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Abstract

This study examined the concentration and time-dependent effects of nickel oxide (NiONPs) and zinc oxide (ZnONPs)
nanoparticles (0, 10, 25, 50, 75, and 100 mg/L) on the accumulation of indole alkaloids such as indirubin, tryptanthrin,
and indigo in Isatis constricta leaf explants cultured in vitro. Exposure to 50 mg/L NiONPs significantly increased the
production of tryptanthrin and indirubin during the second week, with roughly 1.6- and 2.3-fold increases compared to
the first week. Conversely, indigo levels decreased at all NiONP concentrations, with the greatest reduction observed
during prolonged exposure. Similarly, ZnONPs caused notable, concentration-dependent changes in alkaloid production.
The highest accumulation of tryptanthrin (2.3-fold) and indirubin (3.4-fold) appeared at 50 mg/L ZnONPs in the second
week, while indigo content dropped sharply, especially at 10 mg/L, showing a 1.8-fold decrease compared to the control.
Multivariate correlation and chemometric analyses indicated strong links between nanoparticle concentration, exposure
time, and metabolite profiles. Overall, these results demonstrate that NIONPs and ZnONPs act as effective abiotic elicitors,
influencing indole alkaloid biosynthesis in /. constricta, with ZnONPs exhibiting a stronger elicitation effect at optimal
doses.
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Nickel and zinc oxide nanoparticles differentially elicit indole alkaloid biosynthesis in Isatis constricta under in vitro

conditions.
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Abbreviations

NiONPs  Nickel oxide nanoparticles
ZnONPs  Zinc oxide nanoparticles

NaOCl Sodium hypochlorite

MS Murashige-Skoog

DMF N, N-dimethyl formamide

ACN Acetonitrile

MeOH Methanol

TFA Trifluoroacetic acid

HPLC High-pressure liquid chromatography
HCA Hierarchical cluster analysis

PCA Principal component analysis
1.WT First week

2. WT Second week

Indrb Indirubin

Trp Tryptanthrin

Ing Indigo

r The Pearson correlation coefficient
Introduction

Plants of the genus Isatis (Brassicaceae) have long been
valued as natural sources of indigo dye and medicinal mate-
rials, particularly in China and several European regions
before the late 17th century (Hamburger 2002). These plants
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contain a wide range of biologically active compounds with
antiviral, antimicrobial, antitumoral, and anticarcinogenic
properties, as well as traditional uses for treating colds,
influenza, and other infections (Meng et al. 2017; Chen et al.
2012; Xi et al. 2018). A considerable number of biologically
active pure compounds isolated from natural sources are
alkaloids, structurally diverse nitrogen-containing heterocy-
clic molecules exhibiting alkali-like chemical reactivity and
pronounced pharmacological properties. Despite extensive
research on their pharmacological effects, the biosynthetic
pathways underlying alkaloid formation remain largely
unresolved (Palazon et al. 2008). Isatis species are known to
accumulate various secondary metabolites, including phe-
nolics, flavonoids, and alkaloids (Ozel 2018). Among these,
indole alkaloids such as indirubin, tryptanthrin, and indigo
are particularly notable for their anti-inflammatory and anti-
viral effects (Zhang et al. 2020; Guo et al. 2020).
Secondary metabolites are essential natural products
with significant applications in the food, pharmaceutical,
and healthcare industries (Hatami et al. 2019). However,
their biosynthesis in nature is often limited and strongly
influenced by genetic, environmental, and agronomic fac-
tors (Neugart et al. 2018; Vidal-Limon et al. 2018). In vitro
culture systems offer an effective platform for the controlled
and sustainable production of these compounds, enabling
manipulation of metabolic pathways under standardized
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conditions (Tavan et al. 2023). In this context, elicitor-based
strategies have gained increasing attention as efficient tools
for stimulating the accumulation of target secondary metab-
olites, depending on the type, concentration, and exposure
duration of elicitors (Naik and Al-Khayri 2016; Lertpha-
dungkit et al. 2020).

Metal-based nanoparticles (NPs) such as nickel
oxide (NiONPs), zinc oxide (ZnONPs), and silver oxide
(AgONPs) have recently emerged as potent abiotic elicitors
that can enhance the biosynthesis of various classes of plant
secondary metabolites (Zhang et al. 2013). Due to their high
surface-to-volume ratio and distinctive physicochemical
properties, NPs can interact with plant cells at the molecular
level, triggering stress-related signaling cascades and meta-
bolic adjustments (Miri et al. 2017). Several studies have
demonstrated that exposure to metallic and metal oxide
nanoparticles can modulate the production of alkaloids,
phenolics, and flavonoids in in vitro cultures of Hyperi-
cum perforatum, Brassica juncea, and Solanum melongena
(Sharafi et al. 2013; Narendhran et al. 2016; Baskar et al.
2018; Kruszka et al. 2022; Geremew et al. 2023).

Despite the increasing number of studies on nanoparti-
cle-induced changes in plant secondary metabolism, there
is limited information about their effect on indole alkaloid
biosynthesis in Isatis constricta. Therefore, this study aimed
to assess how different concentrations and exposure times of
ZnONPs and NiONPs influence the accumulation of three
pharmaceutically important indole alkaloids—indirubin,
tryptanthrin, and indigo—in /. constricta leaf explants cul-
tured in vitro.

Materials and methods
Plant samples and culture conditions

Mature seeds of Isatis constricta were collected from Ergani,
Diyarbakir, Turkey (942 m above sea level) and taxonomi-
cally identified by Dr. Omer Saya, Dicle University, Faculty
of Science, Department of Biology. The seeds were washed
thoroughly with tap water for 5 min, surface-sterilized with
70% ethanol for 45 s, and subsequently immersed in 8%
sodium hypochlorite (NaOCI) for 12 min, followed by three
to five rinses with sterile distilled water. Surface-sterilized
seeds were cultured on Murashige and Skoog (MS) basal
medium (Murashige and Skoog 1962) supplemented with
30 g/L sucrose and 6 g L' agar. The pH of the medium
was adjusted to 5.7-5.8 prior to autoclaving at 121 °C
for 20 min. Six surface-sterilized seeds were inoculated
per flask and incubated in a growth chamber under a 16 h
light/8 h dark photoperiod at 25+2 °C. To maintain culture
continuity, germinated seedlings were propagated and sub-
cultured on fresh MS medium until nanoparticle treatments
were initiated (Fig. 1a-c).

Applications of ZnONPs and NiONPs

ZnONPs and NiONPs were dispersed in distilled water and
sonicated three times for 10 min each, followed by filtration
through a 0.45 pm membrane (Merck-Millipore). After four
subcultures, healthy plantlets were transferred to freshly
prepared MS medium containing varying concentrations of
ZnONPs and NiONPs (0, 10, 25, 50, 75, and 100 mg/L).
Cultures were exposed to nanoparticles for 14 days. Leaf
samples were collected after 7 and 14 days of exposure to
determine the concentrations of indirubin, tryptanthrin, and
indigo (Fig. 1b and c).

Fig. 1 Seedlings propagated in MS Medium containing NiONPs and ZnONPs. (a)- Control (Untreated) samples; (b)- Samples treated 50 ppm

NiONPs; (¢)- Samples treated 50 ppm ZnONPs
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Chemicals and reagents

Reference standards of tryptanthrin (=98%), indirubin
(=98%), and indigo (=98%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Zinc oxide nanoparticles
(ZnONPs; <50 nm, interval of 20-50 nm, ZnO purity
of >97%, 6 wt% Al-doped, nanopowder, form factor of
Irregular/Quasi-spherical) were obtained from Sigma-
Aldrich Chemie GmbH (Steinheim, Germany), while nickel
oxide nanoparticles (NiONPs; <50 nm, purity of >99.8%,
nanopowder, trace metals basis, form factor of Spherical/
Polygonal, interval of 20-50 nm) were supplied by Milli-
pore SAS (Molsheim, France). N, N-Dimethylformamide
(DMF), acetonitrile (ACN), and methanol (MeOH), each
with a purity of >99.9%, were purchased from Merck
(Darmstadt, Germany). Trifluoroacetic acid (TFA; >99%)
was obtained from Merck (Hohenbrunn, Germany). HPLC-
grade acetonitrile and ultrapure water were used for the
preparation of the mobile phase.

Calibration curves of the reference compounds

Reference compounds of indirubin, tryptanthrin, and indigo
were dissolved in DMF for preparing of stock solution
(1 mg mL™"), and solutions at five different concentrations
(10, 25, 50, 75, and 100 mg/L) were prepared by diluting
this stock solution with DMF. For generating calibration
curves, each reference compound was injected in triplicate
into high-pressure liquid chromatography (HPLC).

Extraction of indirubin, tryptanthrin, and indigo

The target compounds (indirubin, tryptanthrin, and Indigo)
in L. constricta were extracted from leaf explants following
a slightly modified version of the method described by Liau
et al. (2007). Air-dried leaves were finely powdered using a
laboratory mill, and the powdered material was accurately
weighed. The samples were sonicated in MeOH (10 mL)
at 48 °C for 10 min using an ultrasonic device (Jeiotech,
US-05, Korea), and this procedure was repeated three times
(10 mL x 3). The combined extracts were concentrated
under reduced pressure using a rotary evaporator (Labtech
EV311). The residues were dissolved in 5 mL of DMF
and brought to a final volume of 40 mL with MeOH. The
solutions were filtered through 0.45 um membrane filters
(Merck-Millipore®) prior to HPLC analysis.

HPLC analysis of indirubin, tryptanthrin, and indigo
Quantitative analysis of indirubin, tryptanthrin, and indigo

was performed using an HPLC system equipped with
an autosampler (SIL-20 A HT), a solvent delivery pump
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(LC-20AT), a photodiode array detector (SPD-M20A PDA),
and a degasser (DGU-20A5R). Separation was carried out
on an Inertsil ODS-3 column (5 um, 4.6 X250 mm; GL Sci-
ences Inc., Japan) maintained at 30 °C. The mobile phase
consisted of H-O and ACN (35:65, v/v) containing 0.1%
TFA, delivered at a flow rate of 0.5 mL min™!. The injec-
tion volume was 20 pL. Detection wavelengths were set at
275 nm for indirubin, 305 nm for tryptanthrin, and 279 nm
for indigo. Retention times for indirubin, tryptanthrin, and
indigo were 11.4, 15.2, and 16.2 min, respectively, in leaf
explants (Figs. 3a—c).

Statistical analysis

All experiments were conducted in triplicate. Data were
subjected to analysis of variance (ANOVA), and mean com-
parisons were performed using Duncan’s multiple range
test at p<0.05 (SPSS Software, Version 16.0). Results are
expressed as mean=standard deviation (SD). Additional
statistical analyses and visualizations, including hierarchi-
cal clustering heatmaps, triangular correlation matrices, and
correlation network plots, were conducted using Pearson
correlation coefficients with OriginPro 2024b (Academic).

Results and discussion

Influences of NiONPs on contents of indirubin,
tryptanthrin, and indigo

The effects of exposure times (One and two weeks) and
different concentrations (10, 25, 50, 75, and 100 mg/L) of
nickel oxide nanoparticles (NiONPs) on the biosynthesis of
indirubin, tryptanthrin, and indigo in Isatis constricta leaf
explants are presented in Fig. 2a—c. HPLC chromatograms
confirmed the presence of these compounds according to
their reference retention times (Fig. 3a—c).

The results demonstrated that NiONPs significantly
influenced secondary metabolite accumulation (indirubin,
tryptanthrin, and indigo) in a concentration-dependent
manner. Indirubin content increased markedly at 50 mg/L
NiONPs during the second week (68.22+1.39 ng/g), cor-
responding to a 2.29-fold increase compared to the control.
However, lower (1025 mg/L) and higher (75-100 mg/L)
concentrations caused a reduction in indirubin levels. Simi-
larly, tryptanthrin production was enhanced at 50 mg/L
(9.86%0.15 pg/g), about 1.16-fold higher than the control
(8.49+0.10 pg/g), while all other concentrations resulted in
decreased accumulation (10, 25, 75, and 100 mg/L) in the
second week.

In contrast, indigo production declined under all NiONPs
treatments, with the most pronounced decrease observed in
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Fig. 2 The effects of exposure 70 -
times and different concentrations _I_ (a)
of NiONPs (10, 25, 50, 75, and

100 mg L") on the produc-
tion of indirubin, tryptanthrin,
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Fig. 3 HPLC chromatogram of leaf extracts treated with 50 mg L™! of NiONPs (a)- Indirubin, (b)- Tryptanthrin (c)-Indigo

the second week, at 50 mg/L (1153.44+19.53 pg/g), show-
ing a 4.35-fold reduction, compared to untreated plantlets
(265.18£5.22 ng/g).

Similar trends have been reported in Brassica rapa
and Catharanthus vinca, where NiONPs increased gluco-
sinolate and alkaloid biosynthesis at specific concentration
ranges (Chung et al. 2019; Al-Karkhi and Al-Oubaidi 2023).
Some studies have reported that the stimulatory effect of
NiONPs is not only on alkaloids but also on other com-
pounds in plants (Goharriz et al. 2015). In Nigella arvensis,
moderate NiONPs exposure enhanced phenolic and iridoid
production while excessive doses suppressed saponin and
kaempferol synthesis (Chahardoli et al. 2020; Modarresi et
al. 2020) and induced ROS production in tomato (Faisal et
al. 2013).

These results collectively suggest that NiONPs act as
abiotic elicitors, stimulating secondary metabolism through
oxidative signaling and enhanced enzyme activity, although
excessive concentrations may trigger stress-induced inhi-
bition in Nigella arvensis L (Chahardoli et al. 2020). The
opposing patterns of indirubin and tryptanthrin enhance-
ment and indigo reduction may reflect a metabolic redirec-
tion within the indole alkaloid biosynthetic pathway.

Nickel induces oxidative stress, disrupts the uptake of
essential metal ions, and inhibits nitrogen metabolism, as
well as key enzymatic and mitotic activities (Atta et al.
2024). Nickel exposure may compromise multiple meta-
bolic and biochemical functions, potentially disrupting cel-
lular homeostasis (Gajewska and Sklodowska 2008).

Influences of ZnONPs on the production of
indirubin, tryptanthrin, and indigo

The application of zinc oxide nanoparticles (ZnONPs) sig-
nificantly influenced the biosynthesis of indirubin, tryptan-
thrin, and indigo in I constricta leaf explants cultured in
vitro. The effects were concentration- and time-dependent
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(Fig. 4a—). HPLC chromatograms confirmed the presence
of these compounds according to their reference retention
times (Fig. 5Sa—c).

ZnONPs treatments enhanced indirubin accumulation
at all tested concentrations compared with the control. The
greatest increase was observed at 50 mg/L ZnONPs, which
resulted in an indirubin concentration of 57.23+1.10 pg/g
in the first week—approximately a 2.15-fold increase com-
pared with untreated plantlets (26.58+0.68 pg/g). After
two weeks of exposure, indirubin content continued to rise,
reaching its maximum at 50 mg/L (90.47+1.47 pg/g), cor-
responding to a 3.35-fold increase relative to the control
(27.02+1.09 pg/g).

Tryptanthrin biosynthesis was also positively affected
by ZnONPs treatments. During the first week, all concen-
trations promoted higher tryptanthrin levels compared
with untreated plantlets, with the maximum accumula-
tion occurring at 50 mg/L (15.02+0.05 pg/g), about 1.64-
fold higher than the control (9.16+0.08 ng/g). After two
weeks, tryptanthrin production further increased, reaching
24.34+0.09 pg/g at 50 mg/L ZnONPs-approximately a 2.27-
fold enhancement relative to the control (10.73+0.07 pg/g).
These results indicate that ZnONPs can promote sustained
stimulation of tryptanthrin biosynthesis. This could be asso-
ciated with the role of zinc as a cofactor in several enzymatic
systems, particularly those involved in tryptophan-derived
alkaloid pathways. Comparable findings were observed by
Karakas (2020), who reported increased indigo and trypt-
anthrin levels in Isatis constricta leaves exposed to silver
nanoparticles.

The pronounced increase in metabolite levels implies that
ZnO nanoparticles function as abiotic elicitors, potentially
activating indole alkaloid biosynthesis via oxidative stress-
mediated signaling cascades or by upregulating pivotal bio-
synthetic enzymes (Alizadeh et al. 2025). The other study
by Ambreen et al. (2024) revealed that ZnO nanoparticles
act as potent elicitors, triggering thymoquinone biosynthesis
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in Nigella sativa cultures through the upregulation of key  in Stevia rebaudiana (Kumar et al. 2018) and Hyoscyamus
enzymatic and regulatory nodes within the metabolic net-  reticulatus hairy root cultures (Asl et al. 2018). Exposure
work. Similar stimulatory effects of ZnO-based nanoparti-  to ZnO-NPs was found to alter the indole alkaloid biosyn-
cles on secondary metabolite production have been reported ~ thetic pathway, indicating that ZnO-NPs can influence the
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Fig. 5 HPLC chromatogram of the leaf extracts treated with 50 mg L™ ' of ZnONPs: a- Indirubin, b- Tryptanthrin, ¢- Indigo

secondary metabolic processes in plants (Li et al. 2021).
Based on these observations, ZnO nanoparticles may exert
comparable elicitor effects in the biosynthetic pathways of
alkaloids (Chen et al. 2023).

The application of metal oxide nanoparticles creates
stress in plants. In this case, excessive production of reac-
tive oxygen species (ROS) occurs. ROS has several effects,
such as inhibition and the production of secondary metabo-
lites in plants. Plants enhance the production of secondary
metabolites to protect themselves against the harmful effects
of ROS (Sen et al. 2025). The previous research showed that
ZnONPs were effective on ROS production in Allium cepa
(Kumari et al. 2011) and Nicotiana tabacum L. (Balazova
et al. 2020).

In contrast to indirubin and tryptanthrin, indigo accumu-
lation decreased at all concentrations of ZnONPs. After the
first week, the lowest indigo content was detected in plant-
lets treated with 10 mg/L ZnONPs (942.56+13.32 pg/g),
corresponding to a 1.23-fold reduction compared with
the control (1163.76+9.18 pg/g). This inhibitory effect
was more pronounced in the second week, where indigo
levels further decreased, reaching 647.02+8.51 pg/g at
10 mg/L, approximately 1.82-fold lower than the control
(1178.32+£11.29 pg/g). Zinc (Zn) plays a fundamental role
in the physiological development of plants, and its contribu-
tion to crop nutrition stems from its involvement in numer-
ous enzymatic functions, redox reactions, and metabolic
pathways (Semida et al. 2021; Shi et al. 2015). Moreover,
Zn acts as a cofactor for enzymes associated with nitrogen
assimilation and energy metabolism (Zhang et al. 2019).
The impact of zinc (Zn) on plant physiology is modulated
by species-dependent characteristics and the specific param-
eters of experimental design (Oloumi et al. 2015). Among
the principal regulatory pathways, zinc (Zn) absorption and
its subsequent distribution within plant tissues play a crucial
role in determining its functional significance (Shnain et al.
2014).
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The reduction in indigo biosynthesis may result from
Zn-induced oxidative stress or redirection of metabolic flux
toward other indole alkaloids such as indirubin and tryptan-
thrin. Excess zinc may also suppress key enzymes respon-
sible for indigo formation. The inverse relationship between
Zn levels and alkaloid content in some cases highlights the
need for precise micronutrient management, as excessive
zinc may inadvertently downregulate their biosynthetic
pathways.

Correlation analysis among treatments

Correlation analysis is a statistical approach used to quan-
tify the degree and direction of association between two or
more quantitative variables. It relies on the assumption of a
linear relationship among variables and provides a numeri-
cal estimate of this relationship through the correlation coef-
ficient. The Pearson product-moment correlation coefficient
(r), a dimensionless index ranging from —1 to +1, is com-
monly employed to describe the strength and direction of
the relationship. Positive 7 values indicate a direct relation-
ship between the variables, whereas negative values denote
an inverse association (Gogtay and Thatte 2017; Sedgwick
2012).

In the present study, a combination of multivariate statis-
tical tools—including hierarchical cluster analysis (HCA)
heat maps, triangular Pearson correlation matrices, cor-
relation network plots, and principal component analysis
(PCA)-was employed to explore and visualize the relation-
ships among key indole alkaloids (indigo, indirubin, and
tryptanthrin) produced under different concentrations and
exposure times of ZnONP and NiONP treatments (Figs. 6,
7, 8 and 9).

The HCA heat map (Fig. 6) revealed distinct cluster-
ing patterns among treatments. Two primary clusters were
identified: the first encompassed both the first- and second-
week treatments of NiONPs and ZnONPs associated with
indigo biosynthesis, as well as the first week of ZnONPs
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Fig. 6 Hierarchical cluster analysis (HCA) heat map plot of various treatment data sets of L. constricta (Brown color: high correlation and blue
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for tryptanthrin production. The second cluster included the
first and second weeks of ZnONP treatments for indirubin
and tryptanthrin production, along with the second week of
NiONPs for both tryptanthrin and indirubin synthesis. The
first week of NiONPs application for indirubin was posi-
tioned as an external branch, indicating a weaker associa-
tion with the main group.

Treatment concentrations were further separated into
three major groups: (i) 75 and 100 mg/L, (ii) 10, 25, and
50 mg/L™, and (iii) the control. Within the second group,
10 and 25 mg/L formed a distinct subcluster. In control
samples, a strong correlation was observed between the
first- and second-week applications of both NiONPs and

ZnONPs for indigo accumulation, whereas lower correla-
tions were detected among the higher concentrations (10—
100 mg/L). Notably, the second week of NiONPs treatment
at 50 mg/L showed a strong positive correlation between
tryptanthrin and indirubin production. This suggests that,
under optimal NiONP exposure, the biosynthetic pathways
of these two indole alkaloids may be co-activated or share
common regulatory mechanisms.

As illustrated in Fig. 7, the relationships among variables
were analyzed using a triangular heat map based on the
Pearson correlation matrix. The Pearson correlation coef-
ficient () was used to quantify the strength and direction
of linear associations between variables, with correlation
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strength visually represented by color gradients in the heat
map (ranging from low to high values). In this analysis, r
values close to +1 or — 1 indicate a strong positive or nega-
tive relationship, respectively, whereas values near zero
suggest weak or no linear association.

The correlation analysis revealed a wide spectrum of
interactions, ranging from strong positive to strong negative
relationships. Strong positive correlations were observed
between the first and second weeks of NiONPs treatment
for indigo production (r=0.99) and between the first week
of NiONPs and the first week of ZnONPs treatments for
indigo (»=0.88). Similarly, a strong correlation was detected
between the first and second weeks of ZnONPs treatments for
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indigo (#=0.97). The second week of NiONPs treatment for
indigo also correlated strongly with both the first (r=0.81)
and second weeks (7=0.92) of ZnONPs treatments.

For indirubin, the first week of NiONPs treatment
showed a moderate correlation (#=0.59) with the first
week of ZnONPs, whereas other treatment combinations
displayed weak or negative relationships. Notably, the sec-
ond week of ZnONPs treatment for indirubin exhibited a
strong correlation with the second week of NiONPs treat-
ment for tryptanthrin (»=0.91) and with its own second-
week replication (»=0.98). A moderate correlation was also
observed between the second week of ZnONPs treatment
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Fig.8 Correlation network plot of various treatment data sets of 1. constricta (Blue color: high correlation and red color: low correlation)

for indirubin and the first week of ZnONPs treatment for
tryptanthrin (»=0.56).

In the case of tryptanthrin, a moderate correlation was
observed between the first and second weeks of NiONPs
treatments (r=0.59), whereas ZnONPs treatments for trypt-
anthrin showed a strong correlation across both weeks
(r=0.91). Overall, these results highlight significant inter-
connections among treatments, suggesting synchronized
metabolic responses under specific nanoparticle exposures.

The visual representation of these associations in the cor-
relation network plot (Fig. 9) further clarifies the strength of
the relationships, where blue nodes represent high correla-
tions and red nodes indicate low or negative correlations.
These findings provide valuable insight into the coordinated
behavior of indole alkaloid biosynthesis pathways under
nanoparticle elicitation and may serve as a foundation for
optimizing future elicitor-based metabolic enhancement
studies.

Notably, as shown in the PCA biplot (Fig. 7), the first two
principal components (PC1 and PC2) together accounted
for 82.2% of the total variance among treatments, indicating

that the majority of the data variability was effectively cap-
tured by these two components. PC1 explained 56.59% of
the variance, while PC2 contributed an additional 25.63%.
The clustering pattern observed in the PCA plot was con-
sistent with the correlation analyses, confirming the close
associations among related variables.

The control group is positively correlated with both PC1
and PC2. 10, 25, 50, 75, and 100 mg/L are negatively corre-
lated with PC1. On the other hand, 10, 25, and 50 mg/L are
positively correlated with PC2, but 75 and 100 mg/L are neg-
atively correlated with PC2. Additonally, 1.wt (IngNiONPs),
2.wt(IngNiONPs), 1.wt(IngZnONPs), 2.wt (IngZnONPs),
IL.wt (TrpNiONPs), 2.wt (TrpNiONPs) are positively
correlated with PC1. l1.wt (IndrbNiONPs), 2.wt (Indrb-
NiONPs), 1.wt (IndrbZnONPs), 2.wt (IndrbZnONPs), 1.wt
(TrpZnONPs), and 2.wt (TrpZnONPs) are negatively corre-
lated with PC1. On the other hand, 1.wt (IngNiONPs),2.WT
(IngNiONPs), 2.wt (IndrbNiONPs), 1.wt (TrpNiONPs),
2.wt (TrpNiONPs), 1.wt (TrpZnONPs), 1.wt (TrpZnONPs)
and 2.wt (TrpZnONPs) are positively associated with PC2.
1.wt (IngZnONPs), 2.wt (IngZnONPs),1.wt (IndrbNiONPs),
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Fig. 9 Principal component analysis (PCA) of various treatment data sets of 1. constricta

l.wt (IndrbZnONPs) and 2.wt (IndrbZnONPs) are nega-
tively associated with PC2.

These results indicate that nanoparticle concentration and
exposure duration are the primary factors driving variability
in the biosynthesis of indole alkaloids, with PCA effectively
differentiating treatment-specific metabolic responses in /.
constricta leaf explants.

Conclusion

This study demonstrated that NiONPs and ZnONPs differen-
tially influenced indole alkaloid biosynthesis in I. constricta
leaf explants cultured in vitro. Moderate concentrations of
both nanoparticles markedly enhanced the production of

@ Springer

indirubin and tryptanthrin, whereas higher concentrations
inhibited their synthesis and reduced indigo accumulation.
This trend suggests a nanoparticle-induced metabolic redi-
rection favoring specific branches of the indole alkaloid
pathway.

Multivariate correlation and chemometric analyses sup-
ported these results, revealing strong positive associations
between nanoparticle concentration and indirubin/tryptan-
thrin levels, along with a negative relationship with indigo.
Overall, NIONPs and ZnONPs appear to act as effective
nanoelicitors that can selectively stimulate the accumulation
of pharmaceutically valuable alkaloids in I. constricta under
optimized in vitro conditions.
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