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Abstract

Nano-biochar (nano-BC) is one of the most active fractions in the BC continuum and frequently detected in ter-
restrial ecosystems. However, a paucity of information exists on reactivity and environmental functions of nano-BC

in the rhizosphere. The present study investigated the potential of nano-BC in transforming silver ions (Ag™) to sil-

ver nanoparticles (AgNPs) in the rhizosphere of rice. We found that the synergistic effect of nano-BC and dioxygen
secreted from rice roots was essential for Ag* reduction to AgNPs. In this process, nano-BC transferred electrons

to dioxygen, resulting in the formation of superoxide free radicals, which subsequently donate electrons to Ag™. Nota-
bly, excess nano-BC was unfavorable to dioxygen secretion from roots and thus inhibited the formation of AgNPs.
Our results highlight that although nano-BC significantly decreased the uptake of Ag by rice plants, it contributed

to the accumulation of AgNPs in plant tissues. TEM and single-particle ICP-MS analyses confirmed the presence

of AgNPs not only in intercellular spaces of leaf tissues but also within the interior of leaf cells. These findings indicate
that nano-BC plays a critical role in regulating the chemical species and bioaccumulation of redox-active metals (such
as Ag) in the rhizosphere, which has important implications for element cycling from the pedosphere to terrestrial
vegetation and warrants further investigation.

Highlights

+ Nano-BCis an active component in terrestrial ecosystems.

- The synergistic interaction between nano-BC and dissolved oxygen facilitated the formation of AgNPs.
+ Nano-BC mediated the rice secretion of O, to form O,-.

+ Nano-BC regulated redox-active metal species and bioaccumulation.
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1 Introduction

As a typical transition and precious metal, silver (Ag) and
Ag-based materials have been widely used in numerous
fields such as consumer goods and medicines due to their
superior electroconductibility, ductility, and broad anti-
microbial activity (Liu et al. 2023; Nguyen et al. 2024).
The extensive production and utilization are inevitable to
lead to the release of silver ions (Ag™) into natural eco-
systems. Besides, Ag* can also be directly emitted from
other Ag contained sources, such as disinfectant prod-
ucts (Rogers et al. 2020), electroplating factory (Vasilei-
adis et al. 2018), and silver stains (Xiang et al. 2020). It
is estimated that the concentration of Ag* in the natural
water environment is around 1-1000 ng/L (Cymes et al.
2017), even reaching up to 5 mg/L in treated effluents
(Zhao et al. 2021; Ge et al. 2022). Due to the relatively
low standard oxidation-reduction potential of Ag*/Ag
(0.8 V, 25 °C) (Mwanda and Cuesta 2021), Ag" is chemi-
cally and biologically active and can be easily reduced by
many natural reducing agents and ligands (Akaighe et al.
2011), such as humic acid (Dong et al. 2022), microplas-
tics (Huang et al. 2022), and microorganisms (Boldt et al.
2023). Also, Ag"t was reported to be photochemically
reduced into silver nanoparticles (AgNPs) by soil organic
matter under sunlight (Huang et al. 2019). The existing
states of Ag remarkably determine its activity, reactiv-
ity, and toxicity to organisms. It was shown that AgNPs
exhibited a significantly reduced toxicity to human hepa-
toblastoma cells relative to Ag™ (Vrcek et al. 2016). A pre-
vious study found that the uptake rate constants of Ag*
by wheat roots were 67—87 times higher than those of
AgNPs (4.3-5.2 L/(kg-h)) (Dang et al. 2020). These results
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emphasize that Ag* is more mobile, toxic, and bioavail-
able to plants relative to AgNPs. Therefore, a compre-
hensive understanding of the transformation of Ag* is of
importance in predicting and evaluating the fate and eco-
logical effects of Ag.

The species and transformation of Ag in soil are
influenced by various factors, including soil composi-
tion, pH, organic matter content, and microbial activ-
ity. For example, higher content of clay and organic
carbon in the soil could enhance the retention of Ag
through hetero-aggregation and adsorption (Rahmat-
pour et al. 2017). Irradiation with sunlight can also
promote the reductive conversion of Ag™ to AgNPs
via superoxide radicals (O,7) in the aerobic natu-
ral surface water (Singh et al. 2019). Similar to metal
valence transitions, biochar significantly enhances the
photoreduction of Hg (II) to Hg (0) through the gen-
eration of O,” (Li et al. 2020), while also serving as
an electron shuttle to accelerate the bio-reduction of
Cr(VI) by O, (Yu et al. 2023). Biochar, a carbon-based
material produced through biomass pyrolysis, is ubiq-
uitous in soils. However, its impact on the species and
transformation of Ag is less understood, especially in
the rhizosphere. Biochar is generally considered an
effective soil amendment and widely used in the soil
to improve soil fertility and provide other ecologi-
cal benefits (Yao et al. 2013; Riaz et al. 2017; Liu et al.
2019). Some recent studies have increasingly noticed
that nano-biochar (nano-BC) (i.e., BC in the size
of <100 nm) is one of the most active fractions of bio-
char and plays critical roles in multiple biogeochemical
processes including carbon sequestration, elemental
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cycling, and transport of contaminants (Zhang et al.
2022; Lian and Xing 2024). Highly mobile nano-BC is
likely to be transported from the surface soil into the
rhizosphere through infiltration and surface runoff
(Xu et al. 2016; Zhang et al. 2022). The introduction
of nano-BC might alter the redox states of rhizosphere
regions, thus regulating the species and toxicity of Ag
to plants (Zhang et al. 2022; Gu et al. 2023). Guo et al.
found that wheat root exudates (RE) had high reduc-
ing ability to convert Ag* to AgNPs under light expo-
sure, facilitated by the formation and redox cycling of
photoreactive AgCl (Guo et al. 2019). We previously
observed a synergistic effect of nano-BC and rice RE
on promoting the phase transformation of ferrihydrite
in the rhizosphere (Lian et al. 2022). Considering the
geoconductor features of nano-BC (i.e., high electron
transfer capacity) (Sun et al. 2017), we hypothesize
that nano-BC functions as an electron shuttle, facili-
tating the continuous transfer of electrons from elec-
tron donors to Ag™ in the rhizosphere.

The major objectives of the present work are to (i)
evaluate the ability of nano-BC in transforming Ag"
to AgNPs in the rice rhizosphere and investigate the
related mechanism(s); and (ii) explore the impact of
nano-BC on the uptake, distribution, and speciation
of Ag in rice plants. The forming kinetics and config-
uration of AgNPs were examined by a suite of spec-
troscopic techniques. The secretion of dioxygen and
reactive oxygen species (ROS) in the rhizosphere was
monitored to elucidate the electron transfer involved in
the reduction of Ag* to AgNPs. The in-situ distribution
and speciation of Ag in rice tissues were determined
by a combination of single-particle inductively coupled
plasma mass spectrometry (ICP-MS) and high-resolu-
tion transmission electron microscope (HRTEM). This
study provides critical insights into the environmental
fate of redox-active metals, the design of nano-BC-
based remediation strategies, and the safe deployment
of nanomaterials in sustainable agriculture.

2 Materials and methods

2.1 Materials and chemicals

Silver nitrate (AgNO;) (99.8%) was purchased from
Sigma-Aldrich. All the other regents with analytical
grades or higher were sourced from Solarbio Science &
Technology Co., Ltd (Beijing, China). All samples were
prepared with ultrapure water (>18.2 MQ/cm) and
stored in the dark at 4 °C unless stated otherwise. Sus-
pension pH was adjusted using NaOH and HCI. Rice
seeds (Oryza sativa L., Nan Jing No. 9108) were pro-
vided by the Jiangsu Academy of Agricultural Sciences
(Nanjing, China).
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2.2 Preparation and characterization of nano-BC

Bulk-BC was prepared from sawdust and pig manure
by slow pyrolysis, respectively. The tubular reactor con-
taining raw material powders embedded into a muffle
furnace was slowly heated (10 °C/min) from room tem-
perature to 550 °C, maintained for 2 h under N, atmos-
phere, and cooled naturally. For preparation of nano-BC,
1.0 g bulk-BC was added into a 150 mL agate jar contain-
ing 100 g agate balls (diameter was 6 mm, 3 mm, and
1 mm, respectively), and the mass ratio of biochar to ball
was set to 1:100. The agate jars were set into a planetary
ball mill machine (TJX-410) and operated at 300 rpm/
min for 12 h to produce nano-BC. The obtained samples
were labeled as nano-WB (wood biochar) and nano-PMB
(pig manure biochar), respectively.

Size and shape of nano-BC were characterized by
HRTEM (JEOL, JEM 2100F, Japan). Surface chemical
composition was determined using an X-ray photoelec-
tron spectrometer (XPS, Thermo Scientific K-Alpha,
USA), Fourier transform infrared spectroscopy (FTIR,
Thermo Scientific Nicolet iS5, Thermo, USA), and '3C
nuclear magnetic resonance (NMR, Bruker Avance 400,
Rheinstetten, Germany), respectively. The detailed pro-
cedures were reported in our previous studies (Sun
et al. 2020; Sun et al. 2021). For electron paramagnetic
resonance (EPR) analysis, 20 mg of solid nano-BC was
placed in an EPR tube and analyzed using an EPR spec-
trometer (Bruker A300, Germany) at 25 °C. The instru-
ment parameters were set as follows: microwave power,
1.92 mW; microwave frequency, 9.85 GHz; modulation
amplitude, 1.00 G; receiver, 1.00 X 10%; scan width, 200 G;
time constant, 10.24 ms; conversion, 30.00 ms; scan time,
30.72 s. The spin intensity was determined by comparing
with the 2,2-diphenyl-1-picrylhydrazyl (DPPH) standard.
The mediated electrochemical reduction and oxidation
capacities of nano-BCs were assessed by electrochemi-
cal measurements at room temperature using a CHI610E
workstation and a three-electrode cell (Text S1).

2.3 Hydroponic culture and root exudate extraction

Sterilized rice seeds were germinated in vermiculite cul-
ture medium with 4% (v/v) NaClO and irrigated with
ultrapure water (Yue et al. 2019). The germinated seed-
lings were irrigated with 25% nutrient solution (pH 5.3)
(Table S1) for 14 days. After that, the seedlings were incu-
bated in a growth chamber with a 12-h light cycle, day/
night temperature of 25/20 °C, and 60% relative humidity
for 60 days. Uniform seedlings were selected and trans-
ferred to 6-hole ceramic pots containing 500 mL water
for 24 h. The roots of rice seedlings were rinsed three
times and the collected water in the pot was immedi-
ately filtered with 0.45 pm nitrocellulose membranes to
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remove large plant root residues and undissolved sub-
stances, and stored at —20 °C as a stock solution of RE.
A total organic carbon (TOC) analyzer (TOC-VCPH,
Shimadzu, Japan) was used to measure the TOC of RE
through high-temperature oxidation, which was detected
to be 30.5 mg TOC/L.

2.4 Reduction experiment of Ag™ in the rhizosphere of rice
Rice seedlings grown for 60 days were transferred into
ultrapure water for 24 h to remove the possible interfer-
ence from other elements in the formation of AgNPs.
Then each two seedlings were transplanted into a
ceramic jar filled with 500 mL aqueous solution con-
taining suspended nano-BC (5, 10, 20, or 100 mg/L) and
0.5 mM AgNO, and incubated for 24 h. The measured
pH of the aqueous solution was 5.3. To determine the
synergistic effects of nano-BC, RE, and rice roots on the
reduction of Ag* in the rhizosphere, four separate reac-
tive systems were established in ceramic jars: (i) an aque-
ous solution (500 mL) containing 10 mg/L nano-BC and
0.5 mM AgNOg; (ii) an aqueous solution (500 mL) con-
taining 10 mg/L nano-BC, 0.5 mM AgNO;, and 30.5 mg
TOC/L RE; (iii) two rice seedlings were transplanted into
an aqueous solution (500 mL) only containing 0.5 mM
AgNO; and (iv) two rice seedlings transplanted into an
aqueous solution (500 mL) containing 10 mg/L nano-
BC and 0.5 mM AgNO,. To maintain an anaerobic envi-
ronment, the jars were purged with 200 mL/min N, for
60 min and all suspensions were prepared using deoxy-
genated ultrapure water. Newly secreted O, from the
root surfaces was monitored every 30 s and lasted for
24 h by microelectrodes, i.e., a micromanipulator with
microelectrodes (MM33-2, Unisense) was mounted on a
laboratory scaffold (LS18, Unisense), and O, was meas-
ured at 20 mm from the tip of newly formed roots of
uniform length utilizing platinum microelectrode (Rd-N
Unisense) (Li and Wang 2012). The detailed procedure
and methods were described in our previous study (Gu
et al. 2022).

2.5 Free radical determination

The generation of O, during the reduction of Ag* was
examined by probe molecules. 2,3-bis(2-methoxy-4-ni-
tro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT) was selected as the probe molecule for O, quan-
tification. Briefly, 5 mL of 0.05 mM XTT was added to the
reaction solution obtained from Ag* reduction in various
systems, and the XTT formazan concentration in the fil-
tered supernatant was quantified spectrophotometrically
at 475 nm, with the detailed methodology presented in
Text S2. To clarify the critical role of O, in the reduction
of Ag*, a quenching experiment was conducted by add-
ing superoxide dismutase (SOD, 150 U/mL) as a typical
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scavenger for O,  to the reaction system (iv), i.e., rice
seedlings+nano-BC+ AgNO, before the measurement
of AgNP formation.

2.6 Measurement and characterization of formed AgNPs
UV-visible spectroscopy (UV-1800, Shimadzu, Japan)
was used to monitor the formation of AgNPs in the aque-
ous solution. Concentrations of total Ag in solutions were
determined using ICP-MS (ICAP-TQ, Thermo) by cloud
point extraction (CPE) method as described in Text S3.
Single-particle ICP-MS (SP-ICP-MS) was carried out by
the same ICP-MS instrument and Syngistix Nano-Appli-
cation module in single-particle mode to determine the
formation and concentration of AgNPs (Schwertfeger
et al. 2017). Briefly, the aqueous solutions sampled from
different treatments were ultrasonicated (600 W) for
30 min, followed by centrifugated at 6000 g for 20 min to
separate the formed AgNPs. Then, the supernatant was
filtered through a 0.22 pum nylon syringe filter (Millex
Millipore) and diluted 50 times using ultrapure water for
SP-ICP-MS analysis (Schwertfeger et al. 2017). Crystal
structure and chemical information of the formed AgNPs
were examined by HRTEM coupled with selected area
electron diffraction (SAED). Energy dispersive spectros-
copy (EDS) analysis was performed to examine the rela-
tive abundance of AgNPs. To quantitively evaluate the
impacts of different nano-BC on the reduction efficiency
of Ag* in the rhizosphere of rice, reduction kinetics of
Ag* was conducted in the reaction system (iv) contain-
ing nano-WB and nano-PMB, respectively. The aque-
ous solution was sampled at 0.5, 1, 3, 5, 7, 9, 12, 15, and
18 h during reactions, and the formation of AgNPs was
detected by SP-ICP-MS. The reduction kinetics was
described by a pseudo-first-order kinetic equation (Ade-
gboyega et al. 2012), as calculated using Eq. 1.

—Ln(Co/C) =Kt (1)

where C, and C, are the concentrations of AgNPs at time
beginning and time ¢, respectively; k is the pseudo-first-
order rate constant.

2.7 Determination of Ag content and microscopic
observation of AgNPs in rice leaves

To further determine the possible translocation of formed
AgNPs from roots to aboveground tissues of rice plants,
the rice roots and shoots treated by nano-WB (10 mg/L)
were harvested, oven-dried, and then separately pulver-
ized into fine powders. The fine powders (50 mg) were
digested in a microwave accelerated reaction system
(CEM Corp.) at 190 °C for 30 min using a 1:1 mixture
of HNO; (3 mL) and ultrapure water. The digested solu-
tion was filtered through a 0.22 pm membrane for the
analysis of Ag and AgNPs by ICP-MS and SP-ICP-MS,
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respectively. Transverse sections of the leaf and root seg-
ments were prepared using a diamond knife (Diamond
Ultra 45°, Diamond, Germany) on an ultramicrotome
(Leica UC7, Leica, Germany). The resin blocks were sub-
sequently loaded onto a copper mesh and installed onto
the TEM (Hitachi, HT7800, Japan) sample stage. Scan-
ning TEM (STEM) observation was performed on rice
tissue sections using bright field and high-angle annular
dark field (HAADF) modes. Rice tissue sections were
monitored using TEM with EDS elemental mapping in
the bright field mode.

2.8 Statistical analysis

All experiments were conducted four replicates, and the
results were presented as the means+standard devia-
tion. Differences between treatments (p <0.05) were ana-
lyzed by one-way analysis of variance (ANOVA) using
the Duncan test. All data analyses were conducted using
IBM'’s SPSS Statistics version 26.0 (USA).

3 Results and discussion

3.1 Structural properties of nano-BC

TEM images indicate that nano-WB and nano-PMB were
in the forms of nanosized spherical structure (Fig. S2),
and their average sizes were in the ranges of 61.47 +4.35
and 69.22+5.36 nm, respectively (Fig. S3). XPS analysis
revealed that nano-WB had higher contents of C and O
than nano-PMB, while nano-PMB had higher contents
of Si and Ca (Table S3). The higher mineral content of
nano-PMB could be explained by the fact that manure-
derived biochar is generally rich in minerals (Qiu et al.
2023), which has a profound influence on the chemical
activity of nano-BC. As shown in Fig. S1A, the content
of C=C/C-C in nano-PMB (35.17%) was higher than
that in nano-WB (30.27%), indicating a higher con-
tent of sp>- and sp®-hybridized carbons in nano-PMB.
Comparatively, nano-WB had a higher percentage of
oxygen-containing groups, including —OH (40.96%) and
C=0 (28.77%), than nano-PMB (—OH: 43.34%, C=0:
21.29%). Some typical functional groups such as —OH
at 3404 cm™!, aromatic C=C and/or C=0 stretching
between 1626 and 1421 cm™!, C-O at 1097 cm™}, and
aromatic C—H at 877 cm™ on the surfaces of nano-BC
were also revealed by FTIR (Fig. S1B). The chemical
structure of nano-BC was further characterized by solid
13C NMR, and the results are shown in Fig. SIC. Two
typically broad bands at approximately 135 and 35 ppm
could be assigned to sp* and sp>-hybridized carbons,
respectively. The surface band assignments were as fol-
lows: the peak near 135 ppm represented aromatic car-
bon, rotating CH; groups and (CH,),, segments resonated
at 30 ppm, and C=O0 functional groups located between
200 and 230 ppm (Qu et al. 2016; Mao et al. 2010). The
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Fig. 1 Determination of AgNP formation using UV-vis
in the presence of (a) nano-WB and (b) nano-PMB with different
concentrations

13C NMR results revealed that the intensity of func-
tional group peaks in nano-WB was higher than that of
nano-PMB. The oxygen content of nano-WB was 14.46%
higher than that of nano-PMB (3.21%), and the (O +N)/C
ratio in nano-WB was 0.32, higher than that of nano-
PMB (0.28), signifying that nano-WB had a relatively
higher polarity (Table S2). The absolute { potential values
of nano-WB were all higher than those of nano-PMB as
a function of pH, probably owing to its higher content
of oxygen-containing groups (Fig. S1D). At pH 5.6, the
{ potential of nano-WB was approximately —27.5 mV,
much lower than that of nano-PMB (—20.8 mV), signify-
ing its more negatively charged surfaces and higher dis-
persibility in the aqueous solution.

3.2 Nano-BC induced formation of AgNPs

in the rhizosphere
UV-Vis spectra collected from the aqueous reaction sys-
tems elucidated the formation of AgNPs, as illustrated
in Fig. 1. It has been demonstrated that the UV-Vis
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characteristic peak of spherical AgNPs generally appears
at 410 nm (Hou et al. 2013; Zhang et al. 2016). The for-
mation of AgNPs was only observed in the system iv (rice
plants +nano-BC+ AgNO,), where the content of AgNPs
significantly increased with the dosage of nano-BC and
peaked at 10 mg/L, reflected by the gradually enhanced
absorbance in the UV-Vis (Fig. 1). It is worth noting
that no absorbance peak was observed in the combina-
tion of nano-BC+ AgNO; +extracted RE (i.e., system ii).
The results demonstrate the little impact of RE on the
formation of AgNPs and highlight the critical role of
living roots—rather than RE—in the nano-BC induced
formation of AgNPs in the rhizosphere of rice plants.
The decreased content of AgNPs with further enhanced
nano-BC dosage (>10 mg/L) suggests that excessive
nano-BC was unfavorable to the electron transfer from
potential electron donors to Ag* in the rhizosphere. We
previously found that excess nano-BC attached to rice
roots inhibited the dioxygen secretion by blocking aer-
enchyma and negatively affected the metabolism of rice
plants (Gu et al. 2022). It was reported that aeration
with O, in biochar-ascorbic acid systems accelerated the
electron transfer from persistent free radicals (PFRs) in
biochar to dioxygen forming O,~, which improved the
degradation of bisphenol A (up to 69.4%) (Zhu et al.
2024). Thus, the concentration of secreted O, from root
surfaces within 24 h was measured before and after bind-
ing with nano-BC. The highest value of O, concentration
appeared when the dosage of nano-BC reached 10 mg/L
(Fig. S4-S5). However, at higher concentrations of nano-
BC, the secreted O, levels gradually declined, which was
highly consistent with the trend of Ag" reduction. The
results indicate that secreted O, from rice roots played a
crucial role in the formation of AgNPs (see more discus-
sion below).

3.3 Unique properties of newly formed AgNPs
in the rhizosphere

The features of AgNPs formed in the rhizosphere treated
by 10 mg/L nano-BC were characterized using TEM,
HRTEM, EDS, and SAED, respectively, as depicted in
Fig. 2. TEM images indicated that the generated AgNPs
exhibited a near-spherical shape with an average size of
37.6£2.19 nm (Fig. 2a), and they were mainly composed
of three crystal faces, including {220}, {200}, and {111},
with lattice spacings of d=0.145 nm, d=0.205 nm, and
d=0.236 nm (Fig. 2b), respectively, consistent with the
characteristic pattern of metallic Ag (Jiang et al. 2016).
EDS analysis revealed that the observed nanoparticles
were mainly composed of Ag (Fig. 2c). The gradually yel-
lowing color of the suspensions in different treatments
also indicates the formation of AgNPs (Fig. S6) (Huang
et al. 2019). The SEAD analysis (Fig. 2d) identified the
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characteristic patterns related to the atomic planes of
three crystal faces ({220}, {200}, and {111}) of AgNPs
(Yang et al. 2017). These characterization results dem-
onstrate that the presence of nano-BC facilitated the
reduction of Ag* to AgNPs in the rice rhizosphere. Fur-
thermore, these data suggest that the hotspot effect of
rhizosphere might be strengthened by the introduc-
tion of nano-BC, and thus more effort should be paid to
explore the catalytic role of nano-BC in the rhizosphere.

3.4 Formation kinetics of AgNPs

The reduction kinetics of Ag* to AgNPs in different treat-
ments was investigated and only the combination of rice
roots, nano-BC, and AgNO, witnessed a rapid formation
of AgNPs with increasing reaction time (Fig. 3a). The
formation kinetics of AgNPs was well fitted by a pseudo-
first-order kinetic equation (Adegboyega et al. 2012) and
the rate constant (k) mediated by nano-WB was 0.095 h™
(R?=0.979), while that was 0.032 h™! mediated by nano-
PMB (R?=0.976), almost three times lower than that of
nano-WB. Comparatively, the reduction rate constant
(k) of Ag* mediated by particulate organic matter, gra-
phene oxide, and natural organic matter was reported
to be 0.00249 h™! (Huang et al. 2019), 0.0012 h™! (Wang
et al. 2015), and 0.000175 h™! (Hou et al. 2013), respec-
tively, which reflected the extraordinary catalytic capac-
ity of nano-BC in the rhizosphere of rice. The higher
rate constant of nano-WB relative to nano-PMB could
be ascribed to their distinct physicochemical properties,
which will be discussed in the following sections. Parti-
cle sizes of the formed AgNPs measured by SP-ICP-MS
were approximately centered at 37.58+3.26 nm and
41.28 +3.20 nm in the treatments of nano-WB and nano-
PMB, respectively (Fig. 3c, d). These ultrafine AgNPs
were incline to attach to the root surfaces (Torrent et al.
2022; Larue et al. 2014), thereby enhancing the chances
to be taken up by rice roots. It was observed that AgNPs
with particle sizes less than 75 nm could be directly
absorbed and accumulated by lettuce roots (Torrent et al.
2022). Similar results were reported for smaller-sized
AgNPs (e.g., 38.6 nm and 56 nm) in different plants (e.g.,
lettuce (Larue et al. 2014) and tobacco (Peharec Stefani¢
et al. 2021)), indicative of the high possibility of AgNPs
formed in this study to be taken up directly by rice roots.

3.5 Insitu distribution and speciation of AgNPs in rice
tissues

The impact of nano-BC on the uptake and accumula-
tion of Ag by rice plants was examined, with nano-WB
selected as a representative of nano-BC due to its more
prominent effect on the formation of AgNPs as men-
tioned above. Total Ag contents in the roots and shoots
of rice plants were measured and it was evident that Ag
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Fig. 2 Identification and characterization of generated AgNPs via the reduction of Ag™ (0.5 mM) by 10 mg/L nano-WB in the rice rhizosphere. TEM

(@), HRTEM (b), EDS (c), and SAED (d)

content in the roots and shoots treated with nano-BC
was significantly (p<0.05) lower than that of control
(Fig. 4a). The results are consistent with many previous
studies that charred materials including colloidal-BC
have a great potential in sequestrating heavy metals in
soils owing to their high sorption affinity to metals (Li
et al. 2021; Islam et al. 2022). Different from many obser-
vations in the literature, however, we noted that as high
as 2.89 mg/g of AgNPs was identified in the rice roots
treated by nano-WB and no AgNPs can be observed in
the AgNO, control (without nano-BC) based on the SP-
ICP-MS results (Fig. 4b). This indicate that the newly
formed AgNPs in the rhizosphere could be taken up and
accumulated in the rice roots. Moreover, a measurable
content (0.01 mg/g) of AgNPs was observed in the rice
shoots for the nano-BC treatment. It can be calculated
that 48.05% and 33.33% of Ag accumulated in the shoots,
respectively, were present as AgNPs, owing to the pres-
ence of nano-BC in the rhizosphere. These observations

indicate that nano-BC not only inhibits the uptake of
heavy metals by plants but also remarkably regulates
their species in the tissues of plants, which has profound
implications for elemental biogeochemical process and
food security of human beings. To further validate the
uptake and accumulation of AgNPs by the rice plants,
both TEM imaging and EDS analysis were conducted.
High-electron-density dark aggregates were identified
not only in the intercellular spaces of root tissues (Fig.
S7a, b) but also in various cellular compartments, includ-
ing chloroplasts, cell walls, membrane-bound struc-
tures like vacuoles (Fig. 4c, d). STEM/HAADF images
(Fig. 4e, f) revealed that the sizes of individual particles
within the bright aggregates were around 40 nm, con-
sistent with the particle size of AgNPs observed by TEM
(Fig. S7d). Furthermore, the corresponding EDS spec-
tra (Fig. 4g and S8) clearly exhibited the characteristic
peaks of La and L spectral lines for silver at 3 keV and
3.18 keV, respectively, aligning with the results reported
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by Markovi¢ et al. (Markovic et al. 2024). The elemental
mapping results also indicated a clear distribution of Ag
in the rice leaves and roots, indicating that Ag existed in
granular forms or underwent aggregation in the plant tis-
sues (Fig. 4h and S7e). The overall results provide direct
evidence that the formed AgNPs in the rhizosphere could
be taken up by rice roots and translocated into the leaves.

3.6 Forming mechanism of AgNPs induced by nano-BC

It was reported that the presence of BC in the rhizo-
sphere contributed to the secretion of O, from plant
root surfaces (Gu et al. 2022). The positive correlation
between the concentration of O, secreted from root
surfaces and the content of formed AgNPs (R?=0.606—
0.732) in this study suggested that the secreted O, might
play a crucial role in the Ag' reduction (Fig. S9). The
relatively high EPR intensity of nano-BC in this study
suggested that they contained high contents of PFRs

(Fig. S10). These PFRs might activate molecular oxy-
gen to produce ROS (Xiao et al. 2020; Lian et al. 2022).
Given the relatively lower reduction potential of biochar
(—0.36 to—0.49 V vs. Ag/AgCl (Klupfel et al. 2014; Xin
et al. 2019)), the PFRs derived from biochar are ther-
modynamically favorable for facilitating the reaction of
0,— 0, (-0.28 V) (Sun et al. 2019). The cyclic voltam-
metric results (Fig. S11) also illustrated that nano-BCs
exhibited ~ 1.3-fold higher electron donating capacities
compared to bulk biochar, revealing its size-dependent
redox activity (Gu et al. 2022; Lian and Xing 2024). As
a result, we infer that the PFRs in nano-BC were likely
to provide lone pair electrons to oxygen molecules
secreted from the root surfaces to form O, and par-
ticipate in the reduction of Ag"™ to AgNPs (Zhang et al.
2024). Previous studies also confirmed that the PFRs in
biochar (Zhu et al. 2024) or biochar composite materi-
als (N-BC (Zhu et al. 2024) and Mn-BC (Gao et al. 2022))
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could transfer electrons to O,, inducing the formation of
O,” in the aqueous suspension of biochar. We observed
that nano-WB contained 82.63% more PFRs than nano-
PMB (Table S4), which might partially explain the higher
reduction rate constant (k) of Ag* mediated by nano-WB.
Consistently, nano-WB exhibited 5 times higher EPR
intensity than nano-PMB, which was probably attributed
to the higher content of lignin-rich material in the wood
biochar (Nitz et al. 2001). The superior PFRs content in
nano-WB is structurally attributed to its carbon matrix,

characterized by higher oxygen-containing groups (i.e., —
OH, C=0, Fig. Sla, b) and sp* hybridized carbons (Fig.
S1c) (Zhu et al. 2024). Moreover, the higher g-value of
nano-WB (2.00402) relative to nano-PMB (2.00398) indi-
cates an enhanced shift of unpaired electrons towards
carbon/oxygen in its free radicals (Fig. S10) (Lodygin
et al. 2018). Consequently, nano-WB could provide more
electron donors for the reduction of Ag* and facilitate
the formation of AgNPs.
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To further demonstrate the critical role of O, in the
formation of AgNPs, both probe and quenching experi-
ments were conducted. XTT formazan was only formed
in the reaction systems of rice plants+nano-BC, indica-
tive of the generation of O, (Fig. 5a). Consistently, the
formation of AgNPs was only observed in the system iv
(rice plants+nano-BC+AgNO;) as mentioned above,
demonstrating the dominant role of O, in the genera-
tion of AgNPs. As expected, the introduction of SOD, a
scavenger of O,7, significantly reduced the formation of
XTT formazan. Interestingly, the UV-Vis characteristic
peak of AgNPs decreased gradually as the concentration
of SOD increased from 0 to 20 mg/L (Fig. 5b), suggesting
the negative effect of SOD on the formation of AgNPs.
The result could be explained by the fact that higher con-
centration of SOD in the rhizosphere displayed stronger
ability to scavenge O,”, thus resulting in the lower

amount of formed AgNPs. These data clearly confirm
that O, is the key reductant in the reduction of Ag* to
AgNPs. Similarly, it was reported that soil organic com-
pounds and dissolved organic compounds played a criti-
cal role in the reduction of Ag* through promoting the
formation of O, (Yin et al. 2012; Huang et al. 2019). The
proposed mechanisms for the synergistic effect of nano-
BC and secreted O, on the reduction of Ag* to AgNPs
are illustrated in Fig. 5c. Specifically, the higher amount
of oxygen functionality (Fig. Sla, Table S2) and larger
(O+N)/C ratio (Table S3)) of nano-WB enhance its elec-
tron transfer capacity, thereby promoting interactions
with Ag™ via electrostatic attraction and reducing media-
tion (Yin et al. 2012; Zhu et al. 2024). Conversely, nano-
PMB’s lower polarity and mineral-rich surface likely
impede the reduction of Ag*™ to AgNPs, despite its higher
C=C content. Such structure—activity relationships
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underscore the importance of tailoring biochar’s chemi-
cal composition for targeted redox applications.

4 Conclusions
The present study suggests that nano-BC functions not
only as a sorbent but also as a robust catalyst in the rhizo-
sphere. The exposure of nano-BC significantly reduced
the uptake and accumulation of Ag in the rice plants by
forming a barrier on the surfaces of rice roots. Mean-
while, the presence of nano-BC contributed to the reduc-
tion of Ag* to AgNPs by catalyzing the redox reactions
between dioxygen and Ag' in the rhizosphere. More
importantly, the formed AgNPs could be absorbed by
rice roots and translocated to the aboveground tissues.
These observations highlight a hidden pathway through
which naturally occurring nanoparticles can enter the
food chain, raising concerns about food security and
human health. On the other hand, nanomaterials, includ-
ing AgNPs, hold the potential to enhance plant immu-
nity, contributing to sustainable agriculture. Thus, the
catalytic effect of nano-BC in the rhizosphere warrants
further investigation to enhance its beneficial functions
while mitigating associated risks. Given the ubiquity of
nano-BC in terrestrial ecosystems, the impact of nano-
BC on elemental cycling especially redox-active elements
and their environmental fates also merits more studies.
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