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Abstract
Piper sarmentosum is a medicinal plant with rich bioactive secondary metabolites. This work investigated the effects 
of heavy metal triggers (cobalt, copper, zinc, and mercury) on callus growth, secondary metabolites, antioxidant, 
and antimicrobial activities in P. sarmentosum cell cultures. Callus was induced on MS solid medium with 2 mg/L 
2,4-D and 0.5 mg/L BAP, then subcultured on MS liquid medium containing 1.5 mg/L 2,4-D and 1.5 mg/L BAP with 
the addition of elicitors at concentrations of 0.5; 1; and 2.5 mg/L. Elicitation did not contribute significantly to 
callus biomass (p>0.05). All extracts contained alkaloids and flavonoids, while terpenoids/steroids and saponins 
were not detected. GC-MS analysis identified 42 compounds. Cobalt and copper extracts accumulated fatty acid 
methyl esters (0.14-0.61%) and alkaloids, including pipataline (0.03%) in the copper extract. Zinc and mercury 
extracts were dominated by glycerides (0.23-1.79%). The highest antioxidant activity was shown by 1 mg/L cobalt 
(IC50 62.55 ± 2.08 µg/mL) and 2.5 mg/L copper (IC50 61.72 ± 1.31 µg/mL), while zinc and mercury showed very weak 
activity (IC50 >200 µg/mL). All extracts inhibited Staphylococcus aureus, Escherichia coli, and Candida albicans. Cobalt 
2.5 mg/L at 750 mg/L concentration showed the strongest activity against S. aureus (40.37 ± 3.56 mm), zinc 2.5 mg/L 
at 750 mg/L concentration against E. coli (36.05 ± 3.86 mm), and cobalt 2.5 mg/L at 500 mg/L concentration against 
C. albicans (41.62 ± 4.83 mm). Cobalt and copper at optimal concentrations effectively enhanced antioxidant and 
antimicrobial activities. To our knowledge, this is the first comparative study of four heavy metal elicitors in 
P. sarmentosum callus.
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Resumo
Piper sarmentosum é uma planta medicinal rica em metabólitos secundários bioativos. Este trabalho investigou os 
efeitos de metais pesados (cobalto, cobre, zinco e mercúrio) no crescimento de calos, nos metabólitos secundários e 
nas atividades antioxidantes e antimicrobianas em culturas celulares de P. sarmentosum. Os calos foram induzidos 
em meio sólido MS com 2 mg/L de 2,4-D e 0,5 mg/L de BAP, sendo depois subcultivado em meio líquido MS 
contendo 1,5 mg/L de 2,4-D e 1,5 mg/L de BAP, com a adição de elicitores nas concentrações de 0,5; 1; e 2,5 mg/L. 
A elicitação não contribuiu significativamente para a biomassa dos calos (p>0,05). Todos os extratos continham 
alcaloides e flavonoides, enquanto terpenoides/esteroides e saponinas não foram detectados. A análise por 
GC-MS identificou 42 compostos. Os extratos de cobalto e cobre acumularam ésteres metílicos de ácidos graxos 
(0,14-0,61%) e alcaloides, incluindo pipatalina (0,03%) no extrato de cobre. Os extratos de zinco e mercúrio foram 
dominados por glicerídeos (0,23-1,79%). A maior atividade antioxidante foi observada com 1 mg/L de cobalto 
(IC50 62,55 ± 2,08 µg/mL) e 2,5 mg/L de cobre (IC50 61,72 ± 1,31 µg/mL), enquanto o zinco e o mercúrio apresentaram 
atividade muito fraca (IC50 > 200 µg/mL). Todos os extratos inibiram Staphylococcus aureus, Escherichia coli e 
Candida albicans. O cobalto a 2,5 mg/L na concentração de 750 mg/L apresentou a atividade mais forte contra 
S. aureus (40,37 ± 3,56 mm), o zinco a 2,5 mg/L na concentração de 750 mg/L contra E. coli (36,05 ± 3,86 mm) e 
o cobalto a 2,5 mg/L na concentração de 500 mg/L contra C. albicans (41,62 ± 4,83 mm). O cobalto e o cobre, em 
concentrações ótimas, aumentaram efetivamente as atividades antioxidantes e antimicrobianas. Até onde sabemos, 
este é o primeiro estudo comparativo de quatro elicitores de metais pesados em calos de P. sarmentosum.
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profiles (using GC-MS based metabolite profiling), and the 
resulting biological activities are lacking (Adams, 2017). 
Furthermore, the specific metabolites responsible for the 
bioactivity of elicited callus extracts have not been clearly 
identified (Caesar and Cech, 2019).

Accordingly, this study aimed to establish P. sarmentosum 
callus cultures on Murashige and Skoog (MS) solid medium 
and evaluate the effects of four heavy metal elicitors—cobalt, 
copper, zinc, and mercury—at concentrations of 0.5, 1, and 
2.5 mg/L on callus growth, secondary metabolite profiles, 
antioxidant activity, and antimicrobial activity against 
Staphylococcus aureus, Escherichia coli, and Candida albicans.

2. Methods

2.1. Plant material and callus induction

Young leaves (2nd-4th from shoot tip) of P. sarmentosum 
were collected from the Universitas Airlangga botanical 
garden (Surabaya, Indonesia; coordinates 7°15’55”S 
112°47’45”E). Voucher specimens were deposited at the 
Herbarium of the Department of Biology, Universitas 
Airlangga (specimen code PS-2023-01). The leaves were 
washed under running tap water with detergent for 
5 min. Surface sterilization was performed in a laminar 
air flow cabinet by first immersing the leaves in 20% (v/v) 
sodium hypochlorite (containing approximately 1% active 
chlorine) for 5 min, followed by three rinses with sterile 
distilled water. The leaves were then immersed in 70% 
(v/v) ethanol for 1 min and rinsed three times with sterile 
distilled water. This reverse sequence (hypochlorite before 
ethanol) was adopted based on preliminary experiments 
comparing two sterilization protocols. The conventional 
sequence (70% ethanol for 1 min followed by 20% sodium 
hypochlorite for 5 min) resulted in a high contamination 
rate (63% of explants showed fungal or bacterial growth 
after 2 weeks). In contrast, the modified sequence 
(hypochlorite followed by ethanol) reduced contamination 
to only 22% and increased explant survival to 78% after 2 
weeks. Therefore, the reverse sequence was used for all 
subsequent experiments. The reduced ethanol exposure 
time (1 min instead of 5 min) further minimized tissue 
damage while maintaining sterilization efficacy. The 
sterilized leaves were cut into 1 × 1 cm explants. A total 
of 30 explants were used per treatment (10 jars with 3 
explants each). Explants were cultured on Murashige 
and Skoog (MS) solid medium supplemented with 30 g/L 
sucrose, 8 g/L agar, 2 mg/L 2,4-dichlorophenoxyacetic 
acid (2,4-D), and 0.5 mg/L 6-benzylaminopurine (BAP). 
The medium pH was adjusted to 5.8 prior to autoclaving 
(121 °C, 1.5 atm for 20 min). Cultures were incubated at 25 ± 
2 °C under continuous light (cool white fluorescent lamps, 
40 µmol m−2 s−1) for 8 weeks. The incubation temperature 
of 25 °C was selected as the standard growth temperature 
for  Piper  species in tissue culture, while continuous 
light was used to promote callus proliferation based on 
preliminary experiments.  After 8 weeks, the induced 
callus was characterized by its  friable, whitish-yellow 
appearance with a moist texture, and was harvested for 
subculture and elicitation experiments.

1. Introduction

Piper sarmentosum Roxb. (Piperaceae) is a Southeast 
Asian medicinal plant traditionally used to treat headaches, 
toothaches, coughs, asthma, and skin infections (Sun et al., 
2020; Salehi et al., 2019). Its pharmacological activities, 
including antioxidant and antimicrobial effects, are linked 
to its diverse secondary metabolites. However, its utilization 
is hindered by limited biomass and metabolite variation 
due to environmental factors (Efferth, 2019). This variability 
poses practical challenges for standardization and large-scale 
production of consistent-quality extracts for pharmaceutical 
or nutraceutical applications. While plant tissue culture 
offers a controlled production alternative, undifferentiated 
cultures like callus often produce lower metabolite levels 
than intact plants (Rao and Ravishankar, 2002). Therefore, 
strategies to enhance production are needed.

Elicitation, particularly with abiotic elicitors like heavy 
metals, is an effective approach to stimulate secondary 
metabolite biosynthesis by inducing stress responses 
(Zhao et al., 2005; Namdeo, 2007). Successful elicitation 
has been reported using various abiotic elicitors, including 
silver ions (Ag+) in Dracocephalum ruyschiana (Weremczuk-
Jeżyna et  al., 2024), cadmium (Cd2+) in Gymnema 
sylvestre (Bhuvaneswari et al., 2012), and copper (Cu2+) in 
Catharanthus roseus (Fouad and Hafez, 2020). Heavy metals 
were selected over other abiotic elicitors (e.g., UV radiation, 
osmotic stress, or phytohormones) because they can directly 
activate specific stress-signaling pathways (such as MAPK 
cascades and transcription factors like MYB and WRKY) 
that regulate the biosynthesis of alkaloids and phenolic 
compounds (Razzaq et al., 2025). Compared to physical 
elicitors, heavy metals provide a more controllable, dose-
dependent, and long-lasting stress stimulus in submerged 
callus cultures (Açikgoz et al., 2023; Bhuvaneswari et al., 
2012). Moreover, certain heavy metals (e.g., Cu and Zn) 
act as cofactors for key enzymes in the phenylpropanoid 
pathway, offering a dual role as both elicitor and nutrient. 
At controlled concentrations, heavy metals can trigger 
metabolic changes in plant cultures in vitro (Ramakrishna 
and Ravishankar, 2011; Maksymiec, 2007).

The four heavy metals were selected based on distinct 
rationales: (i) Cobalt (Co) is a component of vitamin B12 and 
has been reported to stimulate alkaloid accumulation in 
several plant species (Fouad and Hafez, 2020); (ii) Copper 
(Cu) and zinc (Zn) are essential micronutrients that serve as 
cofactors for antioxidant enzymes (e.g., superoxide dismutase) 
and can activate phenylpropanoid metabolism at sub-toxic 
concentrations (Shafi et al., 2019); (iii) Mercury (Hg), despite 
its high toxicity, was included as a positive abiotic stress 
control representing a non-essential, highly phytotoxic metal 
(Álvarez-Rivera et al., 2022). While Hg is unsuitable for large-
scale production, its inclusion helps to understand whether 
extreme stress differentially affects secondary metabolite 
profiles. To our knowledge, no previous study has directly 
compared essential (Co, Cu, Zn) and non-essential (Hg) heavy 
metals in P. sarmentosum callus cultures.

Despite the known metabolite richness of the Piper genus, 
research on heavy metal elicitation in P. sarmentosum callus 
cultures is limited. Comprehensive studies comparing 
different heavy metal elicitors, their impact on metabolite 
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2.2. Elicitation treatments

Approximately 0.5 g (fresh weight) of 8-week-old 
callus was transferred to 50 mL of MS liquid medium 
supplemented with 1.5 mg/L 2,4-D and 1.5 mg/L BAP in 
250 mL Erlenmeyer flasks. The culture was incubated on 
an orbital shaker at 100 rpm, 25 ± 2 °C, under continuous 
light (Namdeo, 2007). Four heavy metal elicitors—cobalt(II) 
chloride hexahydrate (CoCl2·6H2O, MW 237.93 g/mol), 
copper(II) sulphate pentahydrate (CuSO4·5H2O, MW 
249.69 g/mol), zinc sulphate hexahydrate (ZnSO4·6H2O, 
MW 287.56 g/mol), and mercury(II) sulphate (HgSO4, 
MW 296.65 g/mol)—were added to the medium at 
final concentrations of 0.5, 1, and 2.5 mg/L (equivalent 
to approximately 2.1, 4.2, and 10.5 µM for Co; 2.0, 4.0, 
and 10.0 µM for Cu; 1.7, 3.5, and 8.7 µM for Zn; and 1.7, 
3.4, and 8.4 µM for Hg). Elicitor concentrations refer to 
the final concentration of the metal salt in the culture 
medium. Control cultures received no heavy metal addition. 
After 4 weeks of incubation, callus was harvested to 
determine fresh weight, dry weight (after drying at 50 °C 
for 48 h), and for extract preparation. All treatments were 
performed in triplicate (three flasks per treatment), and 
each experiment was repeated twice.

2.3. Extraction

The dried callus was ground into powder using a 
mortar and pestle. The powdered sample was macerated 
in methanol at a ratio of 1:10 (w/v) in a sealed container 
on an orbital shaker at 100 rpm for 48 h at room 
temperature, then filtered through Whatman filter paper 
No. 1. The filtrate was then evaporated manually at room 
temperature (25 ± 2 °C) under a fume hood with continuous 
air circulation  until a thick extract was obtained. The 
extract was then transferred to glass vials and  further 
dried under a stream of air to remove residual solvent. The 
final dried extract was stored at -20 °C for further analysis 
(Wanti et al., 2025). Room temperature evaporation was 
chosen to prevent degradation of heat-labile compounds 
that might be damaged by rotary evaporation at elevated 
temperatures (40 °C). This method has been successfully 
used in previous studies on Piper species callus extracts 
(Junairiah et al., 2024).

2.4. Phytochemical screening

Phytochemical screening for alkaloids, flavonoids, 
terpenoids, steroids, and saponins was performed following 
Irfansyah  et  al. (2024). Alkaloids were detected using 
Wagner’s, Mayer’s, and Dragendorff’s reagents, where 
precipitate formation indicated a positive result. Flavonoids 
were identified by the HCl-magnesium test (red, green, or 
yellow coloration). The Liebermann-Burchard test was used 
for terpenoids (reddish-brown ring) and steroids (blue-
green ring). Saponins were detected using the foam test 
(stable foam for at least 1 min). All tests were performed 
at room temperature in triplicate.

2.5. Gas chromatography-mass spectrometry (GC-MS) analysis

GC-MS analysis was performed using a Thermo Scientific 
TRACE 1610 system coupled with mass spectrometry. 

Separation was carried out on a TG-5MS capillary column 
(30.0 m × 0.25 mm i.d. × 0.25 μm film thickness) with 
helium as the carrier gas at a flow rate of 0.80 mL/min. 
Injection (split mode 10:1) was performed at 280 °C. The 
oven temperature was programmed from 50 °C (held for 
2 min) to 300 °C at 20 °C/min, with a total run time of 
30 min. The mass spectrometer was operated in electron 
ionization (EI) mode at 70 eV, with the ion source and 
transfer line at 230 °C and 280 °C, respectively. Mass 
spectra were scanned over 20-500 amu. Compounds were 
identified by comparing mass spectra with the NIST library 
(Junairiah et al., 2024).

2.6. Antioxidant activity (DPPH assays)

Antioxidant activity was evaluated using the DPPH 
(2,2-diphenyl-1-picrylhydrazyl) radical scavenging method 
(Guchu et al., 2020) with slight modifications. A 50 mg/L 
DPPH working solution was prepared fresh daily from 
a 1000 mg/L stock solution in methanol. Extract and 
silymarin (positive control) stock solutions (1000 mg/L 
in methanol) were serially diluted in methanol to obtain 
final assay concentrations of 6.25, 10, 12.5, 15, 25, 30, 50, 
75, 100, 125, 150, and 200 mg/L. In a 96-well microplate, 
200 μL of each diluted sample was mixed with 100 μL of 
DPPH working solution (2:1 ratio). The DPPH solution 
was added last to each well to ensure consistent reaction 
initiation time across all samples. The negative control 
consisted of 100 μL methanol mixed with 100 μL DPPH 
solution. All concentrations refer to final concentrations in 
the reaction mixture (300 μL total volume). The plate was 
incubated in the dark for 1 h at room temperature (25 °C). 
Absorbance was measured at 517 nm using a microplate 
reader. The percentage of radical scavenging activity was 
calculated using the following Equation 1:

( )
( )

  %

. . 
1 00%

. 

Scavenging activity

Abs control Abs sample
x

Abs control

=

 −
 
  

 	 (1)

where Abs. control is the absorbance of the negative control 
(DPPH + methanol) and Abs. sample is the absorbance of 
the sample or standard solution.

The IC50 value (the concentration required to scavenge 
50% of DPPH radicals) was determined by linear 
regression analysis (y = a + bx) using GraphPad Prism 
version 9.0 (GraphPad Software, San Diego, CA, USA), 
where the scavenging activity (%) was plotted against 
the log10-transformed sample concentration (mg/L). 
Only data points between 20% and 80% scavenging were 
included in the regression to ensure linearity. Antioxidant 
activity was categorized based on IC50 values as shown 
in Table 1 (Molyneux, 2004). All assays were performed 
in triplicate (three independent experiments, each with 
three technical replicates).

2.7. Antimicrobial activity (disc diffusion assays)

Antimicrobial activity against Staphylococcus aureus 
(ATCC 25923), Escherichia coli (ATCC 25922), and Candida 
albicans (ATCC 10231) was evaluated using the disc 
diffusion method following CLSI guidelines (CLSI, 2023). 
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Microbial suspensions were prepared from overnight 
cultures and adjusted to an optical density of 0.1 at 600 nm 
(approximately 1.5 × 108 CFU/mL for bacteria and 1.5 × 
106 CFU/mL for C. albicans using a McFarland standard). 
The suspension was swabbed evenly onto Mueller-Hinton 
agar (MHA) for bacteria or potato dextrose agar (PDA) for 
C. albicans using sterile cotton swabs. Sterile paper discs 
(6 mm diameter) were impregnated with 20 μL of extract 
solution, where the stated concentrations (250, 500, 750, 
and 1000 mg/L) refer to the concentration of the extract in 
the impregnating solution (i.e., the dose per disc was 5, 10, 
15, or 20 μg of extract). Chloramphenicol (30 μg/disc) and 
nystatin (100 IU/disc) were used as positive controls for 
bacteria and fungi, respectively, while DMSO 10% served 
as the negative control. Plates were incubated at 37 °C 
for 24 h for bacteria or at 25 °C for 48 h for C. albicans. 
Inhibition zone diameters (ZOI) were measured using 
a digital caliper and included the 6 mm disc diameter. 
All assays were performed in duplicate with three technical 
replicates. Results are reported as mean ± SD.

2.8. Statistical analysis

Data are presented as mean ± SD. Two-way analysis of 
variance (ANOVA) followed by Tukey’s Honestly Significant 
Difference (HSD) post-hoc test (p<0.05) was used to analyze 
the effects of elicitor type and concentration on callus 
biomass, antioxidant activity (IC50), and antimicrobial 
activity using SPSS version 27.0. Prior to ANOVA, normality 

of residuals was verified using the Shapiro-Wilk test 
(p>0.05), and homogeneity of variances was confirmed 
using Levene’s test (p>0.05). For IC50 comparisons, each 
value was derived from three independent experiments, 
and the standard deviation of the IC50 was calculated using 
error propagation.

3. Results and Discussion

3.1. Effects of elicitation on callus biomass

Elicitation with heavy metals (0.5-2.5 mg/L) did not 
significantly affect callus biomass (Table 2), indicating that 
the tested concentrations were within the tolerance range 
of P. sarmentosum cultures—an important prerequisite for 
enhancing metabolite production without sacrificing yield. 
Differential responses were observed among elicitors: zinc 
showed a non-significant slight increase in fresh weight, 
consistent with its role as an essential micronutrient 
(Sturikova et al., 2018); cobalt and copper exhibited optimal 
biomass at intermediate concentrations followed by decline 
at 2.5 mg/L, suggesting a hormetic response (Agathokleous 
and Calabrese, 2022); while mercury produced the most 
variable biomass due to its high toxicity through protein 
binding and oxidative stress induction (İşkil et al., 2022; 
Azevedo and Rodriguez, 2012), making it unsuitable for 
practical applications despite its potential for metabolite 
accumulation. The high variability in mercury treatment 
(SD 0.17) likely reflects differential toxicity tolerance among 
individual callus clumps. These findings align with previous 
studies on Dracocephalum ruyschiana (Weremczuk-Jeżyna 
et al., 2024), Catharanthus roseus (Fouad and Hafez, 2020), 
and Gymnema sylvestre (Bhuvaneswari et al., 2012), which 
similarly reported that optimal concentrations of heavy 
metals can enhance secondary metabolite production 
without inhibiting growth. Specifically, all these studies 
observed a response pattern where low to moderate metal 
concentrations (in the range of 0.5-2.5 mg/L or equivalent 
molar concentrations) did not significantly reduce biomass 
while enhancing metabolite accumulation, consistent 
with our observations.

Table 1. Classification of antioxidant activity based on IC50 values.

IC50 (µg/mL) Category

<50 Very strong

50-100 Strong

100-150 Moderate

150-200 Weak

>200 Very weak

Table 2. Fresh and dry weight of P. sarmentosum callus under different elicitor treatments.

Elicitors 0.5 mg/L 1 mg/L 2.5 mg/L

Fresh weight (g)

Cobalt 0.55 ± 0.11a 0.58 ± 0.12a 0.52 ± 0.11a

Copper 0.55 ± 0.04a 0.52 ± 0.04a 0.52 ± 0.09a

Zinc 0.53 ± 0.04a 0.55 ± 0.05a 0.57 ± 0.03a

Mercury 0.53 ± 0.04a 0.53 ± 0.05a 0.52 ± 0.03a

Dry weight (g)

Cobalt 0.07 ± 0.02a 0.10 ± 0.04a 0.08 ± 0.03a

Copper 0.13 ± 0.16a 0.07 ± 0.02a 0.07 ± 0.01a

Zinc 0.07 ± 0.01a 0.08 ± 0.01a 0.09 ± 0.01a

Mercury 0.07 ± 0.01a 0.08 ± 0.01a 0.16 ± 0.17a

Values are mean ± SD (n=10). Means followed by the same superscript letter are not significantly different (Tukey’s HSD, p>0.05).
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3.2. Phytochemical screening

All extracts tested positive for alkaloids and flavonoids, 
while terpenoids/steroids and saponins were not detected 
(Table 3). The consistent presence of alkaloids and flavonoids 
across treatments indicates that these compound classes are 
regularly produced in P. sarmentosum callus under heavy metal 
stress. However, the term “conserved defense responses” 
may be too strong, as this conclusion is based on a single 
species and in vitro system. Further studies across multiple 
species and culture conditions are needed to confirm whether 
this pattern is universally conserved. The results align with 
previous studies identifying alkaloids and flavonoids as 
characteristic metabolites of Piper species (Sun et al., 2020; 
Salehi et al., 2019; Tuntiwachwuttikul et al., 2006).

Variation in alkaloid detection among reagents—cobalt 
extract (0.5 mg/L) was positive with all three reagents, while 
zinc and mercury extracts were negative with Dragendorff 
but positive with Wagner and Mayer—may reflect 
differential reagent sensitivities toward alkaloid structural 
classes. However, this interpretation should be treated 
cautiously, as qualitative phytochemical screening is not 
structure-specific and cannot definitively identify alkaloid 
subtypes. The apparent differences in reagent responses 
suggest, but do not prove, that cobalt may promote more 
diverse alkaloid profiles, consistent with GC-MS data 
where alkaloids were detected only in cobalt and copper 
extracts (Farnsworth, 1966). Flavonoids were detected 
in all extracts, indicating that flavonoid biosynthesis is 
a universal response to heavy metal stress, as flavonoids 
play crucial roles in protecting plants from abiotic stresses 
by acting as antioxidants and metal chelators through 
activation of the phenylpropanoid pathway (Sharma et al., 
2019; Falcone-Ferreyra et al., 2012; Deng and Lu, 2017).

The absence of terpenoids/steroids and saponins in all 
extracts may be attributed to the undifferentiated state of 
callus cultures or limitations of GC-MS in detecting non-
volatile glycosylated compounds (Tholl, 2015). Terpenoid 
biosynthesis is often developmentally regulated and may 
require tissue differentiation absent in undifferentiated callus 
(Ikeuchi et al., 2019), while saponins typically accumulate in 
specific tissues and may not be produced in undifferentiated 
cultures (Güçlü-Üstündağ and Mazza, 2007).

3.3. GC-MS profiling

GC-MS analysis revealed distinct metabolite profiles 
among elicitor treatments, with a total of 42 compounds 
identified across all extracts (Table 4). Cobalt and copper 

extracts were characterized by fatty acid methyl esters 
(FAMEs), including hexadecanoic acid methyl ester 
(0.22-0.61%) and methyl stearate (0.14-0.33%), which 
are known for antibacterial activity through membrane 
disruption (Chandrasekaran et al., 2008; Shaaban et al., 2021). 
Notably, alkaloids were detected only in cobalt and copper 
extracts: pipataline (0.03%), an alkamide marker of the Piper 
genus with documented antimicrobial activity (Salehi et al., 
2019), was identified in the copper 0.5 mg/L extract, while 
1,2,3,4-tetrahydroisoquinolin-6-ol-1-carboxylic acid, 
7-methoxy-1-methyl- (0.19%), an isoquinoline alkaloid 
associated with anti-inflammatory activity (Yang et al., 2025), 
was detected in the cobalt 1 mg/L extract. The presence 
of these taxon-specific alkaloids suggests that alkamide 
and isoquinoline biosynthetic pathways remain active in 
in vitro cultures and may be influenced by specific elicitor 
treatments. However, this conclusion is based on metabolite 
profiling only; transcriptomic or enzymatic studies would 
be required to confirm selective pathway enhancement.

In contrast, zinc and mercury extracts were dominated 
by glycerides, particularly hexadecanoic acid, 2-hydroxy-1-
(hydroxymethyl)ethyl ester (0.37-0.97% in zinc; 0.80-1.79% 
in mercury) and octadecanoic acid, 2,3-dihydroxypropyl 
ester (0.23-0.53% in zinc; 0.48-0.90% in mercury). These 
monoacylglycerol derivatives are involved in membrane 
lipid remodeling under stress and possess antimicrobial 
properties (Henschel et al., 2024; Yoon et al., 2018), with 
mercury treatments achieving the highest relative peak area 
(%) among all treatments for these glyceride compounds 
(up to 1.79% for hexadecanoic acid derivative). Additionally, 
2-hydroxy-gamma-butyrolactone (0.20-0.35%), a lactone 
with documented antioxidant activity (Açikgoz  et  al., 
2023; Nong  et  al., 2014), was detected in cobalt, zinc, 
and mercury extracts, likely contributing to the observed 
antioxidant activity. The bioactivities assigned to these 
compounds are based on previously published studies 
and include antibacterial, antimicrobial, antioxidant, and 
anti-inflammatory properties.

3.4. Antioxidant activity assays

Antioxidant activity varied significantly among elicitor 
treatments (Table 5), with silymarin (IC50 19.55 ± 6.07 µg/mL) 
confirming assay reliability as a very strong positive 
control. Cobalt 1 mg/L and copper 2.5 mg/L extracts 
exhibited the strongest antioxidant activity among samples, 
with IC50 values of 62.55 ± 2.08 and 61.72 ± 1.31 µg/mL, 
respectively, categorized as strong according to Table 1. 

Table 3. Phytochemical screening of P. sarmentosum callus extract.

Secondary metabolites Cobalt Copper Zinc Mercury

Alkaloids + + + +

Flavonoids + + + +

Terpenoids - - - -

Steroids - - - -

Saponins - - - -

(+) detected; (-) not detected. All concentrations (0.5, 1, 2.5 mg/L) showed identical results.
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Table 4. Major bioactive compounds identified by GC-MS in elicited P. sarmentosum callus extracts, with bioactivities assigned based 
on literature reports.

Elicitor Compound Molecular formula SI RSI
RT 

(min)
Area (%)

Reported bioactivity 
(based on literature)

Cobalt 2-Hydroxy-gamma-
butyrolactone

C4H6O3 827 857 7.682 0.20 Antioxidant (Açikgoz et al., 2023; 
Nong et al., 2014)

1,2,3,4-Tetrahydroisoquinolin-
6-ol-1-carboxylic acid, 
7-methoxy-1-methyl-

C12H15NO4 856 876 18.327 0.19 Anti-inflammatory (Yang et al., 2025)

Hexadecanoic acid, methyl ester C17H34O2 913-920 944 19.902 0.22-0.61 Antibacterial 
(Chandrasekaran et al., 2008; 

Shaaban et al., 2021; 
Casillas-Vargas et al., 2021)

Methyl stearate C19H38O2 890-901 904 21.827 0.14-0.33 Antimicrobial 
(Chandrasekaran et al., 2008; 

Shaaban et al., 2021; 
Casillas-Vargas et al., 2021)

Copper Hexadecanoic acid, methyl ester C17H34O2 914-921 921 19.905 0.35 Antibacterial (Shaaban et al., 2021; 
Casillas-Vargas et al., 2021)

n-Hexadecanoic acid C16H32O2 895-907 916 20.228 0.46 Anti-inflammatory (Aparna et al., 2012)

Methyl stearate C19H38O2 880 904 21.827 0.16-0.20 Antimicrobial Shaaban et al., 2021; 
Casillas-Vargas et al., 2021)

Pipataline C13H10O4 889 906 23.766 0.03 Antimicrobial (Salehi et al., 2019; 
Perez-Gutierrez et al., 2013)

Zinc 2-Hydroxy-gamma-
butyrolactone

C4H6O3 853 873 7.699 0.27 Antioxidant (Açikgoz et al., 2023; 
Nong et al., 2014)

Hexadecanoic acid, 2-hydroxy-
1-(hydroxymethyl)ethyl ester

C19H38O4 825-841 862 25.099 0.37-0.97 Antimicrobial (Henschel et al., 2024)

Octadecanoic acid, 
2,3-dihydroxypropyl ester

C21H42O4 835-851 896 26.674 0.23-0.53 Antimicrobial (Henschel et al., 2024)

Mercury 2-Hydroxy-gamma-
butyrolactone

C4H6O3 835-840 853 7.702 0.32-0.35 Antioxidant (Açikgoz et al., 2023; 
Nong et al., 2014)

Hexadecanoic acid, 2-hydroxy-
1-(hydroxymethyl)ethyl ester

C19H38O4 822-841 855 25.098 0.80-1.79 Antimicrobial (Henschel et al., 2024)

Octadecanoic acid, 
2,3-dihydroxypropyl ester

C21H42O4 845-863 886 26.673 0.48-0.90 Antimicrobial (Henschel et al., 2024)

Compound identification was based on RT (retention time, min), SI (similarity index, 0-1000), RSI (retention index similarity, %), and relative 
peak area (%), with positive identification requiring SI ≥800 (Adams, 2017) and RSI 800-1000. Bioactivities assigned to identified compounds are 
based on previously published literature as cited, as the authors did not perform independent bioactivity assays for each individual compound.

Table 5. IC50 values and antioxidant category of P. sarmentosum callus extracts.

Elicitor 0.5 mg/L 1 mg/L 2.5 mg/L

IC50 (µg/mL)

Cobalt 270.12 ± 3.63d 62.55 ± 2.08a 122.83 ± 1.31ab

Copper 73.86 ± 5.42a 93.31 ± 3.81a 61.72 ± 1.31a

Zinc 219.10 ± 1.99c 252.91 ± 7.26cd 252.91 ± 7.26de

Mercury 300.10 ± 4.42de 208.47 ± 2.64bc 355.49 ± 2.70e

Category

Cobalt Weak Strong Moderate

Copper Strong Strong Strong

Zinc Very weak Very weak Very weak

Mercury Very weak Very weak Very weak

Values are mean ± SD (n=3). Means followed by different superscript letters are significantly different (Tukey’s HSD, p<0.05). Silymarin (positive control) 
showed an IC50 of 19.55 ± 6.07 µg/mL.
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Copper 0.5 and 1 mg/L extracts also fell into the strong 
category (73.86 ± 5.42 and 93.31 ± 3.81 µg/mL), while cobalt 
2.5 mg/L showed moderate activity (122.83 ± 1.31 µg/mL). 
All zinc and mercury extracts exhibited very weak activity 
(IC50 >200 µg/mL). Tukey’s HSD test confirmed that cobalt 
1 mg/L and copper 2.5 mg/L were significantly different 
from other treatments (p<0.05) but not from each other.

Figure 1 presents the antioxidant activity of selected 
extracts, showing representatives of the strong category 
(cobalt 1 mg/L and copper 2.5 mg/L), moderate activity 
(cobalt 2.5 mg/L), and a comparison within the same elicitor 
type (copper 0.5 mg/L). Although approximately three-
fold less potent than silymarin, cobalt and copper extracts 
demonstrated promising antioxidant potential, with activity 
levels strongly associated with their distinct metabolite 
profiles—particularly the presence of alkaloids and fatty acid 
methyl esters in these extracts compared to the glyceride-
dominated profiles of zinc and mercury treatments.

The strong antioxidant activity of cobalt 1 mg/L and 
copper 2.5 mg/L extracts may be attributed to the presence 
of 2-hydroxy-gamma-butyrolactone, a lactone with 
documented radical-scavenging activity through hydrogen 
donation and metal chelation mechanisms (Açikgoz et al., 
2023; Nong et al., 2014). Additionally, fatty acid methyl 
esters and alkaloids—such as the tetrahydroisoquinoline 
derivative detected in cobalt extracts—may contribute to 
the overall activity through synergistic effects, as reported 
for complex plant extracts (Granato et al., 2018; Caesar and 
Cech, 2019; Yang et al., 2025). The non-linear response of 
cobalt (optimal at 1 mg/L, lower at 2.5 mg/L) is consistent 
with a hormetic-like pattern, where moderate stress may 
activate defense mechanisms while excessive levels cause 
oxidative damage (Agathokleous and Calabrese, 2022; 
Jarin et al., 2025). However, because our study included 
only three concentrations (0.5, 1, and 2.5 mg/L), a full dose-
response curve with more data points would be needed to 
definitively establish hormesis. The interpretation should 
therefore be considered preliminary. In contrast, copper 

showed consistent activity across concentrations, suggesting 
robust copper homeostasis mechanisms in P. sarmentosum 
callus, possibly involving phytochelatin synthesis and 
vacuolar sequestration (Mir et al., 2021; Sanusi et al., 2025).

The weak antioxidant activity of zinc and mercury 
extracts may be explained by their high glyceride content 
(>95% of total identified compounds), which could dilute 
minor antioxidant components such as the low levels 
of 2-hydroxy-gamma-butyrolactone detected in these 
extracts (Granato et al., 2018). Furthermore, matrix effects 
in complex mixtures can significantly impact apparent 
antioxidant activity, as non-antioxidant compounds may 
interfere with radical-probe interactions or alter the 
bioavailability of active constituents (Apak et al., 2016).

3.5. Antimicrobial activity

All extracts demonstrated antimicrobial activity against 
the test microorganisms, with significant effects of elicitor 
type, concentration, and their interaction (p < 0.005, two-way 
ANOVA; Table 6). The negative control (DMSO) produced no 
inhibition zone, while positive controls (chloramphenicol 
and nystatin) produced inhibition zones of 20.5-24.3 mm, 
validating the assay conditions. Against  S. aureus, the 
cobalt 2.5 mg/L extract at 750 mg/L produced the largest 
inhibition zone (40.37 ± 3.56 mm), followed by cobalt 
1 mg/L at 1000 mg/L (40.20 ± 4.69 mm). Against E. coli, 
the zinc 2.5 mg/L extract at 750 mg/L showed the largest 
inhibition zone among recommended elicitors (36.05 ± 
3.86 mm), while mercury 2.5 mg/L at 500 mg/L showed 
similar activity (36.28 ± 2.71 mm) but is not recommended 
due to toxicity. Against C. albicans, the cobalt 2.5 mg/L 
extract at 500 mg/L exhibited the largest inhibition zone 
(41.62 ± 4.83 mm), followed by copper 1 mg/L at 500 mg/L 
(40.77 ± 3.98 mm). The very large inhibition zones (>40 mm) 
may reflect a combined effect of bioactive compounds and 
residual heavy metals, although metal concentrations in 
the final extract were not measured.

Figure 1. Antioxidant activity (IC50 values) of P. sarmentosum callus extracts from all elicitor treatments determined by DPPH radical 
scavenging assay. The bar chart shows IC50 values for cobalt, copper, zinc, and mercury at concentrations of 0.5, 1, and 2.5 mg/L.
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The observed antimicrobial activity is consistent with 
the metabolite profiles identified by GC-MS. Cobalt and 
copper extracts, which exhibited the strongest antibacterial 
activity against S. aureus, contained alkaloids (pipataline 
and tetrahydroisoquinoline derivatives) and fatty acid 
methyl esters (methyl palmitate and methyl stearate), 
both compound classes with documented antibacterial 
properties (Chandrasekaran  et  al., 2008; Salehi  et  al., 
2019; Yang  et  al., 2025). The activity of zinc extracts 
against E. coli may be attributed to their high glyceride 
content, as monoacylglycerol derivatives have been 
reported to possess antimicrobial activity, particularly 
against Gram-negative bacteria (Henschel et al., 2024; 
Yoon  et  al., 2018). The potent anticandidal activity of 
cobalt and copper extracts correlates with the presence 
of alkaloids and 2-hydroxy-gamma-butyrolactone, which 
have documented antifungal properties (Nong et al., 2014; 
Açikgoz et al., 2023).

The antimicrobial activity of the extracts can be 
attributed to multiple bioactive compounds. Fatty acid 
methyl esters (e.g., methyl palmitate and methyl stearate) 
disrupt bacterial membranes by integrating into the lipid 
bilayer, causing permeability changes and cytoplasmic 
leakage, with greater efficacy against Gram-positive 
bacteria due to the absence of an outer membrane 
barrier (Casillas-Vargas et al., 2021; Shaaban et al., 2021; 
Breijyeh et al., 2020). Isoquinoline alkaloids, such as the 
tetrahydroisoquinoline derivative detected in cobalt 
extracts, intercalate with DNA and inhibit topoisomerase 
enzymes (Yang et al., 2025; Casciaro et al., 2020). Lactones 
like 2-hydroxy-gamma-butyrolactone influence quorum 
sensing and biofilm formation (Vadakkan et al., 2018), while 
pipataline (copper extracts) contributes to antimicrobial 
activity through membrane disruption and efflux pump 
inhibition (Salehi  et  al., 2019). Minor terpenoids (e.g., 
caryophyllene) also possess documented antifungal activity 
(Dahham et al., 2015; Fidyt et al., 2016).

The observation that 500 mg/L extract concentration 
frequently yielded optimal antimicrobial activity may 
reflect a non-linear, possibly hormetic-like response, 
where intermediate concentrations maximize efficacy 
while higher concentrations may reduce activity due 
to compound aggregation or antagonistic interactions 
(Klančnik et al., 2010; Caesar & Cech, 2019). As with the 
antioxidant data, confirmation of hormesis would require 

a more detailed concentration series. Differential activity 
against the three test microorganisms reflects their distinct 
cell wall architectures: S. aureus (Gram-positive) lacks an 
outer membrane, increasing susceptibility to hydrophobic 
compounds (Breijyeh et al., 2020); E. coli (Gram-negative) 
possesses an outer membrane restricting antimicrobial 
entry (Exner et al., 2017); and C. albicans (fungus) features 
ergosterol as its primary membrane sterol (Pristov and 
Ghannoum, 2019). The substantial antibacterial efficacy 
of cobalt and copper extracts, particularly against S. aureus 
and C. albicans, highlights their potential as natural 
antimicrobial agents in the context of rising multidrug-
resistant infections (Tacconelli et al., 2018).

4. Future Prospects

The present findings open several avenues for further 
research. First, transcriptomic and proteomic analyses are 
needed to elucidate the molecular mechanisms by which 
cobalt and copper upregulate alkaloid and fatty acid methyl 
ester biosynthetic pathways in P. sarmentosum callus. 
Second, fed-batch or bioreactor cultivation using optimized 
Co (1 mg/L) and Cu (2.5 mg/L) concentrations should be 
explored to scale up bioactive compound production 
for industrial applications. Third, fractionation and 
purification of the active constituents (e.g., pipataline and 
tetrahydroisoquinoline derivatives) are required to confirm 
their individual and synergistic bioactivities. Fourth, 
in vivo toxicity and efficacy studies using animal models 
are necessary before these extracts can be considered for 
pharmaceutical or nutraceutical development. Finally, 
encapsulation or nanoformulation of the elicited callus 
extracts could improve their stability and targeted delivery 
for antimicrobial applications.

5. Conclusion

This study demonstrated that elicitation of P. sarmentosum 
callus with cobalt (1 mg/L) and copper (2.5 mg/L) produced 
extracts with relatively strong antioxidant activity (IC50 62.55 ± 
2.08 and 61.72 ± 1.31 µg/mL, respectively) and very strong 
antimicrobial activity against S. aureus (up to 40.37 mm), 
E. coli (up to 36.05 mm), and C. albicans (up to 41.62 mm). 

Table 6. Optimal antimicrobial activity of P. sarmentosum callus extracts.

Microorganism Best elicitors (mg/L) Extract concentration (mg/L) ZOI (mm)

S. aureus Cobalt 2.5 750 40.37 ± 3.56a

Cobalt 1 1000 40.20 ± 4.69a

E. coli Zinc 2.5 750 36.05 ± 3.86a

Cobalt 1 750 33.37 ± 2.13a

C. albicans Cobalt 2.5 500 41.62 ± 4.83a

Copper 1 500 40.77 ± 3.98a

Data are presented as mean ± SD (n=3), with means sharing the same superscript letter within each microorganism indicating no significant 
difference (Tukey’s HSD, p>0.05); chloramphenicol (30 μg) and nystatin (100 IU) served as positive controls, and all inhibition zone diameters 
include the 6 mm disc.
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GC-MS analysis with high-confidence identification (SI ≥800, 
RSI 800-1000) revealed 42 compounds, with cobalt and copper 
extracts containing fatty acid methyl esters (0.14-0.61%) 
and taxon-specific alkaloids (e.g., pipataline), while zinc 
and mercury extracts accumulated glycerides (0.23-1.79%) 
and exhibited weak antioxidant activity. Two-way ANOVA 
confirmed significant effects of elicitor type and concentration 
on bioactivities (p<0.05) but not on callus biomass (p>0.05). 
These findings warrant further investigation of heavy metal 
elicitation, particularly using optimal concentrations of cobalt 
and copper, for producing P. sarmentosum callus extracts 
with enhanced bioactive properties.
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