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Abstract

Nanoplastics and cadmium are common pollutants in agricultural systems, posing significant risks to rice. This study
explored the effectiveness of biochar biofilters derived from invasive plant Mikania micrantha in mitigating the com-
bined toxicity of polystyrene nanoplastics and cadmium on rice. The combined toxic effects of cadmium and poly-
styrene nanoplastics were more severe than their individual impacts. Polystyrene nanoplastics under cadmium

stress adversely affected rice growth, reducing biomass by 16.46%, whereas the invasive plant Mikania micrantha
biochar biofilters significantly improved biomass by 84.60% and 52.59% when applied alone or together with poly-
styrene nanoplastics under cadmium stress, respectively. Additionally, total chlorophyll content improved by 82.09%
in the MBC treatment and by 36.66% in the MBC + PS NPs treatment compared to sole cadmium stress conditions. The
invasive plant Mikania micrantha biochar biofilters alleviated these stress effects by reducing the cadmium translo-
cation to roots and shoots, restoring chlorophyll and carotenoid levels, proteins, carbohydrates, preserving cellular
structures, and enhancing oxidative defence through gene modulation. Scanning electron microscopy revealed

the polystyrene nanoplastics internalization in root cells, but biochar biofilters acted as a physical barrier, limiting

their translocation. Furthermore, the invasive plant Mikania micrantha biochar biofilters improved rice performance
under dual stress by regulating metabolic pathways, nutrients cycle, TCA cycles and nitrogen transport. In contrast,
polystyrene nanoplastics disrupted ATP-binding transporters and hormone signalling, increasing cadmium absorption
and intensifying toxicity, thereby impairing growth, root development, and photosynthesis. These findings underscore
the potential of invasive plant Mikania micrantha biochar biofilters in mitigating the environmental impacts of cad-
mium and nanoplastics in agricultural systems.

Highlights

Polystyrene nanoplastics were observed to internalize within rice root.
Polystyrene nanoplastics acted as carriers for cadmium, facilitating the translocation of heavy metals
through a synergistic interaction.
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- The application of invasive plant Mikania micrantha biochar biofilters alleviated the phytotoxic effects of polysty-
rene nanoplastics under cadmium stress in rice.

- Invasive plant Mikania micrantha biochar biofilters functioned as containers for both heavy metals and polysty-
rene nanoplastics, reducing their mobility and toxicity in rice.

- Invasive plant Mikania micrantha biochar biofilters modulated the metabolic variations and strengthened oxida-

tive defence.
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1 Introduction
Microplastics (MPs<5 mm) and NPs (1-100 nm) have
emerged as global environmental pollutants due to their
harmful impacts on plants, living organisms, and ecosys-
tem functions (Li et al. 2024a). These particles primarily
originate from common plastic items such as bags, fish-
ing nets, bottles, and agricultural tunnel plastics, break-
ing down through mechanical abrasion, photochemical
reactions, and biological degradation (Lian et al. 2020;
Nohara et al. 2024). MPs and NPs are particularly wide-
spread in terrestrial ecosystems, where their estimated
abundance is 4 to 23 times higher compared to marine
environments (Dong et al. 2020; Lian et al. 2022). Glob-
ally, in some cases, plastic particles can account for
approximately 7% of soil weight, with concentrations
ranging from 10 to 12,560 items per kilogram in farm-
land (Gong et al. 2021; Horton et al. 2017; Rillig 2018).
The biological and toxic effects of NPs are more
complex and challenging to manage compared to MPs
(Mitrano et al. 2021). NPs possess a higher surface area

and an enhanced capability to cross biological obsta-
cles, which intensifies their biochemical interactions
with living organisms and other pollutants (Frias and
Nash 2019; Wang et al. 2023b). Recent studies have
highlighted the phytotoxicity of NPs (Maity et al. 2022;
Maity and Pramanick 2020), which primarily leads to
reduced seed germination and plant biomass, inhib-
ited root function and elongation, increased oxidative
stress, impaired photosynthesis, and suppressed gene
expression (Yu and Li 2024). Studies have shown that
nanoparticles can enter epidermal cells through endo-
cytosis (Bandmann et al. 2012) and may even traverse
the vessels of the root xylem via apoplastic spaces,
which facilitatetheir rapid movement within the root
system through the vascular tissues (Su et al. 2019;
Yin et al. 2021). Li et al. (2022) have demonstrated that
plants like lettuce and wheat can absorb nanoparticles
as small as 0.2 pm, indicating that the absorption of
nanoparticles by plants is not random, and their pres-
ence within plant tissues is possible. Additionally, NPs
have been found to reduce plant disease resistance (Cao
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et al. 2024). For instance, Jiang et al. (2019) have indi-
cated that PS NPs can cause severe oxidative stress and
genetic damage in Vicia faba. Therefore, it is crucial
to understand the impacts of NPs on plant health and
physiology.

Globally, the presence of heavy metals (HMs) in agro-
ecosystems is a major concern (Rana et al. 2020a), as
they plant photosynthetic, physiological, and biochemi-
cal processes, potentially leading to plant death (Li et al.
20244; Rana et al. 2025b). Specifically, Cd is known as one
of the most toxic and persistent pollutants in soil, rais-
ing global concerns due to its contribution to soil con-
tamination and its accumulation in plants (Shanmugaraj
et al. 2019). When NPs coexist with HMs, they can act
as efficient carriers, introducing a range of toxic effects
in plants (Naziri et al. 2023; Song et al. 2023). This inter-
action may facilitate the rapid spread of Cd within plant
tissues. Research has shown that MPs can exacerbate
arsenic toxicity in rice seedlings (Dong et al. 2020). How-
ever, MPs have also been observed to have no impacts
on copper toxicity in the Tetraselmis chuii (Davarpanah
and Guilhermino 2015). Conversely, PS NPs have been
found to increase Cd translocation in the roots of Arabi-
dopsis thaliana, resulting in a triggered oxidative stress
responses (Li et al. 2024a). Therefore, compared to MPs,
NPs are generally considered more harmful to plants
(Pelegrini et al. 2023).

In addition to the environmental toxicity caused by
HMs and NPs, invasive plants pose a significant threat
to global ecosystems due to their adaptability and rapid
growth, which can disrupt local ecosystems (Li et al.
2023b). One such invasive species, Mikania micran-
tha Kunth, poses a major threat to native ecosystems in
South China. Chemical control methods for managing
invasive plants often rely on compounds containing trace
metals such as copper (Cu), Cd, arsenic (As), and lead
(Pb). These metals can leach into water bodies, posing
risks to aquatic ecosystems and human health (Abdellah
et al. 2024). Therefore, there is an urgent need to explore
cost-effective and sustainable strategies for controlling
invasive plant species (Osunkoya et al. 2019; Westbrooks
et al. 2022).

Studies suggest that BC derived from invasive plant
species can effectively alleviate the ecological damage
caused by biological invasions (Feng et al. 2021; Wang
et al. 2023a). It also has the potential to reduce Cd tox-
icity and adsorb environmental pollutants (Wang et al.
2024). Biochar has been proven highly effective in remov-
ing NPs from water bodies (Ganie et al. 2021; Yu and Li
2024). Similarly, Li et al. (2023a) reported that optimal
concentrations of corncob-derived BC can effectively
mitigate the inhibiting effects of NPs on lettuce growth.
This strategy provides a dual benefit by addressing both
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the proliferation of invasive plant species and envi-
ronmental contamination caused by heavy metals and
nanoparticles.

Rice is widely cultivated in China, serving as a key food
source and a significant raw material for the chemical
industry. Metabolomics, a high-throughput analytical
method, is emerging as an influential tool for detecting
changes in metabolic programming and understanding
mechanisms of metabolic variations (Rana et al. 2025a).
Recent studies have leveraged metabolomics analyses to
explore the toxic effects of HMs and nanomaterials on
various organisms (Kim et al. 2019; Zhang et al. 2021).
Drawing from these studies, we proposed that the co-
exposure of NPs and HMs, in the presence of IPMM
BC biofilters, may influence plant growth and develop-
ment. To explore this, we investigated the individual and
combined effects of PS NPs and Cd on rice. Our study
evaluated how PS-NPs and Cd, along with IPMM BC
biofilters, impact the plant physiological and biochemi-
cal processes, elemental metabolism, and molecular
responses. Additionally, we examined how PS NPs, com-
bined with IPMM BC biofilters, affect the translocation
and phytotoxicity of Cd and NPs within the plant. These
insights will deepen our understanding of the biological
risks and toxicological implications arising from the co-
existence of NPs, HMs, and IPMM BC biofilters.

2 Materials and methods
2.1 Experimental treatments, plant material, growth
conditions, and preparation of engineered IPMM BC
biofilters

The invasive plant Mikania micrantha, sourced from South
China Agricultural University in Guangzhou, China, was
used as the raw material. The plants were washed with tap
water and allowed to air-dry before carbonization. After
drying, the material was crushed and sieved through a
2-mm sieve to ensure uniformity. Carbonization was per-
formed at 500 °C for 2 h in a limited-oxygen environment.
The physicochemical properties of the resulting IPMM
BC were assessed using methods established in previous
research (Zhang and Luo 2014). The engineered IPMM
BC biofilters were assembled by filling a perforated plas-
tic tube (5 cm long and 3 cm in diameter) with 1.0 g of
IPMM BC. To minimize BC loss, a 0.5-cm layer of sand
was placed both above and below the BC. Additionally,
to promote even flow, 0.5-cm-thick layers of gravel were
added above and below the sand layers. Cheesecloth was
used to separate and secure the layers of IPMM BC, sand,
and gravel. The characterization of BC was carried out by
the previously described methods (Qu et al. 2024a, 2024b).
The microstructure of the BC was investigated via field
emission scanning electron microscope (SEM) (Hitachi,
SU8010, Tokyo, Japan). Fig. SIA shows a SEM image of
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the BC derived from IPMM, revealing its rough, irregular,
and porous texture. The surface elemental compositions
and distribution were determined by an energy dispersive
X-ray spectroscopy (EDS, HORIBA EMAX mics2, Hitachi,
Tokyo, Japan) detector attached to an SEM. Furthermore,
abundant C, O, K and Cl elements were uniformly distrib-
uted on the BC surface (Fig. S1B, C, D, E, G). A diagram
illustrating the design of the IPMM BC biofilter is shown
in Fig. S1E.

Rice seeds were germinated on cheesecloth in a growth
chamber maintained at 28+2 °C. Following germination,
uniform plants were shifted to pots containing a nutrient
solution diluted to a quarter of the standard Hoagland’s
concentration. The growth chamber conditions were main-
tained at 28 +2 °C with a photosynthetic photon flux den-
sity of 820 pmol m? s and a relative humidity between
65% and 70%. Each pot, measuring 13 cm long, 9 cm wide,
and 12 cm high, had 96 holes in its lid and was filled with
1 L of the nutrient solution. Each experimental treatment
was performed in triplicate. The PS NPs (100 nm) were
obtained from Jiangsu Zhichuan Technology Co., Ltd. in
China. The rice seedlings were placed in the holes of the
pot lids and initially grown in a nutrient solution diluted to
one-fourth the standard Hoagland’s concentration for the
first 48 h. Then, the plants were transferred to a solution
diluted to half the strength of Hoagland’s solution for the
following 48 h. The experimental treatments were applied
in various combinations, including: CK (100 uM CdCl,), PS
NPs (50 mg L'+ 100 uM CdCl,), BC-BioF (IPMM BC bio-
filter+100 uM CdCl,), and BC-BioF +PS NPs (IPMM BC
biofilter+50 mg L™! PS NPs+100 uM CdCl,). The treat-
ment with only CdCl, was labelled as CK. Seedlings were
provided with a Hoagland nutrient solution for 30 days.
The Hoagland nutrient solution included: 9.1 pM MnSO,,
1 mM (NH,),SO,, 20 uM Fe-EDTA, 1 mM KH,PO,, 1 mM
MgSO,7 Hy,0, 1 mM Ca(NOs),-4H,0, 2 mM Na,SiO;9
H,O, 1 uM ZnSO,7 H,0, 0.1 uM CuSO,5 H,0, 1 uM
Na,MoO,.2H,0 and 10 uM H;BO;. The pH of the solu-
tion was consistently maintained at 6.5+0.05 daily by
adding either 0.1 mM hydrochloric acid (HCI) or sodium
hydroxide (NaOH). The solution was replaced every three
days throughout the experiment. At the end of the 30-day
growth period, the plants were harvested, and their physi-
ological traits were recorded. Approximately half of the
plants from each pot were dried in an oven, while the other
half were stored at —80 °C for chemical and molecular.

2.2 Determination of root architecture, growth
and development characteristics, osmoregulation, gas
exchange and photosynthetic pigments
At the harvest time (30 days), 25 rice plants from each
experimental group were carefully selected to measure
plant height. The plants were then separated into shoot
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and root components and were gently washed with dis-
tilled water to remove any remaining media. The root
architecture and various morphological traits, includ-
ing root length, surface area, volume, diameter, and the
number of root tips, were analysed through WinRhizo
system version 4.0b (Yue et al. 2019). Then, the samples
were oven oven-dried 80 °C to record the dry weights of
shoots and roots. For gas exchange measurements, fully
expanded mature leaves from each plant were used, and
the measurements were recorded according to the previ-
ously described methods described (Austin 1990; Saleem
et al. 2020). Chlorophyll and carotenoids were measured
using a spectrophotometer (UV-VIS 2550, Shimadzu,
Japan), following the previously described method (Imran
et al. 2019a). Leaf protein concentration was determined
using the G-250 assay technique. Approximately 0.2 g of
fresh leaf tissue was ground in sodium phosphate buffer
(50 mM, pH 7.0) containing 2% polyvinylpyrrolidone-40
and EDTA-Na, (1 mM). The homogenate was then cen-
trifuged at 10,000 g (15 min, 4 °C), and the absorbance
of the supernatant was measured in triplicate at 595 nm
using a spectrophotometer. For proline quantification,
the ninhydrin method was used. The reaction mixture
was extracted with 5 mL of toluene, and absorbance was
measured at 520 nm. Proline levels were determined by
comparing the absorbance to a standard curve.

2.3 Lipid peroxidation and reactive oxygen species
determination

Fresh leaf samples (0.2 g) were finely ground in liquid
nitrogen to form a homogeneous powder. This pow-
der was mixed with 1 mL of trichloroacetic acid (TCA-
0.1%) to normalize the samples. The mixture was then
centrifuged at 12,000 g (20 min, 4 °C) to precipitate pro-
teins and other cellular debris, yielding a clear superna-
tant for hydrogen peroxide (H,O,) quantification. The
assay mixture for H,O, measurement included 1 mL of
potassium iodide solution (1 M), 0.5 mL of potassium
phosphate buffer (100 mM, pH 6.8), and 0.5 mL of the
supernatant. H,O, concentration was determined by
measuring the absorbance at 390 nm using a UV-VIS
spectrophotometer (Valentovic et al. 2006). For malon-
dialdehyde (MDA) content assessment, fresh leaves were
homogenized in cold TCA (0.1% w/v) and centrifuged at
12,000 g (20 min, 4 °C). The reaction mixture comprised
2.5 mL of thiobarbituric acid (TBA) solution (0.5% in
20% TCA) and 0.5 mL of the supernatant. The mixture
was boiled (30 min), cooled, and centrifuged at 12,000 g
(5 min). MDA contents were measured by the difference
in absorbance at 532 nm and 600 nm, using an extinc-
tion coefficient of 155 mM cm™. Electrolyte leakage (EL)
in leaf tissues was assessed according to the previously
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described methods (Imran et al. 2020; Valentovic et al.
2006).

2.4 Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM)

For SEM analysis, fresh leaves were randomly selected
from various plants. Small leaf sections, approximately
1 mm?, were first cleaned with distilled water and then
fixed in a 4% glutaraldehyde and 0.2 M sodium phosphate
buffer (pH 6.8) solution at 4 °C for 6 h. After fixation,
the samples underwent a series of ethanol dehydration
steps, and were treated twice with isoamyl acetate fol-
lowing four rinses with a 0.1 M sodium phosphate buffer
(pH 6.8), and then dried using a critical-point drying
apparatus (Emitech K850, Quorum Technologies, UK).
The dried leaf samples were coated with a conductive
metal layer and examined using a field emission scan-
ning electron microscope (model S4800, Hitachi, Ltd.,
Tokyo, Japan). For transmission electron microscopy
(TEM), fresh leaf samples measuring 1-3 mm in length
were fixed in a glutaraldehyde solution (4%) mixed with
0.2 M sodium phosphate buffer (PBS, pH 7.2) for 8 h. The
samples were then post-fixed with 1% osmium tetrox-
ide (OsO,) solution for 1 h, rinsed in 0.2 M PBS (pH 7.2)
for 2 h to remove excess OsO,, and dehydrated through
a graded ethanol series (50%, 60%, 70%, 80%, 90%, 95%,
and 100%) followed by acetone. After dehydration, the
samples were infiltrated and embedded in Spurr’s resin.
Ultrathin sections of the embedded samples were pre-
pared and mounted onto copper grids for examination
using a transmission electron microscope (Roland and
Vian 1991).

2.5 Oxidative defence system attributes determination

Fresh leaf tissue was ground into a fine powder using liq-
uid nitrogen and then mixed with a cold sodium phos-
phate buffer (pH 7.8) to prepare a homogenate. The
mixture was centrifuged at 4000 rpm for 10 min at 4 °C,
and the supernatant was separated from the crude fiber.
Superoxide dismutase (SOD; EC 1.15.1.1) activity was
analysed using a reaction mixture containing the enzyme
extract, sodium phosphate buffer (pH 7.8), nitro blue
tetrazolium (NBT), riboflavin, methionine, EDTA-Na,,
and distilled water. SOD activity was assessed by meas-
uring the absorbance at 560 nm with a UV-VIS spectro-
photometer (Rana et al. 2025b). Peroxidase (POD; EC
1.11.1.7) activity was measured by grinding fresh sam-
ples in a cold extraction buffer containing sodium phos-
phate (50 mM, pH 5.5). The mixture was centrifuged at
3000 rpm for 10 min, and the resulting supernatant was
used in the reaction mixture, which included enzyme
extract, sodium phosphate buffer (50 mM, pH 5.5), H,O,
(0.3%), and guaiacol (0.2%). Absorbance was recorded at
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470 nm using a spectrophotometer. Catalase (CAT; EC
1.11.1.6) activity was determined by grinding fresh sam-
ples in a sodium phosphate buffer (50 mM, pH 7.8). After
centrifugation at 4000 rpm for 15 min at 4 °C, the super-
natant was used in the assay, which contained distilled
water, sodium phosphate buffer (50 mM, pH 7.8), H,0,
(0.1 M), and the enzyme extract. Absorbance (240 nm)
was measured using a spectrophotometer. Ascorbate
peroxidase (APX; EC 1.11.1.11) activity was measured by
grinding leaves in sodium phosphate buffer (50 mM, pH
5.5) containing EDTA-Na, (0.2 mM). The homogenate
was centrifuged at 10,000 rpm for 15 min at 4 °C, and the
supernatant was used for APX activity measurement. The
levels of reduced glutathione (GSH) and oxidized glu-
tathione (GSSG) were determined using commercial kits
’A006-1" and ’A061-2; respectively (www.njjcbio.com).

2.6 Total RNA extraction and qRT-PCR analysis

Freshly collected rice leaves were used to isolate total
RNA with TRIzol reagent (Invitrogen, Carlsbad, Cali-
fornia, USA). After extraction, the quality and quantity
of the total RNA were assessed according to standard
protocols. ¢cDNA synthesis was performed, and Real-
Time PCR experiments were conducted as previously
described (Imran et al. 2019b). Detailed information,
including nucleotide sequences (Imran et al. 2020) are
provided in Table S1. Three biological replicates were
prepared for each sample, and Ct (cycle threshold) values
were normalized against ACTIN Ct values. Gene expres-
sion levels were quantified using the 2/ =22 method for
relative normalization (Pfaffl 2001).

2.7 Primary, secondary and micro-elemental assays

Plant samples were initially dried and ground. Then these
were digested in H,SO, (180 °C; 3 h). The concentration
of nitrogen (N) in the plant samples was determined
following the previously described method (Barbano
and Clark 1990; Rana et al. 2020c, 2018). Potassium (K)
concentration was assessed using a flame photometer
(Model 410, USA) while phosphorus (P) content was
measured colorimetrically using the previously described
Mo-blue method (Lu et al. 1999; Rana et al. 2020b, 2020d,
2020e, 2025c). For calcium (Ca), magnesium (Mg), zinc
(Zn), iron (Fe), manganese (Mn), molybdenum (Mo),
and copper (Cu) analysis, dried plant samples were pro-
cessed using a microwave oven with a mixture of nitric
acid and perchloric acid (5:1 v/v). This method dissolves
plant tissues, releasing the metals for subsequent analysis
using Inductively Coupled Plasma (ICP) spectroscopy or
other suitable techniques. Cd and other elements, includ-
ing Ca, Mg, Zn, Fe, Mn, and Cu, were measured in the
digested samples using Inductively Coupled Plasma Opti-
cal Emission Spectroscopy (ICP-OES) with a Vista-PRO
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instrument (Varian, Inc., Palo Alto, CA, USA) and ICP-
mass spectrometry (ICP-MS) (ELAN DRC-e, Perkin-
Elmer Sciex, Wilmington, DE, USA).

2.8 Metabolomics analysis

Samples were retrieved from storage at —80 °C, and 60 mg
was transferred to a 1.5-mL centrifuge tube pre-loaded
with two small steel balls and 400 pL of a methanol-
water solution (7:3), which contained internal standards
at a concentration of 4 pg mL™!. The mixture was ground
using a grinder at 60 Hz for 2 min, followed by ultrasonic
extraction in an ice-water bath for 30 min. After extrac-
tion, the samples were stored at —40 °C overnight. The
next day, the extracts were centrifuged at 12,000 rpm and
4 °C for 10 min. From the supernatant, 100 uL was trans-
ferred to a glass vial and evaporated using a centrifugal
evaporator. Once dried, 80 pL of methoxyamine hydro-
chloride (15 pg mL™" in pyridine) was added, vortexed
for 2 min, and incubated at 37 °C for 60 min to initiate
oximation. Following this, 50 uL of BSTFA derivatization
reagent and 20 pL of n-hexane were added, vortexed for
2 min, and derivatized at 70 °C for 60 min. The samples
were then cooled to room temperature for 30 min before
being subjected to GC-MS metabolomics analysis. Qual-
ity control (QC) samples were prepared by pooling equal
amounts of extracts from all individual samples. After
derivatization, the samples were analysed using an Agi-
lent 7890B gas chromatograph coupled with an Agilent
5977A mass selective detector (MSD), both from Agilent
Technologies Inc., CA, USA. Separation of the deriva-
tives was accomplished using a DB-5MS fused-silica cap-
illary column (30 m length, 0.25 mm diameter, 0.25 pm
film thickness) from Agilent ] & W Scientific, Folsom,
CA, USA. Helium, with a purity exceeding 99.999%, was
employed as the carrier gas at a constant flow rate of
1 mL min™. A 1 uL sample was injected in splitless mode
at an injector temperature of 260 °C. The oven tempera-
ture program began at 60 °C for 0.5 min, followed by
an increase to 125 °C at 8 °C min~}, then to 210 °C at
5°C min~}, to 270 °C at 10 °C min™?, and finally to 305 °C
at 20 °C min~!, where it was held for 5 min. The mass
spectrometer was set with the quadrupole and ion source
temperatures at 150 °C and 230 °C, respectively, and
operated with an electron impact energy of 70 eV. Data
acquisition occurred in full-scan mode, with a mass-to-
charge ratio (m/z) range of 50-500 and a solvent delay of
5 min.

2.9 Data processing and statistical analysis

The raw GC-MS data files in .D format were converted
to .abf format using analysis base file converter soft-
ware to enable easier data access. These converted files
were then imported into MS-DIAL software for a range
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of analytical tasks, including peak detection, identifica-
tion, deconvolution with MS2Dec, characterization, peak
alignment, wave filtering, and interpolation of missing
values. Metabolite characterization was performed using
the LUG database as a reference. A detailed three-dimen-
sional data matrix was created, containing information
on the samples, peak names, retention times, retention
indices, mass-to-charge ratios, and signal intensities for
each detected compound. For each sample, peak signal
intensities were segmented and normalized against the
internal standards, applying a relative standard devia-
tion (RSD) threshold of greater than 0.1 for filtering.
After normalization, the data underwent redundancy
elimination and peak merging to complete the final data
matrix. The data matrix was imported into R software to
perform Principal Component Analysis (PCA), allowing
for visualization of sample distribution and evaluation of
the analytical process consistency. To identify metabolic
differences specific to groups, Orthogonal Partial Least-
Squares Discriminant Analysis (OPLS-DA) and Partial
Least-Squares Discriminant Analysis (PLS-DA) were per-
formed. To prevent model overfitting, a sevenfold cross-
validation and 200 iterations of Response Permutation
Testing (RPT) were executed to assess the robustness
of the models. The Variable Importance of Projection
(VIP) scores derived from the OPLS-DA model were
used to determine the significance of each variable in dif-
ferentiating between groups. Additionally, a two-tailed
Student’s T-test was performed to evaluate the statisti-
cal significance of the identified differential metabolites.
Metabolites were classified as differential if their VIP
scores exceeded 1.0 and their P-values were below 0.05.
Furthermore, the elemental and physiological data were
analyzed statistically using a Completely Randomized
Design, facilitated by Statistix 8.1 software (Analytical
Software, Tallahassee, FL, USA). Means and variances
were compared using the least significant difference
(LSD) test at a significance level of P<0.05.

3 Results
3.1 The impact of IPMM BC biofilters on phenotypic

traits and plant physiological characteristics

under combined toxicity from of Cd and PS NPs
The incorporation of an IPMM BC biofilter significantly
mitigated the detrimental effects of Cd and PS NPs on
rice plant growth compared to treatments with Cd alone
(100 pM) or in combination with PS NPs (Table 1). The
application of the IPMM BC biofilter, whether used alone
or in the presence of PS NPs, notably enhanced root
and shoot lengths, as well as dry biomass (2<0.05). As
detailed in Table 1, the IPMM BC biofilter resulted in
substantial increases in stem diameter (6.62%), biomass
dry weight (81.26%-shoot and 101.76%-root), and height
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Table 1 The effect of IPMM BC biofilters on plant physiological characteristics and plant phenotype under combined toxicity of Cd

and PS NPs

Plant growth indicators

Plant biomass production

Treatments Root length Shoot length  Root:shoot Plant height  Stem Root Shoot Root:shoot Total
(cm) (cm) length (cm) diameter (mgplant™)  (mgplant™)  biomass (mg plant™)
(mm)
CK 11.15+£0.02a 19.78+£0.56C 0.56+0.017a 30.93+0.54c 2.06+0.09a 25.66+1.73c 13167+£4.14c  0.19£0.016¢ 157.33+£4.07¢c
PS 844+0.20a 16.53+1.22d 0.51+0.038a 24.98+1.27d 203+0.13a 1942 +1.94c 11200+3.07d  0.17+0.022d 13143+2.07d
MBC 1543+0.98c 2548+0.32a 0.60+0.031a 4091+1.30a 220+0.11a 51.77+2.16a 23867+553a 0.22+0013a 29044 +4.54a
MBC+PS 13.59+0.76b 22.18+0.19b 0.61+0.038a 35.78+0.65b 2.10+0.05a 41.74+2.19b 198.33+439% 021+0.016b 240.08+2.39b

The data are the average of three replicates + SE from different independent treatments. Different lowercase (a, b) represents significant differences by the LSD test

(P<0.05, n=3) among different treatment

(root-38.40% and shoot-34.19%) compared to conditions
without the IPMM BC biofilter and PS NPs under Cd
toxicity. However, combining the IPMM BC biofilter with
PS NPs resulted in only a minimal reduction in the nega-
tive effects of Cd and PS NPs on rice growth. Notably, PS
NPs alone adversely affected rice growth, reducing bio-
mass by 16.46%, whereas the IPMM BC biofilter either
alone or with PS NPs under Cd stress increased biomass
by 84.60% and 52.59%, respectively. Furthermore, the
root-to-shoot ratio increased by 1.15% with IPMM BC
biofilter + PS NPs treatment compared to the control.
The IPMM BC biofilter demonstrated greater effective-
ness in reducing Cd and PS NPs toxicity than PS NPs
alone, suggesting its significant role in alleviating physi-
ological toxicity caused by these contaminants in plants.

3.2 Co-exposure influence of IPMM BC biofilters and PS
NPs supply on Cd translocation, primary, secondary
and micro-elemental assays

Exogenous application of Cd and PS NPs significantly

altered the concentrations of primary, secondary, and

micro-elements in rice. Specifically, in the shoots,
the treatment with IPMM BC biofilter led to nota-

ble increases in the contents of N (92.40%), P (200%),

K (95.78%), Ca (9.71%), and Mg (55.55%) compared to

plants under Cd stress. Similar patterns for these macro-

nutrients were observed in the roots with MBC +PS NPs
treatments under Cd stress conditions (Table 2). Plants
treated with PS NPs showed the highest copper (Cu)
concentration in the roots (11.55 pg g™'), followed by
the CK (10.86 pg g~') and MBC+PS NPs (8.42 pg g7%),
while the MBC plants had the lowest Cu concentration

(7.05 pg g~1). Furthermore, the PS NPs treatment reduced

Zn content in the roots by 19.62% compared to the sole

Cd-contaminated treatment (CK). In contrast, the MBC

and MBC+PS NPs treatments increased Zn concen-

tration by 56.41% and 24.20%, respectively. The highest
levels of Fe were found in plants treated with the IPMM

BC biofilter, with Fe concentrations of 121.89 pg g~* in

roots and 56.54 pug g~! in shoots, followed by MBC +PS
NPs (92.56 pg g~' and 46.42 pg g™*), CK (83.03 ug g* and
39.42 pg g™'), and PS NPs (69.68 pg g~* and 30.55 pg g™).
Mn contents were higher in the roots (21.16%) of the
MBC compared to other treatments. The IPMM BC
biofilter treatment was particularly effective in enhanc-
ing the translocation of Mo in both root and shoot tis-
sues compared to other treatments involving Cd and PS
NPs. Cadmium levels varied among treatments, with the
highest levels found in plants subjected to PS NPs stress
(root-18.74% and shoot-35.62%). The IPMM BC biofil-
ter reduced Cd levels in roots by approximately 39.46%
and 24.20% in MBC and MBC+DPS NPs treatments,
respectively.

3.3 IPMM BC biofilter and PS NPs induced effect

on osmoregulation, photosynthetic efficiency,

chlorophyll and carotenoids concentration in Cd

contaminated environment
Rice plants exhibited a significant reduction in gas
exchange parameters under Cd and PS NPs stress com-
pared to other treatments (Fig. 1). The transpiration
rate was lowest in the CK treatment (2.83 mol m~2 s7})
compared to PS NPs (3.12 m™2 s7!), MBC+PS NPs
(3.96 m™2 s71), and MBC (4.87 m~2 s7!). Whereas, the
supply of IPMM BC biofilters led to notable (P<0.05)
increases in photosynthetic rate (Pn), stomatal conduct-
ance (Gs), and CO, concentration compared to treat-
ments exposed to Cd and PS NPs (Fig. 1A, B, C, D). The
PS NPs treatment under Cd stress caused the most sub-
stantial adverse effects on photosynthesis. The Pn, Gs,
and CO, content decreased by 36.51%, 40.75%, and 2.95%,
respectively, in PS NPs compared to CK. Moreover, PS
NPs significantly reduced the stomatal conductance up to
40.75% as compared to other treatments. Conversely, gas
exchange results for CK, PS NPs, MBC, and MBC+DPS
NPs treatments were not significantly different. Chloro-
phyll pigments and carotenoid contents were also sig-
nificantly reduced under Cd and PS NPs stress compared
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Fig. 1 The effect of IPMM BC biofilters on photosynthetic rate (A), transpiration rate (B), intercellular leaf CO, (C), stomatal conductance (D),
chlorophyll a (E), chlorophyll b (F), chlorophyll a:b (G), total chlorophyll (H), protein (1), proline (J) and carotenoids (K) in Cd and NPs contaminated
environment. The bar above the mean shows the S.E (n=3) and different lowercase letters indicate the statistically significant differences

among different treatments through LSD test at P<0.05

to other treatments (Fig. 1E, F, G, H, K). The combined
toxic effect of Cd and PS NPs was especially pronounced
in carotenoid concentrations. The highest decrease of
37.91% in carotenoids was observed with PS NPs treat-
ment. Whereas, the application of IPMM BC biofilter
in a Cd-contaminated environment led to a substantial
increase of 187.87% in carotenoid contents. Total chloro-
phyll content improved by 82.09% in the MBC treatment
and 36.66% in the MBC+PS NPs treatment compared
to sole Cd stress conditions. However, chlorophyll con-
tents significantly reduced to 1.93 mg g~!' FW in CK
and 1.53 mg g~' FW in PS NPs treatments. Additionally,

the chlorophyll ab ratio declined from 5.73 in the CK to
4.55, 2.92, and 3.18 in PS NPs, MBC, and MBC + PS NPs
treatments, respectively. The exposure to PS NPs and
Cd significantly (P<0.05) altered soluble protein and
proline concentration in rice leaf tissues. The IPMM BC
biofilter alleviated the negative effects of these toxic ele-
ments and notably increased soluble protein concentra-
tion under Cd toxicity compared to PS NPs treatment
(Fig. 1I). Specifically, the MBC and MBC+PS NPs treat-
ments increased soluble protein content by 86.22% and
59.10%, respectively, whereas PS NPs reduced protein
content by 37.01% compared to sole Cd stress treatment.
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Fig. 2 Effect of IPMM BC biofilters under Cd and PS NPs toxicity on root growth and development. The stars above the mean show the statistically
significant differences among different treatments through the LSD test at P<0.05

Interestingly, IPMM BC biofilters reduced the proline
concentration (Fig. 1J). Under Cd contamination, pro-
line levels were higher in the following order: PS NPs
(72.52 pg g7 FW)>CK (62.64 pg g=' FW)>MBC+PS
NPs (46.19 pug g™! FW)>MBC (35.19 pg g~* FW). These
findings suggest that the IPMM BC biofilter plays a cru-
cial role in osmoregulation and chlorophyll formation,
thereby mitigating the negative effects of Cd and PS NPs
on rice.

3.4 Root growth and developmental alterations
in response to IPMM BC biofilter and PS NPs under Cd
contaminated environment
The beneficial impact of the IPMM BC biofilter under
Cd and PS NPs toxicity is evident in its effects on root
morphological characteristics such as total root length,
root tip count, surface area, average diameter, and root
volume (Fig. 2). The IPMM BC biofilter improved root
architecture in the following order: MBC > MBC+ PS

NPs > CK>PS NPs (Fig. 2A, B, C, D, E). Specifically, the
maximum increases in cumulative root length, surface
area, and volume were 40.46%, 38.39%, and 32.84%,
respectively, in the MBC treatment compared to the
control, while decrease of 11.09%, 12.14%, and 19.11%
was observed with PS NPs treatment. Interestingly,
no significant effect was observed on the average root
diameter across treatments. The root system structure
is crucial for water and nutrient absorption, as well as
overall plant health and longevity. The IPMM BC bio-
filter significantly increased total root length, tip count,
and surface area under combined Cd and PS NPs stress
(P<0.05). Conversely, PS NPs under Cd toxicity had
a detrimental effect on root architecture. As shown in
Fig. 2, the combined exposure to Cd and PS NPs had a
more pronounced negative impact on root architecture
compared to the IPMM BC biofilter treatment in a Cd-
contaminated environment.
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3.5 Physiochemical attributes connectivity

and biochemical responses under the combined

exposure to Cd and PS NPs in the presence of IPMM BC

biofilters
The evaluation of antioxidant enzyme activities pro-
vided insights into the role of the IPMM BC biofilter in
enhancing oxidative defence mechanisms in rice exposed
to Cd and PS NPs toxicity. The results show that expo-
sure to Cd and PS NPs significantly reduced the activi-
ties of POD, SOD, CAT, and APX in rice compared
to the MBC treatment (Fig. 3A, B, C, D). Notably, the
IPMM BC biofilter mitigated these effects by enhanc-
ing the activities of these antioxidant enzymes. Spe-
cifically, under Cd contamination, enzyme activities in
the IPMM BC biofilter treatment increased as follows:
SOD activity increased from 132.22 U g™} FW (CK) to
302.89 U g~! FW, POD from 37.34 to 62.23 U g™ FW,
CAT from 19.78 to 50.91 U min~' g~! FW, and APX
from 2.05 to 4.90 U min~! g™! FW under the Cd contami-
nated environment. Conversely, the PS NPs treatment
led to a decrease in the activity of SOD, POD, CAT, and
APX by 67.51%, 19.95%, 5.16%, and 14.28%, respectively,
compared to CK. Furthermore, the levels of glutathione
were notably diminished under the influence of Cd and
PS NPs contamination alone (Fig. 3E). In contrast, oxi-
dized glutathione levels were substantially higher com-
pared to other treatments (Fig. 3F). Under Cd stress, PS
NPs caused a 30.35% decrease in reduced glutathione
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(GSH) levels, while MBC and MBC+PS NPs increased
GSH content by 108.57% and 46.09%, respectively. On
the other hand, GSSG levels were reduced by 47.62%
and 26.65% in the MBC and MBC+PS NPs treatments,
respectively, whereas they were increased by 79.92%
in the PS NPs treatment. Moreover, IPMM BC biofil-
ters enhanced the GSH:GSSG ratio in rice leaves under
Cd stress compared to the CK. However, these results
were not significant for the CK and PS NPs treatments
(Fig. 3G). Figure 3 (I, ], K, L) demonstrates the effect of
the IPMM BC biofilter on the expression of genes asso-
ciated with the oxidative defence system in rice under
PS NPs and Cd toxicity. The genetic expression levels of
antioxidant enzyme genes (SOD, POD, CAT, APX) were
reduced in the presence of Cd and PS NPs. However, the
addition of MBC led to an upregulation in the expres-
sion of genes for CAT, SOD, APX, and POD under the
combined toxicity of Cd and PS NPs. The fold changes in
gene expression ranged from —-50% to 37.05% for SOD,
-39.47% to 203.94% for POD, —22.86% to 351.16% for
CAT, and -8.19% to 160.10% for APX across the different
treatments, with the most pronounced changes observed
in the MBC treatment. Conversely, PS NPs treatment sig-
nificantly downregulated the genetic expression of SOD,
POD, CAT, and APX genes by 50%, 39.47%, 22.86%, and
8.19%, respectively, compared to the CK. The integrity
of the cellular membrane in rice, which is linked to the
accumulation of H,O,, EL, and MDA, was significantly
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Fig. 3 Oxidative stress, genetic expression and membrane permeability response of rice plant under combined toxicity of Cd and NPs

in the presence of IPMM BC biofilters. Figure (A), (B), (C), and (D) represent (Enzymatic oxidative stress) superoxidase, peroxidase, catalase

and ascorbate peroxidase activities while figure (E), (F), (G), and (H) represent (Non-enzymatic oxidative stress) reduced glutathione, oxidized
glutathione, reduced glutathione to oxidized glutathione ratio (GSH/GSSG) and ascorbic acid, respectively, in rice plants. Figures (I), (J), (K), (L)

and (M), (N), (O) represent the genetic expression and biochemical responses of rice under Cd, NPs and IPMM BC biofilter supply. Figures (P), (Q),
(R), (U) indicate the CK, PS, MBC, MBC+PS and (S), (T) represent the overall correlations respectively among biochemical and molecular indicators
affected by different treatments. Chl, chlorophyll; EL, electrolyte leakage; CARO, carotenoids; RE, Relative expressions; R, root; S, shoot; SA, surface
area; Dia, diameter; Vol, volume; Wt, weight; Ht, height. RE, S and R before and after different indices indicate the relative expression, shoot and root

respectively
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compromised by Cd and PS NPs stress, as evidenced by
increased levels of H,O,, MDA, and EL.

Specifically, Cd and PS NPs treatments significantly
(P<0.05) increased the levels of H,0,, MDA, and EL by
40.16 pmol g~ FW and 48.99 pmol ¢! FW, 52.0 umol g™
FW and 78.67 pmol g~ FW, 41.13 umol g™' FW and
62.3 umol g~! FW, respectively (Fig. 3 M, N, O). In con-
trast, the provision of MBC led to the most substantial
reductions in H,0,, MDA, and EL by 61.81%, 45.77%,
and 61.44%, whereas the PS NPs treatment under Cd tox-
icity resulted in the highest increases of 21.97%, 51.27%,
and 51.46%, respectively. These findings highlight that
the IPMM BC biofilter effectively preserved membrane
integrity by regulating oxidative defence mechanisms
and maintaining redox homeostasis in rice under the
combined toxicity of Cd and Ps NPs, demonstrating its
significant role in mitigating toxicity. A Pearson’s cor-
relation analysis was performed to examine how IPMM
BC biofilters and PS NPs affect rice growth and bio-
chemistry under Cd toxicity (Fig. 3P, Q, R, S, T, U). Cd
levels were found positively correlated with oxidative
stress but negatively with plant growth metrics like bio-
mass, height, photosynthesis, and soluble proteins. Anti-
oxidant enzyme activity showed only a weak correlation
with enzyme transcript abundance. The elemental pro-
file in roots and shoots was positively correlated with
plant height, biomass, root volume, diameter, length,
and root tips. Conversely, transpiration rate, stomatal
conductance, photosynthetic rate, intercellular CO, con-
centration, and soluble protein content were negatively
correlated with ROS and proline. Photosynthetic pig-
ments and oxidative stress markers were strongly cor-
related with chlorophyll content, highlighting beneficial
interactions between plant biological indices and physi-
ological mechanisms in the presence of of IPMM BC bio-
filters, while revealing negative effects under Cd and PS
NPs toxicity.

3.6 Combined toxic effect of PS NPs and Cd
on ultrastructural characterization of rice leaf cells

Under Cd toxicity, both Cd alone and Cd combined
with PS NPs significantly reduced stomatal widths,
lengths, and their opening degree (Fig. 4A, B, C, D).
However, the IPMM BC biofilter, whether used alone or
with PS NPs under Cd stress, effectively restored these
characteristics, showing the most positive impact on
stomatal structure compared to other treatments. Fig-
ure 4 (E, F, G, H) illustrates the ultrastructural changes
in rice mesophyll cells under various treatments. Plants
treated with the IPMM BC biofilter under Cd stress dis-
played well-organized thylakoid grana and stroma, with
clear chloroplast features such as a defined shape, intact
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envelope, and well-formed plastoglobuli. In both MBC
and MBC+PS NPs treatments, thylakoids showed
minimal cracks and connected seamlessly with stroma
thylakoids, while maintaining an intact mitochondrial
structure (Fig. 4G, H). In contrast, plants treated with
PS NPs alone under Cd stress exhibited poorly devel-
oped structures. The chloroplasts exhibited irregu-
larities such as disorganized grana stacking, distorted
membranes, and disrupted thylakoid systems (Fig. 4F).
Severe stress caused chloroplasts to swell and adopt a
spherical shape, deviating from the typical spindle-like
form seen in MBC treatment. The thylakoid lamellae
were loosely packed, grana thylakoids appeared wavy,
and stroma lamellae were disorganized. Some chloro-
plast envelopes ruptured, releasing internal contents
into the cytoplasm. The IPMM BC biofilter treatments
showed varying levels of detoxification effects under
the toxicity of Cd and PS NPs.

3.7 IPMM BC biofilters mitigate PS NPs accumulation
in rice root

To gain structural insights into how IPMM BC biofil-
ters reduce the PS NPs bioaccumulation and rescue rice
root growth, the roots exposed to CK, PS NPs, MBC,
and MBC+PS NPs were examined using SEM. The
SEM micrographs highlighted significant differences
between the CK, PS NPs, MBC, and MBC+PS NPs
groups (Fig. 5). The results showed that PS NPs were
present on the surfaces of rice roots and penetrated
internal structures, such as the xylem and the cell walls
of the cortex tissue, indicating bioaccumulation of PS
NPs in rice. Additionally, cross-sections of rice roots
exposed to PS NPs exhibited structural defects relative
to the control group. In the MBC group, root tissues
displayed the most extensive distribution of root hairs
on their surfaces, followed by the MBC + PS NPs group
(Fig. 5K, L). Whereas, the PS NPs under Cd stress
showed a noticeable reduction in root hairs along with
significant disruption to intercellular tissues (Fig. 5B, I).
The root cross-section diagrams further revealed that
stress from Cd and PS NPs led to increased channels
within the cortical regions, cortical layer, and vascular
bundle of the root. Furthermore, the dimensions and
quantity of sieve tubes, periductal phloem, and com-
panion cells were decreased under the stress of Cd and
PS NPs (Fig. 5A, B, C, D). Interestingly, the application
of IPMM BC biofilters alleviated the structural damage
caused by PS NPs and limited their entry into the root
cells (Fig. 5F, G, H). This reduction in PS NPs bioaccu-
mulation and toxicity in roots under Cd stress contrib-
uted to the recovery of root architecture.
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Fig. 4 Effect of IPMM BC biofilters, Cd and PS NPs on leaf ultra-structure. Figures (A), (B), (C), (D) and (E), (F), (G), (H) represent the variation
of stomata and chloroplast in CK, PS, MBC and MBC + PS treatment respectively. Ch, chloroplasts; P, plastoglobuli; CW, cell wall; Gr, grana; Th,
thylakoid; Scale bars (Chloroplast)=1 um Stomata= 10 um)
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Fig. 5 SEM micrographs of rice root in response to PS NPs (100 nm), Cd, MBC and their combined application (PS+MBC). PS NPs aggregated were
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detected on the root surface and inside the root. The red arrow indicates the presence of PS NPs

3.8 Metabolomics response in rice under Cd and PS NPs
stress

The observed physiological changes are likely the results of
alterations in intracellular metabolic processes. To explore
these modifications, a metabolomics analysis and quan-
titative profiling of metabolites in rice plants were carried
out through gas GC-MS. In total, 165 metabolites (VIP>1,
P<0.05) were identified. The detected compounds primar-
ily consisted of alkaloids, benzoids, lipids, organic acids,
nucleosides, and various other substances. Among the
detected metabolites, organooxygen compounds, carbo-
hydrates, and organic molecules accounted for the larg-
est proportions, comprising 32.73%, 24.24%, and 32.73%,
respectively (Fig. S2). Multivariate analyses including PLS-
DA and OPLS-DA revealed distinct separations between
the Cd, PS NPs, and MBC treatments in rice, indicat-
ing substantial metabolic reprogramming in response to
Cd and PS NPs stress. The component scores from these
analyses are displayed in a three-dimensional plot, illustrat-
ing the distinct metabolic responses of rice plants to the
application of IPMM BC biofilters and PS NPs under Cd
toxicity. Differences along the PC2 axis highlighted the var-
iations in metabolic profiles (Fig. 6). PLS-DA and OPLSDA

served as the classification model and the evaluation was
based on the predictive ability metrics (Q2) and goodness
of fit (R2). In all cases, the R2 values for all samples were
found greater than corresponding Q2 values, which con-
firmed the consistency of the model. The PLS-DA 3D plot
clearly demonstrates the overall impact of the treatments
on metabolite variation (Fig. 6A). The OPLS-DA 3D plot
analysis revealed minimal variation between the IPMM
BC biofilter and MBC+ NPs treatments, while the impact
of CK and PS NPs was more pronounced compared to the
other treatments (Fig. 6B, C, D, E, F, G). The OPLS-DA
loading diagram indicated that under Cd toxicity, PS NPs
altered the distribution of root metabolites in rice com-
pared to the IPMM BC biofilters (Fig. 6], J, K, L, M, N).
The MBC and MBC+DPS NPs treatments clustered closer
together, whereas CK and PS NPs groups formed distinct
clusters, far from those exposed to Cd and PS NPs alone.
This shows that IPMM BC biofilters had the most signifi-
cant impact on the rice plant metabolic profiles. The S-plot
further confirmed that the influence of metabolites in the
PS NPs vs CK comparison group was lower compared to
MBC vs PS NPs (Fig. 6Q), MBC+PS NPs vs BC (Fig. 6R),
and MBC+PS NPs vs PS (Fig. 6T). Permutation testing
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Fig. 6 Overall partial least-squares discriminant analysis (PLS-DA) score plot (A), PLS-DA loading score (H), PLS-DA-Splot (0) and model

effectiveness evaluations through permutation plot (V) of metabolic alterations in the rice plant. The Fig. (B, C, D, E, F, G), (I, J, K, L, M, N), (P, Q,R, S,
T, U), (W, X Y, Z, A1, B1) represent the pairwise alterations of metabolites through orthogonal partial least squares-discriminant analysis (OPLS-DA),
OPLS-DA loading score, OPLS-DA-splot and OPLS-DA model effectiveness evaluations through Permutation plot respectively in MBC vs CK (Fig. B, I,
P, W), MBC vs PS (Fig. C, J, Q, X), MBC+PS vs BC (Fig. D, K, R, Y), MBC+PS vs CK (Fig. E, L, S, Z), MBC+PS vs PS (Fig. F, M, T, A1), PS vs CK (Fig. G, N, U,

B1)

(Fig. 6V, W, X, Y, Z, A1, B1) validated the consistency of the
OPLS-DA and PLS-DA model results, confirming that PS
NPs and IPMM BC biofilters significantly influenced the
metabolite changes. The permutation testing showed that
all the green Q2 values on the left side were lower than the
original points on the right, and the green regression line
(Q2 points) intersected the vertical axis at or below zero.
This confirmed both the effectiveness of the model and the
accuracy of its evaluation of treatment impacts. The four
treatments were clearly distinguished by the first two prin-
cipal components (Fig. 6), demonstrating that the applica-
tion of the IPMM BC biofilter under Cd and PS NPs stress
had a significant ameliorative effect on rice metabolites.
Additionally, correlation analysis revealed a significant
strong correlation among identified metabolites across dif-
ferent treatment groups (Fig. S4). The CK, PS, MBC, and
MBC+PS treatments under Cd stress were significantly
separated from the control and PS NPs treatments, high-
lighting their detrimental impacts on rice and emphasizing
the protective role of the IPMM BC biofilters.

3.9 Identification of differentially accumulated
metabolites (DAMs) and Kyoto encyclopedia of genes
and genomes (KEGG) pathways enrichment analysis.

A heat map analysis was performed to further cat-

egorize the various metabolites. This revealed that the

normalized levels of most metabolites in the PS NPs,
MBC+PS NPs, and MBC treatment groups showed sig-
nificant changes compared to the CK treatment. Across
all treatments, 50 differentially expressed metabo-
lites (DEMs) (P value<0.05) in rice are represented in
the heat map (Fig. 7A, B, C, D, L, J). The distribution of
these metabolites was further illustrated using a Venn
diagram (Fig. 7M). Specifically, significant alterations
in metabolite expression were observed in response to
Cd and PS NPs exposure. Comparisons between differ-
ent treatment groups, CK vs MBC, MBC vs MBC+PS,
PS vs MBC +PS, PS+MBC, CK vs MBC+PS, and CK vs
PS, revealed the number of downregulated metabolites
as 55, 2, 13, 45, 20, and 36, respectively, while the num-
ber of upregulated metabolites was 0, 57, 29, 3, 15, and
6, respectively (Fig. 7E, F, G, H, K, L). The addition of
IPMM BC biofilter imparted a significant positive effect
on the identified metabolites and effectively counter-
acted the adverse effects of Cd and PS NPs exposure. The
treatments with IPMM BC biofilter led to the upregu-
lation of D-threonic acid, N-acetylmannosamine, and
indoleacrylic acid compared to PS NPs. However, in the
MBC + PS treatment, indoleacrylic acid and linoleic acid
were downregulated relative to MBC under Cd toxicity
(Fig. S3 A, B, C, D, E, F). Additionally, PS NPs showed a
pronounced effect on indoleacrylic acid, linoelaidic acid,
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Fig. 7 Comparative heat map of top 50 detected metabolites, volcano plot, and ven diagram of differentially expressed metabolites in MBC vs

CK (Fig. A, E), MBC vs PS (Fig. B, F), MBC+PS vs BC (Fig. C, G), MBC+PS vs CK (Fig. D, H), MBC+PS vs PS (Fig. I, K), PS vs CK (Fig. J, L). The horizontal
axis in the heat map represents the sample name, and the vertical axis represents the differential metabolites. The colours from blue to red
represent the expression abundance of metabolites from low to high. The red dots in the volcano plot analysis represent significantly upregulated
differential metabolites in the experimental group, blue dots represent significantly downregulated differential metabolites, and grey dots represent
metabolites with no significant difference. Each dot in the figure represents a metabolite, the horizontal axis is the log2 (FC) value of the two
groups, and the vertical axis is the —log10 (P-value). Red dots are significantly upregulated differential metabolites (P<0.05,VIP> 1 and FC> 1),

and blue dots are significantly downregulated differential metabolites (P<0.05,VIP>1and FC< 1)
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quebrachitol, petroselinic acid, cyclo (Ala-Gly), palmitic
acid, digalacturonate, 4-aminobutyric acid, adenine, and
D-threonic acid, which were the major components of
DEM in the PS NPs group under Cd toxicity (Fig. S3F).
Notably, L-proline was downregulated with the addition
of IPMM BC biofilters compared to the MBC+PS NPs
treatment under Cd stress. Similarly, after PS NPs stress,
methionine and valine were downregulated.

The metabolic pathway enrichment analysis, based on
data from the KEGG database for various treatments,
revealed a significant enhancement (P<0.05) in specific
metabolic pathways in rice, including purine and nitro-
gen metabolism, as well as the citric acid cycle (TCA
cycle) (Fig. 8). The metabolic pathways included fructose
and mannose metabolism, starch and sucrose metabo-
lism, inositol phosphate metabolism, galactose metabo-
lism, ascorbate and aldarate metabolism, and, pentose
and glucuronate interconversions associated with carbo-
hydrate metabolism. Additionally, fatty acid biosynthesis
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and elongation in mitochondria were part of these path-
ways, as well as the tricarboxylic acid (TCA) cycle and
glyoxylate and dicarboxylate metabolism related to
organic acid metabolism. For amino acid metabolism,
pathways involved valine, leucine, and isoleucine bio-
synthesis, as well as the metabolism of arginine and pro-
line, cysteine and methionine, and glycine, serine, and
threonine. Furthermore, the metabolism of pyrimidines
and purines, especially concerning uridine and guano-
sine, was also affected. The metabolic pathways result-
ing from the investigation of different groups exposed to
Cd, PS NPs and IPMM BC biofilters are shown in Fig. 8.
In a Cd-contaminated environment, significant enrich-
ment was observed in several metabolic pathways in rice,
including the metabolisms of arginine and proline, sphin-
golipid, fructose and mannose, glyoxylate and dicarboxy-
late, alanine, aspartate, and glutamate biosynthesis, when
compared to the MBC treatment (Fig. 8A). The addition
of IPMM BC biofilters further enhanced the enrichment

Galactose metabolism.
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Fig. 8 Differential metabolic pathways through KEGG bubble analysis and KEGG enrichment analysis through circle plot with the smallest P-value
in MBC vs CK (Fig. A, I), MBC vs PS (Fig. B, J), MBC+PS vs BC (Fig. C, K), MBC+PS vs CK (Fig. D, E), MBC+PS vs PS (Fig. F, H), PS vs CK (Fig. G, L). In KEGG
bubble analysis, the horizontal axis enrichment score in the figure is the enrichment score, and the vertical axis is the top 20 pathway information.
The bubble colour changes from blue to red, and smaller the enrichment P-value is, the greater the significance is. The first circle in the KEGG circle
analysis indicates the enriched classification, outside the circle is the coordinate scale of the number of metabolites, and different colours represent
different classifications. The second circle: the number of this category in the background metabolism and the P-value. The more metabolites there
are, the longer the bar is, smaller the value, redder the color, and larger the value, the bluer the color. The third circle: Up-and down-regulated
metabolic ratio bar chart, light red represents the up-regulated metabolite ratio, and light blue represents the down-regulated metabolite ratio. The
fourth circle: Rich Factor value of each category, each small grid of the background auxiliary line represents 0.2



Rana et al. Biochar

(2025) 7:98

—— —-_—

Glycolysis Starch-sucrose metabolism

D-GI MBC+PS vs CK
a- ucose
D1 Glucose

(Extracellular)

a-D-Glucose-6P ~~~ ~~~ ~
E-D-Fructose-GP

Mg

a-D-Glucose
MBC+PS vs BC

B-D-Fructose-1,6P2
Glyceraldehyde-3P

Salicin-6P i‘_ .;

Glycerone-P0° ———je¢-——————F-—=—————-—
; Glycerate-1,3P2

1 MBC vs PS ; Glycerate-2,3P2
: e

I civonisaiion P

| Carbon fixation e

>0 1 Glycerate 2P
<.

2 (RIS Pyruvate metabolism I e |
E' ThPP—» 00— Phosphoenolpyruvate

= 2-Hydroxy-

=

G

Acetyl-CoA ethyI-Th PP

S-Acetyl- PS vs C_l%' Pyruvate
dihydrolipoamide-E

Dihydro-lipoamide-E =i-ipci§mide -E

Acetatey >0« >l Ethano,l/
S Acetaldehyde ™

o o o

o L-Lactate

—— -——

Succinic acid Oxoglutaric acid Fumaric acid Citric acid  Pyruvic acid

-
72

Fig. 9 Schematic diagram of proposed metabolic pathways in rice plant. The differential metabolic pathways are displayed through the KEGG

pathway mapper function, and the differential metabolites are colored according to the up- and down-regulation information. The small circles
in the metabolic pathway diagram represent metabolites. The metabolites marked in red in the pathway diagram are up-regulated metabolites
detected in the experiment, and the metabolites marked in blue are down-regulated metabolites. The relative content of metabolites in citrate

MBC+PS vs PS %

ajeydsoyd asojuad

*~__ -

Propanoate metabollsm

Page 18 of 25

-
oo

cycle (TCA cycle) is shown in the form of a heat map

of photosynthesis pathways in rice plants compared to
the PS NPs treatment under Cd toxicity (Fig. 8B). Fur-
thermore, the MBC+PS NPs treatment significantly
enriched the TCA cycle, histidine and galactose metabo-
lism, and phenylalanine biosynthesis pathways compared
to CK. The ten pathways with the highest llist-hits and
the lowest P-values from the KEGG enrichment analysis
are presented in the chord analysis (Fig. S5), demonstrat-
ing the pronounced impact of IPMM BC biofilters on
metabolic pathways under Cd and PS NPs contamina-
tion. These findings indicate that the combination of PS
NPs and Cd stress exerted a more substantial effect on
rice metabolic pathways than other treatments, suggest-
ing that the combined stress from PS NPs and Cd had a
more severe impact on rice than Cd alone. The KEGG
pathway database, which tracks molecular interaction
networks within cells and monitors specific changes

in organisms, classifies biological metabolic pathways
into seven groups: organismal systems, cellular pro-
cesses, diseases, environmental information processing,
metabolism, genetic information processing, and drug
development. The analysis of these molecular interac-
tion networks, as shown in the circos plot, underscores
the effectiveness of IPMM BC biofilters in maintaining
metabolism, environmental and genetic information pro-
cessing, as well as cellular processes. In contrast, PS NPs
significantly disrupted these networks under Cd toxicity
(Fig. 8D, H, L, ], K, L).

Additionally, the schematic diagram of proposed meta-
bolic pathways in rice (Fig. 9) shows that B-D-glucose
was upregulated in the MBC treatment compared to CK
and PS NPs, but downregulated in the MBC+PS NPs
treatment. In pyruvate metabolism, PS NPs negatively
affected pyruvate synthesis compared to CK under Cd
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stress conditions. These findings demonstrate that Cd
and PS NPs significantly impacted rice metabolic path-
ways. Notably, the pathways influenced by Cd and PS
NPs appeared more complex, suggesting that plants were
more susceptible to stress induced by Cd and PS NPs
than by other treatments. This implies that the differen-
tially DAMs and the associated pathways may play a cru-
cial role in conferring tolerance to Cd and PS NPs in rice
when supplied with IPMM BC biofilters.

4 Discussion

The impact of multiple stress factors on plants is more
complex than that of single stress, and the consequences
of PS NPs and Cd combined internalization in the con-
text of IPMM BC biofilters on plant health remain
unclear. Therefore, this study aims to explore the ecologi-
cal risks and food safety concerns posed by the combined
influence of PS NPs and Cd in the presence of [IPMM BC
biofilters. The results revealed that simultaneous expo-
sure to PS NPs and Cd negatively affected root structure
and physiology, photosynthetic activities, and both enzy-
matic and non-enzymatic oxidative stress markers in rice.
It also altered genetic expression, root and leaf ultras-
tructure, as well as metabolic and biochemical processes,
resulting in increased Cd accumulation in rice. The find-
ings suggest that using IPMM BC biofilters could serve
as an innovative strategy to reduce the toxicity of PS NPs
and Cd by triggering the biochemical and molecular vari-
ations in rice.

4.1 Rice growth, NPs internalization and root

developmental alterations in response to IPMM

BC biofilter under PS NPs and Cd contaminated

environment
This investigation revealed that the combined stress of
PS NPs and Cd had more severe phenotypic effects on
plants than either stressor alone and IPMM BC biofilters
effectively mitigated this combined stress. Prior research
has shown that the PS NPs in Cd-contaminated environ-
ments can negatively impact plant growth and develop-
ment. For instance, PS NPs can hinder water absorption,
intensify oxidative stress, and increase Cd toxicity, lead-
ing to reduced dry weight of maize stems and roots in Cd-
polluted conditions (Wang et al. 2020). In this study, rice
plants exposed to both PS NPs and Cd showed a signifi-
cant decrease in dry biomass, as well as reduced root and
shoot length, compared to those exposed to Cd alone or
treated with IPMM BC biofilters (Table 1). This suggests
that PS NPs augmented the toxic effects of Cd by enhanc-
ing its translocation within the plant. The entrance of Cd
ions into the plant can lead to reduced chlorophyll con-
tent, decreased antioxidant enzyme activity, and altered
cell membrane permeability, which may inhibit plant
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growth and development (Li et al. 2023c). It is supposed
that Cd may have replaced Mg in the chlorophyll synthe-
sis, contributing to the observed reduction in chlorophyll
content. Similar observations have been reported in the
spinach (Rydzynski et al. 2019). Whereas, the diameter
of rice plants was not significantly influenced by the PS
NPs in the presence of Cd (Fig. 2). The use of IPMM BC
biofilters alleviated the phytotoxic effects of both Cd and
PS NPs in rice, likely due to reduced uptake of these toxic
substances (Table 2).

Roots serve as the primary organs for nutrients absorp-
tion that act as the initial interface with the external envi-
ronment. In this study, PS NPs were internalized into rice
roots, facilitating increased uptake of Cd. This observa-
tion aligns with previous studies indicating that nanopar-
ticles can penetrate in plants through root tips and cell
walls (Li et al. 2024a). Under Cd stress, PS NPs reduced
root length, total number of tips and root surface area
while also disrupting root structure morphology. Simi-
lar disruptions under HMs stress have been reported by
Redjala et al. (2011) and Meng et al. (2021). The SEM
micrograph revealed the presence of PS NPs dispersed
across the root tissues and within the vascular bundles.
The possible route for PS NPs entry involves root absorp-
tion, followed by upward translocation through the vas-
cular bundles, driven by transpiration flow (Yu et al.
2024). A parallel mechanism of uptake has been observed
for copper oxide nanoparticles into cabbage and lettuce
(Xiong et al. 2017). However, the application of IPMM
BC biofilters significantly reduced the internalization of
both PS NPs and Cd in rice roots and shoot, thereby mit-
igating their toxic effects and preserving root structure
(Fig. 2). One potential mechanism behind this alleviation
is the adsorption capacity of IPMM BC biofilters, which
may act as reservoirs, sequestering PS NPs and Cd. Nota-
bly, the internalization of Cd was more pronounced in
PS NP treatments than in Cd-alone treatments (Table 2),
suggesting that PS NPs enhance Cd accumulation. Simi-
lar findings have been reported by Wang et al. (2022b)
who observed that nanoparticles can form stable asso-
ciations with HMs through both surface and internal
adsorption. This interaction may contribute to increased
Cd accumulation in rice plants, thereby impairing their
growth and development.

4.2 Combined toxic effect of PS NPs and Cd
on the ultrastructure of rice leaf

The negative impacts of PS NPs on cellular organization
under Cd contamination are crucial for understand-
ing the adverse effects on rice physiological systems.
The combined phytotoxicity of Cd and PS NPs on chlo-
roplast ultrastructure is associated with various bio-
chemical abnormalities in proteins, lipids, and cellular
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connections. TEM micrographs of rice exposed to both
stressors revealed significant structural changes in chlo-
roplasts, such as amoeboid shapes and extensive damage
to the thylakoid membranes. In contrast, rice treated with
IPMM BC biofilters exhibited a well-organized internal
structure with properly aligned thylakoids, compared
to controls or other treatments (Fig. 4). Cadmium stress
can also disrupt glucose transport, leading to distorted
mesophyll cells and chloroplast structures (Adil et al.
2020; Gratdo et al. 2009; Mosa et al. 2016). This damage
was more severe in plants exposed to both PS NPs and
Cd (Fig. 4F) than in those treated with IPMM BC filters
or MBC+PS NPs. Moreover, the phytotoxic effects of
PS NPs in the presence of Cd also resulted in significant
alterations in mitochondrial morphology, suggesting a
detoxification response to mitigate the adverse effects
of PS NPs. The alterations in mitochondrial dimensions
and morphology may result from the production of ROS,
which can lead to enlargement and damage to the outer
mitochondrial membrane (Li and Xing 2011; Ott et al.
2007). Additionally, Cd-induced phytotoxicity may dis-
rupt thylakoid molecular structure through biochemical
impairments, such as protein denaturation and imbal-
ances in protein-lipid interactions that affect membrane
protein complexes (El-Banna et al. 2018; Maleki et al.
2017). The protective impact of IPMM BC biofilters
alleviated these negative impacts on mesophyll leaf cells
caused by PS NPs and Cd (Fig. 4G, H). These findings
underscore the potential of IPMM BC biofilters to coun-
teract the structural and functional damage in plant cells
caused by Cd and PS NPs, emphasizing their importance
in enhancing plant resilience under HMs stress.

4.3 Co-exposure influence of PS NPs and Cd on primary,
secondary and micro-elemental composition and Cd
translocation under the supply of IPMM BC biofilters

The surface charge of nanoparticles plays a significant

role in their absorption and translocation within plants

(Azeem et al. 2021; Li et al. 2024a). NPs readily internal-

ized and progressively accumulated in the root xylem

(Fig. 5). PS NPs adsorb Cd via electrostatic interactions,

leading to extensive translocation within the roots. These

electrostatic interactions cause PS NPs to quickly aggre-
gate and bind Cd within the polymer matrix (Wang et al.
2022b). In plant growth mediums, plants typically absorb
and retain HMs through their root systems. However, the
presence of plastic materials can decrease the sorption
capacity for metals (Jedruchniewicz et al. 2023), thereby
increasing the Cd bioavailability to rice plants. Addition-
ally, plastic particles can obstruct water uptake by clog-
ging the pores in plant cell walls (Wang et al. 2022a). This
blockage leads to reduced stomatal conductance which
is associated with lower transpiration rates. In turn, this
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blockage limits the absorption of essential nutrients,
such as Ca, Fe, Mn, and Mg (Table 2). As a result, plants
showed decreased biomass and lower productivity. The
presence of PS NPs also elevated Cd levels in both the
roots and shoots, while IPMM BC biofilters reduced Cd
content. This reduction in Cd translocation by IPMM
BC biofilters is likely due to their role as a repository for
these contaminants. Research in agricultural systems has
shown that MPs and nanoparticles can increase the bioa-
vailability of HMs. For instance, PE-MPs have been found
to raise Cd levels in plants (Li et al. 2024b); PMMA-NPs
have been shown to facilitate higher arsenic uptake in
rapeseed (Dong et al. 2022); and a high concentration of
PE-MPs has been shown to decrease the metal adsorp-
tion capability of soil (Li et al. 2021). In line with these
findings, our study suggests that the NPs enhance metal
bioavailability to plants. Understanding the interactions
between NPs, HMs, and plants is therefore crucial for
assessing their combined effects.

4.4 Role of IPMM biochar biofilters in mitigating Cd

and PS NPs-induced adverse effects on photosynthetic

efficiency and related attributes
In plants, chlorophyll contents are crucial for photo-
synthesis and directly impact plant productivity (Sim-
kin et al. 2022; Xu et al. 2022). Significant differences
in photosynthetic attributes were observed among the
CK, PS, MBC, and MBC + PS treatments. The presence
of PS NPs under Cd exposure significantly reduced the
GasEx Ci, Pn, Gs, Tr, Chlorophyll a and b, and soluble
protein levels compared to CK, MBC and MBC+PS
exposures. The higher production of ROS under the
exposure of Cd and NPs likely contributed to the inhi-
bition of photosynthesis and plant growth. The multiple
stressors may disrupt chlorophyll structure and hinder
its synthesis by triggering excessive ROS production
within the plant (Bi et al. 2020; Wang et al. 2023b). This
reduction in chlorophyll could be linked to a decreased
carbon assimilation capacity in plants under HMs
stress (Sardar et al. 2022). A decline in chlorophyll
levels can induce adverse impacts on plant physiol-
ogy and limit the energy available for seedling growth
(Kalaji et al. 2016). Research has shown that nanopar-
ticles can damage the structure of cellular organelles,
while Cd can disrupt chlorophyll production by replac-
ing Mg in the chlorophyll molecule (Grajek et al. 2020;
Hu et al. 2021). A previous study on combined stress
has observed that pollutant like PE-As can alter the
morphology of leaf cells (Sun et al. 2020). The primary
reason for the reduced chlorophyll content under PS
NPs and Cd stress may be the inhibition of enzyme
synthesis, which in turn lowers photosynthesis rates.
The SP is also interlinked with photosynthetic activity
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and considered as a significant indicator for assessing
the nutritional value of plants. Both PS NPs and Cd
impaired nutrient absorption, potentially decreasing SP
levels in rice seedlings. PS NPs have also been shown
to interfere with amino acid metabolism, resulting in
reduced SP content (Zhang et al. 2022b). However, the
presence of IPMM BC biofilters improved SP levels in
rice, even in the presence of Cd or PS NPs. This under-
scores the increased sensitivity of these processes to Cd
and PS NPs stress while demonstrating that the IPMM
BC biofilter effectively reduced the detrimental impact
of these contaminants.

4.5 Rice defence system regulations and membrane
integrity under combined PS NPs and Cd toxicity

Plants have highly proficient oxidative defence systems
that resist to ROS toxicity (Dumanovi¢ et al. 2021).
The improved oxidative defence system—including
enzymes such as APX, SOD, CAT and POD—plays a
critical role in eliminating excessive ROS (Lai and Luo
2019). MDA, H,0, and EL are the key indicators of
membrane lipid peroxidation, reflecting the intensity of
injury to the plasma membrane (Li et al. 2013). The co-
exposure of PS NPs and Cd significantly increased the
concentration of MDA, H,0O, and EL resulted in severe
injury to the plant cell membrane. Excessive ROS can
affect the transcription of DNA in plant cells, result-
ing in the suppression of antioxidant enzyme synthe-
sis (Ge et al. 2021; You and Chan 2015). PS NPs and
Cd treatments reduced the expression of antioxidant
enzyme genes, weakening the oxidative defence system
and impairing rice performance. Similar findings have
been reported by Zhang et al. (2022a), indicating that
disruptions in oxidative gene expression can impact the
functionality of antioxidant systems. The reduced activ-
ity of oxidative enzymes in rice treated with PS NPs
under Cd contamination is likely due to the suppressed
expression of CAT, SOD, APX, and POD genes. This
suppression may result from the ROS (Xu et al. 2023)
induced by PS NPs and Cd. Elevated levels of ROS,
coupled with decreased activity of SOD, APX, CAT,
and POD, and their corresponding genetic expression,
highlight the toxicity of PS NPs and Cd in rice, indicat-
ing compromised cell membrane integrity. This dam-
age to cell membrane facilitated the passive absorption
of Cd and PS NPs through the damaged roots, leading
to increased Cd uptake in rice plants. This reduction
in antioxidant enzymatic activity may be linked to a
reduction in essential elements in rice when PS NPs are
present under Cd contamination. In contrast, IPMM
BC biofilter groups produced opposite results. Consist-
ent with previous observations (Lu et al. 2018; Maria
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et al. 2014), oxidative stress induced by PS NPs in a Cd-
contaminated environment was alleviated by the pres-
ence of IPMM BC biofilters, which helped in reducing
the oxidative damage from Cd and PS NPs toxicity.

4.6 Metabolomics responses in rice against Cd and PS NPs
stress under the presence of IPMM BC biofilters

Metabolomics analysis of rice under PS NP treatment
and Cd contamination revealed significant changes in
metabolites including nucleotides, organic acids, and
sugars. Metabolic processes serve as key indicators of
plant performance and provide valuable insights into the
various assimilation processes occurring within the plant.
The stress from PS NPs disrupted normal metabolic pro-
cesses in rice, leading to variations in plant metabolites
(Fig. 6). The heat map displays a total of 50 differentially
expressed metabolites (DEMs) (P<0.05) in rice across all
treatments (Fig. 7A, B, C, D, I, ]). Notably, the addition of
IPMM BC biofilters showed a significant positive impact
on metabolite levels, mitigating the negative impacts of
Cd and PS NPs by regulating key metabolites. For exam-
ple, the IPMM BC biofilter reduced sorbitol levels com-
pared to the PS NPs treatment under Cd stress. Sorbitol
is a primary form of carbon transported from photosyn-
thetic activity and it can significantly impair plant pho-
tosynthesis when its concentration increases (Gao et al.
2014). Additionally, the application of IPMM BC bio-
filters also led to a notable increase in the enrichment
score for amino acid metabolism compared to the PS NPs
treatment under Cd exposure (Fig. 8). Amino acids are
integral part of key metabolic pathways in plants, influ-
encing various physiological processes (Hildebrandt et al.
2015), and serving as essential sources of nitrogen and
carbon for plant growth (Jones et al. 2005; Miller et al.
2008). These results indicate that amino acid metabo-
lism is significantly affected by the treatments, including
pathways such as -Alanine metabolism, Arginine bio-
synthesis, and the biosynthesis of Tryptophan, Pheny-
lalanine and Tyrosine. This suggests an interconnection
among these effects with the upregulation of amino acid
metabolism potentially representing another metabolic
strategy employed by plants to mitigate oxidative stress.
The biosynthesis and metabolic pathways of amino acids
can impact plant growth and development both directly
and indirectly. This is attributed to the critical role of
amino acid metabolism in nitrogen metabolism and the
production of secondary metabolites, in addition to their
fundamental function in protein synthesis (Scheible et al.
2004). However, the low enrichment scores for these
metabolites indicate that PS NPs and Cd have disturbed
this important process and distressed the glycine, ser-
ine, and threonine metabolism associated to N metabo-
lism (Zhang et al. 2019). Consequently, disturbances in
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nitrogen-related metabolic pathways might have led to
reduced chlorophyll content and a decline in the net pho-
tosynthetic rate, eventually disturbing the plant growth.
But further investigation is needed to clarify the specific
mechanisms behind the changes in amino acid levels in
plant leaves.

KEGG pathway enrichment analysis revealed disrup-
tions in rice immune response and key metabolic path-
ways essential for energy production, including the TCA
cycle, glutathione metabolism, and arginine biosynthe-
sis (Fig. 8). These metabolic disturbances led to reduced
nutrient uptake and growth limitations in rice under
stress conditions. This provides a clear explanation for
the observed declines in chlorophyll content, photosyn-
thesis, nutrient uptake, and biomass due to exposure
to Cd and PS NPs. In this study, the significant distur-
bances in metabolites may have led to increased oxida-
tive stress in rice plants. A comparison between PS NPs
and CK treatments revealed that several carbohydrates
were disturbed in response to PS NPs. Carbohydrates
are considered a potential energy source and function
as signalling molecules for optimum plant growth and
development (Eveland and Jackson 2012). Interestingly,
CK showed higher level of L-glutamic acid compared
to the MBC treatment. Glutamate is a key constituent
of glutathione, which serves as a precursor for phyto-
chelatins and has been previously reported to aid in the
sequestration of HMs (Tomaszewska 2002). Previous
studies have also reported elevated levels of glutamic acid
under Cd toxicity (Xie et al. 2014). The enhanced activ-
ity of photosynthetic product glucose suggests that rice
leaves may have tried to fix more carbon in response to
PS NPs and Cd exposure. Additionally, changes in cell
wall components suggest that rice plants might have
adapted their cell wall composition to enhance tolerance
to Cd, possibly by binding Cd ions or reducing cell wall
permeability. Furthermore, dicarboxylate and glyoxylate
metabolism, which are important in carbohydrate bio-
synthesis (Chen et al. 2019), play a crucial role as energy
sources and signalling molecules in response to various
stresses (Krasavina et al. 2014). The disruption of these
metabolic pathways specifies that the combined stress of
PS NPs and Cd can lead to significant metabolic repro-
gramming in rice. The concentration of bioavailable ele-
ments directly influences the uptake of HMs by plants.
Under pollutant stress, plants secrete a substantial
amount of organic acids, which can help in mitigating the
toxic effects of pollutants (Mei et al. 2022). These organic
acids can form complexes with HMs, facilitating their
translocation to the above-ground parts of the plant. Ini-
tially, HMs are transported to the vacuoles in the roots
via complex peptides, and then they are conveyed to the
leaves through specific transport proteins. However, high
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concentrations of cations in cells can significantly hinder
the transport of metal ions. At the same time, organic
acids within the plant bind with HMs to form complexes
that facilitate their movement to the leaves (Parveen et al.
2020). This mechanism explains the increased accumu-
lation of Cd in rice when exposed to PS NPs under Cd
contamination. The results from metabolomics profiling
revealed that PS NPs and Cd interfered with the accu-
mulation of plant nutrients by impacting carbohydrate,
amino acid, and lipid metabolism, whereas IPMM BC
biofilters enhanced plant resistance to environmental
stress by modulating the synthesis and metabolism of
these metabolites.

5 Conclusion

Cd and NPs pollution remains a significant environmen-
tal challenge, posing serious risks to agricultural pro-
ductivity and human health. This study demonstrates
that the strategic use of indigenous resources such as BC
biofilters derived from IPMM can ensure vigorous rice
growth in Cd-NPs contaminated environments while
simultaneously mitigating the adverse effects of these
contaminants. IPMM BC biofilters improved physio-
logical, biochemical, and molecular responses of rice by
regulating gene expression and root development, which
were inhibited by PS NPs and HMs. This was accom-
plished by modulating metabolic processes related to
nutrient cycles, the TCA cycle, nitrogen transport, and
mechanistic pathways of metabolites, while also reduc-
ing Cd bioavailability and limiting PS NP translocation
into root cells. The simultaneous stress of Cd and PS NPs
significantly transformed the uptake and translocation
of nutrients in the rice, leading to an imbalance in the
metabolic equilibrium of essential nutrients in rice seed-
lings. Our research provides a theoretical foundation for
a comprehensive understanding of the co-toxicity of Cd
and NPs in crops under the influence of IPMM BC biofil-
ters. Thus, biofilters derived from invasive plants hold the
potential to address the challenges posed by NPs, HMs,
and the invasion of invasive plants in contaminated envi-
ronments through a multifaceted manner.
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