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Abstract

The callus cultures of Fagonia indica could prove as factories for the production of important phytochemicals when trig-
gered through different types of stress. In this study, we initiated callus cultures from healthy stem explants in the presence
of iron-doped zinc oxide nanoparticles (Fe-ZnO-NPs). We performed experiments with the callus cultures of F. indica to
determine the impact of Fe-ZnO-NPs in concentrations (15.62—250 pug/mL) on biomass accumulation, production of impor-
tant phenolic and flavonoids, and antioxidative potential. Our results showed that maximum callus biomass [Fresh weight
(FW)=13.6 g and Dry weight (DW)=0.58 +0.01] was produced on day 40 when the media was supplemented with 250 pg/
mL Fe-ZnO-NPs. Similarly, maximum total phenolic content (268.36 pg GAE/g of DW) was observed in 40 days old callus
added with 125 pg/mL Fe-ZnO-NPs. Maximum total flavonoid content (78.56 pg QE/g of DW) was recorded in 20 days
old callus grown in 62.5 pg/mL Fe-ZnO-NPs containing media. Maximum total antioxidant capacity (390.74 ug AAE/g of
DW) was recorded in 40 days old callus with 125 pg/mL Fe-ZnO-NPs treated cultures, respectively. Similarly, the highest
free radical scavenging activity (93.02%) was observed in callus derived from media having 15.62 pg/mL Fe-ZnO-NPs. The
antioxidant potential was observed to have positive correlation with TPC (r=0.44). HPLC analysis showed that Fe-ZnO-NPs
produced compounds (e.g., Epigallocatechin gallate) that were either absent or in lesser quantities in the control group. These
results showed that Fe-ZnO-NPs elicitors could increase the biomass and activate secondary metabolism in F. indica cells.

Key Message
Nanomaterial supplementation engineers the cells in an effective way to trigger biomass andsecondary metabolism for the
production of important phenolic compounds in plant cells.
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studying their potential as factories for important medicinal
compounds. In vitro cultures, including plant cell and callus
cultures, can serve as factories of phytochemicals/second-
ary metabolites that can be produced in uniform quality to
fight against many threatening diseases, including infec-
tious diseases such as the currently pandemic COVID-19
(Khan et al. 2020b). The in vitro culture-based production
of phytochemicals has an additional benefit of consistency
in yield and quality (Khan et al. 2016). Different medici-
nal plant species are considered for developing cell cultures
according to their pharmaceutical uses. These plants have
analgesic, astringent, antioxidant, antitumor, prophylactic,
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and febrifuge activities. F. indica is an important species
of the genus Fagonia. Numerous reports are available on
its anticancer activity, fever, toothache, asthma, kidney dis-
eases, urinary discharge, and stomach problems (Eman et al.
2010). However, inconsistency in clinical trials and lack of
sustainable harvest strategies from field-grown wild plants
cause problems in consistently producing phytochemicals.
The establishment of the plant in vitro cultures can circum-
vent many issues in biomass production (Yousaf et al. 2019).
Elicitation has been a handy tool for improved secondary
metabolites’ production in different medicinal plants in vitro
cultures. The role of nanoparticles as abiotic elicitors for
producing secondary metabolites from the in vitro cultures
is a new frontier in metabolic engineering approaches (Khan
et al. 2020a). These nanoparticles execute oxidative stress
in the plant cells grown via in vitro culture techniques, acti-
vating their metabolism and enhancing antioxidant activi-
ties (Javed et al. 2018). Nanoparticles have a smaller size
(0—100 nm) and large surface-to-volume ratio, due to which
they reveal remarkable unique features. Nanomaterials can
help in speedy plant germination and increase resistance to
various abiotic and biotic stresses. They can improve plants’
growth with lesser ecological influences than traditional
methods (Alharby et al. 2016). Among different nanopar-
ticles, zinc oxide nanoparticles (ZnO-NPs) have received
more importance (Srivastava et al. 2013). Zinc oxide (ZnO)
plays an active role in various regulatory functions and is
involved in plants’ response to abiotic stresses. It has been
identified that Zinc has a vital role in the protection of plant
cells against oxidative stresses and the management of reac-
tive oxygen species (ROS) (Alharby et al. 2016). Studies
have shown that Iron-doped Zinc oxide nanoparticles (Fe-
ZnO-NPs) have a high surface area and maximum catalytic
activity than pure ZnO and Fe,O; systems (Hassan et al.
2012). Therefore, this study was designed to assess the
physiological and biochemical effects of Fe-ZnO-NPs on
callus cultures of F. indica. This study aimed to evaluate
the impact of the addition of Fe-ZnO-NPs on the biomass
accumulation and production of medicinal metabolites in
callus cultures of F. indica.

Materials and methods
Plant material and culture conditions

The seeds of F. indica were sterilized by treating them with
0.1% mercuric chloride solution. According to Khan et al.,
the seeds were dried on filter paper for 3—5 min before nick-
ing the seeds speedy and efficient germination (Khan et al.
2016). Murashige and Skoog media (MS Media, M519 Phy-
totech lab USA) (Murashige and Skoog 1962) were used to
grow plants such that 2.2 g of MS media was added with
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15 g of sucrose and 4 g of agar in 500 mL distilled water. The
pH of the media was optimized to 5.2-5.8 before the optimi-
zation of pH. After media preparation, 35 mL of the media
was transferred to flasks covered with cotton and aluminum
foil and were autoclaved and kept overnight for further use.
Seeds were then transferred to media per flask, and the flasks
were plugged with cotton and covered with aluminum foil
properly to avoid contamination. The cultured flasks were
transferred to a growth chamber (BioBase, BJPX-A1500C,
Ltd. China) for germination. These growth conditions were
maintained: humidity was 70%, temperature 25+ 2 °C, and
illumination of 16-h light/8-h dark (40 pmol m~2 s™!; Philips
TLD 35 fluorescent lamps).

Callus culture initiation

For initiation of callus cultures, the media was added with
Thiadizuron (TDZ @ 1 mg/mL) according to Khan et al.
(Khan et al. 2016). The plant stem was cut into pieces (5 mm
in length), transferring two stem cuttings to each flask. The
culture flasks were transferred to the growth chamber to ini-
tiate callus (BioBase, BIPX-A1500C, LTD CHINA). The
conditions in the growth chamber were such that (humidity
was 70%, temperature 25 +2 °C, and a photoperiod (16-h
light/8-h dark) to produce the callus biomass.

Dispersion and supplementation of media
with iron-doped zinc oxide nanoparticles

Fe-ZnO-NPs were kindly provided by our collaborator at
the Department of Biotechnology, Institute of Integrative
Biosciences, CECOS University. The nanoparticles were
characterized for size and morphology through transmis-
sion electron microscopy and X-Ray diffraction. The aver-
age diameter of these nanoparticles was 30 nm and were
either square or hexagonal in shapes. A detailed data on the
size, shape and other properties of these nanoparticles can
be accessed via Zia et al. (2021). The dispersion of these
nanoparticles was prepared in different concentrations of
Fe-ZnO-NPs for the MS media (250, 125, 62.5, 31.25, and
15.62 pg/mL) were prepared in distilled water. The Fe-ZnO-
NPs were properly dispersed in stock solution by sonication
(Power sonic 405, Korea) for an hour. After preparing the
final concentration for 250 ug/mL Fe-ZnO-NPs, serial dilu-
tion was used to prepare the other concentrations. Afterward,
approximately 0.4 g of callus was transferred to each flask
containing 35 mL media with the different concentrations
of Fe-ZnO-NPs (250, 125, 62.5, 31.25, and 15.62 pg/mL).
Callus without Fe-ZnO-NPs in the media was used as a con-
trol. The flasks were then transferred to allow the callus’
growth in a growth chamber (BioBase, BJPX-A1500C, Ltd
China). The callus culture samples were harvested on day
10, day 20, and day 40 from the initial callus transfer date.
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The fresh weight of callus was recorded after each harvest
by an Analytical balance (AW 120, Electronic balance). The
callus was then kept in a dry heat oven overnight at 35 °C for
recording the dry weight. The callus was then ground to fine
powder, which was stored for further analysis.

Analysis of the accumulation of secondary
metabolites

Total phenolic content determination

For the determination of TPC, 20 pL of sample and 90 pL of
Folin-Ciocalteu reagent were added to a 96 wells microplate
by a multi-channel micropipette. Then 90 uL of sodium car-
bonate was added. After this, incubation of the microplate
for 30 min. Gallic acid concentrations (25, 20, 15, 10, and
5 ug/mL) were used as a positive control for the process.
The absorbance of samples was recorded for TPC through a
microplate reader (TSx800Absorbance Reader, BioTek Inc.,
USA). All the experiments were carried out in triplicate. All
the experiments were carried out in triplicate.

Total flavonoid content assay

For the determination of TFC, 20 uL of the sample, 10 pL
of Potassium acetate, 10 uL of Aluminium Chloride, and
160 pL of distilled water were added to a 96 well microplate.
After this, incubation of the microplate for 30 min. Querce-
tin final concentrations, (40, 20, 10, 5, and 2.5 pg/mL) were
used positive control for the process. The absorbance was
recorded for TFC through a microplate reader (TSx800Ab-
sorbance Reader, BioTek Inc., USA). All the experiments
were carried out in triplicate. All the experiments were car-
ried out in triplicate.

Determination of antioxidative potential
in response to Fe-ZnO-NPs

The antioxidant activities were determined by the diphe-
nyl picryl hydrazyl (DPPH) assay. The DPPH free radicle
scavenging activity was performed such that 20 puL of
sample and 180 pL of DPPH reagent were added to micro-
plate wells and then incubated for an hour. Ascorbic acid
(40, 20, 10, and 5 pg/ml) used as a positive control for
the assay. Similarly, the phosphomolybdenum method was
used to determine the total antioxidants capacity of the
sample. First, 180 pL of total antioxidants capacity rea-
gent (TAC) and 20 pL of the sample extract were added
to the 96 wells microplate. The mixture was then incu-
bated in a water bath at 95 °C for 90 min. After this, the
sample was cooled down at room temperature. For draw-
ing standard curves, 40, 20, 10, and 5 pg/mL of ascorbic
acid was a positive control for the assay. The absorbance

of samples was recorded through a microplate reader
(TSx800 Absorbance Reader, BioTek Inc., USA). All the
experiments were carried out in triplicate.

HPLC-UV characterization

HPLC-UYV characterization and quantification were carried
out according to a reported method (Zeb 2015). Briefly, 1-g
powdered sample for cell cultures was added to water and
methanol in equal ratio, and the mixture was subject to heat-
ing in a water bath at 70 °C for 1 h. The mixture was then
spun for 10 min at 4000 rpm and was ultimately filtered
(Whatman filter paper 11 pm).

The Agilent-1260 infinity High-performance liquid chro-
matography (HPLC) system was employed to identify and
quantify phenolic compounds. The HPLC system’s essential
parts were a quaternary pump, an auto-sampler, a degas-
ser, an ultraviolet array detector (UVAD), and a C18 col-
umn (Agilent-Zorbax-Eclipse column). The solution (B
and C) gradient was such that solvent B was a mixture of
acetic acid: methanol: deionized water (20: 100: 180 v/v),
and solvent C was a mixture of acetic acid deionized water:
methanol (20: 80: 900) v/v. The solvents were provided as a
gradient such that they started and gradually decreased the
solvent in concentration. Solvent B was given in volume
100, 85, 50, and 30% at 0, 5, 20, and 25 min, finally giving
way to 100% solvent C from 30 min onwards till 40 min.
Elution was recorded after 25 min. The ultraviolet array
detector (UVAD) was set at wavelength 320 nm to analyze
phenolic compounds, and the chromatograms were recorded
from 190 to 500 nm. Phenolic compounds mentioned in
HPLC Table were used as the standards for comparing their
types and quantities of these metabolites among control and
treatments.

The quantification of antioxidants was measured by
formula:

Ax X Cs(H8/,,1) x V(ml)
Cx =

As X Sample(wt.in g)

where Ax=Sample peak area, As= Standard peak area,
Cx=Sample concentration and Cs = Standard concentra-
tion (0.09 pg/ml).

Statistical analysis

We have performed the experiments for this study according
to a completely randomized design. The experiments were
repeated twice, with three replicated during each experiment
for statistical accuracy. We used linear regression analysis to
determine the significant mean difference (P <0.05). Simi-
larly, we used the Pearson Correlation Coefficient (Pearson’s
1) to derive relationship between antioxidant activity and the
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Table 1 Comparison of physiological parameters in 10, 20, and 40 days old callus produced from the stem of F. indica in Murashige and Skoog medium supplemented with Thidiazuron and dif-

ferent concentrations of iron-doped zinc oxide nanoparticles

&

Day 40

Day 20

Day 10

Day 0

tions of Fe-

Concentra-
ZnO-NPs

Springer

Callus tex-

DW (g) Callus Callus FW (2) DW (g) Callus Callus FW (g) DW (g) Callus
color color ture

FW (g)

FW(g)

texture

color

texture

(ng/mL)

Friable
Friable
Friable
Friable
Friable
Friable

13.2+0.17®* 0.46+0.02° Y/G

13.0+0.49®® 0.52+0.02* Y/G

12.6+0.13° 0.41+0.03* Y/G

8.39+0.59¢ 0.35+0.03° G

8.90+1.44° 0.32+0.03% Y/G

0.58+0.01* Y/G

13.6+£0.24*

—_ e = = =

0.29+0.02* Y/G

6.39+0.49°

Friable
Friable
Friable
Friable
Friable
Friable

1.50+0.06° 0.08+0.01° Y/G

1.98+0.31° 0.11+0.01* Y/G

0.4
0.4
0.4
0.4

Control
15.62
31.25

62.5

4.77+0.80° 0.22+0.01* Y/G

5.80+1.23" 0.26+0.02* G

0.13+£0.02* Y/G

243+041°

439+1.11° 0.23+0.02" Y/G

3.87+1.91¢ 0.21+0.07* Y/G

1.96+0.30° 0.11+0.01* G

2.19+0.20®° 0.11+0.01* Y/G

0.16+£0.01° G

3.19+041°

2.02+0.17** 0.11+0.01* Y/G

125
250

Friable

0.4

The superscripted letters (a, b, ¢, d etc.) shows significant difference between variables

FW fresh weight, DW dry weight, Y yellow, G green

Values with different letters represent significant difference (P <0.05)

production of phenolic compounds. The program used for
statistical analysis was SPSS version 20. We used Origin 8.5
pro for the preparation of all the figures.

Results and discussion

Growth and morphological attributes of callus
cultures

Callus was obtained using healthy stem cutting as explant
(5 mm approx.) from a 30-day old plantlet (Fig. 1). Approxi-
mately 400 mg callus was sub-cultured in 35 mL MS media
with TDZ (1.0 mg/mL), a plant growth regulator, and Fe-
ZnO-NPs as elicitors. The callus response was slow in the
initial stages, but it improved with time. Fresh green and
friable callus were obtained on days 10 and 20, while yel-
lowish-green callus after 40 days of a culture grown under
different concentrations of Fe-ZnO-NPs compared to control
(Fig. 1). The interactions of NPs with the callus changed
their color from light green to yellowish-green because
metallic nanoparticles, including metal oxides and pure met-
als, have been recently studied to affect various plants’ pro-
gress. Various developmental constraints verified in plants,
such as propagations, development, biomass-accumulation,
and biochemical events, have been observed in response to
these metallic NPs in diverse plants.

The fresh weight of the culture was measured on days
0, 10, 20, and 40. The results showed that at day 10, callus
with the highest FW (2.43 +0.41 g) was observed in the
group supplemented with 31.25 pg/mL Fe-ZnO-NPs, while
the lowest FW (1.50+0.06 g) was observed in the group
supplemented with 15.62 pg/mL Fe-ZnO-NPs as compared
to control group (1.98 +0.31 g). On day 20, the control
group exhibited the highest FW (6.39+0.49 g) compared
to the different concentrations of Fe-ZnO-NPs (Table 1). On
day 20, the lowest FW (3.19+0.41 g) was observed in the
group grown under the effect of 250 ug/mL Fe-ZnO-NPs.
Overall, the callus biomass increased with time as shown
in the growth curve (Fig. 2). In terms of time, the callus
seemed to be retarded by the application of nanoparticles
during initial days. However, after 40 days, most probably
due to adjustments to the nanoparticles, highest biomass
was recorded in treatment groups. However, with increas-
ing the concentration of Fe-ZnO-NPs, a decrease in the FW
of callus was observed such that the FW was 5.80+1.23,
4.77+0.80,4.39+1.11, and 3.87 + 1.91 g at a concentration
of 15.62,31.25, 62.5, and 125 pug/mL, respectively (Table 1).
The reason for this trend seems to be because high Zn con-
centrations are toxic to the plants. For instance, Broadley
et al. (2007) showed that Zn phytotoxicity becomes apparent
at a concentration higher than 300 mg/kg in leaves. How-
ever, in a nano form, Zinc (aided by iron) affects biomass
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accumulation positively once the callus cells get enough
time to get acclimatized. Similarly, Mosavat et al. (2019)
reported that the application of Zinc oxide nanoparticles
results in a significant increase in fresh weight of cal-
lus different Thymus species and Zataria multiflora. Our
results show that 40 days, the highest FW (13.6 £0.24 g)
was observed in callus grown under the effect of 250 pg/
mL Fe-ZnO-NPs, while the lowest FW (8.39 +0.59 g) was
observed in 62.5 ug/mL as compared to the control group
where the FW was (13.0+0.49 g). When dry weight was
recorded, after ten days, the highest DW (0.13 +0.02 g) was
recorded in callus grown under the effect of 31.25 pg/mL
Fe-ZnO-NPs.

In comparison, the lowest DW after ten days
(0.08 +£0.01 g) was observed in callus grown in 15.62 ug/
mL Fe-ZnO-NPs compared to the control group
(DW=0.11+0.31 g). Similarly, on day 20, the highest
DW (0.29 +0.02 g) was recorded in the control group com-
pared to the different concentrations of Fe-ZnO-NPs. It was
observed that on day 20, the DW decreased with increasing
the concentrations of Fe-ZnO-NPs in the media (Table 1).
It seems like the cells of F. indica got acclimatized to the
application of Fe-ZnO-NPs with time. It is evident from the
results that the highest FW and DW were recorded because
of supplementation of 250 ug/mL Fe-ZnO-NPs. Metallic
nanoparticles have been observed to impact plants’ vari-
ous developmental processes, such as propagations, devel-
opment, biomass-accumulation, and biochemical events.
Different impacts of NPs in plants range from helpful to
destructive and from deceptive physiological to veiled bio-
chemical deviations (Khan et al. 2019). Fe-ZnO-NPs are
inorganic nanoparticles that offer more significant material
properties with functional flexibility [9]. There are numer-
ous methods to change the dielectric and other metal oxide
nanostructure properties in doping. In this study, Fe-ZnO-
NPs seem to act as a multi-pronged tool having the nutrient
supplementation capability in the form of essential supple-
ments like Iron (Fe) and Zinc (Zn) (Xie et al. 2019).

Conversely, these are provided as nanomaterial with an
enhanced delivery to cells where they play their crucial

role in growth and development as micronutrients (Cabot
et al. 2019). For instance, studies have shown that these
NPs improved germination and rate of growth. The NPs
may also prove poisonous for the plants by increasing ROS
production and changing the plants’ genetic and anatomical
performances. For instance, Zinc oxide nanoparticles have
been observed to boost progress in terms of rate of seed ger-
mination, seedling potency, initial flowering, and improved
chlorophyll content in different plants such as green pea,
peanut, cucumber, and Soybean (Yusefi-Tanha et al. 2020).

Phytochemical analysis of callus under Fe-ZnO-NPs
stress

Production of total phenolic content

The TPC at days 10, 20, and 40 of the callus subcultures
was determined. The highest TPC (268.79+11.44 ug GAE/g
of DW) was produced in 40-days old callus cultures when
supplemented with 125 ug/mL Fe-ZnO-NPs. Generally,
at day 10, TPC was the high in quantity (239.56 +3.46 pg
GAE/g of DW) when the callus cultures were provided with
15.62 pg/mL Fe-ZnO-NPs as compared to the control group
(TPC=230.44 +3.46 ng GAE/g of DW). While the low-
est TPC (178.34 +6.54 ug GAE/g of DW) was recorded in
the ten-day-old callus when supplemented with 250 ug/mL
Fe-ZnO-NPs. In 10-day-old callus, the TPC decreased com-
pared to control when the media had higher than 15.62 pg/
mL Fe-ZnO-NPs (Fig. 3). A more inadequate response in
terms of TPC with increasing concentration of Fe-ZnO-NPs
seems to be because of the cells’ inability to cope with the
excess nanomaterial in the media. This response correlates
with the lower response of biomass accumulation at day 10
(Table 1). This lower biomass might be because chemically
synthesized nanomaterial proves toxic to cells, making them
unable to cope with them. The NPs may also prove poison-
ous for the plants by increasing ROS production and chang-
ing the plants’ genetic and anatomical performances (Kim
et al. 2017). DNA breakage was also detected due to ZnO-
NPs toxicity in Allium cepa (Rastogi et al. 2017). However,

Fig. 1 Comparative morphol-
ogy of F. indica callus culture
grown in (a) Fe-ZnO-NPs
supplemented medium and (b)
without Fe-ZnO-NPs

M)

p.
)
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Table 2 High performance liquid chromatography based quantification of phenolic compounds triggered as a result of iron-doped zinc oxide
nanoparticles in cell cultures of Fagonia indica

Sample No. of peak  Retention Phenolic HPLC-UV Peak area of  Peak area of  Concentration Identification
extract time (min) compounds Amax (nm) sample standard (ug/ml) reference
identity
Control 1 2.6 Malic acid 320 74.81 40.32 18.56° Reference
standard
2 12.4 Morin 320 32.90 20.0 16.45 Reference
standard
3 16.5 Ellagic acid 320 97.98 319.24 3.07 Reference
standard
4 20.5 Catechin 320 385.32 78.0 49.4¢ Reference
hydrate standard
5 22.7 Rutin 320 156.79 2241.2 0.69% Reference
standard
6 27.7 Pyrogallol 320 1878.23 1.014 18,522.97% Reference
standard
7 30.2 Mandelic acid 320 20.96 72.0 291 Reference
standard
40-1 1 2.6 Malic acid 320 96.32 40.32 23.90% Reference
standard
2 8.3 Epigallocat- 320 18.27 72.6 2.521 Reference
echin gallate standard
3 12.4 Morin 320 55.11 20.0 27.55¢ Reference
standard
4 16.5 Ellagic acid 320 237.34 319.24 7.43¢8 Reference
standard
5 20.5 Catechin 320 56.04 78.0 7.18¢ Reference
hydrate standard
6 27.7 Pyrogallol 320 1968.24 1.014 19,410.65% Reference
standard
7 30.2 Mandelic acid 320 129.91 72.0 18.04° Reference
standard
40-2 1 2.6 Malic acid 320 25.90 40.32 6.43" Reference
standard
2 8.3 Epigallocat- 320 48.33 72.6 6.65" Reference
echin gallate standard
3 124 Morin 320 85.66 20.0 42.83¢ Reference
standard
4 16.5 Ellagic acid 320 233.46 319.24 7.31¢ Reference
standard
5 20.5 Catechin 320 346.95 78.0 44.48¢ Reference
hydrate standard
6 27.7 Pyrogallol 320 1885.61 1.014 18,595.75° Reference
standard
7 30.2 Mandelic acid 320 19.41 72.0 2.69 Reference
standard

40-1 cell cultures supplemented with 31.5 pg/ml Fe-ZnO-NPs for 40 days, 40-2 cell cultures supplemented with 250 pg/ml Fe-ZnO-NPs for
40 days

The superscripted letters (a, b, ¢, d etc.) shows significant difference between variables. Values with different letters represent significant differ-
ence (P<0.05)
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Fig.2 Growth curve for the callus biomass accumulation in response
to different concentrations of Fe-ZnO-NPs

increasing the concentration of nanoparticles up to 125 pg/
mL increased TPC compared to the control group. On day
20, the TPC was highest (232.84 +7.85 ug GAE/g of DW)
when the media was supplemented with 62.5 pg/mL Fe-
ZnO-NPs. In comparison, the TPC observed in the control
group after 20 days were 225.89 +12.67 ug GAE/g of DW.
A higher TPC concentration was produced in numerous
plant species in response to different environmental strains
(Hussain et al. 2019). For instance, different Thymus spe-
cies and Zataria multiflora produced important secondary

@z pay 10
Y Day 20
Day 40

300

250

200

150

100

50

Total Phenolic content (ug GAE/g of DW)

0 15.62 31.25 62.5 125 250

Fe-ZnO-NPs concentrations (ug/mL)

Fig.3 Effects of different concentration of Fe-ZnO-NPs on day 10,
20 and 40 on total phenolic content accumulation in callus cultures of
F. indica. The superscripted letters (a, b, c, d etc.) shows significant
difference between variables; Values with different letters represent
significant difference (P <0.05)

100

©
o
PR |

Total Flavonoid content (ug QE/g of DW)

0 15.62 31.25 62.5 125 250

Fe-ZnO-NPs concentrations (ug/mL)

Fig.4 Effects of different concentration of Fe-ZnO-NPs on day 10,
20 and 40 on TFC in callus cultures of F. indica. The superscripted
letters (a, b, c, d etc.) shows significant difference between variables;
values with different letters represent significant difference (P <0.05)

metabolites when their callus cultures when supplemented
with Zinc oxide nanoparticles (Mosavat et al. 2019).

Production of flavonoids in response to Fe-ZnO-NPs
supplementation

The TFC in 10, 20, and 40 days of callus establishment
was recorded. The highest TFC (78.56 +0.12 pg QE/g
of DW) was recorded on day 20 was recorded in callus
derived from media supplemented with 62.5 ug/mL Fe-
ZnO-NPs. Generally, at day 10, the TFC was high in quan-
tity (44.26 +3.35 pg QE/g of DW) in media with 62.5 pg/
mL Fe-ZnO-NPs, while the lowest (27.01 +5.80 pug QE/g
of DW) when the concentration of Fe-ZnO-NPs in media
reached 250 pg/mL compared to the control group with
TFC =33.30+1.59 ug QE/g of DW. Similarly, for the other
concentrations, the TFC increasing with increasing the con-
centrations of Fe-ZnO-NPs in the media. TFC derived from
callus grown with 15.62, 31.25, and 125 pg/mL Fe-ZnO-
NPs produced 53.11+4.47, 59.16+3.98, and 63.20 ug QE/g
of DW, respectively as compared to the control group with
TFC=29.36 +4.56 ng QE/g of DW. More specifically, the
TFC increased with increasing concentration of Fe-ZnO-
NPs up to 62.5 ng/mL. At higher concentrations, the pro-
duction of TFC declined. With 125 ug/mL of Fe-ZnO-NPs,
the highest TFC recorded was 63.20 ug QE/g of DW in
20 days old callus followed by 59.86 +2.89 pg QE/g of DW
in 40 days old callus (Fig. 4). In this study, it was observed
that Fe-ZnO-NPs, in higher concentrations, caused toxicity
to callus. In low concentration, it induces better impacts on
the production of secondary metabolites in callus culture.
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The NPs in higher concentrations were observed to enter the
plant and plasma membrane cell wall and network with the
various plant processes (Rastogi et al. 2017).

In general, essential micronutrients aid plant health by
directly activating enzymes that produce defense metabo-
lites like flavonoids. Although no specific mechanism has
been established, Zinc plays a vital role in plant immune
responses (Cabot et al. 2019). Besides Zn, Fe plays a crucial
role in mediating an oxidative burst via the production of
H,0, (Greenshields et al. 2007), which leads to the pro-
duction of scavenging secondary metabolites. This seems
to be one reason for triggering the phenolics and flavonoids
produced in callus cultures of F. indica by Fe-ZnO-nanoma-
terials loaded with both Fe and Zn.

Antioxidant defense system triggered by Fe-ZnO-NPs
supplementation

The antioxidant activities were determined according to
the % DPPH scavenging capacity of 10-, 20- and 40-days
old callus. On day 10, the highest antioxidant activity was
recorded (67.78%) in callus obtained from media with
31.25 pg/mL Fe-ZnO-NPs. The lowest activity (49.01%) was
produced in the control group (Fig. 5). Furthermore, FRSA
of 54.34, 56.86, 51.51, and 49.07% was observed in callus
derived from 15.62, 62.5, 125, and 250 ug/mL Fe-ZnO-NPs,
respectively. On day 20, the highest antioxidants activity
(75.27%) was produced in callus obtained at 15.62 ug/mL
Fe-ZnO-NPs. In comparison, the lowest activity (58.83%)
was produced in callus derived from media with 250 ug/mL
Fe-ZnO-NPs. Furthermore, there was a decrease in FRSA

Free Radical Scavenging Activity (%)

0 15.62 31.25 62.5 125 250

Fe-ZnO-NPs concentrations (ug/mL)

Fig.5 Effects of different concentration of Fe-ZnO-NPs on day 10,
20 and 40 on free radical scavenging activity in callus cultures of F.
indica. The superscripted letters (a, b, c, d etc.) shows significant dif-
ference between variables; Values with different letters represent sig-
nificant difference (P <0.05)

@ Springer

with increasing nanoparticle concentration in the media such
that 69.41, 65.73, and 59.18% FRSA was recorded in callus
grown at 31.25, 62.5 125 ug/mL Fe-ZnO-NPs, respectively
compared to the control group with 64.77% activity. On day
40, the highest antioxidant activity (93.02%) was observed
in callus derived from media having 15.62 pg/mL Fe-ZnO-
NPs. In comparison, the lowest activity (52.95%) was
recorded in 125 pg/mL Fe-ZnO-NPs. Fe and Zn are showed
to induce ROS-dependent antioxidant defense mechanisms.
Metal accumulation in plant cells triggers the antioxidant
defense system by activating superoxide dismutase, catalase,
or other detoxification-related enzymes such as acid phos-
phatase (ACP) and alkaline phosphatase (AKP) (Khan et al.
2019). Besides, phenolic and flavonoids are recognized to
have antioxidant activity, and these compounds of the extract
are responsible for these activities (Rebaya et al. 2014).
Plants defend themselves by scavenging free radicals with
phytochemicals, which act as antioxidants. Another essential
and recently defined factor that supports the Zn-mediated
defense of plant cells is Zinc finger protein (ZFP). ZFPs play
a crucial role in plant growth, phytohormone response, and
stress tolerance (Noman et al. 2019).

The importance of Fe-ZnO-NPs is further evident in
their role in enhancing the total antioxidants capacity of
cells of F. indica. The TAC in 10, 20, and 40 days after cal-
lus subculture was recorded. On day 10, the highest TAC
(327.96 +7.46 ug AAE/g of DW) was recorded in callus
grown under the effect of 125 ug/mL Fe-ZnO-NPs, while the
lowest TAC (157.57 +1.33 ug AAE/g of DW) was recorded
in callus supplemented with 250 pg/mL Fe-ZnO-NPs. A
TAC of 228.06 +7.60, 238.15+8.77, and 230.07 +8.99 nug
AAE/g of DW was seen in 15.62, 31.25, 62.5 ug/mL Fe-
ZnO-NPs, respectively compared to the control group
(TAC=216.23+9.61 pg AAE/g of DW). On day 10, the
TAC increased compared to control at 15.62, 31.25, 62.5,
and 125 pg/mL Fe-ZnO-NPs, respectively. However, there
was no significant difference in TAC at the medium con-
centrations of Fe-ZnO-NPs. On day 20, the highest TAC,
ie., 313.92+2.10 ug AAE/g of DW, was recorded in cal-
lus grown with 62.5 pg/mL Fe-ZnO-NPs, while the lowest
TAC (199.64 +8.17 ug AAE/g of DW) was recorded from
callus grown on media with 31.25 pg/mL Fe-ZnO-NPs as
compared to the control group with TAC 230.84+6.41 ug
AAE/g of DW (Fig. 6). At day 40, the highest TAC
(390.74 +£5.56 ug AAE/g of DW) was observed in callus
derived from 125 pg/mL Fe-ZnO-NPs containing media,
while the lowest TAC, i.e., 241.35+6.97 ug AAE/g of DW
was recorded in control. Further, TAC =247.38 +2.71,
265.14+7.29, 246.51 +3.54, and 317 +10.10 ug AAE/g
of DW was recorded in callus derived from media with
15.62, 31.25, 62.5, and 250 pug/mL Fe-ZnO-NPs, respec-
tively. On day 40, the TAC increased with the increasing
concentration of Fe-ZnO-NPs. The phospho-molybdenum
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Fig.6 Effect of different concentrations of Fe-ZnO-NPs on day 10,
20 and 40 on total antioxidant capacity in callus cultures of F. indica.
The superscripted letters (a, b, ¢, d etc.) shows significant difference
between variables; Values with different letters represent significant
difference (P <0.05)

quantitative technique was used to study the TAC changes of
the F. indica callus under Fe-ZnO-NPs concentrations. The
results indicate that Fe-ZnO-NPs supplementation increases
the TAC. These results demonstrated a significant increase
in callus antioxidant activity in response to in vitro Fe-ZnO-
NPs supplementation. The role of Fe-ZnO-NPs as abiotic
elicitors in affecting the morphology and physiology of cal-
lus and production of secondary metabolites from the callus
of F. indica is a new frontier in abiotic stress elicitation.
These nanoparticles execute oxidative stress to the callus tis-
sues, activating their metabolism and enhancing all antioxi-
dant activities. However, the callus’ growth and antioxidant
activities are alleviated because higher Fe-ZnO-NPs cause
lethality to plant ultimately (Javed et al. 2018).

HPLC analysis of Fe-ZnO-NPs based elicited cultures

HPLC analysis of our samples revealed that Fe-ZnO-NPs
supplementation had a marked effect on the phenolic com-
pounds produced in cell cultures of F. indica. A total of
seven antioxidant phytochemicals/compounds were identi-
fied in plant extracts (Table 2).

There was variation in terms of quantity and the unique-
ness of secondary metabolites produced in cell cultures trig-
gered by Fe-ZnO-NPs in media (Figure S1-S3). For instance,
the control group, i.e., cell cultures devoid of Fe-ZnO-NPs,
produced Malic acid in quantities equivalent to 18.56 ug/ml,
which was enhanced to 23.90 ug/ml in cell culture extract
supplemented with 31.25 pg/ml Fe-ZnO-NPs. Interest-
ingly, the increase in Fe-ZnO-NPs concentration (250 pg/
ml) caused a decline in malic acid production to 6.43 pug/ml.

Similarly, the quantities of Ellagic acid, Morin, Man-
delic acid, and Pyrogallol were enhanced in Fe-ZnO-NPs
supplemented cell cultures compared to control (Table 2).
Furthermore, it has been observed that Fe-ZnO-NPs
(250 pg/ml) triggered the production of Epigallocatechin
gallate (6.65 pug/ml), which was absent in the control
group. One of the reasons for this could be that Iron (Fe) is
a transition metal that forms chelates and complexes with
phenolic plant secondary metabolites. It has been observed
that epigallocatechin gallate acts as a robust Iron chelator
(Md Nesran et al. 2020). In our case, iron supplementation
in the form of Fe-ZnO-NPs might have triggered the pro-
duction of enhanced quantities of this compound to reduce
the toxic effects of Iron and Zinc given in excess amounts
(250 pg/ml). Epigallocatechin gallate is a Catechin. The
results observed above could be validated through another
exciting observation that the amount of Catechin hydrate
reduced a bit in Fe-ZnO-NPs based samples. This hints
toward the possibility that Catechin hydrate might have
contributed to an ester’s formation with gallic acid, i.e.,
Epigallocatechin gallate.

On the other hand, the control, i.e., callus cultures
devoid of Fe-ZnO-NPs, produced Rutin (0.69 pg/ml)
which was not present in cell cultures supplemented with
Fe-ZnO-NPs. The quantification and identification of each
phenolic compound with its particular peak position and
retention time (Rt) are presented in Table 2. The repre-
sentative chromatograms are given in the supplementary
information (ES1-3).

Conclusion

Conclusively, Fe-ZnO-NPs proved to be very efficient
regulators of physiology and biochemical parameters of F.
indica callus cultures. These results showed that Fe-ZnO-
NPs could prove as a vital elicitor of plant cell metabo-
lism. The Fe-ZnO-NPs elicited callus cultures exhibited
higher levels of phenolics, flavonoids, and antioxidants
activity. The doped form of nanomaterials could prove as
a new frontier in applying different strategies for produc-
ing novel secondary metabolites in the cells of medici-
nal plants. The findings of the current study suggest that
nanoparticles, especially Fe-ZnO-NPs, possess a strong
potential to enhance biomass production and yield of total
phenolic, total flavonoids, antioxidants activity, and total
antioxidant capacity compounds in callus cultures of F.
indica.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11240-021-02123-1.
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