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Abstract

Synthesis of nanoparticles using biomaterials such as plants is regarded as a cost-effective and reliable approach. This article
reviews published papers related to the use of live plants in extracellular and intracellular gold and silver nanoparticles syn-
thesis. Using live plants for the generation of extracellular nanoparticles provides a reliable and simple approach, through the
elimination of various production steps. This review showed that root exudates of living plant species contain biomolecules
such as enzymes, proteins, phenolics, polysaccharides, and amino acids, which contribute to the rapid and environmentally
friendly production of gold and silver nanoparticles. Living plants have been successful in synthesizing intra- and extracellular
gold and silver nanoparticles of different shapes like cubic, spherical, rod, triangle, and also in different sizes. Further, the
factors and mechanisms that contribute to both the intracellular and extracellular synthesis of these nanoparticles by living
plants have been briefly discussed. This study summarizes the important contribution of living plants to the phytosynthesis

of gold and silver nanoparticles and their possible applications in diverse fields.
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Introduction

Nanotechnology research involves the manipulation of atoms
and molecules in different ways in order to provide an under-
standing on how materials can be formed [1]. The design of
a safe and environmentally friendly method to synthesize
metal nanoparticles (NPs) is a key requirement in the field
of nanotechnology [2, 3]. To achieve this, it is necessary
to use biomaterials to produce low-cost, energy-efficient,
and non-toxic metal NPs [4, 5]. NPs with different chemical
compositions are typically synthesized under brutal condi-
tions including temperature extremities, pH, and pressure [6,
7]. In addition, these processes are environmentally undesir-
able and burdensome, generate larger molecules, and cluster
as capping agents do not restrict them [8, 9].

In contrast, biologically synthesized NPs are carried
out under environmentally benign conditions such as
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atmospheric pressure, physiological pH, and room tempera-
tures. These are efficient, environmentally friendly, and cost-
effective methods [10]. Various species including fungi [11]
and microorganisms [12] have been used to synthesize NPs
for various purposes. Applications of biologically synthe-
sized NPs include wastewater treatment [13], drug delivery
[14, 15], antimicrobial activities [16, 17], and biosensors
[18, 19].

Furthermore, in the last three decades, the synthesis of
NPs based on plant materials has been studied, whereas in
the last ten and half years, the production of NPs using living
plants has only been investigated [20]. Plant extracts have
recently been properly evaluated in NPs-mediated synthe-
sis [21-24]. Although a range of studies have used plant
biomass [25, 26] and extracts in various ways to synthesize
NPs, few studies have used living plants. The utilization of
extracts from plant parts of varying plant species have dem-
onstrated the use of potassium chloroaurate (KAuCly)- and
silver nitrate (AgNO;)-mediated synthesis for gold nanopar-
ticles (AuNPs) and silver (AgNPs) [27-30].

NPs, particularly biosynthesized by live plants as a result
of absorption of soluble salts and reduction of metallic ions,
have been used extensively in numerous applications such
as plant imaging [31], pathogen sensing, proton conductive
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plants, improved CO, capture, bacteria-free nitrogen fixa-
tion, drought and fungi resistance, and enhanced photosyn-
thesis and photocatalysis [32-35] as well as a range of envi-
ronmental and industrial reactions [36].

This article reviews both the extracellular and intracel-
lular Au and AgNPs synthesis by living plants along with
their applications. Further discussed is the mechanisms and
factors contributing to the synthesis of these NPs by living
plants. Finally, challenges and future prospects have been
highlighted.

Extracellular Au and AgNPs synthesis

As a promising approach to metal NPs synthesis, live plants
have proven to be successful. Plant cells and exudates are
viewed as possible biofactories for the synthesis of NPs such
as Au and Ag (Table 1). However, only a few research stud-
ies have shown that root exudates of live plant species can
contribute to extracellular synthesis of NPs over the past
ten years. This biosynthesis approach to environmentally
sustainable NPs has many benefits, including the capability
to expand the process and its economic viability. It removes

Table 1 Synthesized Au and AgNPs by several live plants

the need for NPs extraction from the plant and reduces the
manufacturing procedure in contrast with conventional NPs
synthesis processes.

Plants are known to produce NPs extracellularly. For
example, Raju et al. [10] showed for the first time the extra-
cellular AuNPs synthesis employing live peanut seedlings
(Fig. 1). Within the cellular membranes and in solution, the
synthesized AuNPs were extremely stable. Microscopic
studies with the transmission electron (TEM) showed that
extracellular AuNPs were monodispersed with size between
4 and 6 nm. Also, AuNPs were developed extracellularly
after interactions between the root exudates (of B. juncea
and M. sativa) and aqueous solution of KAuCl, that reduced
Au** to AuNPs in another research [37]. Most of the par-
ticles were 5—-10 nm and 10-20 nm for B. juncea and M.
sativa, respectively.

Also, it has been documented that cowpea seedlings
grown in HAuCl, did not exhibit any plant growth suppres-
sion, even at levels up to 1 mM [38]. Surprisingly, during
germination and seedling development, cowpea turned
transparent pale-yellow HAuCl, solution colloidal purple.
These purple colloid suspensions have shown a unique sur-
face plasmon resonance (SPR) spectra absorption which

Plant species (Common name) NP Type Shape Size (nm) References
Arachis hypogaea (Peanut) Au Extracellular Rodlike 4-6 [10]
Brassica juncea (Indian mustard) Au Extracellular ~ Spherical, hexagonal, triangular ~ 5-10 [37]
Medicago sativa (Alfalfa) Au Extracellular Triangular 10-20 [37]
Vigna unguiculata (Cowpea) Au Extracellular 20-50 [38]
Angiosperms (16) Au Extracellular  Spherical 5-100 [39]
Arachis hypogaea (Peanut) Ag Extracellular  Spherical 56 [40]
Tephrosia apollinea (Dhafra) Ag Extracellular  Spherical, cubic [41]
Angiosperms (16) Ag Extracellular 5-50 [42]
Brassica juncea (Indian mustard) Au/Ag/Cu Intracellular 5-50 [43]
Brassica juncea (Indian mustard) Au/Ag Intracellular <50 [36]
Arachis hypogaea (Peanut) Au Intracellular Oval 5-50 [10]
Brassica juncea (Indian mustard) Au Intracellular ~ Spherical 61 [37]
Medicago sativa (Alfalfa) Au Intracellular ~ Spherical 38 [37]
Chilopsis linearis Au Intracellular [44]
Arabidopsis thaliana (Thale cress) Au Intracellular ~ Spherical, triangular 20-50 [45]
Arabidopsis thaliana Au Intracellular 5-30 [46]
Medicago Sativa (Alfalfa) Au Intracellular 5-100 [47]
Sesbania drummondii (Rattle box) Au Intracellular ~ Spherical 6-20 [48]
Ulva armoricana Au Intracellular ~ Spherical, triangular, rod-shaped 10 [50]
Medicago Sativa (Alfalfa) Au Intracellular ~ Spherical 10-30 [51]
Vigna radiata (Mung bean) Ag Intracellular [52]
Festuca rubra, Medicago sativa, Brassica juncea Ag Intracellular [53]
Zea mays (Maize) Ag Intracellular 9-55 [54]
Arabidopsis thaliana Ag Intracellular ~ Spherical 1-20 [55]
Medicago sativa, Phaseolus vulgaris, Raphanus sativus Ag, Au Intracellular ~ Spherical 20-25 [56]
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Fig.1 (a) Plant that grew on paper, (b) 24-h, (c) 48-h, (d) 72-h
exposed seedlings, and (e) 10™* M HAuCl, solution ( Reproduced
from Ref. [10])

corresponds to AuNPs. The presence of crystalline AuNPs
in these purple colloids was verified by XRD and TEM
analysis. Every cowpea germination released- 35 GAE
nmoles of phenolics, and since phenolics help in the pro-
duction of AuNPs, it was considered that the reduction of
Au** to AuNPs was related to phenolics. The results showed
that seed coat of cowpeas is Au®* resistant as germination
released phenolics which have the capability to minimize
toxic Au** to less noxious AuNPs.

Pardha-Saradhi et al. [39] assessed the extracellular pro-
duction of root surface AuNPs using 16 species of living
plants from 11 different families. All the intact plants that
had their root system turn the transparent pale-yellow col-
loid salty solution of Au purple or golden. The generation
of crystalline AuNPs with size between 5 and 100 nm was
confirmed by TEM, energy-dispersive X-ray (EDX) spec-
troscopy, and powder XRD. The decrease in 2,6-dichloro-
phenolindophenol through the root system of intact plants
also confirmed that surfaces of the roots have strong decreas-
ing strength needed for reducing Au** to AuNPs. These find-
ings clearly show that the intact plant roots can be exploited
under ambient conditions for the bulk exogenous synthesis
of AuNPs in an aqueous environment.

In the case of Ag, Raju et al. [40] reported on the extra-
cellular reduction of Ag ions to AgNPs using living peanut
plants as shown in Fig. 2. TEM analysis revealed that the
NPs formed were polydispersed and were of different shapes
and dimensions. The NPs had spherical, triangular, square,
hexagonal, and rod shapes. Most of the synthesized NPs had
spherical form with a size of 56 nm. EDS evaluation veri-
fied that the NPs were of Ag and XRD also confirmed the
crystalline structure of the AgNPs.

In a recent study by Ali et al. [41], AgNPs were synthe-
sized exogenously under combined stresses of AgNO; and

Fig.2 Peanut seedling exposed to deionized water (control), peanut
seedling exposed to 1 mM AgNOj; solution for 24, 48, and 72 h. Inset
image shows change in color of the root of peanut seedling exposed
to 1 mM AgNO; solution. C control, E exposed ( Reproduced from
Ref. [40])

several levels of drought stress simulated by polyethylene
glycol (PEG) with living plant, T. apollinea. In order to
assess the toxicological impact of the plant treatments,
biomass, cell death, and H,O, content were measured. Day
6 plants were more adversely affected than day 3 plants
and at higher drought levels (Fig. 3). EDX, UV, SEM,
XRD, and FTIR were used to identify and characterize the
T. apollinea-synthesized AgNPs. The NPs were spherical
and cubic forms, along with various phytochemicals as
potential capping agents.

According to another research by Pardha-Saradhi et al.
[42], studies were carried out to determine whether the
reduction strength of root system surface can be exploited
to reduce Ag* to extracellular AgNPs. The intact root
system of 16 species plants from 11 separate families
of angiosperms converted transparent colorless AgNO;
solutions into pale brown solutions, as clearly shown in
Fig. 4. UV spectra of these turbid brown solutions showed
AgNPs-specific SPR peak at 380—450 nm. The presence of
distinct AgNPs between 5 and 50 nm was reported in TEM
combined with EDX. Selected area electron diffraction
(SAED) and powder XRD patterns of the AgNPs revealed
Bragg reflections, characteristic of crystalline Ag® FCC
structure, and Ag,0 cubic structure. AgO/AgZO NPs were
as well produced under strict sterile conditions with intact
plant system in a manner similar to the ones reported under
non-sterile conditions. The findings revealed the capacity
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Fig.3 The effect of AgNO; and PEG treatments on plant phenotypes
( Adapted from Ref. [41])

of root system utilization in producing Ag’/Ag,0-NPs
regardless of microorganisms.

Furthermore, sodium citrates method was compared to
the root system capacity of the intact plants of V. mungo
and T. aestivum for the generation of AuNPs at room tem-
perature and under strict sterile conditions. 0.02% sodium
citrate (i.e., used in the Lee—Meisel process for producing
AuNPs) failed even after incubation for 12 h at room tem-
perature, to display any color changes in AgNOj; solution
or the unique SPR of the AgNPs in the absorption spectra.

As can be seen in Fig. 5, the authors reported that the
root system of intact V. mungo and T. aestivum plants
incubated under environmental and sterile conditions
changed the color of transparent AgNOj; to colloidal brown
solution within 6 h and the AgNPs unique SPR peak was
clearly revealed. When used at a concentration 50 times
that of Lee—Meisel approach, sodium citrate therefore
changed transparent colorless AgNOj; solutions grayish
colloidal; nevertheless, the intensity of color and the SPR
peak specific to AgNPs was substantially less than when
a root system of intact plants was used in ambient condi-
tions in the absorption spectrum of these colloidal solu-
tions (Fig. 5). Dynamic light dispersion studies showed
that with the root systems of V. mungo and T. aestivum,
the mean particle size of AgNPs was smaller (20 nm) than
with 1% sodium citrate-synthesized AgNPs (33 nm) under
ambient conditions. These findings show clearly that the
intact plant root system can be used for fast AgNPs syn-
thesis under safer and clean conditions.

@ Springer

Fig.4 Potential of intact plants root system for AgNPs generation.
Root system of intact plants of (a) Phyllanthus fraternus, (b) Portu-
laca grandiflora, (c¢) Triticum aestivum, (d) Amaranthus gracilis,
and (e) Vernonia cinerea showing the ability to modify transparent
colorless AgNO; with different concentrations (mM) turbid brown.
No color change was noted in tubes containing various amounts of
AgNO; incubated without plants under similar conditions ( Repro-
duced from Ref. [42])

Metal accumulation and intracellular
synthesis of Auand AgNPs

Haverkamp et al. [43] recorded the first synthesis of mixed
metal NPs in live B. Juncea plants that indicated that plants
could be used for the development of catalysts with unique
compositions, perhaps even the ones that are difficult to
synthesize using conventional methods. The NPs were an
alloy of Cu, Ag, and Au. STEM and energy-dispersive X-ray
analytics (EDX) validated the structure and composition of
the nanoalloys. Their study showed that NP alloys can be
produced by changing the components of metal in a growth
medium by the use of live plants.

A similar report by Anderson et al. [36] demonstrated
assisted accumulation of gold up to a concentration greater
than 3500 mg kg~! (0.35%) dry weight, and discrete biogenic
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Fig.5 Potential of sodium citrate and root system of intact plants of
4-day-old V. mungo and T. aestivum to generate AgNPs. 1% sodium
citrate (a) and root system of intact plants of V. mungo (b) and T.
aestivum (c) incubated in AgNO; of different concentrations (mM)
for 6 h, showing alteration in color and turning clear solution col-
loidal under sterile conditions at room temperature. UV—Vis spectra
of resultant colloidal solutions formed by 1% sodium citrate (d), V.
mungo (e) and T. aestivum (f) ( Reproduced from Ref. [42])

AuNPs were observed in shoot and leaf biomass of B. juncea
growing on a mine waste. Moreover, Au and Ag nanoalloys
were observed when equal Ag* concentrations were used.
The presence of Cu and Ag, however, reduced the size of
the AuNPs. Also, the presence of Cu and/or Ag limited the
extent of Au reduction to AuNPs in the plant tissues. As
a viable technology to build high-concentration Au struc-
tures in a carbon matrix, this biogenic synthesis approach
was therefore proposed for novel applications. According to
another study, the known metallophytes, B. juncea and M.
sativa, were evaluated for their capability to sequester and
isolate Au from aqueous solutions of KAuCl, [37]. Once
isolated, some of the metal particles were stored as NPs
throughout the cortex, epidermis, and vascular tissue for
both species, but particularly found in the xylem parenchyma
cells. Particle sizes, in general, ranged between 2 nm and
1 um in M. sativa and 2 nm and 2 um in B. juncea and were
dependent on location; NPs located at the roots had an iden-
tical size distribution in both species, whereas the distribu-
tion within aboveground tissues differed between B. juncea
and M. sativa, with B. juncea showing a much broader par-
ticle size ranges. Report from a different study emphasized
the ability of desert plant Chilopsis linearis Sweet (desert
willow) to absorb Au from gold-enriched media at varying

plant developmental stages. The plants were exposed to 20,
40, 80, 160, and 320 mg Au L™! in agar-based growth media
for 13, 18, 23, and 35 d. The amount of Au and its oxida-
tion state within plants were measured using an inductively
coupled plasma/optical emission spectrometer (ICP/OES)
and X-ray absorption spectroscopy (XAS), respectively. The
XAS data indicate that desert willow produced AuNPs in
plant tissue. The AuNPs were developed by exposing the
plants to 160 mg Au L™!, which gave average sizes of 8, 18,
and 35 10\, respectively, in the root, the leaves, and the stem,
respectively. The AuNPs generated by plants were of average
sizes and were related to the total tissue Au concentration
and location in the plant [44].

Studies on in planta synthesis of AuNPs were also car-
ried out in roots of Arabidopsis thaliana seedlings treated
with 10 mg L™! KAuCl, for 7 d. TEM of KAuCl,-treated
seedlings showed the presence of monodispersed AuNPs of
different shapes (spherical, triangular, and exotic) and sizes
(20-50 nm) in the root biomatrix. There was a significant
induction of FRO2 in KAuCl,-treated roots, and therefore its
likely involvement in the bioreduction of Au** was assumed
[45].

Similar research by Taylor et al. [46] demonstrated the
genetic and physiological response of Arabidopsis thaliana
L. in Au solution sorption with an estimated 10 to 15% of Au
translocated to the shoot tissues, and this demonstrated that
Au** entered the shoot tissues directly, via passive uptake,
and accumulated as AuNPs in the root tissues (Fig. 6). M.
sativa L. was also utilized in NPs uptake from hydroponic
culture and demonstrated that the NPs (in the range of 5
and 100 nm diameter) were not accumulated directly by the
plants.

The growth of Sesbania seedlings in KAuCl, solution led
to gold uptake, eventually producing stable AuNPs in tissues
of the plant [47]. TEM revealed that monodispersed nano-
spheres were spread intracellularly, perhaps by reduction of
the metal ions by the secondary metabolites present in cells
of the plant. The highly efficient biotransformation of Au>*
into AuNPs by the plant tissues was characterized by X-ray
absorption near edge spectroscopy (XANES) and extended
X-ray absorption fine structure.

In reducing aqueous 4-nitrophenol (4-NP), the catalytic
role of biosynthesized AuNPs by U. armoricana was elu-
cidated. Light-assisted in vivo AuNPs synthesis was first
reported in aqueous solutions of dilute Au** salts by the
living marine green algae (U. armoricana). After illumi-
nation of the living plant, the production of AuNPs was
extremely rapid (15 min) compared to very slow rates (over
2 weeks) synthesis AuNPs without illumination. U. armor-
icana was found to be highly effective in AuNPs uptake,
suggesting that the algae, along with its fast generation of
AuNPs, remained alive as TEM demonstrated that the cell
structure and thylakoid membranes were intact. The AuNPs
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Fig.6 Arabidopsis absorption of gold. Appearance of 6-week-old,
hydroponically grown plants (a) before and (b) 24 h after treatment
with gold, as K(AuCl,). (¢) Levels of gold in plant tissues after 24 h,
a and b are significantly different from each other (p, 0.005) within
each treatment. Results are the mean from three biological replicates
6 SD. Electron micrographs of plant tissues dosed with 500 mg L™
gold, as K(AuCl,). (D) Leaf mesophyll, (e) leaf vascular tissue, (f)
root cortex, and (g) root vascular tissue. NP, gold nanoparticle; Cy,
cytoplasm; Cw, cell wall; Vw, vascular wall ( Reproduced from Ref.
[46)

were formed along the cell walls and in the chloroplasts.
The dried U. armoricana-supported AuNPs demonstrated
efficient catalytic reduction of 4-NP [48]. In a study by
Starnes et al. [49], Au accumulation in different plant spe-
cies (cucumber, oregano, red clover, sunflower, ryegrass,
and alfalfa) was evaluated. Intake of gold at the roots varied
from 500 ppm (ryegrass) to 2500 ppm (alfalfa). Alfalfa was

@ Springer

therefore chosen for further studies because of its poten-
tial to accumulate relatively large amounts of gold through
the root. Initial analysis showed that most of the AuNPs
were produced within 6 h of treatment with most of the size
range within 10-30 nm. A variety of treatments also showed
spherical AuNPs (1-50 nm).

An investigation by Kumari et al. [50] focused at studying
the intracellular synthesis of AgNPs by the legume, Vigna
radiata. TEM revealed spatial distribution of AgNPs in the
cytoplasmic spaces, chloroplast, vacuolar and nucleolar
plant regions. The phytotoxic parameters such as percent
seed germination and shoot elongation were left almost
unchanged at low AgNO; doses (20-50 mg L~!). But at
greater degrees of exposure (100 mg L), the percent seed
germination and shoot and root elongation declined, show-
ing that the phytotoxicity depended on concentration. This
study revealed that the intracellular synthesis of AgNPs by
V. radiata, particularly at lower doses of AgNO;, could be
used for large-scale NPs production as a sustainable and
environmentally safe technology. Marchiol et al. [51] studied
the intracellular production of AgNPs utilizing B. juncea, F.
rubra, and M. sativa. The plants were grown in Hoagland’s
solution for 30 d and then exposed for 24 h to a solution of
1000 mg L™' AgNO,. Even though the exposure time was
short, Ag absorption and translocation to the plant leaves
were extremely high, attaining 6156 and 2459 mg kg~ in
B. juncea and F. rubra, respectively. TEM images of plant
fractions indicated the intracellular formation of AgNPs in
the roots, stems, and leaves of the plants. In the roots, AgNPs
were present in the cortical parenchymal cells, on the cel-
lular walls of the xylem vessels and in regions linked to the
pits. In leaf tissues, AgNPs of varying shapes and sizes were
found close to the cellular walls, in the cytoplasm as well
as within chloroplasts. AgNPs were not seen in the phloem
of the three species of the plant. This is the first findings of
AgNPs synthesis in the living plants of F. rubra.

A research aimed at investigating the intracellular gen-
eration of AgNPs and their movement from the root to the
shoots in maize was successful. TEM revealed spatially dis-
tributed AgNPs along with some important plant nutrient
elements in various locations of the maize plant [52]. The
possible relationship between the synthesized NPs and sev-
eral nutrient elements of plant tissue was explained by 2D
proton-induced X-ray emission of silver, chlorine as well as
various nutrient elements. As the first study on the synthesis
of AgNPs in live maize plants, the research provided direct
evidence of NPs synthesis related to the distribution of the
nutrient elements in plant, which is important for study in
the synthetic application of NPs in crop plants and a clue
for prospective implications of plant crops to synthesize
eco-friendly NPs in Ag-contaminated sites. Another recent
study focused on synthesizing AgNPs in living Arabidopsis
and 2D distribution of Ag and other minerals (Ca, P, S, Mg,
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and CI) in the Arabidopsis tissues [53]. The Ag concen-
trations in the plant tissues were determined by ICP/OES,
which showed that the greater proportion of Ag was in the
roots. TEM showed spherical AgNPs located in the plant
cells wall, plasma membrane, and cytoplasmic vacuoles. The
distributions of Ag and CI were consistent in plant tissues by
2D proton-induced X-ray emission, which showed that AgCl
NPs may have been synthesized.

The intracellular synthesis of NPs was investigated by the
use of three sprouts plants (bean, radish, and alfalfa). AgNPs
and AuNPs (20 to 25 nm) were mainly synthesized intra-
cellularly and located in the vascular cylinders and cortex.
Amino acids and peptides were believed to reduce Ag ions
to AgNPs. Alfalfa was the most resistant to Ag ions during
inhibition tests for root growth and as such were more suit-
able than radish and bean plants for use in green synthesis of
NPs [54]. Intracellular NPs that ranged between 5 and 50 nm
in oval form (Fig. 7) were also reported by Raju et al. [10].

Aside AgNPs and AuNPs synthesis, live plants have
also been successful in synthesizing NPs such as PANPs
and metal-organic frameworks. Parker et al. [55] showed
live Arabidopsis potential in generating PANPs without the
need for toxic chemicals or energy-intensive technologies
in a relatively simple method. The PANPs show exceptional
catalytic activity by producing much greater yields than the
commercial Pd catalyst in Suzuki—-Miyaura reactions.

Additionally, Richardson and Liang [32] showed the syn-
thesis of two types of metal-organic frameworks (MOFs),
zinc(2-methylimidazole)2 and lanthanide2(terephthalate)3,
within a variety of living plants, using both the plant clip-
pings and full intact plants. Synchrotron studies led to eluci-
dating the kinetics and crystal phases of the nano-biohybrid
plant. Metal salts were small enough to withstand adhesive
and cohesive forces in plants, and precursors formed around
biomolecules in the plants, which allowed for MOFs to
expand, as shown in Fig. 8. Luminescent MOF-enhanced
plants have been used for small molecular sensing and can
result in more complex nano-biohybrid sensors and species
benefited by higher efficiencies of completely intact plants
[31, 32].

Fig.7 (a) and (b) HRTEM images at various scales of intracellular
AuNPs synthesized by seedling of peanut ( Reproduced from Ref.
[10])

v

Ln3

One-step Two-step

Fig. 8 Illustration of MOF formation inside of plants. (a) Plants are
augmented with two different classes of MOFs ( Adapted from Ref.
(32D

Factors and mechanisms that contribute
to NPs synthesis by living plants

NPs are formed in living plants by reduction of the metal
ions absorbed as soluble salts. However, there is no clear
explanation of the process underlying NPs formation in
planta.

Plant metabolism is most likely to play a significant role
in NPs biosynthesis. The contents of reducing sugars and
antioxidant compounds were suggested as part of the AgNPs
biosynthesis [51]. However, as the reducing sugars between
species were very different, it was proposed that a single
substance is unlikely to be responsible for the reduction
process. Kumari et al. [50] demonstrated that the level of
plant metabolites such as total phenolics, lipids, alkaloids,
terpenoids, and amino acid increased by 65%, 133%, 19%,
67%, and 35%, respectively, in AgNO; (100 mg L™")-treated
plants in comparison with the control. In the treated plants,
the protein and sugar content also decreased by 38% and
27%, respectively. Amino acids and peptides were also
believed to reduce Ag ions to AgNPs [54].

In order to appreciate the mechanism of the reduction
processes, Beattie and Haverkamp [56] verified that the loca-
tions of the most abundant reduction of Au and Ag metal
salts to NPs were the chloroplasts, regions of high reduc-
ing sugar (glucose and fructose) content. They suggested
that these sugars were responsible for the reduction of Au
and Ag with reduction potentials of over+0.16 V and that
the amount of reducing sugar present or produced deter-
mines the quantity of NPs that may be formed. In addition,
AuNPs developed using the plants most critical organelle,
chloroplasts, was shown to be successful [38]. Light-driven
donation of electrons by chloroplasts to metal ions was
exploited. According to the authors, in the presence of light
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of 600 umol m~2 s~! photon flux density (PFD), the chlo-
roplasts isolated from Potamogeton nodosus (an aquatic
plant) and Spinacia oleracea (a terrestrial plant) turned Au>*
solutions purple, with intensification of the color with time.
However, the color of Au’* solutions did not change in the
dark. These findings clearly show that photosynthetic elec-
tron transport can reduce Au** to AuNPs when exposed to
light. The chloroplasts considerably improved their capabil-
ity of generating AuNPs as the PFD increases, further show-
ing strong prospects of light-driven photosynthetic electron
transport in synthesizing NPs [38].

Furthermore, micro- and macronutrients in plants can
impact NPs synthesis as Tong et al. [52] demonstrated that
AgNPs synthesized by maize were substantially linked to
other elements in the plant, such as K, Ca, P, and S. It was
speculated that the gold was absorbed by the plant mainly
in ionic form and that the plants reacted to the exposure
of gold by up-regulating genes for plant stress and down-
regulating specific metal transporters to reduce gold absorp-
tion [46]. There was up-regulation of genes involved in the
plant (Arabidopsis) stress response, such as glutathione
transferases, cytochromes P450, glucosyl transferases, and
peroxidases. The results showed that considerable down-
regulation of discreet numbers of genes encoding proteins
were involved in transportation of cadmium, copper, iron,
and nickel ions, as well as aquaporins, attached to Au [46].

The findings of Starnes et al. [49] also showed how
unique properties of NPs can be achieved by manipulating
their geometries in planta. Interestingly, growth manipula-
tions led to a notable change in the relative number of spher-
ical, triangular, hexagonal, and rectangular AuNPs, which
provided empirical evidence for their feasibility in planta
engineering. The molecular mechanism for the absorption
and reduction of KAuCl, to AuNPs with various geometries
by the roots was, however, not studied. Jain et al. [45] pub-
lished their findings regarding molecular evidence toward
the role of genes taking part in Fe homeostasis during in
planta synthesis of AuNPs in roots of A. thaliana. First, they
assessed the dosage-dependent impacts of KAuCl, treatment
on primary root length (PRL) and meristematic root activity
in transgenic CycBI;1::uidA. Compared to control seedling
(0 mg L™! KAuCl,), PRL and meristematic activity of pri-
mary and lateral roots demonstrated incremental attenuation
in seedlings treated with greater concentrations of KAuCl,
(25 mg L™! or above). Heightened expression levels of Fe
transporters IRT1 and IRT2 additionally suggested their
prospective role in transport of bioreduced Au* across the
membranes of the root. Expression levels of the other genes
taking part in Fe homeostasis and also different members of
phosphate, zinc, and potassium transporter families were left
unaffected by the KAuCl, treatment. An increased Au con-
tent in Fe-deprived roots moreover provided evidence that
shows the particular role of a subset of Fe-responsive genes
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during in planta synthesis of AuNPs. Greater concentrations
of KAuCl, (>25 mg L™") showed inhibition of the growth
of the roots. Monodispersed AuNPs of varying sizes and
shape were detected in root of seedlings grown in medium
supplemented with 10 mg L™! KAuCl,. KAuCl, treatment
under Fe-deprived conditions increased Au content in shoot
and roots.

Moreover, root enzymes can reduce metals to form NPs.
A suggested participation of plasma membrane-bound dehy-
drogenases (a root enzyme) in reducing Ag" and produc-
tion of Ag’/Ag,0-NPs by intact plants roots also reduced
triphenyltetrazolium to triphenylformazan and impermeable
ferricyanide to ferrocyanide. Root enzyme extract caused
the reduction of triphenyltetrazolium to triphenylformazan
and Ag® to AgNPs in the presence of NADH, clearly dem-
onstrating the prospects of dehydrogenases to reduce Ag™*
to AgNPs, which led to the production of Ag’/Ag,0-NPs as
schematically demonstrated in Fig. 9 [42].

Concentrating synthesized NPs from plants

A method for concentrating intracellular NPs from plants
was proposed using enzymatic digestion [57]. Moderate
digestive conditions were used to prevent an increase in the
size of AulNPs, as a suitable material for catalysis. XANES
showed that the plant contained roughly equivalent amounts
of Au’ and oxidized Au*!. 55-60 wt% of the plants was
enzymatically dissolved, and no noticeable increase in the
overall gold content of the samples was observed as a result
of the loss of soluble gold fraction. However, the AuNPs
concentration increased twofold. Approximately 95 wt% of
the starting dry biomass was required to be solubilized in
order to achieve a concentration that is appropriate for cata-
lytic reactions, but this was not accomplished [57].
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Fig. 9 Schematic representation of the process involved in the reduc-
tion of Ag* and formation of silver NPs at the root surface of live
plants ( Reproduced from Ref. [42])
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Challenges and future prospects

This review has summarized and illustrated the safer and
faster synthesis of NPs, in particular AuNPs and AgNPs,
by different living plant species. Biomolecules such as root
enzymes, proteins/amino acids, and polysaccharides found
in root exudates aid in reducing and capping of ions from
solution to form extracellular NPs. Vital organelles and
chloroplasts also contribute to the synthesis of intracel-
lular NPs.

Moreover, this review has shown that over the past dec-
ade, the use of living plants to synthesize NPs has only
concentrated much on Au and AgNPs, and this indicates
an opportunity for researchers to explore the potential of
living plants to synthesize other NPs such as Fe, Cu, Ni,
and Pt. Also, the association of intracellular NPs with
major plant nutrients [46] shows how NPs can be benefi-
cial in the agricultural field, especially in the development
of sensors and plant growth enhancers for improved crop
productivity [58, 59]. In this way, a synthesis technique on
plants opens up a fascinating possibility in which NPs can
be captured in biomass, in a film or generated in solution,
all of which have interesting applications such as produc-
tion of nano-pesticides [60, 61] and antibacterial activi-
ties against plant pathogens [62, 63]. Though in planta
engineering of NPs can facilitate the generation of NPs
as well as complex metal alloys, the challenge lies in the
efficient methods to concentrate the intracellular NPs from
the plants for use in novel processes.

Another concern lies in the deleterious effect of the
exposed metal ions such as AgNOj; on the physiologi-
cal performance of living plants. For instance, AgNO;
interaction slowed down the growth of mustard seedlings
by imparting toxicity; however, biologically synthesized
AgNPs interactions imposed less stress conditions on the
growth and metabolism of mustard seedlings [64]. Similar
findings have also been reported [65, 66]. Additionally,
Girilal et al. [67] showed that biologically synthesized
metal NPs have less stress effects on plants as compared
to chemically synthesized NPs.

Overall, living plants have been very efficient in syn-
thesizing NPs in a faster and safer approach, as Pardha-
Saradhi et al. [42] demonstrated how roots of intact plants
were faster in generating AgNPs compared to the chemical
method where sodium citrate was used. Future studies can
test more suitable living plant species in infield applica-
tion, soil-based systems, and the use of waste streams con-
taining metal ions (bio-nanomining) [68] to act as precur-
sor to synthesize both extracellular and intracellular NPs.
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