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Abstract

llex paraguariensis (yerba mate), a culturally and economically important South American
species, faces significant challenges in vitro, including contamination, phenolic oxidation,
and low regeneration rates. Nanoparticles have recently emerged as promising tools to
overcome such limitations. This study evaluated silver (AgNPs) and chitosan nanoparticles
(ChNPs) in eight experiments using nodal, leaf, and internodal explants. Surface disinfec-
tion with 1% colloidal silver solution 20 ppm significantly reduced contamination (17.2%
and 15%) while maintaining viability (62.1%). However, supplementation of culture media
with AgNPs (4-75 mg-L~!) or ChNPs (5-120 mg-L~!) did not improve nodal segment
responses. In leaf explants, 4 mg-L~! AgNPs proved most effective, reducing contami-
nation and markedly decreasing callus oxidation from 63.3% to 10.0%. Callogenesis was
enhanced when AgNPs were combined with growth regulators, with the highest induction
at 6 mg-L~! AgNPs + zeatin (38.1%) and 4 mg-L.~! AgNPs + BAP (42.9%). Conversely, in
internodal segments, AgNPs combined with BAP completely inhibiting callus formation.
The resulting calli exhibited compact and friable morphologies but no signs of somatic
embryogenesis. Overall, the effectiveness of AgNPs depends on their formulation, ex-
plant type, and interaction with cytokinins. Optimization of nanoparticle formulation and
hormonal balance remains essential to maximize efficacy while minimizing toxicity.

Keywords: llex paraguariensis; silver nanoparticles; chitosan nanoparticles; tissue culture

1. Introduction

Ilex paraguariensis A. St.-Hil., commonly known as yerba mate, is a tree species of the
family Aquifoliaceae with great economic, cultural, and ecological importance in South
America. It is widely cultivated in agroforestry systems and commercial monocultures
across Brazil, Argentina, and Paraguay [1,2]. In addition to its traditional use in infusions
such as chimarrao and tereré, yerba mate has gained prominence in the international
markets of functional foods, cosmetics, and nutraceuticals, driven by its rich phytochemical
profile. The leaves contain methylxanthine alkaloids, phenolic acids, flavonoids, and triter-
pene saponins, which exhibit antioxidant, anti-inflammatory, digestive, neuroprotective,
and lipid-lowering properties [3,4].

The growing demand for high-quality, genetically uniform plantlets has prompted
the development of vegetative propagation techniques. Techniques such as cuttings and
mini-cuttings are among the most widely used [5-8]. However, their success depends not
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only on morphological traits but also on the physiological and biochemical status of the
propagules. The metabolic condition of the donor plant (strongly influenced by genotype
and seasonality) plays a decisive role in rooting and subsequent development [7,8].

In vitro culture techniques, on the other hand, overcome seasonal constraints, ensure
genetic and physiological uniformity, provide high phytosanitary quality, and enable
large-scale production [9,10]. Nevertheless, the micropropagation of yerba mate still faces
several technical limitations. These include persistent endogenous contamination caused
by endophytes that survive surface sterilization [11,12]; severe explant oxidation, where
released phenolic compounds oxidize into toxins causing tissue necrosis [13], and the
inherently low regenerative capacity of mature genotypes, which remain recalcitrant to
growth regulators due to physiological maturity [14,15].

To address these challenges, innovative biotechnological strategies such as the ap-
plication of nanoparticles have been explored in several plant species, including, potato
(Solanum tuberosum L.) [16], sugarcane (Saccharum spp.) [17], strawberry (Fragaria x ananassa
Duchesne ex Rozier) [18], Lavandula angustifolia Mill. [19], and Araucaria excelsa (Lamb.)
R. Sm. [20]. These studies report that silver (AgNPs) and chitosan nanoparticles (ChNPs)
can enhance in vitro culture efficiency by exerting antimicrobial and antioxidant ef-
fects, thereby reducing contamination and, in some cases, promoting shoot formation
and callogenesis.

The selection of AgNPs and ChNPs in the present study was based on their well-
documented antimicrobial activity and their potential role as plant growth elicitors. Mech-
anistically, AgNPs interact with microbial cell membranes and promote the formation
of reactive oxygen species, disrupting essential cellular functions [21]. ChNPs, in turn,
establish electrostatic interactions with microbial membranes and chelate metal ions, lead-
ing to cell wall damage and growth inhibition [22]. Nonetheless, the biological effects of
nanoparticles are highly variable and depend on species-specific and explant-specific fac-
tors, including nanoparticle type, concentration, exposure time, and colloidal stability [23].

Despite increasing interest in the subject, this is the first study to evaluate the effec-
tiveness of nanoparticles in the in vitro regeneration of yerba mate. Given the well-known
challenges of contamination, oxidation, and regeneration in this species, the use of nan-
otechnology represents a promising and still underexplored alternative that could provide
significant scientific contributions to the field of plant tissue culture.

Therefore, this study aimed to evaluate the effects of silver (AgNPs), and chitosan
nanoparticles (ChNPs) at different concentrations on the disinfection, shoot induction, and
callus formation of nodal, foliar and internodal explants of yerba mate, to optimize tissue
culture protocols. By integrating classical techniques with emerging nanobiotechnological
approaches, this work also aimed to contribute to the development of more efficient and
reproducible methods for clonal propagation and germplasm conservation of yerba mate.

2. Materials and Methods
2.1. Plant Material, Nanoparticles, and Experimental Design

Plants from clones of yerba mate were maintained in a semi-hydroponic minigarden
located in a greenhouse at Embrapa Forestry (Colombo, Brazil). These plants were origi-
nated from a provenance and progeny trial established in 1997 in Ivai, Parand, Brazil, and
propagated by cuttings from selected genotypes. At the time of rescue from the field, donor
plants were 21 years old, and the clonal cuttings remained in the semi-hydroponic channels
for five years before being used in the experiments. All experiments were conducted at the
Tissue Culture and Transformation Laboratory, Embrapa Forestry, using plants from a mix
of clones.
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A total of eight independent experiments were performed on the effects of nanopar-
ticles on various aspects of yerba mate in vitro culture. Three experiments assessed the
effects of silver (AgNPs) and chitosan nanoparticles (ChNPs) on explant disinfection and
shoot induction using nodal segments. The remaining five experiments employed leaf
and internodal explants to investigate disinfection efficiency, oxidation control, silver
nanoparticle dose-response effects, growth regulator exposure time, and callus induction
and differentiation.

Silver nanoparticles were applied in two different form and at various concentrations:
(i) a commercial colloidal silver solution 20 ppm (Universe Nanoscience, Sao José dos
Campos, Brazil). The solution was characterized by a light yellow to amber color and
a slightly bitter taste. Transmission Electron Microscopy (TEM) analysis confirmed the
presence of spherical nanoparticles with a bimodal size distribution, exhibiting average
diameters of 8 nm and 30 nm; (ii) a silver nanopowder (Sigma—Aldrich®, St. Louis, MO,
USA) with a particle size of <100 nm. The nanopowder contains Polyvinylpyrrolidone
(PVP) as a dispersant agent and has a high purity of 99.5% (trace metals basis), presenting
a beige to dark gray appearance.

Additionally, chitosan nanoparticles (ChNps) in nanopowder form (<30 nm) were
kindly provided by Quitomax Industria e Comércio Ltda. (Maripd, Brazil). Their pro-
duction process and physicochemical characterization have been previously described in
Alves et al., 2018, 2021 [24,25] and Oliveira et al., 2025 [26]

Experimental protocols were progressively refined based on previous outcomes to
optimize each developmental stage.

2.2. Explant Preparation and Surface Disinfection

Fresh nodal (1.0-1.5 cm long), leaf (1 cm? disk), and intermodal (0.5 cm long) segments
were transported to the laboratory in an antioxidant solution (25 mg-L~! citric acid
250 mg-L~! ascorbic acid, and 1 g-L~! polyvinylpyrrolidone (PVP)) to minimize oxidative
browning. Upon arrival, explants were rinsed under running water with detergent Tween®
20 (Sigma-AldriCh®, St. Louis, MO, USA) for 5 min.

Surface sterilization was performed by sequential immersion in 70% ethanol for
2 min, and then in 1.25% sodium hypochlorite (prepared as a 50% dilution of 2.5% stock
solution) for 20 min with constant agitation. After each chemical treatment, explants were
rinsed three times with sterile distilled water to remove residual disinfectants. The explants
were then re-immersed in the antioxidant solution (same composition as above) until they
inoculated onto culture media.

Supplementary disinfection protocols were evaluated in Experiment I (nodal segments)
and Experiment IV (leaf and internodal segments). The most effective treatment from each
experiments (see Tables 1 and 2 for details) was adopted as the standard sterilization
procedure for subsequent work.

Table 1. Summary of in vitro culture experiments on nodal segments of yerba mate.

Experiment

Treatment Culture Medium

Exp. I—Disinfection
and Shoot Induction

(Iand IV) 1% Commercial colloidal silver 1% MS + 30 g-L ! sucrose + 7 g-L~! agar +
solution 20 ppm for 20 min; (Il and III) 0.2-2%  2.22 uM BAP + 0.1 uM NAA + (II-V)
Chlorhexidine for 10 min; (V) 1% Cercobin® 0.075% Coryna® 116-XC (Miracema-
(Thara, Sorocaba, Brazil) for 15 min. Nuodex, Campinas, Brazil); pH 5.6-5.8

Exp. I—Silver
and Chitosan
Nanoparticles

Culture media supplemented with:

(I) 0 mg-L~! NPs; (I) 4 mg-L~! AgNPs;

(I11) 7 mg-L~! AgNPs; (IV) 5 mg-L~! ChNPs;
(V) 15 mg-L~! ChNPs

% MS +30 g-L ! sucrose + 7 g-L ™! agar +
2.22 uM BAP + 0.1 uM NAA + 0.075%
Coryna® 116-XC; pH 5.6-5.8
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Table 1. Cont.

Experiment

Treatment

Culture Medium

Exp. III—Silver

Culture media supplemented with:

(I) 25 mg-L~! AgNPs; (II) 50 mg-L~! AgNPs;
g g g g

;‘icmft’is?“ (I 75 mg-L~! AgNPs; (IV) 60 mg L~ ChNPs; 2M€ as above
anoparticies (V) 90 mg-L~! ChNPs; (VI) 120 mg-L~! ChNPs
NAA (1-Naphthaleneacetic acid); BAP (6-Benzylaminopurine). For each experiment, 30 replicates were conducted
per treatment.
Table 2. Summary of in vitro culture experiments on leaf and internodal segments of yerba mate.
. Explant . . Evaluated
Experiment Type Treatment Applied Culture Media Variables
— 00
(-1 1'25./ Naclo o 1% MS + 30 g-L~! sucrose + o
(10/20 min); (II-1V) 1% 1 Contamination,
Exp. IV— . . 7 g L™" agar +2.22 uM BAP + 4o
iy . Leaf Commerecial colloidal o Oxidation,
Disinfection . . 0.1 uM NAA + 0.075% s
silver solution 20 ppm C ® 116-XC: vH 5.5 Viability
(10/20 min) oryna Rk
(I) Control; Modified MS (*2NH4NOj3; and Contamination,
Exp. V—ethylene- (II) AgNO;—silver nitrate; KNO3) + 30 g-L~! sucrose + Oxidation,
inhibiting and Leaf (III) ST—sodium 7 g'L ! agar + 4.56 uM zeatin + Viability,
Callogenesis thiosulfate; (IV) STS— 453 uM 2,4-D + 20 uM Callogenesis,
silver thiosulfate ethylene-inhibiting; pH 5.5 Callus Browning
(I) No AgNPs; %4 MS + 30 g-L ! sucrose + gi?;i?;ﬁatlon’
Exp. VI—AgNPs . (II) 2 mg-L~! AgNPs; 7 gL~ agar +4.56 uM zeatin + (.
and Callogenesis (ITT) 3 mg-L~! AgNPs; 4.53 uM 2,4-D + 250 mg-L ! Cauogeyr'\esis
g1 . : ) ,
(IV) 4 mg-L™" AgNPs; glutamine + AgNPs; pH 5.5 Callus Browning
(I) No AgNPs; Contamination,
Exp. VII—AgNPs (I 4 mg-Lfl; Oxidation,
and Callogenesis Leaf (Ill) 8 mg-L~1; Same as above Viability,
(Iv)y12 mgL’1 Callogenesis
(I-IV) AgNPs % MS + 30 g-L~! sucrose +
Exp. VIII— (0,4,6,8 mg-L1) + 7 g'L 7! agar + 250 mg-L~! Contamination,
NXI;' rticles and Leaf and ZEA 4.56 uM; glutamine + 0.075% Coryna® Oxidation,
G Roulators  Internodal  (V-VII) AgNPs 116-XC + 4.5 uM 2,4-D + Viability,
© & (0,4,6,8 mg-Lfl) + respective cytokinin + Callogenesis

BAP 4.44 uM AgNPs; pH 5.5

NAA (1-Naphthaleneacetic acid); BAP (6-Benzylaminopurine); ZEA (Zeatin). For each experiment, 30 replicates
were conducted per treatment.

2.3. Culture Conditions and Evaluation

Basal media were prepared using Murashige and Skoog (MS) salts [27], with pH
adjusted to either 5.8 or 5.5 before autoclaving at 121 °C for 20 min. Specific medium
compositions for each experiment are detailed in Tables 1 and 2.

Cultures of nodal segments were maintained in darkness until sprouting, whereas
leaf and internodal explants remained in darkness throughout the entire culture period.
Incubation was conducted at 23 =+ 2 °C, under either complete darkness or a 16 h photope-
riod with a light intensity of 40 pmol-m~2-s~1, depending on the experimental objectives.
Cultures were subcultured every three to four weeks.

Viability, contamination, oxidation, and, when applicable, shoot or callus formation
were evaluated after 30 days. In some experiments, assessments were also performed after
60 or 90 days, depending on the design.
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2.4. Callus Differentiation

Calli induced from Experiment VI, VII and VIII were transferred to %4 MS medium
supplemented with 2,4-D (2.27 or 4.53 uM), either BAP (8 or 16 uM) or kinetin (8.5 or
17 uM), glutamine (250 mg-L~1), and 0.075% Coryna® 116-XC. The pH was adjusted to 5.5.
Cultures were maintained in darkness at 25 £ 2 °C.

2.5. Callus Morphological Characterization

Callus friability was visually assessed based on texture and ease of fragmentation,
while callus color was categorized according to predominant pigmentation. Morpholog-
ical characteristics of the callus were evaluated using a Ivesta 3 stereoscopic microscope
(Leica Microsystems, Wetzlar, Germany). The analysis focused on assessing callus texture
(friability), and general morphology, including shape and color.

2.6. Characterization of Silver Nanoparticle Nanopowder (Sigma-Aldrich®) and Chitosan
Nanoparticle Nanopowder

Silver and chitosan nanoparticles were characterized using physicochemical and
morphological techniques. Hydrodynamic diameter, polydispersity index (PDI), and zeta
potential were determined using a Zetasizer Nano ZS instrument (Malvern Panalytical,
Malvern, UK) employing dynamic light scattering (DLS) and electrophoretic mobility
techniques at Biopolymers Laboratory, Federal University of Parana (UFPR). Analyses were
performed at 25 °C with a detection angle of 173° after diluting the samples in ultrapure
Milli-Q water (Merck Millipore, Darmstadt, Germany). The PDI provided information on
particle size homogeneity, while zeta potential was used to evaluate the colloidal stability.

Morphological analysis was conducted by scanning electron microscopy (SEM), using
a MIRA3 instrument (Tescan, Brno, Czech Republic) at Electron Microscopy Center, Federal
University of Parand. Samples were prepared by deposition onto metal stubs with conduc-
tive copper tape and dried at room temperature. Chitosan samples were sputter-coated
with a thin gold layer to ensure electrical conductivity, while silver samples were analyzed
without coating. The obtained images allowed observation of particle shape, distribution,
and potential aggregation, complementing the DLS data.

2.7. Statistical Analysis

All response variables were binary, representing the proportion of explants exhibiting
specific physiological or sanitary outcomes (contamination, oxidation, viability, shoot
formation, or callogenesis). Generalized Linear Models (GLMs) with a binomial distribution
and logit link function were fitted to analyze these data [28]. When significant treatment
effects were detected, planned orthogonal contrasts were applied to compare specific
groups [29]. Logistic regression with Firth’s correction was applied across all experiments
due to data separation, where some treatments presented very low or zero frequencies. This
approach provides more stable estimates in the presence of rare events [30], with models
fitted using R software (v4.4.2, R Core Team, 2024).

Odds ratios (ORs) and their corresponding 95% confidence intervals (CI 95%) were es-
timated to quantify the magnitude and direction of treatment effects relative to controls [31].
Observed response frequencies were also considered to support biological interpretation.
Significance letters were assigned based on: (i) orthogonal contrasts results (p < 0.05);
(ii) odds ratios compared to the control group; and (iii) inclusion or exclusion of the null
value (OR = 1) in the confidence intervals. Treatments that did not differ significantly and
had overlapping 95% confidence intervals were grouped under the same letter [32]. This
approach integrated statistical significance and biological relevance in a clear, interpretable
manner. All statistical analyses were performed using R version 4.4.2 [33].
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2.8. Use of Generative Al

Generative Al tools (ChatGPT, OpenAl) were used solely for language editing and
improving readability of certain sections in this manuscript. The AI was not employed for
data analysis, interpretation, or generating any original content. All statistical methods,
results, and conclusions remain entirely human-authored and validated. The use of Al was
supervised by the authors, who take full responsibility for the final content.

3. Results
3.1. Disinfection Treatments in Nodal Segments (Experiment 1)

After 30 days of culture, the disinfection treatments significantly affected explant
contamination (x? = 24.65; p < 0.001; Table 3). The application of 1% colloidal silver
solution 20 ppm and chlorhexidine (0.2% and 2%) significantly reduced contamination
compared to the control (p < 0.0001). For oxidation (x* = 19.60; p < 0.001), the fungicide
(1% of Cercobin®) treatment led to a significant increase (70%). Regarding explant viability
(x2 =37.29; p < 0.001), the best results were obtained with 1% of colloidal silver solution
20 ppm and chlorhexidine (0.2 and 2%) with 43% to 62% viable explants, in contrast to
the poor performance observed in the control. No significant differences were observed
among treatments for shoot formation (x? = 6.42; p = 0.093), suggesting that the disinfection
protocols did not directly affect shoot induction.

Table 3. Effects of different disinfection treatments on contamination, oxidation, viability, and shoot
formation in nodal segments of yerba mate after 30 days of in vitro culture (Exp. I).

Treatment Contamination (%) Oxidized (%) Viable (%) Shoots ‘ns’ (%)
Control 73.30Db 36.70 a 10.00b 10.00
Chlorhexidine 0.2% 23.30 a 2730 a 60.00 a 36.70
Chlorhexidine 2% 33.30a 36.70 a 4330 a 20.00
Colloidal Silver Solution 20 ppm 1% 1720 a 20.70 a 62.10 a 20.70
Fungicide (Cercobin®) 1% 40.00 a 70.00 b 10.00 b 0.00

Orthogonal comparisons among treatments. Different letters indicate significant differences (p < 0.05) based on
adjusted orthogonal contrast tests. Odds ratios and standard error values provided in Supplementary Materials.

‘ns’—not statistically different.

3.2. Effect of Nanoparticles on Shoot Induction from Nodal Segments (Experiment 1I and I1I)

The treatments with silver nanoparticles (AgNPs) and chitosan nanoparticles (ChINPs)
tested in the Exp. II negatively affected contamination (x? = 22.45; p < 0.001) and explant
viability (x* = 25.58; p < 0.001) (Table 4). Regarding viability, both AgNPs and ChNPs
treatments significantly reduced the proportion of viable explants.

In the second experiment (Exp. III), which evaluated higher concentrations of AgNPs
and ChNPs, no significant effects were observed on contamination (x? = 9.11; p = 0.105),
viability (x? = 3.70; p = 0.593), or shoot formation (x*> = 3.54; p = 0.617) after 60 days of
culture. The results showed contamination up to 30%, oxidation close to 67%, and viability
not exceeding 38% (Table 5). Phytotoxicity in the explants was manifested by loss of vigor
and darkening of both the bud and the stem see in Figure 1.
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Table 4. Effects of silver (AgNPs) and chitosan nanoparticles (ChNPs) on contamination, oxidation,
viability, and shoot formation in nodal segments of yerba mate after 30 days of in vitro culture (Exp. II).

Treatment Contamination (%) Oxidized (%) ‘ns’ Viable (%) Shoots (%) ‘ns’
Control 30.00 a 23.30 66.70 a 13.30
4 mg-L‘1 AgNPs 76.70 b 56.70 13.30 ¢ 0.30
7 mg-L*1 AgNPs 63.30b 46.70 33.30 bc 0.00
5 mg-L’l ChNps 83.30b 50.00 16.70 bc 6.70
15 mg-L_1 ChNps 56.70 b 50.00 43.30 b 10.00

Orthogonal comparisons among treatments. Different letters indicate significant differences (p < 0.05) based on
adjusted orthogonal contrast tests. Odds ratios and standard error values provided in Supplementary Materials.
‘ns’—not statistically different.

Table 5. Effects of silver (AgNPs) and chitosan nanoparticles (ChNPs) nodal segments of yerba mate
after 60 days of in vitro culture (Exp. III).

Treatment Contamination (%) ‘ns’ Oxidized (%) ‘ns’ Viable (%) ‘ns’ Shoots (%) ‘ns’
25 mg~Ij1 AgNps 30.00 60.00 23.30 33.30
50 rng~L*1 AgNps 33.30 66.70 16.70 20.00
75 mg-L~! AgNps 13.30 43.30 16.70 26.70
60 mg-L.~! ChNps 26.70 40.00 26.70 23.30
90 mg-L_1 ChNps 10.00 40.00 23.30 36.70
120 mg-L_1 ChNps 13.80 51.70 37.90 20.70

Odds ratios provided in Supplementary Materials ‘ns’—not statistically different.

Figure 1. Representative image of visible symptoms of phytotoxicity observed in the explants exposed
to higher concentrations of nanoparticles.

3.3. Disinfection in Leaf Explants (Experiment IV)

Disinfection treatments had a significant effect on contamination (x? =17.31; p <0.001)
and oxidation (x% = 9.01; p = 0.029) (Table 6). The 20 min commercial coloidal silver solution
20 ppm treatment significantly reduced both contamination and oxidation compared to
the other protocols. In contrast, the 10 min exposure to commercial coloidal silver solution
20 ppm proved less effective, with statistically significant differences observed between the
two exposure durations. The remaining treatments showed intermediate results, with no
significant differences among them.
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Table 6. Effect of different disinfection treatments on contamination and oxidation of leaf explants of
yerba mate after 30 days of in vitro culture (exp. IV).

Treatment Contamination (%) Oxidized (%)
Sodium hypochlorite 1.25% 10 min. 65.00 b 75.00 b
Sodium hypochlorite 1.25% 20 min. 35.00 ab 60.00 b
Colloidal Silver Solution 20 ppm 1%10 min 70.00b 75.00 b
Colloidal Silver Solution 20 ppm 1% 20 min 15.00 a 35.00 a

Orthogonal comparisons among treatments. Different letters indicate significant differences (p < 0.05) based on
adjusted orthogonal contrast tests. Odds ratios and standard error values provided in Supplementary Materials.

3.4. Antioxidants in Leaf Explants (Experiment V)

After 90 days in vitro culture, no significant differences were observed among treat-
ments for contamination (x> = 1.25; p = 0.741), oxidation (x> = 1.27; p = 0.737), explant
viability (x? = 2.03; p = 0.567), or callus induction (x? = 2.98; p = 0.395), indicating that the
disinfection protocols did not exert a statistically significant influence on these parameters.
In contrast, callus browning differed significantly among groups (x? = 10.74; p = 0.013),
with the highest incidence observed in the control (20.70%). In the other treatments—silver
nitrate (AgNO3); sodium thiosulfate (ST); silver thiosulfate (STS)—browning rates were
considerably lower, ranging from 0 to 6.7%. Nevertheless, despite this apparent trend, the
planned orthogonal contrasts did not detect statistically significant differences between
treatments, likely due to the low overall frequency of oxidized calli, which resulted in high
variance and limited the precision of model estimates (Table 7).

Table 7. Effect of different antioxidants in leaf explants of yerba mate after 90 days of in vitro culture
(Exp. IV).

Treatment  Contaminated (%) ‘ns’ Oxidized (%) ‘ns’ Viable (%) ‘ns’ Callus (%) ‘ns’ Oxidized Callus (%) ‘ns’
Control 24.10 31.00 69.00 79.30 20.70
AgNO;3 26.70 40.00 60.00 66.70 3.30
ST 30.00 43.30 53.30 63.30 0.00
STS 36.70 43.30 53.30 60.00 6.70

Odds ratios provided in Supplementary Materials. ‘ns’—not statistically different.

3.5. Effect of AgNPs Concentrations in Leaf Explants Callogenesis (Experiment VI and VII)

In the experiment involving AgNPs at concentrations of 2, 3, and 4 mg-L_l, significant
effects were observed after 30 days of culture for contamination (x> = 20.75; p < 0.001),
explant viability (x% =15.38; p =0.0015), and callus browning (x% =25.74; p <0.001) (Table 8).
The 2 mg-L~! treatment resulted in the highest contamination rate, whereas increasing
AgNP concentrations progressively reduced this issue. Explant viability increased at 3 and
4 mg-L~1, with the highest performance recorded at 4 mg-L~!. Regarding callus browning,
all AgNP treatments significantly decreased the incidence of callus browning compared to
the control, indicating a protective effect against tissue oxidation. In contrast, no significant
differences were detected for explant oxidation or the frequency of callus formation.

In the experiment VII, which evaluated higher concentrations of AgNPs (4, 8, and
12 mg-L~1), only contamination was significantly affected (x> = 8.15; p = 0.043). All
AgNP treatments significantly reduced contamination compared to the control, with no
statistically significant differences among the tested concentrations (Table 9). However, an
increase in tissue losses due to oxidation and a reduction in both callus formation and tissue
viability were observed in comparison to the experiment with lower AgNP concentrations.
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Table 8. Response of yerba mate leaf explants to different concentrations of silver nanoparticles
(AgNPs) in terms of contamination, viability, and callus browning after 30 days of in vitro culture
(Exp. VI).

Treatment Contamination Oxidation ‘ns’ Viable Callus ‘ns’ Oxidized Callus
(%) (%) (%) (%) (%)
Control 10.00 a 76.70 20.00 a 90.00 63.30 ¢
2 mgoL_1 AgNps 50.00 b 53.30 10.00 a 76.70 16.70 ab
3 rng-L‘1 AgNPs 13.30 a 63.30 26.70 a 83.30 4330Db
4 mg-L*l AgNps 6.70 a 43.30 53.30 b 86.70 10.00 a

Orthogonal comparisons among treatments. Different letters indicate significant differences (p < 0.05) based on
adjusted orthogonal contrast tests. Odds ratios and standard error values provided in Supplementary Materials.
‘ns’—not statistically different.

Table 9. Effect of higher concentrations of silver nanoparticles (AgNPs) on contamination, oxida-
tion, viability, and callus formation in leaf explants of yerba mate after 30 days of in vitro culture
(Exp. VII).

Contamination Oxidation “‘ns’ Viable ‘ns’ Callus ‘ns’

Treatment (%) (%) (%) (%)
Control 28.80 b 63.50 30.80 25.00
4mg-L~! AgNps 13.50 a 67.30 32.70 13.50
8 mg-L~! AgNps 9.80a 47.10 52.90 11.80
12 mg-L~! AgNps 11.50 a 67.30 30.8 13.50

Orthogonal comparisons among treatments. Different letters indicate significant differences (p < 0.05) based on
adjusted orthogonal contrast tests. Odds ratios and standard error values provided in Supplementary Materials.
‘ns’—not statistically different.

3.6. Effect of Nanoparticles and Growth Regulators on Callogenesis (Experiment VIII)

After 60 days of cultivation, the combination of silver nanoparticles (AgNPs) and
growth regulators significantly influenced callus formation in leaf explants of yerba mate
(Table 10). The Firth-corrected logistic regression model revealed a highly significant
effect of the treatments on callogenesis (x? = 28.09; p < 0.001), with the highest frequencies
observed in the combinations of ZEA + 6 mg-L~! and BAP + 4 mg-L~! AgNPs. In contrast,
no statistically significant differences were detected among treatments for overall viability
(x* = 7.28; p = 0.2961), oxidation (x*> = 10.53; p = 0.1042), or contamination (x*> = 6.25;
p = 0.3958), although ZEA-based treatments tended to reduce oxidative damage. The
treatment with 8 mg-L~! BAP was excluded from the statistical analyses due to a high level
of contamination, which could bias the interpretation of the results. The elevated explant
loss in this group prevented a reliable assessment of the analyzed variables.

Regarding internodal segments, after 60 days on culture, the treatments significantly
affected all variables evaluated (Table 11). Contamination (x> = 37.39; p < 0.001) was
significantly higher in cultures supplemented with BAP and AgNPs than in those con-
taining BAP alone or zeatin, irrespective of the presence of AgNPs. Oxidation (x? = 22.89;
p = 0.00178) was also more pronounced in BAP treatments, particularly at higher AgNPs
concentrations. Viability (x% = 25.68; p = 0.0005) and callus formation (x% = 25.42; p = 0.0006)
were significantly reduced in BAP + AgNPs combinations, especially at 6 and 8 mg-L~!
of AgNPs.
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Table 10. Response of yerba mate leaf explants to combinations of silver nanoparticles (AgNPs) with
BAP or zeatin (ZEA) in terms of contamination, oxidation, viability, and callus formation after 60

days of in vitro culture (Exp. VIII).

Treatment Contamination ‘ns’ (%)  Oxidized ‘ns’ (%)  Viable ‘ns” (%)  Callus (%)
0 mg~L’1 AgNps 40.00 40.00 60.00 0.00b
ZEA 4 mg-L_1 AgNps 35.00 30.00 65.00 0.00b
(456 M) 6 mg-L~! AgNps 19.00 19.00 66.70 38.10 a
8 mg-L_1 AgNps 35.00 55.00 35.00 15.00 a
BAP 0 mg‘L_1 AgNps 25.00 60.00 40.00 0.00 b
(4.44 uM) 4 mg~L’1 AgNps 14.30 42.90 57.10 4290 a
' 6mg-L~! AgNps 19.00 47.60 52.40 19.00a
Orthogonal comparisons among treatments. Different letters indicate significant differences (p < 0.05) based on
adjusted orthogonal contrast tests. Odds ratios and standard error values provided in Supplementary Materials.
‘ns’—not statistically different.
Table 11. Response of yerba mate internodal explants to combinations of silver nanoparticles (AgNPs)
with BAP or zeatin (ZEA) in terms of contamination, oxidation, viability, and callus formation after
60 days of in vitro culture (Exp. VIII).
Treatment Contamination (%) Oxidized (%) Viable (%) Callus (%)
0mg-L~! AgNps 32.30 a 54.80 a 29.00 a 25.80 a
ZEA 4 mg-L_1 AgNps 4330 a 63.30 a 33.30a 16.70 a
(456 uM) 6 mg-L~! AgNps 35.50 a 71.00 a 22.60 ab 22.60 a
8 mg‘L_1 AgNps 40.00 a 80.00 ab 16.70 ab 16.70 a
0 mg‘L_1 AgNps 30.00 a 73.30 ab 23.30 ab 20.00 a
BAP 4 mg~L’1 AgNps 76.70 bc 86.70 ab 0.00b 0.00b
(444uM)  6mgL~! AgNps 56.70 ab 96.70 b 0.00b 0.00 b
8 mg-L~! AgNps 83.30 c 83.30 ab 16.70 ab 0.00 b

Orthogonal comparisons among treatments. Different letters indicate significant differences (p < 0.05) based on
adjusted orthogonal contrast tests. Odds ratios and standard error values provided in Supplementary Materials.

3.7. Characterization of Callus Morphology

The morphological characteristics of the calli transferred to the differentiation media
are shown in Figure 2. The calli originated from leaf and internode explants across all
treatments in Experiments VI, VII, VIIL. None of the treatments induced evident embryo-
genic differentiation; however, distinct callus morphologies were observed within the
same treatment.

In treatment 2,4-D 4.53 uM + BAP 16 uM, the calli presented exhibited colors rang-
ing from yellowish—green (Figure 2c) to dark brown (Figure 2d). The texture as compact
(Figure 2c,d) with a nodular appearance, with low friability. In treatment 2,4-D 2.27 uM +
BAP 8 uM, the calli appeared more homogeneous and voluminous with predominant
yellowish-green coloration (Figure 2c), with some translucent areas (Figure 2a). The tex-
ture was less compact than in 2,4-D 4.53 uM + BAP 16 uM, showing some friability and
granularity (Figure 2a).

In treatment 2,4-D 4.53 uM + KIN 17 uM, resulted in variable morphologies: shows
rounded, crystalline structures (Figure 2b); gelatinous texture (Figure 2a) and presented a
granular structure with yellowish-green coloration (Figure 2c). In treatment 2,4-D 2.27 uM +
KIN 8.5 uM, the calli were most compact and intensely colored, yellowish—green (Figure 2c)
to dark brown (Figure 2d), also gelatinous surfaces with low friability and dense organization.
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Figure 2. Representative images of morphologies of calli induced from leaf explants under different
PGR treatments after 60 days of in vitro culture. Treatments and corresponding images: (a) 2,4-D
2.27 uM + BAP 8 uM; (b,d) 2,4-D 4.53 uM + BAP 16 uM; (c) 2,4-D 4.53 uM + kinetin 17.

3.8. Characterization of Silver and Chitosan Nanopowders

Dynamic light scattering analysis revealed that silver nanopowder (AgNPs, Sigma-
Aldrich) at 25 mg-L.~! showed an average hydrodynamic diameter of 202.3 nm with a
polydispersity index (PDI) of 0.291, indicating moderate size distribution. In comparison,
chitosan nanopowder (ChNPs, Quitomax Industria e Comércio Ltda.) at 60 rng-L_1 showed
a smaller average diameter of 104.8 nm but showed higher heterogeneity (PDI = 0.412).

Zeta potential measurements indicated limited coloidal stability for both nanoparti-
cles’ types, with AgNPs showing slightly positive values (+1.9 mV) and ChNPs slightly
negative values (—1.3 mV). This proximity of these values to the neutral point suggest weak
electrostatic stabilization and increased aggregation tendency in aqueous suspensions. Scan-
ning electron microscopy (SEM) confirmed predominantly spherical particles for AgNPs
(Figure 3a), while ChNPs exhibited irregular and highly polydisperse shapes (Figure 3b).
Both samples showed visible particle aggregation observed tendency (Figure 3a,b), corrob-
orating the limited stability inferred from zeta potential data.

SEM HV: 15.0 kV 'WD: 5.99 mm | MIRA3 TESCAN|

SEM MAG: 150 kx Det: SE 500 nm
View field: 1.85 ym  Date(m/dly): 05/28/25 CME-UFPR

SEM HV: 15.0 KV WD: 6.54 mm MIRA3 TESCAN|
SEM MAG: 100.0 kx Det: SE 500 nm
View field: 2.77 pm  Date(m/dly): 05/28/25 CME-UFPR

(a) (b)

Figure 3. Scanning electron microscopy (SEM) of silver nanoparticles (a) and chitosan nanoparticles

(b), illustrating morphology, polydispersity, and aggregation.
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4. Discussion

In vitro culture of yerba mate presents notable challenges, largely due to the recurring
presence of endophytic bacteria that persist even after successive subcultures, hindering
the establishment of axenic cultures [11,12]. In this context, silver nanoparticles (AgNPs)
have emerged as a promising alternative to conventional disinfectants.

The promising results obtained for nodal segments in yerba mate (Experiment I) align
with previous studies that investigated silver nanoparticles (AgNPs) as pre-disinfection agents
in other species. In the present study, immersion in 1% colloidal silver solution for 20 min
reduced contamination to 17.2%, while maintaining tissue viability at 62.1%, proving more
effective than the tested fungicide and comparable to chlorhexidine (0.2%-2%). Similarly,
Pastelin-Solano et al. [34] observed that immersion of nodal segments of Vanilla planifolia
Andrews in 100 mg-L~! AgNPs for 20 min reduced contamination to 16.6%, with high viability
and no visible phytotoxicity. In Phoenix dactylifera L., El-Sharabasy et al. [35] demonstrated that
immersion of shoot tip explants—including nodal regions—for 30 min in 5 mg-L~! AgNPs
resulted in 88.89% survival, only 11.11% contamination, and no mortality.

In leaf explants of yerba mate (Experiment IV), the same 1% colloidal silver solution
for 20 min yielded the lowest contamination rate (15%) and the lowest oxidation index
(35%) among all treatments, contrasting with protocols using sodium hypochlorite or
shorter exposure times. Despite the known sensitivity of leaf tissues to oxidative stress, no
significant phytotoxicity was observed under this condition. Applied studies reinforce this
pattern, Tung et al. [18] reported minimal contamination (3.3%) and high survival (96.7%)
in strawberry leaves treated with 200 mg-L~! AgNPs for 20 min. While Tung et al. [36]
found that treatment of chrysanthemum leaves with 250 mg-L~! AgNPs for 20 min led
to the lowest contamination rate and the highest callus induction, surpassing sodium
hypochlorite-based protocols.

Opverall, these findings reaffirm that the antimicrobial efficacy and safety of AgNPs in
in vitro disinfection are highly dependent on nanoparticle concentration, exposure time,
explant type, and application method [21]. The reduction in microbial contamination
observed in the present study can be attributed to the main mechanisms of action of AgNPs,
including disruption of cell wall and membrane integrity, intracellular damage to proteins,
lipids, and DNA, and the induction of oxidative stress through ROS generation [21,37]. The
release of silver ions further contributes synergistically by impairing enzymatic activity
and microbial metabolism, which together explain the efficient disinfection achieved while
preserving explant viability, reinforcing the potential of AgNPs as a broad-spectrum disin-
fectant in plant tissue culture [37]. It is also important to note that, in both Experiments I
and IV, a commercial colloidal silver solution (20 ppm) was used, diluted to 1% (final con-
centration of 0.2 mg-L~1), differing from the characterized nanoparticles employed in other
phases of this study. This may partially explain the variations observed in effectiveness
and tissue response across treatments.

Beyond initial disinfection, another critical limitation in the tissue culture of yerba mate
involves phenolic oxidation, particularly in leaf explants. This browning is primarily caused
by the activity of polyphenol oxidases (PPOs), which catalyze the oxidation of phenolic
substrates to quinones. These quinones readily undergo non-enzymatic polymerization,
forming dark pigments that accumulate in the tissues. As highlighted by [38], this process
is triggered when cellular compartmentalization is disrupted during explant excision,
allowing vacuolar phenolics to interact with plastid-localized PPOs. The resulting oxidized
products not only cause visible browning but also exert cytotoxic effects that impair cellular
metabolism and compromise explant viability [38].

To mitigate this oxidative stress, the present study evaluated the use of ethylene-
inhibiting compounds, including silver nitrate (AgNQO3), sodium thiosulfate (ST), and
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silver thiosulfate (STS) in Experiment V. These compounds act by interfering with ethylene
biosynthesis or perception, which is a key pathway associated with tissue senescence and
oxidative damage in vitro. Silver ions released from AgNO; or STS can block ethylene sig-
naling, thereby reducing stress responses and improving explant viability. ST, in addition to
its role in complexing silver, may also contribute to stress alleviation through its antioxidant
properties [39]. Although no significant differences were observed among treatments in
terms of contamination, explant viability, callus induction, or oxidation index, a significant
reduction in callus browning was detected in the antioxidant treatments compared to the
control. Notably, the control group showed 20.7% of browned calli, whereas AgNOs-, STS-,
and ST-treated explants ranged from 0 to 6.7%.

These findings align with those of Bashir et al. [40], who reported that supplementation
with 40 uM AgNOj significantly enhanced embryogenic callus formation and somatic embryo
production from zygotic embryo-derived calli of olive (cv. Leccino). Under ethylene-inhibited
conditions, AgNOj promoted the development of well-formed somatic embryos, highlight-
ing its stimulatory role in olive somatic embryogenesis. Similarly, Sarropoulou et al. [41],
demonstrated that silver-based ethylene inhibitors (AgNO3; and Ag,SO,) reduced leaf chloro-
phyll degradation and increased proline accumulation in cherry rootstocks, even in the absence
of improved morphogenic responses. These biochemical changes are indicative of stress alle-
viation and improved physiological status, despite limited rooting or shoot multiplication in
some genotypes. Collectively, these studies support the interpretation that the lower browning
frequency observed in the present work is associated with the inhibition of ethylene action
by the tested compounds, reinforcing their applicability as effective additives for oxidative
browning control in in vitro cultures.

In addition to evaluating ethylene inhibitors, this study investigated the incorporation
of nanoparticles into the culture medium and their effects on nodal explants of yerba mate.
In Experiment II, the application of silver nanoparticles (AgNPs, 202.3 nm) and chitosan
nanoparticles (ChNPs, 104.8 nm) at relatively low concentrations (4 and 7 mg-L’1 for
AgNPs; 5 and 15 mg-L~! for ChNPs) led to significantly increased contamination rates
and reduced tissue viability, suggesting phytotoxicity even at moderate doses. In contrast,
Experiment III, which assessed higher concentrations of the same formulations, showed no
statistically significant differences across treatments, possibly due to uniform toxicity or
nanoparticle aggregation limiting bioavailability.

This pattern is consistent with the literature, which associates colloidal aggregation
with reduced cellular uptake and lower apparent nanoparticle toxicity [42]. Aggregation
induced by autoclaving, as reported by Timoteo et al. [43], may also explain the lower
toxicity observed at higher concentrations. Moreover, variations in pH, ionic strength, and
culture medium composition significantly affect the colloidal behavior of nanoparticles [42],
compromising their bioavailability and biological activity. In this context, the greater
viability observed at 15 mg-L~! of ChNPs suggests that toxicity did not follow a linear
dose-dependent response, but was modulated by factors such as colloidal stability and
physicochemical interactions with the medium constituents. In Campomanesia rufa (O.Berg)
Nied., for example, AgNPs at concentrations up to 1.54 mg-L~! were harmless, whereas
15.4 mg-L~! severely inhibited growth without visible anatomical changes [43], indicating
the existence of species-specific responses.

This interspecific variation is further supported by reports on other woody species.
In Araucaria excelsa, the addition of 400 mg-L~! of AgNPs to the culture medium reduced
bacterial contamination from 81.25% to 18.75% without causing phytotoxic effects, even at
the highest concentrations [20].

Similarly, Abogarra et al. [44] reported that in Phoenix dactylifera, the application of
100 mg-L~! of AgNO;-NPs and ChNPs stimulated regeneration, while higher concen-
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trations impaired growth, indicating a dose-sensitive response. Along the same lines
Darwesh et al. [45], demonstrated that AgNPs (5-10 mg-Lfl) favored the development
of Olea europaea L. and reduced microbial contamination, while ChNPs (up to 40 mg-L~1)
induced negative impact on the growth behavior and multiplication of olive shoots grown
in vitro.

In this regard, Johnson et al. [46], emphasize that environmental changes can desta-
bilize functionalized nanoparticles, promoting their aggregation and sedimentation, sup-
porting the hypothesis that colloidal instability may have compromised the effectiveness of
AgNPs and ChNPs in the in vitro culture of yerba mate.

Experiments VI and VII demonstrated a biphasic response to AgNPs, particularly at
4 mg-L~! produced more favorable outcomes, which reduced microbial contamination
and increased tissue viability. However, higher concentrations did not differ from the
4 mg/L treatment, indicating no additional benefit in antimicrobial activity. Similar biphasic
responses have been reported in Alfarraj et al. [47] Rumex nervosus Vahl, explants cultured
in media supplemented with biosynthesized AgNPs showed significantly increased callus
growth at 40 mg-L~!, the highest dose tested, while lower concentrations were less effective.
Likewise, in Panax vietnamensis Ha & Grushv., AgNPs enhanced somatic embryogenesis
and morphogenesis of leaf-derived callus at 1.6 mg-L~!, but growth declined at higher
doses, likely due to increased oxidative stress and ethylene accumulation [48].

Mechanistically, the phytotoxic effects of silver nanoparticles have been attributed
to multiple interrelated pathways, including silver ion (Ag*) release, overproduction of
reactive oxygen species (ROS), and destabilization of cellular membranes. These processes
compromise membrane integrity, disrupt redox homeostasis, and interfere with vital
cellular components such as DNA and proteins [21].

Building upon these observations, Experiment VIII further demonstrated that the
biological response to AgNPs is not only dose-dependent but also significantly influenced
by the presence of growth regulators such as zeatin (ZEA) and benzylaminopurine (BAP)
and also type of explant. In leaf explants, combinations with 4-6 mg-L~! AgNPs led to a
significant increase in callus formation when associated with either BAP or ZEA, without
negatively affecting viability. The combination of ZEA + 6 mg-L~! AgNPs resulted in 38.1%
callus formation, while BAP + 4 mg-L~! AgNPs reached 42.9%.

In internodal segments, combinations with BAP and AgNPs inhibited callus formation
and reduced viability. In contrast, combinations with zeatin promoted callus formation,
maintained viability, and reduced oxidation. These results demonstrate that the choice of
both cytokinin and explant type is critical for mitigating the toxic effects of AgNPs.

This interaction might be related to the differential influence of cytokinins on cel-
lular physiology and oxidative metabolism. Silver nanoparticles (AgNPs) can induce
the generation of reactive oxygen species (ROS), which can damage membranes, pro-
teins, and DNA [21]. BAP, by stimulating phenylpropanoid metabolism, can enhance
the production of phenolic compounds and the antioxidant response, which, when
combined with AgNPs, might lead to increased ROS accumulation and exacerbation of
oxidative stress [46]. In contrast, zeatin has been associated with greater tolerance to
abiotic stresses such as salinity, cold, and heavy metals, by modulating photosynthesis,
preserving cell membrane integrity, and stimulating antioxidant enzymes such as cata-
lase (CAT), ascorbate peroxidase (APX), and superoxide dismutase (SOD) [49-51]. These
effects might explain the improved physiological performance observed in treatments
combining zeatin with AgNPs.

The different combinations of growth regulators directly influenced the morphology of
leaf-derived calli in yerba mate, although no treatment induced visible signs of morphogenic
differentiation. In treatments with 2,4-D 4.53 uM + BAP 16 uM (T1) and 2,4-D 4.53 uM+
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KIN 17 pM (T4), the calli appeared compact, darkened, and exhibited low friability, these
characteristics are consistent with previous descriptions of regeneration-refractory calli
[52,53]. Conversely, treatments such as 2,4-D 2.27 uM + BAP 8 uM (T2) and 2,4-D 2.27 uM +
KIN 8.5 uM (T3) produced more friable and lighter-colored calli, suggesting a more favor-
able cellular organization, although still lacking morphogenic potential.

Comparable results were observed in Ilex aquifolium L., where cytokinin—auxin
combinations (notably BAP with NAA or 2,4-D) promoted efficient callus formation
characterized by compact texture and varying coloration, although no morphogenic
differentiation was reported under the tested conditions [54]. In yerba mate, comparable
results were obtained by various authors using leaf explants, with frequent formation
of viable yet non-differentiated calli [52-55]. These findings reinforce the strong depen-
dence of the species on hormonal balance and culture conditions to enable morphogenic
progression, and suggest that callus viability alone is not a reliable indicator of regenera-
tion potential.

5. Conclusions

The in vitro culture of yerba mate faces persistent challenges, particularly due to
microbial contamination and oxidative stress, issues that can be mitigated through the
use of silver nanoparticles (AgNPs) as pre-disinfection agents. The effectiveness of
AgNPs depends on their formulation, explant type, and interaction with cytokinins.
Ethylene inhibitors reduced callus browning in leaf explants, zeatin outperformed BAP
for nodal explants, and the combination of BAP and AgNPs promoted callogenesis
without morphogenesis. In summary, these results demonstrate the promising potential
of AgNPs, but future investigations should incorporate culture media enriched with
antioxidant compounds, as well as analyses using molecular markers, to maximize the
morphogenic competence of yerba mate in vitro cultures.
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