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Abstract

With the advancement of nanotechnology, nanomaterials are beginning to be employed in different areas of science, includ-
ing plant tissue culture. Among nanomaterials, silver nanoparticles (AgNPs) are widely used because of their antibacterial
effects. However, knowledge about the effects of AgNPs on in vitro cultivation of plant species is poor. The present study
aims to analyse the effects of AgNPs on the in vitro propagation of Campomanesia rufa. Nodal segments were sectioned and
cultured in MS medium to induce buds. The MS medium was supplemented with benzylaminopurine, different concentrations
of AgNPs or AgNO;. AgNPs were synthesized and characterized as a function of time. The shoots were analysed for number,
height and fresh weight. Biochemical and light microscopy and scanning electron microscopy were also performed. Data
from the characterization of AgNPs demonstrate that the heating process for sterilization of the culture medium promotes
an agglomeration of AgNPs. The lowest concentrations AgNPs (0.385, 0.77 and 1.54 mg L™!) did not affect the in vitro
multiplication, since no significant differences were observed in relation to the control, as for the number, height and fresh
weight of the shoots formed, however, in the treatments with 15.4 mg L™' AgNPs and AgNO, a reduction in the number of
shoots was observed. No biochemical, morphological or anatomical changes were observed in the shoots formed. Concludes,
AgNPs did not affect the in vitro multiplication at low concentrations but may cause more damage to plant development than
the use of AgNO; depending on the concentration used.

Key message
This manuscript reports that silver nanoparticles not affect the in vitromultiplication of Campomanesia rufa, and the results
are important because explain thebehavior of AgNPs under high temperatures.
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terparts. These properties usually result from their small
size, shape, chemical composition, high surface area and
reactivity (Ma et al. 2010). Because they exhibit such unique
properties, nanomaterials have been widely used to improve
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improved the in vitro development of strawberry seedlings
submitted to water stress (Mozafari et al. 2018). CuO nano-
particles stimulated the in vitro production of bioactive com-
pounds in Stevia rebaudiana (Javed et al. 2017) and Brassica
rapa spp. pekinensis (Chung et al. 2018).

The effective micropropagation of crop species depends on
a range of factors, including the type of culture medium and
plant growth regulators (Satish et al. 2015; Venkatachalam
et al. 2015; Scalzo et al. 2016; Yu et al. 2017). The applica-
tion of nanomaterials may be an alternative to optimize pro-
tocols of somatic embryogenesis, organogenesis, induction of
shoots and roots, superficial disinfection of explants for in vitro
culture, and production of secondary metabolites and even to
improve or reduce the somaclonal variation of in vitro explants
(Kim et al. 2017).

Silver nanoparticles (AgNPs), due to their attractive physi-
ological properties and their recognized antimicrobial action,
may have potential use in superficial disinfection processes of
explants for in vitro culture (Sarmast and Salehi 2016). AgNPs
have been shown to be effective in reducing bacterial con-
tamination in Vanilla planifolia (Spinoso-Castillo et al. 2017)
and in the control of contaminants for the in vitro culture of
Valeriana officinalis (Abdi et al. 2008), and Olea europaea
(Rostami and Shahsavar 2009).

The AgNPs were also efficient in in vitro multiplication of
Alternanthera sessilis (Venkatachalam et al. 2017), induction
of somatic embryogenesis and plant regeneration of Gloriosa
superba (Mahendran et al. 2017), and the promotion of Bras-
sica juncea growth in vitro through the improvement of its
antioxidant status (Sharma et al. 2012).

In addition to acting directly on in vitro propagation, silver
nanoparticles may also act as inhibitors of the hormone ethyl-
ene (Syu et al. 2014; Sarmast et al. 2015). This phytohormone
accumulates in culture vessels and may affect the growth and
in vitro development of some species (Biddington 1992).

Silver nanoparticle exposure responses in plants have been
studied mainly in relation to toxicity (Cvjetko et al. 2017),
and less attention has been given to the possibility that silver
nanoparticles may support in vitro growth of plant species.

In this context, the present study has the objective of ana-
lysing the effect of silver nanoparticles on the micropropa-
gation of Campomanesia rufa (O. Berg) Nied. C. rufa is a
fruit-bearing species of the Cerrado with potential for food
commercialization, but it presents difficulties for propaga-
tion in the natural environment.

Materials and methods
Synthesis of silver nanoparticles

Silver nanoparticles were synthesized according to the
methodology described by Turkevich et al. (1951) with
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adaptations. A solution was prepared with silver nitrate
(0.18 g L™") and sodium carboxymethylcellulose (0.6 g L"),
which was maintained under constant heating and stirring.
At 95 °C, an aqueous solution of sodium citrate (1%) was
added thereto. The concentration of the silver nanoparticle
solution was quantified by UV—Vis absorption spectroscopy
(model UV-1800, Shimadzu).

Characterization of silver nanoparticles

The culture media containing the silver nanoparticle solu-
tion at the corresponding concentrations, after autoclaving,
were characterized by means of dynamic light scattering
(DLS) and zeta potential, performed with the Malvern 3000
Zetasizer equipment.

Three replicates were used for each treatment. For analy-
sis of the solutions, 0.5 mL of each sample suspension was
combined with 100 mL of deionized water and sonicated
in an ultrasonic tip (Brason) for 1 min at a power of 450 W.

Bud induction

Buds (4 cm) induced from established in vitro plantlets
of Campomanesia rufa were transferred to MS medium
(Murashige and Skoog 1962) plus 5.62 uM BAP (6-ben-
zylaminopurine) and 30 g L™! sucrose (Sant’Ana et al.
2018). The medium was supplemented with different con-
centrations of silver nanoparticles (0.0, 0.385, 0.77, 1.54
and 15.4 mg L) or silver nitrate at a concentration of
0.18 g L™!, which corresponds to the same concentration
used for the synthesis of stock solution of AgNPs. This con-
centration is equivalent to 0.114 g L™! of Ag* ions.

The medium was solidified with 7.0 g L' agar, and the
pH was adjusted to 5.7 +0.1 before autoclaving at 121 °C
and 1 atm pressure for 20 min. The culture was maintained
in a growth room for 90 days at a temperature of 25 °C on
a 16-h photoperiod (fluorescent lamps radiating 36 umol of
photons m~2 s™!) for shoot multiplication and subsequent
growth evaluations, biochemistry, light microscopy and
scanning electron microscopy.

After 90 days of culture, the number and size of the
shoots were analysed, and the total fresh mass of the shoots.
The size of the shoots was measured using a ruler.

Biochemical analysis of antioxidant metabolism

At 90 days of culture, samples of the shoots formed were
removed and stored in a freezer at — 80 °C until biochemi-
cal analysis.

The enzymatic extract for biochemical analysis was
obtained by the maceration in liquid nitrogen of 200 mg of
fresh material from the aerial part of the shoots, to which
was added 1.5 mL of an extraction buffer composed of
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potassium phosphate buffer (400 mM) in pH 7.8, 15 pL
EDTA (10 mM), 75 pL ascorbic acid (200 mM) and
1035 pL water (Biemelt et al. 1998). The extract was cen-
trifuged at 13,000xg for 10 min at 4 °C, and the superna-
tant collected for analysis of superoxide dismutase (SOD)
was evaluated according to Giannopolitis and Ries (1977).

SOD activity was assessed by the ability of the enzyme
to inhibit nitrotetrazolium blue photoreduction, NBT
(Giannopolitis and Ries 1977). We added 5 mL aliquots
of the supernatants from treatments with different concen-
trations of AgNPs and silver nitrate to incubation medium
containing 100 mM potassium phosphate buffer (pH 7.8),
70 mM methionine, 10 uM EDTA, 1 mM NBT, 0.2 mM
riboflavin and water. Samples and a control composed of
the same reaction medium without the sample were illu-
minated with a 20 W fluorescent lamp for 7 min. Readings
were performed at 560 nm where a unit of SOD corre-
sponds to the amount of enzyme required to inhibit the
NBT photoreduction at 50%.

Light microscopy

For the anatomical studies, leaf and stem samples from
90 days of culture were collected and stored in alcohol 70%
(v/v) until the anatomical sections were taken. To prepare
the slides, leaf and stem samples were sectioned at approxi-
mately 0.5 cm?, and these sections were dehydrated in
increasing ethylic series and included in methacrylate (His-
toresin, Leica Instruments, Heidelberg, Germany).

Transverse sections of the leaves and stems were made
with an 8 uM thick microtome, stained with toluidine
blue (O’Brien et al. 1964) and sealed using stained glass
(Acrilex).

The prepared slides were observed and photographed
under a Zeiss Scope AX10® microscope coupled to the digi-
tal camera and photomicrographed with Axio Vision R.L.
4.8% software. The presence or absence of cellular damage
was determined.

Scanning electron microscopy

Leaf and stem segments of the shoots were fixed in Kar-
novski aqueous solution for 24 h, after which the material
remained in glycerol for 30 min. After this period, the stem
and leaf segments were segmented into liquid nitrogen (LN).
Thereafter, dehydration was accomplished in increasing
series of acetone (25, 50, 75, and 100%) for 10 min.

In the next step, the material was dried in the critical
point equipment, and the cuts were adhered to the stubs
and covered by a layer of metallic gold. The segments were
observed with a JEOL T200 scanning electron microscope.

Results
Characterization of silver nanoparticles

In DLS analysis, the presence of silver nanoparti-
cles in the culture medium was observed in both the
lowest (0.385 mg L™") and the highest concentration
(15.4 mg L™1), which indicates the presence of silver ions
in the medium used to induce new buds in C. rufa.

The AgNPs present in medium were larger than the
AgNPs of the stock solution (155.2 nm). This increase
in size is related to autoclaving of the culture medium.
The high heating (121 °C) for sterilization promoted the
agglomeration of nanoparticles, which resulted in the
increase in size compared to the solution of non-auto-
claved AgNPs (Fig. 1).

The Zeta Potential, close to zero, and the Polydispersity
Index (PDI) show that the synthesized solution is unsta-
ble and tends to aggregate. The instability of the solution,
associated with the high temperature to which the AgNPs
were subjected during sterilization of the medium, contrib-
uted to the increase in size of AgNPs (Fig. 2a, b).

Growth analysis

Exposure of C. rufa nodal segments to different concentra-
tions of AgNPs did not affect the induction of buds at the
concentrations of 0.385, 0.77, and 1.54 mg L! compared
to the conditions with no AgNPs. However, at the concen-
tration of 15.4 mg L~! and in the silver nitrate treatment,
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Fig. 1 Mean diameter of AgNPs at concentrations of 0.385 mg L™},
0.77 mg L', 1.54 mg L™! and 15.4 mg L™! in the culture medium
after autoclaving, 10 days after the synthesis
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Fig.2 Zeta Potential (a) and Polydispersion Index (b) at concentra-
tions of 0.385 mg L', 0.77 mg L', 1.54 mg L' and 15.4 mg L™! of
AgNPs in the culture medium, after autoclaving, 10 days after syn-
thesis

there was a reduction of approximately 90% in the number
of new shoots (Figs. 3, 4).

Consequently, with the reduction in the number of shoots,
the total fresh mass was also reduced by approximately 80%
in the silver nitrate and 15.4 mg L~! AgNPs conditions, rela-
tive to the control (Fig. 5). However, the length of shoots
obtained (averaging 1.1 cm) was not influenced by exposure
to silver nanoparticles.

Biochemical analysis of antioxidant metabolism
No significant differences were observed among treatments
in the superoxide dismutase activity (SOD) by the Scott-

Knott test at the 5% probability level, which showed a mean
activity of 0.51 U mg™! FM (Table 1).

@ Springer

was reported that these glands have lipid content (Gogosz
et al. 2010). No cell damage was observed in the leaves
and stems, regardless of the concentration of AgNPs or
silver nitrate, in comparison to the control condition.

Scanning electron microscopy

For all treatments, the electron photomicrographs reveal
many simple and uniserial trichomes on both the adaxial
and abaxial faces of the C. rufa leaf blades, which were
grown in vitro. The trichomes are located both leaf veins
and interveins (Fig. 7).

The stomata were observed only on the abaxial sides of
the leaves and were classified as paracytic, with reniform
guard cells, being more prominent than the fundamental
epidermal cells (Fig. 7).

The stomata of the leaves treated with silver nitrate
showed larger stomatal openings than seen in the control
and in the treatments with AgNPs. No leaf surface damage
was observed, regardless of the concentration of AgNPs or
the presence of silver nitrate, in comparison to the control.
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Fig.4 Appearance of Campomanesia rufa shoots at 90 days of
culture induced by BAP (5.6 uM) and submitted to silver nitrate
(AgNO3) or different concentrations of silver nanoparticles (AgNPs).
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Fig.5 Total fresh mass of the shoots obtained from Campomanesia
rufa at 90 days of culture, induced by BAP (5.6 pM) and submitted to
silver nitrate (180 mg LY or different concentrations of silver nano-
particles (0.385, 0.77, 1.54 and 15.4 mg L™"). The averages followed
by the same letter do not differ significantly from one another by the
Scott-Knott test at the 5% probability level

Table 1 Superoxide dismutase activity (SOD)

U SOD mg™!
fresh mass®

Concentration (mg LY

0 0.343a
AgNO; 180 0.623a
AgNP 0.385 0.561a
AgNP 0.77 0.534a
AgNP 1.54 0.473a
AgNP 15.4 0.554a
Average 0.514

#The averages followed by the same letter do not differ significantly
from one another by the Scott-Knott test at the 5% probability level

From left to right, 0.0, 180 mg L' AgNO,, 0.385, 0.77, 1.54 and
15.4 mg L™! AgNPs, respectively

Discussion

No significant changes were observed among conditions
without addition of AgNPs and treatments with low concen-
trations of AgNPs (0.385, 0.77 and 1.54 mg L), regarding
the number, height and fresh weight of the shoots.

This low toxicity of the AgNPs may be related to the size
of the AgNPs, as observed by the characterization of the
culture medium the high temperature experienced by the
medium during autoclaving may be promotes agglomeration
of the nanoparticles, thus producing particles that exceed the
nano scale (1 at 100 nm). As has been demonstrated, effects
of AgNPs on plant cells vary with size of the nanoparticles
(Geisler-Lee et al. 2012).

In a study conducted with Arabidopsis, it was found that
AgNPs of 45+5 nm promoted a higher growth rate with
less induction of oxidative stress compared to AgNPs of
8 +2 nm that caused the highest rate of inhibition of growth
and higher levels of oxidative stress (Syu et al. 2014). In
Spirodela polyrhiza, it was shown that silver microparti-
cles did not cause oxidative stress to the detriment of sil-
ver nanoparticles; consequently, no changes in antioxidant
metabolism were observed compared to the control (Jiang
etal. 2014).

These results may be related to the size of pores in plant
cell walls, which are generally in the range of a few nano-
metres (Carpita et al. 1979; Adani et al. 2011), much smaller
than the size of the silver particles. The relatively large size
of the silver particles may prevent them from easily pen-
etrating plant cell walls and thus cause less damage than the
smaller AgNPs that can pass through the pores.

In treatments with 15.4 mg L™! of AgNPs and with sil-
ver nitrate (180 mg L), similar results were observed. In
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Fig.6 Transverse cuts of Cam-
pomanesia rufa leaf and stem
segments at 90 days of culture,
resulting from the induction of
BAP shoots (5.6 uM), submitted
to silver nitrate (0.18 g L™") or
silver nanoparticles (AgNPs).

a and b control, ¢ and d silver
nitrate, e and f 0.77 mg L!
AgNPs. PP palisade paren-
chyma, SP spongy parenchyma.
In b highlight for stomata and
in f prominence for secretory
gland. Bar: 10 uM

both treatments, a reduction in the number and the fresh
mass of the shoots was observed. However, the concentra-
tion of AgNO; is higher than the concentration of AgNPs,
suggesting that AgNPs may be more toxic than AgNO;
for plant species.

In similar concentrations AgNPs have been observed to
be more toxic to Lolium multiflorum plants than AgNO;,
and AgNPs toxicity caused significant reductions in root
growth rate and changes in the morphology of root systems
(Yin et al. 2011). Likewise, AgNO; was shown to be more
effective in improving growth rates (root and shoot length
and leaf area) than the AgNPs for the in vitro culture of
Solanum tuberosum (Bagherzadeh Homaee and Ehsanpour
2015).

In Allium cepa, AgNO5; was more toxic than AgNPs
coated with citrate, polyvinylpyrrolidone (PVP) or cetyltri-
methylammonium bromide (CTAB) (Cvjetko et al. 2017).
AgNO; was also shown to be more toxic than AgNPs in
Brassica sp., due to the lower accumulation of AgNPs and
better APX and CAT activities, which resulted in lower oxi-
dative stress (Vishwakarma et al. 2017). In Brassica juncea,
inhibition of root length and chlorophyll content in plants
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exposed to AgNO; at the same concentrations of AgNPs was
observed (Pandey et al. 2014).

In Cucumis sativus cortical cell degeneration and disin-
tegration of the endoderm in AgNO; treatments were more
prominent than in treatments with AgNPs, although both
were toxic to the growth and development of this species
(Tripathi et al. 2017).

In Capsicum annuum, both AgNPs and Ag™ ions similarly
affected the development of the plant, decreasing its height
and biomass as a result of the increase of total Ag* content
in the plant tissues (Vinkovi¢ et al. 2017).

With these data, it is clear that the effect of AgNPs and
silver nitrate is still controversial, with results that vary
widely from species to species. These results make evi-
dent the need for further studies to understand the effects
of AgNPs on plant cells and to better explore the intrinsic
properties of nanoparticles.

No significant differences in antioxidant metabolism were
observed among the treatments, regardless of the concen-
trations of AgNPs or silver nitrate. However, it has been
reported that the exposure of plants to nanomaterials can
increase the production of reactive oxygen species (ROS),
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Fig.7 Scanning electron
microscopy photomicrography
of the abaxial surface of foliar
segments of Campomanesia
rufa at 90 days of culture,
resulting from the induction

of shoots from BAP (5.6 uM),
submitted to silver nitrate

(180 mg L") or different
concentrations of silver nano-
particles (AgNPs). a control, b
silver nitrate, ¢ 0.385 mg L
AgNPs, d 0.77 mg L' AgNPs,
e 1.54 mg L' AgNPs and f
15.4 mg L' AgNP. Arrowhead:

in b stomata and in ¢ trichome

20um

20 ym \
=

such as singlet oxygen (102), superoxide (0,°7), hydrogen
peroxide (H,0,) and hydroxyl radical (OH®) (Hossain et al.
2015).

ROS influence the growth and development of a plant,
so they need to be rapidly metabolized by the antioxidant
system to avoid oxidative stress conditions. Enzyme metab-
olism for ROS detoxification in plants is essential for the
protection of plant cells and their organelles against the
toxic effects of ROS (Mittler 2017). Thus, when a plant is
subjected to some type of abiotic stress, the increase in the
activity of antioxidant enzymes is remarkable (Gill et al.
2015). It is important to evaluate the physiological condi-
tions of plant cells in this context, as these conditions effect
their growth and development.

SOD is the first line of defence of the antioxidant sys-
tem, catalysing the decomposition of O,*~ in O, and H,0,,
and CAT and APX catalyse the dismutation of H,0, in
H,0 and O, (Das and Roychoudhury 2014).

It is reported that Ag* ions released from AgNPs induce
oxidative stress through the generation of ROS. In vitro
multiplication of sugarcane by temporary immersion, an
increase of ROS and lipid peroxidation have been reported
when different concentrations of AgNPs were added to
MS medium (Bello-Bello et al. 2017). In Solanum tubero-
sum, an increase in H,O, and lipid peroxidation was also
observed in explants cultured in vitro in the presence of
AgNPs or silver nitrate (Bagherzadeh Homaee and Ehsan-
pour 2015).
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However, in the present study, it is possible to verify
that AgNPs were probably not provoking the production of
ROS in C. rufa seedlings grown in vitro, since SOD activity
was not significantly changed by the addition of AgNPs or
silver nitrate. The analysis of the images obtained by light
and scanning microscopy showed no cellular damage in the
vegetal cells. However would have been expected if high
concentrations of H,0,, (which can potentially cause plant
cell death) had been present.

The greater opening of the stomata in the silver nitrate
treatment is related to the positive effect of AgNO; in the
reduction of hyperhydricity. It has been reported that the
presence of AgNOj; in the culture medium reduces the
hyperhydricity of explants cultivated in vitro by promoting
greater stomatal opening, resulting in greater water outflow
from the plantlets and reducing the accumulation of water
in the tissues (Gao et al. 2017).

In Bacopa monnieri, no morphological changes or toxic
effects were observed in plants treated with AgNPs or silver
nitrate by scanning electron microscopy. However, in light
microscopy, small changes were observed in xylem elements
within stems and roots of plants treated with AgNPs and
AgNO; (Krishnaraj et al. 2012). In Oryza sativa, the pres-
ence of AgNPs of 150 nm at 10 and 100 mg L~! caused
alterations in the anatomy of plantlets’ leaves (Thuesombat
et al. 2014). These results demonstrate that both the size
and concentration of AgNPs may affect the development
of plant species. There is need for further study to better
understand the effects of AgNPs, since in the literature, the
results remain controversial and inconclusive.

Conclusions

AgNPs did not affect the in vitro multiplication of C. rufa
at low concentrations, and the results for silver nitrate
(180 mg L~!) were similar to the results for the 15.4 mg L!
concentration of AgNPs. These results indicate that AgNPs
may cause more damage to plant development than AgNO;,
depending on the concentration employed.

The characterization of the culture media containing
AgNPs shows that the heat treatment drastically increases
the size of the AgNPs and that this can significantly alter
the unique properties present only in nanoparticles. These
results are important because they help explain the behav-
iour of AgNPs under high temperatures and suggest oppor-
tunities for future research on the effects of heat-treated
AgNPs on plant cells.
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