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Hormetic Response by Silver Nanoparticles
on In Vitro Multiplication of Sugarcane
(Saccharum spp. Cv. Mex 69-290) Using
a Temporary Immersion System

Jericó J. Bello-Bello1, Rocı́o A. Chavez-Santoscoy2,
Carlos A. Lecona-Guzmán3, Nina Bogdanchikova4, Josafhat Salinas-Ruı́z5,
Fernando Carlos Gómez-Merino5, and Alexey Pestryakov6

Abstract

Background: Hormesis is considered a dose–response phenomenon characterized by growth stimulation at low doses and
inhibition at high doses. The hormetic response by silver nanoparticles (AgNPs) on in vitro multiplication of sugarcane was
evaluated using a temporary immersion system.

Methods: Sugarcane shoots were used as explants cultured in Murashige and Skoog medium with AgNPs at concentrations of 0,
25, 50, 100, and 200 mg/L. Shoot multiplication rate and length were used to determine hormetic response. Total content of
phenolic compounds of sugarcane, mineral nutrition, and reactive oxygen species (ROS) was determined.

Results: Results were presented as a dose–response curve. Stimulation phase growth was observed at 50 mg/L AgNPs, whereas
inhibition phase was detected at 200 mg/L AgNPs. Mineral nutrient analysis showed changes in macronutrient and micronutrient
contents due to the effect of AgNPs. Moreover, AgNPs induced ROS production and increased total phenolic content, with a
dose-dependent effect.

Conclusion: Results suggested that the production of ROS and mineral nutrition are key mechanisms of AgNP-induced hormesis
and that phenolic accumulation was obtained as a response of the plant to stress produced by high doses of AgNPs. Therefore,
small doses of AgNPs in the culture medium could be an efficient strategy for commercial micropropagation.

Keywords
hormesis, in vitro regeneration, phenolic compounds, plant nutrition, reactive oxygen species
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Introduction

Advances in nanotechnology that have been integrated into

biology have led to the emergence of a new exciting discipline

called nanobiotechnology.1 Nanoparticles (NPs: 1-100 nm in

diameter) are small forms of natural or manufactured source

material whose properties differ markedly from those of the

respective bulk forms of the “same” material.2 Certain NPs

have diagnostic and therapeutic uses; some NPs exhibit

low-dose toxicity, while other NPs show ability to stimulate

low-dose adaptive responses.3 The effect of dose response,

characterized by stimulation at low doses and inhibition at high

doses, is called hormesis.4 It has been reported that some types

of NPs can initiate hormesis in plants.5-7

Silver nanoparticles (AgNPs) have been widely used in

pharmaceutical, cosmetic, textile, food, and agricultural

products, due to their beneficial microbicidal and antiviral

properties. In plant tissue culture, AgNPs have been used to

improve seed germination, enhance plant growth and yield,

improve bioactive compound production, enable plant

genetic modification, and achieve plant protection.8,9 Silver

NPs have great influence on the growth and development of

lettuce and alfalfa, among other plants; AgNPs have been

shown to increase germination and growth rates, enhance

root elongation, and reduce senescence in plants.10,11 Crop

plants such as Phaseolus radiatus and Sorghum bicolor

grown in nutrient medium supplemented with AgNPs can

improve nutrient use efficiency.12 Induction of reactive

oxygen species (ROS) by mild stress leading to the activa-

tion of antioxidant defenses, stress-signaling hormones, or

adaptive growth responses are the most probable pathways

for hormetic responses.13

Sugarcane (Saccharum spp.) is one of the most important

commercial crops cultivated worldwide for the production of

sugar, ethanol, and other related by-products.14 In vitro multi-

plication of sugarcane is important to obtain certified seedbeds

for plants that are free of pathogens and genetically homoge-

neous. Conventional micropropagation of sugarcane in semi-

solid culture has been reported.15,16 However, to reduce the

labor required and increase efficiency, temporary immersion

systems have been successfully used to improve in vitro sugar-

cane multiplication.17-19 In vitro AgNPs in plants are widely

used for their antimicrobial properties.20,21 However, whether

AgNPs have a hormetic effect on in vitro plant multiplication

has not been evaluated. The mechanism by which hormesis

works in plants is not fully understood. Considering the cyto-

toxic reports of different AgNP formulations available, the

commercial preparation Argovit (Russian and American patent

2427380 and 2014200380, respectively) was used as source

material in this study. Argovit (Novosibirsk, Russia) is cur-

rently approved in Russia and other countries for use in veter-

inary and human applications.22 Therefore, in order to further

investigate the potential applications of AgNPs, the influence

of Argovit AgNPs on in vitro multiplication of sugarcane (Sac-

charum spp.), in terms of shoot multiplication, mineral nutrient

contents, total phenolic content (TPC), antioxidant capacity,

ROS production, and lipid peroxidation, was evaluated using

a temporary immersion system.

Methods

Silver NP Characterization

Argovit formulation was obtained from Scientific-Production

Centre Vector-Vita Ltd (Novosibirsk, Russia). Argovit consists

of a solution of spherical AgNPs measuring 35 + 15 nm in

size, which is clustered silver (12 mg/mL metallic silver) func-

tionalized with 188 mg/mL of polyvinylpyrrolidone (PVP,

10-30 kD) in water with an overall concentration of 20%
AgNPs (200 mg/mL). The size of metallic AgNPs was mea-

sured using a JEOL (Tokyo, Japan) JEM-2010 high-resolution

transmission electron microscope. Hydrodynamic diameter,

which is composed of metallic AgNPs and PVP ligands, was

measured in suspension. Argovit impurities are a-pyrrolidone

�0.6%, N-vinylpyrrolidone �0.04%, aldehydes �0.04%, and

peroxide compounds �0.008%. In regard to aggregation con-

dition, excess of PVP ligands and z potential equal to �15 mV.

Expiration of Argovit is 2 years, which means that AgNP size is

maintained for 2 years. In relation to dissolution, in Argovit,

there is a small concentration of silver cations, which are in

equilibrium with silver metallic particles. However, the con-

centration of silver cations is very low due to the reduced

ability of PVP ligands. In this study, a single batch was used

(No. 01200-0814). Argovit physicochemical characterization is

according to Juarez-Moreno et al.23 (Table 1).

Effect of AgNPs on In Vitro Shoot Multiplication

Sugarcane meristems (cv. Mex 69-290) were collected from

field-grown plants and cultured following the protocol of

Jiménez et al.24 Three-centimeter-long sugarcane shoots after

3 subcultures (30 days each) were used as explant. Ten explants

(2 shoots each) were placed in 1-L temporary immersion bior-

eactors (TIBs) containing 500 mL Murashige and Skoog25

medium supplemented with 30 g/L sucrose, 1 mg/L kinetin

(Sigma-Aldrich® Chemical Company, St. Louis, MO), 0.6

mg/L 3-indoleacetic acid (Sigma-Aldrich® Chemical

Table 1. Physicochemical Characteristics of Argovit.

Properties Mean

Metallic silver content (% wt.) 1.2
PVP content (% wt.) 18.8
Silver nanoparticle morphology Spheroid
Average diameter of metallic silver particles by TEM

data (nm)
35

Size interval of metallic silver particles by TEM data (nm) 1 to 90
Hydrodynamic diameter: metallic Ag with PVP (nm) 70
Zeta potential (mV) �15
Surface plasmon resonance 420 nm
PVP structure by FTIR Confirmed

Abbreviations: Ag, silver; FTIR, Fourier transform infrared; PVP, polyvinylpyr-
rolidone; TEM, transmission electron microscopic.
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Company, St. Louis, MO), and 0.3 mg/L 6-benzylaminopurine

(Sigma-Aldrich® Chemical Company, St. Louis, MO). The pH

of the culture medium was adjusted to 5.8 with 0.1 N sodium

hydroxide and then autoclaved at 1.2 kg/cm2 for 15 minutes at

120�C. After sterilization, different solutions of AgNPs with

various concentrations (0, 25, 50, 100, and 200 mg/L) were

added to the medium. For each treatment, 3 TIBs were used.

The experiment was repeated 3 times. Temporary immersion

bioreactor was incubated at 24�C + 2�C and was maintained

under fluorescent light (40-50/mmoL�m2/s) and a photoperiod

of 16 hours. Immersion frequency was measured according to

Lorenzo et al.17 After 30 days of incubation, the number and

length of shoots per explant were assessed.

Effect of AgNPs on Sugarcane Macronutrient and
Micronutrient Contents

A macronutrient and micronutrient analysis was performed for

each treatment after 30 days of culture. Minerals were analyzed

according to Elmer26 by dry ashing 1 g of shoot leaves (sample)

at 550�C. The ash obtained was dissolved in 1.5 N HCl, filtered

through an acid-washed paper filter, and brought to standard

volume (100 mL) with deionized water. Calcium (Ca), magne-

sium (Mg), potassium (K), iron (Fe), copper (Cu), zinc (Zn),

and manganese (Mn) nutrients were determined using atomic

absorption spectrophotometry (Perkin Elmer Analyst 400,

Waltham, MA). Phosphorus (P) content was determined by

employing the vanado-molybdate method and measured with

Perkin Elmer Lambda 25 UV�Vis colorimeter at 630 nm.27

Boron (B) content was determined by the spectrophotometric

method with curcumin at 540 nm. Total nitrogen was deter-

mined by digestion with sulfuric acid followed by distillation

with NaOH according to the micro-Kjeldahl method.28 For all

nutrients, the analysis was performed in triplicate.

Effect of AgNPs on Sugarcane TPC, Antioxidant Capacity,
ROS Production, and Lipid Peroxidation

For TPC, 2 g of shoot leaves were extracted for 3 hours at

250 rpm with 50% methanol in water (vol/vol) using a mass–

solvent ratio of 1:10 (wt/vol) at 30�C. The supernatant was

recovered and filtered with a vacuum pump through a What-

man 1 filter paper. The extract was concentrated in a rotary

evaporator to remove methanol. After the methanol had been

removed, the extract was lyophilized, and the resulting freeze-

dried powder was stored at �80�C. The TPC of the sugarcane

shoots was examined using the Folin–Ciocalteu method

described by Payet et al.29 Briefly, appropriate dilutions of

freeze-dried extract in methanol were transferred to a 96-well

microplate (Nunc, Roskilde, Denmark) and oxidized with

Folin–Ciocalteu reagent at room temperature for 5 minutes.

After that, sodium carbonate (2%) was added to each well. The

microplate was immediately placed and agitated in a micro-

plate reader (Synergy HT; Bio-Tek, Winooski, Vermont) and

then allowed to stand for 15 minutes. The absorbance was

measured at 760 nm, and TPC was calculated from a

calibration curve of gallic acid and expressed as milligrams

of gallic acid equivalents per gram sample.

Antioxidant capacity oxygen radical absorbance capacity

(ORAC) was determined according to the method described

by Huang et al.30 One gram of freeze-dried extract of sugarcane

shoots was diluted in methanol for quantification. The peroxide

radicals were produced by 2,20-azobis(2-amidinopropane)

dihydrochloride, using fluorescein as substrate and Trolox as

standard. Fluorescence was measured every 2 minutes for 1

hour, and a calibration curve of Trolox at different concentra-

tions (from 10 to 100 mM) was used in each plate read.

The determination of ROS was performed by a direct

colorimetric and fluorometric assay that measures hydrogen

peroxide (H2O2) as a reactive oxygen metabolic by-product.

Hydrogen peroxide assay kit (ab102500; CRT Scientific,

Mexico City, Mexico) was used. The supernatant was col-

lected, transferred to a clean tube, and kept on ice for depro-

teination with perchloric acid (PCA). The deproteinized

samples were used for the H2O2 assay kit. To calculate the

original concentration, a dilution factor of final sample was

calculated, taking into account initial sample volume þ vol

PCA þ vol Potassium hydroxide (KOH).

To evaluate lipid peroxidation, 200 mg of freeze-dried

sugarcane shoots were homogenized in 4 mL of 0.1% trichlor-

oacetic acid (TCA). Then, the extract was centrifuged at 10

000g for 15 minutes, and the supernatant (1 mL) was collected

and mixed with 2 mL of 20% TCA and 2 mL of 0.5% thiobar-

bituric acid. The absorbance of supernatant was read at 532 and

600 nm (Synergy HT; Bio-Tek). The concentration of the mal-

ondialdehyde (MDA), formed by the decomposition of poly-

unsaturated fatty acids, was calculated using Beer-Lambert’s

equation. All assays were carried out in triplicate.

Statistical Analysis

The experimental design was completely randomized. To com-

pare the number and length of shoots based on the AgNP con-

centration (treatments), we used 2 types of statistical models. A

generalized linear mixed model for Poisson response was used

for shoot number and a linear mixed model for shoot length.

Shoot Number

Linear predictor. The linear predictor of these data is

Zij ¼ Zþ ti þ rj , where Zij is the ith link ði ¼ 1; 2; . . . ; tÞ for

the treatment i and the replication j,Z, is the intercept, ti is the

ith fixed treatment effect, and rj is the jth random effect due to

repetitions.

Distribution. The response has a Poisson distribution, that is,

yijjrj*PoissonðlijÞ , and each rj*Nð0;s2
r Þ.

Link function. Zij ¼ logðlijÞ and the inverse for each link is

lij ¼ eðZijÞ.31
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Shoot Length

Linear predictor. The linear predictor of these data is

yij ¼ mþ ti þ rj , where yij is the shoot length for the treatment

i and the repetition j, m is the overall mean, ti is the ith fixed

treatment effect, and rj is the jth random effect due to

repetitions.

Distribution. The response has a normal distribution, that is,

yijjrj*ð0;s2Þ , and rj*Nð0;s2
r Þ.

Hormetic Effect

To test whether the responses (number and length of shoots) are

hormetic, we fitted our data using the Brain and Cousens

model32:

EðyijÞ ¼ dþ a� dþ gxij

1þ exp

�
b

�
logðxijÞ�logðyÞ

�� ;

where yij denotes the response for i NP concentration at the j

repetition, xij is the ijth concentration level of NPs, d denotes

the rate response at infinite doses, a denotes the mean response

of the untreated control, y; g denotes the degree of hormetic

increase ðg > 0 as a necesary condition for the presence of
hormesisÞ, and the size of b does so thereafter.

The statistical analysis was performed by using 2 SAS pro-

cedures (Statistical Analysis System version 9.2), the PROC

GLIMMIX and PROC NLIN and SPSS v. 22 for Windows, and

means were compared with the Tukey test (P �.05). Arcsine

transformation was performed for the percentages of macronu-

trients and micronutrients before subjecting them to statistical

analysis.

Results

Effect of AgNPs on Sugarcane In Vitro Shoot
Multiplication

In vitro shoot multiplication and elongation showed significant

differences for treatments with different AgNP concentrations

(Table 2). The greatest shoot number and length were obtained

in the treatment with 50 and 100 mg/L AgNPs. The lowest

AgNP concentration (25 mg/L) had no effect on the evaluated

variables. However, the highest AgNP concentration caused a

reduction in shoot number and length (Figure 1).

Effect of AgNPs on Sugarcane Macronutrient and
Micronutrient Contents

Effect of AgNP concentration on macronutrient and micronu-

trient contents is presented in Table 3. The concentrations of

the macronutrients N and Mg in the shoots were increased

compared to the control plants. Phosphorus, K, and Ca did not

show any difference among the treatments. On the other hand,

Fe and B were the only micronutrients with differences caused

by the treatment with AgNPs. The shoot concentrations of Cu,

Zn, and Mn did not show any significant differences among the

treatments. The treatment with 50, 100, and 200 mg/L AgNPs

showed a significant increase in N, Mg, and Fe content. The

only depletion in nutrient use efficiency was detected for B in

AgNP treatments.

Effect of AgNPs on Sugarcane TPC, Antioxidant Capacity,
ROS Production, and Lipid Peroxidation

Figure 2 shows the results of the effect of different AgNP

concentrations on TPC, ORAC, ROS, and lipid peroxidation-

MDA (LP-MDA) during sugarcane micropropagation. Differ-

ences were found in TPC, ORAC, ROS, and LP-MDA contents

of sugarcane shoots obtained in different treatments with

AgNPs. Sugarcane shoots treated with 50 mg/L AgNPs had a

significant increase in TPC content. The highest ORAC was

obtained in the 25 and 50 mg/L AgNP treatments, whereas the

lowest was obtained with 100 and 200 mg/L AgNPs. Results

show a relationship between shoot number and length with

antioxidant activity induced by AgNPs. For ROS and LP-

MDA generation, results show that both indicators increased

significantly as the AgNP concentration in the culture medium

was increased. The highest values of these indicators were

observed at 100 and 200 mg/L AgNPs.

Hormetic Response

The hormetic effect on shoot number and length is represented

in the hormetic growth response curve in Figure 3. According

to the hormetic response curve, the maximum stimulatory

response for shoot number and length occurs at 50 and 100

mg/L AgNPs (parameter A). The hormetic zone was observed

at concentrations between 16.81 and 123.12 mg/L and between

11.99 and 104.77 mg/L for shoot number and length, respec-

tively (parameter B). This parameter represents the stimulatory

region that is �110% of the control. Control responses were

34.90 + 1.52 and 3.65 + 0.25 for shoot number and length,

respectively (parameter C). Finally, toxic threshold was

observed at concentrations of 200 mg/L AgNPs (parameter

D). This parameter is defined as the concentration where the

response is equal to the control.

Table 2. Effect of Silver Nanoparticle Concentration on In Vitro
Shoot Multiplication of Sugarcane cv. Mex 69-290 After 30 Days of
Culture in Temporary Immersion Bioreactors.a

AgNPs (mg/L) No. of Shoots Shoot Length (cm)

0 34.90 + 1.52b,c 3.65 + 0.25b

25 38.90 + 1.61c 4.31 + 0.25b

50 47.28 + 1.69d 5.55 + 0.24d

100 44.90 + 1.69d 5.41 + 0.25d

200 31.97 + 1.30c 2.62 + 0.23c

aMeans + standard error within a column followed by the same letter (b, c,
or d) are not significantly different according to Tukey test at P �.05.
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Discussion

Effect of AgNPs on Sugarcane In Vitro Shoot
Multiplication

Silver NP concentrations evaluated in this study showed sig-

nificant differences in shoot multiplication and elongation. The

50 and 100 mg/L concentrations of AgNPs increased shoot

number and length, whereas the highest concentration (200

mg/L) inhibited both processes. The increase in the multiplica-

tion rate may be due to the increase in important nutrients such

as N, Mg, and Fe. These elements are associated with the

biosynthesis of chlorophyll, an essential molecule in photo-

synthesis during plant growth. On the other hand, Yin et al33

suggest that AgNP-induced damage may cause the loss of grav-

itropism in roots through disruption of auxin transport. One of

the effects of auxins is related to apical dominance, and by

breaking it, the formation of new shoots is favored. However,

using AgNPs at high concentrations not only affected auxin

transport but also caused phytotoxicity. Toxicity caused by the

silver ion probably reduced the number and length of shoots.

The fact that low AgNP concentrations have a favorable

effect on plant development has been previously observed. In

Vigna radiata, AgNPs at 50 mg/L were observed to dramati-

cally increase total chlorophyll, chl-a, chl-b, and root fresh

weight.34 It has also been reported that AgNPs in Glycine max

favor seed germination and seedling growth.35

On the other hand, it has been reported that AgNPs at high

concentrations have an adverse effect on development. Stam-

poulis et al36 found that in Cucurbita pepo, AgNPs at 100 and

500 mg/L reduced plant biomass and transpiration by 41% and

57%, respectively. Similarly, Zuverza-Mena et al37 reported

that 500 mg/L AgNPs reduced shoot and root length by

47.7% and 40% respectively, compared to the control in

Raphanus sativus plants. Similar results were reported by

Amooaghaie et al38 who found that 100 mg/L AgNPs reduced

germination in Brassica nigra. In Solanum tuberosum, Homaee

and Ehsanpour39 found that 2 mg/L AgNPs improved dry

weight, root length, and leaf area.

Effect of AgNPs on Sugarcane Macronutrient
and Micronutrient Contents

Sugarcane shoots grown in culture media with AgNPs accu-

mulated a larger amount of N, Mg, and Fe, compared to the

control treatment. Probably, these elements contribute to the

increase in shoot number and length. Nitrogen is a constituent

of important molecules such as chlorophyll, proteins, nucleic

acids, and hormones.40 Magnesium is found in the porphyrin

moiety of the chlorophyll molecule and is critical to reactions

involving adenosine triphosphate, whereas Fe is important in

the catalytic group for redox enzymes and is required for

chlorophyll biosynthesis.

Figure 1. Effect of silver nanoparticle (AgNPs) concentration on in vitro shoot multiplication of sugarcane cv. Mex 69-290 after 30 days of
culture in temporary immersion bioreactors. A-E, 0, 25, 50, 100, and 200 mg/L of AgNPs, respectively. Bar ¼ 1 cm.
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Boron was the only micronutrient with a reduction in shoots

caused by the treatment with AgNPs. Boron reduction could be

due to the immobilization of this element in the medium by the

adsorption capacities of NPs.41 There is insufficient informa-

tion to understand how AgNPs affect nutrient absorption.

Zuverza-Mena et al37 suggest that it is possible that AgNPs

physically block the diffusion pathway or the channels for

active absorption.

Shoots obtained in this study showed no significant differ-

ences in P, K, Ca, Cu, Zn, and Mn contents. This is probably

due to the immobilization of these elements in culture media or

because they are not required during stress metabolism. In

hydroponic systems, Martı́nez-Fernández et al41 reported that

in Helianthus annuus, the concentration of Ca, K, Mg, and S

decreases in plants treated with 100 mg/L of iron oxide NPs.

On the other hand, Jhanzab et al12 found that applying 25 mg/L

AgNPs significantly enhanced growth and yield attributes and

N-P-K uptake in Triticum aestivum.

Effect of AgNPs on Sugarcane TPC, Antioxidant Capacity,
ROS Production, and Lipid Peroxidation

The results coincide with the phenolic compound and antiox-

idant capacity ranges previously reported for sugarcane.42,43

These results suggest that applying 50 mg/L AgNPs in the

culture medium stimulates TPC production and accumulation.

Iavicoli et al44 mention that at the cell level NPs can enhance

the formation of ROS, disrupt the electron/ion cell membrane

transport activity, and induce oxidative damage and lipid per-

oxidation. According to Carlson et al,45 AgNPs can cause ROS,

in response to which plants raise the production of phenolic

compounds with high antioxidant capacity. In Solanum tuber-

osum, Homaee and Ehsanpour39 observed a dose-dependent

effect since increasing the AgNP concentration increased the

anthocyanin content. The results obtained in this study suggest

that sugarcane plants increase their production of phenolic

compounds to counteract the effect of ROS. However, in the

100 and 200 mg/L concentrations, the production of phenolic

compounds and antioxidant capacity decrease, while ROS pro-

duction continues to rise. Lopéz-Moreno et al46 mention that

the increase in ROS within the cellular membrane is caused by

external factors that induce stress to the plant. The increase in

ROS within the membranes due to heavy metals, such as silver,

can cause considerable damage, disrupting normal cellular

activity. In this sense, the results suggest that high AgNP con-

centrations in sugarcane induce oxidative stresses and this is

probably why the number and length of shoots decrease (Figure

1). On the other hand, the destabilization of the cell membrane

by lipid peroxidation is an important mechanism by which ROS

can cause cell death.46 In this study, lipid peroxidation

increased as AgNP concentrations increased.

Hormesis

This study demonstrated the effect of AgNPs on sugarcane

shoot production and length. This effect is represented in theT
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horticultural growth response curve. Shoot production

increases by 35% and 28% at 50 and 100 mg/L AgNPs, respec-

tively, whereas shoot length increases by 52% and 48% at 50

and 100 mg/L AgNPs, respectively. Calabrese and Blain47 and

Iavicoli et al44 mention that hormetic responses display a mod-

erate stimulatory response in the low-dose zone, with the max-

imum response being about 30% to 60%, which is greater than

the control. The observed hormetic response can be explained

by the following mechanism: At the beginning, the increase in

shoot production and length from 25 mg/L AgNPs is probably

due to the greater accumulation of N, Mg, and Fe. This same

behavior was found at the 50 and 100 mg/L AgNPs where high

antioxidant capacity counteracted the oxidative stress gener-

ated by ROS. Finally, at 200 mg/L AgNPs, the ROS-induced

oxidative stress continued to increase while the antioxidant

capacity decreased leading to the reduction in shoot number

and length.

According to Poschenrieder et al,13 it is recommended that

the term hormesis be used in plant toxicology as a descriptive

term for the stimulated phase in growth response curves that is

induced by low concentrations of toxic metal ions without

evidence of the underlying mechanisms. Hormesis is increas-

ingly understood as a dynamic adaptive response or biological

plasticity of a complex living system at the level of the whole

organism to intermittent mild stressors of various cate-

gories.48 Calabrese and Mattson49 have used hormesis as a

quantitative estimate of biological plasticity due to adaption

through the activation of defenses by cross signaling. The

hormetic effect of AgNPs formulated as Argovit has also been

shown during in vitro regeneration of Vanilla planifolia by

Figure 2. Effect of silver nanoparticle concentration on (A) total phenolic content (TPC), (B) antioxidant capacity (ORAC), (C) reactive oxygen
species (ROS) production, and (D) lipid peroxidation (LP-MDA) of sugarcane cv. Mex 69-290 after 30 days of in vitro multiplication of shoots in
temporary immersion bioreactors (TPC). Temporary immersion bioreactors expressed as milligrams of gallic acid equivalents per gram of dry
weight (mg GAE/gDW); ORAC quantified by oxygen radical absorbance capacity expressed as Trolox equivalents per gram of dry weight (TE/g
DW); ROS expressed as mean fluorescence intensity (MFI); LP-MDA quantified by malondialdehyde assay (MDA), expressed as nanomole per
gram of dry weight (nmoL/gDW). Different letters denote statistically significant differences according to Tukey test (P �.05).
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Spinoso-Castillo et al,7 further demonstrating its use as a

microbicide agent.

Conclusion

The results demonstrated that AgNPs in culture medium sig-

nificantly affect in vitro parameters of development, nutrient

contents, antioxidant capacity, and ROS generation of sugar-

cane. It was revealed that the N, Mg, and Fe contents in the

shoots increased significantly (by 138%, 50%, and 47%,

respectively) in the treatments with AgNPs compared to the

control treatment. Oxidative stress caused by the AgNPs

increased ROS production and lipid peroxidation. As a

response mechanism, antioxidant capacity also increased, up

to the 50 mg/L concentration. From this concentration, the

antioxidant capacity decreased and this probably caused the

decrease in shoot number and length. In this study, the appli-

cation of 50 mg/L AgNPs was the most appropriate concentra-

tion to increase shoot production and length. Results obtained

in this study open up the possibility of applying Argovit to

evaluate the potential of using it in plant tissue culture. Further

research is required on the effect of AgNPs on toxicological

and somaclonal variation during in vitro culture and on the role

of AgNPs on ethylene synthesis and transport mechanisms in

plant tissues.
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