), while the combined effects of the ZnO NPs and bamboo biochar were
not significant on the SOD, POD, and APX activities. However, the combined effects of
ZnO NPs and bamboo biochar significantly affected the CAT activity in the maize leaves
(p <0.05).

3.4. Cadmium and Zn Concentrations in Plants and Post Soil Analysis

As shown in Figure 4, the amendments had a significant impact on the Cd and Zn con-
centrations in the maize shoots, roots, and grains. The Cd and Zn concentrations were the
highest in the roots, followed by those in the shoots and grains. All the treatments reduced
the Cd and enhanced the Zn concentrations in the shoots, roots, and grains. In the control
treatment, the highest Cd concentrations and lowest Zn concentrations were observed in
the maize shoots, roots, and grains. The Cd concentrations in the shoots (Figure 4A), roots
(Figure 4B), and grains (Figure 4C) decreased by 81.03%, 80.46%, and 84.62%, respectively,
during the application of 100 mg-L~! ZnO NPs alone, as compared with the control. Over-
all, the combined treatments with the bamboo biochar and 100 mg-L~! ZnO NPs had the
most significant effect on the reduction in the Cd concentrations in the maize shoots, roots,
and grains, which were reduced by 85.38%, 91.26%, and 88.46%, respectively, compared
with those in the control. The Zn concentrations in the shoots (Figure 4D), roots (Figure 4E),
and grains (Figure 4F) were reduced by 168.01%, 113.48%, and 50.72%, respectively, in the
100 mg-L~! ZnO NPs alone, compared with the control. Overall, the combined treatments
with the bamboo biochar and 100 mg-L~! ZnO NPs had the most significant effect on
the increase in the Cd concentrations in the maize shoots, roots, and grains, which were
reduced by 132.47%, 184.96%, and 82.29%, respectively, compared with those in the control.

3.5. Soil Bioavailable Cd and pH after Harvesting the Maize

As shown in Table 2, the use of bamboo biochar with and without 100 mg-L~! of
ZnO NPs produced the lowest and highest soil pH values, respectively. The soil pH
value increased by 0.25 and 0.36 with the use of 75 and 100 mg-L~! of ZnO NPs alone,
respectively, and by 0.47 with the use of 100 mg-L~! of ZnO NPs in combination with
bamboo biochar, as compared with the control. The control treatments produced the highest
soil concentrations of bioavailable Cd. All the treatments significantly reduced the soil
concentration of bioavailable Cd. The soil concentration of bioavailable Cd decreased by
36.49% and 41.89% with the use of 75 and 100 mg-L~! of ZnO NPs alone, respectively, as
compared with the control. Overall, the combined treatment with bamboo biochar and ZnO
NPs further reduced the soil concentration of bioavailable Cd and improved the soil pH.
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Figure 4. Effects of foliar-applied ZnO NPs alone and combined with bamboo biochar on (A) Cd in
shoot, (B) Cd in root, (C) Cd in grain, (D) Zn in shoot, (E) Zn in shoot, and (F) Zn in grain. Different
letters on the bars demonstrate the significant differences between treatments at p < 0.05. In the

figures: ns: non-significant; * significant at 0.05, ** significant at 0.01, and *** significant at 0.001 levels.

Table 2. Postharvest soil AB-DTPA-extractable Cd (mg-kg~!) and pH. Values are means of five
replications, and different letters demonstrate significant differences between treatments at p < 0.05.

Treatments 0 (mg-L—1) 50 (mg-L~1) 75 (mg-L—1) 100 (mg-L—1)
pH
Without biochar 6.78 £0.09d 6.87 £ 0.12 cd 7.03 £ 0.05 bc 714 +0.14 ab
With biochar 6.82 + 0.096 d 6.98 + 0.12 cd 6.95 + 0.11 bed 725+ 0.09 a
Cd
Without biochar 0.74 £0.07 a 0.63 £ 0.07 abc 0.58 £ 0.06 bed 0.52 £0.08 cd
With biochar 0.71 £+ 0.06 ab 0.57 + 0.12 bed 0.47 £0.09d 0.43 +0.08d

3.6. Correlation Analysis

Correlation analyses of the maize growth indicators and photosynthesis parameters
with the soil pH, extractable Cd concentration, maize leaf and root enzyme activities, and
maize (root, shoot, and grain) Cd and Zn concentrations were constructed using Origin
2021 software to obtain correlation heat maps. As shown in Figure 5, the maize plant
height, spike length, height, and width, and the shoot and root dry weights, were positively
correlated with the leaf and root enzyme activity (p < 0.001), and negatively correlated with
the shoot, root, and grain Cd concentrations, leaf and root EL, and MDA and H,O, contents
(p < 0.001). In addition, the grain Zn was negatively correlated with the grain Cd and shoot
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and root Cd concentrations (p < 0.001), and the soil pH was negatively correlated with the
shoot, root, and grain Cd concentrations (p < 0.001). The leaf and shoot EL and MDA and
H,0O; contents were negatively correlated with the shoot, root, and grain Zn concentrations,
chlorophyll a and b, stomatal conductance, transpiration rate, and photosynthetic rate
(p < 0.001). However, the soil pH was negatively correlated with the leaf and root EL and
MDA and H;O; contents (p < 0.001).
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Root DW
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Leave APX

Root SOD
Root POD
Root CAT
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Figure 5. Correlations between different parameters. DW: dry weight; EL: electrolyte leakage; HyO5:
hydrogen peroxide; MDA: malondialdehyde; SOD: superoxide dismutase; POD: peroxidase. All the
above indexes showed extremely significant correlations at the 0.01 level.

4. Discussion

The study revealed that the maize growth and biomass accumulation were accelerated
by the foliar spraying of ZnO NPs, and this effect was further enhanced during the com-
bined bamboo biochar in combination with ZnO NPs treatment (Table 1). Previous studies
have shown that Cd causes stress in plants, as demonstrated by the decreased vigor and
biomass under these conditions [33,34]. Therefore, the lower biomass in the control group
may be attributed to the higher Cd concentrations in the maize. In this study, a correlation
analysis revealed that the maize biomass and growth were negatively correlated with the
Cd concentrations in the shoots, roots, and grains, as well as with the EL and MDA and
H,0; levels in the leaves and roots. Therefore, the lower maize plant biomass observed
in the control group was related to the elevated levels of MDA, H,O,, and EL in both the
above and below ground groups (Figure 3).

This study showed that the gas exchange and chlorophyll content were comparatively
lower in the control maize leaves (Figure 1). Spraying ZnO NPs on the maize leaves
increased the photosynthetic rate, which may be attributed to the reduction in the oxidative
stress and increased enzyme activity [35]. Pullagurala et al. (2018) [36] reported that ZnO
NPs have a positive effect on plant growth. Zinc NPs and Zn have positive effects on the
growth and plant nutritional status of sorghum [37]. The growth and antioxidant enzyme
activities are promoted when ZnO NPs are applied to mustard plants [38]. Several studies
have confirmed that bamboo biochar reduces oxidative stress in many plant species [6,34],
which is consistent with the findings of this study. A further correlation analysis revealed
that the maize photosynthetic parameters were significantly and negatively correlated with
the oxidative stress and enzyme activities (Figure 5). In our study, the bamboo biochar
application in combination with ZnO NPs minimized the oxidative stress and enhanced the
enzyme activity in the maize plants. Under metal stress, ZnO NPs reduced the oxidative
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stress in Leucaena leucocephala [22]. The reduction in ROS and the increase in the antioxidant
enzyme activity may have been due to the maintenance of the plant membrane structure.
The increase in the antioxidant enzyme activity and decrease in the oxidative stress markers
in maize leaves may be a stress-tolerance mechanism in maize under Cd stress. Our results
suggested that the Cd tolerance in maize can be improved by foliar spraying with ZnO
NPs and the soil application of biochar.

The similarity between the essential nutrient Zn and nonessential nutrient Cd further
indicates the importance of Zn in the soil-plant system [9]. A moderate amount of Zn in
the soil can alleviate the Cd toxicity in plants. Zn can reduce the accumulation of Cd in
plants owing to the mutual antagonism of these metals [39]. Previous studies have reported
that ZnO NPs reduce the Cd levels in wheat [40], while a more recent study found that
soybean and tomato plants absorbed Zn in any form (ZnSO,, ZnO nanoparticles, and bulk
ZnO) when applied via foliar sprays [41]. Read et al.’s (2020) [42] study found that the leaf
cuticles of wheat and sunflowers were the main pathway for the uptake of ZnO NPs, and
the adhesion of the NPs to the leaves restored the Zn levels. Therefore, ZnO NPs are a more
effective and slow-releasing source of Zn compared with conventional fertilizers [43,44].
Our results showed that the Zn content linearly increased (Figure 4C-E) and the Cd content
linearly decreased in the maize plants (Figure 4A—C) with the application of ZnO NPs.
A correlation analysis revealed that the higher Cd content in the maize seeds might be
highly positively correlated with the soil concentration of bioavailable Cd (Figure 5), while
the combined application of biochar and NPs further reduced the Cd concentration in
the maize plants (Figure 4A—C). The lower Cd concentrations in the maize plants treated
with NPs were because of the high plant biomass (Table 1), which may have caused a
dilution effect.

The soil pH after harvest in the control group was slightly higher than the initial soil
value, and it increased after corn growth without any amendments, which could have been
due to changes caused by the application of nitrogen, phosphorus, and K fertilizers [7].
Siebers (2013) [45] reported that the application of phosphorus fertilizer increased the soil
pH. Several other studies have shown that the application of biochar significantly increased
the soil pH [12,46]. Liu et al. (2018) [13] found that the application of bamboo biochar at
1-5% markedly enhanced the soil pH by 1.17-40.3%. Ma et al. (2021) [12] indicated that
bamboo biochar contains a large amount of carbonate phosphates, and that ash combined
with H* in the soil increases the soil pH, which is consistent with the findings of the present
study (Table 2). Correlation analyses revealed that the soil concentrations of bioavailable
Cd were strongly negative correlated with the pH (Figure 5). In addition, in this study, the
soil pH increased slightly with the increasing concentrations of applied ZnO nanoparticles.
Shi et al. found that the soil pH increased with the application of copper oxide (CuO) NPs,
and that the response varied with time, the NP dose, and the soil type [47], which is similar
to the pattern observed in this study. The application of nanoscale zero-valent iron to the
soil was able to increase the pH of a soil solution [48]. In this study, the foliar spraying
resulted in the deposition of ZnO NPs in the topsoil layer, thereby slightly increasing the
soil pH, which could explain the slightly higher soil pH observed under the combined
application of ZnO NPs and biochar as compared with that under the ZnO NP treatment
alone. Hence, the application of bamboo biochar can effectively fix and passivate the Cd in
soil, and it can reduce its accumulation in grains. Therefore, the foliar supply of nutrients
and the soil application of biochar is an effective agronomic strategy.

5. Conclusions

The foliar spraying of ZnO NPs improved the growth, biomass, chlorophyll content,
and Zn concentration of maize, while reducing the oxidative stress and Cd concentrations.
The application of 100 mg-L~! of ZnO NPs had the greatest effect on the plant growth.
These results indicate that a suitable application of ZnO NPs can reduce the toxicity
and absorption of Cd in maize, while fortifying maize grains with Zn. The combined
application of ZnO NPs and bamboo biochar significantly reduced the Cd toxicity in
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the maize, increased the Zn concentration, and improved the leaf antioxidant system to
combat the soil Cd-induced stress. Therefore, the combined application of ZnO NPs and
bamboo biochar to leaves can improve the growth and the tolerance to Cd-induced stress
in maize. In addition, a more comprehensive assessment of soil remediation technologies
will be conducted in the future, which will provide an important theoretical basis for future
research on salinity and other soil contaminants following sewage fertilization.
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