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Abstract—Flax (Linum usitatissimum L.), as an important commercial crops, is a rich source of fatty acids,
protein, dietary fiber and lignans. Flax plant has an effective anticancer activity due to lignan contents.
Nanoparticles have recently been used as efficient non-biologic elicitors to improve the biosynthesis of sec-
ondary metabolites. In this study, the effects of different concentration of ZnO (0, 30, 60, and 120 mg/L) and
TiO2 (0, 50, 100, and 150 mg/L) nanoparticles at different time (0, 24, 48, and 72 h) were investigated on
enzyme activities and production of secondary metabolites in cell suspension cultures of f lax. The results
indicated that the highest activity of phenylalanine ammonia lyase (PAL) was observed in 30 mg/L nano-
ZnO treatment at 48 h, whereas the effect of nano-TiO2 on PAL enzyme activity was not statistically signifi-
cant. According to the results, the highest activity of CAD (cinnamyl alcohol dehydrogenase) was observed
in 60 mg/L concentration of nano-ZnO at different intervals. The use of 150 mg/L nano-TiO2 led to
increased activity of CAD. The maximum content of total phenol was detected at 150 mg/L nano-TiO2. Dif-
ferent concentrations of nano-TiO2, caused to an increase in total lignan at all intervals. The highest amount
of total phenol and lignans was observed in 30 and 60 mg/L ZnO. In the present study, we were observed dif-
ferent effects of nanoparticle on enzymes activity and secondary metabolite production in cell suspension
cultures of f lax plant, depending on concentration and type of nanoparticles.

Keywords: Linum usitatissimum, enzyme activity, nano-elicitors, plant cell culture, lignan biosynthesis, ZnO
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INTRODUCTION
Linum usitatissimum (f lax) is one of the most

ancient crops, which is cultivated for fiber as well as
functional food due to its potential health benefits and
medicinal purposes. Flax is mostly used in traditional
medicine; it is utilized for the management of diarrhea
and gastrointestinal infections. Flax contains many
biologically active compounds and elements such as
omega-3 fatty acids, tocopherol, phenylpropanoids,
cyclic peptides, alkaloids, mucilage, and also is the
richest source of plant lignans. The major lignan in
flax is secoisolariciresinol diglucoside (SDG) that has
numerous health benefits, especially anti-oxidant and
cancer prevention properties. SDG is used to treat
atherosclerosis, cardiovascular, diabetic, hemopoi-
etic, and liver necrosis [1].

Secondary metabolites are organic compounds
produced by bacteria, fungi, or plants, which are not

essential for their growth, development and reproduc-
tion. Plant secondary metabolites are basically
involved in the defense mechanism and play import-
ant roles in signaling processes under biotic and abi-
otic environmental stress. Many secondary metabo-
lites have pharmacological and therapeutic activities
such as phenolics, alkaloids, terpenes, f lavonoids,
anthocyanins. Phenylpropanoids are a large group of
secondary metabolites in plants, including f lavonoids,
and coumarins, and lignans [2]. They are present in
structural compounds (lignin), pigments (anthocya-
nins) and also play an important role in plant resis-
tance to pathogens and environmental stresses [3].
Monolignols, as one of the phenylpropanoids group,
are present in lignans and lignin. Phenylalanine
ammonia lyase (PAL) enzyme is the first enzyme in
monolignols biosynthesis pathway as leads to conver-
sion of L-phenylalanine to trans-cinnamic acid.
Trans-cinnamic acid is then converted to canideryl
aldehyde during several successive reactions. Finally,
monolignols are formed through cinnamyl alcohol

Abbreviations: CAD—cinnamyl alcohol dehydrogenase; SCV—
settled cell volume; SDG—secoisolariciresinol diglucoside.
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dehydrogenase (CAD) activity. CAD plays an
important role in the creation constructive units of
lignan and lignin (monolignols). Lignin consists of
randomly pairing three monolignols monomers
(coniferyl, p-coumaryl and sinapyl alcohols). Mono-
lignols also is dimered in many plant species to form
lignans (coniferyl alcohol × 2), and finally dimers are
converted to secoisolariciresinol during two succes-
sive reactions by activity of pinoresinol lariciresinol
reductase. Secoisolariciresinol is gathered with diglu-
coside and SDG is produced [4].

Recently, the different experimental strategies used
for increasing secondary metabolite production in
plant such as breeding, precursor feeding, improve-
ment of medium and environmental conditions, elici-
tation, and metabolic engineering. Cell suspension
cultures of medicinal plants are the attractive biotech-
nological techniques used for augmentation the pro-
duction of useful secondary metabolites [5]. Elicita-
tion is a technique that involves of exogenous applica-
tion of elicitors in cell and tissue cultures, which
consequently triggers stress response with concomi-
tant enhancement in secondary metabolite produc-
tion. Elicitors are biological and non-biological sub-
stances that can cause biochemical and physiological
alteration in plants. Nanoparticles are used in several
studies as abiotic elicitors to increase the production of
secondary metabolites in plants [6].

Recent studies showed an increase in the second-
ary metabolites biosynthesis by application of nano-
ZnO and nano-TiO2 as abiotic elicitors in in vitro cul-
tures [7, 8]. Bhardwaj et al. [7] reported that the nano-
ZnO mediates biosynthesis of bacosides in cell sus-
pension culture of Bacopa monnieri. Javed et al. [8]
reported that the ZnO and CuO NP play important
role in increasing the production of phenolic, f lavo-
noid content, antioxidant capacity, and free radicals
activity on MS medium of Stevia rebaudiana.
García-López et al. [9] evaluated the effect of nano-
ZnO on antioxidant activity, production of phenolic
compounds, and seedling development in Capsicum
annuum L. during germination. It has been reported
that production of herbal secondary compounds
such as essential oils, total phenolics and f lavonoids
content, at nano-TiO2 treatments are increased in
Salvia officinalis [10].

The aim of the present study was to investigate the
effects of ZnO and TiO2 nanoparticles on key enzymes
activity in the biosynthesis pathway of phenolpro-
panoids and production of total phenol and lignan in
cell suspension cultures of L. usitatissimum.

MATERIALS AND METHODS
Explant source. The seeds of Linum usitatissimum L.

(Kerman Shahdad cultivar) were obtained from Pakan
Bazr Company, Isfahan, Iran. The seeds were thor-
oughly washed in running tap water and were surface-
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 66
sterilized with 70% (v/v) ethanol for 30 s and 3% (w/v)
sodium hypochlorite solution for 5 min, followed by
three rinses with autoclaved distilled water. The pH of the
medium was adjusted to 5.80 ± 0.02 with 0.1 N NaOH or
0.1 N HCl before autoclaving at 121°C for 20 min.
Sterilized seeds were then put on MS medium con-
taining 6.5 g/L plant agar and 30 g/L sucrose and were
incubated in a growth chamber at 25 ± 2°C within a
16-h photoperiod. The germinated seeds were grown
into plantlets and in vitro grown plantlets were used as
explant source.

Callus induction. For callus induction, explants of
root, hypocotyl, cotyledon, shoot and leaf were
detached from 7 to 10-day-old plantlets and cultured
on the MS basal medium supplemented with 30 g/L
sucrose and 6.5 g/L agar. The following growth regu-
lator combinations were used: 2 mg/L of BA and
1 mg/L of NAA. The pH of the medium was adjusted
to 5.80 ± 0.02 prior to autoclaving. Then, the cultures
were incubated in a dark growth chamber at 25 ± 2°C.

Cell suspension culture and growth measurement.
Friable white calli were selected for establishment of
suspension cultures. About 500 mg of friable white
calli were transferred into 100-mL Erlenmeyer f lasks
containing 25 mL of liquid MS medium with 1 mg/L
NAA, 2 mg/L BA, and 30 g/L sucrose (before auto-
claving, the pH was adjusted to 5.80 ± 0.02). The flasks
were put on a dark shaker (at 110 rpm and 25 ± 2°C),
then the cultures were transferred to 250-mL flasks and
were maintained by subculture every 10 days with an
initial cell density of 10.72 × 104 cells per mL. Two
growth parameters containing SCV and cell number
were measured every two days. For measurement of
SCV, 10 mL of the cell suspension was transferred to
15-mL flacons and allowed to settle for 30 min; it was
determined as the percentage of the total volume of
suspension occupied by the cells. In the process, 2 mL
of 8% chromium terioxide (CrO3) solution was put to
1 mL of the cell suspension. The mixture was incubated
at 70°C for 15 min and was then shaken to 15 min. In
this way, cells number was counted using a hemocy-
tometer slide under microscope.

Nanoparticles characterization. The titanium diox-
ide (TiO2, rutile, high purity, 99.9%, 30 nm) and zinc
oxide (ZnO, 99%, 10–30 nm) nanoparticles (United
States Research Nanomaterials, Inc.) were purchased
from Mehreganchem Company, Tehran, Iran. The
TiO2 and ZnO nanoparticles have spherical shape with
a diameter of 30 nm and 10–30 nm, respectively. Fur-
thermore, ZnO NPs had more than 99% purity and
5.606 g/cm3 density. TiO2 NPs had 99.9% purity and
0.46 g/cm3 density. The used nanoparticles were sus-
pended onto deionized water and dispersed by ultra-
sonic (100 W, 40 KHz) for 30 min, then the pH was
adjusted to 5.8 and they were autoclaved before using.

Elicitor treatment. Based on the growth curve, the
day 11 after subculturing (when the cells were in the
end of the lag phase) was chosen for the treatment with
  No. 5  2019
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Fig. 1. The growth rate of cell suspension culture f lax
(Linum usitatissimum) by measuring settled cell volume
(SCV) and number of cells per milliliter. (1) SCV; (2) cell
number.
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elicitors (ZnO and TiO2 nanoparticles). Cells were
treated with various concentrations of ZnO nanopar-
ticles (0, 30, 60, and 120 mg/L) or nano-TiO2 (0, 50,
100, and 150 mg/L). Samples were collected at 0, 24,
48, and 72 h after nanoparticles treatment. This test
was repeated three times. The cells were separated
from the liquid media, frozen in liquid N2, and then
stored at –80°C until further analysis.

Protein extraction. Soluble proteins were extracted
using the method proposed by Hano et al. [11] with a
few modifications. At first, extraction buffer was pro-
vided by mixture of polyvinyl polypyrrolidone
(2% w/v), Tris-HCl (0.1 M and pH 7.5), β-mercap-
toethanol (0.1 M), ethylene glycol (5% w/v). Frozen
cells were powdered, then, 1 g of cells were added to
2 mL extraction buffer and were centrifuged (16000 g)
for 10 min at 4°C. Finally, the supernatant was col-
lected and used in the assays.

Enzyme assays. PAL activity was determined
using the method proposed by Ochoa-Alejo and
Gomez-Peralta [12] with some modifications. The
reaction mixture contained 0.1 mL of protein extract,
0.5 mL of L-phenylalanine (10 mM), 1 mL of Tris-
HCl buffer (100 mM, pH 8.8), and 0.4 mL of deion-
ized water. This mixture was held at 37°C for 60 min,
then, it was added by 0.5 mL of 6 M HCl and 5 mL of
diethylether. The organic phase was evaporated at
20°C and the remaining residue was then dissolved in
3 mL of NaOH (50 mM). The sample absorbance was
measured at 290 nm as one unit of PAL activity is
equal to 1 μmol of cinnamic acid produced per hour.
The calibration curve was constructed using different
concentrations of cinnamic acid.

The CAD activity was determined according to the
method of Hawkins and Boudet [13]. A 0.5 mL reac-
tion mixture contained coniferyl alcohol (100 μM),
NADP (200 μM), Tris-HCl (100 mM, pH 8.8) and
protein (50 μg). This mixture incubated for 10 min at
30°C. The test tubes containing the mixture were kept
for 10 min at 30°C and absorbance at 400 nm was
recorded.
RUSSIAN JOURN
Total lignan content. The total lignan content was
measured according to the method of Bhatnagar and
Krishna [14] with some modifications. The mixture of
hexane and chloroform (7 : 3, v/v) was used to create
different concentrations of extracts. The sample
absorbance was measured at 288 nm and sesamin was
applied as a standard compound. The total lignan
amount was expressed as mg of sesamin equivalents
per g of dry weight (mg SE/g dry wt).

Total phenolics content. The phenolics content was
measured by Folin-Ciocalteu reagent as described by
Akkol et al. [15]. The reaction mixture contained
0.5 mL of methanolic extract, 2.5 mL Folin-Ciocalteu
reagent and 2 mL sodium carbonate solution 7.0%.
This mixture was held at 25°C for 2 h. Gallic acid was
used for the calibration curve and the absorbance of
mixtures was measured at 765 nm. Finally, total phe-
nol content was calculated according to mg per g dry
weight.

Statistical analysis. Statistical analysis was per-
formed using two-way ANOVA analysis, using SPSS
ver.16.0 software. Duncan test was applied at P < 0.05
to determine significant differences and the results
were shown as means ± standard deviations.

RESULTS
Callus Induction and Cell Suspension Culture

Callus initiation was observed on different explants
from two to three weeks after culture. These results
indicated that explants of roots and cotyledons have
the highest frequency of callus induction. According
to the quality of the calli, the softest calli were
obtained from the root explants, which were suitable
for the production of cell suspension culture. Cell den-
sity (number of cells per milliliter) and SCV were mea-
sured from day 0 of subculture to day 18. The growth
curve (Fig. 1) showed that the growth of the cells in
three days after subculture was very low, this could be
due to the incompatibility of the cells with the new
medium. If the conditions for cell proliferation are not
optimal, this period may take several weeks. The cell
number and SCV peaked on day 12 and then declined
due to the reduction of nutrients and growth regulators
in the culture medium (Fig. 1).

Effects of Nano-ZnO and TiO2 on PAL Activity

PAL activity was significantly affected by various
concentrations of nano-ZnO and different intervals
after treatment (P < 0.01). The activity of this enzyme
increased in 30 mg/L nano-ZnO compared to other
treatments. The activity of PAL increased from begin-
ning to the hour 48 and it declined after such time. The
highest activity of this enzyme (1.86-fold higher than
in the control) was observed in 30 mg/L nano-ZnO in
48 h after samples collection and it declined in 30, 60
and 120 mg/L in 72 h (Fig. 2). In the interaction
AL OF PLANT PHYSIOLOGY  Vol. 66  No. 5  2019
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Fig. 2. Changes in phenylalanine ammonia lyase (PAL)
activity at the interaction of time and concentration of
nano-ZnO treatments (30, 60, 120 mg/L). (1) control;
(2) 30 mg/L; (3) 60 mg/L; (4) 120 mg/L. Statistical differ-
ence at P ≤ 0.01.
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Fig. 3. Changes in cinnamyl alcohol dehydrogenase
(CAD) activity at the interaction of time and concentra-
tion of nano-ZnO treatments (30, 60, 120 mg/L). (1) con-
trol; (2) 30 mg/L; (3) 60 mg/L; (4) 120 mg/L. Statistical
difference at P ≤ 0.01.
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Fig. 4. Changes in cinnamyl alcohol dehydrogenase
(CAD) activity at the interaction of time and concentra-
tion of nano-TiO2 treatments (50, 100, 150 mg/L).
(1) control; (2) 50 mg/L; (3) 100 mg/L; (4) 150 mg/L.
Statistical difference at P ≤ 0.01.
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Fig. 5. Changes in total lignan content at the interaction of
time and concentration of nano-TiO2 treatments (50, 100,
150 mg/L). (1) control; (2) 50 mg/L; (3) 100 mg/L;
(4) 150 mg/L. Statistical difference at P ≤ 0.01.
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between nano-TiO2 concentrations and time, there
was no statistically significant difference between time
and concentration. Also, there were no significant
changes in PAL activity at different concentrations of
nano-TiO2.

Effects of Nano-ZnO and TiO2 on CAD Activity

The highest and the lowest activity of the CAD
enzyme were observed in 60 and 120 mg/L nano-
ZnO, respectively. The activity of CAD was signifi-
cantly (P < 0.01) influenced by different intervals after
treatment. The enzyme activity was gradually
decreased in the control samples until the hour 72 and
it increased in 60 mg/L ZnO at all intervals (24, 48 and
72 h) (Fig. 3). CAD enzyme activity was increased
with increasing nano-TiO2 concentration. The high-
est activity of CAD was observed in 150 mg/L nano-
TiO2. CAD activity was significantly different in the
interaction between nano-TiO2 concentrations and
time (P < 0.01). In control sample, the activity of
CAD was gradually decreased within 72 h, whereas
CAD activity was enhanced by the addition of nano-
TiO2 (50, 100 and 150 mg/L) at all intervals (Fig. 4).

Effects of Nano-ZnO and TiO2 on Total Lignan Content

In the control samples, the change in total lignan
content was very low at different intervals. Whereas
the use of nano-TiO2 (50, 100 and 150 mg/L) at all
intervals led to significant increases in total lignan con-
tent (P < 0.01). The highest amount of total lignan was
observed in 150 mg/L nano-TiO2 at 72 h. In this case,
total lignans production was 1.5-fold (29 mg/g dry wt)
higher than in the control (Fig. 5). The amount of accu-
mulation of lignans was significantly (P < 0.01) influ-
enced by different concentrations of nano-ZnO and the
highest amount of lignans was observed in 60 mg/L
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 66  No. 5  2019
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Fig. 6. Changes in total lignan at different concentrations
of nano-ZnO. Statistical difference at P ≤ 0.01.
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Fig. 7. (a) Changes in total phenol content at the interac-
tion of time and concentration of nano ZnO treatments
(30, 60, 120 mg/L). (1) control; (2) 30 mg/L; (3) 60 mg/L;
(4) 120 mg/L; (b) changes in total phenol content at the
interaction of time and concentration of nano-TiO2 treat-
ments (50, 100, 150 mg/L). (1) control; (2) 50 mg/L;
(3) 100 mg/L; (4) 150 mg/L. Statistical difference at P ≤ 0.01.
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nano-ZnO. Whereas, the interaction between nano-
ZnO concentration and time was not significant for
increasing total lignan content (Fig. 6).

Effects of Nano-ZnO and TiO2 
on Total Phenolics Content

According to the results, the interaction between
time and concentration of nano-ZnO treatments sig-
RUSSIAN JOURN
nificantly affected total phenol content (P < 0.01).
The highest amount of phenol was observed in 30 and
60 mg/L ZnO at all intervals (Fig. 7a). The interaction
between nano-TiO2 concentration and time was sig-
nificant for increasing total phenol content (P < 0.01).
The maximum content of total phenol was detected in
150 mg/L nano-TiO2 at 24, 48 and 72 h (Fig. 7b).

DISCUSSION

Various strategies have been devised to improve the
production of secondary metabolites of medicinal
plants. Among these approaches, elicitation of plant
cells suspension cultures is a useful biotechnological
tool to enhance the production of valuable secondary
metabolites [16]. In the present study, L. usitatissimum
cell suspension cultures displayed different responses
to TiO2 and ZnO nanoparticles. Nanoparticles cause a
lot of physiological and morphological changes in
plants, depending on the former’s features. Some
characteristics of nanoparticles such as chemical com-
position, surface area, reactivity, type of nanoparticles
and effective concentration can determine the effects
of nanoparticles [17]. Chong et al. [18] reported that
efficient effect of elicitation to improve the production
of secondary metabolites depends on plant species,
compounds of interest, types and concentrations of
elicitors, and day of treatment. Our study showed that
the application of nano-titanium in various concen-
trations had no stressful effect on PAL enzyme activity.
Mandeh et al. [19] reported that the TiO2 nanoparticles
did not have negative effect on quality of callus in bar-
ley. They also observed that the TiO2 has dramatically
effect on increasing of callus induction and callus size.
In the process of absorption by plants, titanium is a use-
ful element and can increase nutrients absorption such
as, calcium, magnesium, zinc and phosphorus [20]. It
is identified that PAL enzyme is a biochemical marker
in stress conditions in plant species and reacts to elicitor
treatment [21]. Kim et al. [22] showed that the use of
methyl jasmonate in lettuce could lead to increased
PAL activity. Similarly, the application of ultrasonic
elicitor in romaine lettuce caused to an increase in the
activity of this enzyme [23].

The cell wall in plants acts as an impediment for
entering the foreign matter. Nanoparticles with
smaller diameters than the cell wall pore diameters can
easily penetrate the cell and reach the plasma mem-
brane. They use ion transport channels and transport
proteins to cross the membrane, in this way the
nanoparticles might be able to stick with membrane
and interfere with different organelles [24]. The pres-
ent study showed that the higher concentrations of
nano-Zn (120 mg/L) had negative effects on CAD
activity. The toxic effects of higher concentrations of
nanoparticles have been reported by several research-
ers. Sharafi et al. [25] reported that higher concentra-
tions of ZnO nanoparticles (150 ppb) had negative
AL OF PLANT PHYSIOLOGY  Vol. 66  No. 5  2019
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effects on hypericin and hyperforin production in cell
suspension culture of Hypericum perforatum L. High
concentrations of aluminum and titanium nanoparti-
cles in wheat resulted in reduced root and stem length,
and only in low concentrations (100 mg/L) they
showed positive effects. These nanomaterials caused
induced stress in wheat and effect on amount of pro-
line; that is, the high concentration of that increased
the proline content [26]. Ebrahimi et al. [27] showed
that spraying titanium nanoparticles in pinto bean
increased the activity of antioxidant enzymes. Certain
studies have been done to improve secondary metabo-
lite production in treatment with nanoparticles.
Increase in secondary metabolite can be caused by
increased activity of the enzymes involved in defense
responses [28].

Lignans and phenol are important secondary
metabolites synthesized by L. usitatissimum, which
have many medical applications. The results indicated
that the use of nanoparticles have significant effect on
lignan and phenol production of f lax. It has been
reported that the application of nanoparticles in the
environment can affect the pharmacological proper-
ties of medicinal plants. Previously, the content of
important drugs such as artemisinin and dysgenic were
enhanced in plants treated with nanoparticles [29].
These results are in agreement with those of Nadeem
et al. [30], who reported that elicitation of f lax cell sus-
pension by yeast extract has an effective role in
increasing total phenolic and flavonoids content.

To conclude, the results of this study suggest that
treatment of cell cultures with nanoparticles of elici-
tors can increase the activity of enzymes in the path-
way of biosynthesis of secondary metabolites and
probably increase amount of secondary metabolite
and by optimization of concentration and time, nano-
ZnO can be used as a suitable elicitor for increasing
enzymes activity. Therefore, it is possible to propose
that other nanoparticles might be used as an elicitors
to study the activity of PAL and CAD enzymes and the
other enzymes in lignin biosynthesis pathways.
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