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ABSTRACT

Xylem is a key tissue responsible for transporting water and nutrients while also providing mechanical support to
plants. Its development and function are tightly regulated by plant growth regulators (PGRs), particularly auxins.
Recent advances in nanotechnology have introduced promising strategies to modulate plant physiological pro-
cesses, including the use of nanoparticles that enable controlled PGR release. Among these, lignin nanoparticles
(LNPs) are of special interest due to their biodegradability and high encapsulation efficiency. Here, we inves-
tigated the effects of foliar application of indole-3-acetic acid (IAA), delivered either in free form and nano-
encapsulated within LNPs (LNP-IAA), on xylem tissue development in cherry tomato (a eudicot) and wheat (a
monocot). Treatments were applied at 10 and 25 days after sowing, followed by daily qualitative and quanti-
tative assessments of xylem tissue using light microscopy on stem cross-sections. To track the presence of LNPs
within vascular tissues, confocal microscopy with fluorochrome-labeled LNPs was employed. Quantitative data
were analyzed using generalized linear models (GLMs), correlation analysis, and principal component analysis
(PCA). Our results demonstrate that nanoencapsulation preserves and modulates auxin activity, reducing
phytotoxic effects observed at higher concentrations. Notably, empty LNPs also elicited biological responses,
indicating intrinsic effects of the nanocarrier itself. The responses were species-specific and concentration-
dependent, with the highest efficacy observed at 0.05 ug mL™ in cherry tomato and 100 ug mL™! in wheat.
Application frequency and plant developmental stage also significantly affected the uptake and utilization of the
delivered compound. Importantly, we confirmed the presence of LNPs in stem xylem tissue as early as 1 h after
foliar application in both species. Overall, this study highlights the potential of LNPs as sustainable nanocarriers
for targeted modulation of vascular development, opening new avenues for xylem bioengineering and growth
optimization across divergent plant lineages.

1. Introduction

axial system composed of conductive elements and associated paren-
chyma cells. In contrast, during secondary growth — present across

Xylem is the main tissue responsible for transporting water and
minerals along the soil-root-plant continuum, while also providing
mechanical support and serving as a storage site (Ruzicka et al., 2015).
Its formation involves distinct developmental pathways. During primary
growth, xylem arises from the procambium, giving rise to a vascular

lignophytes (including gymnosperms and most angiosperms), with the
notable exception of monocots and a few aquatic lineages— the vascular
cambium produces both axial and radial systems, ultimately giving rise
to wood, one of the most economically valuable plant materials (Evert,
2013). In monocots, which typically lack conventional secondary
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growth, xylem expansion is mediated by alternative thickening meri-
stems, particularly the primary thickening meristem (Pizzolato and
Sundberg, 2001). These meristems are highly responsive to biotic
stimuli, such as endogenous hormone levels, as well as abiotic factors
including growth conditions and environmental variables (Hacke,
2001).

In most eudicotyledons, the establishment and differentiation of the
vascular cambium follow the typical lignophyte pattern, characterized
by an eustele-type growth (Onyenedum and Pace, 2021). This process
begins with the differentiation of the fascicular cambium, followed by
the interfascicular cambium, which together form a continuous cambial
ring around the stem circumference (Evert, 2013). In contrast, monocots
exhibit a distinct organization of vascular bundles within the central
cylinder, following a siphonostelic pattern with an atactostelic
arrangement (Pizzolato and Sundberg, 2001). In these species, organ
growth is primarily driven by the activity of procambium-derived cells
and the primary thickening meristem (PTM).

Despite these distinctions, xylem differentiation involves a complex
sequence of cellular events, including cell division, differentiation,
secondary wall deposition, and, in vessel elements, programmed autol-
ysis (Milhinhos and Miguel, 2013). This process is tightly regulated by
the interplay of several plant growth regulators (PGRs), with auxins
acting as the main signals that trigger the initiation, division, and dif-
ferentiation of vascular tissues (Rademacher, 2015). Although auxins
participate in numerous processes regulating both vegetative and
reproductive development (Paque and Weijers, 2016), their role in
vascular meristem signaling is particularly well established in model
species. Because xylem represents the bulk of plant biomass and directly
influences photosynthetic performance in major crops (thereby affecting
grain, fruit, and seed yield) it has become a central target of modern
biotechnological research (Ruzicka et al., 2015).

Nanotechnology is a multidisciplinary field that employs nano-
particles (NPs) and has broad applications across diverse scientific areas,
including pharmacology and chemistry (Duhan et al., 2017). In recent
years, its use in agriculture has expanded significantly (Athanassiou
et al., 2018; Fraceto et al., 2016). By definition, NPs are molecular
structures smaller than 100 nm (Auffan et al., 2009). However, more
recent studies have suggested extending this threshold to 500 nm, as
particles within this range exhibit comparable biological activity (Wang
et al., 2022). The advantages of using NPs are mainly attributed to their
high surface area and, more importantly, their ability to encapsulate a
wide variety of bioactive compounds (Athanassiou et al., 2018). Nano-
encapsulation allows sustained release, preventing premature degrada-
tion and thereby enhancing compound stability and effectiveness (do
Espirito Santo Pereira et al., 2021). Because of their targeted delivery
and increased efficiency, nanoformulations can achieve equal or supe-
rior biological effects at much lower concentrations compared to con-
ventional treatments.

In agricultural applications, the size and surface charge of nano-
particles (NPs) are critical determinants that directly influence their
behavior, absorption, and transport within plants (Zhang et al., 2023).
For foliar applications, stomata serve as the main entry points, whereas
in soil-based treatments, lateral and adventitious roots fulfill this same
role (Avellan et al., 2021). These physicochemical characteristics are
essential for optimizing NP performance, as they govern biological in-
teractions and movement through plant tissues. NP concentration also
plays a pivotal role in shaping plant responses: most studies report
beneficial effects at low concentrations but note oxidative stress and
phytotoxicity at higher doses, regardless of NP composition. Nano-
particles are generally divided into two main categories: inorganic NPs,
typically composed of metallic elements such as silver (NDABA et al.,
2022; Quintela et al., 2024; Yan and Chen, 2019), and polymeric NPs,
usually derived from biological polymers such as chitosan (Korpayev
et al., 2021; Maruyama et al., 2016; Pereira et al., 2017).

Polymeric nanoparticles have gained increasing attention in agri-
culture due to their biodegradable nature, making them particularly

Plant Nano Biology 15 (2026) 100226

suitable for sustainable crop production (Campos et al., 2022).
Numerous studies have demonstrated their effectiveness in enhancing
seed germination, plant growth, and overall crop yield, including both
fruit and seed production, across a wide range of species (Faleiro et al.,
2025; Pereira et al., 2019; Preisler et al., 2022). Among these formula-
tions, lignin nanoparticles (LNPs) stand out for their multifunctional
advantages, such as antifungal activity, UV protection, and
cost-effective production with minimal chemical input (Chauhan, 2020;
Low et al., 2021; Pereira et al., 2022). LNPs have proven effective both
when applied alone (Del Buono et al., 2021) and as carriers encapsu-
lating plant growth regulators (PGRs) such as auxins (Faleiro et al.,
2025) and gibberellins (Falsini et al., 2019).

In our previous research with cherry tomato plants, we observed that
auxin encapsulated in lignin nanoparticles (LNP-IAA) induced
concentration-dependent changes in xylem development by the end of
the production cycle (Faleiro et al., 2025). However, the specific
mechanisms through which LNP-IAA influences xylem differentiation
remain poorly understood. Although the role of exogenous auxin in
promoting xylem formation is well established, most studies have
focused on model species (Bhalerao and Fischer, 2017; Johnsson et al.,
2019; Ruzicka et al., 2015), leaving a significant gap in knowledge
regarding economically important crops. More critically, no study has
systematically compared the effects of plant growth regulators (PGRs),
either in free or nanoencapsulated form, on meristematic activity and
xylem development (both primary and secondary) across major plant
lineages, such as eudicots and monocots. Addressing this gap represents
a key frontier in elucidating how divergent plant lineages differentially
respond to biochemical and nanotechnological modulation of vascular
development.

Building on recent evidence demonstrating the effectiveness of lignin
nanoparticles (LNPs) and the limited knowledge regarding their effects
on vascular tissues, this study presents a temporal and anatomical
evaluation of xylem development in the stems of cherry tomato and
wheat following foliar application of indole-3-acetic acid (IAA). We
assessed vascular responses after two application events, examining how
concentration and formulation (free IAA vs. LNP-encapsulated IAA) in-
fluence xylem growth dynamics in species with contrasting vascular
architectures. Confocal microscopy was further employed to trace LNP
localization within stem tissues. Specifically, this study aimed to (1)
establish a timeline for IAA-induced xylem modifications and (2)
compare the efficacy of nanoencapsulation relative to the free hormone.
The results provide foundational insights for optimizing nanocarrier
systems in crop improvement. Overall, our findings contribute to a
deeper understanding of plant growth regulator delivery mechanisms
and support sustainable strategies to enhance plant growth and vascular
development.

2. Material and methods
2.1. Materials

For this study, we selected seeds of Solanum lycopersicum cv. ‘Sweet
Grape’ (cherry tomato), and Triticum aestivum (wheat). These species
were chosen due to their significant economic impact on agriculture and
their distinctive patterns of xylem tissue development. The lignin was
purchased from Sigma Aldrich, in which the mainly source is from wood
pulp, primarily pine.

2.2. Preparation and characterization of LNP, LNP-IAA, and LNP-labeled

The NPLs were synthesized follow a modified version of the anti-
solvent method described by Falsini et al.(2019). The organic phase was
prepared by dissolving 6 mL of lignin (5 mg/mL) in a 70 % ethanol
solution under magnetic stirring. To this solution, 0.105 mg of carvacrol
and 2 mg of IAA (Sigma-Aldrich, Brazil) were added, and the mixture
was stirred until fully dissolved. Subsequently, the lignin solution was
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poured into 30 mL of water and stirred for 30 min. Afterward, ethanol
was removed via rotary evaporation, and the final volume was adjusted
to 20 mL. For fluorescent labeling, 0.1 % (relative to lignin mass) of the
fluorophore  1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(-
Lissamine rhodamine B sulfonyl chloride) was incorporated into the
organic phase.

The size distribution and polydispersity index of the nanoparticles
were determined using the Dynamic Light Scattering (DLS) technique,
with scattered light detected at a 90° angle using a Zetasizer Nano ZS90
instrument (Malvern Instruments, UK). Zeta potential was measured
using the same instrument via the electrophoresis method. All samples
were analyzed in triplicate at 25 °C. The encapsulation efficiency and
quantification of the active ingredient (IAA) were analyzed using the
HPLC technique. For the release profile of IAA, in vitro release kinetics
were evaluated using a two-compartment dialysis system, following the
same methodology described in Faleiro et al. (2025).

2.3. Treatments

To evaluate the efficiency of lignin nanoparticles encapsulating
auxin, the following treatments were applied: distilled water (control),
lignin nanoparticles (LNPs) [100 ug/mL], lignin nanoparticles with
encapsulated IAA (LNPs-IAA) [0.05 and 100 ug/mL], and IAA solutions
[0.05 and 100 pg/mL]. IAA (Sigma-Aldrich, Brazil) was dissolved in
potassium hydroxide (Sigma-Aldrich, Brazil) and distilled water,
resulting in a final volume of 100 mL.

The treatments were applied twice, with a 15-day interval between
each application for each species. The first application occurred on the
10th day after sowing, and the second on the 25th day. The solutions
were applied using a manual sprayer at 9 a.m., with a final volume of
50 mL, ensuring complete leaf coverage, with each plant receiving 5 mL.
Every day at 5 p.m., a stem segment located 0.5 mm from the transition
zone was collected and prepared for anatomical analyses from each
species. For wheat, we considered the stem as the region where
adventitious roots emerge from the primary point. This procedure was
repeated for 35 days after germination. In total, 25 days of sampling
were conducted, including a control sample from each treatment, which
was collected and analyzed before the first application on the 9th day.

2.4. Growth conditions

Under the experimental conditions, 50 seeds of each species were
sown in 5 L pots for each treatment. Throughout the 35-day experiment,
the plants were maintained in a greenhouse with regular irrigation at
five intervals (07:00, 10:00, 13:00, 16:00, and 18:00) for 2 min per
session, with a total water volume of 5225 mL distributed across five
sprinklers. The experiments were conducted between June and July,
corresponding to late autumn and winter. The temperature values
(maximum, average, and minimum) and relative humidity (%) inside
the greenhouse are presented in Supplementary Figure 01.

2.5. Anatomical analysis

To evaluate possible anatomical structural changes, the stem samples
collected as previously described were fixed in neutral formalin for 48 h.
The samples were then dehydrated with 70 % alcohol and stored in glass
containers. Subsequently, the stem portions were further dehydrated
with 100 % alcohol and infiltrated with hydroxyethyl methacrylate
(Leica Historesin®, Heraeus Kulzer, Germany). The resulting blocks
were sectioned using a rotary microtome (Leica Biosystems, RM 2045,
Germany) into transverse sections with a thickness of 5 -7 pm. The
sections were stained with 0.05 % toluidine blue in phosphate-citric acid
buffer at pH 4.5 and mounted on slides with coverslips using synthetic
resin (Entellan®, Merck, Germany). The results were documented
through image capture using an Olympus DP71 video camera attached
to an Olympus BX 51 microscope.
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2.6. Biometric anatomical analysis

To assess the influence of auxin on xylem development, the following
variables were measured: the total number of vessels, total xylem area
(mmz), cambial zone thickness (um), primary thickness meristem (Ptm),
and equivalent vessel diameters (um).

For the cherry tomato, the total area of the vascular cylinder was
measured, excluding the pith and phloem portions (See Figure 01a). For
wheat, all vascular cylinders were measured, as xylem tissue is formed
within vascular bundles along with phloem and parenchymal cells (See
Figure 01b). These results were recorded in um? and converted to mm?.

Regarding vessel number, all fully differentiated vessels were coun-
ted, while undifferentiated vessels were excluded. The equivalent
diameter (De) was calculated follow the methodology described by
Scholz (Scholz et al., 2013), with 50 vessels measured per sample. In the
initial evaluation days, all vessels were measured. Cambial zone thick-
ness was measured only in the cherry tomato. The cambial zone (Cz) was
defined as the layers where no clear differentiation into xylem or phloem
cells was observed. In wheat, instead of the cambial zone, the primary
thickness meristem (Ptm) was measured.

2.7. Confocal microscopy analysis

The LNPs were labeled with Liss Rhod PE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium
salt) for localization analyses. For this purpose, samples of each species
received a solution containing labeled lignin nanoparticles on the 20th
day after sowing. The applied solution volume was 50 mL per species.
Spraying was performed using a manual sprayer, ensuring complete
coverage of all expanded leaves, with each plant receiving between 3
and 5 mL of the solution. Control plants were included, receiving only
distilled water.

Samples of stem were collected at 1, 2, 4, and 8 h after the appli-
cation of the labeled LNP solution. The collected plants were fixed in 4 %
paraformaldehyde for 4 h, followed by washing in phosphate buffer and
distilled water. Subsequently, transverse sections were examined. Under
the microscope, two different channels were used: one for auto-
fluorescence and transmitted light imaging, and the other for detecting
the specific wavelength range of the fluorochrome in green. The exci-
tation wavelength used was 552 nm, with emission detected between
572 nm and 607 nm for the fluorochrome, and between 430 nm and
660-680 nm for autofluorescence (Fig. 1a, f, k). The images presented in
this study are composed of a combination of both channels, providing a
comprehensive visualization of the samples. Characterization for LNP in
water are presented in Supplementary Figure 2b.

2.8. Statistical analysis

To test the influence of the treatments on xylem development over
time, the anatomical quantitative data were analyzed using GLM (linear
generalized model) with a gamma family distribution, without in-
teractions, to determine whether the treatments independently influ-
enced xylem area, cambial zone thickness, Ptm thickness, as well as the
number and diameter of vessels, with the water treatment as the refer-
ence. Additionally, we applied a GLM model with an interaction be-
tween day and treatment to assess whether the application day
influenced xylem growth differently, using the water treatment as the
reference. Finally, we conducted a correlation and multivariate analysis
(PCA) to better understand the behavior of each treatment concerning in
relation to the measured variables. All analyses were performed using R
software.

To calculate the percentage increases in xylem quantitative param-
eters, we used the coefficients obtained from the GLM models. The
treatment coefficients represent logarithmic effects, which were con-
verted into percentage increases (%) using the equation 01, where f is
the estimated coefficient for each treatment. These calculations provide
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Fig. 1. Schematic representation of transverse sections of stem regions in cherry tomato and wheat. (a) Detail of the vascular cylinder in cherry tomato, highlighting
the secondary xylem within the vascular bundles. In this species, the vascular cylinder area was measured excluding the portions corresponding to the pith and
secondary phloem. (b) Detail of the stem region in wheat, showing the central vascular cylinder and the vascular tissues organized in scattered bundles. In this
species, the calculation of the vascular cylinder area included both the cells composing the pith and the phloem tissue.

an estimate of the percentage increase relative to the control for each
individual treatment.

(¢ ~1) x100 (€))

3. Results
3.1. Characterization of LNP, LNP-IAA and LNP-labeled

Lignin nanoparticle size, polydispersity index, and zeta potential
values are presented in supplementary table 1. The lignin nanoparticles
(LNPs) exhibited an encapsulation efficiency of 90 % for indole-3-acetic
acid (IAA) (see Supplementary Table 2 for detailed data). The IAA
release profile revealed that LNP-IAA released approximately 52 % of
the encapsulated phytohormone within 24 h, whereas 100 % of free IAA
was released during the same period (Supplementary figure 02a).

3.2. Localization of labeled LNP

Lignin nanoparticles (LNP) exhibited rapid uptake and distinct
spatiotemporal distribution patterns in cherry tomato plants following
foliar application. Within just one hour post-treatment, LNP were
already detectable in the cortical region, primarily localized in the
cellular apoplast (Fig. 2b). Concurrently, nanoparticles had reached the

vascular cylinder, where they were observed both within parenchyma
cells and associated with xylem vessel walls. Between 2 and 4 h post-
application (Fig. 2¢, d), LNP presence decreased in these initial re-
gions but persisted in the medullary region and maintained association
with vascular elements. By 8 h (Fig. 2e), cortical detection became
negligible while vascular localization patterns shifted, with LNP
remaining specifically within vessel elements - both along their walls
and in the cambial zone. Notably, epidermal cells retained LNP
throughout all evaluation periods (Fig. 2b-d), suggesting these surface
cells may serve as both entry points and reservoirs for nanoparticle
accumulation.

In wheat plants, LNP exhibited uptake and distribution dynamics
comparable to tomato, though with some distinct anatomical features
(Fig. 2 g). Similar to tomato, cortical presence peaked at 1 h post-
application (Fig. 2 g) before progressively declining at 2 h (Fig. 2 h),
4 h (Fig. 2i), and 8 h (Fig. 2j). The nanoparticles localized primarily in
the cortical apoplast but were also detected intracellularly within
cortical parenchyma cells (Fig. 2 h). However, vascular distribution
patterns differed - while LNP clearly associated with vascular bundle
parenchyma (Fig. 2 ), their specific interaction with xylem vessel walls
remained ambiguous. Notably, adventitious roots emerged as significant
sites for nanoparticle absorption (Fig. 2k-0), suggesting these structures
may provide alternative entry pathways in wheat. Our observations
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Fig. 2. Confocal micrographs of the stem region in cherry tomato (a-e) and wheat (f-o), showing the presence of lignin nanoparticles (LNP) labeled with Rhodamine
B. In tomato and wheat, hand-cut transverse sections of the stem region were analyzed. Especially in wheat, we observed a significant role of root hairs and
adventitious roots in the internalization of LNP (k-0). Ad = adventitious root;Co = cortex; Cz = cambial zone; Ep = epidermis; Vc = vascular cylinder;St = stomata.

Scale bars: 20pm.

indicate that root hairs (Fig. 2 L) on adventitious roots mediate both
adhesion and potential absorption of LNP. When examined in isolation,
adventitious roots showed the presence of LNP in cortical tissues
(Fig. 2m) and vascular cylinders (Fig. 2n) within just 2h post-
application. Remarkably, LNP persisted in epidermal regions even
after 8 h (Fig. 20), demonstrating prolonged retention at the root-soil
interface.

3.3. Development of the vascular cambium and primary thickness
meristem (ptm)

Our comprehensive analysis encompassed an average of 450 stem
anatomical sections across tomato and wheat, capturing the complete
developmental progression of xylem tissue from day 10 post-sowing
onward. Figs. 4a and 5a collectively provide a complete visualization
of this growth trajectory, revealing both conserved and species-specific
patterns of xylem differentiation.

In cherry tomato plants, cambial development followed a precise
ontogenetic sequence across all treatments (Fig. 3a, 10th — 25th). The
fascicular cambium initiated between primary xylem and phloem on day
10th, achieving complete establishment by day 14th, during which only
anticlinal divisions occurred in medullary parenchyma. A distinct
developmental phase began on day 14 with the formation of intra-
fascicular cambium between vascular bundles. This progression
continued until day 16th, when fascicular cambium maturation was
completed. The interfascicular cambium starts the cell differentiation
between the 18th and 20th day. Notably, treatment effects became

apparent in later stages - while control and LNP 100 ug/mL plants
required until day 25th for full vascular cylinder cambium establish-
ment, all other treatments with IAA presence showed accelerated
development, achieving this by day 23rd. Histological analysis revealed
functional differentiation wherein the fascicular cambium generated
secondary xylem (inward) and phloem (outward), while the inter-
fascicular cambium produced only specific secondary xylem cells: (i)
lignified fibrous cells, (ii) parenchymatic rays centripetally, and (iii)
secondary phloem centrifugally.

In wheat, vascular cylinder differentiation (Fig. 3b, 10th-25th) ini-
tiates with procambial-derived vascular bundles forming at the center of
the pith. No primary thickening meristem (PTM) establishment was
detected before day 10th after sowing. Notably, LNP and IAA 100 pug/mL
treatments exhibited PTM cell differentiation encircling the vascular
cylinder by day 12th, while other treatments showed this differentiation
only from day 14th. During organ growth, central procambial strands
developed exclusively into amphivasal vascular bundles. Neither free
nor encapsulated IAA application significantly affected this cellular
differentiation. PTM activity typically generated amphivasal bundles
(Fig. 5 f) between days 18th— 22th, with LNP-IAA and IAA 100 pg/mL
treatments demonstrating earlier PTM activation (18th) compared to
other treatments (20th). Moreover, in the control treatment, no tillering
process was observed (Fig. 5a), whereas all other treatments exhibited
tillering at different time points. In the IAA 100 pg/mL treatment,
tillering began at 21 days; in LNP 100 and LNP-IAA 100 pg/mL, at 25
days; and in LNP-IAA 0.05 and IAA 0.05 ug/mL treatments, at 27 days.
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Fig. 3. Comparative vascular cylinder anatomy across species: Transverse sections of cherry tomato and wheat showing developmental progression of vascular
cambium establishment and primary thickening meristem (PTM) activity during the experimental period. Note: Yellow staining in cherry tomato sections serves as an
artificial visual aid for cambial zone identification and does not represent native cellular staining properties. Dc = differentiated cells; Fp = ground parenchyma; Fc
= fascicular cambium; Ic = interfascicular cambium; Ph = phloem; Ptm = primary thickening meristem; Ps = procambial strands; Uv = undifferentiated vessels; Ve

= vessels; Xy = xylem. Scale bars: a = 100 pm. b = 200 pm.

3.4. Cherry tomato: xylem quantitative traits

Analysis of the xylem development revealed distinct temporal re-
sponses to foliar treatments (Fig. 4a). Following the first foliar appli-
cation, total xylem area (Fig. 4b) showed detectable differences only by
day 8, whereas vessel number (Fig. 4 f) and diameter (Fig. 4 h) diverged
as early as day 3. Cambial zone thickness (Fig. 4d) responses were im-
mediate, with alterations visible on the application day across all
treatments. The second application triggered accelerated responses:
LNP-IAA (both concentrations) and free IAA 100 ug/mL induced sig-
nificant xylem expansion by 8 h after application, followed by IAA
0.05 pg/mL and LNPs by day 3. Vessel number increased in all treat-
ments except controls, with LNP-IAA 100 pg/mL showing the most
pronounced effect. The vessel diameter remained largely unaffected,
except for LNP 100, which showed a significant post-reduction after the
second application. Cambial zone dynamics revealed contrasting trends
— IAA treatments decreased thickness, while LNP-IAA and controls
initially increased it before subsequent reduction in all groups post-
application. Notably, all treated plants exhibited statistically signifi-
cant xylem expansion compared to controls (Supplementary Table 02).

Foliar application of LNP-IAA at 0.05 pg/mL elicited the most pro-
nounced enhancement in xylem area (95.3 % increase), closely followed
by IAA 0.05 pg/mL (93.4 % increase) (Fig. 4b). The nanoparticle treat-
ments demonstrated concentration-dependent efficacy, with LNP alone

increasing xylem area by 67.7 %, while the higher concentration LNP-
IAA 100 pg/mL showed more modest effects (32 % increase). Free IAA
at 100 pg/mL yielded intermediate results (a 55.3 % increase).

Analysis of cambial zone responses revealed distinct treatment-
specific effects. Both IAA formulations (0.05 and 100 pg/mL) signifi-
cantly reduced cambial thickness by approximately 40 %, while LNP-
IAA treatment showed a slightly less pronounced effect (32 % reduc-
tion). Other treatments exhibited no measurable impact on cambial di-
mensions. All treatments except LNP significantly influenced vessel
characteristics compared to the control (Fig. 4 f, h). For vessel number,
the 100 pg/mL IAA and LNP-IAA treatments showed the strongest ef-
fects, increasing vessel density by 37.6 % and 33.2 %, respectively. The
lower concentration treatments (0.05 ug/mL) also enhanced vessel for-
mation, though to a lesser degree, with IAA producing a 27.1 % increase
and LNP-IAA a 22.2 % increase.

3.5. Wheat: cylinder vascular quantitative traits

Similar to observations in cherry tomato plants, analysis of the xylem
development revealed distinct temporal responses to foliar treatments
(Fig. 5a). Following initial application, xylem area (Fig. 5b) demon-
strated significant differences beginning at day 5. Vessel number
(Fig. 5d) responded most rapidly to LNP-IAA 0.05 pg/mL, showing sig-
nificant changes by day 2, while other treatments exhibited delayed
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Fig. 4. Anatomical and quantitative characterization of secondary xylem development in cherry tomato. The dashed lines represent the days of treatment appli-
cation. (a) Temporal progression of xylem formation shown in daily transverse stem sections. (b) Quantitative expansion of xylem area over the experimental period.
(c) Vascular bundle anatomy highlighting cambial zone organization. (d) Cambial zone thickness dynamics throughout development. (e) Representative vascular
bundle cross-section. (f) Chronological changes in xylem vessel number. (g) High-resolution vascular bundle section showing secondary xylem vessels (lumen areas in
black). (h) Calculated vessel equivalent diameters derived from lumen area analyses.Co = cortex; Cz = cambial zone; Ep = epidermis; Lu = lumen; Ph = phloem,; Pit
= pith; Vb = vascular bundle; Ve = vessels; Xy = xylem. Scale bars: a = 500 pm. e = 200 pm. g = 100 pm. ¢ = 50 pum. Significance code: *** = 0.001. ** = 0.01.
* = 0.05.
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Fig. 5. Anatomical and quantitative characterization of cylinder vascular development in wheat. The dashed lines represent the days of treatment application. (a)
Daily transverse stem sections showing vascular cylinder development during the experimental period. (b) Temporal expansion of vascular cylinder area. (c)
Anatomical detail of vascular cylinder organization, highlighting the primary thickening meristem (PTM) zone. (d) Dynamics of xylem vessel number over time (e)
Calculated vessel equivalent diameter derived from lumen area measurements. (f) Representative vascular bundle cross-section. (g) PTM zone thickness progression
across developmental stages. Ph = phloem. Ptm = primary thickness meristem. Ps = procambial strands. Vb = vascular bundle. Ti = tiller. Vc = vascular cylinder. Xy
= xylem. Scale bars: a = 500 pm. ¢ = 200 pm. f= 50 pm. Significance code: *** = 0.001.** = 0.01. * = 0.05.
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responses (day 4 +). Vessel diameter (Fig. Se) displayed later develop-
mental effects, with significant variation emerging only after day 5.
Primary thickening meristem (PTM) remained unaffected throughout
the initial phase (Fig. 5 g). Following the second application, xylem area
increased significantly only in the LNP-IAA and IAA 100 pg/mL treat-
ments, with no effect observed in others. Vessel number responded
immediately in LNP-IAA 0.05 ug/mL and LNP treatments, while IAA
100 pg/mL showed delayed increases (day 5), and other treatments
exhibited only marginal changes. No significant treatment effects were
detected for vessel diameter. In contrast, primary thickening meristem
(PTM) decreased across all treatments, though the magnitude of
reduction varied by treatment type.

The vascular cylinder area (Fig. 5b) increased by 45 % and 43 %
following treatment with IAA and LNP-IAA at 100 pug/mL, respectively.
Among the 0.05 pg/mL treatments, only LNP-IAA showed a significant
increase of 21 %, while IAA at the same concentration had no effect.
Similar to the results observed in cherry tomato, LNP at 100 ug/mL
promoted an 18 % increase in vascular cylinder area. All data are pre-
sented in Supplementary Table 03.

All treatments significantly influenced xylem vessel development,
affecting both vessel number (Fig. 5d) and diameter (Fig. S5e). The LNP-
IAA 0.05 pg/mL treatment showed the most pronounced effect on vessel
proliferation, increasing vessel number by 258 %, followed by LNP
100 pg/mL (182 % increase), both free IAA treatments (150 %), and
LNP-IAA 100 pg/mL (127 %). Regarding vessel diameter, LNP 100 ng/
mL caused the greatest expansion (40 % increase), closely followed by
both 100 pg/mL formulations (37 %) and the 0.05 pg/mL treatments
(~30 %). While most treatments showed stable diameter effects over
time, LNP-IAA 100 pg/mL uniquely induced a gradual reduction in
vessel diameter. All data are presented in Supplementary Table 03.

3.6. Interaction between days and treatment

In these analyses, we evaluated the effects of both time (days post-
application) and treatment type on growth rates. For cherry tomato,
the control group exhibited an average daily growth rate of 18.4 %.
Application of IAA at 0.05 pg/mL resulted in a slight increase in this
rate, while the higher IAA concentration (100 ug/mL) led to a slightly
lower rate than the control; however, neither of these differences was
statistically significant (Table 2). Application of isolated nanoparticles
(LNP 100) significantly increased the daily growth rate. The most pro-
nounced effects were observed in the treatments combining LNP with
TAA (LNP-IAA 0.05 and LNP-IAA 100), both of which showed statisti-
cally significant increases compared to the control (Table 2).

In wheat (Supplementary Table 04), results showed that the control
group had an average daily growth rate of approximately 3.98 %.
Application of IAA at 0.05 pg/mL led to a slight, non-significant increase
in growth rate. In contrast, IAA at 100 ug/mL significantly enhanced
daily growth. Among the nanoparticle treatments, LNP 100 did not
significantly alter the growth rate. However, the combined LNP and IAA
treatments had more pronounced effects and showed the greatest in-
crease among all treatments, which was statistically significant
(Table 2).

Table 1

Characterization of lignin nanoparticles (LNP), lignin nanoparticles encapsu-
lating IAA (LNP-IAA) and labeled LNP performed using dynamic light scattering
(DLS). PDI refers to the polydispersity index.

Size (nm) PDI Zeta Potential (Mv)
LNP 201 + 85 0.151 -34.5
LNP-IAA 221 +£70 0.166 -41.7

Labeled-LNP 228 + 3.4 0.290 -50.0
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Table 2
Generalized Linear Model (GLM) with interactions between days and treatments
on xylem area growth in cherry tomato and vascular cylinder growth in wheat.

Xylematic Coefficient Standard p-value Daily Significance
area (log) error growth
Intercept -4.60253 0.24243 <2e716
Days 0.16895 0.01092 <2716 18.4%  ¥x
Days: IAA 0.01457 0.01544 0.3470 20.1 %
0.05
Days: IAA -0.00348 0.01544 0.8220 17.9 %
100
Days: LNP 0.02625 0.01544 0.0203 21.5%
100
Days: LNP- 0.03628 0.01544 0.0202 22.8% *
IAA 0.05
Days: LNP- 0.03485 0.01544 0.0256 22.6 %
1AA 100
Cylinder Coefficient Standard p-value Daily Significance
vascular (log) error growth
area
Intercept 0.338142 0.133004 0.012115 *
Days 0.039804 0.005990  6.47e 10 3.98%  **+
Days: IAA 0.009589 0.008471 0.259623 4.94 %
0.05
Days: IAA 0.033578 0.008471 0.000118 7.34 % ok
100
Days: LNP -0.002828 0.008471 0.738976 3.70 %
100
Days: LNP- 0.005717 0.008471 0.500903 4.55 %
1AA 0.05
Days: LNP- 0.038049 0.008471 1.48e % 7.78 % Hk
IAA 100

3.7. Correlation and principal component analysis (PCA)

In cherry tomatoes, the xylem area showed a strong positive corre-
lation with xylem vessel number (Fig. 6a), with all treatments exhibiting
correlation coefficients greater than 90 %. However, the relationship
between xylem area and cambial zone thickness (Fig. 6¢) revealed
treatment-specific patterns: the LNP treatment demonstrated a negative
correlation, while other treatments showed moderate correlations
ranging from 50 % to 70 %. The principal component analysis revealed
that the selected components accounted for 93 % of the total data
variability in cherry tomatoes (Fig. 6e). The control treatment showed
no significant correlations with any of the measured variables. The LNP
100 pg/mL treatment exhibited minimal association solely with the
cambial zone. Notably, distinct treatment-specific patterns emerged:
LNP-IAA 0.05 pg/mL demonstrated a strong positive correlation with
xylem area, while IAA 0.05pug/mL significantly influenced vessel
number and diameter. The IAA 100 pg/mL treatment showed weak
correlation with vessel number and no association with other parame-
ters, whereas LNP-IAA 100 pg/mL was specifically correlated with
vessel number. Importantly, the cambial zone displayed no significant
relationship with any xylem characteristics, including vessel parameters
and total xylem area, suggesting its developmental independence from
these vascular features.

In wheat, vascular cylinder area showed strong correlation with
xylem vessel number across all treatments (Fig. 6b). Primary thickening
meristem (PTM) thickness, however, exhibited considerable treatment-
dependent variation (Fig. 6d). Mirroring the cherry tomato results, the
LNP 100 pg/mL treatment showed weak correlation (~10 %). Notably,
the LNP-IAA 0.05 pg/mL treatment displayed a negative correlation,
contrasting with the strong correlations observed for 100 pg/mL con-
centrations. The control and IAA 0.05 pg/mL treatments both demon-
strated similarly low correlation coefficients. Principal component
analysis accounted for 91 % of the data variability in wheat (Fig. 6 f).
Both IAA and LNP-IAA at 100 pg/mL concentrations showed strong
positive correlations with xylem area, while their 0.05 pg/mL counter-
parts primarily influenced vessel number. Notably, none of the
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Fig. 6. Correlation and principal component analyses of xylem quantitative parameters under the applied treatments in cherry tomato (a, c, e) and wheat (b, d, f). Cz
= cambial zone; De = equivalent diameter; Ptm = primary thickness meristem.

treatments had a significant effect on vessel diameter. The LNP 100 pg/ 4. Discussion

mL treatment demonstrated a marked association with the primary

thickening meristem activity, contrasting with the control treatment, The results demonstrate that lignin nanoparticles (LNPs) were effi-
which showed no significant correlations. Interestingly, while the pri- ciently absorbed and systemically distributed through the vascular sys-
mary thickening meristem displayed no relationship with xylem area tems of both plant species. The kinetics and intensity of internalization
(consistent with observations in cherry tomato), it maintained a signif- showed minimal variation between species. In terms of stem develop-
icant correlation with vessel number. ment, pronounced morphological alterations were detected in xylem
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tissue organization. These structural modifications were primarily
influenced by three factors: (1) the concentration of applied LNP-IAA
and free IAA, (2) application frequency, and (3) plant species. The
LNP-encapsulated IAA formulation promoted significantly greater daily
increases in xylem growth compared to the controls in both species.
Notably, even unloaded LNPs induced measurable changes in growth
parameters, indicating nanoparticle-specific biological effects that
extend beyond hormone delivery.

The absorption and systemic translocation of nanoparticles (NPs) are
fundamental determinants of their efficacy in nanotechnology-based
agricultural applications (Zhang et al., 2023). Although particle size
can influence encapsulation efficiency and release kinetics where
smaller LNPs often promote faster release due to higher surface area to
volume ratios the release profile is primarily determined by the molec-
ular interactions within the nanoparticle matrix and can be further
modulated by composition, preparation method, and environmental
conditions (Beach et al., 2024). Precise characterization of uptake
pathways and kinetic profiles is therefore essential for optimizing
nanocarrier performance.

Although early research on NP absorption primarily focused on
inorganic nanoparticles, recent studies have shown that polymeric NPs
can also undergo foliar uptake, mainly through stomatal penetration
(Avellan et al., 2021). This process is strongly influenced by both
plant-related factors (such as morphophysiological traits) and NP
physicochemical properties, including size, surface charge, and chemi-
cal composition (Rani et al., 2023). Specifically for lignin nanoparticles
(LNPs), recent evidence indicates multiple internalization routes,
including seed coat permeation (Faleiro et al., 2025) and absorption via
the Poaceae root system (Falsini et al., 2020).

Our results corroborate previous findings, showing that lignin
nanoparticles (LNPs) are rapidly absorbed by both cherry tomato and
wheat, with clear evidence of localization within the vascular cylinder as
early as one hour after exposure. This observation confirms their im-
mediate potential for systemic translocation. Although morphological
and physiological differences among botanical groups are often cited as
factors influencing nanoparticle absorption, the present study demon-
strates that LNPs display a consistent uptake pattern across both
monocot (wheat) and eudicot (cherry tomato) species (Spielman-Sun
et al., 2019; Sun et al., 2014).

Furthermore, this work provides the first evidence of LNP accumu-
lation in stem tissues following foliar application, confirming not only
the effectiveness of the delivery route but also the ability of these
nanoparticles to translocate from the leaf surface into the vascular re-
gions, a process commonly reported for other NP types (Sun et al., 2014;
Zhu et al., 2021, 2020).

In addition to foliar uptake, LNP accumulation was also detected in
the adventitious roots of wheat, suggesting that these structures may
contribute to nanoparticle absorption and subsequent translocation.
Previous studies have confirmed that lateral and adventitious roots act
as primary entry points for soil-applied nanoparticles (Avellan et al.,
2021; Wang et al., 2023), including in wheat (Cifuentes et al., 2010).
However, root-mediated internalization is strongly constrained by par-
ticle size. The endodermal barrier, characterized by Casparian strip
deposition along the anticlinal walls (Evert, 2013), substantially re-
stricts apoplastic translocation of nanoparticles into the vascular cylin-
der. As reported by Azim et al. (2023), this specialized cellular structure
represents a major bottleneck for root-to-shoot nanoparticle transport,
particularly for larger particles. Our findings are consistent with this
mechanism, showing LNPs predominantly localized within the root
cortex and with limited association to the vascular cylinder.

Finally, our localization analyses revealed that foliar-applied LNPs
successfully penetrate internal stem tissues, including the cortical region
and the vascular cylinder. This penetration is essential for the effective
delivery of bioactive compounds to zones of active cell division and
differentiation. The confirmed presence of nanoparticles within these
compartments provides mechanistic support for the significant effects
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observed in xylem parameters. These structural alterations reflect the
complex interplay between treatments using LNPs, LNP-IAA, and free
IAA, as well as the underlying processes of vascular differentiation.
Notably, the observed modifications were not uniform but rather
dependent on multiple factors, revealing a dose- and context-dependent
response that suggests both stimulatory and inhibitory effects.

Our results demonstrate that both free IAA and IAA encapsulated in
LNPs accelerated the differentiation of the vascular cambium and the
primary thickening meristem (PTM) by approximately two days
compared to the control. This suggests that the initial application during
the juvenile phase (10 days after sowing) promoted the early estab-
lishment of these meristematic tissues. The differentiation of meristems
responsible for vascular development, particularly xylem formation, is
regulated by a complex hormonal network in which auxins play a central
role (Bhalerao and Fischer, 2017; Milhinhos and Miguel, 2013).

The mechanism of auxin action involves: (i) polar transport mediated
by PIN transporters —particularly PIN6 — which establish radial spatial
gradients (Simon et al., 2016); (ii) modulation by AUX/LAX regulatory
genes, especially LAX2, which maintain hormonal homeostasis and
ensure precise control of xylem expansion (Moreno-Piovano et al.,
2017); and (iii) signaling cascades that activate genes associated with
other growth regulators, mainly cytokinins and gibberellins (Yang and
Zhu, 2022). These auxin gradients function as dynamic positional sig-
nals, showing peak concentrations in cambial cells, gradually decreasing
in differentiation zones, and becoming absent in mature xylem (Yang
and Zhu, 2022). Such gradients temporally and spatially coordinate
cambial differentiation and subsequent cell division (Xu et al., 2019).
Consequently, polar auxin gradients act as key positional cues for
vascular organization, regulating both cell proliferation and speciali-
zation (Aloni, 2013; Milhinhos and Miguel, 2013). Alterations in
endogenous auxin concentrations modify efflux and influx dynamics,
promoting the differentiation of procambial and cambial cells (Ye,
2002) and enhancing rates of cell division and differentiation, mecha-
nisms that align with the stimulatory effects observed following exog-
enous hormone application (Aichinger et al., 2012; Sanchez et al.,
2012).

Despite the early activation of meristems, our data indicate that the
thickness of these tissues (cambium and PTM) is not directly correlated
with xylem expansion, as little to no statistical association was detected.
This finding suggests that xylem expansion is governed not merely by
meristematic mass but instead by the intensity of mitotic activity and
localized hormonal signaling.

While the first application primarily influenced the establishment of
vascular meristems, the second application significantly enhanced
quantitative parameters, eliciting measurable responses within as little
as eight hours. The contrasting outcomes between the two applications
underscore the importance of the phenological stage at which the hor-
mone is applied.

The second application, performed at a more advanced develop-
mental stage, triggered faster and more robust responses, consistent
with studies reporting greater effectiveness of growth regulators when
applied across multiple growth phases — both vegetative and repro-
ductive (Dubey et al., 2024; Janmohammadi and Sabaghnia, 2023;
Pham et al., 2023; Shahsavar et al., 2024). This pattern aligns with
findings in maize, where treatments administered at later stages resulted
in higher productivity compared to juvenile and control plants (Xu et al.,
2024), reinforcing the critical role of application timing in maximizing
plant response.

Both species exhibited clear and significant responses to the treat-
ments. In tomato, we observed an increase in total xylem area, whereas
in wheat, we detected an expansion of the vascular cylinder. Treatment
efficacy was distinctly species- and concentration-dependent: in cherry
tomato, LNP-IAA at 0.05 pg mL™ induced the greatest xylem expansion,
followed by free IAA at the same concentration. In contrast, in wheat,
free IAA at 100 ug mL™" produced the strongest effect, with LNP-IAA at
100 ug mL! showing slightly lower performance. These trends were
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consistently supported by both linear modeling and multivariate ana-
lyses. Recent studies have demonstrated that auxin gradients determine
the spatial positioning of vascular meristems and that exogenous hor-
mone applications can stimulate differential patterns of cell division and
expansion by elevating endogenous auxin concentrations (Bhalerao and
Fischer, 2017; Eswaran et al., 2024; Rizicka et al., 2015).

These findings are consistent with several reports in the literature. In
Arabidopsis and sunflower, IAA treatments increased stem xylem area
and were positively correlated with higher grain yield (Cabello and
Chan, 2019), (with vascular bundle induction detected as early as seven
hours after application, a pattern similar to that observed in our study. In
Populus, the synergistic interaction between IAA and gibberellins
resulted in a threefold increase in xylem area compared with individual
treatments (Bjorklund et al., 2007). Likewise, in cherry tomato,
seed-based application of LNP-IAA produced a dose-dependent
response: higher concentrations promoted greater stem xylem expan-
sion, whereas lower concentrations primarily modulated root develop-
ment (Faleiro et al., 2025). Collectively, these findings emphasize that
the method of hormone delivery (foliar vs. seed treatment) elicits
distinct morphogenetic responses and reinforce the positive correlation
between xylem expansion and vessel number, as also demonstrated in
our work.

Vessels are long, continuous tubes formed by the fusion of multiple
vessel elements and constitute the main conductive cells of the xylem in
most angiosperms (Aloni, 2013; Evert, 2013). In stems, elevated auxin
concentrations are generally associated with a greater number of vessels
with larger diameters, whereas lower concentrations tend to produce
fewer, narrower, and more lignified vessels (Bhalerao and Fischer,
2017). Our results in cherry tomato and wheat partially align with these
observations. Both LNP-IAA treatments increased vessel number, with
the 100 ug mL™ concentration showing the strongest effect in tomato. In
wheat, LNP-TIAA at 0.05 ug mL™! exhibited greatest effect, along with
the 100 ug mL™" free IAA treatment.

A similar pattern was observed for vessel element diameter, partic-
ularly in wheat. The modulation of vessel diameter by IAA concentration
is closely associated with the timing of maturation and differentiation of
conductive cells (Butto et al., 2019). In addition, turgor pressure and cell
wall extensibility are key determinants of vessel size, with IAA and ABA
acting as major regulatory signals in this process (Ren et al., 2025). High
auxin concentrations promote rapid differentiation, whereas lower
concentrations allow slower cell maturation and greater deposition of
cellulose and lignin in the secondary wall, an important feature that
enhances resistance to abiotic stress and reduces the risk of xylem
cavitation (Barros et al., 2015; Cao et al., 2020; Moulin et al., 2022).

Although treatments with free and encapsulated IAA reached similar
final values toward the end of the evaluation period, temporal modeling
revealed distinct dynamics in their effects that varied between species.
In cherry tomato, both LNP-IAA treatments at 0.05 and
100 ug mL™! promoted significant daily growth rates (4.4 % and 4.2 %
per day, respectively), followed by free IAA at the same concentrations
(1.7 % and -0.5 % per day) relative to the control. Interestingly, empty
nanoparticles also produced a daily growth effect (3.1 % per day),
exceeding that of free IAA applications. In wheat, both
100 ug mL™! treatments resulted in a significant daily increase in
vascular cylinder size, averaging approximately 3.5 % per day. In
contrast, the 0.05 ug mL™! treatments, although showing slightly higher
daily rates (1.7 % per day), were not statistically significant. Addition-
ally, treatment with unloaded LNPs did not promote daily expansion of
the vascular cylinder. These results raise important considerations
regarding the distinct activity patterns of lignin nanoparticles.

The higher initial daily growth rate observed for LNP treatments
suggests that nanoencapsulation provides an early temporal advantage,
promoting faster expansion shortly after application—likely due to the
gradual release of the hormone and its increased bioavailability in target
tissues. This behavior underscores the benefits of nanoencapsulation for
various bioactive compounds, demonstrating that this process not only

12

Plant Nano Biology 15 (2026) 100226

preserves hormone efficacy but also enhances their sustained activity
over time (do Espirito Santo Pereira et al., 2021; Duhan et al., 2017;
Fraceto et al., 2016).

This advantage is further supported by the
100 ug mL! concentration in cherry tomato, where treatment with free
IAA resulted in a negative daily growth rate, indicating possible
phytotoxicity or inhibition of cell expansion at high auxin levels. In
contrast, LNP-IAA at the same concentration did not exhibit this effect,
maintaining a growth pattern comparable to lower concentrations. This
difference highlights the capacity of nanoencapsulation to provide
controlled hormone release, preventing toxic peaks while sustaining
physiological activity (Mondéjar-Lopez et al., 2024; Paramo et al.,
2020). Over time, however, the treatments tended to converge, sug-
gesting that physiological constraints (such as hormonal response
saturation, anatomical limitations, and the duration of the experimental
period) may modulate growth at later developmental stages.

Furthermore, our results revealed that the application of unloaded
LNPs exerted a clear biological effect, even though multivariate analyses
indicated a negative correlation with the measured variables. This
apparent paradox can be explained by two main hypotheses. First, the
presence of nanoparticles, regardless of their bioactive load, may induce
mild oxidative stress in plant tissues, activating genetic responses that
reorganize growth patterns and modulate gene expression (Hossain
etal., 2015; Munir et al., 2023). Second, the physicochemical properties
of the nanoparticles themselves, such as composition, size, and surface
charge, may directly interact with cellular components, triggering
alternative signaling pathways that influence plant development (Zhang
et al., 2023). In the case of LNPs, the chemical structure of lignin, with
its phenolic groups and redox-active properties, can activate signaling
cascades that modulate growth independently of hormonal stimuli, as
previously documented for lignin nanoparticles in maize (Del Buono
et al., 2021).

Additionally, carvacrol, the surfactant used in the LNP formulation,
may also contribute to the observed biological responses (Faleiro et al.,
2025). This essential oil has attracted increasing attention in agriculture
due to its antifungal and antibacterial properties (Friedman, 2014;
Marchese et al., 2018). However, it can also exhibit phytotoxic effects
even at low concentrations, inhibiting the growth of several weed spe-
cies (Chaimovitsh et al., 2017; de Assis Alves et al., 2018; Hazrati et al.,
2017; Kordali et al., 2008). Therefore, its presence in the formulation
may partly account for the intrinsic biological activity of the LNP
treatments. The overall influence of this compound on LNP performance
remains uncertain, and future studies specifically designed to isolate and
evaluate the activity of carvacrol will be essential to fully elucidate its
role in modulating nanoparticle behavior.

Finally, our results highlight contrasting responses between cherry
tomato and wheat to LNP-IAA treatments, reflecting their anatomical
and physiological differences. Cherry tomato (a eudicot) exhibited
greater sensitivity to high concentrations, showing negative effects
likely associated with the saturation of hormone transport systems
within its continuous vascular cylinder. In contrast, wheat (a monocot)
responded positively to the same concentrations, suggesting that its
vascular system —organized in discrete, independent bundles — confers
greater resilience to hormonal fluctuations or requires higher concen-
trations to trigger direct physiological responses. Plant responses to
exogenous growth regulators vary widely among species, as differences
in distribution and transport pathways across plant groups ultimately
influence both the intensity and spatial pattern of the physiological
response (Anfang and Shani, 2021; Blazquez et al., 2020; Rademacher,
2015).

These findings contribute significantly to ongoing discussions in the
literature concerning how plant morphology influences nanoparticle
behavior and response (Zhang et al., 2023). They emphasize the need for
species-specific evaluation frameworks that account for unique
anatomical adaptations and physiological specializations when assess-
ing nanocarrier efficacy and optimal concentration. Our results
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underscore that generalized nanoparticle application protocols may be
suboptimal, as absorption efficiency and systemic effects are funda-
mentally governed by the morphological and functional traits inherent
to each species.

Although our study demonstrates the potential of polymeric nano-
particles and the advantages of nanoencapsulating plant growth regu-
lators, several questions remain unresolved, particularly concerning
nanoparticle behavior and the resulting physiological responses. The
literature still lacks systematic investigations evaluating the impact of
nanoencapsulated growth regulators on vascular development in plants,
which limits broader comparative analyses. Moreover, while the role
and mechanisms of auxin action are well established in Arabidopsis,
information on auxin dynamics in other species (especially monocots),
which possess distinct anatomical and physiological characteristics re-
mains scarce. These knowledge gaps highlight the need for more
comprehensive studies examining the effects of nanoencapsulation
across diverse plant systems, considering differences in vascular archi-
tecture, hormonal sensitivity, and secondary metabolism. Such in-
vestigations will be essential for optimizing agricultural applications
and promote the safe and effective use of this technology in economi-
cally important crops.

5. Conclusion

This study demonstrates that lignin nanoparticles encapsulating
indole-3-acetic acid (LNP-IAA) effectively modulate xylem development
in both cherry tomato and wheat, providing controlled hormonal action
without inducing phytotoxic effects. Nanoencapsulation preserved the
bioactivity of IAA while enabling gradual release and enhanced physi-
ological performance relative to free hormone applications. The con-
trasting optimal concentrations between species — 0.05 ug mL™ for
cherry tomato and 100 pg mL™ for wheat — highlight how vascular
architecture fundamentally determines nanocarrier efficiency. Addi-
tionally, unloaded LNPs exhibited intrinsic biological activity, revealing
growth-modulating properties independent of hormone loading.
Together, these findings position LNPs as a sustainable and versatile
nanoplatform for the targeted delivery of plant growth regulators, of-
fering new opportunities for precise control of vascular development
and productivity in crops.
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