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ABSTRACT
When soil is contaminated with silver (Ag), plants take up Ag and is concentrated in roots and

leaves, with its effects reflected in crop health and yield. This study investigated the toxicity of
silver nanoparticles (AgNPs) and silver nitrate (AgNO;as Ag’) tosunflowerseeds grown insoils
amended with 150 mg/kg of Ag either as AgNPs or AgNO;. Exposure of the sunflower seeds to
soils amended with Ag increased plant lipid peroxidation, activities of antioxidants enzymes
(catalase, superoxide dismutase, glutathione-S-transferase), peroxidases (glutathione peroxidase
pyrogallol peroxidase, guaiacol peroxidase), oxidases (ascorbate oxidase), urease, total phenolic
compounds, vitamins (retinols, alpha-tocopherol and L-ascorbic acid) but inhibited chlorophyll,
total carotenoids, total soluble carbohydrates, phenolic compounds and total soluble proteins. In
general, AgNO; increased the above-mentioned parameters in sunflower more than did AgNPs,
except for the tested vitamins, which were more affected by AgNPs. The results showed that Ag
accumulation in the root > leaf > stem and human food security risk is enhanced in sunflower
seeds exposed to Ag compounds.

Keywords: Antioxidants, Chlorophyll, Silver ions, Silver nanoparticles, Sunflower, Total soluble
protein, Silver toxicity, Oxidative stress.
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1. INTRODUCTION

Silver nanoparticles (AgNPs) are one of the most
widely used industrial nanomaterials and are reported
to be an efficient antimicrobial agent [1]. The special
characteristics of AgNPs that have led to their large-
scale use in a variety of consumer products are also
those which raise concern. Although sizes vary, by
definition AgNPs are between 1 and 100 nm in three
dimensions, with positive or negative charge depend-
ing on their coating material [2]. In general, nanopar-
ticles (NPs) have a higher surface-to-volume ratio,
which increases their reactivity with biological fluids
[3]. The increased use of AgNPs in different indus-
tries may cause toxic effects on the environment be-
cause of improper discharge of wastes, and they may
end up as contaminants in soil when sewage sludge is
used as a fertilizer, with uncertain effects on plant
crops and may cause soils to become infertile [4, 5].

The sunflower (Helianthus annuus L.; Asteraceae) is
an herbaceous annual, grown commercially for its
edible oil-bearing seeds. Each flower head produces
hundreds of grey-white conical-shaped seeds, which
are an excellent source of health benefitting nutrients
like water- and fat-soluble vitamins. Each 100 g of
seeds contains c. 35.17 g of alpha-tocopherol, essen-
tial macro-elements such as magnesium (Mg) and
phosphorus (P), and micro-minerals such as copper
(Cu), manganese (Mn), and selenium (Se). Packed
with essential polyunsaturated fatty acids (linoleic
acid, oleic acid), sunflower seeds are also a good
source of proteins and amino acids that are essential
for growth. Because sunflower plants are to some
extent able to extract toxic elements from soil, they
have been planted in contaminated soils to clean the
soil from toxic elements [6]. However, exposure of
sunflowers to AgNPs/Ag" is known to cause oxida-
tive stress and create reactive oxygen species (ROS),
and as a result the activity levels of antioxidant de-
fence enzymes and lipid peroxidation (LPO) increase.

Studies have looked at the effect of other heavy met-
als on sunflower and an excess of Fe, Cu or Cd has
been found to produce oxidative damage in sunflower
leaves [7]. Treatment of sunflower with 0.5 mM iron
(Fe*"), Cu*" or cadmium (Cd*") for 12 h increased
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LPO and lipoxygenases when exposed to sunlight,
but decreased chlorophyll A and B and glutathione
(GSH) concentrations by 30%, 40%, and 15% respec-
tively [7]. Free radical scavengers such as sodium
benzoate or mannitol protected many of these en-
zymes from inactivation, but not superoxide dis-
mutase (SOD). Exposure of sunflower to Fe’" and
Cd*" ions decreased SOD while the Cu®" ions in-
creased SOD. However, all these metals increased a
variety of other antioxidant enzymes such as catalase
(CAT), ascorbate peroxidase, glutathione reductase
and dehydroascorbate reductase.

Sunflower plants exhibit a strong potential to form
Ag" from AgNPs compared to Basella alba
(Basellaccea), Oryza sativa, Saccharum officinarum,
Sorghum bicolor and Zea mays (Poaceae) [8]. Sewa-
lem et al. 2014 [9], studying the role of sunflower as
a potential phytoremediator of heavy metals, found
that 88.8% of Cd accumulated in roots, inducing a
low level of LPO, membrane leakage and poor root
growth, whereas 71.4% of Pb was translocated to the
shoots and hence affected photosynthesis.

Silver nanoparticles at concentrations of 20, 40, 60,
80 and 100 mg kg™ impacted on plant growth param-
eters such as leaf surface area, chlorophyll, and car-
bohydrate, all of which affected growth of the com-
mon bean (Phaseolus vulgaris) and corn (Zea mays),
promoting plant growth at low doses and inhibition at
high concentrations [10].

Exposure of Bacopa monnieri to Ag' and AgNPs en-
hanced peroxidase and catalase activity [11]. Qian
and colleagues [12] studied the effect of Ag on the
transcription of antioxidant and aquaporin genes, and
the balance between antioxidant and oxidant status,
and concluded that AgNPs were more toxic than Ag"
(in AgNOs). When watermelon plants were exposed
to 0, 30, 60, 90 and 200 mg L' of Ag" applied at in-
tervals of 8 days throughout the crop cycle, a dose
responsive increase in Ag concentration occurred in
both roots and shoots and the amount of antioxidant
in fruits increased by 3-fold in those exposed to 30
mg L' Ag but the lycopene concentration declined
[13].
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This study therefore aimed to investigate the effects
of AgNPs and Ag" (as AgNOs) on the sunflower
plant and compared their effect on the activities of
antioxidant defence enzymes [SOD, CAT, glutathione
peroxidase (GPx), glutathione-S-transferase (GST)],
other peroxidases (guaiacol peroxidase, pyrogallol
peroxidase), ascorbate oxidase, urease, and LPO, an-
tioxidant vitamins (A, E and C), chlorophyll A and B,
total carotenoids, carbohydrate and protein concentra-
tion.

2. MATERIALS AND METHODS

2.1. Silver nanoparticles synthesis and quantifica-
tion

AgNPs were freshly prepared on the day of the exper-
iments. Citrate-coated AgNPs were synthesized from
AgNQO;, reduced by ferrous sulphate hepta-hydrate,
and coated with tri-sodium citrate dihydrate [14].
This method produced spherical-shaped particles,
which did not aggregate due to the electrostatic repul-
sion of the citrate coating agent.

The Ag concentration in AgNPs was determined by
flame atomic absorption spectroscopy (FAAS)
(Model A.6200, Shimadzu, Tokyo, Japan), calibrated
with the Merck ICP certiPUR multi-element standard
(Sigma-Aldrich, Castle Hill, New South Wales).

2.2. Charge measurement and particle size

The average mean particle size and zeta potential of
AgNPs were determined using a Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, UK) at 25°C.
The conditions He/Ne laser
(wavelength = 633 nm), scattering angle 90°, refrac-
tive index 1.33, and viscosity 0.887 mPa. Prior to the
measurements, the concentration of the AgNPs was
diluted 200-fold with water.

employed were:

Silver nanoparticle morphology and size were deter-
mined using Transmission Electron Microscopy
(TEM). Silver nanoparticles were diluted with deion-
ized water to obtain a more uniform distribution and
transferred directly onto a TEM gold-carbon grid for
size characterization, using a high-resolution TEM
(Philips CM200, Amsterdam) fitted with a Gatan dig-
ital camera.
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2.3. Soil

preparation
Templeton Silt Loam (TSL) soil (Table 1) (c. 100 kg)
was collected from the Johnson Memorial Laboratory

amendment and plant sampling/

grounds, Lincoln University, Canterbury, New Zea-
land (43°38'44.67"S, 172°27'3.19"E), sieved and
dried. The soil was divided into three portions: one
portion was mixed with 150 mg/kg of Ag as AgNPs,
the second with an equivalent amount of Ag as Ag-
NOs. (This dose was chosen based on a study by N.
Saleeb, which found that Ag at 200 mg/kg was mildly
toxic to ryegrass) and the third portion was not treated
(control). Four 8-L pots per treatment (control,
AgNPs, AgNOs; n = 12) were each filled with 5 kg of
soil from their respective portion (c. 20 kg per treat-
ment).

Table 1. Properties of Templeton Silt Loam soil used
in the study [15, 16].

Parameter Mean (SEM)
Sand/silt/clay (%) 76/20/4

pH (H,0) 5.1

CEC (meq/100 g) 12.3

C (%) 3.3(0.03)
N (%) 0.3 (0.00)

P (mg/kg) 732 (11)

S (mg/kg) 383 (6)

Ca (mg/kg) 3329 (58)
Mg (mg/kg) 3426 (71)
K (mg/kg) 2541 (279)
Cd (mg/kg) 0.13 (0.00)
Zn (mg/kg) 70 (2)

Cu (mg/kg) 5(0)

B (mg/kg) 7.3(1.0)

Fe (mg/kg) 17727 (353)
Mn (mg/kg) 357 (20)

Ag (mg/kg) <2

Three sunflower seeds (Helianthus annus, family
Asteracear) were planted in each pot then water add-
ed to field capacity. Pots were watered daily to field
capacity. After 2 weeks, two sunflower plants were
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removed from each pot, leaving one per pot. The
plants were harvested after 53 days, the roots separat-
ed, and the stem divided into four equal sections
(labelled from the base to the top of the plant; S1, S2,
S3, S4). All leaves from each plant were collected
along with the flower, and seeds. The different sets
of plant parts were then allocated to two groups. One
half of each set of plant parts was kept in plastic bags
and stored at -20°C for measurement of LPO, total
soluble protein, total phenolic compounds (TPC),
total soluble carbohydrates, chlorophyll A and B,
total carotenoids, antioxidant vitamins A, E and C,
and activities of antioxidant enzymes, urease, and
peroxidases (POX). The frozen sunflower leaves
were homogenized with liquid nitrogen (N2) and the
powder stored at —20°C until analysis. Leaf material
(1 g) in liquid N2 was homogenized with 3 ml of 0.1
M phosphate buffer (pH 6.8) using a homogenizer
(YunlinLi FJ-200, Shanghai, China) in ice and centri-
fuged (Beckman J2-MI, USA) at 16,000 rpm
(30,390g RCF) for 20 min at 4°C and the supernatant
collected for antioxidant enzyme analysis. All the
parameters were measured using spectrophotometry
(Shimadzu UV-VIS 1280, Tokyo, Japan). The other
half was dried at 65°C for 72 h and then powdered in
a tissue analyzer (Tissuelyser II Qiagen, USA). The
powdered plant parts were subjected to acid (a mix-
ture of 3 parts of HNO; and I of HCI acids) digestion
to determine the Ag concentration using inductive
coupled plasma-optical emission (ICP-OES).

2.4. Analytical methods for parameter measure-
ment

The enzyme activities were calculated as reported in
supplementary data 1.

Catalase (CAT): Following [17], 50 pl of leaf ex-
tract was added to 3 ml of a solution containing 50
mM potassium phosphate buffer (pH 7) and 20 mM
hydrogen peroxide (H,0O,). The decrease in absorb-
ance was measured at 240 nm wavelength every 30 s
for 2 min (§ = 43.6 M/cm).

Superoxide dismutase (SOD): Following [18], 50 pl
of leaf homogenate was mixed with 2.95 ml solution
of 50 mM potassium phosphate solution (pH 7.8)
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containing 26 mM L-methionine, 75 pl nitroblue te-
trazolium chloride (NBT), 100 uM EDTA and 20 uM
riboflavin. The reaction was performed in a chamber
under illumination of a 30 W fluorescent lamp at 25°
C. The reaction was started by turning the fluorescent
lamp on and then turning off after 5 min. The blue
formazan produced by NBT photoreduction was
measured as an increase in absorbance at 560 nm
every 30 s for 2 min (& = 2640 M/cm).

Glutathione-S-transferase (GST): Based on a con-
jugation reaction between GST and 1-chloro-2,4-
dinitobenzene (CDNB), [19], 0.1 ml of homogenized
leaves was added to 2.8 ml of phosphate buffer (pH
6.5) to which 0.1 ml of CDNB was added. The in-
crease in absorbance was recorded at 340 nm, every
30 s for 2 min (& = 9.6 M/cm).

Glutathione peroxidase (GPx): Based on [20] with
slight modifications, 0.4 ml of 0.4 .M sodium phos-
phate buffer (pH 7) was mixed with 0.1 ml of 10 mM
sodium azide, 0.2 ml of 4 mM reduced glutathione,
0.1 ml of 2.5 mM H,0,, 0.2 ml of water and 0.5 ml
of leaf homogenate. Then 1 ml of 5,5-dithiobis-2-
nitro benzoic acid in 1% sodium citrate reagent was
added. The absorbance of the colour developed was
measured at 412 nm every 30 s for 2 min (¢ = 6,422
M/cm).

Lipid peroxidation (LPO): Based on [21] with
slight modifications, this assay was based on meas-
urement of malondialdehyde (MDA), which is
formed by the reaction of MDA with thiobarbituric
acid. The reaction mixture was prepared by dissolv-
ing 3.75 g trichloro acetic acid in 10 ml of 0.25N hy-
drochloric acid and 0.094 g of thiobarbituric acid in 2
ml of methanol. The two solutions were mixed and
completed to 25 ml with 0.25 N hydrochloric acid.
Leaf homogenate (1 ml) was mixed with 2 ml of re-
action mixture and boiled in a water bath for 15 min,
allowed to cool and centrifuged at 4577 RCF for 5
min. The pink colour developed was measured at 532
nm (& = 163.8 M/cm).

Ascorbate oxidase activity: Based on [22], 8.8 mg
of ascorbic acid was dissolved in 300 ml of phos-
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phate buffer (pH 5.6). Then 100 pl of leaf homoge-
nate was added to 3 ml of extraction buffer and the
decrease in absorbance measured at 265 nm every 30
s for 5 min (& =7 M/cm).

Pyrogallol peroxidase activity: Following [23], 0.1
ml of leaf homogenate was added to the reaction mix-
ture composed of 0.1 M phosphate buffer (pH 6.8)
containing 0.05 M pyrogallol and 1% H,0,. The in-
crease in absorbance was measured at 430 nm every
30 s for 2 min (& = 4.5 M/cm).

Guaiacol peroxidase: Following [24], 2 ml of reac-
tion mixture (20 mM guaiacol, 20 mM H,0,e, 50 mM
phosphate buffer; pH 6.8)) was added to 25 ul of leaf
extract, and incubated at 30°C for 10 min. The reac-
tion was stopped by adding 0.5 ml of sulphuric acid
and the absorbance recorded at 480 nm every 30 s for
2 min (¢ = 26,600 M/cm).

Chlorophyll and total carotenoids: Following [25],
0.5 g of homogenized leaf was mixed with 10 ml of
methanol for 15 min at 4°C and centrifuged at 4577
RCF (4700 rpm) for 10 min. Then 0.5 ml of superna-
tant was mixed with 4.5 ml of methanol and analysed
for chlorophyll A and B and also total carotenoids.
Absorbance was measured at 470 nm for total carote-
noids, at 665.2 for chlorophyll A (CA) and at 652.4
nm for chlorophyll B (CB).

Equations used for chlorophyll and total carotenoids
calculations are shown in supplementary data 3.

Total soluble carbohydrate (TSC): Following [26],
1 g of homogenized leaf was mixed with 3 ml of 0.1
M phosphate buffer (pH 6.8), centrifuged as de-
scribed for chlorophyll. Next, 100 pl of supernatant
was mixed with 900 pl of phosphate buffer (pH 6.8)
followed by addition of 5 ml of concentrated sul-
phuric acid. The mixture was incubated on a hot
block at 50°C for 10 min. The red colour developed
was measured at 490 nm. The concentration of TSC
was calculated from a calibration curve using D-
glucose as the standard (within the range 0—10 mg/
ml).

Total phenolic compounds (TPC): Following [27],
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0.2 g of homogenized leaf was mixed with 0.8 ml of
ice-cold methanol and incubated at room temperature
in the dark for 48 h, then centrifuged at 10,000 x g for
5 min. Next, 0.1 ml of supernatant was mixed with
0.1 ml of Folin-Ciocalteu’s phenol reagent (CF; Sig-
ma-Aldrich). The working reagent was 1 ml of CF
reagent and 9 ml of water. The solution was vortexed,
0.8 ml of 700 mM sodium carbonate added and incu-
bated at room temperature for 2 h. The absorbance
was measured at 765 nm. Gallic acid was used as the
standard (within the range 0-200 ug/g).

Total soluble protein: Following [28] with minor
modifications, 950 ul of water was added to 10 pl of
leaf sample (1 g of homogenized leaf mixed with 3 ml
of phosphate buffer (pH 6.8) to whichl ml of diluted
Bradford reagent (1-part reagent + 4 parts water) was
added. The solution was mixed and incubated at room
temperature for 5 min. Absorbance was measured at
595 nm. The calibration curve was constructed using
serum albumin within the range 0.312 to 10 pg/ml.

Urease: The assay was based on the alkaline phenol
reaction [29]. Briefly, 0.25 g of leaf sample powder
was homogenized with 5 ml of 30% ethanol in a 50-
ml centrifuge tube. The sample was vortexed at 300
rpm for 30 min at 8°C and centrifuged at 50,000 x g
for 10 min. Next, 20 pl of supernatant was added to
896 ul of hypochlorite solution (12% sodium hypo-
chlorite, 0.4 M Na,HPO,4 and 0.37 M NaOH). The pH
was adjusted to 12. Then, 84 pl of phenol solution
(7% phenol containing 34 mg of sodium nitroprus-
side) was added. The mixture was incubated at 37°C
for 15 min. Difference in absorbance between 630
and 670 nm was measured.

Vitamins A and E: Vitamins A and E were both ex-
tracted and measured using an isocratic HPLC with
two detectors — UV and fluorescence detection, based
on [30] with some modifications. Briefly, 1 g of ho-
mogenized leaf was mixed with 5 ml of hexane for 25
s, then centrifuged at 4,577g RCF (4,700 rpm) for 20
min at 4°C. Next, 3 ml of supernatant was evaporated
under a gentle stream of N, at 45°C. The residue was
dissolved in 200 pl of methanol and 20 pl was inject-
ed onto an isocratic HPLC (Aligant-3170, Malgrave,

WWW.SIFTDESK.ORG 633

Vol-4 Issue-2



SIFT DESK

Victoria, Australia).

High Performance Liquid Chromatography: The
vitamin A and E analyses were performed on Agilent
-1100 series HPLC (Victoria, Australia), equipped
with a quaternary pump LC-1311 A, a degasser mod-
el 1322 A, and auto sampler G 1329 A (all Agilent,
Victoria, Australia). The mobile phase was 96%
methanol; flow rate =1 ml/min; Columns: A pre-
column RP (15 x 3.2 mm; Applied Bio-systems, Fos-
ter City, CA, USA), particle size = 7 pm connected to
an analytical column (RP, Bio-systems) (220 x 4.6
mm; particle size = 5 pm). The column was main-
tained at 35°C then connected to an Agilent UV diode
array detector monitoring at 325 nm and a fluores-
cence detector (model 1321 A), operated at 292., nm
and 330., nm. The whole system was linked to a PC
computer operated by Agilent (Chemistation model
LC 3 D) and to an ALM thermostat (model G13308).

Vitamin C: Following [31 ], 0.25 g of sunflower
powder was homogenized with 2 ml of 10% trichlo-
roacetic acid, and centrifuged at 4577 g RCF for 10
min. Next, 0.5 ml of supernatant was mixed with 1
ml of Folin-Ciocalteu reagent (diluted 10-fold with
distilled water) and 0.5 ml of 20% sodium carbonate.
The solution was incubated at room temperature for
10 min and absorbance measured at 765 nm.

2.5. Statistical analysis

Data are presented as the mean + SE (n =4). Data
were analysed using one-way analysis of variance
(ANOVA). The Minitab v17 statistical program soft-
ware was used to compare the differences among
treatment groups. Significance level was set at p <
0.05. Explanatory variables were nominal concentra-
tion of chemicals (Ag" and AgNPs) in mgkg" soil,
and concentration of parameters in mg kg™ or U/g
homogenized leaf for antioxidant enzyme activity.

3. RESULTS & DISCUSSION

3.1. Ag in sunflower plants

Sunflower plants exposed to AgNPs / Ag" in a pot
experiment with amended soil had fallen down by
time of harvest (Figure 1) because of weak stems,
probably caused by a deficiency of calcium (data
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shown in table 5). Silver from AgNPs or Ag accu-
mulated in root hair > root > leaf > stem > flower >
seed (Table 2). The amount of Ag in sunflower
leaves from exposure to Ag’in soil was 3-fold more
than that accumulated on exposure to AgNPs and 6-
fold more than the control. The seeds planted in soil
amended with AgNPs showed a marked decrease in
root size with only few roots having few root hairs
(~50% less root hair), whereas the seeds grown in
soil mixed with AgNO; showed the smallest root size

and ~75% less root hairs were evident compared to
the control (Figure 2).

ii:ijl ‘|| ‘lﬁ-‘.n. o g

ma.l LA |'

Figure 1. Sunflower plants just before harvest (53
days after sowing). Erect plants are the controls and

the others are grown in soil amended with silver as
AgNPs or Ag’ (as AgNO:3).

Figure 2. Sunflower root growth following exposure
to 150 mg/kg of Ag as AgNPs (centre) and Ag’ (as
AgNO;3; right) for 53 days, compared with the control
plants (left).

WWW.SIFTDESK.ORG 634

Vol-4 Issue-2



SIFT DESK

Table 2. Silver (Ag) concentration (mg.kg™'; mean +
SE) in sunflower plants exposed to 150 mg/kg Ag in

soil as AgNPs or Ag'.
Plant part | Control AgNPs Ag’
Root 1.51 £0.45 17.83 £6.69 | 15.61+1.96
Root hairs 2.65+2 156 £9.69 182 +36.24
Stem (S1) 1.95+1.09 3.75+3.19 2.76 £1.16
Stem (S2) | 1322063 | 2992267 | 13204
Stem (33) | 0322004 [0762024 | 129206
Stem (S4) 0.26 £0.01 0.48 +0.54 1.27+0.1
Aginwhole | 3.85+1.77 7.98 £6.64 6.62 +£2.26
stem
Leaf 1.86 £0.24 2.75+0.96 9.63 +4.94
Flower 0.31 +£0.02 0.53+0.14 1.09£0.5
Seed base 0.42 +£0.09 1.04 £0.59 0.85+0.33
Seeds 0.32+0.12 0.77+£0.21 1.04 £0.52

Exposure of sunflower plants to AgNPs/Ag" in soil
decreased the photosynthesis process resulting in
generation of ROS, which damage chloroplast lead-
ing to growth retardation or death of the plants. In
addition, a reduction in root size and lack of root
hairs in the Ag-exposed plants was associated with a
decrease in size of nearly all parts of the plant. This
was more obvious in plants grown in soil amended
with Ag’(as AgNO;) than AgNPs, which is con-
sistent with the literature reports [32, 33]. Krizkova et
al. [29] report a decrease of fresh weight in sunflower
plants exposed to Ag’, and that this loss increased
with time and exposure dose. These authors surmised
that this weight loss was connected with an increase
in metabolic activity due to very limited supply of the
inorganic and organic compounds needed for plant
growth. Krizkova et al. [29] reported that Ag changes
water transport, which alters the anatomical structure
of the root. The effects of Ag on sunflower roots they
report include a decline in rhizodermal cells, which
necrotized and were replaced by exodermal cells.
Mazumdar [34] reports that when Ag particles enter
root cells, they damage both the cell walls and vacu-
oles, which may contribute to increased entry of Ag
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into the plant including the root. Root damage could
also be due to large Ag particles penetrating through
small pores in the cell walls. Metal accumulation in
plants is dependent on metal speciation, and Ag accu-
mulates more in the root than other plant parts, fol-
lowed by leaves and stem [33]. It is assumed that Ag
will also accumulate in the seeds and if so, a food
safety risk. Other factors that contribute to Ag accu-
mulation in the root are solubility of Ag compounds,
plant species and the culture medium [33].

The plants cultivated in soil amended with AgNPs or
Ag" were not strong enough and collapsed (Figure 1)
probably due to a deficiency of Ca as calcium pectate
[35, 36]. When plants become deficient in Ca, the
new tissues that are formed at root and shoot tips ex-
hibit distorted growth due to improper cell formation.
This may be the reason that the plants exposed to
AgNPs/Ag" curved at the upper parts of the plant
resulting in tilting of the plant. The reduction of Ca
concentration in the plants exposed to the two Ag
forms (data shown on table 5) could also be attribut-
ed to a decrease in the expression of Ca channel pro-
teins, which can lead to a reduction in Ca uptake.
[37].

3.2. Antioxidant enzymes, LPO, oxidase, peroxi-
dases

Results are presented as the mean + SE of four repli-
cates and significance was set at P < 0.05.

Compared to the control plants, leaves of sunflower
plants grown in soil containing 150 mg/kg AgNPs or
Ag" (as AgNO;) respectively showed significantly
increased catalase enzyme activity (> 8- and 12-fold),
SOD activity (> 2- and 3-fold), and GPx enzyme ac-
tivity (> 2- and 4-fold). GST enzyme activity in sun-
flower leaves exposed to Ag' was significantly in-
creased c. 2-fold compared to the control and plants
exposed to AgNPs (Table 3).

In sunflower leaves of plants exposed to AgNPs and
Ag' there were significant increases in MDA concen-
trations (0.3- and 0.7-fold more), ascorbate oxidase
activity (2- and 4-fold more), pyrogallol peroxidase
(6- and 11-fold more), and guaiacol peroxidase activ-

WWW.SIFTDESK.ORG

635

Vol-4 Issue-2



SIFT DESK

ity (~ 0.5 and 1.3-fold more) respectively compared
to the control (Table 3).

Table 3. Analysis of antioxidant enzyme activity and
other leaf parameters (U/g wet wt) in sunflower
plants exposed to 150 mg/kg Ag as AgNPs or Ag" (as
AgNO;3) in amended soil, at harvest 53 days after
sowing in pots.

Control AgNPs Ag"
Catalase 0.24 +0.06 ° 424+046° | 6+0.1°
SOD 10+£1.5° 21.11+4° 32+6°
GST 25938 +0.29% | 267+23.08* | 535+147°
GPx 0.00032 + 0.0013 + 0.0022 +

0.00005 * 0.0004° 0.0002 ¢
MDA conc. | 46+1.63° 60+ 1.24b 82+1.12°
Ascorbate 8+0.62° 15+£0.36° 18+£0.52°
oxidase
Pyrogallol 17+2° 191+31° 300+ 56°
peroxidase
Guaiacol 1.6+041a 239+0.11° 3.84+0.26°
peroxidase

Means + SE of four replicates. Means with different letters in a
row are significantly different (P < 0.05).

Reactive oxygen species are generated during the
normal metabolism of eukaryotic cells [38] and may
cause oxidative damage to macromolecules such as
lipids, proteins, and DNA [39]. We analysed four
antioxidant enzymes (SOD, CAT, GST, GPx) and
LPO to evaluate the response to ROS in leaves of
sunflowers exposed to 150 mg/kg AgNPs or Ag'in
soil.

In general, metal ions cause oxidative stress in sun-
flowers and generate ROS toxic species such as free
radicals O™, OH" and non-radical like H,O, and 'O,
that can cause degradation of plant proteins in addi-
tion to a reduction in number of chloroplasts in leaf
tissue. Thus, ROS can affect a range of enzymes and
activate the enzymatic antioxidant system, which re-
sponds to abiotic and biotic stressors [40, 41]. The
antioxidant enzymes studied were CAT (catalyse dis-
mutation of H,0,to water and oxygen), SOD
(frontline defence enzyme against ROS), GST
(detoxification enzyme) and GPx (prevents damage
from H,0,) [41].

Sunflower leaves exposed to the two Ag forms
(AgNPs and Ag') exhibited elevated CAT, SOD,

Ravi Gooneratne et al.

GST and GPx activation, which is in agreement with
[42], which found these enzymes were markedly ele-
vated in sunflower leaf exposed to Ag" more than
AgNPs. Similar findings on increased CAT and GPx
activities have been reported on exposure of Bacopa
monnieri to 10 and 100 mg kg’ Ag™ much higher
than from exposure to the same concentration of
AgNPs [11]. AgNPs sized 20 nm at a concentration
of 10 mg L™ significantly induced oxidative stress
with an increase in ROS in a higher aquatic plant Spi-
rodela polyrhiza. In S. polyrhiza exposed to 5 and 10
mg L' concentrations of 6-nm and 20-nm AgNPs
particle sizes, SOD, CAT and guaiacol peroxidase
were significantly increased [43], which also agrees
with our results. Jiang et al. [43] reported that expo-
sure of sunflowers to 6-nm AgNPs showed increased
activity of these enzymes compared to 20-nm
AgNPs particles, showing that the higher activity of
the small sized particles was probably due to the rela-
tively larger surface area.

Increased anthocyanins and chloroplast, which play a
major role in photosynthesis, were increased in Ara-
bidopsis thaliana exposed to AgNPs [44]. In addi-
tion, the plant tissues accumulated H,O, and also ex-
hibited an increase in nucleic acids and proteins,
which could be detected by staining plant tissues with
3,3-diaminobenzidine. The plant leaf under stress
exhibited a deep brown colour, compared with the
control group. Excessive accumulation of ROS and
subsequent LPO is identified by MDA measurement.
Li et al. [44] reported that SOD activity in 4. thaliana
on exposure to AgNPs (0.1, 0.5, 1 mg L) signifi-
cantly declined by 18.2% compared to the control,
which is contrary to our findings. In contrast, CAT
and POX in the AgNPs-treated group were induced
by 2.1- and 1.1-fold respectively compared to the
controls, which is in agreement with our findings.
The reason for this could be the different plant types
and AgNPs particle sizes. (30-nm in my study, and
from 9 to 10 nm in [44]). Exposure of tobacco plants
to 25-, 50-, 75-, 100- or 500-uM doses of AgNPs and
Ag' in milli Q water in an Erlenmeyer flask resulted
in toxicity by Ag' > AgNPs [45], which is consistent
with our observations in sunflowers grown in TSL
soil, except for CAT activity which declined on ex-
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posure to AgNPs but increased on exposure to Ag".

Tomato plants exposed to 0, 25, 50, 75, and 100 mg
L' of 20-nm AgNPs resulted in a linear dose-
response increase in all amino acids and also the ac-
tivity of antioxidant enzymes CAT, SOD, POX in
shoot and root at 50 mg/L. Ag but total soluble pro-
tein decreased [46], all of which agrees with our re-
sults. However, at 100 mg L AgNPs, SOD activity
declined probably due to unspecified enzyme degra-
dation [47] or due to binding of Ag to the active cen-
tre of the SOD enzyme [48], the activity of which
was higher in the shoot than roots. The SOD and
CAT activity increased in castor oil seedlings ex-
posed to AgNPs/Ag’ [49], which is in agreement
with our data. Heavy metals such as Cu and Zn also
induced CAT, SOD, POX in castor beans Ricinus
communis [49].

The effect of AgNPs on sunflower leaf GST activity
was minimal but Ag" increased GST compared to the
control. GST is a detoxification enzyme involved in
the metabolism of many chemicals including pesti-
cides and heavy metals. It catalyses the conjugation
of electrophilic molecules with reduced glutathione
(GSH) to more water soluble and less toxic metabo-
lites [50]. The GSH conjugation is the first step of the
mercapturic acid pathway, which is an important de-
toxification process [51]. GST is induced and able to
detoxify chlorophenol in plants grown in polluted
soil [52] including on exposure to high concentra-
tions of Cd [53].

A significant increase in GPx was observed in sun-
flower leaf in plants exposed to AgNPs and Ag" com-
pared to the controls. The GPx activity in plants de-
pends on physiological and genetic status, time inter-
val, type and concentration of exposure to pollutants
including heavy metals and is a response to oxidative
stress [54]. GPx catalyses the reduction of H,O, via
GSH to protect plant cells from oxidative stress [38]
not only caused by heavy metals but also by salinity
and drought conditions [55].

Nickle (Ni) is a heavy metal that cause oxidative
stress in Amaranthus paniculatus with a resultant

Ravi Gooneratne et al.

increase in LPO, GPx, SOD and CAT [56]. However,
the authors reported that antioxidant enzymes includ-
ing GPx in roots was progressively inhibited by in-
creased Ni concentration in the growth solution but
that a marked increase in GPx and SOD activity oc-
curred in leaves. There are several publications [12,
57-60] on oxidative stress in plants with resultant
increase in ROS, LPO and GPx. The exposure of
sunflowers to AgNPs and Ag' resulted in an increase
not only in GPx but also other POX such as pyrogal-
lol peroxidase and guaiacol peroxidase.

Exposure of plants to external stress induces LPO.
Sunflower plants exposed to AgNPs and Ag" resulted
in a significant increase in MDA in the leaf with the
effects due to Ag” more than AgNPs. In A. thaliana
exposed to AgNPs and Ag’, tissues accumulated
ROS and resulted in LPO in the leaf, which was
quantified by MDA [44]. A similar effect was ob-
served in tomato plants, with a concentration-
dependent increase in MDA on exposure to Ag [61].
Exposure of the aquatic plant Spirodela polyrhiza to
5 mg L' AgNPs in 10% Hoagland solution resulted
in a significant increase in LPO compared to the con-
trol [62]. MDA was also significantly increased in
leaves of the tobacco plant exposed to 500 uM
AgNPs and to 100 uM Ag' [45]. Thus, the changes in
MDA observed in the leaves when the tobacco plant
is exposed to AgNPs/Ag" are similar to the ones ob-
served in our study with sunflower leaves. The main
effects of heavy metal ions on plants include an in-
crease in LPO and lipoxygenase activity, and an as-
sociated decrease in chlorophyll and GSH [7]. Ascor-
bate oxidase is also an antioxidant defence enzyme,
which can resist ROS. It plays a major role in detoxi-
fying H,O, in plant cells. The ascorbate oxidase ca-
talyses the conversion of H,O, to water by acting as a
specific electron donor [63]. An increase in the POX
enzyme on exposure to AgNPs and Ag" has been re-
ported [64]. The POX used in our study were pyro-
gallol peroxidase and guaiacol peroxidase

Exposure of Bacopa monnieri to AgNPs produced
more pyrogallol peroxidase than in plants exposed to
Ag' [11] along with an increase in the TPC and a
decrease in protein and carbohydrate. In our study,
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the increase in pyrogallol peroxidase on exposure of
the sunflower plant to Ag” was significantly higher
than by AgNPs, which is similar to the finding in the
tobacco plants exposed to 50, 75, 100 and 500 uM
[45] but different to that reported by [11] in B. mon-
nieri. Guaiacol peroxidase activity on exposure of
sunflower to the two Ag forms showed significant
increase in the plants exposed to Ag” only and not
AgNPs compared to the control, which is in agree-
ment with the observations of [61] who exposed the
tomato plant to AgNPs (6 nm particle size) and Ag"
and observed a significant increase in guaiacol perox-
idase activity and also the findings in the aquatic
plant Spirodela polyrhiza exposed to AgNPs [62].

3.3. Total phenolic compounds and Total soluble
carbohydrates

The TPC concentration was significantly increased in
the leaves of sunflower plants exposed to Ag' >
AgNPs > control. A similar observation has been rec-
orded on exposure of B. monnieri to heavy metals
[11] and also that phenolic derivatives can act as a
metal stress chelator, as an antioxidant to reduce
ROS and LPO. These authors reported a reduction in
protein and carbohydrate concentrations also [11].
Total phenolic compounds increased by 0.3- and 1-
fold, whereas total soluble carbohydrates decreased
by 20% and 35%, respectively compared to the con-
trol.

Total soluble carbohydrate concentration in sunflow-
er leaves significantly declined following exposure of
plants to 150 mg kg™ of AgNPs and Ag” in soil for
53 days and this was most marked in the plants ex-
posed to Ag". Similar results have been reported in
B. monnieri exposed to 10, 100 ug/kg of AgNPs and
10, 100 mg kg™ of Ag" with a slow decline during
the first 10 days of cultivation and a sharp decrease in
TSC thereafter [11], which agreed with our findings.
Similarly, Salama [10] reported that the exposure of
corn (Zea mays) and common bean (Phaseolus vul-
garis) to doses up 60 mg kg' of AgNPs caused an
increase in TSC, but at higher AgNPs concentrations,
such as 80 mg kg™, the TSC concentration decreased
significantly. Application of colloidal AgNPs (1 mg/
ml) as a foliar spray dose of 50 ml/L increased TSC

Ravi Gooneratne et al.

and also improved the appearance of sunflower
leaves [65]

3.4. Vitamins A, E and C

Vitamin A concentration in the leaves of sunflower
plants exposed to AgNPs and Ag’ were increased by
1- and 0.3-fold, and vitamin E increased by 6.8- and
2.8-fold, respectively compared to the control (Figure
4). Vitamin C concentrations in leaves exposed to
AgNPs and Ag'increased by 25% (P < 0.05) and
21% respectively compared to the control.

Exposure of sunflower plant to 150 mg kg™ AgNPs
or Ag'resulted ina significant increase in vitamin A
and E concentrations, with AgNPs > Ag"> control.
The exposure of sunflower plants to AgNPs and Ag"
stimulates the production of ascorbate oxidase due to
ROS production, which results in the production of L
-ascorbic acid. Vitamins A and E (alpha-tocopherol)
act as a defence in addition to ascorbate oxidase,
which oxidises L-ascorbic acid to dehydroascorbic
acid, and therefore the amount of dehydroascorbic
acid is increased, and the total ascorbic acid is de-
creased [66]. A significant increase in the antioxidant
vitamins A and E in the bean plant (Phaseolus vul-
garus) occurred following exposure to heavy metals
Pb (1.5, 2, 2.5 mM), Cu (0.1, 0.2, 0.3 mM), Cd (0.05,
0.06 and 0.08 mM) and Hg (0.02, 0.04 and 0.06) for
10 days [67], which is in agreement with our find-
ings.

3.5. Chlorophyll and total carotenoids

Sunflower leaf chlorophyll A in plants grown in soil
containing 150 mg kg Ag as AgNPs and Ag+ (as
AgNO3) decreased by 30% and 40% respectively.
Chlorophyll B was not significantly affected. Total
carotenoid concentration in the sunflower leaves ex-
posed to Ag" decreased by ~ 50% compared to the
control (Figure 3).

Leaf pigments include chlorophyll A and B and total
carotenoids, which are essential for photosynthesis
and hence plant growth [68]. Silver nanoparticles are
taken up by plants into intracellular spaces and trans-
ported inside the plant through the plasmodesmata of
root cells, then pass through shoots and accumulate
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in leaves causing inhibition of chlorophyll. The ratio
between chlorophyll A and chlorophyll B indicates

the response to light and shade conditions and is used

as a sensitive biomarker of pollution and environ-
mental stress [69]. Carotenoids are located in chloro-

plast and with chlorophyll are intricately involved in

the photosynthetic process. In addition, they can pro-

tect chlorophyll and the thylakoid membrane (a sheet
like membrane-bound structure in chloroplast that
plays a role in light-dependent photosynthesis) from
peroxidative damage [25]. Carotenoids dissolve in
non-polar and polar solvents such as diethyl ether and
methanol. Hence, we selected methanol for extraction
of chlorophyll and total carotenoids in a one-step ex-

traction with good recovery; besides methanol is eas-

ier to handle. Mazumdar [34] reported that using
1000 pg/ ml AgNPs in Hoagland’s nutrient solution

caused a significant inhibition in both chlorophyll

types and total carotenoids in Vigna radiata and Bac-

tris campestris, which is in agreement with our find-

ings There are several reports that AgNPs inhibit
plant growth by inhibition of chlorophyll formation
and total soluble protein [70, 71] . However, Qian
[12] showed that AgNPs inhibited the growth of

A. thaliana by disruption of the thylakoid membrane
structure and thereby decreased the chlorophyll con-
centration. In our study, we did not investigate the
impact of AgNPs on thylakoid membrane structure,
but we agree that chlorophyll concentration is re-
duced on exposure to AgNPs. In contrast, Qian et al.

[12] suggested that Ag" as AgNPs did not profoundly

affect chloroplast structure but could alter the tran-
scription of antioxidants and aquaporin genes, indi-

cating that AgNPs can change the balance between

oxidant and antioxidant activity thereby affecting the

homoeostasis of the 4. thaliana plant. The decline in

chlorophyll content in plants exposed to heavy metals
has been reported in several studies, including a de-
crease in the ratio of chlorophyll A to chlorophyll B
on exposure to Cu and Hg stress with chlorophyll B
responding more to Cu, while a decrease in this ratio
was observed in plants exposed to other heavy metals
such as Cd and Pb [54].

Carotenoids are a partner pigment in photosynthesis.
Carotenoids also act as an antioxidant non-enzymatic

Ravi Gooneratne et al.

pigment that defends chlorophyll and cell membranes
against ROS produced on exposure to different heavy
metals and environmental stress [72-74]. A role of
this pigment is to reduce chlorophyll concentration to
protect against chloroplast damage [74]. Decline in
carotenoid content indicates heavy metal toxicity,
while its enhancement reflects detoxification of ROS
species [75, 76]. Our results that chlorophyll and total
carotenoids are inhibited in sunflower leaves on ex-
posure of the sunflower plant to AgNPs and Ag'in
soil are confirmed by [7].
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Figure 3. Chlorophyll A and B, and total carotenoid
concentrations, in leaves of sunflower plants grown
in soil containing 150 mg/kg Ag as AgNPs and Ag"
(as AgNO;). Results are presented as mean = SE of
four replicates. Means with different letters on the
bars are significantly different (P < 0.05).
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Figure 4. Sunflower leaf vitamin A and E in plants
grown in soil containing 150 mg Ag/kg as AgNPs
and Ag” (as AgNO3). Results are presented as mean +
SE of four replicates. Means with different letters on
the bars are significantly different (P < 0.05).

WWW.SIFTDESK.ORG 639

Vol-4 Issue-2



SIFT DESK

Ravi Gooneratne et al.

Table 4. Analysis of other leaf parameters in sunflower plants exposed to 150 mg/kg Ag as AgNPs or Ag" (as
AgNOs;) in amended soil, at harvest 53 days after sowing in pots.

Control AgNPs Ag+
Total protein (mg/ kg 20.18+0.77 ° 16.74 £0.95° 14.14+£0.97°
wet wt).
Total phenolic 0.151+£0.01° 0.203 £0.002 b 0.294+£0.02°
compounds (mg equivalent to
gallic acid wet wt).
Total soluble 168 £9.65 * 142 +8.8° 109 +12.6
carbohydrates (g/ kg wet wt).
Urease (mmol/ g wet wt) 3.03+03° 427+0.79° 6+121°
Vitamin C (mg/kg wet wt) 117.16 £9*° 166.46 + 16.8° 147.91 +£2.77 ¢

Means + SE of four replicates. Means with different letters in a row are significantly different (P < 0.05).

3.6. Urease concentration
Urease levels increased significantly with the Ag"
treatment (1-fold more) but were not significantly
different from the control with AgNPs treatment
(~0.4 fold more) (Table 4).

Urease is a crucial plant enzyme that catalyses the
hydrolysis of urea to form ammonia and carbon diox-
ide [77]. In our study, there was a significant increase
in urease activity in sunflower leaves with the in-
crease being most marked in plants exposed to Ag"
more than AgNPs more than control.

3.7. Total protein

The total protein concentrations in sunflower leaves
exposed to AgNPs and Ag’(as AgNOs;) were ~
12.5% and 25% lower respectively compared to the
control. Proteins are large biomolecules consisting of
a series of amino acids. In plants, protein has five
main functions: plant growth, role in hormones and
enzymes, immune function, and in energy produc-
tion. Exposure of sunflower plants to AgNPs and Ag"
resulted in a reduction of protein in sunflower leaf
with Ag™ AgNPs> control. Exposure of sunflower
plants to 0 (control), 0.1, 0.5- and 1-mM Ag" culti-
vated in an environmental test chamber (MLR-350 H,
Sanyo, Japan) showed that protein content in the
shoot > root indicative of transport of proteins from
roots to shoots [29]. A reduced protein concentration
in both the shoot more than root exposed to heavy

metals has been reported [41]. A similar decline of up
to 70% protein has been observed in the tomato plant
leaf exposed to 50 uM Cd in soil compared to the
controls and this was accompanied by an accumula-
tion of ammonium ions [61]. In the aquatic plant Spi-
rodela polyrhiza, the effect of 6-nm AgNPs of 5 mg/
L increased total soluble protein content [43]. The
increase in total soluble protein was much higher
when the plant was exposed to 10 mg L™ 20-nm
sized AgNPs [43]. This is in contrast to our finding
of a decline in sunflower leaf protein in plants ex-
posed to 150 mg/kg Ag and this was most marked in
the plants exposed to Ag more than AgNPs. This
could be due to the smaller particles size and the low-
er Ag dose used by [43]. Heavy metals such as Pb,
Cd, Mn, Co, Cr, and Co also cause significant inhibi-
tion of total soluble protein and plant growth in Zea
mays [78], which also agreed with our results. On
exposure of Bacopa monnieri to AgNPs, the leaf pro-
tein concentration declined over time, which agreed
with our study [11]. These authors also added that the
decrease in protein concentration in B. monnieri was
accompanied by an increase in TPC on exposure to
heavy metals. The reduction in total amount of solu-
ble protein when exposed to heavy metals could be
due to an increase in protease activity [79] or because
of the diverse structural alteration and thereby dena-
turing the protein [80].
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Table 5: Concentration of Ca in sunflower exposed
to 150mg.kg-1 AgNPs/Ag"

Element Ca

Part 1: Root

Control 5129+422*
AgNPs 4077 £273 %
Ag’ 3135+ 110°
Part 2: Stem (S-1)

Control 6974 £ 568 *
AgNPs 5789 + 174 °
Ag’ 5555 +301*
Part 3: Stem (S-2)

Control 10684 + 177 #
AgNPs 57761 £291°
Ag’ 7502 + 188 ¢
Part 3: Stem (S-3)

Control 9369 +716*
AgNPs 7777 +374 ™
Ag’ 6041 + 365"
Part 3: Stem (S-4)

Control 10860+ 117
AgNPs 9953 + 722"
Ag’ 7260 + 330 ¢
Part 4: Leaves

Control 40939 + 830 ®
AgNPs 28815+ 2001 "
Ag’ 27044 + 1692 "
Part 5: Flower

Control 11080+ 830%
AgNPs 8903+ 1177
Ag’ 4815+£262°¢
Part 6: Seed

Control 15926 + 1003 ®
AgNPs 10274 + 969 ™
Ag’ 53041 £ 1256 °

Ravi Gooneratne et al.

4. CONCLUSIONS

Exposure of sunflower plants to AgNPs and Ag’ (as
AgNO;) caused oxidative stress similar to that caused
by other heavy metals such as Cd, Pb, Hg, and Ni.
The stress of exposure to such heavy metals can lead
to ROS, LPO and elevated defence enzymes (CAT,
SOD, GST, and GPx) activities in addition to in-
creased activity of POX (pyrogallol peroxidase and
guaiacol peroxidase), and antioxidant vitamins
(Vitamin A, E, and C) and TPC. The increase in TPC
was accompanied by a decrease in total soluble pro-
tein. Silver accumulated in the sunflower plant with
the concentration in the root more than leaf more
than stem. Silver nanoparticles can alter the transcrip-
tion of antioxidants and oxidants, causing an imbal-
ance in homoceostasis of the plant. The major impacts
of AgNPs and Ag" on the sunflower plant are the re-
duction of total protein, inhibition of chlorophyll syn-
thesis through damage to chloroplast and TSC in the
leaf, reduction in root size, loss of root hair and inhi-
bition of stem length, all of which together can lead
to a reduction in growth and yield of the crops. The
ratio of chlorophyll A to chlorophyll B could be used
as a sensitive biomarker of exposure to pollution and
environmental stress. Overall, the responses of the
plant parameters measured in this study were most
marked in the sunflower plants exposed to Ag™ >
AgNPs.

The security risk of sunflower seeds after exposure to
AgNPs and Ag+ increased and authorities must con-
trol the discharge of the waste of the factory used
AgNPs in their products and the waste of municipali-
ty which contains AgNPs before use this waste as
fertilizer.
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7. SUPPLEMENTARY DATA

Supplementary data 7.1

Calculation of antioxidant enzymes activity in earthworm

(uM min™ mg protein™) and sunflower (U/g)

W = Weight of earthworm (g)

P = Total amount of protein in the earthworm extract

U = Unit of enzyme activity

Vs = Total volume of the earthworm extract, in litres

Ve = Volume of earthworm extract used for enzyme measurement, in litres

Vt = Total mixture of the reaction mixture

AA/min= Absorbance variation per minute calculated on the linear part of the curve

A = f(time) when measuring enzyme activity

€ = Extinction coefficient at specific wavelength for the enzyme (in M/cm) of the compound released by the
reaction, that allows calculation of the amount of substrate hydrolysed by the enzyme according to the Beer-
Lambert Law:

A =¢e. 1. C. Where A is the absorbance at specific wavelength, 1 is the path length (cm), and C is the concentra-
tion of the product formed which corresponds to the concentration of substrate hydrolysed, in M/I.
Calculation in cuvette using spectrophotometry:

The path length 1 =1 cm; (AA/min) / e= C (Mol L™ min"); C x Vt x 10°= uMol/min in the reaction mixture
(C x Vtx 10° x (Vs/Ve) = total amount of pMol/min in the earthworm extract corresponding to the total
amount of units (U)

[(C x Vtx 10° x (Vs/Ve)]/ P= Specific activity in U/mg.

Supplementary data 2:

Calculation of chlorophyll A & B and total carotenoid in sunflower exposed to 150 mg.kg"' AgNPs/Ag"
For chlorophyll A: Absorbance at 665.2 nm x 16.72 — (Absorbance at 652.4 nm x 9.16)

For chlorophyll B: Absorbance at 652.4 nm % 34.09 — (Absorbance at 665.2 nm x 15.28)

For total carotenoids: Absorbance at 470 nm x 1000 — [(1.63 x CA) —(104.96 x CB) / 221.
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