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d cerium oxide nanostructures
(CeO2-NS) show excellent biocompatibility for
phyto-cultures as compared to silver
nanostructures (Ag-NS)

Qaisar Maqbool *ab

The use of nanostructures (NS) in plant tissue culture can be beneficial only if we have their complete bio-

safety and biocompatibility profile. In the recent past, increasing rate of NS-cytotoxicity has alarmed the

plant biotechnologist to think critically. Keeping this in view, our current study represents a comparative

cytotoxicity examination of green fabricated highly potent CeO2-NS and Ag-NS. Phyto-reductants from

O. europaea extract simultaneously acted as reducing as well as capping agent in tuning the shape of

CeO2-NS and Ag-NS to as small as 18 nm and 26 nm respectively. High-performance liquid

chromatography (HPLC) analysis of O. europaea extract supplemented by thermo-gravimetric analysis

(TGA) findings further validates the capping action of bioactive agents from the plant extract. X-ray

diffraction (XRD) testing confirms the phase purity and crystalline nature of prepared CeO2-NS and Ag-

NS. Fourier transform infrared (FTIR) spectroscopy shows typical Ce–O bond vibrations at 457 cm�1 and

Ag around 563 cm�1 to 641 cm�1. Moreover, the optimized NS shows differential cytotoxicity when

tested on callogenesis and organogenesis of Lycopersicon esculentum. Findings from DPPH assay shows

that CeO2-NS are biocompatible and have tremendously enhanced the antioxidant potential of L.

esculentum with greater biomass, contrastingly Ag-NS are found phyto-toxic with lower antioxidant

potential and have a negative impact when added during plant tissue culture.
Introduction

Recent advancements in nanoscience and nanotechnology give
birth to an interdisciplinary emerging eld of nano-
biotechnology. Nowadays, various types of metallic oxide NS
have been engineered and due to their unique features like
extremely small size, tuned bandgap energies with room
temperature activation, higher surface to charge ratio, greater
absorbability, low dosage and higher catalytic efficiency, they
have shown promising results when tested on a variety of plant
tissues.1–3 Plant tissue culture techniques have been immensely
supplemented with the blessings of latest optimized NS. Inter-
esting ndings have been reported so far showing enhancement
in callus induction and organogenesis when metallic oxide NS
were applied in low dosage. Some of the metallic oxide NS like
Zn, Ce, Ag and Cu have shown overall improvement in plant
growth dynamics when tested at optimum concentrations.4

However, some studies also reported cytotoxicity of Ag and Ce
based NS to plant tissues primarily due to ROS generation and
heavy metal ion cytotoxicity and genotoxicity.5,6
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Active cellular plantmetabolism in the presence of O2 generates
ROS in variable amounts. These ROS, mainly free hydroxyl or
oxygen radical species will quickly target the cell vital components
like mitochondria, cell cycle signalling proteins, chromatin mate-
rial, and even damage the cell envelope too. Cell self ROS-defense
mechanismwill try to cope with these lethal ROS by activating ROS
scavenging and tolerating enzymes like peroxidases, catalases and
superoxide dismutase.7 It is interestingly observed that sometimes
applied metallic oxide NS show synergistic behaviour to overcome
the ROS effects primarily due to variable oxidation states of NS
which generates redox cycle to hack the ROS.8,9 These enzymes
mimic characteristics are well reported by Ce based NS. In
contrast, Ag based NS show cytotoxicity. Aqueous based Ag-NS are
found toxic when experimented on the physiology of radish (R.
sativus) plant.10 Previous investigation also reported that Ag-NS
effect on onion (A. cepa) is concentration dependent,11 while
Souza et al. reported that Ag-NS cause mitotic breaks at cell cycle
and interrupt the normal functionality of the cell.12 So there is an
interesting debate in the safe mode application of Ag and Ce
metallic oxide NS at the cellular level.

Thanks to the unique physicochemical characteristics of CeO2-
NS due to which they possess broad range of biomedical and plant-
biotechnological applications.13 Antioxidant potential of CeO2-NS
has been detected during rice seedling with boosted growth rate.14
RSC Adv., 2017, 7, 56575–56585 | 56575
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Fig. 1 Schematic diagram of fabrication of Ag-NS and CeO2-NS using
O. europaea leaf extract.
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It was also reported that lipid homeostasis and ionic balance in
corn plant was not altered when CeO2-NS were applied to soil
environment.15 However, in case of soybean plant, CeO2-NS at
relatively high concentration show nitrogen cycle disturbance and
reduced plant growth.16 Meanwhile, in case of tomato, CeO2-NS
tremendously supplemented the growth factors with a positive
effect at concentration of less than 10 mg L�1. Inconsistent
behaviour of CeO2-NS may be due to variable particle size, plant
type, different culture media or the use of different CeO2-NS
synthesis techniques.17

L. esculentum have been placed in one of the vast cultivated
economically important nutritive crop worldwide and only in
Pakistan L. esculentum have been cultivated at 62 930 ha area
with annual yield of 95 279 hg ha�1 in 2014.18 Lycopene, vitamin
C and A are the important nutritive constituents in L. esculentum
having reported antioxidant potential at cellular level. These
bioactive compounds shield the cells from ROS induced
apoptosis.19,20 Because of all these important features, we have
chosen this economically important plant for our current study.

Keeping in view the role of nano-biotechnology in improving
the agronomic value of L. esculentum, our team have bio-
synthesized Ag and CeO2-NS in order to check the potential role
of these two metallic oxide NS in L. esculentum tissue culture.
Our main targeted area is to examine the differential nano-
toxicity and to nd more suitable candidates in favor of L.
esculentum growth dynamics. We promisingly believe that our
comparative ndings will provide a fruitful contribution to the
knowledge of plant tissue culture.
Experimental section
Bio-synthesis of Ag-NS and CeO2-NS

O. europaea leaves were procured from NARC (National Agricul-
tural Research Centre), Pakistan. Leaf extract was made using our
previously reported method.13 For biosynthesis of CeO2-NS, 8.68 g
salt of Ce(NO3)3$6H2O (Sigma Aldrich) was allowed to react with
200 mL of prepared leaves extract. Hot plate magnetic stirrer has
been used with reaction condition of 50 �C, 1500 rpm for 2 hours.
In order to separate the prepared pellets, centrifugation were
performed at 12 000 rpm. Brownish colour pellets were collected.
Moreover, to eliminate the impurities, centrifuges CeO2-NS pellets
were washed three times with ddH2O. In the next step, CeO2-NS
pellets were dried under hot air oven at 60 �C for 6 hours and
further annealed in blast furnace at 500 �C for 2 hours.

For green synthesis of Ag-NS, 6.796 g salt of AgNO3 (Sigma
Aldrich) was allowed to react with 200 mL of prepared leaves
extract. The remaining synthesis methodology is same as
described above for CeO2-NS, the only difference was the
adjustment of hot air oven to 50 �C. For better understanding of
this facile synthesis route, we have generated the schematic
diagram of the whole process as shown in Fig. 1.
Vibrational and optical studies of Ag-NS and CeO2-NS

To examine the molecular nature of as prepared Ag-NS and
CeO2-NS, FT-IR spectroscopic studies were performed with
specied NICOLET-6700 FTIR spectrometer model. In order to
56576 | RSC Adv., 2017, 7, 56575–56585
obtain KBr pellets of Ag-NS and CeO2-NS, the hydraulic presser
technique is followed. Moreover, FT-IR spectra showing
stretching mode of vibrations in the structural phase of Ag-NS
and CeO2-NS were also recorded.

UV-visible absorption spectroscopy (Model “Perkin Elmer
Lambda-200”) was also conducted. In this process, the Ag-NS and
CeO2-NS powder sample were dissolved separately in ddH2O and
then UV-absorption spectra were recorded for further assessment.
Structural and morphological investigation of Ag-NS and
CeO2-NS

Crystallographic orientation of Ag and CeO2-NS was carried using
PANalytical-X'Pert3; Powder instrument. The instrument was setup
at room temperature with operating voltage of 40 kV, diffraction
angel (2q) between 20� to 80� using Cu Ka radiation source having
wavelength of 1.5406 Å. To calculate crystallite size of NS, Scherer's
equation [D ¼ Kl/b cos q] is employed, where D is the average
crystalline domain size perpendicular to the reecting planes, K is
the Scherrer coefficient (0.85), l is the X-ray wavelength (1.5406 Å),
b is the angular full width at half maximum (FWHM) in radians,
and q is the diffraction angle (2 theta (degree) is the measured
angle of diffraction in degrees) or Bragg's angle.

To examine as prepared Ag-NS and CeO2-NS morphology, SEM
analysis was performed via JOEL-JSM-6490LA-SEM operating at 20
kV together with Energy Dispersive X-ray (EDX) spectroscopy for
elemental analysis.
HPLC and TGA analysis (for examination of capping bio-agent
and capping action in Ag-NS/CeO2-NS)

For comprehensive analysis of bio-active agents from O. euro-
paea leaf extract, HPLC analysis was conducted following the
scheme as reported in our previous studies21 with minor
adjustments. A mixture of 60% aqueous methanol (30 mL) with
5 g ne powder of O. europaea leaf added was prepared. The
prepared mixture was put in centrifugation for 10 minutes at
2000 rpm. In next step, the centrifuged product was subject to
ultra-ltration in 0.22 mm pore size micro-lter. Aer ltration,
the mixture was installed in HPLC (Agilent Tech. Machine).
CH3CN solution (A) and 0.5% CH3COOH solution (B) was taken
as mobile phase. The operating temperature of HPLC column
was set at 25 �C with ow speed of 1 mL per minute. Graph
showing the sample examination were generated showing
elution time (to) of unretained peak and retention time (tR).
This journal is © The Royal Society of Chemistry 2017
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Capping action around as prepared Ag-NS and CeO2-NS were
further analyzed via TGA. This test is also important to evaluate
the thermal stability of green fabricated Ag-NS and CeO2-NS.
The testing was conducted utilizing PerkinElmer Diamond_-
TGA within nitrogen atmosphere. The temperature change was
adjusted to 25 �C to 800 �C at 10 �C m�1.
Collection and processing of plant material (L. esculentum)

L. esculentum seeds were procured from NARC. The explant was
dehusked and immediately sterilized using 70% ethanol solu-
tion. N6 as basal media (having 3% sucrose sugar and 8 g L�1

GELRITE agar mixed) was used. Aer autoclaving the N6
medium, pH of themediumwas adjusted to 5.8. Ag-NS and CeO2-
NS were added as supplementary material separately at
different mg L�1 concentrations.
Fig. 2 Examination of bioactive compounds through HPLC analysis of
leaves extract.
Callogenesis

To investigate callus induction, N6 media supplemented with
Ag-NS in one group and CeO2-NS in other was used. Medium
(N6) without Ag-NS or CeO2-NS were used as control. Aer this,
the prepared cultured media (both of Ag-NS or CeO2-NS) were
exposed to 16/8 h day/night photoperiod for 14 days (at 25 � 3
�C). Later on, callogenesis frequency was calculated using the
following equation,

Callogenesis frequency ð%Þ ¼ no: of calli produced by explants

no: of explants inoculated

� 100

(i)

Organogenesis (callus regeneration)

To examine organogenesis, embryonic-calli were transferred to
different regeneration medium (MS + 1.0 Kin) supplemented
with different mg L�1 concentrations of Ag-NS in one group and
CeO2-NS in other. Regeneration media without Ag-NS and CeO2-
NS were used as control. Aer the passage of 10 weeks, regen-
eration frequency were calculated via following relation,

Organogenesis frequency ð%Þ ¼
no:of explants regenerated into plantlets

no: of explants inoculated for regeneration
� 100 (ii)

ROS scavenging activity

The ROS scavenging potential of Ag-NS and CeO2-NS treated L.
esculentum plants were examined through 2,2-diphenyl-1-picryl
hydrazyl (DPPH). 90 mL of DPPH reagent was allowed to mixed
with 10 mL of plant extract and incubated in dark for 60
minutes. Later on, the optical density of the mixture was esti-
mated at 515 nm with a microplate reader. DMSO was used as
negative control agent while ascorbic acid was treated as
a positive control. The percentage scavenging activity of the
sample was calculated using following relation.

% inhibition activity of the sample¼%ROS scavenging activity¼
(1 � Abs/Abc) � 100
This journal is © The Royal Society of Chemistry 2017
In above relation, Abs is the absorbance of DPPH reagent
mixed with sample, and Abc designates the absorbance of
DMSO (negative control).
Results and discussion
Bio-synthesis process of Ag-NS and CeO2-NS (study of capping
action around NS)

O. europaea leaves extract mediated synthesis of Ag-NS and
CeO2-NS have great advantages over other conventional bio-
fabrication techniques using bacteria or fungi. This is mainly
because of greater biocompatibility, low cost and environ-
mental friendly behaviour of plant extract. Bacteria or fungi
based biosynthesis also requires optimized culture manage-
ment and issues like contamination problems, NS isolation,
microbial cellular mutations and bulk production for industrial
usage.13,22,23

O. europaea leaves extract was evaluated through HPLC to
nd the potential bioactive molecules acting as reducing and
capping agent around Ag-NS and CeO2-NS. HPLC examination
of the extract is shown in Fig. 2. Different peaks correspond to
a variety of isolated bio-molecules traced through their specic
retention time (tR). The traced biomolecules from extract were
reutin (tR ¼ 6.6), oleuropeosides (also called verbascoside) (tR ¼
7.8), luteolin-7-O-glucoside (avones) (tR ¼ 8.6), apigenin-7-O-
glucoside (tR ¼ 16.3) oleuropein (tR ¼ 23.5) and oleuroside (tR ¼
33.9). Findings clearly indicate that oleuropein and oleuroside
are present in higher concentration. Among these two, oleur-
opein owns tremendous reducing power with higher ioniz-
ability in dissolution form. So it can be predicted that during
capping action, it plays key role. It rapidly breaks down into
elenolic acid and hydroxytyrosol.13,21 Hydroxytyrosol due to
higher polarizability behaviour than elenolic acid may take part
as organic capping agent around Ag-NS and CeO2-NS as
hypothesized in Fig. 3.

It is important to further validate the capping agent and
thermal properties of green synthesized Ag-NS and CeO2-NS. In
this connection comparative TGA analysis of Ag-NS and CeO2-
NS was made as shown in Fig. 4. TGA examination depicts
RSC Adv., 2017, 7, 56575–56585 | 56577
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Fig. 3 Study of capping action around Ag-NS and CeO2-NS.
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different steps of Ag-NS and CeO2-NS decompositions. In rst
two steps, both Ag-NS and CeO2-NS samples show almost
similar mass loss, the mass loss around 100 �C was due to
surface adsorbed H2O molecules. The mass loss around 80 to
200 �C was due to decomposition of bioactive organic molecules
(CHO)21,24 attached to the surface as active capping agents and
this is also an evidence supporting involvement of bioactive
compounds from O. europaea leaves extract. Moreover, the nal
step from TGA analysis shows differential decomposition
behaviour as CeO2-NS (sample) reects prominent high
temperature O2 loss. High temperature O2 loss by metallic oxide
NS was also well supported from previous studies.13,24 This
Fig. 4 Comparative TGA analysis of CeO2-NS and Ag-NS.

56578 | RSC Adv., 2017, 7, 56575–56585
distortion in cure was not shown in Ag-NS (sample). Experi-
mental ndings show total mass loss of 0.53 mg (8.89%) by
CeO2-NS (sample) and 0.50 mg (8.81%) by Ag-NS (sample).

Vibrational and optical studies of Ag-NS and CeO2-NS

Molecular characteristics with specic chemical bonding in as
prepared CeO2-NS and Ag-NS were examined using FT-IR
spectroscopic studies, as shown in Fig. 5. The vibrational
bond frequencies between 2200 cm�1 to 4000 cm�1 reects
surface adsorbed H–O–H, C–C, H–H, and C–H bond stretching
prints.13,25 The typical Ce–O stretch was traced at 457 cm�1, well
indexed to previously reported studies.13 Moreover, vibrational
frequencies at 563 cm�1, 615 cm�1 and 641 cm�1 corresponds
to Ag-NS.25,26 No other stretching or vibrational modes were
traced showing phase purity of as prepared CeO2-NS and Ag-NS.

Optical parameters of green synthesized NS are of tremen-
dous importance for achieving desired biomedical applications.
Room temperature activation, surface activation energies,
bandgap energies and visible light activation empowers the
activities of NS inside the cellular environment.27,28 Fig. 6
showing absorption peak of green synthesized CeO2-NS at
298 nm and Ag-NS at 421 nm. Primarily these typical absorption
peaks were originated due to the energy absorption which
results in the electronic transitions between outer most energy
shells. These typical UV absorption peaks were also seen in
previously reported studies13,26 and their appearance also vali-
dates the sample (CeO2-NS and Ag-NS) purity.

Structural and morphological investigation of Ag-NS and
CeO2-NS

Crystallographic parameters of green synthesized CeO2-NS and
Ag-NS are shown in Fig. 7. All of the Bragg peaks marked in XRD
spectrum of CeO2-NS are well indexed to JCPDS card no. 340394
reecting face centred cubic uorite morphology of CeO2-NS.
Similarly Bragg peaks at (111), (200), (220) and (311) corre-
sponds to Ag-NS experimental data (XRD) ndings matched
with JCPDS card no. 040783 showing face centred cubic struc-
ture of metallic Ag-NS. Moreover, appearance of XRD peaks at
27.79�, 32.17�, 46.15�, 54.54� & 57.55� showing the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 FTIR spectrum of CeO2-NS and Ag-NS.

Fig. 6 UV absorption spectrum of biosynthesized CeO2-NS and Ag-
NS.

Fig. 7 XRD peaks of CeO2-NS and Ag-NS (note: peaks above black
circles indicates crystallization of crystalline organometallic phase).

This journal is © The Royal Society of Chemistry 2017
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crystallization of crystalline organometallic phase. The
appearance of similar XRD peaks have been observed before in
Ag-NS synthesized from plant extract. However, these additional
peaks can be resolved and ascribed to FCC structure of silver
chloride (JCPDS no. 31-1238). This presence of chloride ions
may probably attached from the leave extract of the plant during
Ag-NS fabrication. Both of the synthesized samples show 100%
phase purity without the presence of any impurity related to
other metallic crystals. Keeping in view the prominent broad
Bragg peak and from the calculations of Scherer equation,
crystallite size of CeO2-NS was found to be 7 nm. Moreover, the
complexity of CeO2-NS XRD spectrum is probably due to pres-
ence of crystalline organic metallic complex like at 58.55�. On
the other hand, crystallite size of Ag-NS was found 10 nm. This
smaller crystallite morphology plays important role in biolog-
ical applications of NS.29

Smaller NS means greater surface area with maximum
reactivity. SEM micrograph (Fig. 8) shows average CeO2-NS size
of 18.71 nm and Ag-NS size of 26.89 nm respectively. Both of the
NS show uniform size and shape in SEM powder and dissolu-
tion form. EDX analysis of both the NS depicts pure chemical
nature of the samples. Comparatively, CeO2-NS are smaller than
Ag-NS, these ndings reects that capping agent from leave
extract tuned metallic oxide-NS size smaller than metallic-NS.
This is probably due to the difference between high energy
planes (atomic growth), difference in crystallite size, affinity and
reactivity of capping agent, atomic size, electronic conguration
and geometry of bounded O atoms in Ce crystal.30,32 CeO2-NS
RSC Adv., 2017, 7, 56575–56585 | 56579
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Fig. 8 SEM and EDX findings of Ag-NS (A) and CeO2-NS (B).
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having size less than 20 nm with potential biological activities
are well reported before.31
Effect of CeO2-NS and Ag-NS on callogenesis (callus induction)
and organogenesis (direct shoot regeneration) of L.
esculentum

Callus induction frequency of CeO2-NS supplemented N6media
and Ag-NS supplemented N6 media on L. esculentum nodal and
leaves explants are detailed in Table 1. Clearly, CeO2-NS shows
best performance at 6 mg mL�1 with 91% callogenesis in tissue
taken from nodes and 88% in tissue taken from leaves explants
as compared to the control group which is only 39% and 17%
respectively. With similar concentration of 6 mg mL�1, Ag-NS
have not contributed any signicant role in promoting callus
induction. However, Ag-NS at the concentration of less than
3 mg mL�1 have shown no negative effect on callogenesis, but
with the increase in concentration from 6 mg mL�1 to
10 mg mL�1, progressive decline was observed. Ag-NS at the
concentration of 10 mg mL�1 are found more toxic to the nodal
explants tissue during callogenesis showing only 10% callus
induction frequency. It was also keenly observed that at higher
56580 | RSC Adv., 2017, 7, 56575–56585
dosage of CeO2-NS (10 mg mL�1), slight reduction in callo-
genesis as compared to low concentration (3 mg mL�1 and
6 mg mL�1) was observed.

Likewise callus induction frequencies, CeO2-NS have shown
supplementary behaviour in organogenesis of both nodal and
leave explants with the concentration of 3 mg mL�1 to
10 mgmL�1 in growth medium (MS + 0.1 mg L�1 Kin), as shown
in Table 2. On the other hand, Ag-NS have reected differential
behavior for nodal explants and leave explants in organogenesis
frequency. Ag-NS supplemented in growth medium have stunt
the plant growth in leave explant showing no organogenesis. In
nodal explants, upto the concentration of 6 mg mL�1, organo-
genesis frequency of less then 15% was observed as compared
to control group which is of 36%. It predicts phytotoxic behav-
iour of Ag-NS in both callus induction and organogenesis in
comparison to CeO2-NS supplementary behaviour.

The contrasting behaviour of metallic oxide-NS on plant
tissues is primarily linked with difference in their NS chemical
composition, particle size and morphology, specic crystallite
size, NS-surface activation, cellular interaction, photo-activation
and tuned bandgap energies.3,4,33 Smaller NS size will ensure
This journal is © The Royal Society of Chemistry 2017
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Table 1 The callogenesis frequency at different concentration of CeO2-NS (set-I) and Ag-NS (set-II)a

Explants (set-I)

N6-media + CeO2-NS (mg L�1)

Control group CeO2-NS (3 mg L�1) CeO2-NS (6 mg L�1) CeO2-NS (10 mg L�1)

Nodes 11.20 � 1.5b (39%) 15.33 � 1.0b (51%) 28.17 � 2.6a (91%) 13.00 � 1.9c (30%)
Leaves 6.00 � 0.2c (17%) 13.00 � 0.0b (43%) 24.60 � 2.3a (88%) 15.00 � 0.01c (27%)

a LSD for media¼ 5.5930. LSD for explant¼ 4.5667. p < 0.05 (data followed by small alphabets stand for the individual values as an average of three
replicates. Each replicate consisted of 10 treatments).

Explants (set-II)

N6-Media + Ag-NS (mg L�1)

Control group Ag-NS (3 mg L�1) Ag-NS (6 mg L�1) Ag-NS (10 mg L�1)

Nodes 11.20 � 1.5b (39%) 14.07 � 1.6b (38%) 10.11 � 1.6c (19%) 7.00 � 1.3c (10%)
Leaves 6.00 � 0.2c (16%) 10.00 � 1.0c (30%) 7.14 � 1.2c (16%) 8.00 � 0.1c (14%)

Table 2 The organogenesis frequency at different concentration of CeO2-NS (set-I) and Ag-NS (set-II)a

Explants (set-I)

Regeneration media + CeO2-NS (mg L�1)

Control group CeO2-NS (3 mg L�1) CeO2-NS (6 mg L�1) CeO2-NS (10 mg L�1)

Nodes 10.33 � 0.0c (36%) 14.00 � 1.2b (51%) 19.13 � 1.0b (65%) 20.16 � 1.3a (81%)
Leaves 7.50 � 1.2c (25%) 10.00 � 1.0b (41%) 15.00 � 0.0c (38%) 18.30 � 1.1b (65%)

a LSD for explant ¼ 4.142. p < 0.05 (data followed by small alphabets stand for the individual values as an average of three replicates. Each replicate
consisted of 10 treatments).

Explants (set-II)

Regeneration media + Ag-NS (mg L�1)

Control group Ag-NS (3 mg L�1) Ag-NS (6 mg L�1) Ag-NS (10 mg L�1)

Nodes 10.33 � 0.0c (36%) 6.00 � 1.3c (13%) 9.33 � 1.1c (10%) 0.00 � 0.0d (0%)
Leaves 7.50 � 1.2c (25%) 0.00 � 0.0d (0%) 00.00 � 0.0d (0%) 0.00 � 0.0d (0%)

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
25

 1
:5

5:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
maximum penetration to the cellular and sub-cellular struc-
tures. Normally, metallic oxide NS are surface positively charged
which helps them in binding to the various cellular structures
for chemical interaction.4,13 Smaller size will also provide
greater surface area to charge ratio. This will boost the rate of
NS activation inside the cellular environment. Metallic oxide-NS
also interact and enhance enzyme activity by promoting the
metallic ions as activated co-factors for enzyme–substrate
bridging.34 Some of the recent investigations have shown that
CeO2-NS have promoted the functionality of enzymes involved
in the catalysis of carbohydrate metabolism, bioactivity of
phospholipids, terpenoids synthesis and metabolites tunning.
Enhancement in enzyme performance will ultimately improve
the biosynthetic machinery of the cell and this will encourage
the cell growth and division.34–36 CeO2-NS possess selective
molecular interaction, as in case of cucumber even at higher
concentration of 800 mg kg�1, Ce ions do not show any negative
inuence of chlorophyll performance or even any other photo-
synthetic pigments.37 In previous studies, Ce at nanoscale have
successfully promoted the overall growth dynamics of radish,
wheat and economically important corn plant.38–40 CeO2-NS
upto the concentration of 10 mg L�1 have shown long term
positive effect on L. esculentum organogenesis.17 But in our case,
This journal is © The Royal Society of Chemistry 2017
green synthesized CeO2-NS are found even more effective in
increasing the callogenesis and organogenesis of L. esculentum
at extremely small dosage of 6 mg mL�1. This is probably due to
the effect of biocompatible capping agent around NS. Green
chemistry has augmented the biocompatibility of CeO2-NS at
cellular level and increase the overall biomass of L. esculentum.
In contrast, low performance of Ag-NS may be due to alteration
in cell homeostasis of macro and micro nutrients. It is well re-
ported in past that Ag-NS can alter the absorption of Mg, Mn
and Zn.41 All these elements are involved in optimum activity of
enzymes.42 So, Ag-NS concentration in plant tissue can cause
enzyme malfunctioning and growth arrest. Similar toxic effects
of Ag-NS on plant tissue are also well reported previously.10

Studies in past have concluded that Ag-NS exhibits unpre-
dictable behaviour when tested on plant tissues. Cytotoxic and
genotoxic performance of Ag-NS are due to sedimentation and
hyper-reactivity of these heavy Ag-NS causing metallic-ion
induced toxicity to the cell. In case of Arabidopsis root,
massive aggregation of extremely small size Ag-NS were
observed causing cellular toxicity.43 Presence of surface coating
agents also produces different results towards the cytotoxic
nature of Ag-NS. Probably, green synthesized Ag-NS exhibit
more solubility because of bio-augmented capping agent.44 This
RSC Adv., 2017, 7, 56575–56585 | 56581
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Fig. 9 Comparative analysis of ROS scavenging potential of NS treated plant tissues.
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will cause Ag-NS to become more reactive when in contact with
cellular and sub-cellular structures causing growth arrest. Due
to all of these factors our experimental results show that L.
esculentum tissue fails to tolerate Ag-NS during organogenesis.
ROS scavenging activity

ROS scavenging ndings in Fig. 9 reects differential behaviour
of green fabricated CeO2-NS and Ag-NS. CeO2-NS have shown
auspicious scavenging activity of up to 89% both in the case of
tested shoot and root part extract. Interestingly, Ag-NS have not
shown any promising results, only 26% scavenging activity was
recorded in case of root extract.

This differential behaviour of CeO2-NS and Ag-NS can be
explained on the basis of difference in physicochemical
parameters of both the materials. ROS scavenging activity
mainly depends upon variable oxidation states9 and redox
potential of the material. Ce in comparison to Ag possess two
different oxidation states of Ce3+ (Ce2O3) and Ce4+ (CeO2), and
can tolerate free radicals.13,28,45 Normally it has been observed
that Ce is present in CeO2 form at CeO2-NS surface having
Fig. 10 Differential phytotoxicity of CeO2-NS and Ag-NS.

56582 | RSC Adv., 2017, 7, 56575–56585
decient oxygen (O) and valency of Ce3+ rather than Ce4+. This
defect chemistry in the surface of pre-activated CeO2-NS can
provide maximum antioxidant potential to them.45 Moreover, in
CeO2-NS, the interconversion of Ce3+ into Ce4+ in dissolution
state can also provide smooth environment for antioxidant
enzyme mimicry action. This can generate as well as can
tolerate ROS cycle.46,47 Here in our experimental observations,
CeO2-NS supplementation to growth medium of L. esculentum
plant, have tremendously improved the antioxidant capacity at
cellular and sub-cellular level which results in enhanced callo-
genesis and organogenesis. CeO2-NS have successfully tolerated
the variety of ROS as explained in Fig. 10. The multiple ROS
degradation by CeO2-NS (via redox cycle) during cellular
metabolism can be described as follows,

O2c
� + 2H+ + Ce3+ / Ce4+ + H2O2

H2O2 + 2Ce4+ + 2OH� / 2H2O + O2 + 2Ce3+

O2c
� + Ce4+ / Ce3+ + O2

Ce2O3 + 2[cOH] / 2CeO2 + H2O

2CeO2ðactivated Hþ from aqueous mediumÞ/Ce2O3 þO2

�
1

2

�

Ce4+ + cNO (nitric oxide free radical)/ Ce3+ + NO+ (least toxic)

On the other hand, Ag-NS have inhibited the organogenesis
when supplemented in growth medium. This phytotoxic nature
of Ag-NS may probably link with ROS in-toleration and heavy
metal (Ag) induced necrosis.48 ROS like cO2

� and H2O2 can
cause direct DNA damage, mitochondrial malfunction and cell
wall degeneration which results in loss of cell activity49 and
stunt cellular differentiation during callus induction or organ-
ogenesis. In our observations, both in the case of nodal and
leaves explants, Ag-NS exposure causes phytotoxicity during
callus induction and organogenesis of L. esculentum.
This journal is © The Royal Society of Chemistry 2017
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Conclusion

This study concludes following outcomes:
�Green chemistry proves to be an efficient, cost-effective and

environmental friendly method for the synthesis of highly
optimized CeO2-NS and Ag-NS. Phytochemicals from O. euro-
paea extract have successfully tailored the NS acting as strong
reducing and capping agents.

� HPLC and TGA ndings validate the effective utilization of
bio-capping agents from plant extract around both CeO2-NS and
Ag-NS.

� SEM and XRD reports show homogenous NS size with pure
crystalline behaviour. FTIR also shows pure chemical nature of
green synthesized NS.

� Green prepared NS show differential phytotoxicity towards
L. esculentum callogenesis and organogenesis. Ag-NS are found
nanotoxic to plant tissue due to the ROS induced necrosis while
CeO2-NS have shown tremendous ROS scavenging supplemen-
tary actions.

So, CeO2-NS in future probably consider as strong candidate
for the improvement of fertilizers efficiency. CeO2-NS can be
used as biocompatible nano-fertilizer in combination with
other vital nutrients required for L. esculentum plant growth.
Moreover, it is strongly proposed that medicinally important
recalcitrant plants can be regenerated via tissue culture tech-
nique using ROS-scavenging CeO2-NS as supplementary growth
medium.
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G. Cadenas-Pliego, S. González-Morales and A. Benavides-
Mendoza, Application of nanoelements in plant nutrition
and its impact in ecosystems, Adv. Nat. Sci.: Nanosci.
Nanotechnol., 2017, 8(1), 013001.

43 N. Y. Selivanov, O. G. Selivanova, O. I. Sokolov,
M. K. Sokolova, A. O. Sokolov, V. A. Bogatyrev and
L. A. Dykman, Effect of gold and silver nanoparticles on
the growth of the Arabidopsis thaliana cell suspension
culture, Nanotechnol. Russ., 2017, 12(1–2), 116–124.
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