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ABSTRACT
Zinc oxide nanoparticles (NPs) have emerged as a novel elicitor for enhanced biosynthesis of secondary
metabolites in in vitro plant cell cultures. The current study was aimed to explore elicitation abilities of
ZnO-NPs for enhanced accumulation of lignans and neolignans in cell cultures of Linum usitatissimum.
We optimized concentration of zinc oxide NPs before carrying out a full-fledged experiment.
Subsequently, an optimum dose of 100 mg/l was introduced into the culture medium on day 0, days 0
and 15, and finally days 0 and 25. We observed that repeated elicitation stimulated various parameters
and physiological responses in Linum usitatissimum cell cultures than one-time elicitation. Repeated
elicitation of cell cultures on day 0 and 15 resulted in highest fresh weight (412.16 g/l) and lignans pro-
duction (secoisolariciresinol diglucoside 284.12 mg/l: lariciresinol diglucoside 86.97 mg/l). Contrarily,
repeated elicitation on day 0 and 25 resulted in highest DW (13.53 g/l), total phenolic production
(537.44 mg/l), total flavonoid production (123.83 mg/l) and neolignans production (dehydrodiconiferyl
alcohol glucoside 493.28 mg/l: guaiacylglycerol-b-coniferyl alcohol ether glucoside 307.69 mg/l).
Enhancement in plant growth and secondary metabolites accumulation was several fold higher than
controls. Furthermore, a linear relationship existed between total phenolic and flavonoid contents
which in turn was correlated with higher antioxidant activities.
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Introduction

Linum usitatissimum, a novel plant belonging to the family
linaceae has a rich history regarding industrial applications—
linen fiber production and linseed oil extraction—however,
currently it is increasingly exploited as a great source of
some health-promoting phenolic metabolites known as
lignans and neolignans [1]. These metabolites are naturally
occurring polyphenols, which have potential therapeutic
applications mainly against different types of cancer, some
microbial infections and inflammation as well. Major lignans
are secoisolariciresinol diglucoside (SDG) and lariciresinol
diglucoside (LDG), whereas dehydrodiconiferyl alcohol gluco-
side (DCG) and guaiacylglycerol-b-coniferyl alcohol ether glu-
coside (GGCG) are well-known neolignans [2]. Both lignans
and neolignans share similar structural conformation, but
they can be easily characterized by difference in (a minor but
significant) bonding pattern. Generally, lignans consist of
phenylpropane dimers that are bonded through the carbon
atoms (C8/C8�) of their side chains, whereas in neolignans,

these dimers are connected through bond other than
C8/C8� [3].

A variety of established techniques and methods exist for
commercial production of phytomedicines. Among these,
biotechnology-based plant cell cultures are superior and
modern methods, employed for extraction and isolation of
phytomedicinal products. However, certain modifications and
adaptations to such a system on the whole or some oper-
ational conditions are essential for enhanced accumulation of
plant-derived secondary metabolites because production
potential of such systems is intrinsically low, therefore they
need stimulation [4]. For this purpose, elements of diverse
nature are used as stimulatory agents, which elicit enhanced
biosynthesis of secondary metabolites in in vitro plant cell
cultures. These agents include elements from both biotic and
abiotic sources [5]. Nanoparticles (NPs) are emerging abiotic
elicitors used for obtaining improved yields of plant-derived
medicinal compounds, such as, recently, we have reported
effective scheme for elicitation of Linum usitatissimum
derived cell suspension cultures through addition of
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chemogenic Ag-NPs [6]. Generally, NPs have distinct physico-
chemical properties that enable them to interact with plant
metabolic systems in a conducive way, rarely observed while
using source/candidate material in raw form [7,8].
Furthermore, zinc as a micronutrient play a significant role in
plant growth and metabolism. Phyto-hormonal regulation
especially auxins, carbohydrate metabolism, protein synthesis
[9] and stress alleviating responses have been associated
with adequate supply of zinc [10,11]. In addition, a great
number of reports have described positive aspects of ZnO-
NPs regarding their impacts on plant growth, physiology and
secondary metabolism, details of which are provided in the
discussion section. Thus, the current study was also aimed
along the same lines to enhance accumulation of poly-
phenolic secondary metabolites (lignans and neolignans) in
cell suspension cultures of Linum usitatissimum using bio-
genic ZnO-NPs as an abiotic elicitor.

Materials and methods

Inoculum preparation

The inoculum was prepared according to our previous proto-
col [6]. Both callus and cell suspension cultures were grown
on MS medium as described previously [2]. Firstly, aseptic
stem explants excised from Linum usitatissimum’s seed germi-
nated plantlets were inoculated on MS medium containing
1mg/l NAA as a PGR and agar as a soldifying agent, for callo-
genesis (Figure 1(A)). Secondly, callus obtained was immersed
in liquid MS medium comprising same chemical constituents
to that of callus inducing medium, but without agar
(Figure 1(B)). These cultures were maintained in controlled
conditions on a shaker for 15 days and then used for estab-
lishment of cell suspension cultures.

Characteristics of ZnO-NPs

ZnO-NPs were biologically synthesized using root extracts of
Linum usitatissimum and described by our research group
earlier [12]. Adventitious roots extract of Linum usitatissimum
(10 g/100ml) and zinc nitrate hexahydrate (0.1mM) were
mixed in same proportions and then heated at 60 �C for 3 h
under continuous stirring. Synthesis of ZnO-NPs was detected
by precipitation of yellow particulates and later validated by
UV-visible spectroscopy. Particles size, shape and texture

were analyzed using XRD and TEM techniques, respectively.
XRD results confirmed that NPs were hexagonal in shape
with crystalline appearance, whereas the average size was up
to 35 nm as examined by TEM. The physical stability of ZnO-
NPs was determined using UV-visible spectroscopy before its
application. For this purpose, absorbance value of 2.5 and
peak value between 230 and 800 nm were used as stand-
ard parameters.

Optimization of ZnO-NPs concentration

Current experiment spanned for a total of 40days. At first, an
optimum dose of ZnO-NPs was determined for elicitation of
cell suspension cultures. Consequently, a dose of biogenic
ZnO-NPs, i.e. 1, 5, 10, 20, 30, 40, 50, 75, 100, 200 and 500mg/l,
respectively, was introduced to cell suspension cultures on day
zero. All experimental elicitation steps were carried out in
liquid MS medium containing 10ml inoculum.

ZnO-NPs treatments

During the optimization experimental part, we recorded that
100 mg/l ZnO-NPs resulted in maximum fresh and dry bio-
mass accumulation on day 25 after the initial day of cultur-
ing, therefore, we carried on this dose of ZnO-NPs for further
experimentation. ZnO-NPs were introduced periodically into
cell suspension cultures on three occasions, firstly on day 0,
secondly on day 0 and 15, and finally day 0 and 25
(Figure 1(C)). Cells from culture medium were harvested at
periodical breaks of 5 days until day 40 of the cell suspension
culture, after each elicitation step. Control treatment did not
receive any dose of ZnO-NPs at any stage.

Biomass determination

Cells harvested from culture medium were gently squeezed
using several layers of filter papers to extract excess water.
Fresh weight was recorded instantly; using electronic weigh-
ing balance, afterward cells were dried at 50 �C in a heating
incubator until 24 h, and then dry weight was recorded. Both
fresh and dry biomass were expressed in g/l.

Figure 1. A: In vitro established callus culture of Linum usitatissimum. B: Inoculum for cell suspension cultures of Linum usitatissimum, derived from in vitro estab-
lished callus culture. C: Cell suspension cultures of Linum usitatissimum fed at day 0, day 0 and 15 and day 0 and 25, respectively.
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Phytochemical analysis

Methanolic extracts of dried and powdered cells were used
for phytochemical analysis; 50mg samples were suspended
in 250ml methanol, then vortexed for 3min and sonicated for
30min, respectively. Next, samples were subjected to centri-
fugation at 13,000 rpm for 5min. The supernatant obtained
was collected carefully and kept for phytochemical analysis.
Total flavonoid content (TFC) was evaluated using aluminium
chloride colorimetric method as described by Ul-Haq et al.
[13]. Total flavonoid production (TFP) was mathematically cal-
culated according to the method of Zahir et al. [2] and
expressed as mg/l. Total phenolic content (TPC) was eval-
uated using the Folin-Ciocalteu (FC) method as reported by
Singleton et al. [14]. Total phenolic production (TPP) was also
mathematically calculated according to the method described
earlier [2] and expressed as mg/l.

Free radical scavenging assay

1,1-Diphenyl-2-picrylhydrazyl (DPPH) was used as a source of
free radicals to assess the scavenging capacity of samples
collected from cell suspension cultures, according to the
method of [15]. Methanol based cellular extracts and DPPH
solution were mixed and kept in dark for 30min. FRSA was
evaluated using spectrophotometer at 517 nm and calcula-
tions based on the comparison of absorbance values was
used to obtain% FRSA of samples [2].

HPLC analysis

Accumulation of polyphenols (lignans and neolignans) in cell
suspension cultures was quantified using HPLC following
method of Corbin et al. [16]. Production of polyphenols was
calculated from HPLC data as follows:

Production ðlignans or neolignansÞ mg=l

¼ Content ðlignans or neolignansÞ mg=g� Dry weight g=l

Statistical analysis

Experimental design was based on triplicates, repeated twice
and were conducted in controlled conditions. ANOVA test
was applied to experimental data using Origin Pro software
(8.5). All values are presented as means ± SD. Origin Pro 8.5
was used for the generation of all graphs.

Results and discussion

Physiological responses are the first key changes, which occur
when plants are exposed to elements of diverse nature. NPs
trigger plant physiological response in both positive and
negative ways [17,18], primarily depending on the concentra-
tion of NPs and plant species [19,20]. Generally, application
of NPs in lower concentrations has been found promoting
plant growth and secondary metabolites production [21]. We
observed the positive impacts of ZnO-NPs on biomass accu-
mulation in Linum usitatissimum derived cell suspension

cultures, as we obtained maximum fresh weight, 412.16 g/l—
on day 35 after initial culturing when cell suspension cultures
were repeatedly elicited on day 0 and 15—(Figure 2) and dry
weight, 13.53 g/l—on day 30 after initial culturing when cell
suspension cultures were repeatedly elicited on day 0 and
25—(Figure 3), respectively. Our observations are in accord-
ance with the current perspective on using ZnO-NPs as a
potential nanofertilizer, which is gaining wide acceptance
because of the increasing reports on their positive impacts
on plant growth [22,23]. These reports described the growth
promoting effects of ZnO-NPs as a result of effective physio-
logical changes including regulation of plant pigments dir-
ectly associated with biomass buildup such as chlorophyll
and carotenoids [24,25]; increase in nutrients uptake effi-
ciency [26], upregulation of antioxidant metabolism [27] and

Figure 2. Temporal effects of repeated elicitation with biogenic ZnO-NPs on
fresh biomass of cell suspension cultures of Linum usitatissimum. Values are
mean of triplicates ± SD.

Figure 3. Temporal effects of repeated elicitation with biogenic ZnO-NPs dry
biomass of cell suspension cultures of Linum usitatissimum. Values are mean of
triplicates ± SD.

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY 1369



most important, the involvement of zinc as an essential
micronutrient in the metabolism of different plant biomole-
cules [28].

Accumulation of phenolics and flavonoids in response to
novel substances as a primary defense line is the principal
indicator of active plant secondary metabolism Zahir et al.
[29]). Linum usitatissimum contains a wide range of phenolics
and some flavonoids. In the current study, similar trends
were observed for both phenolics and flavonoids accumula-
tion, we noted that one-time elicitation had not impacted
phenolic and flavonoid contents but repeated addition of
ZnO-NPs into culture medium, especially at a later stage of
culture—log phase—significantly enhanced both total phen-
olic and flavonoid content/production, respectively, as

compared to control treatments. Optimum TPC (39.71mg
GAE/g) and TPP (537.44mg/l) occurred on day 30 after initial
culturing when cell suspension cultures were repeatedly eli-
cited on day 0 and 25 (Figures 4 and 5). This increase in phe-
nolics production was 15.8 fold as compared to control.
Optimum TFC and TFP also occurred during the same period.
Highest TFC and TFP were recorded to be 9.15mg QUE/g
and 123.83mg/l, (Figures 6 and 7), respectively. This increase
in flavonoids production was 8.8 fold as compared to control.
These results are in agreement with our previous finding [6],
wherein similar trends in total phenolic and flavonoid con-
tents were observed. Increased polyphenol accumulation is
indicated by higher antioxidant activities [30]. A positive cor-
relation between FRSA and phenolic content was recorded in
the current study. Maximum FRS activity observed was up to

Figure 4. Temporal effects of repeated elicitation with biogenic ZnO-NPs on
TPC in cell suspension cultures of Linum usitatissimum. Values are mean of
triplicates ± SD.

Figure 5. Temporal effects of repeated elicitation with biogenic ZnO-NPs on
TPP in cell suspension cultures of Linum usitatissimum. Values are mean of
triplicates ± SD.

Figure 6. Temporal effects of repeated elicitation with biogenic ZnO-NPs on
TFC in cell suspension cultures of Linum usitatissimum. Values are mean of
triplicates ± SD.

Figure 7. Temporal effects of repeated elicitation with biogenic ZnO-NPs on
total flavonoid production in cell suspension cultures of Linum usitatissimum.
Values are mean of triplicates ± SD.
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90% in repeatedly elicited cultures (Figure 8). Generally,
repeated elicitation resulted in enhanced FRS activity at the
last stages of culture as compared to control. Our results are
supported by the findings of Garc�ıa-L�opez et al. [31] and
Zafar et al. [32] who successfully enhanced phenolics and fla-
vonoids, and also observed maximum antioxidant activities
as a result of applying ZnO-NPs during germination of
Capsicum annum and stem explants response of Brassica
nigra, respectively. Significant changes in all the growth
parameters as compared to control were reported in
these studies.

Elicitation of cell suspension cultures of Linum usitatissi-
mum with ZnO-NPs also enhanced accumulation of the sec-
ondary metabolic compounds lignans and neolignans. This
accumulation correlated with the TPC, as both lignans and
neolignans are also polyphenols by nature. We obtained the
highest lignans content/production (SDG 25.01mg/g and
284.12mg/l; LDG 7.65mg/g and 86.97mg/l) after 25 days of
initial culturing when cell suspension cultures were repeat-
edly treated with ZnO-NPs on day 0 and 15; whereas highest
neolignans content/production (DCG 36.44mg/g and
493.28mg/l; GCGG 22.73mg/g and 307.69mg/l) occurred
after 30 days of initial culturing when cell suspension cultures
were repeatedly treated with ZnO-NPs on day 0 and 25
(Tables 1 and 2). The mechanism underlying enhanced pro-
duction of secondary metabolites in response to ZnO-NPs is
still unclear, but a number of reports are available on their
role as a potential abiotic elicitor during in vitro cultures such
as Sharafi et al. [33], Karimi et al. [21] and Javed et al. [34].
Bhardwaj et al. [35] made an attempt to decipher the tran-
scriptional regulation of ZnO-NPs induced enhanced accumu-
lation of bacoside A content in cell suspension cultures of
Bacopa monnieri. They suggested that reduced transcriptional
levels of HMG-CoA reductase gene in response to ZnO-NPs
might be a result of diverging biosynthetic pathway from
mevalonate to isoprenoid pathway. Furthermore, Mosavat
et al. [36] have recently reported elicitation of thymol in

Figure 8. Temporal effects of repeated elicitation with biogenic ZnO-NPs on
free radical scavenging assay of cell suspension cultures of Linum usitatissimum.
Values are mean of triplicates ± SD.
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callus cultures of Thymus kotschyanus and carvacrol in callus
cultures of Thymus daenesis under ZnO-NPs stress.

Conclusion

Biotechnological approach towards enhanced production of
commercially important secondary metabolites from a wide
range of medicinal plants is so far the best methodology as
it offers flexibility in terms of manipulating growing/oper-
ational conditions and reproducibility [37]. Application of
ZnO-NPs in Linum usitatissimum derived cell suspension cul-
tures proved a simple but effective procedure to enhance
biomass and most important, accumulation of polyphenols—
lignans and neolignans—over a short period of time, possibly
as a result of ZnO-NPs induced metabolic shuffling. Results
obtained during this study support the positive role of ZnO-
NPs as an elicitor during in vitro established cultures of a var-
iety of medicinal plants.
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