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Plant tissue cultures are the core of plant biology, which is important for conservation, mass propagation,
genetic manipulation, bioactive compound production and plant improvement. In recent years, the
application of nanoparticles (NPs) has successfully led to the elimination of microbial contaminants from
explants and demonstrated the positive role of NPs in callus induction, organogenesis, somatic
embryogenesis, somaclonal variation, genetic transformation and secondary metabolite production. This
review aims to consolidate all of the current achievements made through the integration of
nanotechnology into plant tissue culture and highlight the positive attributes of using NPs in plant tissue
culture. Both the positive and adverse effects of using NPs in the culture medium are discussed and
presented. The toxicity aspects and the safety concerns of exposing plants and the associated
environment to NPs are recorded. Finally, future prospects through the involvement of not merely Ag,
TiO,, and ZnO NPs, but more recent innovations such as graphene, carbon nanotubes, SiO,, quantum

dots, and dendrimers are proposed. The undisclosed shadows hanging in the background, including the
Received 24th June 2017 . £ Usi terials without las d -based ad fect
Accepted 13th July 2017 repercussions of using nanomaterials without proper awareness, as well as dosage-based adverse effects
and nanotoxicity aspects, are highlighted. The need for more research in the pursuit of discrete answers

DOI-10.1039/c7ra07025] to unresolved questions regarding mechanisms is emphasized as the key to real progress in plant
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1. Introduction

Plant tissue culture is directed towards the growth of plant cells
or parts of plants on a nutrient medium under a controlled,
sterile, simulated environment. It is an important technique for
both basic and applied areas of plant biology, such as cytology,
embryogenesis, morphogenesis, nutrition, pathology and
germplasm conservation, genetic manipulation, large-scale
clonal propagation, and the production of pathogen-free
plants and useful metabolites." An efficient plant regeneration
protocol is mandatory for genetic transformation and mass
propagation. The success of in vitro plant culture depends on
several factors, such as genotype, the physiological status of the
donor plants, the type of explants, surface disinfection
methods, the culture medium, plant growth regulators, the size
of the culture vessels, spectral quality, light intensity, photo-
period and temperature.” The composition of the culture
medium strongly influences the morphogenetic potential of the
explants. The medium generally consists of macro- and micro-
nutrients, amino acids, organic supplements, vitamins,
carbon sources, plant growth regulators, and solidifying agents.
Optimization of the mineral elements in the culture medium
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enhances the growth and morphogenesis of explants. It also
improves cell proliferation, organogenesis, somatic embryo-
genesis, shoot quality and the bioactive compound content in
cell and organ cultures.

We are living in the ‘Nano Age’, the era when every aspect of
life has a touch of nano, be it the cosmetics we use, the textiles
we wear, the appliances we use, the gadgets we employ, the food
we eat, or the environment we live in; whether we like it or not,
nanomaterials are already in us, on us and around us. Nano-
technology involves the study and manipulation of materials at
length scales below 100 nm. The visionary who first predicted
the nano era was Richard Feynman. In December of 1959, he
gave a talk, “There's Plenty of Room at the Bottom” at an annual
meeting of the American Physical Society at Caltech. It was in
this historical classic lecture that Feynman laid the conceptual
foundations for the field now called nanotechnology; this was
when he imagined a day when things could be miniaturized. He
urged scientists to start looking down to smaller invisible
materials for bigger solutions and answers. Today, as it now
stands, there is indeed plenty of room at the bottom; nano-
technology has bombarded all walks of life, and every discipline
in science, be it biology, chemistry, physics, engineering or
medicine. Nanomaterials, including nanoparticles,
coatings, nanofilms, nanosheets, and nanoclusters, have
delivered what their bulk components had failed to. Today's
nanotechnology harnesses progress in chemistry, physics,

nano-
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materials science and biotechnology to create novel materials
that have unique properties because their structures are deter-
mined on the nanometer scale. Some of these materials have
already found their way into consumer products, like
sunscreens and stain-resistant paints and textiles. Others are
being intensively researched for solutions to humanity's great-
est problems - diseases, clean energy, clean water and a cleaner
environment. Some of the noteworthy applications of nano-
materials include: cosmetics (e.g. sunscreen lotions with radi-
ation absorbing properties); nanocomposite materials and
nanotubes as reinforced fillers to improve the mechanical
properties of nanocomposites and impart new properties
(optical, electronic etc.); nanocoatings, where a nanometer
thickness of a nanomaterial can be used to improve properties
like wear and scratch-resistance, optoelectronic properties, and
hydrophobic properties; hard cutting tools using metal nano-
composites such as tungsten carbide, tantalum carbide and
titanium carbide, which have improved wear and erosion-
resistance, and last longer than their conventional bulk mate-
rials; displays, using carbon nanotubes as emission devices for
monitors and televisions (FEDs: field-emission displays); light-
weight, high-energy density batteries; fuel additives and cata-
lytically efficient materials; nanospheres as lubricants;
nanoscale magnetic materials in data storage devices; nano-
structured membranes for water purification; and last but not
least, inputs into nanoelectronics, nanobiotechnology and
nanomedicine.*”

In plant tissue culture, there are numerous reports that
indicate positive inputs from nanotechnology. Nanoparticles
(NPs) have been widely used to improve seed germination,
enhance plant growth and yield, enable plant genetic modifi-
cation, improve bioactive compound production and achieve
plant protection.'®** On treatment of tomato seeds with silicon
dioxide (SiO,), the NPs enhanced the percentage of seed
germination and seedling growth.” The application of iron and
magnesium nano-fertilizers significantly improved the number
of seeds per pod and the seed protein content in black-eyed
peas.” Au-capped mesoporous silica NPs delivered DNA into
the protoplasts, cells and leaves of tobacco.* Treatment of
licorice seedlings with copper oxide (CuO) and zinc oxide (ZnO)
increased the content of anthocyanins, flavonoids, glycyrrhizin,
phenolic compounds and tannins.*® Silica-silver NPs were re-
ported to possess antimicrobial activity against several plant
pathogens. The application of silica-silver NPs to infected
plants of green squash was found to be useful for powdery
mildew control.’® Recent studies have shown that surface
disinfection of explants with NPs significantly reduces micro-
bial contamination in various plants. The addition of NPs to
tissue culture media can eliminate bacterial contamination and
enhance the morphogenetic potential of explants. The inclu-
sion of NPs in the medium also resulted in somaclonal varia-
tion. The treatment of plant cell, tissue or organ cultures with
NPs increased their content of bioactive compounds. Engi-
neered NPs have been used to deliver DNA or proteins into
plants. Recently, Sarmast and Salehi'” reviewed the application
of silver NPs in plant tissue culture. It was interesting to observe
that although there were scattered reports across plant
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biotechnology journals on the application of nanomaterials in
plant tissue culture, there were no consolidated reviews on this
topic. This review summarizes the current achievements
regarding the use of NPs in plant tissue culture. The milestones
achieved in the elimination of microbial contamination in plant
cultures, callus induction, organogenesis, somatic embryogen-
esis, somaclonal variation, genetic transformation and metab-
olite production through the introduction of nanomaterials are
presented. The need to incorporate more of the new-age nano-
materials, such as graphene and carbon buckyballs, and the
possibility of creating nano-environments for effective plant
tissue culture are speculated upon in the future prospects
section.

2. Nanotechnological achievements
in plant tissue culture (Fig. 1)

2.1 Input of nanomaterials for surface disinfection of
explants

Microbial contamination is a serious problem when it comes to
plant tissue culture (Fig. 2). Microbial contamination can
extinguish the entire process and efficiency of the propagation
system even before initialization. The explants themselves and
the laboratory environment used are the sources of contami-
nants.'® Usually, the various organs collected from field- or
greenhouse-grown plants are surface sterilized before the
establishment of in vitro cultures. However, in many instances,
this has proved inadequate and hence many experimental set

c
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Secondary
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Fig. 1 Schematic showing an overview of the various NPs currently
involved in plant tissue culture.
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ups have been ruined, which has led to a loss of labor and time.
Surface disinfection of the explants is a major step prior to in
vitro culture initiation because microorganisms grow faster in
tissue culture medium than the explants do, and they can
seriously affect culture initiation. Several sterilizing agents such
as bromine water (BW), calcium hypochlorite (CaOCl), ethanol
(EtOH), hydrogen peroxide (H,0,), sodium hypochlorite
(NaOC1), mercuric chloride (HgCl,), silver nitrate (AgNOj3),
antibiotics, and fungicides are in use to obtain sterile
explants.” The concentration of disinfectants and exposure
time often affect the quality of the explants. Moreover, elimi-
nating endogenous bacteria is often very challenging and
therefore, several antibiotics and AgNO; are included in the
culture medium to kill the bacteria or prevent bacterial
growth.” However, the phytotoxicity of antibiotics to cell, tissue
and organ cultures of various plant species has also been re-
ported.”* Some disinfecting agents have even failed to elimi-
nate contaminants in explants, and instead they profoundly
affected organogenesis due to their phytotoxicity. Metal and
metal oxide NPs have been proven to be useful for the elimi-
nation of various microorganisms.** A wide range of NPs such
as silver (Ag), aluminum oxide (Al,03), CuO, iron oxide (Fe;0,),
gold (Au), magnesium oxide (MgO), nickel (Ni), silicon (Si), SiO,,
titanium dioxide (TiO,), and ZnO have been reported to possess
antimicrobial activities against various microorganisms.* Abdi
et al.*® employed Ag NPs for the first time to control bacterial
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Bacterial contamination at
latter stages of plant culture
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Fig.2 Slides showing microbial contamination during different phases
of the plant culturing process.
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contamination in Valeriana officinalis. Single node explants
obtained from greenhouse-grown plants were surface dis-
infected with 70% EtOH for 1 min, 10% Clorox for 1 min and
then 100 mg L™ " of Ag NPs for 180 min; this process resulted in
89% contamination-free cultures. Moreover, the Ag NP treat-
ment did not affect shoot multiplication and subsequent root-
ing. Similarly, treatment of the immature capitulum of Gerbera
jamesonii with 1.5% NaOCI for 10 min and 200 mg L™ " Ag NPs
for 15 min successfully eliminated all contaminants and
showed no adverse effects on organogenesis.>” Leaf explants of
Vitis vinifera ‘Farkhi’, ‘Khoshnave’ and ‘Rashe’ were successfully
decontaminated with 95% EtOH for 30 s, and 1000 mg L™ " Ag
NPs for 20 min.”®

Mahna et al.*® investigated the effect of Ag NP treatment on
surface disinfection of Arabidopsis seeds, potato leaves and
tomato cotyledons. The treatment of the explants with 100 mg
L~ Ag NPs for 1 or 5 min was found to be ideal for decon-
taminating (100%) the seeds, leaves or cotyledons and this
treatment had no side effects on explant viability. However, seed
germination and leaf and cotyledon survival were reduced when
they were treated with higher concentrations of Ag NPs. Elimi-
nation of microbes from in vitro cultures is a huge challenge
when it comes to woody plants. Node and shoot tips obtained
from 9 year-old olive plants were treated with 70% EtOH for
1 min, followed by 10% Clorox for 10 min, and this yielded
51.4% contamination-free culture. Treating the explants in
100 mg L' Ag NPs for 60 min after EtOH and Clorox exposure
completely prevented contamination, but only a few explants
survived. On the other hand, supplementation of Ag NPs (4 mg
LY to the culture medium adequately controlled internal
contaminants in the olive explants and no negative effects were
observed on the explants and their growth.*® Sarmast et al.*'
reported that surface sterilization of explants of Araucaria
excelsa followed by immersion in 200 mg L™ of Ag NPs for
180 min reduced the rate of contamination from 61.5 to 11.3%.
The inclusion of 400 mg L~" of Ag NPs in the culture medium
reduced the contamination from 81.25 to 18.75% (Table 1).
Similarly, the application of 100 and 150 mg L™ Ag NPs,
through both immersion and addition to the MS medium,
significantly reduced internal and external contamination in G
x N15 (hybrid of almond x peach) rootstocks.*>

The addition of 50 mg L™ Ag NPs to Murashige and Skoog
(MS**) medium significantly inhibited microbial growth.**
Similarly, contamination-free cultures were observed when
surface-disinfected shoot buds obtained from potato and
tobacco were cultured on MS medium supplemented with Ag
NPs or TiO, NPs.?*3¢ Ideal results were attained on MS medium
containing 1% (w/w) TiO, NPs.”” Bacterial contamination was
notably reduced when Rosa hybrida explants were treated with
200 mg L~ Ag NP solution for 20 min. On the other hand, the
supplementation of 100 mg L™" AgNPs to the medium reduced
the rate of bacterial contamination and also phenolic exuda-
tion.*® It has been reported that internal bacterial contamina-
tion in callus cultures of Bacopa monnieri was significantly
reduced by the addition of 160 mg L' Ag NPs to the MS
medium.* The addition of 60 ug mL™" TiO, NPs to the MS
medium eliminated bacterial contamination in callus cultures

This journal is © The Royal Society of Chemistry 2017
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of barley after the 4™ subculture.* Helaly et al.** reported that
shoot tips obtained from 3 year-old banana suckers when
surface-sterilized with 80% NaOCl, 95% EtOH and finally 0.1%
HgCl, for 15 min failed to eliminate microbial contamination.
The authors identified nine strains of bacterial contaminants in
the in vitro cultures (Table 1). The incorporation of 100 mg L™
Zn NPs or ZnO NPs into the MS medium resulted in
contamination-free cultures. Taghizadeh and Solgi** reported
that a combination of Ag NPs and thymol inhibited microbial
growth in Cynodon dactylon. Contamination-free cultures were
established by treating nodal explants with 200 mg L™ Ag NP
solution containing 100 mg L~* thymol for 60 min. Spinoso-
Castillo et al.® reported that zero contamination was observed
in shoot cultures of Vanilla planifolia when MS medium was
fortified with 50-200 mg L' Ag NPs (Fig. 3).

The antibacterial property of NPs is no new theme; it is one
of the most established and well-studied achievements of NPs,
with the most renowned being Ag NPs, TiO, NPs and ZnO
NPs.***° The effectiveness of NPs in the elimination of micro-
bial contaminants in plant tissue cultures depends on their
dimensions, size, distribution, and type. Several researchers
have reported the survival and subsequent regeneration of
explants that were affected negatively by NPs during application
periods. Therefore, the effects of different types and levels of
NPs on explants obtained from various plant species should be
investigated in order to determine the best dose with no or
minimal phytotoxicity. The effectiveness of NPs can also be
improved by synergistic effects when they are combined with
sterilizing agents or antibiotics.

Interrupted plant
culture flow due to
contamination

Uninterrupted plant
culture flow due to NPs
based decontamination

Fig. 3 A smooth and uninterrupted tissue culture process through
integration of NPs into the medium for disinfection.
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2.2 Input of nanomaterials towards callus induction,
organogenesis, shoot growth and rooting

Several studies have shown positive effects of NPs on callus
induction, shoot regeneration and growth. In Tecomella undu-
lata, the shoot induction percentage, number of shoots and
callus formation were increased when the stem explants were
cultured on MS medium augmented with 10 mg L™' Ag NPs,
2.5 mg L' BAP and 0.1 mg L™ ' IAA.5* The positive effects of Ag
NPs on organogenesis may be due to inhibition of ethylene
production. Shoot number, length of induced shoots and
percentage of produced shoots were significantly enhanced
when nodal explants of T. undulata were cultured on MS
medium fortified with 60 mg L™" Ag NPs, 2.5 mg L™' BAP and
0.1 mg L' IAA** Also, Ag NP treatment delayed explant
senescence and increased survival by downregulation of the
TuACS gene. However, at higher concentrations (above 60 mg
L") a detrimental effect on shoot regeneration was evident.
Sharma et al.> reported that incorporation of Ag NPs at 50 mg
L~ " into MS basal medium improved the growth characteristics
of Brassica juncea seedlings by decreasing the content of
hydrogen peroxide, malondialdehyde (MDA) and proline
through activating antioxidant enzymes. However, higher
concentrations of Ag NPs (100-400 mg L™ ') had a detrimental
effect on seedling growth. In Brassica nigra, adding ZnO NPs
(500-1500 mg L") to the MS medium significantly inhibited seed
germination. In the presence of ZnO NPs, the shoot and root
lengths were significantly affected. On the other hand, growth of
stem explants of B. nigra on MS medium containing 1-20 mg L ™"
ZnO NPs resulted in root formation.** Kumar et al.>® reported that
the incorporation of Au NPs into MS basal medium improved the
percentage of seed germination and seedling growth in Arabi-
dopsis thaliana. Pod length and number of seeds were higher in
plants treated with 10 ug mL~" Au NPs. The treatment with Au
NPs improved the antioxidant enzyme activity and led to
a decrease in the expression of microRNAs (miR398 and miR408)
in A. thaliana. These physiological and molecular variations
might be responsible for the beneficial effects of Au NPs. The
inclusion of 5 pg L™" copper sulfate (CuSO,) NPs into the MS
medium significantly increased the shoot length (52% over
control), root length (21% over control) and fresh weight (39%
over control) of Verbena bipinnatifida seedlings.* The addition of
0.5 mg L' Cu NPs and 0.8 mg L™* Co NPs to modified MS
medium increased the number of shoots, shoot length and
rooting in Mentha longifolia.”” The highest frequency of shoot
formation (89.6%) was obtained when nodal explants of Stevia
rebaudiana were cultured on MS medium amended with 1 mg L ™"
ZnO NPs.”® Spinoso-Castillo et al** investigated the hormetic
effects of Ag NPs (Argovit, a commercial product) on shoot
regeneration of Vanilla planifolia using a temporary immersion
bioreactor system. The highest number of shoots was obtained
on MS medium supplemented with 25 or 50 mg L' Ag NPs, with
values of 14.33 and 14.89, respectively, whereas the lowest
number of shoots (4.55) were observed on MS medium supple-
mented with 200 mg L~ of Ag NPs.

In tomato plants, callus growth and plant regeneration were
maximized on medium containing 15 mg L~ ZnONPsand 3.0 g
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L' NaCL*® ZnO NPs mitigated the effects of NaCl by upregu-
lating antioxidant enzymes like GPX and SOD. In Solanum nig-
rum, the frequency of callus formation (89%) and the fresh
weight of the callus (4.67 g per leaf explant) were increased on
MS medium augmented with 5 mg L' BA, 3 mg L' NAA and
8 mg L' Ag NPs.*® Ghorbanpour and Hadian® investigated the
effect of multi-walled carbon nanotubes (25-500 pg mL ') on
callus induction from leaf explants of Satureja khuzestanica.
Callus growth improved significantly on B5 medium augmented
with 25-50 pg mL~"'. However, the presence of multi-walled
carbon nanotubes at 100-500 pg mL ™" decreased the callus
biomass. Khodakovskaya et al.®* reported that the incorporation
of 100 pg mL ™' multi-walled carbon nanotubes to a medium
containing 1 mg L™ 2,4-D increased the callus growth of
tobacco explants (64% increase over control). The treatment
with carbon nanotubes enhanced callus growth by upregulation
of the genes involved in cell division (CycB), cell wall extension
(NtLRX1) and water transport (N¢PIP1). However, carbon nano-
tube treatment (10-600 mg L™ ") decreased cell viability and dry
weight in Arabidopsis.®* Similarly, the addition of carbon
nanotubes to rice cell suspension cultures decreased cell
viability.** The presence of carbon NPs in the MS medium
reduced the frequency of callus induction in Linum usitatissi-
mum.®® Syu et al.*® investigated the effects of three different
morphologies of Ag NPs, including decahedral (45 + 5 nm),
spherical (8 + 2 nm) and triangular (47 + 7 nm), on seedling
growth, gene expression and physiological changes in Arabi-
dopsis (Table 1). Root growth was enhanced when the seedlings
were treated with either triangular or decahedral Ag NPs,
whereas it was unaffected following spherical Ag NP treatment.
Ag NP treatment was reported to alter the content of antioxidant
enzymes and expression of genes that are involved in the
biosynthesis of auxin, abscisic acid and ethylene.

Poborilova et al.*” reported that the addition of Al,O; NPs
(10-100 pg mL™") to tobacco cell suspension cultures signifi-
cantly decreased cell viability through the generation of reactive
oxygen (ROS) and nitrogen species (RNS). The presence of
250 mg L' cerium oxide (CeO,) and 50-500 mg L' indium
oxide (In,0;) in half-strength MS medium significantly
increased the biomass of Arabidopsis thaliana seedlings.®®
However, seedling growth decreased at higher concentrations.
ROS production significantly increased when seedlings were
exposed to 250 mg L' CeO, and 1000 mg L™ In,03;, demon-
strating clear oxidative stress in Arabidopsis.®® In banana
explants, the maximum frequency of somatic embryogenesis
was observed in MS medium augmented with 100 mg L™" Zn
NPs followed by ZnO NPs. Shoot and root lengths were also
increased when adding both NPs to the MS medium.** However,
higher concentrations decreased the callus growth and
enhanced antioxidant enzyme activity. Anwaar et al.”® reported
that supplementation with CuO NPs (15-20 mg L™ ") increased
organogenesis in rice cultivars. In Daucus carota, cell prolifera-
tion and the number of somatic embryos decreased on MS
medium containing Fe;0,.”* It has been reported that TiO, NPs
may play a role similar to plant growth regulators (PGRs) like
cytokinin and gibberellic acid.** The number and size of calli
increased when barley mature embryos were grown in MS
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medium augmented with 20 mg L™" 2,4-D and 60 ug mL ™" TiO,
NPs. Kokina et al.”> prepared a BAP (cytokinin) powder coated
with Au and Ag NPs and added it to the tissue culture medium.
Stem segments of Linum usitatissimum were cultured on MS
medium augmented with 1 mg L™ 2,4-D plus 1 mg L™ BAP or
1 mg L ™" Au BAP or Ag BAP. The inclusion of Au NPs and Ag NPs
in the MS medium increased embryogenesis (70% and 50%,
respectively). The authors confirmed deposition of NPs in the
cells and hypothesized that the plants actively take up the plant
growth regulators (PGRs) and the metal NPs are transported
along with the PGRs. However, the actual mechanism via which
Au NPs enhance embryogenesis is still unclear and needs
further investigation. Fazal et al.” studied the effects of Au and
Ag NPs individually or in combination on callus proliferation in
Prunella vulgaris. The Ag (30 pg L), Ag-Au (1 : 2), and Ag-Au
(2:1) NPs in combination with NAA (2.0 mg L") enhanced
callus proliferation (100%) compared to the control (95%). The
highest biomass was obtained when the culture medium was
augmented with Au NPs (Table 1).

Hence, from all of these reports it can be concluded that the
addition of NPs to a plant tissue culture medium affects callus
proliferation, shoot multiplication, somatic embryogenesis and
rooting by altering antioxidant enzyme activities, gene expres-
sion, inhibition of ethylene production and production of ROS.
However, the actual mechanisms of the promotive or inhibitory
effects of NPs on each parameter need to be investigated in
detail. The effects of various metal and metal oxide NPs on
plants are well documented in vivo; such NPs can be used to
promote or improve the morphogenetic potential of explants
obtained from different plant species. The influence of different
concentrations and combinations of NPs on various media
(shoot induction, shoot multiplication and rooting media) also
deserves evaluation, in order to gain a clear understanding of
the underlying mechanisms behind the role of NPs in plant
tissue culture.

2.3 Effect of nanomaterials on genetic transformation

Electroporation and particle bombardment (direct) and Agro-
bacterium-mediated (indirect) transformation methods are used
for delivering a foreign gene into plant cells, tissues and organs.
The electroporation technique has been widely used for trans-
ferring genes into protoplasts. However, the isolation and
regeneration of protoplasts is not that easy. Bansod et al.”* re-
ported that the incorporation of 10 mg L™ " Ag NPs into the leaf
incubation buffer enhanced the viable protoplast yield in
tobacco. This is helpful in minimizing the damage caused by
cellulolytic enzymes during protoplast isolation and improved
costs (which is yet another constraint in protoplast isolation).
Torney et al.** demonstrated that mesoporous silica NPs could
be used to deliver DNA into tobacco protoplasts by endocytosis;
the gold-capped mesoporous silica NPs, DNA and chemicals
were delivered into the callus and leaves using a biolistic gun.
Vijayakumar et al.” showed that carbon-supported Au NPs
delivered DNA more efficiently into Nicotiana tabacum, Oryza
sativa and Leucaena leucocephala compared to regular gold
particles using a gene gun. The amounts of gold and plasmid
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present in the carbon-supported Au NPs were 4 and 3 times
lower, respectively, compared to the commercial micrometer-
sized gold particles. In addition, plant cell damage is minimal
and therefore plant regeneration and the transformation
frequency is increased. In Agrobacterium-mediated trans-
formation, antibiotics such as carbenicillin, cefotaxime, rifam-
picin and thimentin have been used for the removal of bacteria
after co-cultivation; however, their phytotoxic effects on
explants affected the regeneration potential and genetic
stability of the regenerated plantlets. Sarmast and Salehi'” re-
ported that the growth of A. rhizogenes and A. tumefaciens was
completely suppressed on LB medium containing 10 pg mL ™"
Ag NPs. The authors also demonstrated that addition of Ag NPs
to the culture medium successfully eliminated bacteria after co-
cultivation during the Agrobacterium-mediated genetic trans-
formation of T. undulata and tobacco. Other NPs require further
testing in order to provide evidence for them eliminating
Agrobacterium in the cells, tissues and organs of various plants
following co-cultivation.

Pasupathy et al.”® developed a novel gene delivery method in
plants by using poly(amidoamine) dendrimer NPs. The authors
successfully delivered green-fluorescent protein (GFP)-encoding
plasmid DNA into turf-grass cells. The transfection efficiency
was further enhanced by optimizing the pH of the culture
medium and the molar ratio of the dendrimer to plasmid DNA.
Nagqvi et al.”” used calcium phosphate (CaP) NPs for delivering
pCambia 1301 harboring the GUS gene into Brassica juncea. The
best transformation efficiency was observed with CaP NPs
(80.7%) followed by Agrobacterium tumefaciens (54.4%) and
naked DNA (8%). Recently, Ardekani et al.”® reported that CaP
NPs delivered pBI121 harboring the GFP gene into tobacco cells
(Table 1). Mesoporous silica NPs have been used for delivering
plasmid DNA into tobacco protoplasts and intact Arabidopsis
roots.” Magnetic Au NPs can deliver plasmid DNA into the cells
and protoplasts of canola and carrot plants.* NP-mediated gene
delivery in plants has great importance in plant nano-
biotechnology. Further research is warranted to study the
effects of different NPs on genetic manipulation of various plant
species.

2.4 Influence of nanomaterials on somaclonal variation

Changes observed in in vitro developed organs and plantlets are
termed somaclonal variation. It is usually associated with
changes in chromosome number, chromosome structure, DNA
sequence, DNA methylation, mitotic crossing over and activa-
tion of transposable elements.*** Somaclonal variation has
both advantages as well as disadvantages in plant tissue culture.
Variants possess several useful characteristics like plant size,
flower color, leaf variegation, fruit ripening, secondary metab-
olite production and resistance to biotic and abiotic stresses.**
Several studies have demonstrated the phytotoxicity of NPs
primarily applied at higher levels. NP treatments affect the
mitotic index and DNA integrity, and alter the protein and DNA
expression in plants.®***® The ploidy level in L. usitatissimum calli
was significantly affected on MS medium containing C NPs.*
The supplementation of C NPs enhanced the number of
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tetraploid cells. The level of DNA methylation was also higher in
calli grown on medium with C NPs. Kokina et al.*” investigated
the effects of Au and Ag NPs on somaclonal variation in L. usi-
tatissimum. The occurrence of somaclonal variation was higher
in both calli and regenerated shoots grown on medium con-
taining Au NPs than Ag NPs. Ewais et al.® reported that the
addition of Ag NPs to tissue culture medium induces variation
in callus morphology and anatomy by altering the protein and
DNA profile in Solanum nigrum calli (Table 1). Further investi-
gations are required in order to determine the effects of a wide
range of NPs for enhancing somaclonal variation.

2.5 Nanomaterial enhancement of secondary metabolites

Plants are a rich source of various bioactive secondary metab-
olites, which play a significant role in the survival of plants in
their respective environments. In vitro plant cell and organ
culture has been proven to be advantageous for the production
of secondary metabolites. The content of secondary compounds
in cell and organ cultures was significantly enhanced by opti-
mizing the composition of the culture medium, incorporation
of precursors and elicitors and providing appropriate culture
conditions.®*®*** NPs added to the plant in vitro culture
medium may act as a nutrient source and an elicitor. Poborilova
et al.” reported that the addition of Al,O; NPs (10-100 pg mL ™)
to tobacco cell suspension cultures significantly increased the
phenolic content. The accumulation of phenolics in the cells
was dose- and exposure time-dependent. Mohammed Al-
oubaidi and Mohammed-Ameen®* reported that the essential
oil content in Calendula officinalis calli was greatly enhanced in
MS medium amended with 0.3 mg L™" Ag NPs. The presence of
TiO, NPs (4.5 or 6.0 mg L") significantly increased the content
of gallic acid, chlorogenic acid, o-coumaric acid, tannic acid and
cinnamic acid in embryonic calli of Cicer arietinum.”> The
application of Au-Ag NPs (1 : 3) induced maximum accumula-
tion of total phenolic compounds and flavonoids in callus
cultures of Prunella vulgaris.” Syu et al.®® reported that the shape
of Ag NPs plays a significant role in the production of antho-
cyanins in Arabidopsis. Treatment with spherical Ag NPs resul-
ted in the highest levels of anthocyanin accumulation in
seedlings. Vanilla planifolia shoots grown in MS medium sup-
plemented with 25 and 50 mg L™ Ag NPs showed a significant
increase in total phenolic content.** Chamani et al.** reported
the accumulation of specific bioactive compounds in Lilium
ledebourii and its dependency on the concentration of ZnO NPs
in the MS medium. The highest content of flavonoids, pheno-
lics and anthocyanins was obtained on MS medium supple-
mented with 25, 75 and 100 mg L~ " ZnO NPs, respectively. The
accumulation of steviol glycosides in shoot cultures of S.
rebaudiana was significantly enhanced on MS medium fortified
with 1 mg L' ZnO.*® In addition, the total flavonoid and
phenolic content also increased with ZnO treatment. However,
higher concentrations of ZnO led to decreased secondary
metabolite production due to the phytotoxic effects of ZnO.
Desai et al.* reported that the addition of 50-1000 mg L™" Zn
NPs decreased the production of stevioside in shoot cultures of
S. rebaudiana (Table 1). The content of total phenolics in the
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seedlings of Verbena bipinnatifida was enhanced two-fold when
they were grown on MS medium containing 5 pM CuSO, NPs.>¢
Application of Cu and Co NPs increased the essential oil content
in Mentha longifolia by 2.226 and 2.19%, respectively.”” In S.
khuzestanica leaf cultures, the incorporation of multi-walled
carbon nanotubes in B5 medium (25 or 50 pg mL ') gave
maximum callus growth, while the highest content of pheno-
lics, flavonoids, rosmarinic acid and caffeic acid was obtained
on B5 medium with 100 or 250 pg mL ™' multi-walled carbon
nanotubes.*

Zhang et al.” investigated the elicitation potential of Ag NPs
on increasing the content of artemisinin in hairy root cultures
of Artemisia annua. The production of artemisinin showed a 3.9-
fold increase when the cultures were treated with 900 mg L™ " Ag
NPs for 3 days. Similarly, the highest artemisinin content (2.2-
fold increase over the control) was obtained in cell suspension
cultures of A. annua 24 h after treatment with 5 mg L™ " Co NPs.*
The authors concluded that the Co NP treatment increased the
artemisinin content as a result of downregulation of the SQS
and DBR2 genes. Shakeran et al* investigated the effects of
biotic (Bacillus cereus and Staphylococcus aureus) and abiotic
(AgNO; and Ag NPs) elicitors on atropine production in hairy
root cultures of Datura metel. Hairy root cultures were exposed
to elicitors for 12, 24 and 48 h. Among the studied elicitors, Ag
NPs were the most effective in enhancing the content of atro-
pine in hairy roots. Raei et al.”® reported that Aloe vera suspen-
sion cells interacting with 0.625 mg L' Ag NPs or 120 mg L.™*
TiO, NPs for 48 h exhibited a significantly increased aloin
content. The highest content of aloin was obtained subsequent
to TiO, NP treatment. Bhat and Bhat* reported that addition of
Ag NPs at 3 mg L' to a Capsicum frutescens cell suspension
increased the content of capsaicin about 2-fold. Treatment of
a Corylus avellana cell suspension culture with 5 mg L~ Ag NPs
significantly increased the production of taxol. However, treat-
ment with 2.5 and 10 mg L~' Ag NPs reduced the taxol
production potential of the cells to 60 and 56% of the control,
respectively.’® Moharrami et al.'** investigated the elicitation
potential of Fe NPs (450-3600 mg L") for increasing the
content of hyoscyamine and scopolamine in hairy root cultures
of Hyoscyamus reticulatus. The exposure of hairy root cultures to
900 mg L™" Fe NPs for 24 h and 450 mg L™ " Fe NPs for 48 h
enhanced hyoscyamine and scopolamine production (Table 1).
All of the studies mentioned above confirm the possibility of
NPs being employed as successful and promising bioactive
compound elicitors in plant cell and organ cultures. Further
studies are needed to evaluate the elicitation potential of
various other NPs on secondary metabolite production in plant
tissue cultures and the corresponding mechanisms.

3. The toxicity concerns and safety
issues surrounding exposure of plant
tissue cultures to nanomaterials

There is no doubt that nanomaterials hold diverse promise and

have been proven to have outstanding potential. However,

working with invisible components does become more
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challenging. Nanotoxicology is a flourishing branch which has
evolved to record the negative aspects of nanomaterials.
Because of quantum size effects and their large surface area to
volume ratio, nanomaterials have unique properties compared
to their larger counterparts; one such unique property is an
added toxicological feature that nanomaterials may possess,
unlike their corresponding bulk materials. Nanomaterials, even
when made of inert elements like gold, become highly active at
nanometer dimensions. Nanotoxicological studies determine
whether and to what extent these properties may pose a threat
to the environment and to human beings. There is an uncon-
trollable nano-boom that has brought about a wealth of positive
changes, but simultaneously it is giving rise to a persistent form
of pollution that is too small to detect or contain easily. Fighting
a known enemy is much easier than fighting an invisible one.
The health effects of nanopollution are yet to be fully under-
stood, making nanopollution yet another man-made environ-
mental disaster with uncertain long term effects in the making.
Nanoparticles, being incredibly hard to isolate and quantify,
require the invention of novel methods to fully assess the scale
of the issue.

Thus far, the toxicity assessment of nanomaterials on plants
has been mostly evaluated during in vitro seed germination and
subsequent growth of seedlings. Researchers have elaborately
reviewed the toxicity aspects of nanomaterials on plants.'**°¢
They suggest that the nanomaterials added to the culture
medium can lead to significant and adverse effects on cell
viability, organogenesis, shoot growth, seed germination,
seedling development and explant survival. The phytotoxicity of
nanomaterials is believed to depend on their chemical
composition, dose, size, stability and type, the composition of
the culture medium, the application method, and the explant
type and plant species. In vitro seed germination and seedling
growth of Alfalfa, barley, maize, rice, tomato and wheat was
reported to be negatively impacted by high doses of carbon
nanomaterials and metal NPs.'**'*” Addition of NPs to the cell
suspension reduced the viability of the cells by altering nucleic
acid expression, inducing DNA damage, increasing the
production of ROS, disturbing chlorophyll synthesis, inducing
cell membrane damage and inducing electrolyte
leakage.®*%+1%%1% To date, the uptake of NPs into plants has not
been assessed or documented. Research reports record their
findings based on the addition of a broad range of concentra-
tions to the growth medium for investigating the phytotoxicity
of various nanomaterials. It has been reported that the uptake
of NPs by plant cell, tissue and organ cultures is closely asso-
ciated with the absorption of moisture and nutrients from the
medium."***

Most of these studies are restricted to in vitro conditions
only; almost none or only a handful apply to in vivo studies. In
vivo, laboratory or greenhouse conditions would completely
differ from the field conditions; hence, more realistic and large-
scale assessment of the nanomaterial life cycle in field envi-
ronments will give a holistic picture to the toxicity aspects of
nanomaterials on plants. More stringent dose-dependent
studies are needed to identify the ideally safe NP doses that
stay within the positive impacts on plant growth with lesser
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negative impacts on the environment as well as plants. Thus,
a series of safety evaluation and toxicological risk assessment
standards should be formulated, including exposure route and
safe exposure doses,'” and meticulously applied for plant
nanotechnology. The whole life cycle of these NPs should be
evaluated, including their fabrication, storage and distribution,
application and potential abuse, and disposal. Bio-
accumulation, penetration, and translocation of NPs in plants
should be evaluated in detail, specifically for individual NPs
used, since each nanomaterial is unique and the results cannot
be generalized. This being a cross-disciplinary area of research,
appropriate awareness of the positive and negative aspects of
nanoparticles is mandatory for the user.

4. Future prospects of nano-
integrated plant tissue culture

From the disclosed reports citing the influence of NPs on plant
tissue culture, there is no doubt that NPs have a lot to offer in
terms of various aspects of plant biotechnology. Beginning from
the first phase, through disinfection, to differentiation of the
callus, genetic transformation, somaclonal variation and
production of secondary metabolites, NPs have demonstrated
their positive roles. Having set the stage, this is now just the tip of
the iceberg; nanotechnology has more to offer, and it is time to
explore and delve more into nano-resources and incorporate them
into plant tissue culture. Nanotechnology is a multidisciplinary
subject and offers limitless scope in multiple areas. For example,
although a wide range of NPs have been reported to possess
potent antimicrobial activity, only a few NPs, such as Ag, TiO,, Zn
and ZnO NPs, have been so far predominantly used for controlling
microbial contaminants in plant tissue culture. With new-age
materials like graphene, graphite, quantum dots, carbon nano-
tubes, polymer dendrimers and atomic clusters being developed,
which all have established bactericidal and fungicidal activities, it
is time to plunge deeper into these rich reservoirs of nanotech-
nology. Who knows? Maybe the best is yet undisclosed (Fig. 4)!
Furthermore, as explained in Section 3, the choke in the
pipeline is that whilst using these nanomaterials freely in living
systems, the nanotoxicity aspects need to be well contemplated
and thought upon. Several studies have demonstrated that NP
treatment can severely damage explants and adversely affect the
regeneration potential of the explants. While the incorporation of
NPs into the culture medium eliminates microbial contaminants
and hence could be useful for germplasm conservation, their
presence in the medium and their possible uptake by the plants
needs to be monitored. The effects of NPs on callus induction,
organogenesis, shoot multiplication, shoot elongation, and
rooting are also not well documented. Additionally, the subcul-
ture effects on callus proliferation and shoot multiplication in the
presence of NPs need to be studied in detail. Moreover, a few
studies have shown that the presence of NPs in the culture
medium causes somaclonal variation; therefore, long-term
exposure of plant cultures to NPs may negatively affect morpho-
genesis too. The addition of NPs can lead to enhanced bioactive
compound content in cell, shoot and root cultures, possibly due
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Fig. 4 Future prospects envisioned for nanotechnology in plant tissue
culture to scale newer heights through suggested incorporation of
new-age revolutionary nanomaterials.

to the production of ROS, activation of antioxidant enzymes and
regulation of specific genes; however, the mechanism behind this
is still unclear. The influence of various NPs on secondary
metabolite production from several important plant species, and
the chemical and physical properties and biological activities of
compounds obtained from NP-treated plant cultures also need to
be investigated in depth. The fate of NPs whilst interacting with
plants needs to be fundamentally explored and transparent
observations made and disclosed. Without this estimate, no real
progress can be made without real time repercussions.

5. Conclusion

Even with all of these undisclosed facts looming in the backdrop as
a shadow, there is still no question that plant nanobiotechnology
is emerging as a prominent and promising field with excellent
potential towards plant improvement. What is required is more
targeted research to clarify and streamline the process to harness
only the beneficial aspects without exposure to the adverse effects.
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