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Abstract: The presence of toxic metals such as aluminum is described as a factor that could lead
to a significant decrease in crop productivity, particularly for the cultivation of acidophilic plants.
In the present study, in vitro cultivation of pineapple was used as a model to evaluate the role of
silver nanoparticles (0.005, 0.01, 0.025, 0.05, and 0.1 g L−1 Ag NPs) against the negative effects of
aluminum (0, 100, 300, and 500 µM AlCl3). The results showed that the presence of 0.025 g L−1 Ag
NPs stimulated a higher concentration of photosynthetic pigments “a”, “b”, “a + b” and carotenoids
in treatments with high levels of AlCl3. The application of Ag NPs allowed better shoot formation,
improved chlorophyll a/b, and total/carotenoid ratios, as well as better levels of proline biosynthesis
in response to stress. The synergistic interaction of Ag NPs and AlCl3 increased the availability and
assimilation of mineral elements (K, Ca, Mg, Fe, Cu, Mn, and Zn) while decreasing Al translocation. In
conclusion, the implementation and validation of Ag NPs in agricultural fields would be revolutionary
because they represent a novel alternative for overcoming the limitations imposed by the presence of Al.

Keywords: bioaccumulation; nutrient assimilation; phenotypic variation; phytotoxicity; toxicity
of aluminum

1. Introduction

Pineapple (Ananas comosus L.) is the second most important tropical fruit after mango
worldwide [1]. In recent years, its global production increased by 30% from 20 to 25.9 million
tons between 2007 and 2017 [1]. However, it is a fruit that is usually grown on very acidic
soils, making it potentially vulnerable to bio toxic forms of aluminum [2].

Aluminum (Al3+, Al(OH)2+, and Al(OH)2+), the third most abundant metal in the
Earth’s crust at 7% of its mass [3], possess a global problem for the cultivation of acidophilic
plants (such as pineapple) because it can inhibit root growth and shoot formation (de-
creasing cell division) and limit nutrient and water uptake [4,5]. Due to Al toxicity, crops
also suffer alterations at the physiological level such as the accumulation of high levels of
phenolic compounds [6,7]. Physiologically, plants exposed to heavy metal stress have been
found to accumulate high levels of phenolic compounds as a response to decreasing their
toxicity, either by reducing oxidative stress or by capturing metal ions [6–9]. Therefore,
toxic metals are a serious challenge for agriculture.

The solubility and toxicity of Al increase at low soil pH levels (<5) [2,10]. This is a
serious problem as about 50% of the world’s arable land and 30% of the total land area
of the planet are acidic [10]. These numbers are increasing dramatically in developing
countries due to the excessive use of nitrogen fertilizers, acid rain (climate change), inten-
sive agriculture, and monoculture [11]. In pineapple cultivation, Al toxicity causes the
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formation of increased callus levels as a result of the cell wall and cell membrane separa-
tion, enlargement of vacuoles, shrinkage, and reunification of mitochondria next to the
inner cell membrane, which reduces the nutrient assimilation and hinders the formation of
new propagules [2].

The development of nanoscience has led to a wide range of novel applications in mi-
cropropagation and other fields, promoting improved plant growth and development [12].
Recent research has shown that silver (Ag) in nanometer dimensions has a biocidal effect
on a variety of explants and positively regulates ethylene production, callus formation,
somatic embryo formation, organogenesis, somaclonal variation, secondary metabolite
production, and genetic transformation [12]. On the one hand, the presence of metals which
have an effect on crop productivity and yield is one of the main agricultural constraints
that put many forms of life in the soil and water at risk [13,14]; on the other hand, the
use of nanoparticles is a powerful alternative to decrease the negative effects of metal
toxicity/stress [13]. For example, silver nanoparticles (Ag NPs) have significantly im-
proved the physiological and biochemical parameters of plants grown on cadmium and
lead-contaminated soils by immobilizing and modulating the toxicity of these metals [15].
The addition of Ag NPs has been demonstrated to have a high capacity to scavenge free
radicals by inducing phytochemicals, leading to a significant decrease in malondialdehyde
and hydrogen peroxide levels [15,16].

Ag NPs are among the current most widely used and applied nanomaterials to im-
prove the conditions of agricultural production. For example, according to reports by Servin
et al. [17] and Sillen et al. [18], Ag NPs can prevent the development of plant pathogens
in the soil that damage plant roots and stems. However, altering the soil microbiome
can also have an adverse effect on beneficial microorganisms that develop the symbiotic
relationships necessary for nitrogen fixation and organic matter decomposition [19]. There-
fore, to fully understand their precise roles in nutrient and metal (such as Al) assimilation,
as well as metabolic responses and toxicological mechanisms in plants, species-specific
research is needed in various species [20–22]. In this study, we aimed to evaluate the
effect of silver nanoparticles on morphophysiology, biochemical behavior, and nutrient
assimilation characteristics of pineapple plants grown under aluminum chloride stress
conditions in vitro.

2. Materials and Methods
2.1. Plant Material

The propagation material, axillary shoots of pineapple cultivar Golden, was collected
from healthy and vigorous plants grown in agricultural fields located in the district of Santa
Rosa, Province of Rodriguez de Mendoza, Amazonas, Peru. The in vitro establishment
phase was developed following Gómez et al. [23]. Axillary buds were grown for 60 days in
PTL-100 flasks (PhytoTechnology Laboratories, Lenexa, KS, USA).

2.2. In Vitro Propagation and Growth Conditions

The culture medium with vitamins of Murashige and Skoog [24], supplemented
with 30 g L−1 sucrose, 0.15 g L−1 ascorbic acid, 0.003 g L−1 6-benzylaminopurine and
0.0003 g L−1 naphthaleneacetic acid, was used. Additionally, the medium contained
different concentrations of aluminum chloride (AlCl3 (0, 100, 300, and 500 µM)) and silver
nanoparticles (Ag NPs (0, 0.005, 0.01, 0.025, 0.05, and 0.1 g L−1)). Culture media were
adjusted to pH 4.5 and dispensed into 1 L disposable containers for autoclaving at 121 ◦C
with 1.5 Kgf.cm−2 pressure for 20 min. The explants were grown for 45 days at 25 ± 1 ◦C
under a photoperiod of 16 h light provided by white fluorescent rods (300 lux). Then, the
number of shoots formed, and their phenotypic changes were evaluated.

In the experiment, a total of 24 treatments with 10 replicates was established and
distributed according to a complete randomized design (CRD). Treatments were derived
from the interaction of two factors: aluminum chloride × silver nanoparticles.
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2.3. Evaluated Parameters
2.3.1. Photosynthetic Pigments

Chlorophyll a, b, a + b, and carotenoid contents were determined from 0.2 g of tender
leaves and immediately isolated from the plant. The samples were crushed and then
200 mg of magnesium carbonate and 6 mL of 80% acetone were added. The procedure
was performed in a Protector Basic 47 fume hood (Labconco Corp., Kansas City, MO,
USA) under indirect light. The mixture obtained was transferred to amber Eppendorf
tubes and centrifuged for 10 min at 2800 rpm (12 ◦C). Then, 1500 µL of the supernatant
was transferred to quartz cuvettes for absorbance readings (663.2, 646.8, and 470 nm)
on a Genesys 10S UV/Vis spectrophotometer (Thermo Scientific™, Madison, WI, USA).
Photosynthetic pigment concentration was determined using the following equations [25]:

Chlorophyll a (µg/) mL: 12.25 A663.2−2.79 A646.8;
Chlorophyll b (µg/) mL: 21.50 A646.8−5.10 A663.2;
Chlorophyll a + b (µg/) mL: Chlorophyll a + Chlorophyll b;
Carotenoid (µg/) mL: (1000 A470−1.82 Ca−85.02 Cb)/198.

2.3.2. Total Proline Content

We centrifuged a mixture of 0.5 g of lyophilized leaf tissue and 5 mL of 3% aqueous
sulfosalicylic acid at 300 rpm for 60 min. A second centrifugation step was then carried
out at 10,000 rpm for 30 min at 4 ◦C. Then, 2000 µL of the supernatant together with 0.1 M
acid ninhydrin and 99.9% glacial acetic acid (hot) were added to foil-lined falcon tubes
(1:1:1 ratio, v:v:v). The mixture was homogenized in a vortex for 1.5 min, then allowed to
stand in boiling water for 60 min before cooling sharply on ice for 15 min to stabilize the
reaction. Finally, 3 mL of toluene was added, stirred in a vortex for 60 s, and then allowed
to stand for 10 min until phase separation occurred. The absorbance reading was taken at
520 nm on a Genesys 10S UV/Vis spectrophotometer (Thermo Scientific™, Madison, WI,
USA). Readings were interpolated on a standard curve performed with L-proline [26], and
expressed in µg proline/g dry plant material (µg/g).

2.3.3. Nutrient and Metal Accumulation

Leaf tissue samples were freeze-dried for 5 days with a FreeZone 4.5-L freeze dryer
(Labconco Corp., Kansas City, MO, USA) for elemental analysis. The samples were then
ground, and 0.2 g of crushed tissue was transferred to glass containers before digestion in a
nitric–chloric acid solution (6:2, v:v). Subsequently, the solution was filtered, then ultrapure
water was added up to 25 mL. The content of mineral nutrients (K, Mg, Ca, Zn, Fe, Cu,
and Mn), as well as aluminum (Al) and silver (Ag), were quantified using an Agilent
4100 Microwave Plasma-Atomic Emission Spectrometer (MP-AES) (Agilent Technologies,
Santa Clara, CA, USA). Readings were expressed in ppm of dry mass after interpolating
over calibration curves established with various concentrations of standard solutions for
macronutrients (K, Ca, Mg (0.01, 0.5, 2, 5, and 10 ppm)), micronutrients (Fe, Cu, Mn, and
Zn (0.05, 0.1, 0.4, 0.8, 2, 4 and 8 ppm)), and metals (Al and Ag (0.025, 0.5, 1, 5 and 10 ppm)).

2.4. Statistical Analysis

Statistical analysis was performed using InfoStat v.2020 software using general linear
mixed model (GLMMs) techniques, which relaxes ANOVA assumptions [27,28]. Means
were compared using the Di Rienzo–Guzman–Casanoves (DGC) multiple comparisons
test [29] at a significance level of 5% (p ≤ 0.05). Values were expressed as the means of
10 replicates ± standard deviation.

3. Results
3.1. Phenotypic Changes in Pineapple Seedlings Grown under Al Stress

The addition of 0.025 g L−1 of Ag NPs promoted the formation of the highest number
of shoots in pineapples grown with 300 and 500 µM AlCl3 (8.67 ± 1.21 and 7.67 ± 1.21,
respectively), albeit with averages below the value recorded in the control treatment
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(10.67 ± 1.63) (Table 1). Furthermore, the presence of AlCl3 alone at concentrations of
100 and 300 µM promoted root formation (Figure 1); however, at higher concentrations
(500 µM), there was a greater expression in the formation of undifferentiated cells (callus).
The same phenomenon was observed in seedlings grown in a medium with a combination
of 0.01 g L−1 of Ag NPs and 500 µM AlCl3. On the other hand, the presence of Ag NPs
alone promoted the formation of a greater number of shoots with a better visual appearance
in terms of color. Particularly, the presence of 0.005 g L−1 of Ag NPs in the culture medium
allowed the production of seedlings with a higher number of shoots and better biomass in
the presence of 0 to 500 µM AlCl3. Conversely, shoot malformations were more frequent at
higher concentrations of Ag NPs regardless of their interaction with AlCl3.

Table 1. Number of pineapples shoots in vitro grown under the influence of Ag NPs and AlCl3.

Parameters
Silver

Nanoparticles
(g L−1)

Aluminum Chloride (AlCl3) Marginal Hypothesis Test

0 µM 100 µM 300 µM 500 µM Ag NPs AlCl3 Ag NPs × AlCl3

Number of
shoots

0 10.67 ± 1.63 a 7.00 ± 0.89 c 4.00 ± 0.89 d 3.17 ± 0.75 d

*** *** ***

0.005 4.50 ± 0.55 d 7.33 ± 0.82 c 6.33 ± 0.82 c 1.50 ± 0.55 e

0.01 1.33 ± 0.52 e 4.17 ± 0.75 d 3.50 ± 1.05 d 3.83 ± 0.41 d

0.025 7.50 ± 0.84 c 4.83 ± 0.75 d 8.67 ± 1.21 b 7.67 ± 1.21 c

0.05 3.50 ± 1.05 d 3.17 ± 0.75 d 4.50 ± 0.55 d 2.33 ± 0.82 e

0.1 3.67 ± 0.52 d 2.33 ± 0.52 e 3.50 ± 0.55 d 3.50 ± 0.84 d

Values (±SD) not followed by same letter denote significant differences between treatments (DGC test at p ≤ 0.05).
Significance levels *** correspond to p ≤ 0.001.
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Figure 1. Phenotypic characteristics of aluminum (AlCl3) adsorption mediated by silver nanoparticles
(Ag NPs). Scale = 3 cm.
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3.2. Photosynthetic Pigments

The factors (Ag NPs and AlCl3) and their interactions significantly influenced (p < 0.0001)
the photosynthetic pigments content (Table 2). The addition of 0.025 g L−1 of Ag NPs
allowed pineapple seedlings grown on a medium with 100 and 500 µM AlCl3 to reach
higher concentrations of chlorophyll-a (30.83 ± 0.35 and 30.58 ± 0.19 µg mL−1, respectively).
Similar behavior was observed for chlorophyll-b content. The highest concentrations of
this pigment in seedlings grown with 100, 300, and 500 µM AlCl3 (23.94 ± 1.35, 34.22 ± 1.7
and 26.38 ± 1.27 µg mL−1, respectively) were obtained when the medium also included
the addition of 0.025 g L−1 of Ag NP. Importantly, the reduction in the amount of these
pigments was due to an increase in the concentration of Ag NP in the culture medium,
demonstrating that their useful properties are subject to specific concentration gradients.

Table 2. Photosynthetic pigment content in pineapple leaves in vitro grown under the influence of
Ag NPs and AlCl3.

Parameters
Silver

Nanoparticles
(g L−1)

Aluminum Chloride (AlCl3) Marginal Hypothesis Test

0 µM 100 µM 300 µM 500 µM Ag NPs AlCl3 Ag NPs × AlCl3

Chlorophyll a
(µg/)mL

0 30.04 ± 0.75 a 29.67 ± 0.62 a 30.41 ± 0.2 a 30.18 ± 0.63 a

*** *** ***

0.005 30.25 ± 0.25 a 28.76 ± 1.44 b 30.00 ± 0.42 a 30.49 ± 0.22 a

0.01 27.92 ± 0.88 b 29.42 ± 1.75 a 30.48 ± 0.08 a 30.33 ± 0.61 a

0.025 29.87 ± 1.19 a 30.83 ± 0.35 a 30.02 ± 0.24 a 30.58 ± 0.19 a

0.05 30.18 ± 0.83 a 30.45 ± 0.01 a 26.10 ± 0.01 c 8.07 ± 0.04 e

0.1 19.19 ± 1.18 d 18.12 ± 0.63 d 29.45 ± 0.75 a 29.99 ± 0.38 a

Chlorophyll b
(µg/)mL

0 26.54 ± 0.3 b 16.17 ± 0.68 d 24.68 ± 1.68 b 25.73 ± 1.06 b

*** *** ***

0.005 16.54 ± 1.77 d 20.93 ± 4.02 c 28.47 ± 3.88 b 26.05 ± 0.46 b

0.01 11.01 ± 0.80 f 19.90 ± 2.67 c 26.42 ± 1.2 b 22.54 ± 1.03 c

0.025 21.65 ± 0.11 c 23.94 ± 1.35 b 34.22 ± 1.7 a 26.38 ± 1.27 b

0.05 16.47 ± 0.3 d 22.25 ± 0.14 c 12.66 ± 0.03 e 10.97 ± 1.08 f

0.1 10.26 ± 0.96 f 6.41 ± 2.01 g 18.56 ± 0.33 c 15.84 ± 1.94 d

Chlorophyll a + b
(µg/)mL

0 56.58 ± 1.05 b 45.84 ± 0.13 d 55.09 ± 1.85 b 55.91 ± 1.22 b

*** *** ***

0.005 46.80 ± 2.02 d 49.69 ± 5.46 d 58.47 ± 3.50 b 56.54 ± 0.67 b

0.01 38.93 ± 1.68 e 49.32 ± 0.92 d 56.90 ± 1.27 b 52.87 ± 0.42 c

0.025 51.52 ± 1.10 c 54.77 ± 1.70 b 64.24 ± 1.56 a 56.96 ± 1.41 b

0.05 46.64 ± 0.86 d 52.70 ± 0.15 c 38.76 ± 0.04 e 19.03 ± 1.12 h

0.1 29.45 ± 1.06 f 24.54 ± 1.84 g 48.02 ± 1.08 d 45.83 ± 2.32 d

Carotenoids
(µg/)mL

0 5.93 ± 0.09 e 10.50 ± 0.30 b 6.56 ± 0.56 e 6.29 ± 0.80 e

*** *** ***

0.005 7.83 ± 0.73 c 6.73 ± 0.53 e 5.61 ± 0.79 e 6.42 ± 0.28 e

0.01 7.18 ± 0.17 d 7.74 ± 0.18 c 6.43 ± 0.20 e 7.36 ± 0.08 d

0.025 6.96 ± 0.09 d 7.47 ± 0.34 d 3.54 ± 0.59 g 6.44 ± 0.20 e

0.05 11.53 ± 0.42 a 7.28 ± 0.18 d 8.56 ± 0.01 c 4.64 ± 0.24 f

0.1 8.24 ± 0.81 c 10.40 ± 2.06 b 8.92 ± 0.86 c 7.59 ± 0.15 d

Chl a/b ratio

0 1.13 ± 0.01 e 1.84 ± 0.10 c 1.24 ± 0.07 e 1.16 ± 0.28 e

*** *** ***

0.005 1.84 ± 0.15 c 1.40 ± 0.16 e 1.07 ± 0.15 e 1.17 ± 0.01 e

0.01 2.54 ± 0.09 b 1.50 ± 0.24 d 1.15 ± 0.04 e 1.35 ± 0.08 e

0.025 1.38 ± 0.05 e 1.29 ± 0.05 e 0.88 ± 0.04 f 1.17 ± 0.05 e

0.05 1.83 ± 0.06 c 1.37 ± 0.01 e 2.06 ± 0.00 c 0.74 ± 0.07 f

0.1 1.89 ± 0.23 c 3.00 ± 0.75 a 1.59 ± 0.01 d 1.91 ± 0.19 c
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Table 2. Cont.

Parameters
Silver

Nanoparticles
(g L−1)

Aluminum Chloride (AlCl3) Marginal Hypothesis Test

0 µM 100 µM 300 µM 500 µM Ag NPs AlCl3 Ag NPs × AlCl3

Chl
a + b/Carotenoid

ratio

0 9.54 ± 0.03 c 4.37 ± 0.12 f 8.44 ± 0.81 c 8.98 ± 1.08 c

*** *** ***

0.005 6.03 ± 0.78 e 7.46 ± 1.31 d 10.61 ± 1.76 b 8.82 ± 0.24 c

0.01 5.42 ± 0.10 e 6.38 ± 0.24 e 8.86 ± 0.40 c 7.19 ± 0.02 d

0.025 7.40 ± 0.21 d 7.35 ± 0.52 d 18.54 ± 3.00 a 8.85 ± 0.45 c

0.05 4.05 ± 0.14 f 7.24 ± 0.14 d 4.53 ± 0.01 f 4.12 ± 0.40 f

0.1 3.59 ± 0.27 f 2.40 ± 0.29 g 5.42 ± 0.61 e 6.04 ± 0.25 e

Values (±SD) not followed by same letter denote significant differences between treatments (DGC test at p ≤ 0.05).
Significance levels *** correspond to p ≤ 0.001.

Analysis of carotenoid levels revealed that the highest levels (11.53 ± 0.42 µg mL−1)
were obtained from seedlings grown with 0.05 g L−1 of Ag NPs but free of AlCl3 (Table 2).
Although AlCl3 was added at doses higher than 100 µM, when it interacted with 0.1 g L−1

of Ag NPs, higher carotenoid levels were obtained compared to the control treatment.
The chlorophyll a/b ratio (Chl a/b) shows a gradual reduction as AlCl3 concentration

increases (seedlings grown on medium without Ag NPs). On the other hand, the addition
of 0.1 mg L−1 of Ag NPs improved the chlorophyll a/b ratio (3.00 ± 0.75) in seedlings
grown under the influence of 100 µM AlCl3. As for the total chlorophyll/carotenoid ratio, it
can be observed that seedlings grown with 300 µM AlCl3 and 0.025 g L−1 of Ag NPs reach
a value (of 18.54 ± 3.00) that doubles the value observed in the control treatment (Table 2).

3.3. Total Proline Content

The factors Ag NPs and AlCl3 and their interactions had a significant impact on proline
content in leaves (Table 3). An increase in AlCl3 dosage had an inversely proportional effect
on proline concentration. However, it was observed that the incorporation of Ag NPs to
the culture medium allowed the plant grown under AlCl3-induced stress to increase its
capacity to convert toxic amino acids into proline, reaching values up to 0.40 ± 0.01 µg g−1

(Table 3), suggesting that its application could improve plant tolerance to Al stress.

Table 3. Total proline content in pineapple leaves in vitro grown under the influence of Ag NPs
and AlCl3.

Parameters
Silver

Nanoparticles
(g L−1)

Aluminum Chloride (AlCl3) Marginal Hypothesis Test

0 µM 100 µM 300 µM 500 µM Ag NPs AlCl3 Ag NPs × AlCl3

Proline (µg/g)

0 0.21 ± 0.01 h 0.31 ± 0.01 d 0.29 ± 0.01 d 0.16 ± 0.04 i

*** *** ***

0.005 0.37 ± 0.01 a 0.33 ± 0.02 c 0.24 ± 0.02 g 0.29 ± 0.01 d

0.01 0.26 ± 0.03 f 0.23 ± 0.01 g 0.20 ± 0.02 h 0.26 ± 0.01 f

0.025 0.23 ± 0.3 g 0.26 ± 0.01 f 0.30 ± 0.00 d 0.40 ± 0.01 a

0.05 0.27 ± 0.01 e 0.30 ± 0.00 d 0.39 ± 0.00 a 0.35 ± 0.00 b

0.1 0.26 ± 0.01 f 0.30 ± 0.00 d 0.24 ± 0.00 g 0.30 ± 0.01 d

Values (±SD) not followed by same letter denote significant differences between treatments (DGC test at p ≤ 0.05).
Significance levels *** correspond to p ≤ 0.001.

3.4. Nutrient and Metal Accumulation

Ag NPs, AlCl3, and their interaction had a significant effect on the accumulation of
macronutrients (K, Ca, and Mg), micronutrients (Fe, Cu, Mn, and Zn), and metals (Al and
Ag) in pineapple leaf tissues (Tables 4–6). It was observed that the presence of AlCl3 (100
and 500 µM) reduced the K, Ca, and Mg content in seedlings grown in the absence of Ag
NPs. In contrast, the results of macronutrient analysis showed that the addition of Ag
NPs at doses of 0.01, 0.05, and/or 0.1 g L−1 stimulated nutrient accumulation in leaf tissue
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under Al stress conditions. For example, compared to the control treatment, seedlings
grown on a medium with 300 µM AlCl3 in interaction with 0.1 g L−1 of Ag NPs reached
the highest accumulation of K (5383.96 ± 17.60 ppm), Ca (1500.58 ± 2.51 ppm), and Mg
(464.19 ± 7.39 ppm) (Table 4).

Table 4. Mineral macronutrient content in pineapple leaves in vitro grown under the influence of Ag
NPs and AlCl3.

Parameters
Silver

Nanoparticles
(g L−1)

Aluminum Chloride (AlCl3) Marginal Hypothesis Test

0 µM 100 µM 300 µM 500 µM Ag NPs AlCl3 Ag NPs × AlCl3

Potassium
(ppm)

0 3562.71 ± 15.50 l 3419.58 ± 9.35 m 4246.99 ± 11.99 h 3164.32 ± 12.41 n

*** *** ***

0.005 2111.66 ± 14.31 p 3997.74 ± 13.71 j 3043.93 ± 20.32 o 4791.89 ± 25.16 f

0.01 5365.22 ± 20.35 b 2145.60 ± 14.43 p 5005.90 ± 19.87 e 5328.77 ± 30.21 c

0.025 3882.33 ± 21.62 k 1635.23 ± 80.34 r 1978.81 ± 10.51 q 3432.07 ± 20.6 m

0.05 5190.17 ± 16.53 d 4774.33 ± 18.69 h 5334.54 ± 14.74 c 4687.19 ± 32.97 g

0.1 5164.60 ± 9.14 d 5710.06 ± 16.68 a 5383.96 ± 17.60 b 4096.43 ± 20.14 i

Calcium
(ppm)

0 954.01 ± 0.0 g 702.10 ± 1.63 j 717.33 ± 1.28 j 892.82 ± 3.77 h

*** *** ***

0.005 814.92 ± 2.5 i 990.88 ± 2.62 f 1091.33 ±3.6 d 942.25 ± 1.33 g

0.01 1086.98 ± 1.79 d 910.39 ± 1.23 h 1049.14 ± 1.65 e 1080.16 ± 1.60 d

0.025 1098.60 ± 8.75 d 981.27 ± 1.94 f 793.23 ± 3.05 i 938.47 ± 1.83 g

0.05 1195.73 ± 8.28 c 658.66 ± 1.85 k 1075.28 ± 6.38 d 947.09 ± 3.81 g

0.1 1035.57 ± 3.92 e 1091.85 ± 2.05 d 1500.58 ± 2.51 a 1454.25 ± 4.27 b

Magnesium
(ppm)

0 257.23 ± 2.74 k 246.36 ± 3.36 l 282.41 ± 4.18 j 252.22 ± 2.98 k

*** *** ***

0.005 312.24 ± 2.5 h 293.80 ± 3.75 i 285.42 ± 3.71 j 212.65 ± 3.59 n

0.01 406.07 ± 4.03 b 364.64 ± 2.42 d 366.49 ± 3.42 d 382.80 ± 3.26 c

0.025 332.49 ± 2.67 g 378.00 ± 2.59 c 207.83 ± 3.56 n 286.34 ± 3.68 j

0.05 330.46 ± 5.61 g 226.55 ± 2.81 m 351.07 ± 6.46 e 283.46 ± 5.06 j

0.1 343.78 ± 6.03 f 354.92 ± 6.30 e 464.19 ± 7.39 a 458.45 ± 6.72 a

Values (±SD) not followed by same letter denote significant differences between treatments (DGC test at p ≤ 0.05).
Significance levels *** correspond to p ≤ 0.001.

Table 5. Mineral micronutrient content in pineapple leaves in vitro grown under the influence of Ag
NPs and AlCl3.

Parameters
Silver

Nanoparticles
(g L−1)

Aluminum Chloride (AlCl3) Marginal Hypothesis Test

0 µM 100 µM 300 µM 500 µM Ag NPs AlCl3 Ag NPs × AlCl3

Iron
(ppm)

0 107.78 ± 2.21 m 55.35 ± 0.93 p 93.51 ± 2.03 o 130.69 ± 2.59 k

*** *** ***

0.005 406.6 ± 4.97 b 110.41 ± 0.72 m 184.62 ± 0.84 d 123.02 ± 1.70 l

0.01 451.59 ± 5.64 a 124.15 ± 2.34 l 172.94 ± 2.62 f 178.89 ± 1.17 e

0.025 188.15 ± 2.51 b 163.23 ± 1.73 g 226.59 ± 1.86 c 140.27 ± 2.02 j

0.05 176.64 ± 1.47 e 97.54 ± 0.89 n 153.98 ± 0.77 h 137.92 ± 0.10 j

0.1 149.85 ± 0.50 i 141.63 ± 1.34 j 148.85 ± 0.10 i 179.99 ± 1.15 e

Copper
(ppm)

0 2.19 ± 0.02 a 1.85 ± 0.0 q 2.56 ± 0.02 i 1.95 ± 0.01 p

*** *** ***

0.005 2.36 ± 0.01 l 2.05 ± 0.02 n 2.38 ± 0.01 k 1.67 ± 0.01 r

0.01 2.35 ± 0.02 l 3.62 ± 0.03 d 2.66 ± 0.02 g 2.49 ± 0.01 j

0.025 2.09 ± 0.02 m 2.36 ± 0.01 l 2.00 ± 0.01 o 2.00 ± 0.01 o

0.05 3.71 ± 0.01 c 2.58 ± 0.02 h 2.55 ± 0.01 i 2.84 ± 0.02 f

0.1 3.07 ± 0.02 e 2.83 ± 0.01 f 2.66 ± 0.01 g 3.91 ± 0.01 b
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Table 5. Cont.

Parameters
Silver

Nanoparticles
(g L−1)

Aluminum Chloride (AlCl3) Marginal Hypothesis Test

0 µM 100 µM 300 µM 500 µM Ag NPs AlCl3 Ag NPs × AlCl3

Manganese
(ppm)

0 267.76 ± 0.75 i 143.25 ± 0.56 q 163.17 ± 0.29 o 238.47 ± 1.86 k

*** *** ***

0.005 360.00 ± 2.48 b 277.65 ± 0.95 g 271.24 ± 2.56 h 292.97 ± 1.31 f

0.01 430.19 ± 1.16 a 250.67 ± 0.53 j 270.05 ± 0.48 h 317.32 ± 1.16 e

0.025 352.06 ± 3.54 c 323.97 ± 1.46 d 358.58 ± 1.25 b 237.39 ± 2.12 k

0.05 185.56 ± 0.83 m 91.40 ± 0.55 r 218.40 ± 0.83 l 143.49 ± 0.86 q

0.1 157.96 ± 1.45 p 145.05 ± 0.64 q 167.22 ± 0.43 n 219.03 ± 0.60 l

Zinc
(ppm)

0 27.41 ± 0.72 h 8.74 ± 0.14 n 14.41 ± 0.25 m 24.86 ± 0.22 j

*** *** ***

0.005 30.38 ± 0.19 e 27.32 ± 0.28 h 27.56 ± 0.32 h 26.92 ± 0.18 i

0.01 51.83 ± 0.24 a 20.42 ± 0.24 l 28.74 ± 0.33 f 33.54 ± 0.19 c

0.025 32.47 ± 0.14 d 27.35 ± 0.19 h 32.68 ± 0.11 d 20.76 ± 0.24 l

0.05 30.07 ± 0.48 e 21.12 ± 0.09 k 34.09 ± 0.04 b 28.31 ± 0.07 g

0.1 28.17 ± 0.03 g 29.29 ± 0.07 f 29.01 ± 0.08 f 33.16 ± 0.06 c

Values (±SD) not followed by same letter denote significant differences between treatments (DGC test at p ≤ 0.05).
Significance levels *** correspond to p ≤ 0.001.

Table 6. Values of metal content in pineapple leaves in vitro grown under the influence of Ag NPs
and AlCl3.

Parameters
Silver

Nanoparticles
(g L−1)

Aluminum Chloride (AlCl3) Marginal Hypothesis Test

0 µM 100 µM 300 µM 500 µM Ag NPs AlCl3 Ag NPs × AlCl3

Aluminium
(ppm)

0 196.89 ± 4.21 l 297.28 ± 1.63 f 322.65 ± 3.03 e 346.25 ± 2.66 d

*** *** ***

0.005 134.36 ± 26.32 m 270.63 ± 0.84 h 285.95 ± 1.27 g 248.43 ± 0.69 j

0.01 122.35 ± 1.93 m 327.57 ± 0.50 e 339.66 ± 0.88 d 282.93 ± 1.08 g

0.025 101.52 ± 0.81 n 259.15 ± 0.50 i 358.93 ± 2.16 c 318.35 ± 1.08 e

0.05 127.64 ± 0.59 m 110.51 ± 0.46 n 367.26 ± 2.25 b 374.18 ± 1.48 b

0.1 104.60 ± 0.19 n 110.16 ± 0.99 n 237.34 ± 2.27 k 426.62 ± 0.59 a

Silver
(ppm)

0 0.65 ± 0.05 s 0.59 ± 0.01 s 0.23 ± 0.01 s 0.77 ± 0.02 s

*** *** ***

0.005 54.51 ± 0.04 r 189.46 ± 0.78 h 107.44 ± 0.26 m 101.67 ± 0.29 o

0.01 101.00 ± 0.69 o 89.58 ± 0.10 q 99.75 ± 0.45 p 110.16 ± 0.36 l

0.025 223.4 ± 1.08 e 216.93 ± 1.07 f 264.20 ± 1.22 d 183.51 ± 0.16 i

0.05 179.69 ± 0.29 j 105.27 ± 0.40 n 207.58 ± 0.19 g 159.62 ± 0.6 k

0.1 217.04 ± 0.43 f 366.21 ± 0.41 a 296.90 ± 0.99 c 349.91 ± 0.83 b

Values (±SD) not followed by same letter denote significant differences between treatments (DGC test at p ≤ 0.05).
Significance levels *** correspond to p ≤ 0.001.

On the other hand, the incorporation of Ag NPs had a positive influence on the
assimilation of micronutrients (Table 5). In other words, comparing the results obtained
from plants grown in the absence of Ag NPs with those obtained from plants grown with
AlCl3, it was observed that AlCl3-treated plants reduced their Fe, Mn, and Zn content. In
the presence of 500 µM AlCl3, the addition of 0.1 g L−1 of Ag NPs allowed the highest
concentrations of Fe (179.99 ± 1.15 ppm) and Cu (3.91 ± 0.01 ppm) to be attained. The
concentration of Ag NPs that allowed the highest Mn and Zn contents (317.32 ± 1.16 and
33.54 ± 0.19 ppm, respectively) to be measured in leaf tissue was 0.01 g L−1.

As for Al accumulation, the presence of Ag NPs during culture had a significant impact
on its uptake (Table 6). For example, it was observed that the addition of 0.1 g L−1 of Ag
NPs to a culture medium with concentrations of 100 and 300 µM AlCl3 reduced the amount
of Al accumulation in the seedlings (with respect to additions of lower concentrations of
Ag NPs), with levels of 110.16 ± 0.99 and 237.34 ± 2.27 ppm, respectively. On the contrary,
the absence of Ag NPs led to higher Al accumulation (297.28 ± 1.63, 32.65 ± 3.03, and
346.25 ± 2.66 ppm) as AlCl3 levels increased, as expected. In relation to Ag accumulation
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in tissue, it was observed that higher doses of Ag NPs (0.1 g L−1) were associated with
higher levels of Ag accumulation in plant tissue (up to 366.21 ± 0.41 ppm). This caused the
presence of hyperhydric deformities in the plants in vitro (Figure 1), drastically reducing
the phenotypic characteristics of pineapple plants.

4. Discussion

Plants, as sessile organisms, are directly exposed to several stressors. For exam-
ple, stress related to climate change is a latent problem in contemporary agriculture. In
addition, the progressive industrialization of agricultural practices has led to soil acid-
ification (pH < 5.0), where the toxic form of aluminum (Al) is a factor restricting crop
production worldwide.

4.1. Phenotypic Changes in Pineapple Seedlings Grown under Al Stress

It was found that Ag NPs allowed pineapple plants to develop new shoots with in-
creased biomass under Al-induced stress conditions, reducing the metal toxicity thanks
to the “dilution effect” in plant tissues [30]. Likewise, it can be inferred that due to their
morphology, NPs stimulate a higher formation of citric, oxalic, and malic acid, form-
ing complexes with toxic metal ions, affecting their availability, uptake, and mobility in
plants [31,32]. Strout et al. [33] found that Si NPs formed a binary film on the epidermal
cell wall after absorption, improving the structural color of plants and providing resistance
to diseases, drought, and high temperatures, which could also occurred in this study.

4.2. Photosynthetic Pigments

When plants are grown under AlCl3-induced stress conditions, Ag NPs showed a
positive impact on maintaining chloroplast function. This effect is likely related to the
release of silver ions through plasmodesmata within the cell, which may inhibit ethylene
signaling and perception [34,35] as chlorophyll degradation occurs via auxin translocation
by ethylene [36]. Previous studies revealed that excess ethylene in leaves drastically
reduces photosynthetic pigment content in Ipomoea cairica [37]. This illustrates the value of
photosynthetic pigments as biomarkers of the physiological status of plants.

In our study, a dose less than or equal to 0.025 g L−1 of Ag NPs added to the culture
medium allowed plants grown under AlCl3 stress conditions to maintain chlorophyll-a
levels comparable to the control treatment. Moreover, even with the presence of AlCl3
at toxic levels, the presence of Ag NPs increased carotenoid content. This response may
be due to the properties of Ag nanoparticles, which stimulate the presence of enzymatic
antioxidants that scavenge free radicals, protecting plants from reactive oxygen species
(ROS) which otherwise would generate disruption of cellular function [38,39]. This suggests
that Ag NPs can reduce the adverse effects of Al on tissues by optimizing the production of
photosynthetic pigments.

According to Afanasyeva and Ayushina [40], maintaining the proper ratio of pigment
molecules is essential to ensure the proper functioning of the photosynthetic apparatus; for
example, Uka et al. [41] suggest that a higher chlorophyll a/b ratio may be indicative of bet-
ter tolerance to atmospheric pollution, while Öncel et al. [42] reported that the application
of increasing concentrations of cadmium resulted in a decrease in the chlorophyll a/b ratio.
With respect to the total chlorophyll/carotenoid ratio, low values are a sign of senescence,
stress, and damage to the photosynthetic system [41]. The total chlorophyll/carotenoid
ratio is an indicator of plant greenness because the intensity under stress conditions is
modified by the high accumulation of pheophytin caused by chlorophyll degradation [43].

Another important aspect to consider is the formation of hyperhydric buds in vitro,
which can be caused by abiotic stress such as the exposure of metals. This stress can lead
to the alteration of photosynthetic pigments [44] as Al can interfere with the translocation
and uptake of Mg, an essential component of chlorophyll [45]. Our results indicated that
incorporating certain concentrations of Ag NPs can help overcome these limitations. This
is consistent with Azeez et al. [15], who provided evidence that the addition of Ag NPs not
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only eliminated Cd and Pb toxicity, but also promoted enhanced photosynthetic activity,
improving the growth of Moringa oleifera.

4.3. Proline Content

Our research showed that Ag NPs play a protective role against AlCl3 oxidative stress
by promoting enhanced proline biosynthesis. This is consistent with previous studies
showing that Ag NPs can interact with salt stress to increase the production of soluble
sugars and proline content [46]. This suggests that proline serves as both a signaling
molecule and non-enzymatic antioxidant, as its accumulation provides energy for plant
survival and growth, which leads to enhanced tolerance to salt and metal stress [47,48].

The Ag NPs on pineapple growth were observed to increase the proline content in
plant tissue, which in turn reduced the negative effects of AlCl3 toxicity. Proline accumula-
tion under stress acts as an osmoregulator and scavenges free radicals, stabilizing proteins
and membranes [49]. Furthermore, proline is a key component of the metabolic signaling
networks that regulate mitochondrial functions [50]. In addition, proline enables the effi-
cient elimination of excess ROS through the process called “Pro–Pro cycle”, and promotes
the production of lignin, a plant defense compound against various stressors [50–52].

Proline is known as an inert solute that does not interfere with regular metabolic
processes in plant cells [53]. However, our study found that proline biosynthesis can help
mitigate the negative effects of AlCl3 on pineapple seedlings, possibly because proline
biosynthesis acts as a metal chelator that stimulates plant tolerance to toxic metal stress [54].
Sharma et al. [55] demonstrated that free proline can chelate Cd ions in plant tissues,
transforming them into non-toxic Cd-Proline complexes. Similarly, Abdel-Haliem et al. [56]
found that NPs can increase the foliar proline content and free amino acids in rice, thus
enhancing resistance to NaCl penetration.

4.4. Quantification of Essential Nutrients, Al, and Ag

Plants require seventeen essential mineral elements for optimal vegetative growth
and development [57]. While some metals, such as Cu, Zn, Fe, Mn, Mo, Ni, and Co, are
necessary for proper plant function and lead to greater vigor and biomass, other metals,
such as Cd, Ag, Al, Pb, Hg, As, and Cr, can be toxic [58]. The pH level of soil also plays
an essential role, as values below 5 can increase Al toxicity and reduce the assimilation of
both macro- and micronutrients. Furthermore, Mota et al. [59] showed that Al3+ ions are
potentially toxic and highly mobile [60], leading to their accumulating in meristematic cells
and vacuoles [61,62], which, in turn, can negatively affect the protein content and disrupt
the regular function of the Golgi apparatus and plasmalemma [62].

In this regard, Anderson et al. [63] and Roy et al. [62] found that low pH ranges in
Al-containing soils inhibit the uptake of K, Mg, Cu, Zn, Mn, P, and Fe because Al competes
with Ca for space on the cell surface [62]. In response, promising results were obtained
by the synergistic application of Ag NPs to reduce the deleterious effects of Al. These
promising characteristics are also being reported from elements such as Ce, Co, I, Se, Si, Ti,
and V, which are developing properties that are fundamental biostimulants for growth, as
well as conferring plant tolerance to a stressor [57].

The balance of nutrient in plants is driven by the activity of the plasma membrane,
which involves the movement of ions from the soil into the cells [64]. This activity is
positively stimulated by the presence of NPs due to their mesoporous nature; they as
nanocarriers of different molecules and allow for more efficient nutrient availability [65].
Moreover, NPs have a stimulating effect due to their high surface charge density, which
enables them to interact non-specifically with the cell wall [66]. In other words, Ag NPs
can disrupt cellular homeostasis by regulating genes that code for metal transporters [67].

Even though the advantages of NPs in helping plants overcome metal toxicity have
been widely studied, our study shows that while Ag NPs can mitigate the negative effects of
Al, they also result in a decrease in the levels of macro- and microelements and an increase
in Ag concentrations in plant tissues. This effect has also been observed by Zuverza-Mena
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et al. [68], who found that Ag NPs can reduce the uptake of macroelements such as Ca, Mg,
B, Mn, and Zn in radish shoots. Similarly, Jiang et al. [69] and Zare et al. [70] found that
high concentrations of Ag NPs can decrease the accumulation of Mg, Ca, Zn, Cu, B, and Mn,
leading to oxidative stress and toxicity in purslane and aquatic plants. This suggests that
high levels of Ag NPs can disrupt nutrient transport due to ion channel competition [71].

5. Conclusions

This study confirms that Ag NPs in specific concentrations have the potential to
alleviate the negative effects of aluminum on plant growth and nutrition. This is particu-
larly important for maintaining adequate levels of photosynthetic pigments and balanced
mineral nutrition in pineapple during in vitro cultivation. These findings suggest that
the incorporation of NPs into conventional agricultural practices could have a significant
impact on soil preservation. Further research is needed to explore the full potential of
this technology.
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