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Treatment Basic Max Tillers Plant height Effective Tillering rate® Panicle rate®
seedlings  seedlings panicles
(million/ (million/ (million/ha) (cm) (million/ (%) (%)
ha) ha) ha)

CK 340+377bc | 1420 +4.82d 2125 + 25.16cd 13493 +446b | 1680 + 1431bc 32013 + 33.58b 7932 + 476ab
I 360 £300abc | 1775+693 | 2365 £ 15.3%bc 14407 £1032 | 2100 11722 395.41 £ 47.36ab 89.01 £ 7.20ab
T2 325+229 | 1850 % 1136¢ 2585 + 15.61a 14523 1972 | 2255+ 1361a 470.09 + 31992 87.28 343 ab
T3 4201500 | 2050 £ 7.55b 2620 £ 11.262 13927 £7.70ab | 227.5 +9.04a 388.94 + 35.49ab 86.89 + 3.69ab
T4 3154687 | 1785+ 835 2445 £ 1670ab 14163 £ 460ab | 2115 + 1283 480.54 + 95,392 86.88 + 9.350b
TS 365+ L73abc | 210.5 + 826b 250.5 + 22.70ab 14467 £031a | 2045 + 15022 47687 + 5.361 8241 £ 12.9%b
Té 395+£229b | 2285+ 087 2455 + 11.06ab 14500 + 3842 | 2185 % 15102 479.77 £ 3343 8927 £ 947
7 3304300 | 1070 +624e | 2200 + 1054bed 11427 388 | 180.0 % 20.18b 22626 + 37.25¢ 8173 £ 6.85 ab
T8 3254377 | 850+ 1604 1945 + 1590d 11233 £742 | 1590 & 541bc 16601 + 68.19¢ 8205 £ 6.27 ab
9 310£312 | 765+ 9.00f 2030 + 1426d 10727 £5.09 | 1510 £ 17.90¢ 15022 + 52.34c 7434 £ 6.06b

“Tillering rate (%) = (Max seedlings - Basic seedlings)/Basic seedlings x 100%.
"Panicle rate (%) = Effective panicles/Tillers x 100%. Data are presented as mean + standard error. The same lowercase letters mean no significant difference, while different lowercase letters

mean a significant

rence (ANOVA, LSD, p < 0.05).
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Filled grains Total grains Filled-grain percentage Panicle length 1000-grain weight Total yield

(%) (cm) ()] (t/ha)
CK 136.87 + 8.35b 154.07 £ 13.60b 88.98 + 2.60a 25.07 + 0.30ab 27.75 + 0.40ab 6.29 + 0.10b
ki | 130.28 + 12.56b 156.25 + 7.80b 8332 + 6.01a 25.17 + 1.85ab 27.73 £ 0.82ab 6.95 + 0.05ab
T2 161.99  15.31ab 181.17 + 12.62ab 89.33 + 3.4% 2527 + 1.11ab 2837 £ 0.37a 7.34 £ 051a
T3 177.21 £ 19.70a 197.10 + 25.30a 90.06 + 1.92a 26.16 + 0.45ab 2842 £ 0.04a 7.58 + 0.16a
T4 [ 132,60 + 25.05b [ 148.27 £ 29.54b 89.57 + 1.07a 24.78 + 0.39b 27.25 + 0.93b 7.02 + 0.07a
TS I 145.56 + 23.77b 1 168.37 + 26.84ab | 8643 + 2.80a 2533 + 1.35ab 27.81 + 0.23ab 6.92 £ 0.13ab
T6 183.80 + 13.26a 201.45 £ 14.15a 9124 + 1.76a 27.03 + 0.66a 28.05 + 0.49ab 7.31 + 0.06a
T7 64.40 + 11.05¢ 92.88 + 7.73¢ 69.12 + 8.03b 20.89 + 1.70¢ 25.26 + 0.09¢ 220 +0.78¢
T8 5876 + 22.21c 9547 + 25.55¢ 60.96 + 9.96b 19.80 + 1.81¢ 2532 + 0.47c 1.77 + 0.65cd
G 53.65 + 10.90¢ 83.48 + 2.89¢ 64.03 + 10.73b 20.44 + 0.29¢ 25.49 + 0.68¢ 1.44 £ 0.39d

Data are presented as the mean + standard error. The same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD,
p < 0.05).
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Treatment Bioconcentration factor Translocation factors

BCFeoil-root TFroot-shoot TFshoot-rice
CK 819 + 132 0.0845 + 0.0022b 0.2345 + 0.0239% 0.6442 + 021322
T1 695 + 1.88abc 0.1046 + 0.0252b 01332 £ 0.0213bc 05391 + 0.2456a
T2 754 + 0.48ab [ 0.0985 + 0.0017b 0.0671 £ 0.0117¢ 03642 + 0.13322
T3 7.24 + 0.74abe 0.1043 + 0.0024b 0.1170 + 0.0579bc 05199 + 0.2852a
T4 558 + 0.66c | 0.1959 + 00449 | 01228 + 0.0184bc 0.6023 + 0.15382
T 6.20 £ 0.76bc 0.2043 £ 00140 00992 + 0.0179bc 0.6248 + 0.0344a
T6 7.15  0.79abe | 0.1989 + 0.0466a 00789 + 0.0355bc 05616 + 030052
17 558 + 0.22c 0.1613  0.0431a 0.1094 £ 0.0257bc 0.6005 + 0.12252
T8 6.76 + 0.58abc I 0.1039 + 0.0230b 0.0955 + 0.0323bc [ 07217 + 0.6909a
T9 746 + 0.59%b 0.0874 + 0.0279b 0.1369 + 0.0637b 05255 + 0.1276a

Data are presented as the mean + standard error. The same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD,
p < 0.05).
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Biochar A* Biochar B® Biochar C© R? P
pH 104 82 80 61 85
TOC (%) 73.0 800 780 425 750 588
IN (gkg) 1352 1433 1381 3166 158.86 3542
TP (g/kg) 58.25 63.56 5646 2088 12564 1021
TK (g/kg) 1152 1267 1089 1458 11043 12755
TCd (ug/kg) 604 501 599 15.00 685 125
TPb (ug/kg) 128 96 136 ND* ND ND
TAs (ug/kg) 2 23 36 ND ND ND
TCr (ug/kg) 500 368 566 ND ND ND

“Biochar A: maize straw biochar.
"Biochar B: bamboo biochar.

“Biochar C: coconut shell-activated carbon.

“R: rape organic fertilizer.
: calcium magnesium phosphate fertilizer.

fulvic acid.

BT vk Avoraikiand. |
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Property

Measurement method

Typical agricultural applications

Example
nanomaterials

References

Electrical

Optical

Magnetic

Mechanical

Thermal

Electrical conductivity and
impedance spectroscopy.

UV-visible and
fluorescence spectroscopy.

Magnetic susceptibility and
hysteresis loop.

Nanoindentation and atomic
force microscopy.

Differential scanning calorimetry
and thermal
conductivity measurements.

Improving soil conductivity and using
electrochemical sensors to monitor moisture
and nutrients.

Light-activated pesticide delivery and
photothermal treatment for pathogen control.

Soil remediation and targeted use of
agricultural pesticides.

Improving plant cell wall strength, resilience to
physical stress, and seed germination.

Heat stress reduction, temperature modulation in
plants, and improved thermal stability
of fertilizers.

Carbon nanotubes with
graphene oxide.

Gold nanoparticles (Au-NPs)
and quantum dots.

Iron oxide (Fe;0,) and
magnetite NPs.

The NPs made of silica (SiO,)
and chitosan.

Titanium dioxide (TiO,) with
copper nanoparticles
(Cu-NPs).

(Kashyap and Kumar,
20215 Siddiqui and
Aslam, 2023)

(Cabral and Baptista, 2014;
Li et al., 2024)

(Zhou et al., 2016; Le Wee
etal, 2022)

(Husen and Jawaid, 2020;
Nour, 2024)

(To et al., 2020; Chettri
et al., 2024)

Note: The electrical property of nanoparticles is about how well they can let electricity pass through or block it. The optical property of nanoparticles involves their interaction with light, such as
absorption, scattering, and fluorescence, enabling applications like light-activated pesticide delivery and pathogen control. The magnetic property of nanoparticles enables manipulation via
‘magnetic fields for soil remediation and pesticide targeting. The mechanical property of nanoparticles enhances strength, elasticity, and resilience in plant tissues and seed. The thermal property
of nanoparticles regulates.
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Contaminations
PCu PCd CuCd PCuCd

Weight increase 1 0.49 0.70 1.00 0.39
V I 0.54 0.91 1.01 0.97
I 0.76 1.00 | 1.03 0.95
v 0.94 0.93 | 092 0.96

Height increase I 0.47 A - -
| I 0.38 0.84 1.23 0.88
I 0.71 1.05 1.10 1.00
v 0.83 0.94 0.93 0.96

Chl-a 1 — - 0.79 _
I 0.18 1.49 0.88 0.92
11 0.45 0.61 0.84 0.76
v 0.53 0.55 0.96 0.96

‘Height increase and Chl-a under contaminated level I were not significantly different from the
controls and, therefore, some inhibitions (I}, I, I3 or OI) appeared to be negative, making Eq.
(1) and Eq. (2) not applicable.
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e Photoactive NPs have been used
to build functional
biologicalinorganic hybrid
systems for improving light
absorption.
e UV-B and SiNPs reduced the toxic
effects by increasing fresh mass,
leaf area, leaf fresh and dry mass,
and decreasing lipid peroxidation
(as MDA)

¢ Enhancing the
photophosphorylation, oxygen
evolution, and splitting of water

CP43 protein antioxidant
enzymes activity, decreasing lipid
peroxidation.
¢ Chitosan and TiO2 NPs have been
extensively studied for their efficiency

e SiNPs can improve plants
photosynthetic ability under chilling
and drought stresses.

¢ NPs can influence the formation
of apoplastic barriers, which
control the flow of water, ions,
and oxygen; metal transport
genes can be regulated by
specific NPs, enhancing the
plant's extracellular barrier to
intercept HM.
¢ NPs reducing HM
bioaccumulation and mobility.
e NPs mitigate stress by activating
specific genes, accumulating
osmolytes, and providing free
nutrients and amino acids.
e NPs such as silver can help plants
cope with flooding stress.

Light stress

Pest stress

K

7,

o
"

4----l

Heavy metals,
Flood and salt
stresses

i\‘—\

\

4

{

Nematode;
stress

SRR 2

I:I Abiotic stresses

Biotic stresses

Metal-based NPs (for example,
Ag, Cu, and Ti) are the most
widely used to resist insects.
Nonmetal-based NPs (for
example, Si and Ca).

Complex polymers (for example,
chitosan and plant extract).

ZnO-NPs derived from Citrus
medica peel have been shown
to be effective against Bacillus
subtilis, Streptomyces
sannanesis, Pseudomonas
aeruginosa, Aspergillus niger,
and Candida albicans .

TiO2 -NPs inhibited sugar beet
infection.

Al-AgNPs, have a high latent
capacity to control rice bacterial
leaf blight.

AuNPs had the largest inhibition
zone compared to other NPs.

MgO-NPs had antifungal activity
against Phomopsis vexans.

e Au- and Ag-NPs outperform

harmful nematicide in terms
of nematicidal activity.

¢ SiC-NPs, on the other hand,

had a significant impact on
first-stage C. elegans larval
growth.

e ZnO-NPs and TiO2 have

antimicrobial properties
against the nematode
Meloidogyne incognita.
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Tested groups

Contaminated levels

1l

Control - CK
Single Pyrene P50 P400 P750
contamination
Cu Cul00 Cu500 Cu800 Cul000
Cd Cd20 Cds0 Cd100
Joint contamination Pyrene + Cu P5Cul00 P50Cu500 P400Cu800 P750Cu1000
Pyrene + Cd P5Cd1 P50Cd20 P400Cd50 P750Cd100
Cu + Cd Cul00Cd1 Cu500Cd20 Cu800Cd50 Cul000Cd100
Pyrene + Cu P5Cul00Cd1 P50Cu500Cd20 P400Cu800Cd50 P750Cul000Cd100
+Cd

! P represents pyrene, and the following number means the contaminated concentration at mg/kg soil.





