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Abstract 

Polymeric nanoparticles have emerged as promising nanocarriers for plant growth regulators (PGRs) in agricul-
ture, enhancing plant growth and boosting fruit and cereal yields. Among these, lignin nanoparticles (LNPs) stand 
out due to their biodegradability and low production cost. However, few studies have evaluated the biological 
effects of LNPs encapsulating PGRs — particularly their dose-dependent impacts across the entire plant life cycle. 
Therefore, our study aims to evaluate the efficiency of lignin nanoparticles (LNPs) encapsulating indole-3-acetic 
acid (IAA) compared with free application of the hormone. We employed a multidisciplinary approach to compre-
hensively assess the impacts of different LNPs-IAA concentrations. Germination tests and morphometric analyses 
were conducted, along with anatomical analyses of seeds, seedlings, and vegetative organs using light microscopy. 
Confocal microscopy analyses to examine LNP uptake and translocation. Additionally, leaf gas exchange param-
eters and photosynthetic pigment levels were measured. The lignin nanoparticles were also characterized in terms 
of length, polydispersity index, zeta potential and encapsulation efficiency. All variables were subjected to normality 
tests, variance analysis, and post-hoc tests. Structural analysis revealed that LNP application did not alter overall plant 
anatomy architecture, except for inducing differences in xylem area among vegetative organs. Additionally, LNPs were 
rapidly absorbed by seeds in less than 5 h and were transported exclusively via the apoplastic pathway. The composi-
tion of lignin nanoparticles influenced germination rates and time. Application with lower concentrations showed 
minimal statistical significance, whereas higher concentrations exhibited phytotoxic effects. Thus, our study highlights 
the critical importance of optimizing nanocarrier concentrations for plant growth enhancement, demonstrating 
that lignin nanoparticles (LNPs) represent a promising nanoformulation for bioactive compound encapsulation.
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Introduction
Nanotechnology has recently gained significant atten-
tion in agricultural science due to its potential to enhance 
productivity. In agriculture, it presents a promising alter-
native to reducing reliance on traditional pesticides and 
fertilizers [1–3]. Furthermore, it offers potential solutions 
for mitigating heavy metal contamination in soils [4, 5], 
as well as various biotic and abiotic stresses [6, 7]. Nano-
particles (NPs) can be synthesized from both organic and 
inorganic materials [8]. One of the main advantages of 
NPs is their high efficiency in transporting substances or 
molecules, attributed to their large surface area, strong 
adhesion properties, and rapid delivery to target sites [1]. 
Additionally, their ability to encapsulate different mole-
cules enables the sustained release of active ingredients, 
improving their absorption by plants and, consequently, 
their biological effectiveness [9].

While most studies have focused on the effects of 
metallic nanoparticles (NPs), polymeric NPs have 
emerged as a promising alternative. These NPs function 
as efficient carriers for bioactive compounds and offer a 
sustainable solution due to their biodegradable and bio-
compatible nature. For instance, lignin nanoparticles 
(LNPs) have been investigated for various applications, 
including pharmaceuticals, biofuels, lignocellulosic mate-
rials, and nanomaterials [10, 11]. Their synthesis involves 
simple methods with short reaction times and minimal 
chemical consumption [10]. Notably, LNPs are biode-
gradable [6] and exhibit antioxidant and antibacterial 
properties due to the presence of phenolic compounds 
in their structure [7]. In agriculture, LNPs have dem-
onstrated the ability to promote maize seedling growth 
when applied alone [12] and to enhance plant biomass 
when used as carriers for gibberellic acid [13].

The use of nanoparticles (NPs) encapsulating plant 
growth regulators (PGRs) holds significant potential for 
enhancing resistance to abiotic stress and promoting 
biomass production [14, 15]. Furthermore, nanoencap-
sulation is a groundbreaking tool for delivering bioactive 
compounds in an economically affordable and environ-
mentally friendly manner [14, 15]. Numerous studies 
have demonstrated that specific polymeric nanocarri-
ers are highly effective in this regard, with many of these 
studies reporting superior biological efficacy, including 
improvements in seed germination, plant growth, and 
fruit production [16–20].

PGRs are natural or synthetic compounds that signifi-
cantly influence the physiology and metabolism of higher 
plants, particularly at low concentrations [21]. This group 
includes hormones and synthetic analogs, which provide 
benefits such as improved crop management, increased 
productivity, and enhanced quality and yield [21, 22]. 
Among the primary PGRs used in agriculture, auxins 

stand out due to their diverse roles in plant development 
and metabolism [23]. These hormones regulate key pro-
cesses from embryogenesis to fruit ripening by control-
ling cell division, expansion, and differentiation [21, 24]. 
Additionally, auxins play essential roles in plant architec-
ture, germination, and xylem development. However, the 
potential phytotoxic effects of high auxin concentrations, 
as well as their interactions with other PGRs, such as eth-
ylene and abscisic acid (ABA), should be carefully consid-
ered, as they may negatively impact plant growth [25, 26].

Although polymeric nanoparticles, including lignin-
based ones, have shown positive effects on some plant 
species, their efficacy as carriers for plant growth regu-
lators (particularly auxins) and their impacts on the full 
plant life cycle remain underexplored. To bridge this gap, 
this study evaluates the efficiency of lignin nanoparti-
cles (LNPs) in encapsulating indole- 3-acetic acid (IAA) 
in’Sweet Grape’cherry tomatoes (Solanum lycopersicum 
L.), comparing LNP-encapsulated IAA with its free form 
at equivalent concentrations. We hypothesize that LNPs 
act as effective nanocarriers for IAA, enhancing plant 
development at lower concentrations, offering a sustain-
able approach for phytohormone delivery in agriculture.

Materials and methods
Botanical material
The seeds of hybrid cherry tomatoes (Solanum lycoper-
sicum L.),"sweet grapes,"were extracted from the fruits, 
air-dried at room temperature (24 °C), and then stored 
in microcentrifuge tubes (Eppendorf Group, Hamburg, 
Germany) protected from light exposure. The hybrid was 
chosen because of its high fruit quality and yield, as well 
as its ease of cultivation and shorter life cycle (120–160 
days).

Preparation and characterization of LNPs
The LNPs were prepared using the antisolvent method 
proposed by Falsini et  al. [13], with modifications. The 
organic phase was prepared by dissolving 6 mL of lignin 
(5 mg/mL) in a 70% ethanol solution under magnetic stir-
ring in a beaker. To this solution, 0.105 mg of carvacrol 
and 2  mg of IAA (Sigma‒Aldrich, Brazil) were added 
until completely dissolved. The lignin solution was then 
added to 30 mL of water, and the mixture was stirred 
for 30 min. After preparation, ethanol was removed via 
rotary evaporation, and the final volume was adjusted 
to 20 mL. For labeled nanoparticles, the fluorophore 
1,2-dipalmitoyl-sn-glycero- 3-phosphoethanolamine-N-
(Lissamine rhodamine B sulfonyl chloride) (0.1% of the 
lignin mass) was added to 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 
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at a 90° angle using a Zetasizer Nano ZS90 instrument 
(Malvern Instruments, UK). The zeta potential was meas-
ured 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 describe in supplementary Table 01.

For the release profile of IAA, in vitro release kinetics 
were evaluated using a two-compartment dialysis sys-
tem. Nanoparticle suspensions (4 mL) were loaded into 
the donor compartment, separated by a 1 kDa molecular 
weight cutoff dialysis membrane from the acceptor com-
partment containing 2% pluronic solution (to enhance 
compound solubility). Aliquots were periodically col-
lected from the acceptor compartment over 24 h, with 
released compounds quantified via HPLC. All release 
assays were conducted in triplicate at 25 °C, with results 
presented in figure supplementary 02.

Treatments
To assess the efficiency of applying lignin nanoparticles 
encapsulating auxin, the following treatments were used: 
distilled water (control), lignin nanoparticles (LNPs) at a 
concentration of 50 µg/ml, lignin nanoparticles with IAA 
encapsulation (LNPs-IAA) at concentrations of 0.05, 5, 
50, and 100 µg/ml, and IAA solutions at concentrations 
of 0.05, 5, 50, and 100 µg/ml. IAA (Sigma‒Aldrich, Brazil) 
was dissolved in potassium hydroxide (Sigma‒Aldrich, 
Brazil) and distilled water, with a final volume of 100 mL.

The seeds were sanitized with a 2.5% sodium hypochlo-
rite solution and rinsed with distilled water. The samples 
were then immersed in solutions of each treatment, as 
previously described, and agitated for 5 h. For seed treat-
ment, 100 seeds were placed in Eppendorf tubes, with 
a final volume of 1 mL for each solution. Following this 
process, the seeds were randomly planted in 5-L pots (25 
seeds per pot) containing a substrate composed of coco-
nut fiber, carbonized rice husk, peat, and vermiculite 
(HL1000, Hollan Grow, Brazil). After 10 days, thinning 
was performed, leaving only one seedling per pot, result-
ing in a total of 15 seedlings per treatment. At this stage, 
root and hypocotyl lengths were measured in 15 repli-
cates per treatment.

Growth conditions
The pots were fertilized with a slow-release macro- 
and micronutrient formulation (Basacot®), containing 
N (16%), P₂O₅ (8%), K₂O (12%), MgO (2%), S (5%), Fe 
(0.4%), B (0.02%), Zn (0.02%), Cu (0.05%), Mn (0.06%), 
and Mo (0.015%), following recommendations based on 
pot size and tomato cultivation guidelines. The fertilizer 
was applied around the seedlings.

Throughout the 140-day experimental period, the 
plants were maintained in a greenhouse under regular 
irrigation at 7:00, 10:00, 13:00, 16:00, and 18:00, each 
lasting 2 min, with a total water volume of 5,225 mL dis-
tributed across five sprinklers. The experiments were 
conducted between February and June, corresponding 
to late summer and autumn. The temperature (maxi-
mum, average, and minimum) and relative humidity (%) 
recorded inside the greenhouse during the experiment 
are presented in supplementary Fig. 01.

Germination and biometric analyses
To evaluate germination percentage and germination 
time, 100 seeds per treatment underwent the same sani-
tization and preparation process described previously. 
After 5 h of immersion, the seeds were placed in gerboxes 
lined with filter paper moistened with distilled water at 
a ratio of 2.5 times the mass of the dry paper. The boxes 
were then maintained in a growth chamber (BOD) at 25 
°C. The analysis was performed in four replicates of 25 
seeds per treatment over a 10-day period. Germination 
percentage was calculated based on the number of seeds 
exhibiting radicle protrusion.

At the end of the experiment, the length, fresh weight, 
and dry weight of roots, stems, and leaves were evalu-
ated using 15 replicates. Dry weight was measured after 
drying the samples in a circulating air oven at 60 °C for 
48 h. he soluble solids (sugar content) in mature fruits 
were assessed by placing a drop of juice extracted from 
the pulp onto a digital refractometer (ATAGO, PR- 101 
model). Results were expressed in °Brix, with four repli-
cates of six fruits per treatment.

Leaf gas exchange
At 75 days after sowing, leaf gas exchange analyses were 
performed on five plants per treatment using a portable 
infrared gas analyzer (IRGA, LICOR 6400 XT). Photo-
synthetically active radiation (Q) was maintained at 800 
μmol m⁻2  s⁻1, a value determined based on the incident 
light in the greenhouse at the time of measurement. The 
following parameters were assessed: net photosynthesis 
rate (A), stomatal conductance (gs), transpiration rate 
(E), and intercellular CO₂ concentration (Ci). Water use 
efficiency (WUE) was calculated as the ratio of A to E 
(A/E). All measurements were taken in the morning on 
the fully expanded leaf at the third node.

Chlorophyll and carotenoid contents
At 120 days, five leaf samples (5 mm2 each) were col-
lected per treatment. The samples were fixed in dime-
thyl sulfoxide (DMSO) for 12 h, protected from light 



Page 4 of 14Faleiro et al. BMC Plant Biology          (2025) 25:768 

exposure. Spectrophotometric readings were then per-
formed at wavelengths of 665 nm, 649 nm, and 480 nm 
[27]. The concentrations of chlorophyll a (Chl a), chlo-
rophyll b (Chl b), and carotenoids (Car) were estimated 
using Eqs. (1), (2), (3), and (4).

where A is the absorbance measured at each 
wavelength.

Anatomical analysis
To assess potential anatomical and structural changes in 
the embryo and seedlings, 60 seeds per treatment under-
went the same sanitization and immersion processes 
described earlier. The seeds were placed in plastic ger-
mination boxes lined with moistened filter paper soaked 
in distilled water and maintained in a growth chamber 
(BOD) at 25 °C.

Seed and seedling samples (six per treatment) were 
collected on days 1, 2, 3, 5, 6, 7, 8, 9, and 10 after germi-
nation. The samples were fixed in a modified Karnovsky 
solution containing 2.5% glutaraldehyde, 2.5% paraform-
aldehyde, and 0.05 mM CaCl₂ in a 0.1 M sodium caco-
dylate buffer (pH 7.2) for 48 h [28]. Three seeds from 
each treatment were subsequently dehydrated in 100% 
ethanol and infiltrated with hydroxyethyl methacrylate 
(Leica Historesin®, Heraeus Kulzer, Germany) follow-
ing the manufacturer’s instructions. The resulting blocks 
were sectioned using a rotary microtome in both longitu-
dinal and transverse planes, with section thickness rang-
ing from 5 to 7 μm. The obtained sections were stained 
with 0.05% toluidine blue in phosphate buffer and cit-
ric acid (pH 4.5) [29]. After staining, the sections were 
mounted on slides and covered with Entellan® synthetic 
resin (Merck, Germany). Images were captured using 
an Olympus DP71 video camera coupled to an Olympus 
BX51 microscope.

At 140 days, five samples from the middle region of 
the primary root, stem and leaf from each treatment 
were fixed in Karnovsky solution [28] and buffered with 
4% neutral formalin for 48 h. The samples were then 

(1)Chla = 12.19 × A665 − 3.45 × A649

(2)Chlb = 21.99 × A649 − 5.32 × A665

(3)
Car = 1000 × A480 − 2.14 × Chla − 70.16 × Chlb/220

(4)Chl total = Chla + Chlb

dehydrated in 70% ethanol and stored in glass contain-
ers. Leaf samples were further dehydrated in 100% etha-
nol and infiltrated with hydroxyethyl methacrylate (Leica 
Historesin®, Heraeus Kulzer, Germany). The resulting 
blocks were sectioned using a rotary microtome (Leica 
Biosystems, RM 2045, Germany) in both longitudinal 
and transverse planes, with section thickness ranging 
from 5 to 10 μm. The obtained sections were stained with 
0.05% toluidine blue in a phosphate-citric acid buffer (pH 
4.5) [29], then mounted on slides and coverslips using 
synthetic resin (Entellan®, Merck, Germany). The results 
were documented by capturing images with an Olym-
pus DP71 video camera attached to an Olympus BX 51 
microscope.

For the root and stem samples, sections from each 
treatment were cut using a sliding microtome (Leica Bio-
systems, RM 2045, Germany) with thicknesses ranging 
from 8 to 13 μm. These sections were also stained with 
0.05% toluidine blue in a phosphate-citric acid buffer (pH 
4.5) [29], and images were captured with the same Olym-
pus DP71 video camera attached to an Olympus BX 51 
microscope.

To assess the influence of auxin on secondary xylem, 
the number of vessels, the area of the stem vascular cyl-
inder, the area of the leaf vascular bundles, and the area 
of the root vascular cylinder were measured in five repli-
cates per treatment using ImageJ software. Additionally, 
the equivalent diameter of leaf, stem, and root vessel ele-
ments was calculated, with 50 replicates per treatment, 
following the methodology proposed by Scholz et al. [30].

LNPs in seeds: confocal microscopy analysis
The LNPs were labeled with Liss Rhod PE (1,2-dioleoyl-
sn-glycero- 3-phosphoethanolamine-N- (lissamine rho-
damine B sulfonyl) (ammonium salt) for absorption and 
localization analyses. For this purpose, the seeds were 
immersed in the labeled LNP solution and left under 
slow agitation. After 5  h, a longitudinal cut was made 
in the seeds, mounted on a slide with a coverslip using 
distilled water, and immediately analyzed via an upright 
confocal microscope (Zeiss, LSM780, Germany).

In the microscope, two different channels were used: 
one for autofluorescence absorption in white and the 
other for the specific wavelength range of the fluoro-
chrome in green. The excitation wavelength employed 
was 552 nm, with emission detected between 572 and 
607 nm for the fluorochrome, and between 430 nm and 
660–680 nm for autofluorescence. The images presented 
in the study are composite images from both channels. 
These analyses were conducted at the National Institute 
of Photonics Applied to Cell Biology (INFABiC), at the 
University of Campinas (UNICAMP).
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Statistical analysis
The morphometric, physiological, biochemical, and 
quantitative anatomical data were first subjected to 
the Anderson–Darling normality test. Based on the 
results, parametric analysis of variance (ANOVA) or 
nonparametric analysis (Kruskal–Wallis) was applied, 
depending on the data distribution. When significant 
differences were found, the means were compared 
using Tukey’s or Dunn’s post hoc tests, with a signifi-
cance level set at 5%. All analyses were conducted using 
R software. The mean values for each measured param-
eter are provided in supplementary Table 2.

Results
Table 1 presents the characterization of lignin nanopar-
ticles (LNPs), labeled lignin nanoparticles, and lignin 
nanoparticles encapsulating IAA (LNPs-IAA). The 
encapsulation efficiency was 90%. The results indicate 
that the nanoparticles had an average size of approxi-
mately 200 nm and exhibited low polydispersity. The 
addition of IAA or fluorochrome did not affect the col-
loidal properties of the nanoparticles. The release pro-
file evaluation demonstrated that lignin nanoparticles 
facilitate a sustained release of IAA (Fig.Sup. 2). After 
8  h, approximately 40% of the IAA was released, with 
the release reaching around 55% after 24 h.

The labeled LNPs were detected after 5  h of immer-
sion, primarily in the seed coat, endosperm, embryo, and 
cotyledons (Fig. 1). Control sections were prepared in the 
same regions and observed under the same wavelength 
(Fig. 1a, c, f, h, j). The LNPs exhibited aggregation behav-
ior and were found on the surface of the hairy seed coat 
(Fig. 1b). In the endosperm, LNPs were observed in the 
apoplastic region (Fig. 1d) and within the cells (Fig. 1e). 
In the embryo, particularly in the radicle sector, some 
LNPs were found inside the cells (Fig. 1g). In the cotyle-
don region (Fig. 1i), fewer nanoparticles were observed. 
However, they were present between the cotyledons 
(Fig. 1i), inside the cotyledons, and within the endosperm 

Table 1  Characterization of lignin nanoparticles (LNPs), lignin 
nanoparticles encapsulating IAA (LNPs-IAA) and labeled LNPs 
performed using dynamic light scattering (DLS). PDI refers to the 
polydispersity index

Size (nm) PDI Zeta 
Potential 
(mV)

LNPs 201 ± 85 0.151 − 34.5

LNPs-IAA 221 ± 70 0.166 − 41.7

Labeled LNPs 228 ± 3.4 0.29 − 50

Fig. 1  Confocal images of the seed coat, endosperm, embryo, 
and cotyledons of cherry tomato plants after 5 h of immersion 
in a solution containing lignin nanoparticles labeled with lissamine 
rhodamine B sulfonyl chloride (ex: 552 nm; em: 572—607 nm). 
The seed coat with non-glandular trichomes is shown in both the 
control (a) and LNP-labeled (b) samples. The endosperm of control 
seeds (c) and those labeled with LNPs (d, e) show the nanoparticles 
inside and between cells. The radicle region in control sections 
(f) and LNP-labeled sections (g) is depicted. Cotyledons 
and the endosperm region in control sections (h, j) and LNP-labeled 
sections (i, k). The yellow arrows indicate the presence of LNPs. 
The analysis was performed on five seeds. Ct = cotyledon; En 
= endosperm; Hp = hypocotyl; Rd = radicle; Sc = seed coat. Bars: 20 
µm
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cells in the middle region of the seeds (Fig. 1k). The con-
trol section containing only LNPs-labeled samples is pro-
vided in Supplementary Fig. 02.

The germination rates were not significantly affected 
by treatments with LNPs and LNPs-IAA, as shown in 
Fig. 2a. However, a trend was observed, with germination 
rates being lower and the time required for germination 
being prolonged at higher concentrations of LNPs-IAA 
(Fig. 2b). This extended germination time was also noted 
in the LNPs treatment without IAA.

The LNPs-IAA at concentrations of 50 and 100 µg mL⁻1 
resulted in significant reductions in both root and hypoc-
otyl lengths compared to the control treatment (Fig. 2c, 
d). Regarding seedling morphology (Fig.Sup. 03), no 
alterations or phytotoxic effects were observed in most 
treatments, except for the LNPs-IAA 100 µg mL⁻1 treat-
ment, where the seedlings difficult to fully develop even 
after ten days of germination.

The anatomical analysis of seedling development dur-
ing the first 10 days of the experiment revealed no sig-
nificant differences in seed/seedling structure among 
the treatments, except for the timing of root protrusion 
and hypocotyl formation (Fig.  3). The germination pro-
cess in all treatments, except for LNPs and LNPs-IAA 50 
and 100 µg mL−1, began with the seed coat protruding 
to allow root emergence on the 2nd day (Fig. 3b). By the 
3rd day (Fig. 3c), root elongation started, and cotyledon 
opening occurred between the 4 th and 5 th days (Fig. 3d). 
By the 10 th day, root elongation continued, and the api-
cal meristem (MAC) was fully differentiated (Fig. 3e). In 
the treatments with LNPs and LNPs-IAA 50 µg mL−1, 
root protrusion began only on the 3rd day (Fig. 3h), fol-
lowed by root elongation (Fig. 3i, j). The LNPs-IAA 100 
µg mL−1 caused root protrusion only on the 5 th or 6 th 
day (Fig. 3p). By the 10 th day, root elongation was still 
ongoing, and cotyledon opening had not yet occurred 
(Fig.  3q). In the rest of treatments, cotyledon opening 
and MAC formation were similar (Fig. 3k).

After 140 days of cultivation, the number of leaves 
tended to increase with higher concentrations; however, 
no significant differences were observed compared to 
the control, except for LNPs-IAA 0.05 μg mL−1, which 
resulted in a reduction in this variable (Fig. 4a). On the 
other hand, LNP-IAA 100 µg mL⁻1 and IAA 100 µg 

Fig. 2  Germination and seedling parameters of cherry tomato plants 
after 10 days of cultivation before adding auxin encapsulated in lignin 
nanoparticles (LNPs-IAA) and its free form (IAA) at concentrations 
of 0.05, 5, 50, and 100 µg/mL. (a, b) Germination time and rate. (c, d) 
Seedling parameter measurements. (e) Seedling morphology in all 
the treatment groups. All the data were subjected to parametric 
analysis of variance (ANOVA) and compared via the Tukey test 
at the 5% significance level in RStudio software. Bars: 1 cm

◂
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mL⁻1 induced the shortest stem length (Fig. 4b). For root 
length (Fig. 4c), no significant differences were observed 
among treatments. However, fresh leaf weight increased 
when seeds were treated with LNP-IAA 100 µg mL⁻1 and 
IAA 100 µg mL⁻1 (Fig.  4d). Additionally, root fresh and 
dry weight were higher under LNP-IAA 100 µg mL⁻1 
and IAA 100 µg mL⁻1 treatments (Fig. 4e, f ). These dif-
ferences were primarily associated with the presence 
of adventitious and lateral roots compared to the other 
treatments (Fig. 4j).

In the physiological parameters, IAA 0.05 µg mL⁻1 
and 5  µg mL⁻1 showed the highest photosynthesis rates 
(Fig. 4g), while LNPs-IAA 100 µg mL⁻1 exhibited the low-
est rates. However, no treatment showed a significant 
difference. A similar trend was observed for water use 
efficiency (Fig.Sup. 4f ) and transpiration (Fig. Sup. 4 d). 
LNPs-IAA 100 µg mL⁻1 resulted in the lowest stomatal 
conductance (Fig.  4h) and the lowest intercellular CO₂ 
concentration (Fig.Sup. 4e). Leaf concentrations of total 
chlorophyll and carotenoids were reduced when apply-
ing LNPs-IAA 100 µg mL⁻1 and IAA 100 µg mL⁻1 (Fig. 4i; 
Fig.Sup. 4i).

The application of LNPs and LNPs-IAA did not affect 
the internal morphology of leaves, stems, or roots (Fig. 
Sup. 5a–p). However, the quantitative analysis of xylem 
tissue traits revealed significant effects (Fig.  5). LNPs-
IAA and IAA at 0.05 and 5  µg mL⁻1 reduced the total 
xylem area in leaves (Fig.  5a), whereas, LNPs-IAA, and 
IAA at 100 µg mL⁻1 increased the xylem area in stems 
(Fig. 5e). In the roots (Fig. 5i), LNPs-IAA at 0.05 µg mL⁻1 
and IAA at 5  µg mL⁻1 increased the total xylem area, 
whereas IAA and LNPs-IAA at 100 µg mL⁻1 drastically 
reduced it.

The number of vessels in leaves (Fig. 5b) was influenced 
by most treatments, except for LNPs at 50 µg mL⁻1 and 
LNPs-IAA at 0.05 µg mL⁻1. In the stem (Fig. 5f ), no sig-
nificant differences were observed among the treatments. 
For the roots (Fig. 5j), IAA at 5 µg mL⁻1 showed the high-
est number of vessels, whereas both treatments with 100 
µg mL⁻1 resulted in a drastic reduction.

Regarding the equivalent diameter of vessels, LNPs-
IAA at 0.05 µg mL⁻1 increased vessel diameter in leaves 
(Fig.  5c), while LNPs-IAA at 5  µg mL⁻1 reduced it. In 
stems, LNPs-IAA at 0.05 and 5 µg mL⁻1 increased vessel 

Fig. 3  Light photomicrographs of seed germination and seedling formation at 10 days of development. No alterations in embryo structure 
were observed in the seeds (a, f, l, g, h, m, n, o). Root protrusion from the seed coat marked the beginning of the germination process (b, i, 
p). Root elongation followed (c, j, q), along with the initial stages of cotyledon opening (d). Fully developed seedlings were observed 10 days 
after germination (e, k). Ct = cotyledon; En = endosperm; Hp = hypocotyl; MAC = shoot apical meristem; Pr = primary root; Rd = radicle. Scale bars: 
500 µm
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diameter (Fig.  5g), whereas LNPs-IAA at 100 µg mL⁻1 
led to a reduction. The vessel diameter in roots was not 
affected by any treatments (Fig. 5k).

After 140 days, Table  2 presents the total number of 
fruits produced under each treatment. Compared to the 
control and LNPs, LNPs-IAA at 0.05 µg mL⁻1 resulted 
in the highest fruit count. In contrast, fruit sugar con-
tent was reduced in treatments with LNPs-IAA at 100 µg 
mL⁻1 and IAA at 50 µg mL⁻1 compared to the control.

Discussion
The results demonstrate that lignin nanoparticles (LNPs) 
were effectively absorbed by plants without inducing 
morphological alterations in vegetative or reproductive 
structures throughout the life cycle. The encapsulation 
efficiency of auxin in LNPs was comparable to free-hor-
mone treatments, confirming the effectiveness of lignin 
nanoparticles as delivery systems. Furthermore, the 
chemical composition of the nanoparticles influenced 

Fig. 4  Morphometric (a, b, c, d, e, f), physiological (g, h), biochemical (i), and morphological (j) parameters of adult cherry tomato plants cultivated 
for 140 days after the application of auxin encapsulated in lignin nanoparticles (LNPs-IAA) and its free form (IAA) at concentrations of 0.05, 5, 
50, and 100 µg/mL. All data were subjected to nonparametric Kruskal–Walli’s analysis of variance and compared via the Duncan test at a 5% 
significance level using RStudio software. Bars: 5 cm
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seed germination parameters. At lower concentrations, 
LNPs-IAA treatments showed minimal statistical dif-
ferences in growth promotion parameters compared to 
free IAA, particularly in xylem development and fruit 

yield. However, higher concentrations elicited phyto-
toxic effects, including significant reduction in chloro-
phyll content, impaired gas exchange and decreased fruit 
number.

While Falsini et al. [13] previously reported LNP locali-
zation in tomato seed coats after 48 h and root absorp-
tion after 72 h, our findings demonstrate significantly 
faster uptake kinetics. We observed LNP internalization 
and cellular absorption within just 5 h of exposure, con-
firming the rapid transport capacity of these nanoparti-
cles throughout plant tissues. This accelerated uptake 
profile highlights the potential of LNPs for efficient deliv-
ery of bioactive compounds in agricultural applications.

The occurrence of trichomes efficiently assists in the 
adhesion of LNPs to the seed coat. Although the pres-
ence of LNPs in association with trichomes has been 
reported, the role of these structures in nanoparticle 
internalization has not been confirmed [31]. Trichomes 
are structures that have already been reported as excel-
lent immobilizers of nanoparticles, but it is still unclear 
whether these structures are part of any absorption path-
way [31]. The transport of LNPs observed in seeds is pri-
marily apoplastic, which is considered one of the main 

Fig. 5  Xylem quantitative parameters in cherry tomatoes at 130 days of cultivation after applying auxins encapsulated in lignin nanoparticles 
and their free form at concentrations of 0.05, 5, 50, and 100 µg/mL. Leaf parameters (a, b, c, d), stem parameters (e, f, g, h) and root parameters (i, 
j, k, L). All the data were subjected to nonparametric Kruskal‒Walli’s analysis of variance and compared via the Duncan test at the 5% significance 
level in RStudio software. Xy = xylem. Ve = vessels. Bars: 100 µm

Table 2  Number of total fruits and sugar contents (ºBrix) 
produced by the tomato plants after 140 days of cultivation. 
All the data were subjected to analysis of variance (ANOVA) 
and compared via the Tukey test at the 5% significance level in 
RStudio software

Treatments Total fruit number Soluble solids (%)

Control 320 ± 13 bc 8.2 ± 1 a

LNPs 339 ± 14 b 7.4 ± 0.5 ab

LNPs-IAA 0.05 460 ± 10 a 7.9 ± 1.4 a

LNPS-IAA 5 410 ± 15 ab 7.6 ± 1.6 ab

LNPS-IAA 50 372 ± 15 b 7.4 ± 1 ab

LNPs-IAA 100 279 ± 12 c 6.8 ± 0.8 b

IAA 0.05 350 ± 10 b 6.8 ± 1.9 ab

IAA 5 295 ± 13 bc 7,1 ± 0.2 ab

IAA 50 442 ± 15 ab 6.7 ± 0.6 b

IAA 100 285 ± 10 c 7.2 ± 1 ab
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routes of nanoparticle translocation in higher plants [32]. 
This type of transport aligns with the characteristics of 
LNPs, which are 200–220 nm in length, making sym-
plastic transport difficult, as plasmodesmata do not have 
pores larger than 2–20 nm [31]. Additionally, the nega-
tive charge of LNPs could facilitate apoplastic and xylem 
transport, as cell walls generally carry the same charge 
[33].

The cellular internalization of LNPs remains a chal-
lenge. Although we report the presence of LNPs 
within endosperm cells, radicles, and cotyledons, the 
method of their absorption into the cell protoplast is 
still unknown. However, Avellan and collaborators [31] 
highlighted that this process may occur through pas-
sive diffusion, such as membrane traversal, or transient 
pores, like water channels and aquaporins [34]. Simi-
larly, active diffusion may occur through endocytosis 
processes or protein carriers. Endocytosis is a highly 
viable pathway for the absorption of extracellular mole-
cules [31], as protoplasts can internalize particles up to 
1 µm in size, mainly for delivering specific material into 
organelles. In contrast, delivery into the cytosol and 
pore opening in the membrane seems to be the most 
appropriate pathways [35]. Furthermore, nanoparticles 
can be taken up through both hydrophobic and hydro-
philic interactions. Lignin, being a biopolymer, exhibits 
both characteristics, which may enable the uptake of 
lignin nanoparticles from the seed teguments, which 
are lignified and possess hydrophobic properties.

Our findings revealed no significant impact of the 
treatments on germination rates, contrasting with pre-
vious studies demonstrating enhanced germination at 
low concentrations of polymeric nanoparticles [17, 18, 
20]. Notably, we observed no synergistic effect between 
auxins and nanoparticles on germination, despite estab-
lished literature documenting auxin-mediated stimula-
tion of cell division and elongation during early seedling 
development [23]. Notably, we observed concentration-
dependent germination inhibition, with higher con-
centrations of both LNPs and LNPs-IAA significantly 
reducing germination rates and increasing germination 
time. These findings align with studies using poly(ε-
caprolactone) (PCL) nanocapsules, where nanoparticle 
uptake was shown to modify seed water potential, ulti-
mately delaying germination and impairing seedling 
establishment in Brassica species [36]. Studies with maize 
seeds have shown that high concentrations of lignin nan-
oparticles (LNPs) delayed germination and caused phy-
totoxic effects [12]. The authors suggest these effects are 
likely related to lignin constituents (p-hydroxyphenyl, 
guaiacyl, and syringyl), which have been previously docu-
mented as plant growth inhibitors [37].

An alternative explanation for the observed germina-
tion inhibition and delayed germination rates may involve 
the presence of carvacrol in the LNP composition. This 
essential oil component, present in our treatments at 
approximately 4 µg/mL, has been previously documented 
as a potent pesticide across multiple plant species [38, 
39]. Studies report that carvacrol application—whether 
through foliar sprays or seed treatment—can completely 
inhibit germination and impair seedling development. 
Notably, concentrations as low as 3 µg/mL have demon-
strated herbicidal activity in sensitive species.

After 140 days of cultivation, our analysis revealed that 
hormone encapsulation in LNPs at low dosages did not 
significantly affect growth. However, at higher dosages, 
there was a notable influence on stem and root param-
eters. Specifically, stem length decreased, whereas root 
parameters, such as fresh and dry weights, significantly 
increased. These stem and root results can be explained 
by ethylene biosynthesis being mediated by high IAA 
concentrations. Elevated levels of IAA can stimulate 
ethylene biosynthesis, which may inhibit specific devel-
opmental processes, particularly in the hypocotyl region 
[40–42]. Maintaining low levels of ethylene during the 
vegetative phases of plant growth is crucial, as high con-
centrations can adversely affect stem elongation [41]. 
Indeed, ethylene has a significant effect on increasing 
root biomass [43, 44], particularly in lateral roots. This 
aligns with our findings where LNPs-IAA and IAA 100 
µg mL⁻1 treatments were observed to influence lateral 
root development, leading to an increase in root mass.

Regarding leaf gas exchange, no significant differences 
were observed in the physiological parameters for the 
LNP-IAA treatments at low dosages. However, at high 
dosages, a significant reduction was noted. The decrease 
in photosynthesis and CO₂ concentration can be attrib-
uted to lower stomatal conductance values (gs), particu-
larly in the LNP-IAA 100 µg mL⁻1 treatment. In the same 
concentration, a reduction in leaf contents of chlorophyll 
and carotenoids was also observed. These results sug-
gest that the plants may be experiencing oxidative stress 
related to the high levels of IAA exposure, with the IAA 
100 µg mL⁻1 treatment showing similar effects. Oxidative 
stress can impair photosynthetic efficiency and disrupt 
pigment synthesis, leading to reduced photosynthesis 
and overall plant productivity [45].

Previous studies with different plant species have 
also indicated that high concentrations of IAA can trig-
ger various stress responses during plant development, 
including oxidative stress [40, 46, 47]. Because aux-
ins interact with a wide range of other PGRs, primarily 
abscisic acid (ABA) and ethylene, it is difficult to deter-
mine phytotoxic effects precisely [23]. Reports indicate 
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that high levels of IAA result in responses leading to ABA 
accumulation in shoot tissues [48, 40]. This accumulation 
subsequently leads to reduced stem elongation, stomatal 
closure, and the accumulation of reactive oxygen species 
(ROS), which can contribute to oxidative stress [49, 50].

Anatomical analyses of vegetative organs demon-
strated that LNP application did not alter plant structure. 
Our study represents the first report of such analyses. 
Most documented toxic effects in literature are linked to 
metallic nanoparticles, which have been shown to cause 
cell wall loosening in stems and roots, trichome shedding 
from leaf surfaces and growth interruption [5, 51–53]. 
Our results indicate that lignin-based nanoparticles did 
not display comparable toxicity levels, suggesting that 
polymeric nanoparticles may interact differently with 
plant tissues.

However, in the treatments where IAA free or encap-
sulated were used, an influence on xylem tissue develop-
ment was observed, with distinct responses depending 
on the concentration employed. The xylem is the tissue 
responsible for transporting water and minerals from the 
roots to the photosynthetic sites in leaf tissues, as well 
as providing excellent mechanical resistance to plants, 
allowing the colonization of various environments [54]. 
The initiation of the xylem from procambial or cambial 
meristematic cells is mediated by auxins [55, 56]. The role 
of the auxin gradient in hormonal flux formation through 
PIN transporters in meristems has been widely reported 
in the literature, especially in vascular cambium cell divi-
sion and proliferation [57].

The low-dose LNP-IAA treatments showed strong 
correlation with root xylem development, specifically 
regarding xylem area and vessel number. Multiple stud-
ies have documented the influence of both exogenous 
and endogenous auxins on xylem cell differentiation 
and development, supporting our observations [58–62]. 
However, high concentrations demonstrated antago-
nistic effects. These results correspond with our mor-
phological analysis, where both 100 µg mL⁻1 treatments 
induced: increased lateral root formation and conse-
quently reduced primary root thickness. This architec-
tural modification may have contributed to the observed 
xylem area reduction. Such adaptation likely represents a 
stress response to high auxin concentration, potentially 
associated with enhanced ethylene biosynthesis and ABA 
accumulation. Existing literature reports that nanoparti-
cle seed treatments can modify gene expression patterns, 
thereby regulating multiple metabolic responses—includ-
ing phytohormone signaling pathways and concentration 
gradients [14, 19].

In terms of the number of fruits produced, the low-
dose LNP-IAA treatment had a significantly more 

significant effect than the other treatments. These results 
are consistent with previous data from Pereira et. al. 
[17], where the encapsulation of GA3 increased tomato 
fruit production by up to 225% with CS/TPP nanoparti-
cles and 148% with CS/ALG nanoparticles. The authors 
suggest that the sustainable delivery of PGRs encapsu-
lated, over a prolonged period compared to free release, 
increased fruit production, influenced by the beneficious 
on growth parameters such as root and stem biomass.

Based on our results, we cannot draw the same conclu-
sions. Although the treatment with 0.05 µg mL⁻1 LNPs-
IAA yielded a higher number of fruits, these findings 
were not supported by other morphological, physiologi-
cal, or biochemical variables. The plants subjected to this 
treatment exhibited a significant increase in root xylem, 
which could potentially affect water absorption. How-
ever, the photosynthetic rates and CO2 concentration did 
not show any notable responses. In contrast, the 100 µg 
mL⁻1 LNPs-IAA reduced stomatal conductance and pho-
tosynthetic pigment levels, which may have contributed 
to the lower final fruit number.

Beyond that, our experiments did not evaluate fruit 
productivity, which are crucial factors in determining 
treatment efficacy. Finally, we did not measure the endog-
enous levels of PGRs, and such analysis demonstrating 
would be important to validate some of the plant growth 
responses we observed.

These results underscore the need for further investiga-
tion, particularly regarding the following considerations:

1)	 For a comprehensive understanding of polymeric 
nanoparticle effects, future studies should assess the 
complete life cycle of the target species—from germi-
nation to fruit production. Current research on poly-
meric nanoparticles predominantly focuses only on 
early developmental stages (germination and seed-
ling growth), leaving a critical knowledge gap regard-
ing later phases such as flowering and yield.

2)	 For studies employing encapsulated growth regula-
tors, we strongly recommend concurrent biochemi-
cal profiling of endogenous phytohormone levels. 
This approach is critical because, as demonstrated 
in our study, the observed phenotypic responses fre-
quently resulted from complex interactions between 
multiple PGRs rather than isolated effects.

3)	 Xylem development should be analyzed from its early 
stages to determine whether auxin-mediated growth 
promotion mechanisms are maintained when auxins 
are encapsulated in nanoparticles.

4)	 Future studies should incorporate comprehensive 
analyses of fruit/grain chemistry and physical prop-
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erties, along with precise biomass measurements 
and productivity assessments. This multidimensional 
approach is essential to accurately determine the 
effects of different nanoparticle concentrations and 
formulations.

Conclusion
The evaluated lignin nanoparticles showed promis-
ing potential as nanocarriers for plant growth regula-
tors (PGRs), producing equivalent results to the isolated 
application of the hormone. Additionally, our findings 
demonstrated that nanoparticles with lengths of 200–220 
nm were readily absorbed by seeds after just five hours 
of immersion. Although we observed that the lowest 
concentration of the encapsulated hormone increased 
the number of fruits, the other variables did not support 
these results. Conversely, at higher concentrations, toxic 
effects contributed to a reduction in fruit number. There-
fore, future studies should investigate lower concentra-
tions of the encapsulated hormone to provide precise 
usage recommendations, justifying the encapsulation of 
bioactive compounds. Our research highlights and rein-
forces the importance of proper dosage and the chemical 
composition of nanocarriers for agricultural applications.
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