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Abstract
Psidium friedrichsthalianum (O. Berg) Nied. (Cas) is a guava species from Myrtaceae family whose fruits are very attractive 
for their organoleptic properties, its economic and nutritional importance and its use as rootstocks. One of the main 
problems for in vitro propagation of Cas is contamination, and silver nanoparticles (AgNPs), are the most useful in the 
treatment of plant tissues due to their microbicidal action. Thus, the microbicidal effect of Argovit™ AgNPs (suspension in 
water, with PVP 18.8 wt% and metallic silver 1.2 wt%, in spheroids form of 35 ± 15 nm, hydrodynamic diameter of 70 nm 
and zeta potential of − 15 mV) was evaluated either, through the disinfection of Cas shoot tips explants or by dispensing 
a liquid layer of AgNPs onto the semisolid culture medium during the in vitro establishment phase. The effect of Argovit™ 
silver nanoparticles in the multiplication rate and the foliar area of Cas was also evaluated. Application of AgNPs 50 mg/L 
directly to shoot tips during 5 min yielded a contamination rate of 40%, while culture medium sterilization with 5 mg/L of 
AgNPs as a permanent bilayer reduced shoot contamination rate to 50% compared to 80% for the controls. In addition, 
Argovit™ silver nanoparticles also enhanced foliar area by 560% (from 0.073 to 0.409 cm2) and multiplication rate by 180% 
(from 1.286 to 2.286 shoots/explant). The study concluded that the best way for in vitro use of AgNPs on propagation of 
P. friedrichsthalianum, is as sterilization agent of the culture media because produce additional advantage of enhancing 
the leaf area and multiplication rate of the shoots.

Keywords Disinfection · Sterilization · AgNPs · Microbicidal · Plant tissue culture · Woody plant

1 Introduction

Psidium friedrichsthalianum (O. Berg) Nied, commonly 
named Cas or guava Cas, is a species from Myrtaceae fam-
ily whose fruits are highly prized for their organoleptic 
properties [1] and its economic and nutritional importance 
[2]. This specie is also used as a rootstock due to its resist-
ance to Meloidogyne spp. [3]. However, many problems 
must still be solved.

Plant in vitro culture has greatly contributed to study 
their growth and development and the influence of the 
environmental factors on them [4], as well as the large 
scale propagation of threatened species [5]. However, 
micropropagation of woody plant species in general 
has a number of problems, such as a difficult rooting of 
shootlets [6], shoot tip necrosis [7], phenolization [8, 9], 
hyperhydricity [10] and a low morphogenetic capacity of 
the in vitro shoots [11]. In P. friedrichsthalianum, one of the 
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main problems for in vitro propagation of is the presence 
of contaminants during culture initiation and the subse-
quent low viability of explants to proceed to the multipli-
cation phase.

Silver nanoparticles (AgNPs) exhibit antimicrobial activ-
ity against several plant pathogens [12–14] and have also 
been shown to improve organogenesis, callus induction, 
somatic embryogenesis, genetic transformation, soma-
clonal variation and metabolite production [13, 15]. Kim 
et al. [13] showed that surface disinfection of explants 
with silver nanoparticles reduces microbial contamination, 
while their addition to culture media significantly elimi-
nate bacterial contamination and improve the morphol-
ogy of explants. Both ways produce outstanding results, 
especially in the cases of addition to tissue culture.

Different AgNPs formulations are available in the market 
differing in shape, size distribution, the content of metallic 
silver, synthesis procedure, surface functionalization, and 
coating agent of the nanoparticles [16–18]. All these fea-
tures help nanoparticles to reach and interact with a wide 
range of biological targets, playing a significant role in the 
cytotoxic effects exerted [18–21].

Based on the reported cytotoxic effects of different 
formulations of AgNPs, it was decided to use the silver 
nanoparticles Argovit™, currently approved in Russia and 
other countries for their use in the in vitro culture of plants, 
veterinary and human applications [22].

Argovit™ is a silver nanoparticle formulation that was 
shown to be very useful in the disinfection, shoot multi-
plication and in the content of micronutrients and macro-
nutrients in sugarcane shoots [23]. In the in vitro culture of 
vanilla (Vanilla planifolia), Argovit™ nanoparticles reduced 
in vitro contamination, enhanced shoot multiplication and 
increased total phenolic content [24]. The use of Argovit™ 
silver nanoparticles on Vanilla planifolia did not show 
cytotoxic and genotoxic effects after prolonged exposure 
(6 weeks) [25]. Silver nanoparticles have also been used 
to foster plant growth and yield, improve seed germina-
tion, enable plant genetic modification, improve bioactive 
compound production and achieve plant protection [26, 
27]. Plant bionanotechnology has been applied as a tool 
to improve the morphological characteristics of in vitro 
shoots, to enhance their physiology and to help different 
biochemical processes in plant cells [28, 29]. AgNPs have 
been used to strengthen biochemical and physiological 
phenomena in plants, e.g. photosynthesis [30], growth 
and development [31], enhanced phenolic and flavonoid 
production [32] and attenuation of heavy metal toxicity 
[33], among others. Hence, the use of Argovit™ silver nano-
particles is an excellent option to improve in vitro culture 
of agronomically interesting woody plants (forest, orna-
mental, fruit and medicinal trees).

This work aimed to evaluate the microbicidal effect of 
Argovit™ silver nanoparticles during in vitro establishment 
by surface disinfection of explants in silver nanoparticles 
solutions as disinfection treatment, and through the addi-
tion of a liquid layer of silver nanoparticle suspensions 
to form a bilayer (semisolid medium-silver nanoparticle 
suspension) as a culture medium sterilization method. 
Besides, the plant morphology during in vitro multiplica-
tion of P. friedrichsthalianum (O. Berg) Nied established by 
both procedures was evaluated.

2  Materials and methods

2.1  Silver nanoparticles Argovit™ suspension

Argovit™ silver nanoparticles were provided by Scientific-
Production Centre Vector-Vita Ltd (Novosibirsk, Russia, 
http://vecto r-vita.com/) as commercially manufactured 
product. Argovit™ formulation is a water highly dis-
persed AgNPs suspension at an overall concentration 
of 200 mg/mL, with 18.8% polyvinylpyrrolidone (PVP), 
1.2% of metallic silver [25]. Characterization of Argovit™ 
AgNPs is showed in Table 1, as previously reported [34]. 
Suspensions of Argovit AgNPs with different concentra-
tions (treatments) were prepared by dilution using sterile 
distilled water.

2.2  Plant material, culture medium and incubation 
conditions

Apical shoots came from mother plants of Cas (P. friedrich-
sthalianum (O. Berg) Nied.), cultured in the greenhouse 
under controlled conditions of temperature, relative 
humidity, light intensity, and protection from patho-
gens were used as plant material. Shoot tips (approxi-
mately 5 cm of length) were collected and immersed in a 
250 mg/L polyvinylpolypyrrolidone (PVPP) solution.

In the laboratory, the apical shoots were reduced in size 
with a scissor previously disinfected with alcohol (70%) 
until the shoot tip was 3 cm in length and two pairs of 
leaves with half-cut blade. Thereinafter all plant material 
was manipulated in sterile conditions provided by previ-
ously sterilized tools (petri box, scalpel and forces) under 
a laminar flow cabinet.

For in vitro establishment of Cas, shoot tips were cul-
tured on Murashige-Skoog medium [35] supplemented 
with 30  g/L of sucrose, PVPP 250  mg/L, myoinositol 
100 mg/L, Thiamine-HCl 1 mg/L, Benzylaminopurine (BAP) 
1 mg/L and Indoleacetic acid (IAA) 0.5 mg/L. For in vitro 
multiplication of Cas explants, the same medium was used 
but supplemented with 0.2 mg/L gibberellic acid  (GA3).

http://vector-vita.com/


Vol.:(0123456789)

SN Applied Sciences (2020) 2:2110 | https://doi.org/10.1007/s42452-020-03948-9 Research Article

For all media, pH was adjusted to 5.7–5.8 before addi-
tion of 6.65 g/L agar and autoclaved at 121 °C and 1 kg/
cm2 for 20 min. All cultures were incubated in a culture 
room at 25 ± 1 °C with a light intensity of 37.5 µmol m−2 s−1 
and a photoperiod of 16 h light from cool-white fluores-
cent lamps (Philips TLD 32 W/865-NG).

2.3  Use of Argovit AgNPs for disinfection of shoot 
tips

Shoot tips were disinfected by immersion in AgNPs sus-
pensions (25, 50 and 75 mg/L) during 5 min. For treatment 
with no AgNPs (used as control) shoot tips were washed 
with tap water and commercial detergent and then dis-
infected with a solution of calcium hypochlorite Ca(ClO)2 
at 1% for 10 min and washed three times with distilled 
sterile water.

After disinfection, all explants were reduced in size 
(1 cm length with leaves eliminated by peduncle) and 
placed in glass tubes containing 10 ml of in vitro estab-
lishment culture medium and incubated in the culture 
conditions previously described. Fifteen explants were 
established by treatment and repeated three times (n = 3). 
Contaminated explants were observed by OPTON stereo-
scope every 7  days. The percentage of contamination 

was calculated at 28 days of culture. Fifteen inoculated 
explants were used as a calculation basis.

2.4  Use of Argovit AgNPs for in vitro sterilization 
of the culture medium and explant

In a separate experiment, the use of AgNPs for to 
strengthen sterilization of the culture medium and explant 
was evaluated. Shoot tips, previously disinfected with a 
solution of calcium hypochlorite Ca(ClO)2 at 1% for 10 min 
and washed three times with distilled sterile water, were 
inoculated in glass tubes with 10 mL of in vitro establish-
ment culture medium. Next, 400 µL of AgNPs suspension 
at different concentrations (0, 2.5, 5.0, 7.5 and 10 mg/L) 
were directly dispensed on top of the semisolid medium 
with the explants, as a permanent bilayer (added in lami-
nar flow cabinet after autoclaving, cooling culture media 
and explant inoculated). As control (without AgNPs) 400 
µL of distilled sterile water was added. Another group of 
explants (as negative control) was inoculated without 
addition of any AgNPs suspension or distilled sterile water. 
After all treatments were set, all cultures were incubated 
under previously described conditions of culture room. 
Percentage of explants contamination were recorded after 
28 days of culture with the same protocol described above.

Table 1  Characterization of Argovit AgNPs as reported by Valenzuela-Salas et al. [34]

Characteristics Value Method applied and equipment

Metallic silver content in the concentrate 
Argovit solution

12 mg/mL (1.2 wt%) ICP-OES, Varian Vista-MPX CCD simultaneous 
ICP-OES

Polivinilpirrolidone (PVP) with molecular 
mass 12 ± 2.7 kDa content in the concen-
trate Argovit solution

188 mg/mL (18.8 wt%) Data obtained from manufacturer

Total content of original Argovit solution AgNPs (metallic Ag and PVP)—200 mg/mL 
(20.0 wt%)

Water—800 mg/mL (80.0 wt%)
Average diameter of metallic silver particles 35 ± 15 nm HR-TEM using a JEOL JEM-2010 microscope
Size distribution of metallic silver particles 1–90 nm
Morphology of majority of metallic silver 

particles
Spherical

The hydrodynamic diameter (diameter of a 
metallic silver nanoparticle together with 
PVP coating)

70 nm Dynamic light scattering (DLS) (Malvern 
Instruments Zetasizer Nano NS model 
DTS1060; λ = 532 nm)

ζ potential − 15 mV
Peak of plasmon surface resonance 420 nm Cary 60 UV–vis spectrophotometer (Agilent 

Technologies) in the range of 200–900 nm
PVP identification in Argovit comparing with 

standard solid PVP of 100 kDa
Peaks corresponding to the hydroxyl vibra-

tion of unbound water (νOH) at 3406 cm−1, 
carbonyl stretching at 1650 cm−1 (νC=O), 
symmetrical stretching of nitrogen in the 
ring at 1269 cm−1 (νsC–H), and asymmetric 
(νasC–H) stretching at 2948 and 2915 cm−1, 
respectively

Lyophilized AgNPs were characterized by 
FTIR-ATR in a range of 400–4000 cm−1 
with a resolution of 2 cm−1 on a universal 
diamond ATR Top Plate accessory (Perki-
nElmer)
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2.5  In vitro multiplication of apical shoots 
previously treated with AgNPs

In vitro apical shoots of Cas from the best AgNPs treat-
ments (by disinfection and by sterilization of culture 
medium) were transferred to the multiplication phase 
where the AgNPs were not applied. As control treatment, 
surviving explants from the in vitro establishment exper-
iments were used. These explants were from control 
treatments (disinfected with hypochlorite and cultivated 
without AgNPs in the culture medium, as described 
above). All explants were inoculated in glass test tube 
containing 10 ml of multiplication culture medium and 
incubated in conditions of culture room, previously 
described. Each treatment of five explants were repli-
cated thrice, totaling 15 explants per treatment (n = 15).

After 84 days of cultivation (with three subcultures 
at intervals of 28 days each in the same type of culture 
medium), the leaf area and multiplication rate of shoots 
were evaluated. The number of final shoots per num-
ber of initial explants was calculated as multiplication 
rate for each subculture performed. Leaf area was deter-
mined by the gravimetric method according to Chaud-
hary et al. [36].

2.6  Statistical data processing

Data were evaluated by One-Way ANOVA (p = 0.05) using 
IBM SPSS Statistics (Version 20, 2016 for Windows) after 
testing for normality and homogeneity of the variances. 
For statistical analysis of the contamination percentage, 
r e s u l t s  w e r e  t r a n s f o r m e d  a c c o r d i n g  t o 
y� = 2 ∗ arcsin

�

√

y∕100
�

 . The experimental design was 

totally randomized using Tukey test for Post Hoc multiple 
comparisons. Experiments were repeated three times, 
totaling 45 explants per treatment and the experimental 
unit consisted of a group of fifteen glass tubes contain-
ing one explant each (n = 3). For multiplication phase, 
values were expressed as the means of fifteen replicates 
per treatment (n = 15).

3  Results and discussion

3.1  Use of Argovit AgNPs for disinfection of shoot 
tips

The use of Argovit™ silver nanoparticles, for disinfec-
tion of Cas explants had significant statistical differ-
ences among treatments. Lowest and statistically similar 

contamination levels under 50% were obtained at 50 and 
75 mg/L during 5 min, as shown in Table 2.

Literature about in vitro tissue culture of P. friedrichsthal-
ianum (O. Berg) Nied (Cas) is scanty. In addition, there is 
no information about Cas explants treatment with AgNPs. 
Disinfection of Cas was generally performed with NaClO, 
 HgCl2, benomyl (fungicide), rifampicin (bactericide) and 
 AgNO3 [37], but with limited success due to the combined 
percentage of contamination with bacteria and fungi 
(above 60%). The results obtained in this work with the use 
of AgNPs are better having a lower contamination percent-
age (40%), and all explants that were not contaminated 
were kept in culture and survived.

3.2  Use of Argovit AgNPs for in vitro sterilization 
of the culture medium and explant

AgNPs in this experiment were used to reinforce the ste-
rility conditions of the culture medium within test tubes. 
Table 3 shows the culture medium sterilization results for 
in vitro establishment of Cas. Contrary to data for other 

Table 2  Effect of Argovit™ silver nanoparticles concentration on 
disinfection of P. friedrichsthalianum (O. Berg) Nied. shoot tips after 
28 days of in vitro establishment culture

a Results with the same letter are not statistically different (One Way 
ANOVA, Tukey, P > 0.05 and n = 3). For statistical analysis of the con-
tamination percentage, the results were transformed according to 
y� = 2 ∗ arcsin

�

√

y∕100
�

Argovit™ (mg/L) Contamination (%)

0 (control) 80.00 ± 3.8509  ba

25 73.33 ± 7.6990 b
50 40.00 ± 3.8509 a
75 46.67 ± 3.8510 a

Table 3  Effect of Argovit™ silver nanoparticles concentration on 
in  vitro sterilization of P. friedrichsthalianum (O. Berg) Nied. estab-
lishment culture medium as a bilayer protection, after 28  days of 
culture

a Results with the same letter are not statistically different (One Way 
ANOVA, Tukey, P > 0.05 and n = 3). For statistical analysis of the con-
tamination percentage, the results were transformed according to 
y� = 2 ∗ arcsin

�

√

y∕100
�

Argovit™ concentration (mg/L) Contamination 
percentage (%)

Control 80 ± 3.8509  da

0.0 86 ± 4.3330 d
2.5 67 ± 3.8480 c
5.0 40 ± 7.6961 a
7.5 53 ± 3.8480 b
10.0 73 ± 3.8480 cd
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woody species [13], low concentration of this AgNPs for-
mulation (5.0 mg/L) gave better results. The best AgNPs 
concentration was 5.0  mg/L, where contamination 
decreased below 50%. No statistical differences were 
observed between control and 0.0 mg/L treatments. With 
concentrations higher than 5.0 mg/L, levels of in vitro 
contamination increased, probably due to the possible 
hormetic effect of AgNPs [23]. Concentrations used in this 
experiment were suitable for tissue growing and survival, 
as no damage was observed to explant foliage.

On the other hand, this is the first time that AgNPs was 
used for the sterilization of culture medium for in vitro 
culture of Cas. Argovit™ AgNPs was shown to be an excel-
lent option to reduce in vitro contamination with fungi 
and bacteria proceeded from both the environment and 
plant tissues, without cytotoxic or genotoxic effects for 
specimens exposed for prolonged periods [23, 25]. Here, 
we showed the effectiveness of the same formulation on 
woody plant species.

3.3  In vitro multiplication of apical shoots 
previously treated with AgNPs

After selecting the best disinfection and sterilization con-
ditions, the explants from the selected treatments were 
monitored every 28 days for 84 days. Table 4 and Fig. 1 
show the differences on leaf area and multiplication 
rate between different treatments of disinfection and 
sterilization applied during in vitro establishment of P. 

friedrichsthalianum (O. Berg) Nied explants with the best 
concentration of Argovit™ and compared to a control with-
out AgNPs. 

Sterilization of the culture media with 5 mg/L of AgNPs 
show the best results, statistically different from the other 
treatments in terms of leaf area and multiplication rate. A 
leaf area of 0.409 cm2 and a multiplication rate of 2.286 
(high considering the recalcitrance of this species) repre-
sent an increase of 5.6 times for the former and almost 
double for the latter, respectively, compared with control. 
Previously it was shown that AgNPs Argovit low concen-
trations stimulate the growth of in vitro regeneration of 
vanilla (Vanilla planifolia Jacks.) [24], Sugarcane (Saccha-
rum spp. Cv. Mex 69-290) [23] and Allium cepa [38], three 
monocotyledonous species, but this is the first time in a 
dicotyledonous woody plant.

Contrary to the sterilization of culture medium, the 
explant surface disinfection reduced explant contamina-
tion in the same rate as sterilization of the culture media 
but without any significant changes in leaf area and multi-
plication rate. Silver nanoparticles application has been bit 
analyzed in the in vitro culture of different woody plants 
[39–44]. The results above show that Argovit™ is a satisfy-
ing solution not only for explant disinfection but also as a 
growth promoter. This growth promoting function is not 
exclusive to this nanoparticle formulation. Several studies 
indicated the phytomodulatory effect of AgNPs biologi-
cally synthesized from extracts of cocoa pods [12, 32, 33] 
and others work explained a very effective effect on the 
superficial sterilization of Ocimum tissues with a stimulat-
ing effect on callus formation, as a result of the absorption 
of AgNPs by the explants [15].

It may be concluded that prolonged exposure time to 
low concentrations of this AgNPs formulation is a key fac-
tor for observation of beneficial effects, such as growth 
promotion in Cas explants. Application of this AgNPs 
formulation in other crops has produced good results. 
In vanilla and sugar cane, besides the disinfection activ-
ity, a hormetic effect modulated by ROS overproduc-
tion induced by AgNPs was observed [23–25]. As far as 
we know, this effect has not been reported for AgNPs on 
woody plants.

Other AgNPs formulations were employed to disin-
fect woody plant species [39–44]; unfortunately, no data 

Table 4  Leaf area and multiplication rate of P. friedrichsthalianum 
(O. Berg) Nied. previously established with the best concentration 
of Argovit™ in the disinfection of explants and in vitro sterilization 
compared to a control without AgNPs treatment

a Results with the same letter are not statistically different (One Way 
ANOVA, Tukey, P > 0.05 and n = 15)

Treatment used for explants 
establishment (Argovit™ con-
centration)

Foliar area  (cm2) Multiplication 
rate (shoots/
explant)

Control (without AgNPs) 0.073 ± 0.009 b 1.286 ± 0.125  ba

Disinfection of explants 
(50 mg/L)

0.123 ± 0.012 b 1.428 ± 0.137 b

In vitro sterilization (5 mg/L) 0.409 ± 0.042 a 2.286 ± 0.194 a

Fig. 1  Psidium friedrichsthalianum leaves and shoots in the multiplication step of established plants with: a 0 mg/L of Argovit™ silver nano-
particles, b 50 mg/L of Argovit™ for disinfection in the in vitro establishment, c 5 mg/L of Argovit™ for sterilization of culture medium (C.M)
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regarding size, coating agent and silver content of these 
formulations were provided. Table 5 shows the exposure 
time, AgNPs concentration ranges used as well as the dis-
infection effectiveness ranges found on other woody spe-
cies, ranging from 3 to 180 min and from 50 to 1000 mg/L, 
respectively, and coupled with a lack of disinfection capac-
ity up to significant results nearing 50% disinfection.

Disinfection effectiveness strongly depends on the 
plant species and contamination grade, among other 

factors, whereby a direct comparison among treatments 
from the different works is not feasible. However, from 
Table 5 it is possible to suggest that the AgNPs formula-
tion used here could be a valuable disinfection alternative 
as a contamination rate of around 40% was achieved with 
50 mg/L AgNPs and a short immersion of 5 min.

Although there are no previous results on the use of 
AgNPs as microbicide in Cas in vitro culture, low to good 
results were reported for other woody plant species. 

Table 5  Comparison of silver nanoparticle uses in the in vitro culture of some woody plants

a Contamination percentage with bacterias, contamination percentage with fungi
b We provide AgNPs concentration values published, still, most reports do not specify if those values are based on the total concentration of 
AgNPs or only on the silver content

♦ Ag: concentration calculated per metalic Ag

♦ AgNPs: concentration calculated per complete AgNPs

Description [39] [40] [41] [42] [43] [44] This work

Woody plant 
specie

Olea europaea 
L.

Araucaria 
excelsa R. Br.

Tecomella 
undulata 
(Roxb.) Seem.

Vitis vinifera L. 
(cv. “Rashe”, 
“Khoshnave” 
and “Farkhi”)

G × N15 (hybrid of 
almond × peach) 
rootstock

Tecomella 
undulata 
(Roxb.) Seem.

P. friedrich-
sthalianum 
(O. Berg) 
Nied.

Silver nano-
particle sizes 
TEM nm (DLS)

– – 18.5 – – – 35

Ligand type – – – – – – PVP
Disinfection of explants
 Time of 

AgNPs 
application 
(min)

60 60, 180 – 10–20 3–7 – 5

 AgNPs 
concentra-
tion range 
(mg/L)

100–400 100–400 – 100–1000 50–200 – 25–75 ♦Ag
425–1275 
♦AgNPs

 Contamina-
tion (%)

0 15–22, 11–62a – 10–80 0–34, 28–37a – 40–74

 Survived (%) < 20 – – – ≈ 30–65 – 100
In vitro sterilization
 Time of 

AgNPs 
application 
(days)

30 28 14 – – 16 28

 AgNPs 
concentra-
tion range 
(mg/L)b

2–6 25–400 5–80 – 50–200 30–120 2.5–10 ♦Ag
42.5–170 
♦AgNPs

Increase of
  Contamina-

tion (%)
< 5 18–44 – – 3–32, 11–18a – 40–73

  Foliar area 
 (cm2)

– – – – – – From 0.073 to 
0.409 (560%)

  Multiplica-
tion rate 
(shoots/
explant)

– – 1.00–1.82 – – 1.15–2.13 From 1.286 to 
2.286 (178%)

 Survived (%) ≈ 95 – – – 51–78 – 100
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Table 4 shows a comparison among the different obtained 
results among some woody plants and P. friedrichsthali-
anum (O. Berg) Nied. with the use of silver nanoparticles 
in the in vitro propagation. Unfortunately, scarce char-
acetrization data do not allow to identify a general trend 
between the physicochemical characteristics of AgNPs 
and their antimicrobial and growth promotion effects on 
woody explants. Application of 100-1000 mg/L AgNPs in 
the surface of leaf explants of Vitis vinifera ‘Farkhi’, ‘Kho-
shnave’ and ‘Rashe’ decreased the contamination rate 
by 10–80% [42], and controlled internal contaminants in 
olive explants without negative effects on the morphology 
and growth of explants [39]. Good results have also been 
obtained in the reduction of internal and external con-
tamination in both immersion and MS medium, in G × N15 
(hybrid of almond × peach) rootstocks [43]. Sarmast 
et al. [40] reported that surface sterilization of explants 
of Araucaria excelsa and subsequent AgNPs immersion 
reduced contamination, while adding 400 mg/L AgNPs 
in the culture medium decreased contamination from 
81.25 to 18.75%. In Tecomella undulata, 60 mg/L of AgNPs 
improved shoot number, shoot length and percentage of 
produced shoots [44], whereas 10 mg/L AgNPs improved 
callus formation [41]. Table 4 shows a comparison among 
the different obtained results among some woody plants 
and P. friedrichsthalianum (O. Berg) Nied. with the use of 
silver nanoparticles in the in vitro propagation.

Microbicidal effects are possible because silver has a 
wide antibacterial spectrum, and it can kill many of patho-
genic bacteria and virus [45–48] and by the antimicrobial 
and viricidal potential of silver nanoparticles through dif-
ferent mechanisms such as AgNPs adhesion to microbial 
cells, penetration inside the cells, generation of ROS and 
free radical, modulation of microbial signal transduction 
pathways [49–52]. Likewise, due to the inhibition of virus 
penetration into the cell, interaction with virus genome, 
inhibition of genome replication, inhibition of protein 
synthesis and inhibition of assembly and release of viri-
ons [53, 54]. Meanwhile the growth promoting effect 
may be possible due to an induction of genes associated 
with growth regulators. Syu et al. [55] verified the effect 
of size and shape of AgNPs on Arabidopsis plant growth 
and gene expression and verified that AgNPs activate 
Arabidopsis gene expression of indoleacetic acid protein 
8 (IAA8) and reduced the expression of ACC synthase 7 
(ACS7) and ACC oxidase 2 (ACO2), among others. All this 
suggesting that AgNPs acted as inhibitors of ethylene and 
growth promoter [55]. For recalcitrant woody plant spe-
cies in early stage in vitro culture, such as some Myrta-
ceae, it is important to have an agent that promotes the 
growth of the explants and thus reduce rejection losses 
and increase multiplication rates, especially for commer-
cial micropropagation.

For practical application of AgNPs effects revealed in 
this work for P. friedrichsthalianum (O. Berg) Nied are neces-
sary future studies. The most important experiments will 
be related to the following stages of plant growth (in vitro 
rooting, adaptation, ex vitro growth rate, etc.)

4  Conclusions

The use of silver nanoparticles has different advantages in 
the in vitro culture of plants. Argovit™ silver nanoparticles 
reduce the contaminant levels during the establishment 
of woody plant cultures and improve the morphology in 
the multiplication phase of the treated plants. A 50 mg/L 
Argovit™ silver nanoparticles application for 5  min 
reduced explant contamination in P. friedrichsthalianum (O. 
Berg) Nied. (Cas) to 50%. Upon sterilization of the culture 
medium with 5 mg/L, the percentage of contamination in 
Cas shoots was reduced to 40%. Argovit™ silver nanopar-
ticles also enhanced leaf area growth by 560% (from 0.073 
to 0.409 cm2) and multiplication rate by 180% (from 1.286 
to 2.286 shoots/explant) in the multiplication phase when 
explants had been established with these AgNPs and these 
feature was maintained until the fifth subculture. The best 
way for in vitro use of AgNPs on propagation of Cas, is 
the sterilization of the culture medium, as it produces the 
same decontamination effect as surface disinfection of 
explants but coupled with a 10 times lower concentration 
and the additional advantage of enhancing the leaf area 
and multiplication rate of the shoots.
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