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� Ag-NPs, unlike Agþ, do not perturb light harnessing photosynthetic machinery.
� Ag-NPs, unlike Agþ, do not perturb polyphasic Chl a fluorescence transients.
� Photosynthetic events in wheat than in sunflower are more sensitive to Agþ.
� Uptake of ionic Ag by plants is significantly higher than nanoparticulate Ag.
� Agþ is translocated to leaves in wheat, but detained by the stem in sunflower.
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a b s t r a c t

Potential impacts of inevitable leaks of silver nanoparticles (AgNPs) into environment on human beings
need attention. Owing to the vitality of photosynthesis in maintaining life and ecosystem functioning,
impacts of exogenously applied nanoparticulate and Agþ on photosystem (PS)II function, which governs
overall photosynthesis, in wheat and sunflower were evaluated. PSII efficiency and related Chl a fluo-
rescence kinetics of these two plants remained unaffected by AgNPs. However, Agþ caused a significant
decline in the PSII activity and related fluorescence steps in wheat, but not in sunflower. Electron flow
between QA and PQ pool was found most sensitive to Agþ. Number of active reaction centers, electron
transport, trapping of absorbed light for photochemistry, and performance index declined, while dissi-
pation of absorbed light energy as heat significantly increased in wheat exposed to Agþ. Total antioxidant
activity in sunflower was least affected by both Ag and AgNPs. In contrast, in the case of wheat, the
antioxidant activity was declined by Agþ but not by AgNPs. Further, the amount of silver absorbed by
plants exposed to Agþ was higher than that absorbed by plants exposed to AgNPs. While wheat retained
majority of Ag in its roots, sunflower showed major Ag accumulation in stem. Photosynthetic events in
sunflower, unlike wheat, were least affected as no detectable Ag levels was recorded in their leaves. Our
findings revealed that AgNPs seemed non/less-toxic to light harnessing photosynthetic machinery of
wheat, compared to Agþ. Photosynthetic events in sunflower were not affected by Agþ, either, as its
translocation to leaves was restricted.

© 2017 Published by Elsevier Ltd.
rophyll; CSo, cross section or leaf area; DIo, energy flux dissipated as heat; EDX, energy dispersive X-ray; ETo, electron
rescence; OJIP, polyphasic fast Chl a fluorescence transients, where O and P refer to minimal and maximal fluorescence,
quinone; PS II, photosystem II; QA, Quinone; RC, reaction center; TRo, trapping of absorbed light energy; fPo, quantum
tum yield of electron transport; SAED, selected area electron diffraction; TEM, transmission electron microscope.
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1. Introduction

Silver nanoparticles (AgNPs) are the most widely used engi-
neered NPs. Owing to their exceptional physicochemical and anti-
microbial properties, AgNPs find immense applications in
engineering, medicine, agriculture and environment (Rai et al.,
2009; Fabrega et al., 2011; Yamal et al., 2013; Shabnam et al.,
2016). This has led to a rapid and tremendous increase in
demand-based production and usage of AgNPs. Indeed, AgNPs have
become an integral part of consumer products such as cosmetics,
textiles, hospitals, food packaging industries, water purification,
paints, etc. that are commonly used in our daily life (Rai et al., 2009;
Pardha-Saradhi et al., 2014; Arruda et al., 2015). Release of NPs into
the environment from various consumer products has been re-
ported earlier (Benn and Westerhoff, 2008; Kaegi et al., 2010;
Gondikas et al., 2014; Kunniger et al., 2014). Based on previous
records, Ellis et al. (2018) recently reported that (i) the annual
production of nano-products increased from 10 tons in 2011 to 300
tons in 2015; and (ii) estimated levels of AgNPs in sediments,
sludge, treated soils and surface water are 30.1 mg kg�1,
2.3 mg kg�1, 2.3 mg kg�1 and 2.2 mg L�1, respectively. The inevi-
table release of AgNPs into our surroundings and apprehensions of
its likely negative impact(s) on living beings including humans
have drawn attention of scientists, policy makers and regulatory
bodies (e.g., World Health Organization, Environmental Protection
Agencies, European Commission etc.) (Duvall andWyatt, 2011). The
established findings revealing negative impacts of AgNPs on
mammalian cells including human ones further add to the concern
on potential leaks of AgNPs into environment; accordingly, impact
of metal-NPs on living systems has been being investigated by re-
searchers across the globe for over a decade. AgNPs cause toxicity to
mammalian skin, liver, lung, brain, vascular system and reproduc-
tive organs (Nel et al., 2006; Ahamed et al., 2010). These AgNPs can
induce genes associated with cyclic progression of cells to get
damaged, resulting in complete cell apoptosis (Ahamed et al.,
2010).

Significant work has been carried out on impacts of AgNPs on
both freshwater andmarine biotawhich include daphnids, fish, etc.
(Navarro et al., 2008; Chae et al., 2009; Zhao and Wang, 2011;
Lapresta-Fernandez et al., 2012; Oukarroum et al., 2012, 2013).
Similarly, enormous work has been carried out to evaluate the
impact of AgNPs on a variety of microorganisms: in particular, a
negative impact on the integrity of plasma membrane (Bao et al.,
2015). Although there are numerous studies on impact of AgNPs
on plants, most of these are fragmentary or limited to few growth
parameters (such as seed germination, length and fresh/dry weight
of root/shoot), inadequate anatomical studies, Fv/Fm, Chl content,
transpiration and some components of an antioxidant system
(Stampoulis et al., 2009; Gubbins et al., 2011; Jiang et al., 2012;
Sharma et al., 2012; Yin et al., 2012, 2012; Qian et al., 2013; Yasur
and Rani, 2013; Nair and Chung, 2014). Some of these studies
showed positive/non-inhibitory effects of AgNPs on growth of a few
plant species (Yin et al., 2011; Sharma et al., 2012; Vannini et al.,
2014; Yasur and Rani, 2013; Zuverza-Mena et al., 2016). In
contrast, there are also reports on negative impacts of AgNPs on
plants (Lin and Xing, 2007; Kumari et al., 2009; Stampoulis et al.,
2009; Yin et al., 2011; Qian et al., 2013; Thuesombat et al., 2014;
Zuverza-Mena et al., 2016). The AgNPs induced negative impact is
believed to be mediated through the release of Ag ions (Vannini
et al., 2014; Arruda et al., 2015). Agþ-induced negative impact
may be related to its potential to replace Cu from Cu-containing/
dependent biomolecules/receptors such as the ethylene (an
important and only gaseous key plant growth regulator) receptor
(McDaniel and Binder, 2012; Shabnam et al., 2017).

Recently, it was reported that ionic silver (i.e., Agþ) is more toxic
to light harnessing photosynthetic machinery of Spirodela poly-
rhiza, an aquatic plant, than AgNPs (Shabnam et al., 2017). Photo-
synthesis is the key metabolic event that governs plant growth (or
development) and overall productivity (Shabnam and Pardha-
Saradhi, 2016; Shabnam et al., 2017). It is well established that
the CO2 fixation and productivity of a plant rely largely on the light
harvesting photosynthetic machinery, in particular PS II (Shabnam
et al., 2017; Shabnam and Pardha-Saradhi, 2016). Hence, in the
present study, the impact of exogenously applied AgNPs and Agþ on
light harnessing photosynthetic events in two distinct crop plants,
namely, wheat (an important cereal crop) and sunflower (an
important oil yielding crop) was evaluated. In this communication,
we report for the first time that (i) nanoparticle species of Ag do not
have any negative impact on the light harnessing photosynthetic
machinery and antioxidant potential; and (ii) wheat responds
differentially to Agþ compared to sunflower based on a significant
variation in translocation of Ag ions into their leaves.

2. Materials and methods

Seeds of Triticum aestivum L. (cv. 1544) (wheat, Poaceae) were
obtained from the Indian Agricultural Research Institute (Delhi,
India). Seeds of Helianthus annuus L. (DRSF-108) (sunflower,
Asteraceae) were obtained from the Directorate of Oil Seeds
Research, Hyderabad (Telangana, India).

2.1. Synthesis and harvest of silver nanoparticles

Silver nanoparticles were prepared by autoclaving 0.5 mM
AgNO3 supplemented with 0.1% yeast extract at 121 �C under a
pressure of 1.06 kg cm�2 for 20min (Yamal et al., 2013). Subsequent
to cooling the solution; AgNPs were harvested through centrifu-
gation at 28000 � g. The pellet obtained was then washed with
deionized. The later was achieved through steps involving resus-
pension of the pellet in deionized water and centrifugation at least
three times. Subsequently, the resultant washed AgNP pellet was
dried in a desiccator at room temperature and homogenized to
obtain a fine uniform powder. A 1000 ppm (i.e., 1000 mg L�1) stock
solution was prepared by sonicating the suspension of fine powder
of AgNPs in deionized distilled water through 30 min sonication at
33 khZ in a Metrex ultra-sonic bath sonicator (Metrex Scientific
Instruments Pvt., Delhi, India). Investigation with TEM coupled
with EDX and SAED revealed that majority of AgNPs were in the
size range of 20e30 nm (Fig. 1).

2.2. Exposure of crop plants to Agþ and AgNPs

Various concentrations of AgNPs were prepared using
1000 ppm AgNPs stock solution. Grains/seeds of wheat and sun-
flower were washed with cetrimide, treated with 0.1% HgCl2 for
5 min, washed thoroughly with sterilized double-distilled water,
and then were placed in autoclaved glass bottles containing glass
beads in double-distilled water, in a laminar hood. These bottles
were then incubated under continuous light (with an intensity of
120 mmol photons m�2 s�1) at 25 ± 2 �C. 10 days old uniform plants
of wheat and sunflower were selected and their root system was
washed carefully with sterile distilled water. The selected seedlings
were exposed independently to different levels (0, 10, 25, 50 and
100 ppm) of AgNPs and Agþ (AgNO3 was used for preparing
different levels of Agþ) by immersing their root system in respec-
tive test solutions in Borosil glass test tubes (125 � 12 mm). Then,
the plants were incubated under continuous light (with an in-
tensity of 120 mmol photons m�2 s�1) at 25 ± 2 �C for 24 h. No
agglomeration of AgNPs was noted during these experiments.



Fig. 1. Transmission electron micrographs of AgNPs. Insets on left and right represent magnified view and selected area electron diffraction pattern of AgNPs, respectively.
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2.3. Impact of AgNPs and Agþ on light harnessing photochemical
reactions

The impact of exogenously applied AgNPs and Agþ on light
harnessing photochemical reactions in leaves of wheat and sun-
flower was evaluated using a plant efficiency analyzer (Handy PEA;
Hansatech, Norfolk, UK). Wheat and sunflower plantlets exposed to
varying levels of Agþ and AgNPs for 24 h were dark-adapted for
40 min and used for recording PS II efficiency and fluorescence
kinetics as described in Shabnam et al. (2015). Biolyzer Software HP
3, which was developed by Strasser and Strasser (1995) (Bio-
energetics Laboratory, Geneva, Switzerland) was used for plotting
Chl a fluorescence transients. This software relies on the well-
known JIP test for plotting Chl a fluorescence transients and
translates original Chl a fluorescence measurements into various
biophysical and phenomenological expressions. It can be used as a
powerful tool for evaluating overall behavior of various compo-
nents of the photosynthetic machinery involved in photochemical
reactions (Strasser et al., 2004; Kalaji et al., 2011; Chen et al., 2016).

The biophysical and phenomenological expressions considered
in the present study include (i) dissipation at the level of antenna
Chl (DIo/RC) [which is equal to (ABS/RC)-(TRo/ RC)]; (ii) electron
transport per reaction center (ETo/RC); (iii) the maximum quantum
yield of primary photochemistry (TRo/ABS ¼ Fv/Fm); (iv) the
quantum yield of electron transport (Jo ¼ ET/TRo); (v) absorption
per excited cross section (CS) (ABS/CSo); (vi) the fraction of active
PSII reaction centers per excited CS (RC/CSo); (vii) trapping per
excited CS (TRo/CSo); (viii) electron transport per excited CS (ETo/
CSo); and (ix) dissipation per excited CS (DIo/CSo). A more detailed
explanation can be found in Zhang et al. (2015) and Strasser et al.
(2004). All experiments were carried out eight times with two
replicates.

Data are presented as mean ± standard error. The analysis of
variance was performed with data from the experiments using
RStudio (Version 1.0.44, RStudio Inc., Boston, MA, USA).

2.4. Quantification of antioxidant capacity

1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay
following themodified protocol of Brand-Williams et al. (1995) was
used for quantification of antioxidant capacity. To determine the
impact of exogenously applied Agþ and AgNPs on total antioxidant
activity inwheat and sunflower plantlets, the ethanol extract of the
leaves of plantlets was mixed in equal proportion with 0.1 mM
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DPPH dissolved in ethanol and incubated under ambient conditions
in dark for 30 min. For a control, 0.1 mM DPPH dissolved in ethanol
was mixed in an equal proportionwith ethanol. Subsequently, light
absorbance of the samples was read at 517 nm. DPPH scavenging
activities of ethanol extracts of various plant samples were
expressed in terms of nmoles of DPPH radical scavenged.

2.5. Determination of silver content in plants

Oven dried plant samples were acid-digested in HNO3 at 100 OC
for 20min in a BUCHI Digest Automate K-438 (New Castle, DL, USA).
The digested samples were then diluted with deionized water and
filtered. A blank was prepared using deionized water and digested
as stated above. Silver content was measured using an inductively
coupled plasma (ICP) emission spectrometer (Schimazdu ICPE-
9000, Kyoto, Japan). For quality control, readings of the blank as
well as a standard were taken after measurement of every 10
samples.

All experiments were carried out eight times, each with three
replicates. Data are presented as mean ± standard error. The
analysis of variance was performed with the data from the exper-
iments using RStudio (Version 1.0.44, RStudio Inc., Boston, MA,
USA).

3. Results and discussion

3.1. Impact of Agþ and AgNPs on light harnessing photosynthetic
events

Plant growth and development are largely linked to
Fig. 2. Impact of exogenously applied ionic (Agþ) (red bars) and nanoparticle (AgNPs) (green
(Triticum aestivum) (A) and sunflower (Helianthus annuus) (B). Measurements were made aft
mean of data collected from eight independent experiments and vertical lines on bars repres
for plants exposed to different concentrations (ppm) of Agþ or AgNPs differ significantly at
colour in this figure legend, the reader is referred to the web version of this article.)
photosynthetic capacity (Shabnam et al., 2017). Therefore, we
evaluated the impact of exogenously applied Agþ and AgNPs on key
light harnessing photosynthetic events by measuring Fv/Fm. Previ-
ously, Navarro et al. (2008) observed AgNPs induced decline in PS II
efficiency (measured in terms of Fv/Fm) in freshwater alga, Chla-
mydomonas reinhardtii.

Fig. 2 depicts PS II efficiency of wheat and sunflower exposed to
Agþ and AgNPs. In corroboration with our earlier report (Shabnam
et al., 2017), the plants exposed to AgNPs did not show any sig-
nificant alteration in their PS II efficiency. Surprisingly, Agþ did not
have any negative impact on PS II efficiency in sunflower, but
induced rather a significant decline of the PS II efficiency in wheat
at concentrations of >50 ppm (Fig. 2). Zhang et al. (2015) believed
that Fv/Fm cannot be taken as a perfect indicator of primary
photochemistry, i.e., PS II efficiency. Although Jiang et al. (2012) and
Qian et al. (2013) evaluated the impact of AgNPs on Fv/Fm and Chl
content, no in-depth analysis was carried out to evaluate the true
impact of ionic and nanoparticulate silver on photochemical re-
actions in crop plants.

It is well established that Chl a fluorescence kinetics can be used
as a good tool to determine PS II efficiency and overall photosyn-
thesis of genotypes of same and different plant species exposed to
different abiotic stresses (Vani et al., 2001; Zhang et al., 2015; Chen
et al., 2016; Shabnam et al., 2017). Therefore, we evaluated the
impact of exogenously applied Agþ and AgNPs on the Chl a fluo-
rescence kinetics. The Chl a fluorescence transient of oxygenic or-
ganisms, on a logarithm time scale, shows a polyphasic nature with
distinct OJIP steps (Shabnam et al., 2015, 2017). It is well established
that O-J rise represents reduction of QA to QA

�, that J-I rise signifies
reduction of PQ pool, and that I-P rise denotes reduction of acceptor
bars) species of silver on quantum yield of PS II activity (i.e., Fv/Fm) in leaves of wheat
er 24 h exposure of crop plants to varying levels of AgNO3 and AgNPs. Values represent
ent standard error. Different small letters over the bars reflect that the values recorded
P < 0.05 level (Duncan’s multiple range test). (For interpretation of the references to



Fig. 3. Impact of exogenously applied ionic (Agþ) (A, C) and nanoparticle (AgNPs) (B, D) species of silver on Chl a fluorescence transients (OJIP transients) of leaves of wheat (Triticum
aestivum) (A, B), and sunflower (Helianthus annuus) (B, C). Measurements were made after 24 h exposure of crop plants to varying levels of AgNO3 and AgNPs. Values represent
mean of data collected from eight independent experiments.
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side of PS I (Shabnam et al., 2015, 2017). Fig. 3 depicts the impacts of
exogenously applied Agþ and AgNPs on Chl a fluorescence tran-
sients of wheat and sunflower leaves. As expected, both wheat and
sunflower showed typical polyphasic Chl a fluorescence transients
with distinct OJIP steps. As is evident from Fig. 3, Agþ brought about
a significant decline in amplitude of Chl a fluorescence transients in
wheat while it did not in sunflower. In contrast, exogenously
applied AgNPs did not cause any negative impact on Chl a fluo-
rescence transients in either of the plants compared to respective
controls, even at the highest concentration tested, i.e., 100 ppm
(Fig. 3). It is also clear from Fig. 4 that AgNPs did not cause any
negative impact on O-J, J-I, and I-P steps, compared to respective
controls. In contrast, all the three phases of Chl a fluorescence
transients of wheat leaves showed a significant decline when the
leaves were exposed to Agþ. Interestingly, the decline in fluores-
cence amplitude by Agþ at the J-I step was more obvious compared
to those at O-J and I-P steps (Fig. 4). These findings suggested that
the transport of electrons between QA

� to PQ pool would be more
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prone to Agþ compared to other steps.

3.2. Impact of exogenously applied Agþ and AgNPs on biophysical
parameters related to harnessing light energy for photosynthesis

Through the fluorescence kinetics, one can better understand
the degree of sensitivity or tolerance of the key steps/components
that govern the PS II function, which is the key regulator of overall
photosynthesis (Strasser et al., 2004; Shabnam et al., 2017). In the
present study, we have taken advantage of this software to pre-
cisely evaluate the impact of exogenously applied Agþ and AgNPs
on a few vital biophysical steps associated with harnessing of light
energy by PS II. The impact of exogenously applied Agþ and AgNPs
on these biophysical steps associated with harnessing light energy
for electron transport in wheat and sunflower are summarized in
Tables 1 and 2 and Figs. 5 and 6. The expressions that are used in the
present investigations are (i) phenomenological fluxes/activities
(per CS); (ii) specific fluxes/activities (per RC); (iii) quantum effi-
ciencies (also called as quantum yield and flux ratios). These fluxes
and yields take into account the energy flow right from the ab-
sorption of light/photons for electron transport to acceptor sites of
Fig. 4. Impact of exogenously applied ionic (Agþ) (red bars) and nanoparticle (AgNPs) (gree
transient curves of wheat (Triticum aestivum) (AeC) and sunflower (Helianthus annuus) (De
AgNO3 and AgNPs. Values represent mean of data collected from eight independent experim
bars reflect that the values recorded for plants exposed to different concentrations (ppm) o
interpretation of the references to colour in this figure legend, the reader is referred to the
PSI and to NADPþ (Strasser and Strasser,1995). ABS in Tables 1 and 2
refers to the amount of light absorbed by the antenna pigments
which excite a Chl molecule. A part of the absorbed light energy is
trapped by TR for reduction of QA to QA

� and the rest of it is dissi-
pated as DI (Strasser and Strasser, 1995). Electron transport deals
with reoxidation of QA

- via ET over a CS of active and inactive RCs
(Strasser and Strasser, 1995).

In general, (i) phenomenological fluxes, namely absorption per
excited CS (ABS/CSo), the fraction of active PS II reaction centers per
excited CS (RC/CSo), trapping per excited CS (TRo/CSo), as well as ET
per excited CS (ETo/CSo); (ii) specific fluxes namely ET per RC (ETo/
RC), trapping per reaction center (TR/RCo) as well as (iii) quantum
efficiencies, namely quantum yield of ET (Jo ¼ ET/TRo) and the
maximum quantum yield of the primary photochemistry (4Po or
FV/ Fm ¼ TRo/ABS) were affected severely by Agþ in wheat in a
concentration-dependent manner. All the ANOVA test results show
that there was a significant difference between the control and Agþ

treatments for each photosynthetic parameter (Table 1); all the p
values were <0.01. In contrast, sunflower exposed to Agþ did not
show any significant alteration in these biophysical parameters.

Interestingly, both wheat and sunflower exposed to AgNPs did
n bars) species of silver on O-J (A,D), J-I (B,E) and I-P (C,F) stages of Chl a fluorescence
F). Measurements were made after 24 h exposure of crop plants to varying levels of
ents and vertical lines on bars represent standard error. Different small letters over the
f Agþ or AgNPs differ significantly at P < 0.05 level (Duncan’s multiple range test). (For
web version of this article.)



Table 1
Impact of ionic and nanoparticulate species of silver on few key photosynthetic parameters in leaves of wheat plants. The data is derived from original Chl a fluorescence
measurements through JIP test. The data is an average of at least eight independent recordings. Figures in parenthesis represent percent values with respect to controls.

Parameter Control Ionic silver (Agþ), ppm ap Nanoparticulate species (Ag-NPs), ppm ap

10 25 50 100 10 25 50 100

ETo/RC 1.258 (100) 1.178 (93.64) 1.049 (83.38) 1.002 (79.65) 0.729 (57.94) 7 � 10�12 1.240 (98.56) 1.236 (98.25) 1.240 (98.56) 1.267 (100) 7.1 � 10�1

DIo/RC 0.665 (100) 0.800
(120.30)

1.014
(152.48)

1.325
(199.24)

1.411
(212.18)

3 � 10�11 0.647 (97.29) 0.692
(104.06)

0.669
(100.60)

0.698
(104.96)

1.1 � 10�1

RC/CSo 122.332
(100)

124.136
(101.47)

108.288
(88.51)

83.496
(68.24)

82.591
(67.51)

2 � 10�8 137.6479
(112.51)

132.413
(108.24)

123.668
(101.08)

122.988
(100.53)

1.9 � 10�1

ABS/CSo 351.000
(100)

392.000
(111.68)

366.000
(104.27)

336.000
(104.27)

300.000
(85.47)

1 � 10�6 379.000
(107.97)

378.000
(107.69)

361.000
(102.84)

355.000
(101.13)

2.3 � 10�1

TRo/CSo 269.638
(100)

292.588
(108.51)

256.2000
(95.01)

225.321
(83.56)

183.420
(69.026)

7 � 10�12 289.935
(107.52)

286.297
(106.18)

274.179
(101.68)

269.090
(99.79)

2.3 � 10�1

ETo/CSo 153.936
(100)

146.294
(95.03)

108.603
(70.55)

87.627
(56.92)

60.235
(39.12)

7 � 10�14 170.800
(110.95)

163.762
(106.38)

160.888
(104.51)

155.830
(101.23)

0.22 � 10�1

DIo/CSo 81.361
(100)

99.411
(122.18)

109.800
(134.95)

110.678
(136.03)

116.580
(143.28)

7 � 10�5 81.065 (99.63) 81.702
(100.41)

83.820
(103.02)

82.910
(101.9)

5.8 � 10�1

Jo ¼ ET/
TRo

0.5709
(100)

0.5000
(87.58)

0.4239
(74.25)

0.3889
(68.12)

0.3284
(57.52)

1 � 10�9 0.5891
(103.18)

0.5720
(100.19)

0.5868
(102.78)

0.5791
(101.43)

9.9 � 10�1

fPo ¼ TRo/
ABS

0.7682
(100)

0.7464
(97.16)

0.7000
(91.12)

0.6706
(87.29)

0.6114
(79.58)

2 � 10�8 0.7650 (99.58) 0.7574
(98.59)

0.7595
(98.86)

0.7580
(98.67)

6.6 � 10�1

PIABS 15.365
(100)

9.323 (60.67) 5.097 (33.17) 3.219 (20.95) 2.118 (13.78) 5 � 10�8 16.954
(110.34)

15.614
(101.62)

16.108
(104.83)

14.931
(97.17)

3.1 � 10�2

a p values calculated from the ANOVA test.

Table 2
Impact of ionic and nanoparticulate species of silver on few key photosynthetic parameters in leaves of sunflower plants. The data is derived from original Chl a fluorescence
measurements through JIP test. The data is an average of at least eight independent recordings. Figures in parenthesis represent percent values with respect to controls.

Ameter Control Ionic silver (Agþ), ppm ap Nanoparticulate species (Ag-NPs), ppm ap

10 25 50 100 10 25 50 100

cETo/RC 1.072 (100) 0.967 (94.49) 0.984 (91.79) 1.000 (93.28) 0.987 (92.07) 4 � 10�1 1.083 (90.20) 1.081 (93.37) 1.074 (94.40) 1.021 (95.24) 3.3 � 10�1

DIo/RC 0.397 (100) 0.377 (94.96) 0.416 (104.8) 0.484
(121.91)

0.517
(130.23)

4 � 10�10 0.343 (86.39) 0.348 (87.65) 0.335 (84.38) 0.341 (85.89) 1.1 � 10�1

RC/CSo 198.73
(100)

204.80
(103.05)

199.66
(100.46)

186.67
(93.92)

179.84
(90.49)

2 � 10�1 212.76
(103.05)

209.55
(107.44)

215.15
(108.26)

189.54
(95.37)

1.7 � 10�1

ABS/CSo 418 (100) 424 (101.43) 426 (101.91) 463 (110.76) 399 (95.45) 4 � 10�1 388 (92.82) 396 (94.73) 400 (95.69) 359 (85.88) 6.2 � 10�5

TRo/CSo 339.00
(100)

343.65
(101.37)

333.05
(98.24)

366.23
(108.03)

321.08
(94.71)

3 � 10�1 317.73
(93.72)

323.06
(95.29)

327.80
(96.69)

294.31
(86.81)

1.8 � 10�3

ETo/CSo 213.16
(100)

215.57
(101.13)

184.36
(86.48)

193.57
(90.08)

177.01
(83.04)

6 � 10�5 217.86
(102.20)

209.79
(98.41)

198.17
(92.96)

199.85
(93.75)

2.3 � 10�2

DIo/CSo 79.02 (100) 80.35
(101.73)

92.95
(117.63)

96.77
(122.45)

97.92
(123.92)

1 � 10�3 70.27 (88.92) 72.94 (92.30) 72.20 (91.36) 64.69 (81.86) 1.2 � 10�2

Jo ¼ ET/TRo 0.628 (100) 0.627 (99.84) 0.574 (91.40) 0.545 (86.78) 0.531 (84.55) 7 � 10�6 0.628 (100) 0.649
(103.34)

0.664
(105.73)

0.657
(104.61)

8.8 � 10�2

fPo ¼ TRo/
ABS

0.811 (100) 0.810 (99.87) 0.781 (96.30) 0.791 (97.53) 0.804 (99.13) 7 � 10�1 0.818
(100.86)

0.815
(100.49)

0.819
(100.98)

0.819
(100.98)

5.2 � 10�1

PIABS 34.57 (100) 36.13
(104.45)

27.16 (78.57) 19.60 (56.70) 25.99 (75.19) 2 � 10�3 39.55
(114.42)

43.42
(125.60)

48.39
(139.99)

46.14
(133.49)

2.2 � 10�4

a p values calculated from the ANOVA test.
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not show any alteration in these biophysical parameters (see Figs. 5
and 6 and Tables 1 and 2). These observations are in coherence with
that with Chl a fluorescence transients (Fig. 3). The level/degree of
assimilatory power generated and CO2 fixation are inversely pro-
portional to the amount of absorbed light dissipated as heat. Hence,
the stress-induced decline in photosynthetic efficiency is associ-
ated with an increase in DIo (Kalaji et al., 2011; Shabnam et al.,
2017). Contrary to the significant suppression in biophysical steps
associated with the use of trapped light energy for generating
assimilatory power, Agþ treatment caused a significant enhance-
ment in dissipation of absorbed light energy as heat (both DIo/RC
and DIo/CSo) in wheat but not in sunflower (Tables 1 and 2). Again,
both sunflower and wheat exposed to AgNPs showed insignificant
variation in both DIo/RC and DIo/CSo, compared to respective con-
trols (Tables 1 and 2).

Another important parameter derived from Chl a fluorescence
through the JIP test is the performance index (PIABS) which is
considered to be a marker of plant vitality (Kalaji et al., 2011;
Strasser and Strasser, 1995); usually, the PIABS values decline un-
der stress (Kalaji et al., 2011).While Agþ caused a significant decline
in PIABS of wheat, no significant impact was observed in sunflower.
However, neither of these crop plants showed any significant
alteration in PIABS when they were exposed to AgNPs. These results
clearly revealed that Agþ would significantly curtail the potential of
wheat in using absorbed light energy for photochemical reactions,
compared to AgNPs. This clearly shows that Agþ is more toxic to
light harvesting photosynthetic events than AgNPs.

3.3. Impact of exogenously applied Agþ and AgNPs on antioxidant
capacity

Recently, it was reported that leaves of Potamogeton nodosus



Fig. 5. Phenomenological yield models of wheat (Triticum aestivum) plants exposed to ionic (Agþ) and nanoparticulate (Ag-NP) species of silver for 24 h, depicting proportion of
absorbed light (i) trapped for photochemical reactions; (ii) utilized for electron transport; and (iii) dissipated as heat. These models also project the proportion of reaction centers
that (i) are in active state (open circles) and (ii) turned into inactive (closed) state.
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Fig. 6. Phenomenological yield models of sunflower (Helianthus annuus) plants exposed to ionic (Agþ) and nanoparticle (Ag-NP) species of silver for 24 h, depicting proportion of
absorbed light (i) trapped for photochemical reactions; (ii) utilized for electron transport; and (iii) dissipated as heat. These models also project the proportion of reaction centers
that (i) are in active state (open circles) and (ii) turned into inactive (closed) state.
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Fig. 7. Total antioxidant capacity (nmoles DPPH scavenged g�1 fresh weight) of leaves of wheat (A) and sunflower (B) plants exposed to varying concentrations of ionic (Agþ) (red
bars) and nanoparticulate (AgNPs) (green bars) species of silver for 24 h. Values represent mean of data collected from at least three independent experiments and vertical lines on
bars represent standard error. Different small letters over the bars reflect that the values recorded for plants exposed to different concentrations (ppm) of Agþ or AgNPs differ
significantly at P < 0.05 level (Duncan’s multiple range test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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show a significant decline in antioxidants on exposure to Agþ

(Shabnam et al., 2017b). The Agþ-induced decline in the level of
antioxidants has also been reported in other plant species (Xu et al.,
2010). In the present study, we also observed a significant decline in
the total antioxidant capacity in leaves of wheat plants exposed to
Agþ at concentrations >50 ppm (Fig. 7). In contrast, leaves of sun-
flower plants exposed to Agþ did not show any significant variation
in the total antioxidant capacity with respect to the control (Fig. 7).
However, AgNPs did not induce any change in the total antioxidant
capacity of leaves of either of the plants (Fig. 7). A number of re-
searchers have reported potential of AgNPs generated through
plant extracts to possess antioxidant capacity (Kokila et al., 2016;
Venkatesan et al., 2016; Elemike et al., 2017).

3.4. Silver content in plants

Significant difference in the impacts of exogenously applied Agþ

and AgNPs on PS II efficiency and related steps of Chl a fluorescence
transients inwheat and sunflower leaves prompted us to determine
silver content in these plants. Irrespective of the plants used and
the concentration tested, Ag content was significantly higher in the
plants exposed to Agþ than those exposed to AgNPs (Fig. 8). Similar
findings were also reported in the studies with free floating Spi-
rodela polyrhiza carried out by Jiang et al. (2012) and Shabnam et al.
(2017). Higher levels of Ag in plants exposed to Agþ than in those
exposed to AgNPs clearly revealed that absorption/uptake and
translocation of Agþ were significantly higher than those of AgNPs.
This could be a reason for the significantly higher negative impact
of exogenously applied Agþ on plants than that of AgNPs. Among
the two plants, i.e., wheat and sunflower, silver content was several
times higher in the former than the latter, suggesting the potential
of sunflower to restrict the uptake of Ag to be superior over that of
wheat.

Interestingly, in the case of wheat, the Ag content was signifi-
cantly higher in the root system compared to that in shoots (Fig. 8A
and B). For instance, when exposed to 100 ppm Agþ or AgNPs, the
level of Ag was about 8e12 times higher in roots that those in
shoots. At the highest concentration of Agþ and AgNPs tested (i.e.
100 ppm), the Ag content in wheat leaves was ~0.8 and 0.3 mg g�1

dry weight, respectively. In the case of sunflower, however, Ag
contents in roots and in shoots were similar. This clearly reveals
that the root system of wheat has a superior filtration and retention
capacity (i.e., rhizofiltration), compared to that of sunflower. In
addition, it pinpoints towards the fact that the root system of wheat
has a superior potential of accumulating/filtering Ag and, thus,
restrict larger proportion of Ag to the root. Insignificant variation in
photosynthetic efficiency of cotyledonary leaves of sunflower
seedlings exposed to Agþ and AgNPs (Figs. 2 and 3), despite the
translocation of silver into shoots, prompted us to evaluate the
levels of Ag in stem and leaves. Interestingly, as evident from Fig. 8D
and inset in Fig. 8D, Ag in shoots was restricted to stem. No
detectable level of Agwas found in leaves. In fact, silver content was
significantly higher in the sunflower stem compared to that in its
roots (Fig. 8C and D). Restricted translocation of Ag into leaves
could be the reason behind the minimal negative impacts of
exogenously applied Agþ or AgNPs on the photosynthetic ma-
chinery and antioxidant capacity in sunflower.



Fig. 8. Silver content in root (A, C) and shoot (B, D) of wheat (Triticum aestivum) (A, B) and sunflower (Helianthus annuus) (C, D) plants exposed to varying concentrations of ionic
(Agþ) (red bars) and nanoparticulate (AgNPs) (green bars) species of silver for 24 h. Inset in (D) represents silver content in stem of sunflower plants. Values represent mean of data
collected from at least three independent experiments and vertical lines on bars represent standard error. Different small letters over the bars reflect that the values recorded for
plants exposed to different concentrations (ppm) of Agþ or AgNPs differ significantly at P < 0.05 level (Duncan’s multiple range test). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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4. Conclusion

Present investigations revealed for the first time that (i) wheat is
more sensitive to Agþ compared to sunflower, as Ag was trans-
located into leaves in the former but was detained by the stem in
the latter. Accordingly, light harnessing photosynthetic events in
the former were significantly suppressed, while those in the latter
were least affected; (ii) absorption/translocation of Agþ was
significantly higher than that of AgNPs in both plants, and
accordingly, photosynthetic events even in wheat got least affected
by AgNPs. In short, our findings clearly demonstrate that AgNPs are
less/non-toxic to light harnessing photosynthetic events and total
antioxidant potential of crop plants.
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