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Novel Approach of Nanophotonic Electron Transfer for Augmenting
Photosynthesis in Arachis hypogaea: A Biophysical Rationale behind
the Plasmonic Enhancement of Chemical Energy Transfer
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ABSTRACT: Plant photosynthetic machinery is the main source of acquisition and conversion of solar energy to chemical energy
with the capacity for autonomous self-repair. However, the major limitation of the chloroplast photosystem is that it can absorb light
only within the visible range of the spectrum, which is roughly 50% of the incident solar radiation. Moreover, the photosynthetic
apparatus is saturated by less than 10% of available sunlight. If the capacity of solar light absorption and the transmission of resulting
photons through the photosynthetic electron transport chain (ETC) can be extended, the overall efficiency of photosynthesis can be
improved. The plant nanobionic approach can address this via the introduction of nanoparticles into or in the vicinity of the
photosynthetic machinery/chloroplast. We have studied this exceptional nanobionic-mediated capability of two optically active
nanostructures and evaluated the impact of their optical properties on plant photosynthesis. Our study revealed that metal (Ag) and
core—shell metal nanostructures (AgS) can increase light absorption and improve electron transport through ETC. Both
nanostructures were found to have a beneficial effect on the photoluminescence property of the isolated chloroplast. Translocation
studies confirmed systemic transportation of the nanomaterial in different plant tissues. The primary growth parameters showed no
detrimental effect until 21 days of treatment on Arachis hypogaea. The nano silver/silica core/shell structure (AgS) was found to be
more advantageous over nano silver (AgNP) in photon entrapment, light-dependent biochemical reactions, and toxicity parameters.
In the future, these nanostructures can enhance photosynthesis by increasing light absorption and resulting in higher assimilatory
power generation in the form of ATP and NADPH. This approach may lead to a paradigm shift toward a sustainable method for the
configuration of plant chloroplast-based hybrid energy harvesting devices.

Bl INTRODUCTION CO, fixation—take place to produce glucose as the final
In the biological realm, plants have developed the most product.” The range of wavelengths at which chloroplasts can
fundamental and essential physiological mechanism for energy absorb solar irradiation is rather narrow. Less than 10% of the
entrapment, known as photosynthesis.' The unique ultra- sunlight is used by plants’ photosynthetic assembly’ and
structural merit of plant cells and organelles has made them therefore leaves room for improvement in the solar energy

scientifically attractive in the last few years to develop bio-
interfacing devices using nanostructures; this technology is
precisely known as plant nanobionics. Chloroplasts are the
organelles where chemical energy is produced in green plants.
The captured solar energy is then employed as the
fundamental unit to regulate various physiological processes
by plants and is taken forward to the ecosystem in the form of
chemical energy. For photosynthesis to occur, two sets of
processes—light-dependent reactions and light-independent

conversion efficiency for augmented photosynthesis and

Received: January 17, 2024
Revised:  July 2, 2024
Accepted: July 8, 2024
Published: August 8, 2024

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.4c00550

v ACS PUb| ications 35332 ACS Omega 2024, 9, 35332—35347


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shikha+Dhiman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nitai+Debnath"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaustav+Bandyopadhyay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sumistha+Das"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c00550&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00550?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00550?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00550?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00550?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00550?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00550?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00550?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00550?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/33?ref=pdf
https://pubs.acs.org/toc/acsodf/9/33?ref=pdf
https://pubs.acs.org/toc/acsodf/9/33?ref=pdf
https://pubs.acs.org/toc/acsodf/9/33?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

utilization of acquired energy further. Expanding the spectrum
of solar light absorption is of utmost importance to increase
photosynthetic efficiency.”

A huge number of studies have already shown that many of
the engineered nanoparticles (NPs) have distinct optical,
electronic, and absorption spectra that expand into the
ultraviolet, visible, and near-infrared ranges.S Nanomaterials,
due to their unique characteristics and increased stability, can
create chloroplast—nanomaterial-based photocatalytic stable
assemblies with enhanced features for both in vivo and ex vivo
conditions. It is also evident that neither the chloroplast
absorbs the full amount of solar radiation in nonsaturating light
situations nor all of the absorbed photons are engaged in
electron transfer under intense light conditions.”® NPs can
interfere with and modulate capacity for photosynthetic energy
production, photochemical fluorescence, and quantum yield
depending on chloroplast-mediated light-harvesting capacity.”
In keeping with the value of the process, scientists tried either
to artificially duplicate the natural process of photosynthesis or
to increase its efficiency in plants utilizing interference of
nanotechnology.

There are several studies on the improvement of photo-
synthetic activity in plants. For example, by introducing carbon
nanotubes (CNTs) into the chloroplast, plants have been
reported to enhance capturing light energy.” Scientists have
also experimentally proved that the chloroplast is able to
collect light wavelengths beyond the limited range, such as in
ultraviolet, green, and near-infrared, in the presence of CNTs,
which act as artificial antenna elements.”"°

In addition to the theory of nanomaterial-induced photon
absorption, Govorov et al. came up with a very interesting
finding that revealed that metal NPs have additional potential
to modulate solar light absorption and thereby convert light
energy into chemical energy in a nanomaterial-based hybrid
artificial photosynthetic model system.'' Surface plasmon
resonance (SPR) is a well-known attribute of metal NPs in a
size-dependent manner. In the presence of metal NPs (Ag and
Au), incident photons of appropriate wavelength induce
generation of resonating surface polaritons. These excited
polaritons were combined with light-absorbing chlorophyll
molecules, resulting in an improved photocurrent response.
The dual effect of SPR and electron—hole separation have
been shown to boost the generation of excited electrons'' in
the artificial light-harvesting photosynthetic model system.
According to Govorov et al,, this new hybrid system has the
potential to produce 10 times as many excited electrons.''

Core/shell nanostructures (CSNs) have captured scientific
attention in various fields including imaging, photonics, and
advanced agriculture due to their unusual features resulting
from their shape, core geometry, shell structure, and different
blends of core and shell arrangements.”” CSNs not only
compensate for some of the shortcomings of bare NPs but also
amplify several other properties. The goals of coating the core
NPs are several, including surface modification, the potential to
increase stability, efficiency, porosity, and dispersibility,
controlled core release, reduced consumption of rare elements,
etc."”’ For example, Negishi et al. reported that incorporating
TiO, into Au/Pb CSNs significantly increased water oxidation
activity.'"* When compared to uncoated CeO, NPs, poly-
vinylpyrrolidone (PVP)-coated CeO, NPs improved stomatal
conductance. Also, increased stomatal conductance indicated
that CeO, NPs had a positive role in gas exchange in
soybeans."” For photocatalytic water splitting, Zhang et al.

used platinum-modified graphitic carbon nitride,'® whereas
Zheng et al. used hollow CSNs to separate oxidation and
reduction centers for the same effect.'” In another example, Li
et al. developed reduction-cocatalyst Pt NPs onto the inner
shell surface of hollow carbon nitride spheres, while oxidation-
cocatalyst Co;0, NPs were on the outer shell surface. This
conjugate considerably improved photocatalytic activity for H,
and O, evolution."® In a similar study,'” the nanosized silica
compound attached to PSII initiated the constant activity of
the photosynthetic oxygen-evolving process, demonstrating
light-driven electron transport from water to quinone
molecules.

In natural photosynthetic machinery (isolated plant
chloroplast) using single-walled carbon nanotubes (SWNTs),
Giraldo et al. showed for the first time that specific localization
of these optically active nanomaterials could have a beneficial
impact on photosynthetic activity and electron transport rate.’
In other nanobionic studies, researchers have also shown that
this property of SWNT's can be utilized for their localization in
the chloroplast, leading to the development of photonic
chemical nanosensors.

Our previous communication revealed that Au nanocrystals
localized around chloroplast molecules can promote light
absorption and enhance photosynthetic electron transport and
ATP synthesis, resulting in improved overall plant develop-
ment.”’ Bare noble metal nanocrystals (Au and AgNP) can
increase the photosynthesis rate. Core/shell nanostructures of
these noble metals have the potential to further increase
photosynthetic efficiency."" Also, theoretically, it has also been
shown that SPR peaks of silica/Ag and silica/Au CSNs shifted
to 670 and 680 nm, respectively, and coincided with the
absorption maxima (673 nm) for the chloroplast photosystem
reaction center. As a result, CSNs of Ag and Au were much
more suited for augmenting photosynthesis.'> Zhang et al.
investigated the effect of Ag/SiO, CSNs on the expression of
the secondary plant metabolite artemisinin from a hairy root.
This study also exhibited that CSNs had the potential to
improve plant growth and production.'®

All these findings are the impetus behind our study to
investigate the role of optically active silver NPs (AgNPs) and
core/shell silver/silica NPs (AgS) in light harvesting and the
photosynthetic light and dark reaction in a plant chloroplast
model system along with their effect on the growth parameter
in a plant model system. Many NPs have been engineered to
have low or negligible toxicity, which is probably the most
desirable property when considering application of NPs for
agriculture. Here, we showed that due to the shift in plasmon
resonance, the chemical energy production rate and generation
of electrons inside the photosynthetic complex can be
significantly enhanced by coating. Smaller size distributions
and enhanced photostability of the core/shell silver/silica
nanostructure made them a better alternative than bare AgNPs
for such applications. The studies reveal the possibility of using
core/shell AgS as a robust novel material in the expanding field
of plant photobiology.

B EXPERIMENTAL SECTION

Synthesis of Nanoparticles. AgNPs were synthesized by
a simple wet reduction method reported by Radziuk et al. with
some modifications.”’ 1 mL of trisodium citrate (30 mM) was
mixed with silver nitrate (0.25 mM, 100 mL) and sodium
borohydride (10 mM, 3 mL). This solution was heated at 80
°C and kept undisturbed for 2 h after heating. The color of the
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solution changed to light brownish yellow, confirming the
synthesis of silver colloid. The as-prepared silver colloid was
further cooled and centrifuged at 5000 rpm for 20 min. The
pellet was washed with deionized water (DW). The dispersed
NPs were stored at 4 °C for further investigation.

For AgS synthesis,”” 8 mL of as-prepared AgNPs were
dispersed in 20 mL of deionized water. 200 mL of propane-2-
ol and 3.2 mL of ammonium hydroxide were added further to
the dispersion. It was followed by dropwise addition of 200 uL
of tetraethyl orthosilicate (TEOS), and stirring was continued
for 30 min. The solution was then kept undisturbed at 4 °C for
overnight. The next day, centrifugation at 3000 rpm was
carried out, followed by repeated washing with a 5:4 water—
ethanol mixture. Finally, AgS was air-dried for future use.

Physicochemical Characterization of Nanoparticles.
Synthesized AgNPs and AgS were characterized using
microscopic and spectrophotometric techniques. The detailed
methodology for sample preparation is available in the
Supporting Information (SI) section.

Stability Study. The stability of these synthesized
nanostructures was thoroughly studied using thermal gravi-
metric analysis (TGA), ¢ potential, and hydrodynamic radius
analysis in different experimental situations. The detail of the
method utilized is elaborated in the SI section.

Photosynthesis Study. Isolation of the Chloroplast. The
chloroplast was isolated from leaves following Gerwick.”> For
this, fully inflated Arachis hypogaea leaves were divided into
smaller pieces and blended for 1S s in a solution containing
330 mM mannitol, 30 mM HEPES, 2 mM EDTA, 3 mM
MgCl,, and 0.1% w/v BSA (pH 7.8). After filtration of the
slurry through three layers of cheesecloth, it was centrifuged
for S min at 250g. The supernatant was further centrifuged at
1000g for an additional $ min.”> The chloroplast pellet was
cleaned and resuspended in an extraction buffer before being
used to study the photosynthetic pathway.

Light-Dependent Reaction. Measurement of the Hill
Reaction. Water splitting by light in the absence of CO, is
known as the Hill reaction. Hill activity was assayed according
to the method of Vishniac.”* For this, I mL of chloroplast
solution was mixed with 4 mL of sucrose—phosphate buffer.
Then, 0.5 mL of 0.03% 2,6-dichlorophenolindophenol
(DCPIP) was added to a 6-well transparent plate. Absorbance
was recorded at 620 nm after light irradiance for 2 min. This
treatment was carried out in a lightbox equipped with
photosynthesis-specific cool fluorescent bulbs. Reactions in
the dark resulted in pigment depletion due to another
nonphotosynthetic event, which was subtracted from the
total absorbance to obtain the net light depletion for treatment
only. The net reduction due to the Hill reaction was expressed
as puMole DCPIP decreased/min. The same method was
repeated with different concentrations (10, 100, 1000, 10, and
100 ppm) of AgNP and AgS solutions. The whole set of
experiments were repeated at least three times.

Photophosphorylation. The change in ferricyanide and
NADP was determined spectroscopically by the Trebst
method.” Ferricyanide reduction was measured using a
mixture containing the chloroplast (10 ug chloroplast/mL),
86 mM sorbitol, S0 mM tricine (pH 8.1), S0 mM NaCl, § mM
MgCl,, 2 mM K,HPO,, 2 mM ADP, and 1 mM ferricyanide.
Immediately after 1 min of saturated irradiation, trichloroacetic
acid (TCA) was added to a final concentration of 1.8%.
Chloroplasts were pelleted by centrifugation, and the

absorbance of the supernatant was measured at 420 nm.”

The dark control did not show any reduction of ferricyanide.

The experimental conditions for measuring the NADP
reduction were the same, except for the removal of ferricyanide
from the reaction mixture and the addition of 3 uM purified
spinach ferredoxin (from Sigma) and 0.66 mM NADP. After
irradiating for 1 min, the reaction mixture was centrifuged, and
a change in absorbance was recorded at 340 nm.

ATP Synthesis Analysis. Light-induced ATP production in
chloroplasts was quantified by comparing the level of ATP in
the dark and 1 min after illumination. For this, 1 mL of the
reaction mixture containing 0.4 M sucrose, 50 mM Tris-HCI
(pH 7.6), 10 mM NaCl, S mM MgCl,, 2 mM ADP, 10 mM
Na,HPO,, and undamaged chloroplast was taken in a 6-well
plate. The dark control and light-illuminated samples were
immediately treated with 10% TCA and neutralized with 3 M
Na,CO; later.”® The ATP Colorimetric Assay Kit (Elabs-
cience) was used for the ATP content assay.

Oxygen Evolution. Oxygen evolution was assayed in a
medium consisting of 0.33 M sorbitol, 2.0 mM NaEDTA, 1.0
mM MgCl,, 1.0 mM MnCl,, and 50 mM HEPES. 0.88 mM
2,6-dichlorophenolindophenol (DCPIP) served as an oxidant
in all assays and was added to the medium immediately prior
to administration of the chloroplasts. The reaction was
illuminated for 1 min with visible light (400—700 nm).”’
Oxygen evolution was measured in a Clark-type oxygen
electrode (Hansatech).

Photoluminescence Spectroscopy. To understand the
impact of NPs on photon absorption, the isolated chloroplast
was dispersed in different AgQNP and AgS samples. The same
concentration of NP solution (200 uL) was added to different
volumes of the chloroplast solution, and the corresponding
photoluminescence (PL) spectra were recorded at room
temperature using an Agilent Cary Eclipse spectrofluorometer.

Similarly, PL spectra were obtained with chlorophyll treated
with different concentrations of AgNPs and AgS. Here, the
amount of chlorophyll was constant. The PL spectra were
recorded to understand the effect of NPs on plant photon
absorption using a high-resolution spectrofluorometer.

Light-Independent Reaction. Carbon Assimilation
Assay. NADP-glyceraldehyde-3-phosphate Dehydrogenase
(GPDHase) Activity. The method described by Taylor et al.
was used to measure the NADP-glyceraldehyde-3-phosphate
dehydrogenase (GPDHase) activity in chloroplasts.”**’ The
enzyme was activated by addition of 0.1 mL of the isolated
enzyme extract to a reaction mixture containing 0.2 M tricine
(pH 8.4) and 20 mM ATP. After incubation for S min, another
reaction mixture consisting of 62.5 mM tricine (pH 8.4), 16
mM MgCl,, 7.8 mM ATP, and 0.2 mM NADH was added.
The oxidation of NADPH was then observed at 340 nm after
the addition of S0 mM glycerate 3-P to initiate the reaction.

Fructose-1,6-bisphosphatase (FBPase) Activity. Preincu-
bation of the enzyme extract with the reaction medium
containing 0.14 M tricine (pH 7.9), 14 mM MgCl,, 7 mM
DTT, and fructose-1,6-bisphosphatase (FBPase) was carried
out for 10 min. Post incubation, 60 mM fructose-1,6-
bisphosphate was added to the primary solution. After 15
min, 0.5 mL of 10% (w/v) TCA was added to end the
reaction. To quantify the enzyme activity, the absorbance was
recorded at 340 nm after centrifugation for 10 min at 12,000g.

Uptake and Translocation Study of AgNPs. Micro-
scopic Analysis of NP Translocation. Synthesis of FITC-
Tagged NPs. For investigation of NP uptake in a plant system,
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Figure 1. HR-TEM image of (a) AgNPs and (b) AgS (silica coating visible in gray contrast). (c) UV—vis spectra of AgNPs and AgS showing a red
shift. (d) FTIR spectra of AgNPs and AgS clearly showing Si—O—Si stretching. (e) TGA analysis of AgNPs and AgS.

fluorescein-B-isothiocyanate (FITC)-tagged AgNPs (AgNP-
FITC) were synthesized. To make AgNP-FITC, AgNPs were
first amine-functionalized by co-condensation of 3-amino-
propyltriethoxysilane (APTES). For this, 0.5 g of AgNPs were
dispersed in about 50 mL of DMSO for about 30 min in an
ultrasonic bath. After addition of 400 uL of APTES to the
dispersion, the mixture was refluxed at 120 °C for about 3 h,
followed by centrifugation at 12,000 rpm for 15 min and
washing of the pellet several times with ethanol. Finally, the
product was dried at 60 °C overnight to obtain amine-
functionalized AgNP.

For preparing FITC tagging on amine-functionalized
AgNPs, aminated AgNPs were dispersed in 0.1 M Na,CO;
buffer. 1 mg of FITC dissolved in 2 mL of DMSO was
immediately added to this, and the reaction mixture was stirred
at room temperature for 24 h in the dark. FITC-labeled AgNPs
(AgNP-FITC) were recovered by centrifugation at 10,000 rpm
at 4 °C. Pellets were washed repeatedly and dispersed in
distilled water to remove excess FITC.

Translocation Study of Fluorophore-Coated NPs in
Plants. AgNP-FITC exhibited much stronger fluorescence
than AgNPs alone. Therefore, the AgNP-FITC dispersion was
used for the plant uptake study. For this, FITC-tagged AgNPs
were dispersed in water and used for the uptake study with
incubation of groundnut seedlings for 24 h. For this, 15-day-
old seedlings were taken in a conical flask and incubated in
fluorescent NP solution with their root under submerged

35335

conditions. Finally, the plants were removed and washed
thoroughly with water. Thin cross sections of leaf, petiole, and
root samples were obtained manually. Finally, the samples
were fixed with glycerol, and sectioned samples were observed
under a fluorescence microscope under an FITC filter. The
same protocol was also employed for the confocal imaging of
the sample. A Nikon eclipse Ts2R-FL microscope was used for
fluorescence microscopy, and a Nikon eclipse TI2 AIR model
was used for confocal microscopy imaging for in vivo FITC-
tagged NP studies.

Ag* Release Study by ICP-MS. Ag* release from the NP-
treated plant was monitored using the inductively coupled
plasma mass spectroscopy (ICP-MS) technique at pH 7. For in
vivo ICP-MS measurement, AgNPs were sprayed on the plant
samples at a dosage of 100 ppm. After 15 days of growth, the
leaf and root samples of both treated and control plants were
collected and dried in an oven at 37 °C. 1 gm of the dried
sample was subjected to digestion using the standard
procedure and calibrated against the Ag standard. Then,
ICP-MS was used to assess the concentration of Ag to
understand the uptake and translocation of NPs in plants.

Fluorescence Intensity Measurement. The experiment
was designed to study the change in the fluorescence intensity
of chloroplasts in vivo. For this, four fully grown leaves
together with the petiole from the top were taken and kept in
different treatments for 72 h. The leaves were dipped in a
microfuge tube containing 2 mL of dispersions each of Ag,

https://doi.org/10.1021/acsomega.4c00550
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Figure 2. UV—vis absorption spectra. (a) AgNPs and AgS showing a red shift in the SPR of AgNPs after coating with silica. This absorption
spectrum overlaps with the absorption maxima of the chloroplast (shown in the shaded column). Photoluminescence emission spectra representing
(b) an increase in CLP emission after introduction of AgNPs, (c) AgNP emission with a gradual increase in chloroplast amount, (d) AgS emission
with a gradual increase of chloroplast, (e) chlorophyll treated with increasing concentration of AgS, and (f) chlorophyll treated with increasing

concentration of AgNPs.

AgS, and AgNP-FITC in Hoagland solutions. The control set
was dipped in Hoagland solution only. Leaves were taken out,
covered with foil, and kept in the dark for 72 h. After 3 days,
the leaves were homogenized in an isolation buffer to extract
the chloroplast. After filtration and centrifugation steps, the
supernatant was read for fluorescence intensity at 420 nm
excitation using a multimode plate reader (TECAN INFINITE
M Plex).

Toxicity Study. The toxicity analysis of nanomaterials with
application potential in the nanobiointerface is of paramount
importance. In our study, not only the entry of NPs within the
plant system but also the analysis of plant growth parameters
and the development of reaction oxygen species (ROS) in the
plant were carried out. The detailed protocol of this section is
available in the SI section.

The toxicity of AgNPs and AgS was further investigated in a
human breast cancer cell line (MDA-MB-231) using an MTT
assay. This methodology is also described in the SI section.

B RESULTS AND DISCUSSION

Characterization of Synthesized Nanoparticles. The
morphology of both coated and uncoated AgNPs was studied
by high-resolution transmission electron microscopy (HR-
TEM). The results clearly showed the formation of the SiO,
shell around the surface of the AgNP. The core and shell
diameters of NPs were determined by measuring the difference
in contrast of the TEM images. The average particle size of
AgNPs and AgS was found to be 30 and 50 nm, respectively
(Figure 1a,b).

The SPR peaks of AgNPs and AgS were obtained at 418 and
447 nm, respectively (Figure 1c). In this case, the absorption
band of SPR shows a red shift and a broadened peak for AgS,
which is an indication of the larger coverage of AgNP core
surfaces by silica molecules. The surface functionality of

synthesized NPs was confirmed by the FTIR spectrum (Figure
1d). The surface of the AgNP was covered with hydroxyl
groups, which was signified by O—H stretching at 3400 cm™".
The C=O stretching was observed at 1640 cm™'. The
additional band observed in AgS NPs at around 1073 cm™" is
due to Si—O—Si stretching, confirming successful conjugation.

Stability Study (TGA, ZETA, and DLS). The TGA results
(Figure le) for Ag and AgS revealed that they were highly
stable at temperatures ranging from 25 to 80 °C (this range of
temperature is beyond the requirement of plants). The samples
did not begin to disintegrate or react within the temperature
range specified. The weight loss for Ag and AgS was majorly
due to water loss during heating.

The tendency for the particles to attract and come together
(hence the chance of agglomeration) would be absent if all of
the particles in a suspension had a strong negative or positive ¢
potential, as the particles would repel each other. The
dispersion would resist flocculation, and the colloidal system
would be stable if the particle repulsion was strong enough.
From the data, it was observed that the { potential for AgNPs
was found to be —22 mV, and for AgS, it was —21 mV. Both
values stated that the NPs are highly dispersed and stable. The
slight decrease in the { potential of AgS is due to the decrease
in the positive charge present on AgNPs before coating.

To ensure that the NP suspensions were stable, the samples
were examined using the DLS technique over a time period of
S days. Data were collected on days 1, 3, and S for both NPs
dispersed in distilled water. For AgNPs, after 3 days, the
average hydrodynamic diameter grew from 166.4 to 171.4 nm
and then from 171.4 to 172.6 nm on day S. The increase in
diameter was due to some aggregation of AgNPs, but the
difference was not significant, indicating that the sample
suspension was quite stable. Similarly, for AgS, the diameter
grew from 351.7 to 356.4 nm on the third day and to 366 nm
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Figure 3. Biochemical changes in the photosynthetic pathway in AgNP- and AgS-treated chloroplasts. (a) Ferricyanide reduction [Ag F = 102.3, P
< 0.001; AgS F = 256.8, P < 0.001]. (b) Change in oxygen evolution [AgNP F = 7.274, P < 0.01; AgS F = 22.4, P < 0.001]. (c) Hill reaction in
treated chloroplasts [AgNP F = 177.2, P < 0.001; AgS F = 194.9, P < 0.001]. (d) NADP reduction [AgNP F = 126.9, P < 0.001; AgS F = 182.3, P <
0.001]. (e) Activity of ATPase [AgNP F = 449.2, P < 0.001; AgS F = 713.1, P < 0.001]. Within each type of treatment, mean data (+SE, n = 3)
followed by the same uppercase letter are not significantly different for a particular dose of AgNPs; within AgS treatment, means followed by the
same lowercase letter are not significantly different (Tukey—Kramer HSD test).

on the fifth day (Table S1 in the SI section). The cumulative
result indicates the use of the nanostructures to be stable, but
sonication is required before bioassays.

Effect of AgNP and AgS on Photosynthesis. Spec-
trophotometric Analysis of the NP—CLP Complex. Acquis-
ition, conversion, and storage of energy are among the basic
challenges of civilization over time. If the capacity of solar light
absorption by the photosynthetic pigment can be extended,
then the photosynthetic efficiency can be improved. The
strong enhancement of electromagnetic fields generated
through plasmon resonances in metal films and nanoparticulate
form has in recent times stimulated considerable interest in
photobiology and photosynthesis. The plasmon effect can
increase the generation of electrons inside the photosynthetic
complex. Here, we have shown a biophysical rationale behind
the transfer of excited electrons from SPR active metal
nanostructures to chloroplast (CLP) machinery. AgNPs and
AgS showed SPR peaks at 418 and 447 nm, respectively
(Figure 2a). The red shift in the absorption maxima of AgNPs
caused by the formation of the silica shell resulted in a clear
overlap in the absorption maxima of chlorophyll and AgS.
Hence, AgS showed potential to enhance light absorption
more with respect to naked AgNPs.

When a molecule gets excited by irradiation with a specific
wavelength, it absorbs energy and emits energy at a different
wavelength, which is usually in a longer range due to energy
dissipation.”” The 685 nm fluorescence emission spectra in the
chloroplast are a result of antenna chlorophylls linked with the
PSII reaction center.”' Most of this fluorescence is caused by
excitation energy transferred from light-harvesting chlorophyll-
pigment complexes associated with reaction-center polypep-

tides.”" To prove the effect of these NPs in electron exchange,
we carried out the PL emission spectral analysis of the CLP
nanoconjugate in detail. AgNPs and AgS themselves were
found to be luminescent in nature and exhibited blue
luminescence under exposure to UV light (Figure S1 in the
SI section). PL spectra for AgNPs and AgS were studied at
excitation wavelengths of 365 and 380 nm, respectively. It was
observed from the graph (Figure 2b) that the chlorophyll
emission peak was at 680 nm, and this peak was intensified
with addition of AgNPs to CLP solution. The same pattern
was also observed with the gradual addition of CLPs to a
constant amount of AgNPs (Figure 2c). A similar trend was
also reported by Chandra et al.” The gradual decrease in
emission spectra at 400—450 nm in the case of AgNPs
indicated energy transfer from NPs to CLPs. This also
indicated the formation of a stable assembly of NPs after
being adsorbed on the surface of CLP. In the case of nano AgS
(Figure 2d), different spectral patterns having more than one
emission peak were obtained due to Ag/silica core/shell
structure formation. With addition of 50 uL of CLPs to nano
AgS, initially, a slight decrease in the emission spectrum at
around 450—500 nm and a simultaneous increase in the 680
nm CLP peak was observed like the AgNP emission spectral
pattern illustrated (Figure 2c). This excitation-dependent
emission spectra of the CLP—NP conjugate also revealed a
different phenomenon with gradual addition of CLP (at or
beyond 100 uL). Herein, the emission peak in 525 nm was
found to be increased in intensity. This was due to the absolute
overlapping absorption spectra of AgS with CLP, resulting in
generation of a single peak of the highest intensity (525 nm).
To further prove that the increase in CLP emission peak
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intensity at 680 nm was due to electron/energy transfer and
not simply due to introduction of a greater number of
chloroplasts to the NPs, another experiment was designed. For
this, PL enhancement was again studied for chlorophyll
molecules with a gradual increase in NP concentration. It has
been observed from the results (Figure 2e,f) that the emission
peaks for chlorophyll treated with different concentrations of
AgS and AgNPs were found to be intensified as compared with
untreated chlorophyll. This holds true for all applied
concentrations from 10 ppb to 100 ppm dosages of NPs.
The substantial increase in the chlorophyll emission intensity
on coupling with NPs was due to the antenna effect resulting
from strong plasmonic interaction. Another observation also
revealed that the augmentation in FL intensity was higher in
AgS treatment compared to AgNP treatment. Based on this
experimental outcome, the dosages for further in vitro light-
dependent biochemical assays were determined.
Light-Dependent Reaction. In the light-dependent
reaction, enhanced absorption of light energy is transformed
into chemical energy. This in turn improves the electron
transport rate, oxygen evolution rate, photophosphorylation
activity, etc. The electronic band gap of these NPs allows them
to convert the captured energy from the sun into excitons and
also transfer electrons toward photosynthetic machinery. In
our case, the high electron transfer from AgNPs and AgS to
CLPs could possibly contribute to the formation of a stable
CLP—NP complex. This brought the energy donor and
acceptor molecules in close vicinity on the surface of CLPs
and helped in formation of an in vitro hybrid light-harvesting
complex. This association was more prominent in the case of
AgS—CLP because of the overlapping absorption spectral
pattern of NPs and CLP. To study the effect of such optically
active engineered nanomaterials in ETC, we developed an in
vitro CLP—NP hybrid photosynthetic model system. For
different biochemical reactions, we have taken this model and
different electron acceptor molecules to observe the rate of
electron flow. It is well-established that plant chloroplasts
release oxygen in the presence of ferricyanide, where the
ferricyanide reduction occurs through electron transfer from
PSII during the light-dependent reaction of photosynthesis.*”
It was depicted from the graph findings (Figure 3a) of
ferricyanide reduction under appropriate light induction in the
presence and absence of NPs, which was an indication of the
energy transfer through electrons traveling down the line
through the process.” Our study revealed that greater
ferricyanide reduction took place in all AgNP- and AgS-
treated samples with respect to the untreated control system.
Maximum reduction was found at a dose of 100 ppm AgS,
indicating 11.932 mM higher ferricyanide reduced/min with
respect to the control. The results showed (Figure 3a) a
gradual increase of ferricyanide reduction in the presence of
NP treatment. In this case, the better efficacy resulted from the
core/shell nanostructure. This confirmed a substantial amount
of electron transfer and their entry into PSII in the presence of
AgNPs and AgS, suggesting an augmented photoreduction of
the electron acceptor. Oxygen evolution is a byproduct of the
photosynthetic light reaction during oxidation of water
molecules. Quantification of oxygen evolution as part of
water splitting was thoroughly measured at this stage to relate
it to the ETC activity. The oxygen evolution was measured
polarographically*” using DCPIP (2,6-dichlorophenolindophe-
nol) as an artificial electron acceptor (Figure 3b). The highest
oxygen evolution was found at a concentration of 1000 ppb for

both AgNPs and AgS. At this dose, 1.9 and 3.6% increases in
oxygen evolution were observed relative to control with AgNP
and AgS treatment, respectively. Beyond this level, the amount
of oxygen evolution for the AgNP—CLP cluster was at the
same level as control sets, indicating the attainment of a
saturation level. In the case of the AgS—CLP system, though
the oxygen evolution was higher than that of control, it
gradually reached the saturation level. This can be explained by
the completion of the photoreduction, as all of the available
electron acceptor molecules were already utilized.*®

The Hill reaction, an alternate technique of polarography,
was thoroughly investigated in terms of Hill activity measure-
ment’” utilizing the same electron acceptor, ie., DCPIP
(Figure 3c). The DCPIP decrease was proportional to the
amount of oxygen generation throughout the electron transfer
mechanism in photosynthesis. 29 and 34% reduction values of
DCPIP were observed in comparison to control for the
treatment concentrations of 100 ppm for AgNPs and AgS,
respectively. As a result, the energy or electrons carried from
NPs to CLP altered the whole PSII efficacy. The result
corroborated our finding of oxygen evolution, where AgS
showed better efficiency than AgNPs.

The very conventional process during light-dependent
photosynthesis is electron transfer from PSII to PSL A hole
is naturally generated, as the electron stays at a higher energy
level. This can result in a sprint of electrons downhill from PSII
across multiple electron carriers to the PSI reaction center. To
evaluate this pathway, the effects of AgNPs and AgS on PSI
were also studied using NADP, another powerful electron
acceptor molecule. The reduction of NADP to NADPH was
accelerated in the presence of both NP treatments (Figure 3d),
indicating a higher flow of electrons from PSII to PSI or
straight from chlorophyll to PSI; this was also in agreement
with the previously published report. In accordance with these
observations, the reduction of NADP at all treatment
concentrations of both AgNPs and AgS was higher with
respect to control. As much as 164.3 and 198.86 mmol of
excess NADPH was produced over an hour utilizing per mg of
the leaf sample at the highest concentrations of AgNPs and
AgS, respectively. Similarly, ferricyanide as an electron carrier
was also a major indicator of the ETC process. The amount of
reduced ferricyanide in the presence of treatment can directly
indicate the entire ETC process of the cyclic pathway. This
indicates the accumulation of more reduction power by the
photosynthetic unit, and this could be utilized during the light-
independent reaction of glucose formation.

The production of ATP was the final stage in the light cycle.
Photophosphorylation is a way of transferring energy carried
by a light-excited electron toward the pyrophosphate bond of
an adenosine diphosphate (ADP) unit. It is one of the very
important steps in noncyclic ETC, where ATP is produced to
be utilized as a quantum of energy during a dark reaction. In
this step, the released proton is routed to the ATPase unit via a
proton gradient after water splitting to produce ATP. Figure 3e
shows that the ATP content of AgNP- and AgS-treated
chloroplast is higher than that of control. Between AgNPs and
the core/shell nanostructure (AgS), the latter was found to
perform better at 10 ppb, 100 ppb, 1000 ppb, 10 ppm, and 100
ppm concentrations. The percentage efficiency (17.7%) was
highest in the 10 ppm AgS treatment. In a nutshell, when light
fell on green tissues, these NPs encouraged the energy bundles
found within the pigment layer to quickly transport electrons
toward the reaction center, and these excess electrons were
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never wasted. Both AgNPs and AgS improved chloroplast
efficiency in the whole light-mediated electron transport
pathway. The other associated biochemical reactions also
showed how the transferred energy sharpened the subsequent
electron transfer in light-dependent pathways, which caused
greater ATP and NADPHS generation and therefore enhanced
the reducing potential generation during photosynthesis. This
elevated PSII activity in the presence of AgNPs and AgS, with
respect to the control condition, led to higher oxygen
evolution. As an outcome, photophosphorylation activity was
enhanced because of NP treatments. Both treatments therefore
enhanced not only light absorption but also electron transfer
throughout the complete light reaction, including cyclic and
noncyclic ETC. A similar observation was also reported by
Sharma et al.>*

According to the findings of Rammler et al, a delocalized
polaritonic state can be created between chlorophyll a
molecules in the photosystems of living cells under ambient
conditions in a microcavity,”> and there should be generation
of an electron—hole—photon (e—h—p) system within this
microcavity as proposed by Horikiri et al. in semiconductor
microcavities.”® Wang et al. constructed a model integrating
photosynthetic chlorophyll molecules on the nanostructured
silver films.>” They successfully showed that after absorbing
photons, metal nanomaterials present in the proximity of
photosynthetic chloroplast molecules generate LSPR, which
increases the light-harvesting efficiency of the chlorophyll—
nanoparticle complex. Moreover, this plasmonic nanostructure
also generates DSPR, which can help in light entrapment at the
interfaces. This model system showed increased light harvest-
ing via the anti-Stokes process. This was facilitated by two
simultaneous adsorptions: a low-energy photon and through
the phonon mode of chlorophyll molecules.”®* So, the
enhancement of light capture using a chlorophyll-nanometal
conjugate can mainly be correlated with efficient excitation of
excitons to an even higher level, contributed via the plasmon-
induced enhancement of the local excitation field and exciton—
phonon coupling in the anti-Stokes process.

Light-Independent Reaction. At the onset of the light-
dependent cycle, apart from chlorophyll a, few antenna
pigments also absorb solar irradiation and transfer the energy
to PSI. Accumulation of a huge amount of energy makes the
chloroplast unit highly excited, followed by dissipation of
energy transfer. This phenomenon is known as the quenching
of the excited state. This quenching was very much evident in
all of the experiments carried out for studying cyclic and
noncyclic ETC. In the light-independent reaction or dark
cycle, CO, and water enzymatically combine with two 3C
intermediates. These 3C compounds then undergo reduction
in the presence of NADPH, generated during the light cycle, to
produce carbohydrates. Our NP—CLP model system struc-
tures GPDHase and FDPase activities. When GPDHase
(Figure 4a) and FBPase activities (Figure 4b) were measured
in AgNP- and AgS-treated chloroplasts, it was found that both
NPs were potent in increasing the activity of these two
enzymes with respect to control. Surprisingly, with all NP
concentration treatments, superior enzymatic activity was
observed in both cases with respect to control. However,
administration of dosages higher than 10 ppm showed a
declining effect, which may be an indication of the saturating
phase where reduction power was fully utilized for sugar
formation. Second, as this experiment was carried out
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Figure 4. Changes in carbon assimilation in AgNP- and AgS-treated
chloroplasts. (a) GPDHase activity [AgNP F = 312.4, P < 0.001; AgS
F =207.9, P < 0.001] and (b) FBPase activity [AgNP F = 534.5, P <
0.001; AgS F = 488.7, P < 0.001]. Within each type of treatment,
mean data (+SE, n = 3) followed by the same uppercase letter are not
significantly different for AgNP treatment, and those followed by the
same lowercase letter are not significantly different for AgS treatment.
(Tukey—Kramer HSD test). In each graph, symbols *, **, and ***
denote P < 0.05, P < 0.01, and P < 0.001, respectively.

independent of light in vitro, the results obtained depicted
the efficiency of NPs on the enzyme activity.

The augmented level of NADPH and ATP during in vitro
light reactions in the presence of optically active NPs was not
carried forward in this case, as this experiment was performed
separately in the absence of light. So, the results clearly
suggested that each AgNP and AgS might play a substantial
role in the light-independent reaction as well, even without
being photoinduced. This observation further claims that they
expectedly impact more during natural plant growth conditions
in a field where light and dark reactions are completely
coherent in nature. Although our hypothesis mainly suggested
and proved that optically active metallic and core/shell
nanostructures can drive light absorption directly, this
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Figure 6. Effect of AgNPs and AgS on chlorophyll content of 21-day-treated A. hypogaea plants. (a) Chlorophyll a content [AgNP F = 199.7, P <
0.001; AgS F = 155.6, P < 0.001], (b) chlorophyll b content [AgNP F = 1257, P < 0.001; AgS F = 2018, P < 0.001], and (c) total chlorophyll
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denote P < 0.05, P < 0.01, and P < 0.001, respectively. (d) FTIR analysis showing the effect on the chlorophyll structure after treatment with

AgNPs and AgS.

observation also revealed that they could positively induce a

dark reaction.

Biosafety Study In Vivo. It is reported in several
publications that nanomaterials may cause toxicity in plants,

which can be characterized by metabolic disruptions and
growth inhibition. To evaluate this phenomenon, we have
carried out an in vivo analysis of plant growth parameters in
the presence of AgNPs and AgS. Photographs of plants treated
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Figure 7. Quantification of (a) carbohydrate content [AgNP F = 22, P < 0.001; AgS F = 14.7, P < 0.001], (b) total protein content [AgNP F =
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denote P < 0.05, P < 0.01, and P < 0.001, respectively. The MTT assay rate of cell viability with respect to control on AgNP and AgS treatments

after (d) 12 h, (e) 24 h, and (f) 36 h.

with NPs for 21 days with control sets are shown (Figure
Sa,b). Treated plants were not found to exhibit any indication
of stunted growth, abnormality in vigor, decline in the root
structure, etc. Plants treated with AgNPs and AgS were found
to be healthy at all dosages with no chlorotic or necrotic
indications. As a result, no major abnormalities or stress
responses were observed at any stage.

In the case of root length, the average length was almost the
same with respect to control for all concentrations of AgNPs
and AgS (Figure Sc,d). The plants were healthy even for the
treatment at the highest concentration of 100 ppm. A similar
pattern of data was also observed in the case of shoot length
and leaf count as well, where the overall effect of both NPs
seemed to be nontoxic.

Total biomass in plants is closely related to plant growth and
is a direct outcome of photosynthetic capability, environmental
conditions, nutrition, and other aspects. Although the fresh
weights of control and treated plants differed slightly (but not
significantly), the dry weight was nearly identical (Figure Se,f).
The dry weight represents the total amount of inorganic and
organic substances in the plant tissue. Since dry weight
measures biomass precisely, it eliminates fluctuations caused by
water content. In our experiment, for different NP dosages, the
dry weight was almost like control, indicating no detrimental
impact on growth parameters.

Another significant characteristic to consider when examin-
ing the key physiological process of photosynthesis is the
chloroplast pigment concentration. Nanomaterials are well
known to increase chlorophyll content in plants, although the
effect may vary with plant species and target nanomaterials.
Rad et al. reported that SiO, NPs increased chlorophyll a and b
and carotenoid content in treated plants.*” ZnO NPs were
reported to improve seed germination, seedling vigor,

flowering, and leaf chlorophyll content.*' Ghafari and Razmjoo
found enhancement in chlorophyll content and antioxidant
enzyme activity when wheat plants were treated with FeO
NPs."”” Mohamed et al. discovered that priming with lower
concentrations of AgNPs increased total chlorophyll content,
whereas higher concentrations of AgNPs and SiO, NPs
decreased it.*>**

In our study, chlorophyll a content was found to be
increased at concentrations until 10 and 100 ppm concen-
trations of AgNP and AgS treatment, respectively (Figure 6a).
In comparison with control, NP treatments showed a similar
rise in chlorophyll b and total chlorophyll content (Figure 6)
with respect to control. Because chlorophyll a and b both
absorb photoirradiation from 430 to 660 nm, a rise in their
quantity indicates an increase in the efficiency of photo-
synthetic activity. In our bioassays, both AgNP and AgS
treatments resulted in the overall enhancement of total
chlorophyll content with respect to control (Figure 6¢). The
marginal difference between the two nanostructures in
contributing to pigment content can probably be explained
by the effect of the silica shell over AgNPs. SiO, NPs have also
been reported to show a positive effect on the photosynthetic
rate and stomatal conductance with no effect on chlorophyll
and carotenoid content of Crataegus sp.” This finding
corroborates our result, where the SiO, shell improved the
optoelectronic property of metal nanostructures and photo-
synthetic efficiency with a significant increase in pigment
content. This can be justified as Xie et al. showed SiO, NPs to
be accelerating photosynthesis by increasing carbonic anhy-
drase activity and photosynthetic pigment contents.*® These
results can be varied from species to species.

FTIR Measurement of Chlorophyll-NP Conjugates.
The experiment was designed to study any change in the
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Figure 8. Effect on (a) catalase activity [AgNP F = 128.9, P < 0.001; AgS F = 55.27, P < 0.001], (b) proline content [AgNP F = 16.3, P < 0.001;
AgS F = 31.98, P < 0.001], and (c) phenol content [AgNP F = 137, P < 0.001; AgS F = 233.5, P < 0.001] of AgNP- and AgS-treated A. hypogaea
plants after 21 days. Data represent mean =+ SE (n, no. of samples = 3) within each type of treatment; mean data (+SE, n = 3) followed by the same
uppercase letter are not significantly different for AgNP treatment, and those followed by the same lowercase letter are not significantly different for
AgS treatment. (Tukey—Kramer HSD test). In each graph, symbols *, **, and *** denote P < 0.0S, P < 0.01, and P < 0.001, respectively. (d)
Fluorescence intensity correlation graph among control, AgNPs, AgS, and FITC-tagged AgNP treatment sets of chlorophyll extracted from in vivo-
treated A. hypogaea. Within the graph, each type of treatment represents mean data (+SE, n = 3).

structure of chlorophyll with NP treatment. The extracted
chlorophyll as the control set and two treatment sets with
AgNPs and AgS were analyzed with FTIR. No change in
vibrational energy or any functional group peak could be
observed from the graph (Figure 6d), showing no alterations in
the chlorophyll structure. Moreover, no additional peak for
AgS was obtained, as the peak of chlorophyll aligned with that
of AgS at 1073 cm™.

Quantification of Carbohydrate, Protein, and Lipid
Content. NPs have unique features due to their higher surface
area-to-volume ratio, presence of a higher number of surface
electrons, increased catalytic properties, enhanced optoelec-
tronic functionalities, etc. The higher concentrations of AgNPs
were reported to be toxic to plants.””** For the successful
application of this novel technology in a broad spectrum, it was
very important to study the toxicity profile of proposed
nanostructures. From our bioassay, increases in total
carbohydrate (Figure 7a), protein (Figure 7b), and lipid
(Figure 7c) content were evident in treatment with respect to
control sets. An increase in sugar content can directly be
correlated with the higher photosynthetic rate in the presence
of NPs. Starting from the very low dose (10 ppb) to the
highest amount, the applied sugar content was found to be
augmented in all treatments. In the case of the total protein
content (Figure 7b), a gradual increase was observed with
increasing concentrations of NP treatment. For the lipid

content (Figure 7c), the highest amount of lipid was obtained
with the treatment at 10 ppm. Hence, it may be concluded that
both AgNP and AgS treatments have underscored the biosafety
concern in the plant model system.

Increased photosynthesis is generally correlated with
improved growth parameters. The obtained result indicated
that NP treatments can induce a more beneficial effect on the
primary plant growth parameter. However, it was not observed
for all of the parameters like root length, shoot length, etc.
Since these plants were grown within artificial and limited
conditions, this may not totally reflect the ideal field situation.
Moreover, previous studies also revealed that an almost 30%
increase in plant photosynthesis could only contribute to 2—
4% of plant growth.*

Photosynthesis is the sole source of food production in
plants, but plant growth and vigor are complex attributes
depending upon numerous factors. These include utilization of
available nutrients, phase of growth, environmental conditions,
seasonal variation, disease defense mechanism, etc. This study
provides an impetus to further examine the effect of these
nanostructures at the field level to get a clearer picture of
growth and other aspects of plant development.

MTT Toxicity Analysis. As the exposure of AgNPs to
humans and plants advances, a substantial volume of
experimental evidence of severe/acute cytotoxicity produced
by AgNPs has prompted serious concerns and discussions over
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(a)

(b)

Figure 9. Microscopic images of hand-sectioned different parts of A. hypogaea after 24 h of treatment with FITC-tagged AgNPs. (a) Fluorescence
microscopic images and (b) confocal microscopic images from three different tissues. The microscopic images show the translocation of FITC-
tagged AgNPs within A. hypogaea plants. The plants were grown in a controlled environment prior to treatment.

their safety.’® To address this concern of toxicity toward
exposed organisms, an MTT assay was conducted for cell
viability studies in the MDA-MB-231 (human breast cancer)
cell line.

The results were compared with control sets after 12 h
(Figure 7d), 24 h (Figure 7e), and 36 h (Figure 7f) exposure
time. All of the treatments showed nearly 90% cell viability
even after treatment with the highest concentration (100 ppm)
of AgNPs and AgS. A Mini Review article by Mishra and Singh
revealed that silver-based NPs can be utilized in permissible
limits in agri-ecosystems as an advanced agriproduct.”’ Many
other studies reported toxic effects of silver ions released from
AgNPs, showing toxic effects on cells, which included adverse
effects on the cell cycle,” causing cell apoptosis via oxidative
damage.**>® Ernst et al. observed silver accumulation in the
rat kidney after a single intravenous injection of radiolabeled
AgNO; containing 0.5 mg of Ag per rat.”” Tiwari et al
examined the dose-related in vivo toxicity of silver in Wistar
rats. Four different AgNP doses (4, 10, 20, and 40 mg/kg)
were administered intravenously.”® In the past, it was also
shown that the discharged Ag" produced fibroblast cell
membrane disruption and triggered cell death.’” Although
we did not find our nanomaterials to be toxic to the cell line
and plant model system, further detailed acute toxicity studies
in other model systems are required before their successful
application at the field level.

ROS Assay of Nanomaterial-Treated Plants. Photosyn-
thesis is highly susceptible to changes in light,” and with
continuous exposure to UV-B radiation, it causes excessive
accumulation of ROS in plant chloroplasts, which damages
PSII and decreases the electron transfer rate and thylakoid
membrane stability.61 Despite their damaging nature, ROS are

a well-known second messenger in a range of cellular activities,
including stress tolerance.”””®* The fragile equilibrium
between ROS generation and ROS scavenging determines
whether ROS will operate as damaging or signaling molecules.
Because of the multifaceted functions of ROS, cells need strict
management over the quantity of ROS to minimize oxidative
harm but not eliminate them. NPs play an essential role in
plant defense against a variety of abiotic challenges® by
activating antioxidative enzymes that scavenge ROS produced
by abiotic stressors.’”®” However, various plant species
respond differently to NPs.”® Excess ROS are scavenged or
detoxified by an effective antioxidative system involving both
nonenzymic and enzymic antioxidants.”” Plant growth and
development are impeded by ROS levels that are either low or
too high, whereas retaining ROS levels in the acceptable range
supports plant health.”’

In our experimental studies, the catalase activity is found to
be increased in both AgNP and AgS treatments (Figure 8a).
Catalase detoxifies the plant by turning H,0, into water and
oxygen. Catalase activity in plants was increased at
concentrations from 10 ppb to 100 ppm for AgNP treatment
in contrast with control. In AgS treatment, other than 10 ppb
concentration dose-dependent increase in catalase activity was
observed. Both AgNP and AgS treatments appeared to have
stimulated the enzyme to scavenge more H,0,. Several
researchers have also observed increased levels of antioxidant
defense response enzymes in plants to counteract oxidative
stress caused by varied environmental stress. Plants’ resilience
to such environmental stressors has been associated with
maintaining a strong antioxidant ability to scavenge harmful
ROS.”"”* Undoubtedly, changes in ROS levels that are part of
the plant’s inherent metabolism should not surpass the
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threshold between redox biology and cytostatic or cytotoxic
levels.”’ In our studies, the ROS level did not seem to have
increased to such levels (as observed from the primary growth
data obtained from in vivo bioassays). Neither of the
treatments showed any detrimental effect on plant health
despite increased catalase activity.

Nonantioxidative protein components such as proline
(Figure 8b) and phenol (Figure 8c) contents were also
determined. Plants have general strategies to induce the
activities of these nonantioxidative proteins to overcome
oxidative stress due to imposition of abiotic stress. Phenolic
compounds act as electron donors, as the hydroxyl groups they
contain may directly aid in free radical scavenging.’
Furthermore, some of them stimulate the synthesis of
endogenous antioxidant molecules in the cell.”* Plant phenol
production may increase in response to abiotic stresses like
severe weather, exposure to heavy metals, salt, and radiation as
well.”® In our experimental observations, the amount of phenol
was increased in both AgNP and AgS treatments for
concentrations up to 100 ppm with respect to control (Figure
8c). These phenolic compounds may increase as a response to
higher ROS generation, which could be due to higher
photosynthetic activity, as explained earlier. Plants may
produce phenols as a tolerance response to cope with
unfavorable conditions under abiotic stress.”® In literature
also, it is reported that NPs can improve plants’ resistance to
abiotic stressors by increasing the phenol level, but the
mechanism behind this inhibition is not clear yet.’ So, a
change in the phenol level in our results could be attributed to
the plant defense strategy.

Proline content on the other hand is recognized to be an
indicator of stress in plants, which could act as an osmo-
protectant, and increased proline accumulation would prevent
membrane deformation by scavenging hydroxyl radicals.*
Several studies attribute an antioxidant property to proline,
suggesting ROS scavenging activity and acting as a singlet
oxygen quencher.®” Proline is an excellent index of the existing
stress experienced by plants, since the proline level declines
after relief from stress.”” This could explain the decreased
levels of proline content in the case of AgS treatment (Figure
8b). An unprecedented decline in proline levels recorded in the
present experiments is one of the most convincing pieces of
evidence for improved electron exchange efficiency in AgS-
treated plants. It follows that the optimized use of AgS can
modulate oxidative stress in plants.

Translocation of Nanomaterials in the Plant System.
To understand the bioavailability of AgNPs, the presence of
fluorescently labeled AgNPs (AgNP-FITC) was studied by
fluorescence and confocal microscopy. Bright green fluores-
cence was observed under an FITC filter in samples indicative
of FITC-tagged AgNPs within the treated leaf, petiole, and
root specimens (Figure 9a). Blue fluorescence could also be
seen under a DAPI filter after treatment with AgNPs, since the
NPs were themselves fluorescent. Similarly, following the same
procedure, confocal images were also taken with FITC-AgNPs
(Figure 9b).

Because of the ultrasmall size, it was difficult to locate NPs in
a bright-field microscope. Although thorough sonication of
these AgNPs was performed before application, agglomeration
was still evident. This in turn facilitated the identification of
NPs upon excitation during fluorescence and confocal
microscopy. Hence, focusing on the localized NP clusters
could reveal the presence of nanomaterials in the cross sections

of treated plant parts. These data clearly represented that
plants treated with fluorescent NPs exhibited the presence of
NPs at the exact area of application (root), and a significant
amount of these particles was also translocated in different
tissues of plants like petiole, leaf, etc. Xylem vesicles of petiole
and leaf sections also showed the presence of fluorescence
signals in considerable amounts. A similar kind of translocation
study by Zhu et al. also exhibited the presence of NPs in
different plant parts.”®

Ag* Release Study by ICP-MS. After the translocation of
FITC-tagged AgNPs, ICP-MS was performed to measure
biodistribution of Ag from AgNP at trace levels in A. hypogaea.
After the standard ICP procedure and calibration against the
Ag standard, we found that 438.12 ug/kg Ag was present
within the AgS-treated plant sample. The in vivo presence of
AgNPs was evident from the results, which also corroborated
the data of translocation studies. This also indirectly indicated
that NPs were carried by the leaves of the plant samples, which
later interacted with the chloroplast responsible for augmented
photosynthesis.

Chloroplast Fluorescence Intensity Measurement.
Photoinhibition is a phenomenon that causes a decrease in
photosynthetic activity, primarily because of the light-induced
decrease in CO, assimilation.””*" Even though the reduction
in photoassimilation may be due to the damage to various
components of the photosynthetic machinery, the concept of
photoinhibition is Widelgy used to denote light-induced
inhibition of PSII activity.”' ~* Our experiment was designed
to study the change in the fluorescence intensity of
chloroplasts in in vivo treatment. The results showed an
increase in chlorophyll fluorescence intensity when treated
with AgNPs, AgS, and FITC-tagged AgNPs, indicating no
photoinhibition (Figure 8d). Photoinhibition is unavoidable
when light surpasses the photosynthetic rate, since li§ht is the
energy required to drive the photosynthetic process.”” There is
a higher difference in FL intensity, as the NPs under
investigation are self-fluorescent (Figure S1 in the SI section)
in nature. Since the results were obtained in the in vivo system,
the fluorescence nature of NPs did not change much, and the
enhanced fluorescence results can be related to a higher
photosynthetic rate.

B CONCLUSIONS

The study provides a detailed account of the effect of NPs on
light acquisition and other photosynthetic parameters in a
plant model system. In all of the light-dependent photo-
synthetic reactions, incorporation of the nanostructures
showed an enhancement in the end products. In vitro light-
independent reactions also revealed an increase in key light-
independent enzyme activity. In vitro and in vivo translocation
assays of the FITC-tagged NPs confirmed the presence of NPs
in the plant model system. A detailed toxicity analysis of these
nanomaterials in a plant model and an animal cell line did not
exhibit any detrimental effect. It was apparent that because of
the silica shell, the light-harvesting property was better in the
case of AgS, and this also helped in masking the oxidative stress
caused by AgNP treatment alone. Finally, analyses of all of the
biochemical parameters confirmed that higher electron transfer
was correlated with overall photosynthetic efficiency. Further
investigations are required to correlate the augmentation of
photosynthetic efficiency with other plant metabolic pathways,
which can lead to more flowering and fruiting and enhanced
disease management. To the best of our knowledge, this study
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is the first experimental proof to show the effect of overlapping
photoluminescence properties of chloroplasts and NPs,
modulating the photosynthesis process in vitro. These detailed
experimental analyses may have two definite future directions.
Primarily, this study will provide a positive impetus to metal
and core/shell metal-based nanostructures in developing
CLP—NP-based artificial photosynthetic machinery. A detailed
chronic toxicity analysis will be required for agricultural
applications. This study may further open the possibility for
the development of plant-based nanobionic devices for various
other applications like communication, energy harvesting,
environment sensing, solar system, conversion, etc. This
modern approach also has the capacity to bypass the
complexity of myriad plastic boards containing circuits that
consume power from electrical grids.
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