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Abstract

In the present scenario, the ever-growing human population, a decreasing availability of
land resources and loss of agricultural productivity are the major global concerns, and
these possess a challenge for scientific community. To feed the increasing world popu-
lation, an increase in the crop productivity with available land resources is one of the
essential needs. Crop productivity can be increased by engineering the crop plants for
tolerance against various environmental stresses and improving the yield attributes,
especially photosynthetic efficiency. Nanomaterials have been developed with new func-
tional properties like improved solar energy harvest. With these nanomaterials, nanobi-
onic plants were developed by the facilitated kinetic trapping of nanomaterials within
photosynthetic organelle, that is, chloroplast. The trapping of nanomaterials/nanotubes
improved chloroplast carbon capture, that is, photosynthesis by improving chloroplast
solar energy harnessing and electron transport rate. Besides improving photosynthe-
sis, nanotubes like poly(acrylic acid) nanoceria (PAA-NC) and single-walled nanotube-
nanoceria (SWNT-NC) decrease the amount of reactive oxygen species (ROS) inside
extracted chloroplast and influence the sensing process in plants, and these are beneficial
for anumber of physiological processes. The nanobionic approach to engineer plant func-
tions would lead to an era of plant research at the interface of nanotechnology and plant
biology. In this chapter, nanobionic approach, transfer of nanomaterial to plants and their
offspring and its potential applications to improve photosynthesis will be discussed.

Keywords: nanobionics, photosynthesis, productivity, stress, sustainability

1. Introduction

Nanotechnology is an emerging field of natural science dealing with materials of nano
(1-100-nm) scale. NASA defined nanotechnology as ‘the creation of functional materials,
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devices and systems through a control of matter on the nanometre scale and exploitation
of novel phenomena and properties (physical, chemical, biological) at that length scale’
[1]. The different applications of nanotechnology include the designing, characterization,
production and application of structures, devices and systems. Nanomaterials (NMs) have
unique properties like high surface area and improved optical property. For a chemical or
a biological reaction, the rate of reaction depends on the surface area of the reactants, and
due to the large surface area, nanomaterial-mediated reactions operate at a high rate. Plant
biology is one of the oldest branches of science, aiming the study of different aspects of
plants. The combination of plant biology and nanotechnology resulted in nanobionics which
employs the nanotechnology for the improvement of plant productivity by improving plant
growth, development and photosynthetic efficiency [2]. During the synthesis of materials at
nanoscale, different properties of these materials get altered, and these altered properties
get translated in various applications. Nanobionics is one of the important applications of
nanotechnology which involves the improvement of plant or plant productivity using nano-
materials. The nanomaterial can be prepared by direct and synthetic route followed by mill-
ing, grinding, homogenization at high pressure and sonication to reduce its size at nanoscale
[3, 4]. With unique physicochemical properties, that is, high surface area, high reactivity,
tunable pore size, and particle morphology of nanoparticles, the nanomaterials have a large
scope of novel application in the field of biotechnology and agricultural industries [5]. The
nanomaterials are of different types:

Natural nanomaterial —Materials created independently without the involvement of human
being. The natural nanomaterials are sea salt, sea spray, soil dust, volcanic dust, sulphates
from biogenic gases, and so on.

Anthropogenic (adventitious) nanomaterial —Material created as a result of human action.
The welding fume and particulates (sulphates and nitrates) resulting from the oxidation
of gases [6], and soot resulting from the combustion of fossil fuels are the best example of
anthropogenic nanomaterial.

Engineered nanomaterial —Nanomaterial designed and manufactured with human interest.
The engineered nanomaterials are of organic and inorganic nature.

As the name indicates, the organic nanomaterials consist of carbon atom itself [7] and are
polymeric structures with specific nano-characteristics, while inorganic nanomaterials are
inorganic by nature. The engineered nanomaterials are of scientific interest because of their
huge potential for different applications. The engineered nanomaterials are classified as
carbon-based nanomaterials (NMs), metal-based NMs, metal oxides, dendrimers and com-
posites [8]. The nanotubes are linear materials with nanometre size. Carbon nanotubes are
long, thin cylinders of carbon molecules having good conductivity of heat, high strength
and different electrical properties. The carbon nanotubes (Figure 1) are single-walled nano-
tubes (SWNTs) and multi-walled nanotubes (MWNTs). The double-walled carbon nanotubes
are known for higher thermal and chemical stability as compared to single-walled carbon
nanotubes [9]. Inorganic nanomaterials are inorganic by nature and consist of metals and
metalloid oxides, quantum dots (QD), dendrimers having different kinds of features such as
nanofibres, nanowires and nanosheets.
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Figure 1. Single-walled carbon nanotube (a) and a cross section of single-walled carbon nanotube (b).

Nanobiotechnology is an emerging field of bioengineering and has enormous potential to
modify or augment the plant function by employing the nanomaterial. With nanobiotech-
nological advancement, plants (1) are capable of imaging objects in their environment, (2)
self-powering themselves as light sources, (3) with infrared communication devices and
(4) having self-powered groundwater sensors developed [10]. The solar energy harnessing
and biochemical sensing can be improved in plants by introducing nanomaterial in them
[11], and nanobionic plants were developed for enhanced photosynthesis and biochemical
sensing. Nanobionic plants can detect various chemicals present in the environment and
have potential use as a plant-enabled sensor for monitoring environmental changes. The
nano-encapsulated nutrients commonly referred to as nanofertilizers release the nutrients on
demand basis, and thus these are beneficial for crops to regulate plant growth and enhance
the target activity [12, 13]. The engineered carbon nanotubes are shown to boost seed ger-
mination, growth and development in plants [14, 15]. Comparatively, very few studies have
been conducted on nanoparticles which are beneficial to plants. Nanotechnology has a great
potential to develop new tools for the incorporation of nanoparticles into plants to augment
the existing functions [16].

1.1. Entry of nanoparticles in plant cells

The characteristic feature of plant cell is its cellulosic surrounding, that is, cell wall. The plant
cell wall behaves as a barrier for superficial ingression of different external agents including
nanoparticles into plant cells. Cell wall possesses pores which provide sieving properties to
cell walls, and this range from 5 to 20 nm [17]. Nanoparticles or aggregates of nanoparticles
with a diameter less than the pore diameter of the cell wall could pass through pores and can
reach the plasma membrane [18]. There is additionally a chance for the enlargement of pores
or the induction of new cell wall pores upon interaction with engineered nanoparticles which
in turn enhance nanoparticle uptake. Further internalization of nanoparticles or aggregates of
nanoparticles occurs through endocytosis by forming a cavity-like structure surrounding the
nanoparticles by a plasma membrane. Alternatively, they may cross the membrane via carrier
proteins or through ion channels. In the cytoplasm, the nanoparticles may bind with different
cytoplasmic organelles and interfere with the metabolic processes [19]. In leaf surface applied
nanoparticles, the nanoparticles enter through the stomatal apertures or through the bases of
trichomes and thereafter get translocated to tissues [20, 21, 22]. The nanoparticles penetrate
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the plant cell wall and enter into the space between plant cell wall and plasma membrane due
to small size, capillary action and Van der Waals forces.

1.1.1. Uptake and distribution of nanomaterials in plant cell

Improvement in an agronomic attribute of plant system, that is, photosynthetic efficiency
with the help of nanomaterial, needs a successful uptake and transfer of nanomaterials in
plant cell. The plant cell wall has pores of an average diameter of 5-20 nm. These pores
allow the passage of solutes while constraining the diffusion of massive particles and mac-
romolecules including some enzymes [23]. Plants cell employ several strategies to avail
nanomaterial (carbon nanotubes) through cell wall and cell membrane depending on the
size of the nanomaterial. The entry of nanoparticle in plant cells depends on size and
charge [24, 25]. The single-walled carbon nanotubes are of 1-2 nm and are smaller than
cell wall pores (5 nm). These nanotubes could be perceived directly through a sponta-
neous leakage into the apoplast [26]. Thus, for spontaneous leakage, the single-walled
carbon nanotubes must be truncated to a commensurable size [27]. The introduction of
wide-diameter carbon nanotubes into walled plant cells could also occur through local
hydrolysis of the cellulosic cell wall. The cellulose molecules immobilized on the surface
of carbon nanotube generate local lesions in the cell wall which facilitate the uptake of
carbon nanotubes [28].

The leakage of carbon nanotubes through the cell wall pores has been reported in cells of
Nicotiana tobacum and Catharanthus roseus [29, 30]. The first experimental evidence for the
internalization of single-walled carbon nanotubes (SWNTs) has been shown in N. tobacum
[31]. Temperature-dependent uptake of single-walled carbon nanotubes in N. tobacum sug-
gests the internalization of nanotubes through endocytosis [30]. On the other hand, it has
been reported that there is no effect of temperature and light on SWNT transfer to lipid
bilayer [11]. Multi-walled carbon nanotubes (MWCNTs) could also penetrate the cell mem-
brane of plant protoplasts [30]. When MWCNTs are in close vicinity of protoplast of C. roseus,
the nanotube aggregations increase the tonicity of cell medium and facilitate the penetra-
tion of MWCNTs. Active transport of nanoparticles has also been reported through the lipid
bilayer [32].

The metal oxide nanoparticles may be transported through root to leaf or leaf to root in
plants [33], and it was studied in hydroponic [34] and soil [35] culture. The negatively
charged nanoceria translocates at a higher rate from root to leaf as compared to positively
charged nanoceria [36]. The metal oxide nanoparticles are absorbed by root endodermis
through apoplastic and symplastic routes, and these are then transported to stem, leaf, fruit
and grains [37-39] through a vascular cylinder [40]. Similarly, the mono-dispersed mesopo-
rous silica nanoparticles penetrate into the roots through symplastic/apoplastic pathways
and then to the aerial parts of the plants through vascular system [41]. The uptake of metal
oxide nanoparticle has been shown by seeds [42], seedlings [38] and mature tubers [43].
The metal oxide nanoparticles may enter through leaf stomata or cuticle and then to stem
and root through phloem sap [44, 45]. The single-walled carbon nanotubes and nanosheets
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are transported into cultured plant cells by endocytosis or internalized in plant root cells
via non-endocytic pathways [31, 46]. Silver nanoparticle enters in Arabidopsis protoplasts
through mechanosensitive channels [47].

1.1.2. Uptake of nanomaterial by organelles

Different cellular organelles have been reported to uptake the nanomaterials. Serag et al.
[48] reported the vacuolar uptake of SWNTs by labelling the SWNTs with fluorescein
isothiocyanate (FITC). Following incubation of plant tissues with FITC-labeled SWNTs,
fluorescence signals were detected in the cell vacuoles. Further measurement of diffusion
coefficient (Deff) supported vacuolar accumulation. To confirm vacuolar uptake, the Deff
was measured using fluorescence recovery in a photobleached area (FRAP). The Deff var-
ied according to the size of a macromolecular complex containing fluorescent label. FRAP
helped to study the fractions of molecules capable of recovering in the photobleached area
and confirmed the accumulation of SW-F inside the vacuoles [48]. Further, the use of pro-
benecid, an inhibitor of carrier-mediated transport, indicated the accumulation of SW-F in
vacuoles.

SWNTs transport passively through chloroplast lipid bilayer through kinetic entrapping
or by disrupting lipid bilayers [11, 49]. As SWNTs come in contact with the chloroplast’s
outer envelope, it wraps around the glycerolipid (forming most of the chloroplast’s outer
envelope). As nanotubes perforated through the envelopes, they are covered with a layer
of lipids that irreversibly binds them to the interior side of the chloroplast. The forma-
tion of temporary pores has been noticed in the plasma membrane to internalize the
nanoparticles like quantum dots and silica nanosphere [49, 50]. Also, the negatively or
positively charged nanoparticles spontaneously penetrate lipid envelopes of the extracted
chloroplasts [51].

1.2. Generational transmission nanomaterials

The generational transmission of nanomaterials was studied in rice [52] using a bright field
microscopy. Tissue of rice plants at various developmental stages were sampled, washed,
sectioned and imaged to track the transmission after 1 week of incubating in 20 mg 1™
C,, solution. Black aggregates were frequently observed in seeds and roots and less fre-
quently in stems and leaves which indicated that the sequence of nanoparticle uptake was
from the plant seeds and roots to stems and leaves. The appearance of black aggregates
was mostly found in and near vascular system. It was suggested that the transport of C
occurred simultaneously with the uptake of water and nutrients in the xylem [52]. Further,
to investigate generational transmission of nanomaterials, mature seeds from the control
plants and C -treated plants were germinated and second generation was raised. In sec-
ond generation, black aggregates were also spotted in the leaf tissues, however, with much
less frequency [52]. The results were supported by Fourier transform (FT)-Raman and IR
spectra from both first- and second-generation rice plants.
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2. Employment of nanotechnology for the improvement of
photosynthetic activity and plant productivity

Photosynthesis is the most fundamental and vital physiological process in plant kingdom. It
converts the light form of energy into chemical form in chloroplasts using chlorophyll and
CO, and H,0O as raw materials, and stores in the bonds of sugar molecules. This form of
energy is later used as the energy currency to regulate various processes. In green plants,
chloroplasts are the site of synthesis for chemical energy, that is, carbon-based fuels. With
the help of light energy, the captured atmospheric CO, is converted into different forms of
sugars [53]. Photosynthetic apparatus utilized less than 10% of the sunlight [54], and there
are possibilities to improve the solar energy conversion efficiency in photosynthetic organ-
isms. The improvement in photosynthetic efficiency requires broadening the range of solar
light absorption [55] particularly in the near-infrared spectra which are able to penetrate
deeper into living organisms. With unique properties and higher stability, the nanomateri-
als can form chloroplast-based photocatalytic complexes having an enhanced and improved
functional property under ex vivo and in vivo conditions [11]. It is clear that neither all the
absorbed photons are involved in electron flow under intense light conditions nor chloro-
plast captures maximum solar energy under non-saturating light [56, 57]. The SWNTs have
discrete optical and electronic properties and a broad range of absorption spectra (ultraviolet,
visible and near-infrared). The enhancement of light reaction after the insertion of SWNTs in
chloroplasts isolated from commercially available baby spinach leaves (Spinacia oleracea L.)
has been observed [11]. Chloroplast does not have a broad range of absorption spectra and
it cannot absorb spectra outside its absorption ranges of spectra. The boosted photosynthetic
reactions might be attributed to electronic bandgap of semiconducting the SWNTs which
converts the absorbed solar light into photosynthetic excitons [58]. Depending on their inher-
ent light interaction capabilities, nanoparticles (NPs) interfere and alter the photosynthetic
efficiency, photochemical fluorescence and quantum yield in plants. Keeping up with the
importance of process, the researchers attempted either to mimic the process of photosyn-
thesis artificially or to improve the existing efficiency in planta using nanotechnology-based
inventions. The plants have been augmented to harvest more light energy by delivering car-
bon nanotubes into chloroplast. These carbon nanotubes serve as artificial antennae allow-
ing chloroplast to capture wavelengths of light outside the normal range, that is, ultraviolet,
green and near-infrared [11, 16]. Various reports are available on the enhancement of photo-
synthetic activity in plants through in vivo or ex vivo approaches. In subsequent text, a few
cases will be highlighted to show the relevant progresses made by a nano-technologist for the
improvement of agronomic attribute.

Plant photosystems include reaction centres (RCs) and the antenna chlorophylls; they are
held in the membrane by weak intermolecular interactions. The antenna chlorophyll absorbs
photons and transfers to the RCs and then electrons are transferred to the next electron accep-
tor. Naturally, photosynthetic machinery absorbs light within certain wavelength intervals.
It has been reported that if nanoparticles conjugate with these RCs and antenna chlorophyll,
there is an exciton enhancement effect [59]. Nanoparticle conjugate with light-harvesting
complex absorbs a wider range of wavelength interval. Nanomaterials conjugated with a
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photosynthetic system strongly increase the rate of production of excited electrons due to
the plasmon (metal nanoparticle having an oscillating free electron) enhancement effect. This
excited electron can be used for photocurrents or chemical reactions. The association of metal
nanoparticle with photosynthetic system has been reported to enhance the efficiency of photo-
system. The incorporation of metal nanoparticles with light-absorbing chlorophyll molecules
enhances the photon field which is referred as plasmon enhancement effect. Thus, the produc-
tion of exited electrons has been reported to increase due to plasmon resonance and electron-
hole separation [60]. In support of this, experimental proofs were generated for the increased
rate of the formation of ATP molecules. With hybrid structure, the rate of formation of the
excited electron was reported to enhance as compared to photosystem alone [61]. Artificial
structures composed of a photosynthetic system and various metal nanoparticles also display
strong enhancements of photosynthetic efficiency, and this cause the parallel increases in light
absorption by chlorophylls and energy transfer from chlorophylls to nanoparticles [60, 62, 63].

Artificially, the quantum dots (artificial antennae absorbing light efficiently in a wide range of
photon energies from solar spectrum) conjugated with a reaction centre complex of Rhodobactor
sphaeroides purified from natural light-harvesting complexes showed an efficient transfer of
excitation energy to reaction centre. The efficient energy transfer from QDs to the bacterial RC
clearly offers an opportunity of the utilization of nanocrystals to enhance the photosynthetic
biological functioning [59]. A silver nanowire conjugated with light-harvesting complex from
the dinoflagellate Amphidinium carterae showed strong enhancement in fluorescence intensity
of protein-bound chlorophyll molecules [64]. The increase with silver nanowire conjugate
was recorded up to an average of 10-fold increase in chlorophyll fluorescence [65], and this
indicates a higher rate of generation of excitations in the chlorophylls [66].

Metal nanoparticles have the ability to influence the energy conversion efficiency in photo-
synthetic systems. The binding to Au and Ag nanoparticles with chlorophyll molecule results
in a novel hybrid system, which could produce 10 times more excited electrons due to plas-
mon resonance and fast electron-hole separation [60]. Electron transfer from excited fluoro-
phore to Au or Ag nanoparticles has been reported [65, 67-69]. The concentration-dependent
effects of Au nanoparticles (5-20 nm) on PSII chlorophyll, a fluorescence quenching in soy-
bean leaves, have been observed [70]. Falco et al. [70] observed a shift in fluorescence towards
a higher wavelength in Au nanoparticle-treated soybean leaves. An enhanced PSII quantum
efficiency was reported in Ag nanoparticle-treated Indian mustard [71].

Giraldo et al. [11] reported 49% increase in electron transfer rate under ex vivo conditions (in
extracted chloroplast from baby spinach leaves) after treatment with SWNTs. SWNTs also
enhanced the light reaction in vivo in leaves of A. thaliana. Similarly, carbon nanotubes in spin-
ach thylakoid improved photo-electrochemical activity under illumination [72]. Noji et al. [73]
reported that nanomesoporous silica compound (SBA) conjugated with photosystem II (PSII)
maintained the high and stable oxygen-evolving ability of PSIlin T. vulcanus. The applied TiO,
nanoparticles caused the transfer of charges between light-harvesting complex II (LHCII) and
TiO, NPs because of their photocatalytic properties [74] which induced reduction—oxidation
reaction. Ze et al. [75] reported an increased expression of LHCII b and contents of LHCII in
the thylakoid membrane of A. thaliana after the application of TiO, nanoparticles. It was found
that TiO, NPs promote the light absorption by chloroplast and regulate the distribution of
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light energy from PSI to PSII by increasing LHCII content, which in turn accelerate the trans-
formation from light energy to electronic energy, water photolysis and oxygen evolution.

Nadtochenko et al. [62] observed an enhanced electron transfer efficiency in isolated pho-
tosynthetic reaction centres using alumina nanoparticles. The bread wheat (Triticum
aestivum L.) showed an increase in grain number, biomass, stomatal density, xylem-phloem
size, epidermal cells and water uptake after seed priming with MWCNT [76]. TiO, nanopar-
ticles have been reported to protect chloroplasts from aging during long illumination regimes,
promote chlorophyll formation and stimulate Rubisco activity, which in turn results in
increased photosynthesis or enhanced photosynthetic carbon assimilation [71, 77, 78]. With
exogenous application of TiO,, Qi et al. [79] observed an improved net photosynthetic rate,
water conductance and transpiration rate. Nano-anatase was reported to promote electron
transport chain reaction, photoreduction activity of PSII, evolution of O, and photophosphor-
ylation of chlorophyll under both visible and ultraviolet light [80]. A higher photosynthetic
carbon reaction due to Rubisco carboxylation was observed as a result of nano-anatase-
induced marker genes for Rubisco activase mRNA, enhanced protein levels and activities of
Rubisco activase [81]. On the contrary, the exogenous application of TiO,-anatase NPs resulted
in a reduced PSII quantum yield, photochemical quenching, electron transfer rate, chloro-
phyll fluorescence and higher non-photochemical quenching and water loss [82]. Nano-TiO,
reported to improve water absorption, seed germination, plant growth, nitrogen metabolism
and photosynthesis [63, 76, 83, 84]. TiO, NPs were reported to alleviate heat stress through
regulating stomatal opening [79].

Nano-TiO, (rutile) influences the photochemical reaction in spinach chloroplasts [85, 86].
The spinach treated with 0.25% nano-TiO, showed improved up-hill reaction and oxy-
gen evolution. The noncyclic photophosphorylation activity was found to be higher than
cyclic photophosphorylation in chloroplasts. This increase in photosynthesis with nano-
TiO, might be associated with the activation of a photochemical reaction in spinach chlo-
roplasts [85, 86]. Similarly, an increase in dry weight, chlorophyll formation, the ribulose
bisphosphate carboxylase/oxygenase activity and the photosynthetic rate was reported
in aged spinach treated with 2.5% nano-TiO, rutile [83]. The nano-anatase TiO, improved
light absorbance, conversion of light energy to electron energy and ultimately to chemical
energy, and this promotes carbon dioxide (CO,) assimilation. Treatment of nano-anatase
TiO, improved Rubisco-carboxylase activity 2.67 times in spinach as compared to control,
which consecutively activates Rubisco carboxylation and eventually the rate of photosyn-
thesis increase [87]. Pradhan et al. [88] found that Mn-NPs induced an increase in the hill
reaction rate in mung bean (Vigna radiata).

In the recent time, NMs are used as a vital tool for improving plant growth and productivity
under adverse environmental conditions, that is, salt stress. The Si nanoparticles in the soil
have been shown to alleviate salt stress, enhance seed germination, improve activities of anti-
oxidative enzymes, photosynthetic rate and leaf water content [89, 90]. Increased leaf, pod dry
weight and grain yield were recorded in soya bean using nano-iron oxide [91]. The B-cyclo
dextrin-coated iron nanoparticles penetrate the biological membranes of maize and increase
the chlorophyll pigments (up to 38%) as compared to control [92]. The spray of citrate-coated
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Fe,O, nanoparticle spray on Glycine max had positive effects on root elongation and photosyn-
thesis rate. Also, the elongation of root and an increase in seed germination were observed in
Zea mays L. with silica (5i0,) nanoparticles treatment [93]. Maize with a treatment of 1500 ppm
of ZnO nanoparticulates showed the highest germination and seedling vigor index [94].

3. Future prospects

Nanotechnology has enormous potential to create novel and improved functional properties
in photosynthetic organelles and organisms for the enhancement of solar energy harnessing.
The upward translocation from root to leaf opens up greater opportunities for their use in
various delivery applications. The SWNTs delivered by this spontaneous mechanism have
the potential for increasing chloroplast carbon capture by promoting chloroplast solar energy
harnessing and electron transport rates. It has been shown that when nanoparticles enter into
plant cell, various metabolic changes occur that leads to an increase in biomass, fruit/grain
yield, and so on; therefore, further mode and action can be elucidated to evaluate the pos-
sibility of their uses. The nanomaterials have the potential to be utilized for the transport of
DNA and chemicals into plant cells [95, 96] which offers new opportunity to target specific
gene manipulation and expression in the specific cells of the plant. With nanomaterial, the
output of a crop can be increased while reducing the input through a better understanding
of nanoparticle interaction with plants. The nanobionics approach to engineer plant function
will lead to a new area of research at the interface of nanotechnology and plant biology.
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FRAP Fluorescence recovery in a photobleached area
MWNT Multi-walled nanotubes

PAA-NC Poly(acrylic acid) nanoceria

QD Quantum dots

SWNTs Single-walled nanotubes
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Author details

Kusum Khatri'? and Mangal S. Rathore'**
*Address all correspondence to: mangalrathore@csmcri.res.in
1 Academy of Scientific and Innovative Research, CSIR, New Delhi, India

2 Division of Biotechnology and Phycology, CSIR-Central Salt and Marine Chemicals
Research Institute (CSIR-CSMCRI), Council of Scientific and Industrial Research (CSIR),
Bhavnagar, Gujarat, India

References

[1] Davies JC. Managing the Effects of Nanotechnology, Woodrow Wilson International
Center for Scholars. Washington: Science and Technology Innovation Program; 2006.

DOI: IJIv3i4A6

[2] Scholes GD, Sargent EH. Bioinspired materials: Boosting plant biology. Nature Materials.

2014;13(4):329-331. DOI: 10.1038/nmat3926

[3] Podsiadlo P, Kaushik AK, Arrudaetal EM. Ultrastrong and stif layered polymer nano-

composites. Science. 2007;318:80-83. DOI: 10.1126/science.1143176

[4] Vasquez Y, Henkes AE, Chris Bauer ], Schaak RE. Nanocrystal conversion chemistry:
A unified and materials-general strategy for the template-based synthesis of nano-
crystalline solids. Journal of Solid State Chemistry. 2008;181:1509-1523. DOI: 10.1016/;.

jss¢.2008.04.007

[5] Siddiqui M, Al-Whaibi M, Firoz M, Al-Khaishany M. Role of nanoparticles in plants.
In: Nanotechnology and Plant Sciences Nanoparticles and their Impact on Plants.
Switzerland: Springer International Publishing; 2015. p. 19-35. DOI: 10.1007/978-3-319-

14502-0

[6] Park B. Current and future applications of nanotechnology. Issues in environmental

Science and Technology. 2007;24(1):1-18



[7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Plant Nanobionics and Its Applications for Developing Plants with Improved Photosynthetic...
http://dx.doi.org/10.5772/intechopen.76815

Baughman RH, Zakhidov AA, De Heer WA. Carbon nanotubes—The route toward
applications. Science. 2002;297:787-792. DOI: 10.1126/science.1060928

Yu-Nam Y, Lead R. Manufactured nanoparticles: An overview of their chemistry, inter-
actions and potential environmental implications. Science of the Total Environment.
2008;400:396-414. DOI: 10.1016/j.scitotenv.2008.06.042

Mongillo J. Nanotechnology 101. Greenwood Press, 88 Post Road West, Westport, CT
06881: An imprint of Greenwood Publishing Group, Inc.; 2007. ISSN: 1931-3950

Ghorbanpour M, Fahimirad S. Plant nanobionics a novel approach to overcome the
environmental challenges. In: Medicinal Plants and Environmental Challenges. Cham:
Springer; 2017. pp. 247-257. DOI: 10.1007/978-3-319-68717-9_14

Giraldo JP, Landry MP, Faltermeier SM, Thomas P, Mcnicholas TP, Iverson NM,
Boghossian AA, Reuel NF, Hilmer AJ, Sen F, Brew JA, Strano MS. Plant nanobion-
ics approach to augment photosynthesis and biochemical sensing. Nature Materials.
2014;13:400-408. DOI: 10.1038/nmat3890

DeRosa MC, Monreal C, Schnitzer M, Walsh R, Sultan Y. Nanotechnology in fertilizers.
Nature Nanotechnology. 2010;5(2):91-91. DOI: 10.1038/nnano.2010.2

Nair R, Varghese SH, Nair BG, Maekawa T, Kumar YY, DS. Nanoparticulate material
delivery to plants. Plant Science. 2010;179(3):154-163. DOI: 10.1016/j.plantsci.2010.04.012

Lahiani MH, Dervishi E, Chen ], Nima Z, Gaume A, Biris AS, Khodakovskaya MV. Impact
of carbon nanotube exposure to seeds of valuable crops. ACS Applied Materials and
Interfaces. 2013;5:7965-7973. DOI: 10.1021/am402052x

Siddiqui MH, Al-Whaibi MH. Role of nano-SiO, in germination of tomato (Lycopersicum
esculentum seeds Mill.). Saudi Journal of Biological Sciences. 2014;21:13-17. DOI: 10.1016/j.
sjbs.2013.04.005

Cossins D. Next generation: Nanoparticles augment plant functions. The incorporation of
synthetic nanoparticles into plants can enhance photosynthesis and transform leaves into
biochemical sensors. The Scientist, News & Opinion. March 16, 2014; http://www.the-scien-
tist.com/%3farticles.view/articleNo/39440/title/Next-Generation%e2%80%93Nanoparticles-
Augment-Plant-Functions/http://www.the-scientist.com/?articles.view/articleNo/39440/
title/Next-Generation-Nanoparticles-Augment-Plant-Functions/

Fleischer A, O'Neill MA, Ehwald R. The pore size of non-graminaceous plant cell wall is
rapidly decreased by borate ester cross-linking of the pectin polysaccharide rhamnoga-
lacturon II. Plant Physiology 1999;121:829-838. DOI: 10.1104/pp.121.3.829

Moore MN. Do nanoparticles present ecotoxicological risks for the health of the
aquatic environment. Environment International. 2006;32:967-976. DOIL: 10.1016/;.
envint.2006.06.014

JiaG, Wang H, Yan L, Wang X, Pei R, Yan T, Zhao Y, Guo X. Cytotoxicity of carbon nano-
materials: Single-wall nanotube, multi-wall nanotube, and fullerene. Environmental
Science & Technology. 2005;39(5):1378-1383. DOI: 10.1021/es0487291

105



106

Photosynthesis - From Its Evolution to Future Improvements in Photosynthetic Efficiency Using Nanomaterials

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Uzu G, Sobanska S, Sarret G, Munoz M, Dumat C. Foliar lead uptake by lettuce exposed
to atmospheric fallouts. Environmental Science & Technology. 2010;44(3):1036-1042.
DOI: 10.1021/es902190u

Fernandez V, Eichert T. Uptake of hydrophilic solutes through plant leaves: Current
state of knowledge and perspectives of foliar fertilization. Critical Reviews in Plant
Sciences. 2009;28(1-2):36-68. DOI: 10.1080/07352680902743069

Eichert T, Kurtz A, Steiner U, Goldbach HE. Size exclusion limits and lateral heterogeneity
of the stomatal foliar uptake pathway for aqueous solutes and water-suspended nanopar-
ticles. Physiologia Plantarum. 2008;134(1):151-160. DOI: 10.1111/j.1399-3054.2008.01135.x

Meiners S, Gharyal PK, Schindler M. Permeabilization of the plasmalemma and wall
of soybean root cells to macromolecules. Planta. 1991;184(4):443-447. DOI: 10.1007/
BF00197891

Sze H, Li X, Palmgren M. Energization of plant cell membranes by H+-pumping ATPases:
Regulation and biosynthesis. Plant Cell. 1999;11:677-690. DOI: 10.1021/n1202772h

Carpaneto A, Ivashikina N, Levchenko V, Krol E, Jeworutzki E, Zhu JK, Hedrich R. Cold
transiently activates calcium permeable channels in Arabidopsis mesophyll cells. Plant
Physiology. 2006;143:487-494. DOI: 10.1104/pp.106.090928

Kashyap PL, Xiang X, Heiden P. Chitosan nanoparticle based delivery systems for sus-
tainable agriculture. International Journal of Biological Macromolecules. 2015;77:36-51.
DOI: 10.1016/j.ijpiomac.2015.02.039

Nakayama-Ratchford N, Bangsaruntip S, Sun X, Welsher K, Dai H. Noncovalent func-
tionalization of carbon nanotubes by fluorescein—polyethylene glycol: Supramolecular
conjugates with pH-dependent absorbance and fluorescence. Journal of the American
Chemical Society. 2007;129(9):2448-2449. DOI: 10.1021/ja068684;

Serag MF, Kaji N, Tokeshi M, Baba Y. Carbon nanotubes and modern nanoagriculture.
In: Nanotechnology and Plant Sciences. Switzerland: Springer International Publishing;
2015. p. 183-201. DOI: 10.1007/978-3-319-14502-0_10

Serag MF, Kaji N, Habuchi S, Bianco A, Baba Y. Nanobiotechnology meets plant
cell biology: Carbon nanotubes as organelle targeting nanocarriers. RSC Advances.
2013;3(15):4856-4862. DOI: 10.1039/C2RA22766E

Serag MF, KajiN, Gaillard C, Okamoto Y, Terasaka K, Jabasini M, Tokeshi M, Mizukami H,
Bianco A, Baba Y. Traficking and subcellular localization of multi-walled carbon nano-
tubes in plant cells. ACS Nano. 2011a;5:493-499. DOI: 10.1021/nn102344t

Liu Q, Chen B, Wang Q, Shi X, Xiao Z, Lin ], Fang X. Carbon nanotubes as molecu-
lar transporters for walled plant cells. Nano Letters. 2009;9(3):1007-1010. DOI: 10.1021/
nl803083u

Shi X, von Dem Bussche A, Hurt RH, Kane AB, Gao H. Cell entry of one-dimen-
sional nanomaterials occurs by tip recognition and rotation. Nature Nanotechnology.
2011;6(11):714-719. DOI: 10.1038/nnano.2011.151



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Plant Nanobionics and Its Applications for Developing Plants with Improved Photosynthetic...
http://dx.doi.org/10.5772/intechopen.76815

Ma C, White JC, Dhankher OP, Xing B. Metal-based nanotoxicity and detoxification
pathways in higher plants. Environmental Science & Technology. 2015;49(12):7109-7122.
DOI: 10.1021/acs.est.5b00685

Hernandez-Viezcas JA, Castillo-Michel H, Peralta-Videa JR, Gardea-Torresdey JL. Inter
actions between CeO, nanoparticles and the desert plant mesquite: A spectroscopy
approach. ACS Sustainable Chemistry & Engineering. 2016;4(3):1187-1192. DOI: 10.1021/
acssuschemeng.5b01251

Rico CM, Barrios AC, Tan W, Rubenecia R, Lee SC, Varela-Ramirez A, Peralta-Videa
JR, Gardea-Torresdey JL. Physiological and biochemical response of soil-grown barley
(Hordeum vulgare L.) to cerium oxide nanoparticles. Environmental Science and Pollution
Research. 2015;22(14):10551-10558. DOI: 10.1007/s11356-015-4243-y

Spielman-Sun E, Lombi E, Donner E, Howard D, Unrine JM, Lowry GV. Impact of sur-
face charge on cerium oxide nanoparticle uptake and translocation by wheat (Triticum
Aestivum). Environmental Science & Technology. 2017;51:7361-7368. DOI: 10.1021/acs.
est.7b00813

Hernandez-Viezcas JA, Castillo-Michel H, Andrews JC, Cotte M, Rico C, Peralta-Videa
JR, Ge Y, Priester JH, Holden PA, Gardea-Torresdey JL. In situ synchrotron X-ray fluo-
rescence mapping and speciation of CeO, and ZnO nanoparticles in soil cultivated soy-
bean (Glycine max). ACS Nano. 2013;7(2):1415-1423. DOI: 10.1021/nn305196q

Servin AD, Castillo-Michel H, Hernandez-Viezcas JA, Diaz BC, Peralta-Videa JR,
Gardea-Torresdey JL. Synchrotron micro-XRF and micro-XANES confirmation of the
uptake and translocation of TiO, nanoparticles in cucumber (Cucumis sativus) plants.
Environmental Science & Technology. 2012;46(14):7637-7643. DOI: 10.1021/es300955b

Zhao L, Peralta-Videa JR, Rico CM, Hernandez-Viezcas JA, Sun Y, Niu G, Servin A,
Nunez JE, Duarte-Gardea M, Gardea-Torresdey JL. CeO, and ZnO nanoparticles change

the nutritional qualities of cucumber (Cucumis sativus). Journal of Agricultural and Food
Chemistry. 2014;62(13):2752-2759. DOI: 10.1021/jf405476u

Zhao L, Peralta-Videa JR, Ren M, Varela-Ramirez A, Li C, Hernandez-Viezcas JA,
Aguilera R], Gardea-Torresdey JL. Transport of Zn in a sandy loam soil treated with
ZnO NPs and uptake by corn plants: Electron microprobe and confocal microscopy
studies. Chemical Engineering Journal. 2012;184:1-8. DOI: 10.1016/j.cej.2012.01.041

Sun D, Hussain HI, Yi Z, Siegele R, Cresswell T, Kong L, Cahill DM. Uptake and cellular
distribution, in four plant species, of fluorescently labeled mesoporous silica nanopar-
ticles. Plant Cell Reports. 2014;33(8):1389-1402. DOI: 10.1007/s00299-014-1624-5

Khodakovskaya M, Dervishi E, Mahmood M, Xu Y, Li Z, Watanabe F, Biris AS. Carbon
nanotubes are able to penetrate plant seed coat and dramatically affect seed germination
and plant growth. ACS Nano. 2009;3(10):3221-3227. DOI: 10.1021/nn900887m

Ghodake G, Seo YD, Lee DS. Hazardous phytotoxic nature of cobalt and zinc oxide
nanoparticles assessed using Allium cepa. Journal of Hazardous Materials. 2011;186(1):952-
955. DOLI: 10.1016/j.jhazmat.2010.11.018

107



108

Photosynthesis - From Its Evolution to Future Improvements in Photosynthetic Efficiency Using Nanomaterials

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Hong ], Peralta-Videa JR, Rico C, Sahi S, Viveros MN, Bartonjo J, Zhao L, Gardea-
Torresdey JL. Evidence of translocation and physiological impacts of foliar applied
CeO, nanoparticles on cucumber (Cucumis sativus) plants. Environmental Science &
Technology. 2014;48(8):4376-4385. DOI: 10.1021/es404931g

Larue C, Castillo-Michel H, Sobanska S, Trcera N, Sorieul S, Cécillon L, OQuerdane L,
Legros S, Sarret G. Fate of pristine TiO, nanoparticles and aged paint-containing TiO,

nanoparticles in lettuce crop after foliar exposure. Journal of Hazardous Materials.
2014;273:17-26. DOI: 10.1016/j.jhazmat.2014.03.014

Bao W, Wang J, Wang Q, O’'Hare D, Wan Y. Layered double hydroxide nanotransporter
for molecule delivery to intact plant cells. Scientific Reports. 2016,;6:26738. DOI: 10.1038/
srep26738

Sosan A, Svistunenko D, Straltsova D, Tsiurkina K, Smolich I, Lawson T, Subramaniam
S, Golovko V, Anderson D, Sokolik A, Colbeck I. Engineered silver nanoparticles are
sensed at the plasma membrane and dramatically modify the physiology of Arabidopsis
thaliana plants. The Plant Journal. 2016;85(2):245-257. DOI: 10.1111/tpj.13105

Serag MF, Kaji N, Venturelli E, Okamoto Y, Terasaka K, Tokeshi M, Mizukami H,
Braeckmans K, Bianco A, Baba Y. Functional platform for controlled subcellular distri-
bution of carbon nanotubes. ACS Nano. 2011b;5(11):9264-9270. DOI: 10.1021/nn2035654

de Planque MR, Aghdaei S, Roose T, Morgan H. Electrophysiological characterization of
membrane disruption by nanoparticles. ACS Nano. 2011;5(5):3599-3606. DOI: 10.1021/
nn103320;

Klein SA, Wilk SJ, Thornton TJ, Posner JD. Formation of nanopores in suspended lipid
bilayers using quantum dots. Journal of Physics: Conference Series. 2008;109(1):012022.
IOP Publishing.

Wong MH, Misra RP, Giraldo JP, Kwak SY, Son Y, Landry MP, Swan JW, Blankschtein
D, Strano MS. Lipid exchange envelope penetration (LEEP) of nanoparticles for plant
engineering: A universal localization mechanism. Nano Letters. 2016;16(2):1161-1172.
DOI: 10.1021/acs.nanolett.5b04467

Lin S, Reppert J, Hu Q, Hudson ]S, Reid ML, Ratnikova TA, Rao AM, Luo H, Ke
PC. Uptake, translocation, and transmission of carbon nanomaterials in rice plants.
Small. 2009;5:1128-1132. DOI: 10.1002/sml1.200801556

Weise SE, Weber AP, Sharkey TD. Maltose is the major form of carbon exported from the
chloroplast at night. Planta. 2004;218(3):474-482. DOI: 10.1007/s00425-003-1128-y

Zhu XG, Long SP, Ort DR. Improving photosynthetic efficiency for greater yield. Annual
Review of Plant Biology. 2010;61:235-261. DOI: 10.1146/annurev-arplant-042809-112206

Blankenship RE, Tiede DM, Barber J, Brudvig GW, Fleming G, Ghirardi M, Gunner MR,
Junge W, Kramer DM, Melis A, Moore TA. Comparing photosynthetic and photovoltaic
efficiencies and recognizing the potential for improvement. Science. 2011;332(6031):805-
809. DOI: 10.1126/science.1200165



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Plant Nanobionics and Its Applications for Developing Plants with Improved Photosynthetic...
http://dx.doi.org/10.5772/intechopen.76815

Wilhelm C, Selmar D. Energy dissipation is an essential mechanism to sustain the via-
bility of plants: The physiological limits of improved photosynthesis. Journal of Plant
Physiology. 2011;168:79-87. DOI: 10.1016/j.jplph.2010.07.012

Scholes GD, Fleming GR, Olaya-Castro A, Van Grondelle R. Lessons from nature about
solar light harvesting. Nature Chemistry. 2011;3(10):763-774. DOI: 10.1038/nchem.1145

Han JH, Paulus GL, Maruyama R, Heller DA, Kim W], Barone PW, Lee CY, Choi JH,
Ham MH, Song C, Fantini C, Strano MS. Exciton antennas and concentrators from core-
shell and corrugated carbon nanotube filaments of homogeneous composition. Nature
Materials. 2010;9(10):833-839. DOI: 10.1038/nmat2832

Nabiev I, Rakovich A, Sukhanova A, Lukashev E, Zagidullin V, Pachenko V, Rakovich
YP, Donegan JF, Rubin AB, Govorov AO. Fluorescent quantum dots as artificial anten-
nas for enhanced light harvesting and energy transfer to photosynthetic reaction cen-
ters. Angewandte Chemie International Edition. 2010;49(40):7217-7221. DOI: 10.1002/
anie.201003067

Govorov AO, Carmeli I. Hybrid structures composed of photosynthetic system and
metal nanoparticles: Plasmon enhancement effect. Nano Letters. 2007;7:620-625. DOI:
10.1021/n1062528t

Govorov AO. Enhanced optical properties of a photosynthetic system conjugated
with semiconductor nanoparticles: The role of Forster transfer. Advanced Materials.
2008;20:4330-4335. DOI: 10.1002/adma.200702999

Nadtochenko VA, Nikandrov VV, Gorenberg AA, Karlova MG, Lukashev EP, Semenov
AY, Bukharina NS, Kostrov AN, Permenova EP, Sarkisov OM. Nanophotobiocatalysts
based on mesoporous titanium dioxide films conjugated with enzymes and photo-
synthetic reaction centers of bacteria. High Energy Chemistry. 2008;42:591-593. DOI:
10.1134/50018143908070291

Mingyu S, Wu X, Liu C, Qu C, Liu X, Chen L, Huang H, Hong F. Promotion of energy
transfer and oxygen evolution in spinach photosystem Il by nano-anatase TiO,. Biological
Trace Element Research. 2007;119:183. DOI: 10.1007/s12011-007-0065-1

Bujak L, Piatkowski D, Mackowski S, Wormke S, Jung C, Brauchle C, Agarwal A, Kotov
NA, Schulte T, Hofmann E, Brotosudarmo THP. Plasmon enhancement of fluorescence
in single light-harvesting complexes from Amphidinium carterae. Acta Physica Polonica
A. 2009;116:522-525. DOI: 10.12693/APhysPolA.116.5-22

Olejnik M, Krajnik B, Kowalska D, Twardowska M, Czechowski M, Hofmann E, Mack
owski S. Imaging of fluorescence enhancement in photosynthetic complexes coupled to
silver nanowires. Applied Physics Letters. 2013;102(8):083703. DOI: 10.1063/1.4794171

Mackowski S, Wormke S, Maier AJ, Brotosudarmo TH, Harutyunyan H, Hartschuh A,
Govorov AQO, Scheer H, Brauchle C. Metal-enhanced fluorescence of chlorophylls in sin-
gle light-harvesting complexes. Nano Letters. 2008;13:558-564. DOI: 10.1021/n10728540

109



110

Photosynthesis - From Its Evolution to Future Improvements in Photosynthetic Efficiency Using Nanomaterials

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[73]

[76]

[77]

[78]

Barazzouk S, Kamat PV, Hotchandani S. Photoinduced electron transfer between chloro-
phyll a and gold nanoparticles. The Journal of Physical Chemistry B. 2005;109:716. DOI:
10.1021/jp046474s

Nieder JB, Bittl R, Brecht M. Fluorescence studies into the effect of plasmonic interac-
tions on protein function. Angewandte Chemie International Edition. 2010;49(52):10217-
10220. DOI: 10.1002/anie.201002172

Beyer SR, Ullrich S, Kudera S, Gardiner AT, Cogdell R], Kohler J. Hybrid nanostruc-
tures for enhanced light-harvesting: Plasmon induced increase in fluorescence from
individual photosynthetic pigment-protein complexes. Nano Letters. 2011;11:4897. DOI:
10.1021/n1202772h

Falco WF, Botero ER, Falcao EA, Santiago EF, Bagnato VS, ARL C. In vivo observa-
tion of chlorophyll fluorescence quenching induced by gold nanoparticles. Journal of
Photochemistry and Photobiology A: Chemistry. 2011;225(1):65-71. DOI: 10.1016/j.
jphotochem.2011.09.027

Sharma P, Bhatt D, Zaidi MG, Saradhi PP, Khanna PK, Arora S. Silver nanoparticle-
mediated enhancement in growth and antioxidant status of Brassica juncea. Applied
Biochemistry and Biotechnology. 2012;167:2225. DOI: 10.1007/s12010-012-9759-8

Calkins JO, Umasankar Y, O'Neill H, Ramasamy RP. High photo-electrochemical activ-
ity of thylakoid—carbon nanotube composites for photosynthetic energy conversion.
Energy & Environmental Science. 2013;6:1891-1900. DOI: 10.1039/C3EE40634B

Noji T, Kamidaki C, Kawakami K, Shen JR, Kajino T, Fukushima Y, Sekitoh T, Itoh S.
Photosynthetic oxygen evolution in mesoporous silica material: Adsorption of photosys-
tem II reaction center complex into 23 nm nanopores in SBA. Langmuir. 2011;27(2):705-
713. DOI: 10.1021/1a1032916

Kuang TY. Mechanism and Regulation of Primary Energy Conversion Process in
Photosynthesis. Nanjing: Science and Technology Press of Jiangsu; 2003. pp. 22-68

Ze Y, Liu C, Wang L, Hong M, Hong F. The regulation of TiO, nanoparticles on the
expression of light-harvesting complex II and photosynthesis of chloroplasts of
Arabidopsis thaliana. Biological Trace Element Research. 2011;143:1131-1114. DOI:
10.1007/s12011-010-8901-0

Joshi A, Kaur S, Dharamvir K, Nayyar H, Verma G. Multi-walled carbon nanotubes
applied through seed-priming influence early germination, root hair, growth and yield
of bread wheat (Triticum Aestivum L.). Journal of the Science of Food and Agriculture.
2017. DOL: 10.1002/jsfa.8818

Hong F, Yang F, Liu C, Gao Q, Wan Z, Gu F, Wu C, Ma Z, Zhou ], Yang P. Influences
of nano-TiO, on the chloroplast aging of spinach under light. Biological Trace Element
Research. 2005;04:249-260. DOI: 10.1385/BTER:104:3:249

Yang F, Hong F, You W, Liu C, Gao F, Wu C, Yang P. Influence of nano-anatase TiO,
on the nitrogen metabolism of growing spinach. Biological Trace Element Research.
2006;110:179. DOI: 10.1385/BTER:110:2:179



[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Plant Nanobionics and Its Applications for Developing Plants with Improved Photosynthetic...
http://dx.doi.org/10.5772/intechopen.76815

QiM, Liu Y, Li T. Nano-TiO, improve the photosynthesis of tomato leaves under mild heat
stress. Biological Trace Element Research. 2013;156:323. DOI: 10.1007/s12011-013-9833-2

Lei Z, Mingyu S, Chao L, Liang C, Hao H, Xiao W, Xiaoqing L, Fan Y, Fengqing G, Fashui
H. Effects of nanoanatase TiO, on photosynthesis of spinach chloroplasts under differ-
ent light illumination. Biological Trace Element Research. 2007;119:68. DOI: https://doi.
org/10.1007/s12011-007-0047-3

Linglan M, Chao L, Chunxiang Q, Sitao Y, Jie L, Fengqing G, Fashui H. Rubisco activase
mRNA expression in spinach: Modulation by nanoanatase treatment. Biological Trace
Element Research. 2008;122(2):168-178. DOI: 10.1007/s12011-007-8069-4

Gao J, Xu G, Qian H, Liu P, Zhao P, Hu Y. Effects of nano-TiO, on photosynthetic char-
acteristics of Ulmus elongata seedlings. Environmental Pollution. 2013;176:63. DOI:
10.1016/j.envpol.2013.01.027

Zheng L, Hong F, Lu S, Liu C. Effect of nano-TiO, on spinach of naturally aged seeds
and growth of spinach. Biological Trace Element Research. 2005;104:83-91. DOI: 10.1385/
BTER:104:1:083

Mingyu S, Hong F, Liu C, Wu X, Liu X, Chen L, Gao F, Yang F, Li Z. Effects of nano-ana-
tase TiO, on absorption, distribution of light and photoreduction activities of chloroplast
membrane of spinach. Biological Trace Element Research. 2007;118:120. DOI: 10.1007/
512011-007-0006-z

Hong F, Zhou ], Liu C, Yang F, Wu C, Zheng L, Yang P. Effect of nano-TiO, on photo-
chemical reaction of chloroplasts of spinach. Biological Trace Element Research.
2005;105:269-279. DOI: 10.1385/BTER:105:1-3:269

Hong FS, Liu C, Zheng L, Wang XF, Wu K, Song WP, Lv SP, Tao Y, Zhao GW. Formation
of complexes of Rubisco-Rubisco activase from La*, Ce* treatment spinach. Science in
China Series B Chemistry. 2005;48:67-74

Gao F, Hong F, Liu C, Zheng L, Su M, Wu X, Yang F, Wu C, Yang P. Mechanism of nano-
anatase TiO, on promoting photosynthetic carbon reaction of spinach. Biological Trace
Element Research. 2006;111(1-3):239-253. DOI: 10.1385/BTER:111:1:239

Pradhan S, Patra P, Das S, Chandra S, Mitra S, Dey KK, Akbar S, Palit P, Goswami A.
Photochemical modulation of biosafe manganese nanoparticles on Vigna radiata: A

detailed molecular, biochemical, and biophysical study. Environmental Science &
Technology. 2013;47:13122-13131. DOI: 10.1021/es402659t

Haghighi M, Pessarakli M. Influence of silicon and nano-silicon on salinity tolerance of
cherry tomatoes (Solanum lycopersicum L.) at early growth stage. Scientia Horticulturae.
2013;161:111-117. DOI: 10.1016/j.scienta.2013.06.034

Qados AMSA. Mechanism of nanosilicon-mediated alleviation of salinity stress in faba
bean (Vicia faba L.) plants. American Journal of Experimental Agriculture. 2015;7:78-95.
DOI: 10.9734/AJEA/2015/15110

Sheykhbaglou R, Sedghi M, Shishevan MT, Sharifi RS. Effects of nano-iron oxide par-
ticles on agronomic traits of soybean. Notulae Scientia Biologicae. 2010;2:112-113. DOI:
10.15835/nsb224667

111



112

Photosynthesis - From Its Evolution to Future Improvements in Photosynthetic Efficiency Using Nanomaterials

[92]

[93]

[94]

[95]

[96]

Racuciu M. Iron oxide nanoparticles with (-cyclodextrin polluted of Zea mays plantlets.
Nanotechnology Development. 2012;2:31-35. DOI: 10.4081/nd.2012.e6

Rad ]S, Karimi ], Mohsenzadeh S, Rad MS, Moradgholi J. Evaluating SiO, nanoparticles
effects on developmental characteristic and photosynthetic pigment contents of Zea mays
L. Bulletin of Environment, Pharmacology and Life Sciences. 2014;3:194-201

Subbaiah LV, Prasad TN, Krishna TG, Sudhakar P, Reddy BR, Pradeep T. Novel effects
of nanoparticulate delivery of zinc on growth, productivity, and zinc biofortification in
maize (Zea mays L.). Journal of Agricultural and Food Chemistry. 2016;64(19):3778-3788.
DOI: 10.1021/acs.jafc.6b00838

Galbraith DW. Nanobiotechnology: Silica breaks through in plants. Nature Nanotechnol
ogy. 2007;2(5):272-273. DOI: 10.1038/nnano.2007.118

Torney F, Trewyn BG, Lin VS, Wang K. Mesoporous silica nanoparticles deliver DNA
and chemicals into plants. Nature Nanotechnology. 2007;2(5):295-300. DOI: 10.1038/
nnano.2007.108



