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Nanomaterial—plant interactions have recently emerged as a promising approach for modulating charge
transport and energy storage behavior in living plant tissues. In this study, we report the first-time
application of Nickel Cobalt Carbonate Hydroxide (NCCH) nanostructures to modulate the electrical
properties of Aloe vera leaves. Uptake of transition metal oxides (TMOs) has enhanced or reduced seed
germination, shoot/stem growth, and physiological and biochemical activities. However, NCCH
nanoparticles (NPs) show improved redox behaviour compared to TMOs. The presence of COs%~ ions
increases the wettability and ion transport. Well-characterized NCCH nanostructures were introduced at
varying concentrations (1, 5, and 10 mg L™, and their influence on the impedance behavior of the plant
was systematically examined. Electrochemical impedance spectroscopy data were modelled using an
equivalent circuit comprising a parallel combination of resistance and capacitance for both intracellular
(grain) and intercellular (grain boundary) regions of the leaves. The results showed a concentration-
dependent increase in resistance and a decrease in capacitance across both domains, highlighting the
significant modulation of charge mobility on uptake of NPs. The grain resistance increased from 2.83 Q
(control) to 8.1 Q (10 mg L) and the grain boundary resistance from 95.9 Q to 299.74 Q. Meanwhile, the
capacitance decreased from 5.75 x 107° F to 2.15 x 10° F (grain) and from 1.38 x 107*° F to 1.79 x
1072 F (grain boundary), indicating a lower stored energy density but for a longer time in spiked plants.
Jonscher's power law analysis revealed reduced hopping frequencies and altered carrier dynamics,
especially in the grain boundary region, where the exponent dropped sharply at low concentrations.
Modulus spectroscopy further confirmed the relaxation behavior influenced by NCCH uptake, with

distinctive changes in M’ and M” profiles reflecting shifts in localized conduction and energy dissipation
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Accepted 3lst July 2025 processes. These findings provide critical insights into the electrical modulation of plant tissues due to

the uptake of transition metal nanostructures. This study not only expands the scope of plant
nanobionics but also opens potential avenues for understanding the mechanism of plant defence against
the toxicity of NPs and sustainable bioelectronics.
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enhancements are especially valuable for indoor plants, which
often face limited access to natural sunlight and nutrients
compared to outdoor counterparts.>® Improving the functional

1. Introduction

Nanomaterials have gained significant attention in recent years

for their ability to interact with biological systems at the cellular
and molecular levels.! When introduced into plants, these
materials can enhance nutrient uptake,”> improve water reten-
tion,* and influence various physiological processes.* Such
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properties of indoor plants can lead to better growth, increased
stress tolerance,” and even potential applications in bi-
oelectronics® and environmental monitoring.® Transition metal-
based NPs, especially oxides, are found to enhance or reduce
seed germination, shoot/stem growth, biomass production and
physiological as well as biochemical activities." NCCH nano-
particles (NPs) show improved redox behaviour compared to
TMOs. The presence of CO;>~ ions increases the wettability and
ion transport."” Non-metallic nanomaterials, such as carbon-
based nanoparticles, have been a major focus of research due
to their biocompatibility,” chemical stability,"” and ability to
modulate plant physiological responses,'* while metallic
nanomaterials, particularly those based on transition metals,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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offer unique opportunities because of their rich electronic,
catalytic, and redox properties.” Transition metals can actively
participate in biological processes, potentially enhancing
nutrient delivery, energy storage, and stress resistance in plants
in ways that non-metallic nanomaterials cannot.'* However, the
mechanism underlying the plant defence against metal toxicity
and other biological processes has not been well understood.

Transition metal-based nanomaterials offer a promising
alternative, especially those involving nickel (Ni) and cobalt
(Co), which exhibit variable oxidation states, rich redox chem-
istry, and strong catalytic properties.”” Transition metal trans-
porters are of central importance in the plant metal
homeostasis network which maintains internal metal concen-
trations within physiological limits."* These features allow them
to interact more dynamically with physiological processes in
plants, potentially influencing electron transport, enzymatic
functions, and intracellular charge mobility. Despite their
established use in catalysis and energy storage,'® such transi-
tion metal nanostructures remain underexplored in plant
systems. In this context, Aloe vera was selected as the model
plant due to its innate ability to thrive under arid conditions,***
characterized by efficient water retention and energy storage in
its thick, gel-like leaves.”* These properties make it an ideal
system for investigating how nanomaterials can influence
internal charge transport and electrochemical behavior. Prior
research has shown that carbon-based nanomaterials can affect
such functions,?? but the role of transition metal nanomaterials
remains largely unknown.

This study introduces, for the first time, NCCH nano-
structures as a functional material for modulating the electro-
chemical properties of Aloe vera. NCCH combines its high
surface area and improved electrochemical activity with
potential biocompatibility, presenting a unique candidate for
enhancing plant performance.’®* We investigate the complex
impedance response, charge transport characteristics, and
energy storage behaviour of Aloe vera leaves treated with varying
concentrations of NCCH. Our findings aim to expand the scope
of plant nanobiotechnology by demonstrating the potential of
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transition metal nanomaterials to regulate physiological and
electrical properties in living plants. To the best of our knowl-
edge, this is the first report of NCCH NP interaction with plant
systems, opening new directions for plant-based electronics,
sustainable agriculture, and green energy storage.

2. Experimental

2.1 Synthesis of nickel cobalt carbonate hydroxide hydrate
(NCCH)

NCCH was synthesized via a low-temperature hydrothermal
method using aqueous precursors. The reagents used were
nickel nitrate hexahydrate [Ni(NO;),-6H,0] (8 mmol), cobalt
nitrate hexahydrate [Co(NOj;),-6H,0] (4 mmol), urea [NH,-
CONH,] (12 mmol), and ammonium hydroxide [NH,OH] (2
mL), all of which were of analytical grade and used without
further purification. Initially, nickel nitrate, cobalt nitrate, and
urea were dissolved in 60 mL of deionized water under
continuous stirring for 20 min to ensure a homogeneous solu-
tion. Following complete dissolution, 2 mL of ammonium
hydroxide was added dropwise to the solution to maintain an
alkaline pH, which is critical for controlled nucleation and
growth of the desired hydroxide-carbonate phase and for tuning
the morphology of the resulting nanomaterial. The solution was
further stirred for 60 minutes to ensure uniform pH and reac-
tant distribution. The resulting homogeneous solution was
then transferred to a 100 mL stainless steel Teflon-lined auto-
clave and heated at 80 °C for 6 hours in a hot air oven to
promote the hydrothermal reaction. Upon completion, the
autoclave was allowed to cool to room temperature naturally.®
The precipitate formed was collected by filtration using
a Whatman filter paper (grade 42). The filtrate was carefully
collected and stored separately for further use in plant treat-
ment experiments, as presented in Fig. 1. The precipitate was
first freeze-dried at —20 °C for 48 hours and subsequently
placed in a lyophilizer to obtain a fine lyophilized powder.
The filtered solution obtained after the hydrothermal reac-
tion was deliberately chosen for plant treatment experiments

Collected the filtrate
and stored
separately for plant
treatment

Filtered the solution

Kept the reaction
mixture in hot air

oven at 80°C for 6h

Fig. 1 Schematic diagram representing the synthesis procedure of NCCH nanomaterials.
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due to its potential to contain ultrafine nanoparticles or ionic
residues that were not captured by the Whatman filter paper
during the separation process. The rationale behind this choice
lies in the nano-biointeraction dynamics. Smaller-sized parti-
cles (often below 0.45 um) or even metal ions are more likely to
penetrate root tissues and translocate within plant systems due
to their higher mobility and bioavailability. These nano-
fractions can pass through the root epidermis and reach the
vascular tissues more efficiently compared to larger agglomer-
ates or precipitated particles. Moreover, the filtrate may consist
of colloidal nanoparticles, ionic species, or soluble complexes of
nickel and cobalt, which mimic realistic environmental expo-
sure conditions. By treating the plants with this filtered solu-
tion, the study aims to evaluate the potential uptake, transport,
and biocompatibility of nanoscale components or ionic
remnants in the plant system, offering insights into environ-
mental nanotoxicology and potential nano-fertilizer
applications.

2.2 Preparation of different concentration solutions

To study the dose-dependent response of Aloe vera to nano-
material exposure, three different concentrations of the
synthesized NCCH material were prepared. Accurately weighed
amounts of lyophilized powder were dispersed in deionized
water to form solutions of 1 mg L ™", 5 mg L™*, and 10 mg L ™!
concentrations, respectively. Each solution was shaken well to
ensure uniform dispersion of particles before use in the plant
uptake experiment.

2.3 Treatment of Aloe vera with nanomaterial solutions

Aloe vera plants of similar age and size were selected for the
study. The roots of each plant were gently washed with distilled
water to remove any soil or debris. The plants were then indi-
vidually placed in beakers containing the three prepared NCCH
solutions (1 mg L%, 5 mg L™ ", and 10 mg L™ '). The treatment
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duration was maintained for 5 days, with the plant roots
submerged directly in the nanomaterial solutions to allow
uptake through the root system. The plants were kept under
controlled room temperature and LED lighting conditions,
ensuring a stable environment during the uptake process, as
depicted in Fig. 2. 5 day exposure duration was selected based
on previously reported studies,>® where similar timeframes were
sufficient to observe stable root uptake and physiological
responses to ZnO nanoparticles. Additionally, uniform leaves
were freshly harvested immediately after treatment to avoid
post-harvest changes, and all measurements were conducted at
room temperature (25 °C) to maintain consistency. After the 5
day treatment period, the plants were removed from the solu-
tions, and the leaf sections were freshly cut for further
experiments.

The concentrations 1, 5, and 10 mg L' for NCCH treatment
were selected based on preliminary optimization as well as
previously reported studies that highlighted potential phyto-
toxic effects of nanomaterials at higher concentrations.
Multiple studies have shown that elevated concentrations of
metal and metal oxide nanoparticles (beyond 10-20 mg L") can
induce oxidative stress, membrane disruption, and reduced
growth in various plant systems. For instance, Chahardoli et al.
demonstrated that engineered NiO nanoparticles at higher
concentrations significantly inhibited root elongation and
triggered antioxidant enzyme overexpression in Nigella arven-
sis.”* A study by Nair et al.*® concluded that increasing concen-
trations of transition metal nanoparticles, are associated with
chlorosis, ROS accumulation, and biomass reduction in
plants.”® Similarly, in a reported study, Aloe vera was treated
with carbon nanodots (CNDs), and even at a concentration of
10 mg L', a significant increase in electrical resistance and
reduced ionic mobility was observed, indicating stress-like
responses within plant tissues.”” These observations support
our current approach of limiting the concentration range to
10 mg L™" to avoid phytotoxic effects, maintain plant viability,

NCCH-5mg/L
g Aloe Vera '
NCCH-1mg/L

/ Aloe Vera
Powder sample was Controlled _,
dissolved to prepare
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plants were placed in these
for root-mediated

nanoparticle uptake.

Fig.2 Aloe vera plants after 5 day exposure to NCCH nanomaterial solutions at three concentrations: 1 mg L%, 5mg L™% and 10 mg L. Created

with https://www.biorender.com/.
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and ensure meaningful interpretation of electrochemical and
bioelectronic interactions between the NCCH material and
plant tissue.

2.4 Characterisation methods

2.4.1 Synchrotron X-ray diffraction (SXRD). Synchrotron X-
ray diffraction (SXRD) analysis was carried out at the BL-12
beamline of the Indus-2 synchrotron facility in Indore, India.
The measurements were performed in transmission mode
using angle-dispersive XRD geometry. The samples were packed
into rotating capillary tubes, and diffraction patterns were
recorded using a MAR-345 dTB image plate area detector. A
monochromatic X-ray beam with a wavelength of 0.8126 A was
obtained through a Si(111) double crystal monochromator. The
sample-to-detector distance and wavelength calibration were
done precisely using a LaBg NIST standard reference. The
collected 2D diffraction images were processed and converted
to 1(26) plots using the Fit2D software.

2.4.2 Fourier transform infrared (FTIR) spectroscopy. FTIR
spectroscopy (PerkinElmer Frontier, 500-4000 cm ') was
performed to analyse the structural characteristics of the
synthesized NCCH and treated plant samples. For the material,
finely ground powder was mixed with spectroscopic-grade
KBr and pressed into pellets. Plant samples, both control and
treated, were dried at 50 °C until a constant weight and then
pulverized. Baseline-corrected spectra confirmed the formation
of the target material, identified residual functional groups,
and evaluated molecular changes in the plant tissue
post-treatment.

2.4.3 Electron microscopy. High-Resolution Transmission
Electron Microscopy (HRTEM) was performed using a JEOL JEM
2100F (200 kV, LaB, filament) to examine the morphology and
lattice structure of the NCCH materials. The images confirmed
the nanoscale features and crystalline order.

View Article Online
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2.4.4 AC impedance spectroscopy. AC impedance spec-
troscopy was carried out using a WAYNE KERR 6500B instru-
ment at RRCAT, Indore, India, to evaluate the electrical
properties of treated Aloe vera leaves. Leaves were rinsed with
deionized water, sectioned into 1 x 1 cm pieces, and mounted
in the sample holder for impedance analysis.

3. Results and discussion
3.1 X-ray diffraction (XRD) analysis

The crystalline structure of the as-synthesized NCCH was
characterized using synchrotron-based X-ray diffraction (XRD)
at BL-12, Angle Dispersive X-ray Diffraction (ADXRD) beamline,
RRCAT, Indore, India, employing a high-resolution wavelength
of 0.081262 nm. The diffraction pattern (Fig. 3) displays well-
defined peaks indexed to the (100), (200), (310), (320), (501),
and (511) planes, confirming the formation of a highly crystal-
line phase. These reflections are consistent with a hexagonal
crystal structure belonging to the P62m space group, as previ-
ously reported in crystallographic studies.”

The average crystallite size was estimated to be approxi-
mately 16 nm using the Scherrer formula (eqn (1)), indicating
the nanocrystalline nature of the material.

kA
" Bcosb

(1)

where D is the average crystallite size, k is the shape factor
(typically ~ 0.9, for spherical nanoparticles), A is the X-ray
wavelength (0.08126 nm), 8 is the full width at half-maximum
(FWHM) of the diffraction peak (in radians), and 6 is the
Bragg angle (in radians).

3.2 Transmission electron microscopy (TEM) analysis

The morphology and particle size of the synthesized NCCH were
analysed using transmission electron microscopy (TEM), as
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Fig. 3 Synchrotron XRD pattern of the NCCH sample (A = 0.081262 nm). The diffraction peaks are indexed to the hexagonal phase with the
space group P62m, confirming the high crystallinity and phase purity. The estimated crystallite size is ~16 nm based on the Scherrer formula.
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(a) TEM micrograph and (b) particle size distribution histogram of NCCH nanoparticles in (DI) water. The particles exhibit a quasi-spherical
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Aloe vera roots due to its favourable nanoscale dimensions.

shown in Fig. 4(a). The TEM image reveals that the particles
possess a quasi-spherical to slightly elongated shape with
a moderate degree of agglomeration. The nanostructures are
relatively well-dispersed and fall within the expected nanoscale
range. The particle size distribution histogram (Fig. 4(b)) shows
that most of the particles range between 15 and 40 nm, with an
average particle size of approximately 30 nm. This particle size
range is particularly beneficial for plant-based applications.
Nanomaterials with sizes below 50 nm are known to efficiently
penetrate plant root systems through both apoplastic and
symplastic pathways, facilitating internalization and trans-
port.>® Furthermore, previous studies have demonstrated the
critical role of nanoparticle size in governing plant uptake and
toxicity. For example, Lin and Xing (2008) reported that smaller
ZnO nanoparticles (<50 nm) were more readily absorbed and
translocated in ryegrass compared to larger counterparts,
underscoring the importance of nanoscale dimensions for
efficient uptake.” In this study, the synthesized NCCH nano-
structures fall well within this favourable range, supporting
their potential uptake through Aloe vera roots during root
exposure treatments. The uniform nanoscale morphology not
only enhances root permeability but also promotes better
interaction with biological tissues, making NCCH a promising
candidate for plant-nanomaterial interface studies.

3.3 Fourier transform infrared (FTIR) spectroscopy

3.3.1 Nickel cobalt carbonate hydroxide (NCCH). Fourier-
transform infrared (FTIR) spectroscopy was performed to
investigate the chemical functionalities present in the synthe-
sized NCCH, as depicted in Fig. 5(a). The spectrum reveals
several well-defined absorption bands, which provide insights
into the molecular structure and bonding within the material.
Notably, the overall pattern closely resembles that of zaratite,

6070 | Nanoscale Adv, 2025, 7, 6066-6083

indicating structural similarities.*® A broad absorption band
centred around 3400 cm ™', with peaks at 3524, 3410, 3289, and
3082 cm™ ', is characteristic of O-H stretching vibrations. The
peaks at 3524 and 3410 cm ™' can be attributed to water mole-
cules associated with carbonate species (CO;™ -H,0), while
those at 3289 and 3082 cm ' are linked to the presence of
(CO;)*” -H,0 complexes.® These features confirm the involve-
ment of hydrated carbonate groups in the NCCH matrix. Similar
O-H stretching bands are commonly observed in nickel
hydroxide, suggesting the coexistence of hydroxyl groups in the
structure.®® The region near 1400 cm ' displays strong
absorption at 1472 and 1378 cm ™', which is attributed to the
asymmetric stretching vibrations of carbonate ions (CO3>7),
further supporting their incorporation into the compound.** In
the lower wavenumber region, distinct peaks are observed at
697, 606, 528, and 440 cm . These are assigned to stretching
vibrations of transition metal-oxygen (TM-0) bonds, which are
indicative of metal-ligand coordination within the layered
framework.* Additional bands appearing below 1000 cm™" are
associated with both TM-O stretching and TM-O-H bending
modes, suggesting the presence of both metal-oxygen and
metal-hydroxyl interactions.*® Overall, the FTIR spectrum
confirms the presence of key structural components in NCCH,
including hydroxyl groups, carbonate anions, coordinated
water, and metal-oxygen bonds.

3.3.2 Aloe vera. FTIR spectroscopy was employed to
examine the changes in functional group vibrations in Aloe vera
leaves following treatment with NCCH nanoparticles at
concentrations of 1 mg L !, 5 mg L ", and 10 mg L *. As shown
in Fig. 5(b), the spectra reveal characteristic absorption bands
corresponding to native biomolecules, with notable changes
observed across treated and untreated samples, indicating
interactions between the plant matrix and the nanoparticles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 FTIR spectra of (a) synthesized NCCH nanostructures, confirming the presence of characteristic functional groups and (b) Aloe vera leaves
treated with different concentrations of NCCH (1 mg L™, 5 mg L%, and 10 mg L™) compared to the untreated control, showing changes in
transmittance patterns indicative of nanoparticle-induced biochemical interactions.

FTIR spectra of all the samples, including the control
sample, exhibit a broad band in the region of 3560-3200 cm *,
centred around 3366 cm !, attributed to O-H stretching vibra-
tions. This region is typically associated with hydroxyl groups in
phenolic compounds and carboxylic acids.** 1In the
nanoparticle-treated samples, especially at 10 mg L™, this band
shows noticeable broadening and decreased transmittance.
Such spectral changes suggest enhanced hydrogen bonding
interactions and increased water retention in the plant tissue,*”
possibly due to the hydrophilic nature of NCCH nanoparticles,
which contain -OH and carbonate functionalities capable of
interacting with water and native plant biomolecules.?® The C-H
stretching region around 2919 cm ™, along with a shoulder near
2853 cm ™, remains visible across all spectra. These bands are
linked to symmetric and asymmetric stretching of methylene
groups.®>* While present in both control and treated samples,
slight shifts and intensity variations in treated samples may
indicate mild structural modifications in aliphatic chains due
to nanoparticle exposure. A peak at approximately 1586 cm ™%,
attributed to C=C aromatic ring stretching and possibly
asymmetric stretching of carboxylate groups,*® is observed in all
samples. However, this band is more defined in the control,
while its intensity appears slightly reduced in NCCH-treated
leaves, possibly due to complexation or partial masking of
these groups by metal ions or changes in local pH near the
tissue surface. Similarly, the band near 1415 cm ™", character-
istic of symmetric carboxylate stretching,* is retained in all
samples but shows a downward shift and broadening with
increased NCCH concentration, implying potential coordina-
tion of carboxylate groups with Ni** or Co®>" ions from the
nanoparticles. In the fingerprint region, an intense band near
1099 cm ™', representing C-O and C-OH stretching in glucans
and other polysaccharides, is clearly visible in all samples.** A
shoulder at ~1161 cm ™' suggests the presence of pectic side
chains.*” These peaks become broader and less intense in the
treated samples, particularly at 10 mg L™, which may indicate
disruption or crosslinking in the polysaccharide matrix,

© 2025 The Author(s). Published by the Royal Society of Chemistry

possibly affecting the hydration and structural conformation of
the cell wall. Lower wavenumber bands below 1000 cm ',
especially around 800-600 cm ™', show increasing intensity with
NCCH concentration, which could be attributed to the presence
of metal-oxygen (TM-O) stretching vibrations from the nano-
particle residues adhering to or interacting with plant tissues.
Overall, the FTIR analysis confirms that while the primary
biomolecular features of Aloe vera are preserved, treatment with
NCCH nanoparticles leads to subtle but consistent modifica-
tions in hydroxyl-, carboxyl-, and polysaccharide-associated
regions. These changes suggest physical and chemical interac-
tions at the plant-nanoparticle interface, which could influence
water retention, structural integrity, and possibly metabolic
activity in the leaves.

3.4 AC impedance spectroscopy and equivalent circuit
modelling

Complex impedance Z = R + jX, where R represents the resis-
tance and X denotes the reactance, serves as a valuable
parameter for probing the electrical characteristics of plant
tissues.* In Aloe vera, the mid to high-frequency electrical
response is governed primarily by intracellular (mid-frequency)
and extracellular (high frequency) conduction pathways,
referred to as symplastic and apoplastic conduction, respec-
tively.***> These mechanisms are analogous to grain and grain
boundary conduction observed in ceramic materials. Low
frequency conduction represents the conduction pathways of
the surface and the contact.

AC impedance spectroscopy of Aloe vera treated with varying
concentrations of NCCH nanoparticles
monotonic response in both impedance magnitude and phase
behavior, highlighting a complex interplay between nano-
particle concentration and charge transport dynamics within
plant tissues.*® In Fig. 6(a), the 5 mg L™ '-treated sample exhibits
the highest impedance in the low-frequency regime, suggesting
substantial suppression of ionic or electronic conductivity. This

reveals a non-
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Fig.6 Frequency-dependent behavior of the impedance modulus |Z]| (a) and phase angle 6 (b) for untreated (control) Aloe vera leaves and those
treated with various concentrations (1 mg L™, 5 mg L% and 10 mg L™) of NCCH via root uptake.

anomalous increase in impedance may result from nanoparticle
agglomeration or partial blockage of intrinsic conduction
pathways, introducing interfacial barriers or disrupting native
tissue conductivity. The 10 mg L '-treated sample shows
moderately reduced impedance relative to the 5 mg L™ -treated
sample but still exceeds that of the control, indicating that
although the nanoparticle integration may be more uniform at
this concentration, it has not yet achieved optimal conductive
enhancement. Notably, the 1 mg L™ '-treated sample exhibits
the lowest impedance across the frequency spectrum, out-
performing both the control and higher-concentration treat-
ments. In the high-frequency region, |Z| becomes frequency-
independent, with the control, 1 mg L '-treated, and
10 mg L '-treated samples showing comparable values. A
slightly elevated |Z| is observed for the 5 mg L~ "-treated sample
in this region. At lower frequencies, the impedance modulus |Z]|
increases progressively, indicating enhanced resistance to
charge transport due to nanoparticle accumulation within the
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plant matrix. The profile resembles the impedance response of
ionically conductive systems or hydrated biological matrices.
The phase angle plots show a gradual rise to a peak, followed by
a decline with further frequency increase (Fig. 6(b)). This
behavior is indicative of interfacial polarization and ionic
motion within the plant tissues. The data suggest that the
internal structure of the Aloe vera leaf, influenced by NCCH
treatment, supports a combination of bulk ionic conduction
and interfacial effects that dominate at lower frequencies.

The Nyquist plot is the plot between reactance (—X) and
resistance (R), which shows semi-circular arcs in high- and mid-
frequency regions, corresponding to grain and grain boundary
conductions, respectively. The Nyquist plots for the controlled
and the 10 mL samples are shown in Fig. 7(a) and (b), respec-
tively. The sample reveals a well-resolved semicircular arc,
characteristic of a dominant bulk relaxation process, followed
by a low-frequency tail indicative of interfacial polarization

200000
—s— 10mg/L
(b)
150000 -
100000 -
50000 -
04 T T T
0 50000 100000 150000 200000
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Fig. 7 Nyquist plot (Z' vs. —Z") of the (a) controlled sample and (b) 10 mg L™*-treated sample recorded at room temperature.
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phenomena.*” The figures also show the semicircular arcs cor-
responding to grain conduction, in each case.

The extracted centre coordinates of the arc are (470.9, —13.5)
and (38634, —4119), respectively, for the control and 10 mL
samples. The canters of the semicircles in the fourth quadrant
suggest deviation from ideal capacitive behavior, typically
attributed to surface roughness, inhomogeneity, or a distribu-
tion of relaxation times.*® Thus, the resistance and capacitance
of the AC electric circuit are replaced by constant phase
elements for further analysis. The resistances of the grain of the
control and 10 mL samples are found to be 942 Q and 77 kQ,
respectively. The semicircle arcs in the mid-frequency range
data were also fitted (not shown in the figure) to estimate the
resistances of the grain boundary. The grain boundary resis-
tances of the control and 10 mL samples were found to be 115.6
kQ and 171.9 kQ, respectively. We find a very large increase in
the resistance of the grain region (intercellular), whereas the
resistance of the intracellular conduction remains unchanged.
So, the effect of NCCH uptake is more pronounced in intercel-
lular conduction. These impedance characteristics collectively
underscore the influence of microstructural and interfacial
features on charge transport in the controlled system. However,
a CPE-based circuit model for quantitative analysis is required
to fully understand the change in energy storage as well as
transport on NP uptake. To interpret the impedance behavior of
the plant-based system, a simplified equivalent circuit
comprising two R||C units connected in series was employed, as
shown in Fig. 8. This minimal configuration effectively captures
the dominant charge transport processes occurring within the
biological tissue. The first R,||C; unit is attributed to the
intracellular/grain resistance (R;) and associated pseudo-
capacitive behavior, modeling ion migration and polarization
within individual cells primarily across the cytoplasm and
vacuole compartments. The second R,||C, branch represents
the intercellular/grain boundary resistance (R,) and capacitive
effects associated with the cell-to-cell junctions, including
contributions from the plasmodesmata, apoplastic spaces, and
the cell wall matrix.

When the centre of the Nyquist semicircle lies below the x-
axis, the system shows non-ideal Debye-type behavior, which

i 1
1 CPE-1 CPE-2 1
1 1
1 ] 1 ] | 1
1 11 11 I
[ C, c, I
] 1
] A A A A A A 1
1 1
: R, R, :
I (@) B 1
1 ZCPE ZCPE 1

Fig. 8 Equivalent circuit model used to fit the impedance spectra of
the plant-based system. The model comprises two R||C elements in
series: the first Ry||Cy corresponds to intracellular resistance and
capacitive dispersion within the cellular compartments (grain), while
the second R;||C, represents the intercellular resistance and charge
storage across cell junctions, including plasmodesmata and apoplastic
pathways (grain boundary).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicates a deviation from ideal capacitive or resistive
responses.*® In such cases, conventional circuit elements such
as resistance and capacitance are replaced with a Constant
Phase Element (CPE) to better represent the charge transport
behavior.>® The impedance is then expressed using the CPE-
based impedance function (eqn (2)):*

Zepe = Acpe '(jw) . (2)

In the equivalent circuit, the constant phase element (CPE) is
characterized by two parameters: the frequency-independent
pre-exponential factor Acpr and the empirical exponent n,
which govern the degree of deviation from ideal capacitive
behavior. The value of n typically ranges between 0 and 1, where

n = 0 corresponds to a purely resistive response with an

impedance Z; = , while n = 1 reflects ideal capacitive

CPE

51,52

behavior, yielding Z; = n —

] CPEW
For grain,
Zepe = Z&e + ZER. (3)
Zpg = (A%?PE)_I(U_”'J'—”'- (4)
|Z|Epe = (AEp) ' . (4a)
Similarly, for the grain boundary,
Zghe = (A%%E)_]w_"'j_m
|Z[E%E = (A8 0™ (4b)

To further elucidate the frequency-dependent electrical
response of the Aloe vera system under varying concentrations
of NCCH nanoparticles, Bode plots of absolute impedance
(|z]) were analysed across a broad frequency spectrum
(10* to 10° Hz). The |Z| vs. frequency profiles, as depicted in
Fig. 9, reveal three distinct regions: Region-I (10* to 10* Hz),
Region-II (10" to 10°® Hz), and Region-III (above 10° Hz), each
corresponding to different structural components of the bio-
logical matrix. Region-I reflects the impedance arising from the
electrode-sample interface and contact resistances, dominated
by polarization and ion accumulation at the interface. Region-1I
is attributed to grain boundary effects, capturing the resistive
and capacitive interplay at intercellular junctions such as
plasmodesmata and apoplastic pathways. Region-III corre-
sponds to the intrinsic grain or intracellular response, where
the impedance is primarily governed by ionic motion within the
cytoplasm and vacuole compartments.

In Region-1, a pronounced elevation in |Z| is observed with
increasing nanoparticle concentration, indicating enhanced
polarization effects and restricted ionic mobility. Region-1I
corresponds to the transition zone where capacitive and resis-
tive effects co-exist, reflecting contributions from both inter-
cellular junctions and the cytoplasmic matrix. Notably, samples

Nanoscale Adv., 2025, 7, 6066-6083 | 6073
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Fig. 9 Frequency-dependent Bode plot (|Z| vs. frequency) for Aloe vera tissues treated with varying concentrations of NCCH nanoparticles

(A mg L™ 5mg L% and 10 mg L™) compared to the untreated control.

treated with 5 mg L™" and 10 mg L' NCCH exhibit similar
impedance trends in this region, suggesting a saturation
threshold in their influence on tissue conductivity. In Region-
I, the impedance magnitude decreases sharply and
converges across all concentrations, indicative of minimal
capacitive resistance at high frequencies where dielectric
relaxation dominates. Anomalous behavior is notably observed
in the 1 mg L™ "-treated sample, which exhibits a sharp devia-
tion from the monotonic trend seen in higher concentrations.
In Region-I, this sample displays significantly lower impedance,
suggesting facilitated charge transfer or enhanced electrolyte
penetration at the interface. Such non-linear behavior may be
indicative of sub-lethal ionic stress or transient membrane
permeability changes triggered by low-dose nanoparticle inter-
action, effects that are absent or suppressed at higher dosages,
possibly due to compensatory physiological adaptations.

The complex impedance measurements were interpreted
through a modified brick-layer model. This model accounts for
the heterogeneous structure of plant tissues by representing the
system as a series of intercellular (grain boundary) and intra-
cellular (grain) domains.”® The impedance spectra were fitted
using constant phase elements (CPEs) to accurately capture the
non-ideal capacitive characteristics intrinsic to biological
matrices. From the extracted CPE parameters, namely the pre-

Table 1 Grain and grain boundary CPE equivalent circuit parameters

exponential factor (A) and the dispersion exponent (n), the
corresponding resistance (Rcpg) and pseudo-capacitance (Ccpg)
values were derived in Table 1 using the following established
analytical expressions:

1 1
Acpe (jo)"

ZCPE =

1 1 ™ ™
Zcpg = (5)" = (cos— =] sin—)
cre = Sl j) j

Or

1 N TN
Vi =R 1 X = ( 4 ) 5
CPE cpE T JXcPE prp— cos - —j sin (5)

Rcpg = ——cos .
ACPEQ)” 2

—J —J .
Xcpg = = (sm —)
crE wcpg  Acpgw” 2

Therefore,**>*

(2) (gB)

Sample Acpg ny Acpe ny

(2 (gB) (2

Cecpr (farad)

Cepe (farad) Repe (9)

1.58 x 1078
1.25 x 108
5.48 x 10~°
6.63 x 107°

0.84 + 0.01
0.85 + 0.01
0.81 + 0.01
0.83 £0.01

7.90 x 1078
1.99 x 10°®
3.14 x 108
3.47 x 1078

Control
1mgL’
5mg L~
10mgL !
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094+7x10"*
0.87 + 0.006

0.92 + 0.0016
0.93 + 8.6 x 10°*

1.38 x 107 *°
2.77 x 107°
4.81 x 10”2
1.79 x 1072

5.75 x 107°
1.70 x 107°
1.41 x 107°
2.15 x 107°

2.83
8.97
13.89
8.10

95.90
594.80
46.60
299.74
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Acprw"™!

Core = —
Sin——

(5b)

The CPE exponent n, indicative of the deviation from ideal
capacitive behavior, remained relatively stable in the grain
region, ranging narrowly from 0.84 (control) to 0.81 (5 mg L)
and reverting to 0.83 at the highest concentration. This
consistency reinforces the notion that intracellular charge
storage mechanisms are resilient to moderate external pertur-
bations. In contrast, the grain boundary n values exhibited
greater sensitivity to treatment. A substantial reduction from
0.94 (control) to 0.87 was observed at 1 mg L™, followed by
a progressive increase at 5 mg L ™" (0.92) and 10 mg L™ (0.93).
This trend highlights a concentration-dependent restructuring
of intercellular ionic channels, possibly driven by the dynamic
interaction of nanoparticles with cell wall polysaccharides and
mucilaginous layers. Pseudo-capacitance (Ccpg) values further
revealed the influence of NCCH exposure on the dielectric
nature of the tissues. Within the grain region, Ccpg showed
a clear decreasing trend from 5.75 x 10~ ° F in the control to
2.15 x 107° F at 10 mg L™*, suggesting reduced intracellular
polarizability and potential alterations in cytoplasmic compo-
sition or ion mobility. Notably, the grain boundary Ccpg di-
splayed a dramatic decline, dropping from 1.38 x 10 '° F to
1.79 x 10 ** F, reinforcing the hypothesis of impaired water
content or hindered ionic diffusion within the extracellular
matrix. These changes in capacitance point to a nanoparticle-
induced modulation of the tissue's dielectric landscape,
particularly within the intercellular continuum.
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The resistance component (Rcpg) mirrored these dielectric
modifications. Intracellular resistance escalated significantly
from 2.83 Q (control) to a peak of 13.89 Q at 5 mg L™ before
subsiding to 8.1 Q at 10 mg L™ *. This suggests initial obstruc-
tion in electron or ion migration pathways due to particle-
induced reorganization, with partial conductivity restoration
at higher concentrations. Meanwhile, the grain boundary
resistance fluctuated more intensely. A sharp rise to 594.8 Q at
1 mg L' was followed by a substantial drop to 46.6 Q at
5mg L~ and a resurgence to 299.74 Q at 10 mg L™, pointing to
complex interactions governing extracellular ionic permeability.
The amplitude factor Acpg for both regions further supports this
interpretation. In the grain domain, A decreased by approxi-
mately 56% (from 7.9 x 107% to 3.47 x 10~% F "), while the
grain boundary domain experienced a comparable decline of
about 58% (from 1.58 x 10 % to 6.63 x 10 ° F s" ). These
reductions reflect a marked decline in electrochemical activity
and increased structural heterogeneity, likely associated with
nanoparticle accumulation and its influence on the conduction
framework of Aloe vera tissues. These findings provide strong
evidence that NCCH nanoparticles might modulate both
capacitive and resistive elements of biological impedance in
a concentration-specific manner.

3.5 Dielectric response

The dielectric response and AC conductivity analyses offer
critical insights into the intrinsic electrical behavior of Aloe vera
tissues independent of their macroscopic geometry.*® Unlike
the resistance (R) and reactance (X), which can be influenced by
sample dimensions, dielectric parameters are material-specific
and governed by the polarization and charge transport
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o
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0
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3x10° 4 ®
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' 1 RIEs =
0- SRR
1 1 1 1 1
10? 10° 10 10° 10°

Frequency (Hz)
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Fig. 10 Frequency-dependent (a) loss tangent and (b) real part of dielectric constant (¢') for Aloe vera leaves treated with varying concentrations
of NCCH (1 mg L™, 5 mg L™, and 10 mg L™%) compared to the untreated control. The data reveal significant modification in dielectric response
and energy dissipation behavior, particularly at lower frequencies, indicating altered charge storage and transport mechanisms upon nano-

particle treatment.
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mechanisms within the tissue microstructure. The frequency-
dependent complex permittivity, expressed as ¢ = ¢ + i¢’,
captures both energy storage (¢') and dissipation (¢”) charac-
teristics under an alternating electric field.>” These components
are derived from impedance spectra using the relation:*®

R
|Z]* 0 Cy

4 X n"

& = P an
|Z]"wC,

where w is the angular frequency, |Z| is the magnitude of
complex impedance, and C, denotes the vacuum capacitance of
an equivalent parallel-plate capacitor, defined as:

G ==
where ¢, is the permittivity of free space, a represents the
effective electrode area in contact with the sample, and d is the
sample thickness.

The dielectric constant (¢') of Aloe vera plants treated with
different NCCH nanoparticle concentrations plotted as a func-
tion of frequency is shown in Fig. 10(b). In the control sample, &’
remained relatively high and stable, gradually decreasing with
increasing frequency, which is characteristic of a dipolar
dielectric system. At 1 mg L~ ' concentration, ¢ showed an
anomalous peak at lower frequencies, reaching a maximum
value around 6.5 x 10°, indicative of pronounced interfacial
polarization and enhanced dipole alignment. However, this
sharp elevation was not sustained across the frequency range,
and ¢ dropped rapidly, suggesting unstable polarization
behavior. In contrast, higher concentrations of 5 mg L™ and
10 mg L™ demonstrated a suppressed dielectric response, with
consistently lower ¢ values across all frequencies. This could be
attributed to restricted dipole mobility and reduced space
charge accumulation due to saturation or structural stiffening.
Such frequency-dependent dispersion aligns well with the
Maxwell-Wagner interfacial polarization model typically
observed in biological tissues and heterogeneous composite
materials. The loss tangent profile shown in Fig. 10(a) further
reinforces the dielectric relaxation interpretation. The 1 mg L™
treated sample showed a dominant peak at low frequency,
exceeding a value of 5, confirming significant energy dissipation
due to interfacial losses and conductive relaxation processes.
This peak then gradually diminished, suggesting a broad
distribution of relaxation times. Meanwhile, the control and
higher concentration samples displayed comparatively low and
smooth loss tangent profiles with no prominent peaks, indica-
tive of minimal dielectric losses and more stable dipole
dynamics.

3.6 AC conductivity

The analysis of AC conductivity (v,.) offers critical insights into
the frequency-driven charge transport mechanisms and polar-
ization behavior within biological tissues.> In plant systems,
such conductivity is primarily governed by ionic displacement
and interfacial polarization phenomena.® The AC conductivity
(0ac) of Aloe vera samples treated with varying concentrations of
NCCH nanoparticles was assessed as a function of frequency
and is plotted in Fig. 11 to understand the conduction behavior
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Fig. 11 Variation of AC conductivity () as a function of frequency for

Aloe vera samples treated with different concentrations of NCCH
(1 mg L™ 5mg L™ and 10 mg L™ along with the control.

induced by nanoparticle incorporation. The total conductivity
(o) was calculated using the expression:
o SOR

G|z’

ar

where ¢, is the permittivity of free space, R is the real part of
impedance, C, is the geometrical capacitance, and |Z| is the
magnitude of impedance.

The frequency-dependent conductivity was described as eqn

(6):
01 = Oae(®) = 04c + (). [6)

In this relation, o4, is the frequency-independent component
associated with long-range charge transport and o(w) captures
the dispersive behavior due to localized hopping mechanisms.

To model the dispersive region, Jonscher's universal power
law was employed (eqn (7)):**

Tac) = 04 + A0, (7)

Here, A is a pre-exponential factor and s is the frequency expo-
nent that indicates the type of hopping conduction. A value of
0 < s < 1 corresponds to translational hopping, typically
observed in disordered biological systems, whereas s > 1
suggests localized or re-orientational hopping processes.®> This
model framework helps in interpreting the way NCCH nano-
particles influence charge carrier dynamics within the plant
tissue, by altering both resistive and capacitive properties at the
cellular and extracellular levels.

We observe that the ¢,. remains nearly constant in the low-
to mid-frequency region, indicating the dominance of DC-like
conduction behavior. As the frequency increases, a noticeable
rise in ¢, is observed, suggesting enhanced hopping conduc-
tion mechanisms at high frequencies. The trend is expected

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Log-log plots showing the variation of frequency-dependent AC conductivity after subtracting the DC component (o,.—a4c) for Aloe
vera samples treated with different concentrations of NCCH nanoparticles: (a) control, (b) 1mg L™, (c) 5mg L™} and (d) 10 mg L. The fitted lines
represent the Jonscher power law behavior, indicating distinct conduction zones.

from the power law and follows the literature available for Aloe
vera.

The AC conductivity behavior of Aloe vera samples treated
with different concentrations of NCCH was analyzed by plotting
log(gac(w)-04c) versus log(frequency), as shown in Fig. 12(a)-(d).
The plot clearly reveals three distinct conduction regions. At low
frequencies, the conductivity remains nearly constant, corre-
sponding to the electrode interface effects. The mid-frequency
region, labeled as region B, represents intercellular or grain
boundary conduction, while the high-frequency region C
corresponds to intracellular or grain conduction. A linear fit was
applied to regions B and C to extract the Jonscher's parameters s
and A, which describe the power-law dependence of AC
conductivity.

From Table 2, it is observed that s; values for grain
conduction are close to or above 1 for all samples, ranging from
1.29 to 1.47. Such values typically indicate a correlated barrier
hopping (CBH) mechanism.® The highest s; (1.47) is found in

© 2025 The Author(s). Published by the Royal Society of Chemistry

the control and 5 mg L' samples, while the lowest s; (1.29)
appears at 1 mg L', suggesting some variation in charge carrier
dynamics with treatment. In the grain boundary region (s,), the
values significantly decrease, particularly for the 1 mg L*
sample (0.20), implying less correlated or even long-range
hopping behavior in that region. The pre-exponential factor A
also shows a noteworthy trend. For grain conduction (4,), the
values increase from 2.5 x 107'° in the 5 mg L™ sample to
3.9 x 1077 in the 1 mg L' sample, indicating enhanced
conductivity pathways possibly due to structural or composi-
tional changes. In the grain boundary region, 4, peaks sharply
for 1 mg L™ (4.0 x 1073), reinforcing the idea that the NCCH
treatment alters charge transport through intercellular spaces.
These findings confirm that NCCH treatment significantly
modifies the conduction mechanisms in Aloe vera tissues,
influencing both intra- and intercellular charge mobility.

The variation in the frequency exponent ‘s’ and pre-
exponential factor ‘A’ with different NCCH concentrations

Nanoscale Adv., 2025, 7, 6066-6083 | 6077
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Table 2 Jonscher's parameters for AC conduction in grain and grain boundary
Grain conduction Grain boundary conduction

Sample 51 Ay R* S5 A, R*
Control 1.47 £ 0.011 (7.41 + 0.056) x 107 *° 0.999 0.86 =+ 0.007 (2.0 £ 0.009) x 107° 0.999
1mgL™’ 1.29 4 0.026 (3.9 £ 0.078) x 107° 0.996 0.20 % 0.005 (4 £0.026) x 10 0.987
5mgL" 1.46 & 0.008 (2.5 + 0.0143) x 107 *° 0.999 0.78 + 0.605 (1.3 £ 0.004) x 10°° 0.998
10mgL™! 1.44 4 0.01 (4.49 £ 0.034) x 107 *° 0.999 0.59 + 0.003 (6.3 £0.01) x 107° 0.999

suggests that the electrical transport is dominated by a corre-
lated barrier hopping (CBH) mechanism, with enhanced
hopping activity at higher treatment levels. This reflects an
increase in localized charge carrier dynamics, indicating that
NCCH treatment modifies the microstructural and interfacial
characteristics of the Aloe vera matrix, thereby influencing its
dielectric and conductive behavior.

3.7 Electric modulus

The electric modulus formalism serves as an effective approach
for exploring the electrical characteristics of low-capacitance
materials.®* Analysis of its frequency-dependent behaviour
offers valuable insight into the relaxation dynamics governing
charge transport within the system. This technique proves
particularly useful in ionic systems, where changes in modulus
are closely associated with the suppression of the electric field
at a fixed dielectric displacement, thereby revealing the under-
lying conduction and relaxation mechanisms.*

As observed in Fig. 13(a), the real part of the modulus (M')
remains low in the low-frequency region for all samples, indi-
cating strong capacitive behavior due to interfacial polarization,
which supports efficient energy storage. With increasing
frequency, M’ gradually increases, signifying a reduction in the

ability of dipoles to follow the alternating field, thus reflecting
the transition from capacitive to resistive response. The M’
versus frequency curve for the 1 mg L' NCCH-treated Aloe vera
sample displays distinctive nonlinear progression, particularly
evident in the mid- to high-frequency region. At lower
frequencies, M’ remains subdued, reflecting strong interfacial
polarization effects that limit field-induced charge displace-
ment and indicate the dominance of space-charge accumula-
tion at the electrode-tissue interface. However, as the frequency
increases, a pronounced rise in M’ is observed, marking a tran-
sition from interfacial polarization to bulk dielectric response.
This sharp increase suggests that the 1 mg L™ " concentration
promotes enhanced short-range ionic mobility and dielectric
stiffness, potentially due to an optimal degree of particle-matrix
interaction that facilitates localized energy storage without
excessive structural disruption. The elevated slope compared to
control further highlights the emergence of capacitive behavior
at elevated frequencies, implying that NCCH at this dose
modulates the electrical field response through improved
dynamic alignment of dipolar and ionic species. On the other
hand, 5 mg L™ concentration shows the most linear and steady
rise in M', suggesting a gradual energy storage build-up without
pronounced relaxation. This could imply a more balanced
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1mg L (c)5mg L and (d) 10 mg L% The variation in semicircular arc shapes indicates changes in relaxation dynamics and dielectric behavior

due to nanoparticle interaction with plant tissues.

carrier mobility and field interaction, making this concentra-
tion potentially ideal for sustained dielectric storage
applications.

Fig. 13(b) shows a sharp peak in the imaginary part of the
electric modulus (M”) for the 1 mg L' sample, suggesting the
highly localized ionic motion and rapid relaxation processes,
which could point to an optimal interaction level between the
plant matrix and the NCCH particles. This behavior is not
mirrored in the other concentrations, indicating a threshold-
like effect where a small dose trigger enhanced short-range
conduction. The 10 mg L' sample shows a negative shift in
M’ at high frequencies, which is quite unusual. This may
indicate capacitive overload or over-saturation of mobile
carriers, possibly due to structural disturbance or excessive
particle loading, reducing the capacity of material to polarize
effectively.

The complex modulus plot (M vs. M") serves as a crucial
diagnostic tool to assess the dielectric relaxation and energy
storage behaviour within plant tissues subjected to varying
external treatments. In these biopolymeric systems, such as Aloe
vera, the arc profile generated in the M’ vs. M” graph reflects the

© 2025 The Author(s). Published by the Royal Society of Chemistry

dynamic response of polarizable species, particularly ionic and
dipolar components, to the applied electric field. A distinct
semicircular arc typically corresponds to a Debye-like relaxation
process, indicative of homogeneous conduction pathways and
minimal interfacial impedance, while deviations from this ideal
form point toward complex relaxation dynamics, such as non-
uniform charge mobility and localized field distortions.

In the current analysis, Aloe vera samples treated with
different concentrations of NCCH nanoparticles exhibit con-
trasting M'-M" profiles, revealing significant variations in their
relaxation behaviour. The control sample, Fig. 14(a), shows
a well-formed, symmetric arc, suggesting relatively uniform
dielectric relaxation, indicative of stable ionic motion and
structured charge storage. The 1 mg L' treated sample,
Fig. 14(b), exhibits a larger and slightly elongated arc, high-
lighting enhanced dielectric relaxation. This implies increased
ionic conductivity and better charge accommodation, likely due
to the facilitation of ionic hopping mechanisms promoted by
moderate NCCH interaction with the tissue matrix.

The 5 mg L' sample, Fig. 14(c), maintains an arc profile
similar to the control, though slightly compressed, indicating
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relatively preserved relaxation dynamics with minor alterations
in ionic mobility. However, the most striking deviation is
observed for the 10 mg L™" treated sample, Fig. 14(d), where the
M’ values drop into negative territory, forming an inverted arc.
This anomaly suggests a severe disruption in the polarization
mechanism, possibly caused by excessive nanoparticle accu-
mulation leading to dielectric heterogeneity, charge trapping,
or even localized field reversal effects. Such behaviour reflects
compromised energy storage capability and points toward
inefficient dielectric response at higher nanoparticle doses.

4. Conclusion

In this study, the electrical responses of freshly excised Aloe vera
leaf tissues were systematically investigated upon exposure to
bimetallic NCCH nanoparticles (NPs) at varying concentrations.
Through impedance spectroscopy and comprehensive dielectric
analyses, we unravelled key modifications in both the capacitive
and conductive characteristics of the leaf tissue. The AC
conductivity behaviour, modelled using Jonscher's power law,
revealed a distinct suppression in o,. with increasing NP
concentration, indicating a disruption in long-range charge
transport pathways. This attenuation suggests that NCCH NPs
modulate ionic mobility, most likely through interaction with
membrane-bound or extracellular ionic carriers. Dielectric
constant and loss tangent responses further substantiated these
findings. The significant decline in permittivity at higher
frequencies, especially in 10 mg L™ " treated samples, suggests
reduced polarization capability, likely due to constrained
dipolar orientation dynamics within the tissue microenviron-
ment. Interestingly, the 1 mg L™" treated sample exhibited
a transient peak in tan ¢, implying a unique regime of local-
ized relaxation conducive to energy dissipation. Electric
modulus analysis offered deeper insights into relaxation
phenomena. Modulus spectra provided additional insights into
charge relaxation. The imaginary part (M") highlighted relaxa-
tion peaks for all treated samples except 10 mg L™, indicating
suppressed ionic mobility at higher concentrations. M’ vs. M
plots showed closed arcs for control and lower doses, pointing
to balanced energy storage and release behaviour, whereas the
distorted arc at 10 mg L' reflected disrupted relaxation
dynamics. Overall, this work highlights that NCCH nano-
particles significantly modulate the electrical response of Aloe
vera in a concentration-dependent manner. The 1 mg L™
treatment showed enhanced short-range ionic activity, while
10 mg L~ " impaired both charge transport and relaxation. These
findings emphasize the potential of using engineered nano-
materials like NCCH to tailor plant’s electrical and physiolog-
ical responses, with possible applications in plant sensing,
energy modulation, and nano-enabled agriculture.
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