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Abstract. Okelola CA, Odufuwa KT, Ezima EN, Adegbesan BO, Bello TH. 2025. Effect of Momordica charantia and Ocimum basilicum 

on KRAS expression in aom-induced colon cancer in rats. Asian J Nat Prod Biochem 23: 93-100. KRAS is one of the most frequently 

mutated oncogenes in colorectal cancer (CRC), contributing to tumor progression and therapeutic resistance. In light of increasing 

interest in phytotherapy, this study investigated the modulatory effects of aqueous extracts of Momordica charantia and Ocimum 

basilicum on KRAS gene expression in azoxymethane (AOM)-induced colon cancer in rats. Forty adult male Wistar rats were randomly 

assigned into five groups (n = 8 per group): three treatment groups (receiving 50, 100, and 200 mg/kg/day of the extract), an AOM-only 

negative control, and a distilled water-treated normal control. AOM was administered at 20 mg/kg/week for four weeks to induce colon 

carcinogenesis. After treatment, colon tissues were harvested for histological examination and KRAS gene expression analysis using 

quantitative real-time PCR (qRT-PCR). Phytochemical screening confirmed the presence of alkaloids, flavonoids, saponins, and phenols 

in the extracts. Histological evaluation revealed dose-dependent protection in extract-treated groups, with restoration of mucosal 

structure and reduced atypical features. qRT-PCR showed significant downregulation of KRAS gene expression in the high-dose group 

(200 mg/kg), with a 2.8-fold reduction compared to the AOM-only group (p < 0.01). The medium-dose group showed a moderate 1.6-

fold reduction, while the low-dose group exhibited slight upregulation of KRAS expression. These findings suggest that aqueous extracts 

of M. charantia and O. basilicum exert chemopreventive effects in AOM-induced colon cancer, likely through phytochemical-mediated 

downregulation of oncogenic KRAS expression and preservation of colon histoarchitecture. The study supports the potential use of these 

plants as complementary agents in colorectal cancer therapy. 

Keywords: AOM, colon cancer, KRAS, Momordica charantia, Ocimum basilicum, qPCR 

INTRODUCTION 

Colon cancer is a leading cause of cancer-related 

morbidity and mortality worldwide, ranking third in 

incidence and second in cancer-related deaths (Ferlay et al. 

2021). Most cases begin as adenomatous polyps, which 

may progress into malignant tumors through a series of 

genetic and epigenetic alterations (Taufik et al. 2019). Risk 

factors include dietary patterns, chronic inflammation, and 

genetic predispositions. Though colon cancer is 

traditionally a disease of older adults, recent trends show 

increasing incidence among younger populations. 

A crucial factor in colon cancer pathogenesis is the 

activation of oncogenes and inactivation of tumor 

suppressor genes. Among these, the KRAS gene (Kirsten rat 

sarcoma viral oncogene homolog) plays a central role. It 

encodes a GTPase involved in cell proliferation, survival, 

and differentiation. Mutations in KRAS particularly in 

codons 12, 13, and 61 lead to continuous activation of the 

RAS/RAF/MEK/ERK and PI3K/AKT signaling pathways, 

resulting in uncontrolled cell growth and resistance to 

apoptosis (Ryan and Corcoran 2018; Li et al. 2022). 

Approximately 40% of colorectal cancers harbor KRAS 

mutations, which are also predictive of poor response to 

anti-EGFR therapies like cetuximab (Canon et al. 2019). 

Kirsten rat sarcoma (KRAS) encodes a key signaling 

protein often mutated in colorectal cancer. While new 

targeted agents, such as KRAS G12C inhibitors, have 

shown efficacy in subsets of colorectal cancer patients, 

their applicability remains limited—fueling interest in 

plant-derived compounds, which provide low-toxicity, 

multi-pathway anticancer effects (Khan et al. 2023; Ros et 

al. 2024). 

Phytochemicals such as flavonoids, terpenes, saponins, 

and alkaloids possess antioxidant, anti-inflammatory, and 

antiproliferative properties. These bioactives can modulate 

multiple signaling pathways and have shown potential in 

cancer prevention and treatment (Egbuna et al. 2021; Islam 

et al. 2022). Two plants of particular interest are 

Momordica charantia (bitter melon) and Ocimum 

basilicum (sweet basil). 

Momordica charantia, widely used in traditional 

medicine, contains active compounds like charantin and 

momordicine that have been shown to inhibit tumor growth 

and induce apoptosis (Ahmad et al. 2016; La Torre et al. 

2020). Ocimum basilicum contains essential oils and 

flavonoids, including eugenol and linalool, with 

demonstrated anticancer effects (Shenoy et al. 2016; 
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Eftekhar et al. 2019). Shenoy et al. (2016) reported that 

methanolic extracts of O. basilicum suppressed colon 

cancer cell growth by inducing oxidative stress and 

apoptosis. Minari et al. (2018) also found that combining 

these plants provided protective effects in chemically 

induced carcinogenesis models. 

Studies have shown that M. charantia exhibits 

antiproliferative, pro-apoptotic, and anti-inflammatory 

effects in various cancer models. Specifically, bioactive 

constituents such as momordicin, charantin, and 

triterpenoids have demonstrated the ability to inhibit cancer 

cell growth and modulate oncogenic signaling (Kaur et al. 

2016; Lin et al. 2021). Similarly, O. basilicum is rich in 

flavonoids, phenolics, and essential oils like eugenol and 

methyl chavicol, which possess cytotoxic, antioxidant, and 

anti-inflammatory properties (Kooti et al. 2020; Morshed et 

al. 2022). These compounds have been shown to suppress 

tumor growth in colorectal and other gastrointestinal cancer 

models. 

However, despite individual reports on the anticancer 

effects of these plants, there is limited evidence on their 

combined use, particularly in relation to KRAS gene 

modulation in colorectal cancer. The current study 

addresses this critical gap by evaluating the synergistic 

effect of aqueous extracts of M. charantia and O. basilicum 

on KRAS gene expression, histopathological changes, and 

weight trends in an AOM-induced colon cancer model in 

rats. By investigating their combinatory potential, this 

study aims to advance the understanding of plant-based 

gene modulation strategies in colorectal carcinogenesis. 

MATERIALS AND METHODS 

Study area 

This study was conducted at the Animal Research 

Laboratory and Molecular Biology Unit of the Department 

of Biochemistry, Olabisi Onabanjo University, Ago-Iwoye, 

Ogun State, Nigeria. The area is located in the humid 

tropics of southwestern Nigeria with average ambient 

temperatures of 25-30°C, suitable for maintaining 

laboratory animal models. 

Collection and identification of plant materials 

Plants of M. charantia and O. basilicum were collected 

in April 2024 from local farms in Sagamu and Ijebu-Ode, 

Ogun State, Nigeria. The plant materials were 

authenticated at the Department of Botany, Olabisi 

Onabanjo University, Ago-Iwoye, Nigeria, and voucher 

specimens were deposited for future reference. 

Preparation of aqueous extracts 

Plants were washed, shade-dried for 14 days, and 

ground into fine powder using an electric blender. The 

powdered samples were soaked in distilled water (aqueous 

extraction) in a ratio of 1:10 (w/v) in stoppered glass 

containers. The mixtures were stirred intermittently and 

kept at room temperature for 48 hours. They were then 

filtered through muslin cloth followed by 200 mm mesh 

filtration. The resulting filtrates were concentrated using a 

rotary evaporator at 45°C and dried to a paste-like 

consistency. Extracts were stored at 4°C and reconstituted 

into appropriate doses for experimental use. 

Phytochemical analysis 

Qualitative and quantitative phytochemical analyses of 

the aqueous extracts were carried out according to standard 

methods described by Vimala et al. (2012), Ejikeme et al. 

(2016), and the AOAC (2015). 

Animal material and ethical compliance 

Forty adult male Wistar rats (weighing 180-220 g) were 

obtained from the Nigerian Institute of Medical Research 

(NIMR), Lagos. The animals were housed in standard 

plastic cages in a well-ventilated room at 25°C, with 

relative humidity between 61-95% and a 12-hour light/dark 

cycle. They were fed standard laboratory chow and had 

access to water ad libitum. Animal care and use conformed 

to institutional ethical guidelines and the World Medical 

Association (WMA) Declaration of Helsinki (2008) on the 

ethical treatment of laboratory animals. 

Experimental design 

Azoxymethane (AOM) was used to induce colon cancer 

in rats (Table 1). AOM was administered orally at a dose of 

20 mg/kg/week for 4 consecutive weeks. Concurrently, rats 

were administered daily oral doses of the aqueous plant 

extracts at 50, 100, and 200 mg/kg for four weeks likewise. 

The extract doses were selected based on previously 

published LD50 data (Arthur et al. 2011). 

At the end of the experimental period, rats were 

sacrificed via cervical dislocation. Colon tissues were 

collected; portions were fixed in 10% neutral buffered 

formalin for histological evaluation, while others were 

frozen for gene expression analysis. 

RNA extraction and cDNA synthesis 

Total RNA was extracted from colon tissues using 

TRIzol reagent (Invitrogen). RNA concentration and purity 

were determined spectrophotometrically at 260/280 nm. 

Reverse transcription was performed using a commercial 

cDNA synthesis kit according to the manufacturer’s 

protocol. 
 

 

 

Table 1. Experimental design 

 

The rats were randomly divided into five groups (n = 8 per 

group) 

Group RA: AOM (20 mg/kg/week) + 200 mg/kg/day extract 

Group RB: AOM (20 mg/kg/week) + 100 mg/kg/day extract  

Group RC: AOM (20 mg/kg/week) + 50 mg/kg/day extract 

Group NC (Negative Control): AOM only 

Group PC (Positive Control): Distilled water only 

Note: AOM: Azoxymethane  
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Table 2. Primer used in rt - qpcr 

 

Genes Primer Bases Annealing Cycles 

GAPDH S: 5’ -GAGAGCCTTGGCATCCCTAT 3’ 

AS: 5’GATGCGGAAGTTGGGTGTTT-3’ 

20 

20 

55C 40 

KRAS S: 5`GGTGAGTTTGTATTAAAAGGTACTGG 3’ 

AS: 5`-TCCTGCACCAGTAATATGCA-3’ 

26 

20 

55C 40 

  

 

At the end of the experimental period, rats were 

sacrificed via cervical dislocation. Colon tissues were 

collected; portions were fixed in 10% neutral buffered 

formalin for histological evaluation, while others were 

frozen for gene expression analysis. 

RNA extraction and cDNA synthesis 

Total RNA was extracted from colon tissues using 

TRIzol reagent (Invitrogen). RNA concentration and purity 

were determined spectrophotometrically at 260/280 nm. 

Reverse transcription was performed using a commercial 

cDNA synthesis kit according to the manufacturer’s 

protocol. 

Quantitative real-time PCR (qPCR) 

KRAS gene expression was quantified using SYBR 

Green-based qPCR on a StepOnePlus™ Real-Time PCR 

System (Applied Biosystems). GAPDH (Glyceraldehyde-

3-phosphate dehydrogenase) was used as an internal 

control (Table 2). Primers were validated for specificity 

and efficiency (95-105%). The 2^−ΔΔCt method (Livak 

and Schmittgen 2001) was used to calculate relative 

expression levels. 

Statistical analysis 

All data were expressed as mean ± standard error of the 

mean (SEM). Two-way analysis of variance (ANOVA) 

was used to assess statistical significance across groups, 

followed by Tukey’s post hoc test for multiple 

comparisons. GraphPad Prism 9.0 software was used for 

analysis, and p < 0.05 was considered statistically significant. 

RESULTS AND DISCUSSION 

The qualitative phytochemical screening of the aqueous 

extract of O. basilicum revealed the presence of ten 

bioactive constituents (Table 3). Alkaloids, saponins, and 

phenols were found in high abundance (++), while tannins, 

phlobatannins, terpenoids, cardiac glycosides, steroids, 

reducing sugars, and flavonoids were moderately present 

(+). Similarly, the extract of M. charantia tested positive 

for the same ten phytochemical classes (Table 4). Alkaloids 

and phenols demonstrated high abundance (++), with 

saponins showing a relatively strong positive reaction, 

consistent with their water solubility. The remaining 

phytochemicals exhibited moderate presence (+) across the 

extract. 

Quantitative phytochemical analysis of O. basilicum 

extract (Table 5) showed that alkaloids (58.28 ± 0.01 

mg/100 g), saponins (55.28 ± 0.02 mg/100 g), phenols 

(52.21 ± 0.02 mg/100 g), and tannins (51.24 ± 0.05 mg/100 

g) were the most abundant compounds. Other constituents 

were present in the following quantities: terpenoids (40.87 

± 0.04 mg/100 g), steroids (38.79 ± 0.61 mg/100 g), 

reducing sugars (32.43 ± 0.02 mg/100 g), phlobatannins 

(32.68 ± 0.33 mg/100 g), cardiac glycosides (32.12 ± 0.04 

mg/100 g), and flavonoids (25.12 ± 0.50 mg/100 g). 
 

 

Table 3. Qualitative analysis of extracts of Ocimum basilicum plant 

 

Phytochemicals State 

Alkaloid  ++ 

Tannin  + 

Phlobatannin  + 

Saponin  ++ 

Terpenoid  + 

Cardiac glycosides + 

Steroid  + 

Reducing sugar + 

Flavonoid  + 

Phenol  ++ 

 

 

Table 4. Qualitative analysis of aqueous extracts of Momordica 

charantia plant 

 

Phytochemicals State 

Alkaloid ++ 

Tannin + 

Phlobatannin + 

Saponin + 

Terpenoid + 

Cardiac glycosides + 

Steroid + 

Reducing sugar + 

Flavonoid + 

Phenol ++ 

 

 

Table 5. Quantitative analysis of aqueous extracts of Ocimum 

basilicum plant 

 

Phytochemicals Quantity (mg/100 g) 

Alkaloid 58.28 ± 0.01 

Tannin  51.24 ± 0.05 

Phlobatannin  32.68 ± 0.33 

Saponin  55.28 ± 0.02 

Terpenoid  40.87 ± 0.04 

Cardiac glycosides 32.12 ± 0.04 

Steroid  38.79 ± 0.61 

Reducing sugar 32.43 ± 0.02 

Flavonoid  25.12 ± 0.50 

Phenol  52.21 ± 0.02 
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Table 6. Quantitative analysis of aqueous extracts of Momordica 

charantia plant 

 

Phytochemicals Quantity (mg/100g) 

Alkaloid 50.47 ± 0.01 

Tannin  42.39 ± 0.14 

Phlobatannin  30.33 ± 0.01 

Saponnin  48.29 ± 0.41 

Terpenoid  36.14 ± 0.02 

Cardiac Glycosides 41.42 ± 0.20 

Steroid  39.76 ± 0.21 

Reducing sugar 40.94 ± 0.01 

Flavonoid  45.81 ± 1.00 

Phenol  53.44 ± 0.10 

 

 

 

Momordica charantia extract (Table 6) also exhibited 

considerable phytochemical richness. Phenols (53.44 ± 

0.10 mg/100 g), flavonoids (45.81 ± 1.00 mg/100 g), and 

alkaloids (50.47 ± 0.01 mg/100 g) were notably high. Other 

components included saponins (48.29 ± 0.41 mg/100 g), 

reducing sugars (40.94 ± 0.01 mg/100 g), cardiac glycosides 

(41.42 ± 0.20 mg/100 g), tannins (42.39 ± 0.14 mg/100 g), 

steroids (39.76 ± 0.21 mg/100 g), terpenoids (36.14 ± 0.02 

mg/100 g), and phlobatannins (30.33 ± 0.01 mg/100 g). 

The QPCR analysis (Table 7) using the 2^−ΔΔCt 

method revealed distinct patterns in KRAS gene expression 

across the five treatment groups. Rats in the NC group 

(AOM only) showed significantly elevated KRAS 

expression relative to the PC group (distilled water). The 

RA group (200 mg/day) showed the greatest suppression, 

followed by RB (100 mg/day) and RC (50 mg/day). The 

difference between the RA group and the NC group was 

statistically significant (p < 0.01, Tukey’s test). 

Across the four-week period (Table 8), a dose-

dependent increase in body weight was observed in the 

extract-treated groups (RA, RB, RC), with the RA group 

(200 mg/day) showing the most pronounced gain. 

Specifically, the RA group progressed from 114.75 ± 4.55 

g in week 1 to 133.00 ± 3.08 g in week 4; conversely, the 

NC group (AOM only) showed a steady decline in weight 

from 125.25 ± 4.25 g in week 1 to 116.00 ± 2.71 g in week 

4. The PC group (distilled water only) maintained a healthy 

weight gain trend, reaching the highest average weight by 

week 4 (135.25 ± 2.06 g). 

Treatment description and experimental grouping 

(Table 9), Group PC (Positive Control): Animals received 

only distilled water throughout the experimental period and 

served as the healthy reference group. Group NC (Negative 

Control): Animals were administered 20 mg/kg body 

weight of AOM once weekly for four weeks, serving as the 

disease model without therapeutic intervention. Group RC 

(Low Dose Treatment): Animals received 20 mg/kg AOM 

weekly plus 50 mg/kg/day of the combined plant extract. 

Group RB (Medium Dose Treatment): Animals received 20 

mg/kg AOM weekly plus 100 mg/kg/day of the combined 

plant extract. Group RA (High Dose Treatment): Animals 

received 20 mg/kg AOM weekly plus 200 mg/kg/day of the 

combined plant extract. 

 

 

 

Table 7. Summary of KRAS gene expression across experimental groups 

 

Group Mean ΔCt ± SD Fold Change (2^−ΔΔCt) Direction of Modulation p-value vs NC Significant? 

PC 4.89 ± 0.42 2.3 Upregulated 0.071 No 

NC 5.94 ± 0.31 3.9 Baseline (AOM only) _ _ 

RA 2.78 ± 0.33 1.2 Downregulated 0.003 Yes 

RB 4.21 ± 0.37 1.8 Downregulated 0.021 Yes 

RC 6.32 ± 0.55 4.6 Upregulated 0.045 Yes 

 

 

Table 8. Weekly body weights of rats across all groups (g) 

 

Week 
Group RA 

(200 mg) 

Group RB 

(100 mg) 

Group RC 

(50 mg) 

Group NC 

(AOM only) 

Group PC 

(Distilled water) 

1 114.75 ± 4.55 119.00 ± 2.16 122.75 ± 3.30 125.25 ± 4.25 128.75 ± 3.30 

2 121.00 ± 2.94 120.00 ± 2.16 121.75 ± 1.71 122.00 ± 2.71 130.75 ± 1.50 

3 127.00 ± 1.83 126.75 ± 3.96 123.75 ± 3.59 120.75 ± 3.30 131.25 ± 2.99 

4 133.00 ± 3.08 129.25 ± 2.06 125.25 ± 1.50 116.00 ± 2.71 135.25 ± 2.06 

Note: Values are presented as Mean ± Standard Deviation 

 

 

Table 9. Group definitions and treatment description 

 

Group Treatment Description 

PC (Positive control) Rats that received distilled water only (normal control, not induced with AOM) 

NC (Negative control) Rats that received 20 mg/kg/week AOM only (cancer-induced, no treatment) 

RA Rats that received 20 mg/kg/week AOM + 200 mg/kg/day aqueous extract of M. charantia and O. basilicum 

RB Rats that received 20 mg/kg/week AOM + 100 mg/kg/day aqueous extract of M. charantia and O. basilicum 

RC Rats that received 20 mg/kg/week AOM + 50 mg/kg/day aqueous extract of M. charantia and O. basilicum 
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In Figure 1, the histological examination of colon tissue 

sections revealed marked architectural disruption of the 

mucosal lining. There was a visible reduction in 

inflammatory cell infiltration (yellow arrow), and areas 

containing atypically shaped malignant cells (red arrow) 

appeared significantly fewer. This suggests a decrease in 

neoplastic proliferation or the induction of apoptosis. 

Figure 2 sections showed mild distortion of mucosal 

structure with reduced inflammatory infiltrates (yellow 

arrow). The diminished presence of atypical malignant 

cells (red arrow) further suggests a decline in tumor 

progression and local immune activation. Moreover, in 

Figure 3, this sample showed less histological recovery, 

with multiple foci of intense inflammation (red arrows), 

suggestive of ongoing immune response. These may result 

from unresolved neoplastic cells, necrotic tissue, or a pro-

tumorigenic inflammatory microenvironment. While 

Figure 4 histological findings were consistent with healthy 

colon morphology. The glandular architecture was intact, 

with no evidence of neoplastic or pre-neoplastic changes. 

Mild physiological inflammation was observed. In 

addition, Figure 5 sections indicated pronounced dysplasia: 

loss of glandular organization, nuclear pleomorphism, 

hyperchromasia, increased mitotic activity, and disrupted 

epithelial polarity features characteristic of malignant 

transformation.  
 

 

 

 
 

Figure 1. Histological section of colon tissue of rat from Group 

RA (AOM + 200 mg/day extract), H&E stain, ×400 magnification. 

Showing the restored crypt alignment, intact epithelial lining, and 

minimal inflammatory infiltration 

 

 
 

Figure 2. Histological section of colon tissue of rat from Group 

RB (AOM + 100 mg/day extract), H&E stain, ×400 magnification. 

It reveals slight distortion of the mucosal architecture, reduced 

inflammatory infiltrates and fewer atypical malignant cells 

 

 

 
 

Figure 3. Histological section of the colon tissue from Group RC 

(AOM + 50 mg/day extract), stained with Hematoxylin and Eosin 

(H&E), viewed at ×400 magnification. The image shows less 

effective histological recovery 

 
 

Figure 4. Histological section of the colon tissue from Group NC 

(AOM only), stained with Hematoxylin and Eosin (H&E), viewed 

at ×400 magnification. The image shows disrupted crypt 

architecture, mucosal erosion, and dense lymphocytic infiltration 
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Figure 5. Histological section of colon tissue of induced colon 

cancer in rats from group PC (Water only) stained with 

Hematoxylin and Eosin (H&E), viewed at ×400 magnification. 

The image demonstrate preserved colonic glandular structure (no 

cancer or precancerous change) and mild physiological 

inflammation, typical of healthy tissue 

 

 

 

 
 

Figure 6. QPCR of KRAS mRNA expression in AOM induced 

colon cancer rats treated with different concentration of aqueous 

extract of Momordica charantia and Ocimum basilicum plant 

 

 

 

 
 

Figure 7. Relative KRAS gene expression levels (fold change, 

2^−ΔΔCt) in colon tissue of rats across five groups 

Figure 6 displays the relative expression levels of the 

KRAS oncogene across five experimental groups using the 

2^−ΔΔCt method. It revealed a significant decrease in 

KRAS gene expression in Group RA compared to the 

AOM-only group (mean ΔCt = 2.78 vs. 5.94, p = 0.003, 

Cohen is d = 1.73, 95% CI [0.89, 2.57]). The large effect 

size suggests that the extract had a strong suppressive 

effect on KRAS activation. No significant difference was 

found between the PC and RB groups (p = 0.087), 

indicating a dose-dependent response. The highest 

upregulated KRAS expression is seen in Group RC, 

followed by Group PC. Group RC (low extract dose) shows 

fold changes above 2.0, suggesting a failure to suppress 

oncogenic signaling, likely due to insufficient 

phytochemical concentration. The PC group, which 

received no carcinogen or extract, unexpectedly displays 

moderate upregulation of KRAS. This may reflect baseline 

physiological variation or compensatory expression 

unrelated to AOM exposure. 

Group RB (mid dose) and Group RA (high dose) 

showed significant downregulation of KRAS expression 

compared to both the NC and PC groups. Group RA, in 

particular, demonstrated KRAS fold changes close to 1.2, 

indicating effective modulation of oncogenic pathways and 

a potential return to near-normal expression levels. The NC 

group, exposed to AOM only, displayed moderate KRAS 

expression, suggesting a substantial, but not peak, 

activation of oncogenic pathways. 

Figure 7 shows the relative KRAS gene expression 

levels (fold change, 2^−ΔΔCt) in colon tissue of rats across 

five groups: PC (normal control), NC (AOM only), and 

treatment groups RA (200 mg/kg), RB (100 mg/kg), and 

RC (50 mg/kg). Group RA showed the most significant 

downregulation of KRAS (p = 0.003), with expression 

approaching baseline. Error bars represent standard 

deviation (n = 8). 

Discussion 

Phytochemical screening of M. charantia and O. 

basilicum aqueous extracts confirmed the presence of 

several bioactive compounds, notably flavonoids, phenols, 

alkaloids, and saponins, which are widely documented for 

their antioxidant and anticancer properties. These 

secondary metabolites contribute synergistically to the 

extracts' ability to combat oxidative stress, modulate 

oncogenic signaling, and induce apoptosis in neoplastic 

cells. 

Among these, flavonoids and phenolic compounds 

highly abundant in both plants play a pivotal role by 

scavenging reactive oxygen species (ROS) and stabilizing 

cellular redox states. These antioxidant actions are crucial 

in mitigating the oxidative DNA damage central to colon 

carcinogenesis. Flavonoids like vicenin and orientin from 

O. basilicum in colon cancer have also been shown to 

directly inhibit proliferation and induce apoptosis in colon 

cancer models (Shenoy et al. 2016), a trend echoed by the 

significant histological improvements in extract-treated rats 

in this study. 

Histopathological findings revealed restoration of crypt 

architecture, reduced inflammatory infiltration, and 
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decreased nuclear atypia in treated groups compared to the 

AOM-only control, indicating effective suppression of 

tumor progression and enhancement of mucosal repair. 

These outcomes align with reports showing that 

compounds like momordicine, karavilagenin, eugenol, and 

methyl chavicol activate apoptotic pathways and enforce 

cell cycle checkpoints (Liu et al. 2019; Raina et al. 2020). 

The body weight trends observed in this study confirm 

that M. charantia and O. basilicum extracts exhibit dose-

dependent protective effects against AOM-induced 

systemic toxicity. These effects were reflected not only in 

gene expression and histology, but also in the maintenance 

of physiological growth and metabolism, further validating 

the chemopreventive potential of the combined extracts. 

These findings align with previous research demonstrating 

that flavonoid-rich plant extracts can improve appetite, 

enhance gut integrity, and reduce systemic inflammation, 

all of which contribute to weight stabilization in tumor-

bearing animals (Kooti et al. 2020; Morshed et al. 2022). 

This study explored the chemopreventive effect of 

aqueous extracts of Momordica charantia and Ocimum 

basilicum on AOM-induced colon cancer in rats, with 

particular emphasis on the expression of the KRAS gene, a 

critical proto-oncogene implicated in colorectal 

tumorigenesis. Our findings show a dose-dependent 

downregulation of KRAS mRNA expression, accompanied 

by histological evidence of mucosal restoration and 

decreased inflammatory infiltration, especially in the high-

dose group. 

The modulation of KRAS expression is particularly 

significant given its central role in driving MAPK/ERK and 

PI3K/AKT signaling pathways, which are frequently 

dysregulated in colorectal cancer (CRC). KRAS mutations 

are not only associated with tumor initiation and 

progression but also with resistance to EGFR-targeted 

therapies. Therefore, the observed suppression of KRAS 

expression, particularly in the high-dose group (RA), offers 

novel insight into the potential molecular mechanisms 

through which these plant extracts may exert anti-

tumorigenic effects. 

One of the noteworthy strengths of this study is the 

clear dose-response pattern observed in KRAS expression 

across treatment groups. While the low-dose group (RC) 

showed negligible changes in KRAS activity, the high-dose 

group (RA) demonstrated a significant reduction (p < 0.01) 

in KRAS gene expression. This finding suggests that the 

phytochemical synergy of the extracts is both 

concentration-dependent and biologically effective, 

supporting earlier research that linked flavonoids, 

phenolics, and saponins to modulation of oncogenic 

signaling (Ganesan and Xu 2020; Islam et al. 2023). 

Moreover, the findings in this study are consistent with 

those of Islam et al. (2022), who reported significant 

antiproliferative effects of polyphenol-rich plant extracts in 

CRC models via suppression of RAS and PI3K/AKT 

pathways. Shenoy et al. (2016) similarly demonstrated that 

O. basilicum extracts induced apoptosis and inhibited 

proliferation in HT-29 colon cancer cells, consistent with 

the KRAS downregulation and histological restoration 

observed in our high-dose treatment group. Additionally, 

compounds such as momordicine from M. charantia have 

been reported to suppress oncogenic signaling and induce 

G1-phase cell cycle arrest in colon cancer lines (La Torre et 

al. 2020; Raina et al. 2020). 

The antioxidant capacity of these extracts, conferred by 

flavonoids and phenolic acids, may contribute to reduced 

oxidative DNA damage, a key event in colon 

carcinogenesis. These bioactives are known to scavenge 

reactive oxygen species, inhibit inflammatory mediators 

like COX-2 and NF-κB, and modulate apoptosis-related 

proteins such as BAX and caspases (Ganesan and Xu 

2020). Such pleiotropic effects could underlie the observed 

normalization of colon architecture and reduced KRAS 

gene expression. 

Importantly, phytochemical screening confirmed the 

presence of bioactive compounds such as flavonoids, 

phenols, saponins, and terpenoids, which are well-

documented for their antioxidant, anti-inflammatory, and 

antiproliferative activities. Flavonoids, in particular, have 

been reported to inhibit KRAS and downstream effectors by 

interfering with protein prenylation, membrane 

localization, or transcriptional regulation (La Torre et al. 

2020). Our findings reinforce this potential and extend it to 

a novel botanical formulation combining M. charantia and 

O. basilicum. 

Collectively, the findings support the chemopreventive 

and therapeutic potential of these extracts in colorectal 

cancer. By attenuating KRAS-driven signaling, reducing 

oxidative stress, and restoring histological integrity, M. 

charantia and O. basilicum demonstrate a multi-targeted 

action profile worthy of further pharmacological 

exploration. 

In conclusion, this study demonstrated the 

chemopreventive potential of aqueous extracts of 

Momordica charantia and Ocimum basilicum in an 

azoxymethane (AOM)-induced colon cancer model in rats. 

The combined extracts downregulated oncogenic 

pathways—evidenced by suppressed expression of 

KRAS—and promoted mucosal recovery and reduced 

inflammation in a dose-dependent manner. The high-dose 

group (200 mg/kg/day) showed the greatest improvement 

across body weight, histoarchitecture, and gene expression. 

These results support the therapeutic relevance of the 

synergistic phytochemical composition of both plants, 

consistent with previous findings on the anticancer effects 

of flavonoids, phenolics, and terpenoids. However, gene 

expression data alone do not confirm protein-level 

modulation. Future studies should include protein 

validation via Western blot or ELISA, and explore broader 

targets and long-term outcomes to clarify mechanisms 

underlying the observed protective effects in colorectal 

cancer. 
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Abstract. Ridhwan M, Saudah, Nurman S, Masyudi, Fitriyana L, Yusnaini R. 2025. Phytochemical composition, antioxidant, and 

anticancer potential of Etlingera hemisphaerica (Zingiberaceae) from the Gayo Highlands, Indonesia. Asian J Nat Prod Biochem 23: 

101-109. The increasing global incidence of cancer underscores the urgent need for sefar and more effective alternative therapies. 

Etlingera hemisphaerica (Blume) R.M.Sm. (Zingiberaceae), an andemic medicinal plant from the Gayo Highlands of Indonesia, has 

traditional uses but remains underexplored for its pharmacological potential. This study investigated the phytochemical composition, 

antioxidant capacity, and anticancer of E. hemisphaerica leaf extracts using methanol, ethyl acetate, and aquadest. Total phenolic and 

flavonoid contents were determined spectrophotometrically. Antioxidant activity was assessed using the DPPH (2,2-diphenyl-1-

picrylhydrazyl) assay, and anticancer activity was evaluated via the MTT assay against the MCF-7 human breast cancer cell line (ATCC 

HTB-22), with IC₅₀ values calculated through linear regression analysis. Qualitative screening revealed the presence of major 

phytochemicals including flavonoids, phenolics, tannins, terpenoids, saponins, and steroids. Quantitative analysis showed that the 

methanol extract contained the highest total phenolic content (506.4 ± 15.41 mg GAE/g), while the ethyl acetate extract had the highest 

flavonoid content (471.5 ± 20.55 mg QE/g). Antioxidant activity was evaluated using the DPPH (2,2-diphenyl-1-picrylhydrazyl) assay, 

with the methanol extract exhibiting the strongest radical scavenging capacity IC₅₀ (0.40 ppm). Cytotoxic effects were determined by 

MTT assay against MCF-7 human breast cancer cells (ATCC HTB-22), where the methanol extract showed the most potent activity 

(IC₅₀ = 0.446 ppm; 43.47% inhibition at 200 ppm), outperforming ethyl acetate (IC₅₀ (10.45 ppm) and aquadest IC₅₀ (4.12 ppm) extracts. 

These results suggest that E. hemisphaerica, particularly in methanol extract, is a promising natural source of antioxidant and anticancer 

agents. Further bioassay-guided fractionation and in vivo studies are warranted to explore its therapeutic potential.  

Keywords: Cancer MCF-7, Etlingera hemisphaerica, Gayo Highland, herb medicine, Zingiberaceae 

INTRODUCTION 

Cancer is one of the leading causes of death globally 

(Yuan et al. 2022). Despite the availability of anticancer 

therapies, the incidence of cancer continues to rise steadily. 

According to the World Health Organization (WHO) and 

global cancer statistics (GLOBOCAN), the global cancer 

burden is projected to reach 28.4 million cases by 2040, a 

47% increase from 2020 (Sung et al. 2021). Conventional 

cancer treatments such as surgery, radiotherapy, chemotherapy, 

and immunotherapy are commonly used but often associated 

with limitations, including complications, drug resistance, 

and significant side effects (Mali 2023). Consequently, there 

is a growing interest in developing alternative or complementary 

therapies derived from natural sources.  

Natural products, especially those derived from plants, 

have long been used in medical practice. Plants are rich in 

bioactive compounds and have shown promise as sources of 

anticancer agents. These include vitamins, minerals, 

phosphates, and various secondary metabolites such as 

phenolics, flavonoids, alkaloids, and polyphenols, all of 

which have demonstrated antioxidant, anti-inflammatory, 

and chemopreventive properties (Block et al. 2015; Lee et 

al. 2017; Lichota and Gwozdzinski 2018; Jiang 2019).  

Spices are widely used as flavor enhancers and aromatic 

ingredients in food, as well as traditional remedies for 

chronic diseases. They contain tannins, alkaloids, flavonoids, 

and polyphenols with potent biological activities. Clove, 

cinnamon, and ginger species, in particular, are excellent 

sources of antioxidants due to their high phenolic content 

(Jiang et al. 2019). The pharmacological effects of these 

spices include antitumor, antioxidant, and anti-inflammatory 

properties (Chin 2016). Moreover, the antioxidant activity 

of edible and medicinal plant extracts has been proven to 

counteract reactive oxygen species (ROS)-mediated damage 

in various human cancers (Sammar et al. 2019).  

The Zingiberaceae family, commonly known as the ginger 

family, is one of the key spice producing families with 
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numerous species used in traditional medicine for cancer 

prevention. The genus Etlingera Giseke, belonging to this 

family, comprises more than 100 species distributed throughout 

Southeast Asia, many of which are used in ethnomedicine 

(Adegoke and Ojo 2017; Saudah et al. 2022). 

Pharmacologically, studies have demonstrated that Etlingera 

species exhibit antioxidant (Anzian et al. 2017), antibacterial 

(Shahid-Ud-Daula et al. 2019; Ernilasari et al. 2021), anti-

inflammatory (Sahidin et al. 2019), antifungal (Ghasemzadeh 

et al. 2015), cytotoxic and antiproliferative activities 

(Mankhong et al. 2019; Shahid Ud-Daula and Mohammad 

2019), as well as insect-repellent (particularly against 

Aedes aegypti (Linnaeus, 1762)) (Siregar et al. 2020), anti-

aging and antiviral effects (Ruyani et al. 2019). 

The Gayo Highlands of Central Aceh, Indonesia, situated 

at elevations of 1,000-3,000 meters above sea level (masl), 

form part of the biodiverse Leuser Ecosystem (Cane et al. 

2023). Ethnobotanical surveys in this region have documented 

the traditional use of Etlingera species, particularly Etlingera 

elatior (Jack) R.M.Sm. and Etlingera hemisphaerica (Blume) 

R.M.Sm. (Saudah et al. 2021). While E. elatior is relatively 

well studied, E. hemisphaerica remains scientifically 

underexplored. It is a morphologically distinct, highland-

adapted species, traditionally used by the Gayo ethnic 

community for postpartum care, anti-fatigue remedies, and 

general health support (Saudah et al. 2022; Riyanti et al. 

2022). Given that altitude can influence secondary metabolite 

production and antioxidant activity in plants (Setyawati et 

al. 2021; Adhikari et al. 2022), the unique ecological niche 

of E. hemisphaerica may contribute to a distinct 

phytochemical profile. 

Although both species share similarities in leaf 

morphology they differ significantly in flower structure 

(Lim 2014; Handayani et al. 2020). Taxonomically, E. 

hemisphaerica is a distinct species native to highland 

environments and traditionally used by the Gayo ethnic 

community for postpartum care and general health support 

(Riyanti et al. 2022). Its unique ecological niche in the 

high-altitude Gayo Highlands is believed to influence its 

phytochemical composition. Studies have shown that 

elevation can significantly affect the production of secondary 

metabolites and antioxidant potential in plants (Setyawati et 

al. 2021; Adhikari et al. 2022). The high-altitude 

environment of the Gayo Highlands, characterized by 

increased UV exposure and temperature variation, may 

enhance the synthesis of bioactive compounds in E. 

hemisphaerica. 

Despite its ethnopharmacological relevance, E. 

hemisphaerica remains scientifically underexplored. No 

previous studies have reported its phytochemical profile or 

evaluated its pharmacological activity, particularly with 

regard to antioxidant and anticancer properties. Given its 

traditional use, ecological uniqueness, and taxonomic 

distinction, E. hemisphaerica from the Gayo Highlands 

may serve as a promising candidate for further development in 

cancer therapeutics. Therefore, this study aims to evaluate 

the phytochemical composition, antioxidant capacity, and 

cytotoxic activity of E. hemisphaerica leaf extracts collected 

from the Gayo Highlands, Indonesia. The findings are 

expected to contribute to the scientific validation of traditional 

knowledge and support the exploration of novel therapeutic 

agents from highland tropical biodiversity. 

MATERIALS AND METHODS 

Study area  

Leaves of E. hemisphaerica were collected from the 

Gayo Highlands, Aceh Province, Indonesia, at elevations 

between 1,000 and 1,500 meters above sea level (Figure 1). 

The region is characterized by a cool climate and fertile 

volcanic soil, which are known to support high levels of 

phytochemical accumulation in local flora (Cane et al. 

2023; Lestari et al. 2023). Plant identification was 

confirmed using the Plants of the World Online database 

(https://powo.science.kew.org/) (POWO 2023). The collected 

leaves were washed, air-dried at room temperature for 

seven days, and then ground into a fine powder using a 

mechanical grinder (Figure 2). 

 

 

 
 

Figure 1. Map of the research location in Gayo Highlands, Central Aceh District, Aceh Province, Indonesia 

https://powo.science.kew.org/
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Figure 2. Morphology of Etlingera hemisphaerica. A. Stem, B. 

Leaf, C. Flower 

 

 

Chemicals and equipments used 

The following analytical-grade chemicals and reagents 

were used in this study: Quercetin, Vitamin C (ascorbic 

acid), gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

(Sigma-Aldrich), methanol, ethyl acetate (Brataco), and 

distilled water. Other reagents included sodium carbonate, 

aluminum chloride, sodium nitrite, Folin-Ciocalteu reagent, 

and sodium carboxymethyl cellulose. For cell culture and 

cytotoxicity assays, human dermal fibroblast cell line, 

MCF-7 human breast cancer cell line (ATCC HTB-22), 

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine 

serum (FBS), trypsin-EDTA, penicillin-streptomycin, phosphate-

buffered saline (PBS), and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) were obtained from 

Gibco (Thermo Fisher Scientific) or equivalent suppliers.  

Equipment  

The equipment used in the study included a rotary 

evaporator (Büchi), water bath (Memmert), UV-Visible 

spectrophotometer (Shimadzu UV-1800), ELISA reader 

(Bio-Rad), and standard laboratory glassware such as 

volumetric flasks, pipettes, and measuring cylinders. 

Procedures 

Extraction and maceration of Etlingera hemisphaerica leaf 

samples 

Fresh leaves E. hemisphaerica were collected from the 

Gayo Highlands, Aceh Province, Indonesia. The leaves were 

thoroughly washed with distilled water to remove debris and 

soil, air-dried in a shaded, well ventilated area at ambient 

temperature (25-30°C) for 7 days, and than ground into a 

fine powder using an electric grinder. A total of 1000 g of 

dried leaf powder was used for extraction. The powdered 

sample was divided equally into three parts (approximately 

333 g each) and macerated with three different solvents: 

methanol, ethyl acetate, and distilled water (aquadest). Each 

portion was immersed in 1,000 mL of the respective solvent 

in a clean, dry maceration flask. The maceration was carried 

out at room temperature (± 27°C) for 72 hours with occasional 

shaking to maximize extraction efficiency. After 72 hours, 

the mixtures were filtered using Whatman No. 1 filter paper 

to separate the extract solution from the plant residues. This 

process was repeated twice to ensure exhaustive extraction. 

The filtrates were collected, pooled, and concentrated under 

reduced pressure using a rotary evaporator at 40°C for 

methanol and ethyl acetate extracts. The aqueous extract 

was concentrated using a freeze dryer. The resulting crude 

extracts of E. hemisphaerica from methanol, ethyl acetate, 

and aqueous were stored in sealed glass containers at 4°C 

until further analysis. The percentage yield of each extract 

was calculated based on the weight of the dried extract 

relative to the original plant material (Fithrotunnisa et al. 

2020). 

Phytochemical screening procedures 

Alkaloid test 

A total of 100 mg of plant extract was dissolved in 10 

mL of methanol and filtered. Then, 2 mL of the filtrate was 

acidified with 1 mL of 1% hydrochloric acid (HCl), 

followed by the addition of 2-3 drops of Dragendorff’s 

reagent. The presence of alkaloids was indicated by the 

formation of a reddish-brown precipitate (Tiwari et al. 2011). 

The formation of an orange to reddish-brown precipitate 

indicated the presence of alkaloids. For the Mayer’s test, 

another 2 mL of the same filtrate was mixed with 1 mL of 

1% HCl and treated with 2-3 drops of Mayer’s reagent. The 

presence of a cream or yellowish-white precipitate 

confirmed the presence of alkaloid compounds (Rahimah et 

al. 2019). 

Triterpenoid and steroid test 

Fifty milligrams (50 mg) of the plant extract were 

dissolved in 5 mL chloroform and filtered or the Liebermann 

Burchard test, 2 mL of the filtrate was treated with 1-2 mL 

of acetic anhydride and carefully layered with 2-3 drops of 

concentrated sulfuric acid (H₂SO₄). The gradual appearance 

of a red to blue, followed by green color indicated the 

presence of sterols. In a separate test, 2 mL of chloroform 

extract was mixed with a few drops of concentrated H₂SO₄ 

and gently shaken. A reddish to yellow coloration in the 

acid layer indicated the presence of steroids, while a brownish-

red coloration confirmed the presence of triterpenoids 

(Gadouche et al. 2023). 

Saponin test 

The extract (approximately 1 g or equivalent extract 

volume) was diluted with 20 mL of distilled water and heated 

to boil for 2-3 minutes, then cooled to room temperature. 

The mixture was then vigorously shaken for 30 seconds. 

The formation of stable, persistent foam (lasting more than 

10 minutes) indicated the presence of saponins (Noviyanty 

et al. 2020). 

Flavonoid test 

A measured amount of the extract (approx. 100 mg) 

was heated with 10 mL of ethyl acetate over a boiling 

water bath for 3 minutes and filtered. The filtrate was then 

mixed with 1 mL of 1% ammonia solution and gently shaken. 

The development of a yellow coloration in the ammonia 

layer indicated the presence of flavonoids (Kancherla et al. 

2019). 

Determination of phenolic content (TPC) 

The total phenolic content (TPC) of the plant was 

determined using the Folin-Ciocalteu colorimetric method 

as described by Ghasemzadeh et al. (2014), with slight 

modifications. Gallic acid (GA) was used as the reference 

A B C 
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standard, prepared in distilled water at concentrations ranging 

from 0.01 to 0.19 mg/mL to construct a calibration curve. 

A 0.10 mL aliquot of each gallic acid standard solution or 

plant extract (5.0 mg/mL) was pipetted into a 10.0 mL 

volumetric flask. Subsequently, 0.5 mL of 10% (w/v) Folin-

Ciocalteu reagent was added, followed by a 3-minute 

incubation at room temperature. Then, 4.0 mL of 7.5% (w/v) 

sodium carbonate solution was added. The solution was 

diluted to the mark with distilled water, thoroughly mixed, 

and incubated at 40°C in a water bath for 30 minutes. 

Absorbance was measured at 765 nm using a UV-Vis 

spectrophotometer (Shimadzu UV-1800). The TPC was 

calculated from the standard curve and expressed as 

milligrams of gallic acid equivalent per gram of dried extract 

(mg GAE/g), using the formula:  

 

  

 

Where: C: concentration of gallic acid (mg/mL) obtained 

from the calibration curve, V: volume of extract used (mL), 

M: weight of dried extract (g). Results were expressed as 

milligrams of gallic acid equivalent per gram of dried extract 

(mg GAE/g). 

Determination of flavonoid content 

The total flavonoid content (TFC) was measured using 

a colorimetric method based on the formation of a flavonoid 

aluminum complex, as described by Ayele et al. (2022). 

Quercetin was used as the reference standard, prepared in 

methanol at concentrations ranging from 0.01 to 0.10 mg/mL 

to construct the calibration curve. For the reaction, 0.5 mL 

of standard or plant extract (5.0 mg/mL) was transferred 

into a 10.0 mL volumetric flask. Then, 1.0 mL of 20% 

aluminum chloride (AlCl₃) solution and 0.3 mL of 5% 

sodium nitrite (NaNO₂) solution were added. The volume 

was adjusted with distilled water to 10.0 mL. After 

standing for 5 minutes at room temperature, the absorbance 

was read at 430 nm. The TFC was calculated using the 

following formula: 

 

 

 

Where: C: concentration of quercetin (mg/mL) from the 

calibration curve, V: volume of extract used in the assay 

(mL), M: mass of dried extract used (g). Results were 

expressed as milligrams of quercetin equivalent per gram 

of dried extract (mg QE/g), representing the total flavonoid 

concentration (Ayele et al. 2022). 

DPPH antioxidant activity 

The antioxidant activity of E. hemisphaerica leaf extract 

was evaluated using the DPPH (2,2-diphenyl-1-picrylhydrazyl) 

radical scavenging assay, based on the method described 

by Bello et al. (2024) and Sari et al. (2024), with minor 

modifications. DPPH is a stable free radical that changes 

color from violet (DPPH•) to yellow (DPPH-H) upon 

reduction by an antioxidant. This color change corresponds 

to a decrease in absorbance at 517 nm and is inversely 

proportional to the antioxidant capacity of the sample. A 

0.004% DPPH solution was freshly prepared in methanol. 

Extract solutions were prepared in methanol at concentrations 

of 0, 20, 40, 50, 70, 90, and 100 µg/mL. For each reaction, 

200 µL of extract solution was mixed with 800 µL of 

DPPH solution. The mixture was vortexed and incubated in 

the dark at 25 ± 2°C for 30 minutes. A negative control was 

prepared using 200 µL of methanol and 800 µL of DPPH 

solution. Ascorbic acid, prepared at the same concentration 

range, was used as the positive control. The absorbance of 

each sample was measured at 517 nm using a UV-Vis 

spectrophotometer (Shimadzu UV-1800), and the radical 

scavenging activity was calculated as follows: 
 

 

 

Where: A_control: absorbance of the control reaction 

(DPPH + methanol), A_sample: absorbance of the test sample 

(DPPH + extract). The IC₅₀ value, defined as the concentration 

required to inhibit 50% of DPPH radicals, was calculated 

from the dose-response curve using linear regression analysis. 

Anticancer activity using the MTT assay 

The cytotoxic potential of E. hemisphaerica extract was 

assessed against MCF-7 human breast cancer cells (ATCC 

HTB-22) using the MTT assay, following the protocol of 

Williams et al. (2017) with slight modifications. MCF-7 cells 

were cultured in RPMI-1640 medium supplemented with 

5% fetal bovine serum (FBS), 100 U/mL penicillin, and 

100 µg/mL streptomycin. Cells were maintained at 37°C in 

a humidified incubator with 5% CO₂. Cells were seeded in 

a 96-well plate at a density of 5,000 cells per well in 100 

µL of complete medium and incubated for 24 hours to allow 

attachment. Afterward, cells were treated with various 

concentrations of the extract (e.g., 10-640 µg/mL) and 

incubated for 48 hours. On day three, 10 µL of MTT solution 

(5 mg/mL in PBS) was added to each well, followed by a 

4-hour incubation at 37°C. After the formation of formazan 

crystals, the medium was carefully removed, and 100 µL of 

ethanol was added to each well to dissolve the crystals. 

Absorbance was measured at 595 nm using a microplate 

reader (Bio-Rad) Williams et al. (2017). MTT solution (5 

mg/mL) was added to each well at a final concentration of 

10 µL and incubated for 4 hours at 37°C. After incubation, 

formazan crystals formed by viable cells were dissolved 

using ethanol. The absorbance was measured at 595 nm 

using a microplate reader. The percentage of inhibition is 

calculated using the formula:  
 

 
 

Where: abs_control is the absorbance of untreated cells, 

and abs_sample is the absorbance of treated cells. The IC₅₀ 

value, representing the concentration required to inhibit 

50% of cell viability, was determined via linear regression 

and used to evaluate the antiproliferative potential of the 

extract. 



SAUDAH et al. – Etlingera hemisphaerica as a natural anticancer agent 

 

105 

RESULTS AND DISCUSSION 

Phytochemical screening of Etlingera hemisphearica 

leaves 

Phytochemical screening of E. hemisphearica leaf extract 

using three different solvents methanol, n-hexane, and 

ethyl acetate the presence of various secondary metabolites, 

including flavonoids, phenolics, steroids, tannins, saponins, 

and alkaloids (Table 1). The methanol extract, representing a 

polar solvent, was rich in flavonoids, phenolics, saponins, 

and steroids. The ethyl acetate extract, a semi-polar solvent, 

contained flavonoids, steroids, saponins, and alkaloids. 

Meanwhile, the non-polar n-hexane extract primarily exhibited 

the presence of steroids, with minimal detection of polar 

compounds. These findings suggest that solvent polarity 

influences the efficiency of secondary metabolite extraction, 

with methanol being the most effective in isolating bioactive 

polar compounds known for their pharmacological potential. 

The presence of these compounds supports the traditional 

medicinal use of E. hemisphaerica and highlights its potential 

as a source of antioxidant and anticancer agents. 

Total phenolic and flavonoid content (TPC) 

The total phenolic content (TPC) and total flavonoid 

content (TFC) of E. hemisphaerica leaf extract were analyzed 

using a UV-vis spectrophotometer. TPC was determined 

using the Folin-Ciocalteu reagent, with gallic acid as the 

standard, and absorbance measured at 745 nm. The results 

are expressed in milligrams of gallic acid equivalents per 

gram of extract (mg GAE/g). TFC was measured using 

quercetin as the standard and expressed in milligrams of 

quercetin equivalents per gram of extract (mg QE/g). The 

type of solvent significantly influenced the amount of 

bioactive compounds extracted. The methanol extract 

exhibited the highest TPC value at 506.4 ± 15.41 mg GAE/g, 

indicating high solubility of phenolic compounds in polar 

solvents. Conversely, the highest TFC was found in the 

ethyl acetate extract, with a value of 471.5 ± 20.55 mg QE/g, 

suggesting better solubility of flavonoids in semi-polar 

solvents. Aquadest yielded the lowest values for both phenolics 

and flavonoids, confirming its lower efficiency in extracting 

these classes of compounds. These findings emphasize the 

critical role of solvent polarity in the efficiency of 

phytochemical extraction. 

Antioxidant activity using the DPPH method 

The antioxidant activity of E. hemisphaerica leaf extracts 

was evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

radical scavenging assay. The results were expressed as IC₅₀ 

values (mean ± SD, n = 3), representing the concentration 

of extract required to inhibit 50% of DPPH radical activity. 

A lower IC₅₀ values corresponds to stronger antioxidant 

potential. As shown in Table 3 and, all extracts exhibited 

concentration-dependent antioxidant activity. Among the 

three solvent extracts tested, the methanol extract demonstrated 

the strongest antioxidant activity, with an IC₅₀ value of 0.40 

± 0.03 ppm, significantly (p < 0.05) lower than those of the 

other extracts and the standard. The aqueous extract showed 

moderate activity with an IC₅₀ of 1.07 ± 0.05 ppm, 

followed by the ethyl acetate extract at 1.97 ± 0.06 ppm. 

Interestingly, all extracts outperformed ascorbic acid as a 

positive control, which had an IC₅₀ of 6.74 ± 0.12 ppm. 

These results indicate that solvent polarity significantly 

affects the extraction of antioxidant compounds. The superior 

performance of the methanol extract may be attributed to 

its higher content of phenolic and flavonoid compounds, as 

previously reported in phytochemical studies. The significant 

differences among the treatments were confirmed via one-

way ANOVA followed by Tukey’s post-hoc test (p < 0.05). 
 

 

 

Table 1. Qualitative analysis of secondary metabolites in leaf 

extracts of Etlingera hemisphaerica from the Gayo Highlands 

using different solvents 

 

Secondary 

metabolites 

Methanol 

Extract 

Ethyl 

Acetate 

Extract 

Aquadest 

Extract 

Flavonoids +++ ++ + 

Terpenoids + + + 

Steroids ++ + + 

Tannin + - + 

Saponin ++ + + 

Phenolic +++ + + 

Alkaloids + + + 

Note: (-): Not detected, (+): Weakly present, (++): Moderately 

present, (+++): Strongly present  

 

 

 

 

Table 2. Total phenolic and flavonoid content of Etingera 

hemisphaerica leaf extract 
 

Solvent 
Total bioactive content 

TPC (mg GAE/g) TFC (mg QE/g) 

Methanol 506.4 ± 15.41c 320.4 ± 11.72c 

Ethyl acetate 226.1 ± 12.80d 471.5 ± 20.55e 

Aquadest ± 3.50d 114.2± 4.68c 

Note: Superscript letters (c, d, e) indicate statistically significant 

differences (p < 0.05) based on post hoc analysis 

Table 3. IC₅₀ values of antioxidant activity of Etlingera 

hemisphaerica leaf extracts 

 

Solvent IC50 (ppm) 

Methanol 0.40 ± 0.03a 

Ethyl acetate 1.97 ± 0.06b 

Aquadest 1.07 ± 0.05c 

Ascorbic acid 6.74 ± 0.12d 

Note: Different superscript letters indicate significant differences 

among groups at p < 0.05 (Tukey HSD) 
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Figure 3. Percentage of MCF-7 breast cancer cell inhibition by 

Etlingera hemisphaerica leaf extracts 

 
 

Figure 4. IC₅₀ values of Etlingera hemisphaerica leaf extracts 

against MCF-7 breast cancer cells 

 

 

MTT assay test of Etlingera hemisphaerica leaf extract 

The cytotoxic activity of E. hemisphaerica leaf extracts 

against MCF-7 breast cancer cells was evaluated using the 

MTT assay. The percentage of cell inhibition at various 

extract concentrations (6.25-200 ppm) is shown in Figure 

3. The results demonstrate a concentration-dependent 

inhibitory effect for all extracts tested. At the highest 

concentration of 200 ppm, the methanol extract exhibited 

the most potent cytotoxic activity, inhibiting 43.47% of 

MCF-7 cell viability. As the concentration decreased, the 

inhibition percentage also declined, reaching 23.21% at 

6.25 ppm. This pattern indicates a clear dose-response 

relationship. The ethyl acetate extract also showed cytotoxic 

effects, although to a lesser extent than the methanol extract. 

At 200 ppm, the inhibition was 37.53%, decreasing to 

17.59% at the lowest concentration. The aquadest extract 

displayed the weakest activity, with a maximum inhibition 

of 30.12% at 200 ppm and 18.21% at 6.25 ppm. These 

findings suggest that methanol is the most effective solvent 

for extracting bioactive compounds with anticancer potential 

from E. hemisphaerica. The superior cytotoxicity of the 

methanol extract correlates with its higher content of 

flavonoids and phenolics, as previously shown in the 

phytochemical and antioxidant assays. These compounds 

are known to exert anticancer activity by inducing apoptosis 

and inhibiting cancer cell proliferation. 

The IC50 value of E. hemisphaerica leaf extracts against 

MCF-7 breast cancer cell were determined to assess their 

cytotoxic potency. The methanol extract exhibited the 

strongest anticancer activity with an IC₅₀ value of 0.446 

ppm, indicating that only a very low concentration was 

required to inhibit 50% of cancer cell viability (Figure 4). 

This suggests a high cytotoxic potential, likely attributed to 

the elevated levels of flavonoids and phenolics present in 

the methanol extract, as previously confirmed in the 

phytochemical and antioxidant analyses. The ethyl acetate 

extract showed a markedly weaker effect, with an IC₅₀ 

value of 10.45 ppm, indicating lower anticancer efficacy. 

In comparison, the aquadest extract displayed moderate 

cytotoxicity, with an IC₅₀ of 4.12 ppm, which was less 

effective than methanol but more active than ethyl acetate. 

These findings demonstrate that solvent polarity significantly 

influences the extraction of cytotoxic compounds, with 

methanol proving to be the most efficient. The strong inverse 

correlation between IC₅₀ values and phenolic/flavonoid 

content further supports the role of these compounds in 

mediating anticancer activity. 

Discussion 

The phytochemical screening of E. hemisphaerica leaf 

extract from the Gayo Highlands revealed the presence of 

major classes of bioactive secondary metabolites, including 

flavonoids, phenolics, terpenoids, steroids, tannins, and 

saponins (Table 1). These classes of compounds are known 

to play central roles in mediating various pharmacological 

effects, particularly antioxidant and anticancer activities. 

The qualitative phytochemical profile observed aligns with 

prior reports on other Etlingera species such as E. elatior, 

Etlingera pavieana (Pierre ex Gagnep.) R.M.Sm., and Etlingera 

alba (Blume) A.D.Poulsen, which exhibit comparable 

metabolite compositions and traditional medicinal relevance 

(Iawsipo et al. 2018; Al-Mansoub et al. 2021; Padmanabhan 

et al. 2024). This also corroborates the findings of Riyanti 

et al. (2022), confirming the traditional use of the species 

based on its rich phytochemical content. 

Quantitative analyses demonstrated that the methanol 

extract possessed the highest total phenolic content (506.4 

± 15.41 mg GAE/g), while the ethyl acetate extract had the 

highest total flavonoid content (471.5 ± 20.55 mg QE/g). 

These results reflect the solvent-dependent solubility of 

different phytoconstituents, with methanol being more 

effective for polar phenolic compounds and ethyl acetate 

for moderately polar flavonoids. This observation is in 

agreement with findings from E. elatior and Curcuma 

longa L., which highlight solvent polarity as a key factor 

influencing extraction efficiency (Widyasari et al. 2014; 

Fithrotunnisa et al. 2020).  

Flavonoids and compounds are prominent contributors 

to antioxidant defense due to their capacity to scavenge 

free radicals, chelate metal ions, and enhance the activity of 
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endogenous antioxidant enzymes such as catalase and 

superoxide dismutase. Their electron donating and hydrogen-

transfer capabilities make them effective in neutralizing 

reactive oxygen species (ROS), thereby mitigating oxidative 

stress a known contributor to cancer, cardiovascular disease, 

and neurodegenerative disorders (Perez-Vizcaino and Fraga 

2018; Kopustinskiene et al. 2020; Rahmiyani et al. 2023). 

Additionally, flavonoids exhibit anti-inflammatory, 

antimicrobial, and antiproliferative properties through 

modulation of NF-κB signaling, inhibition of angiogenesis, 

and induction of mitochondrial-mediated apoptosis (Sak 

2014; Nabavi et al. 2020). Phenolic compounds, synthesized 

via the shikimate pathway, phenylpropanoid pathways, are 

similarly associated with cell cycle arrest and tumor-

suppressive effects (Maheshwari and Sharma 2023).  

The methanol extract displayed the highest antioxidant 

capacity with an IC₅₀ of 0.40 ppm, which was markedly 

more potent than ethyl acetate (1.97 ppm), aqueous extract 

(1.07 ppm), and the standard antioxidant ascorbic acid 

(6.74 ppm). This exceptional activity is likely attributed to 

the high concentration of phenolics and flavonoids in the 

methanol extract. Similar solvent-dependent antioxidant 

trends have been reported in E. elatior, Zingiber officinale 

Roscoe, and C. longa, further reinforcing the critical role of 

solvent polarity and phytochemical abundance in antioxidant 

efficacy (Ghasemzadeh et al. 2015; Chin 2016; Anzian et 

al. 2017).  
In terms of cytotoxic potential, the methanol extract 

exhibited the most potent inhibition of MCF-7 human 

breast cancer cells, with an IC₅₀ of 0.446 ppm. This strong 

cytotoxicity at low concentrations suggests a significant 

presence of antiproliferative constituents. Comparative 

studies with E. elatior and E. pavieana have shown similar 

activity against various cancer cell lines, attributed primarily 

to flavonoids (quercetin, kaempferol) and diarylheptanoids 

that induce apoptosis and ROS-mediated DNA damage 

(Iawsipo et al. 2018; Zhao et al. 2019). Flavonoids are known 

to activate intrinsic apoptotic pathways via mitochondrial 

membrane disruption, upregulation of pro-apoptotic proteins, 

and inhibition of anti-apoptotic proteins (e.g., Bcl-2), 

culminating in caspase activation and cancer cell death 

(Nabavi et al. 2020). 

The potent cytotoxic effect of the methanol extract may 

also be attributed to terpenoids and steroids, which have 

been reported to disrupt cellular homeostasis through 

membrane destabilization, modulation of cell cycle regulatory 

proteins, and interference with angiogenesis (Jiang 2019). 

Such synergistic interactions among phytochemicals likely 

enhance the therapeutic potential of the extract. 

Compared to other Zingiberaceae species, E. hemisphaerica 

appears to demonstrate superior or comparable bioactivity. 

For example, C. longa typically exhibits DPPH IC₅₀ values 

between 2-5 ppm and MCF-7 IC₅₀ values ranging from 10-

20 ppm (Maheshwari and Sharma 2023), whereas the IC₅₀ 

values of E. hemisphaerica are substantially lower, suggesting 

stronger bioefficacy. The observed activities also support 

the ethnomedical relevance of E. hemisphaerica, indicating 

that its traditional usage may have a scientific basis 

grounded in phytochemistry. Moreover, the results provide 

a comparative framework with related Etlingera species, 

strengthening the claim that this genus represents a rich 

source of antioxidant and anticancer agents. 

In summary, the bioactivities of E. hemisphaerica leaf 

extracts particularly those obtained with methanol are closely 

linked to their phytochemical composition, especially the 

high phenolic and flavonoid content. These compounds 

likely act through multiple cellular mechanisms, including 

oxidative stress modulation, apoptosis induction, and 

inhibition of cancer cell proliferation. Given the remarkably 

low IC₅₀ values observed, E. hemisphaerica holds strong 

potential for development as a natural antioxidant and 

anticancer agent. However, further studies are required to 

isolate and characterize the active compounds, confirm 

efficacy in in vivo systems, and assess toxicity and safety 

for therapeutic use. 
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Abstract. Basyuni M, Pulungan W, Al Mustaniroh SS, Baba S. 2025. Polyisoprenoid-based chemotaxonomy and cluster analysis of 

mangrove reproductive tissues from North Sumatra, Indonesia. Asian J Nat Prod Biochem 23: 110-121. This study investigates the 

chemotaxonomic significance of polyisoprenoids—specifically polyprenols and dolichols—in the reproductive organs (flowers and 

fruits) of fourteen mangrove species from North Sumatra, Indonesia. Employing Two-Dimensional Thin-Layer Chromatography (2D-TLC) 

as a high-resolution analytical tool and Unweighted Pair Group Method with Arithmetic mean (UPGMA) clustering as a classification 

approach, we profiled the polyisoprenoid compounds in flowers. We classified them into three types based on their relative abundance. 

Type I, with a predominance of dolichols over polyprenols (more than ninefold), was observed in Barringtonia asiatica, Lumnitzera 

racemosa, Ricinus communis, and Scyphiphora hydrophyllacea. Type II, with the occurrence of both polyprenols and dolichols, was 

observed in Acanthus ilicifolius, Excoecaria agallocha, Hibiscus tiliaceus, Melastoma candidum, and Sonneratia alba. Type III, with a 

predominance of polyprenols over dolichols, was observed in Avicennia officinalis, Bruguiera sexangula, Rhizophora apiculata, and 

Rhizophora mucronata. However, in the fruits, a type-I distribution was observed in nine species. In comparison, five species, Acanthus 

illicifolius, A. officinalis, H. tiliaceus, Lumnitzera littorea, and M. candidum, corresponded to a type II distribution and were not type III. 

Quantitative analyses revealed that dolichols were dominant in 64% of the fruit tissues, while floral tissues showed more diversity. 

Hierarchical cluster analysis using /UPGMA grouped species based on polyisoprenoid similarity, demonstrating their value as 

chemotaxonomic markers. These findings provide a significant foundation for mangrove conservation strategies by linking biochemical 

markers to species resilience in the coastal ecosystem, inspiring potential new approaches to conservation.  

Keyword: 2D-TLC, chemotaxonomy, generative tissues, mangrove, polyisoprenoid 

Abbreviations: 2D-TLC: Two-Dimensional Thin Layer Chromatography, Dol: Dolichols, HPTLC: High Performance Thin Layer 

Chromatography, Pol: Polyprenols, Poly: Polyisoprenoids, TL: Total Lipids, UPGMA: Unweighted-Pair Group Method with Arithmetic mean  

INTRODUCTION 

Mangroves are among the most productive and ecologically 

significant coastal ecosystems, supporting biodiversity, 

shoreline stability, and climate regulation, particularly in 

tropical and subtropical regions (Friess et al. 2020; Kasihiw 

et al. 2024). Accurate identification of mangrove species is 

critical for conservation planning, especially in the face of 

habitat loss and climate stress. The integration of chemical 

profiling, such as polyisoprenoid analysis, with ecological 

data could enhance biodiversity monitoring and reveal 

species-specific adaptation strategies (Umoh 2020; 

Upadhyay et al. 2025). This is particularly important in 

Southeast Asia, a major hotspot for mangrove diversity and 

degradation pressure (Friess et al. 2020). 

In addition to their ecological roles, mangrove plants 

are increasingly recognized as rich sources of phytochemical 

compounds, including secondary metabolites with potential 

pharmacological applications (Bibi et al. 2019; Upadhyay 

et al. 2025). Among these are polyisoprenoids, a class of 

long-chain isoprene compounds including polyprenols and 

dolichols, which are linear polymers of five-carbon 

isoprene units found across all domains of life 

(Swiezewska and Danikiewicz 2005; Surmacz and 

Swiezewska 2011; Basyuni et al. 2017a). 

One of the abundant secondary metabolites in mangrove 

plants is polyisoprenoid alcohol. Polyisoprenoid alcohols 

are linear polymers of five-carbon chain units that are 

present in almost all living cells. Long-chain polyisoprenoids 

are present in various plant tissues (Swiezewska and 

Danikiewicz 2005). Polyisoprenoid alcohol (dolichol and 

polyprenol) is found in all living organisms, from bacteria 

to mammals/animals (Surmacz and Swiezewska 2011). 

Polyisoprenoids are found in cells and tissues in a variety 

of different forms. Polyisoprenoids are present in plants 

with different chain lengths, including increasing age (tissue 

aging) (Swiezewska and Danikiewicz 2005; Basyuni et al. 

2017b), salinity stress (Basyuni et al. 2021), tissue differences 

(Tateyama et al. 1999; Surmacz and Swiezewska 2011), 

light (Bajda et al. 2005; Swiezewska and Danikiewicz 2005), 

and temperature (Salvador-Castell et al. 2020). Polyisoprenoids 

are present as free alcohols or esterified with acetate or 

fatty acids (Gelder et al. 2021). 
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Chemotaxonomy, which involves using chemical constituents 

for taxonomic classification, has become a valuable 

complementary tool alongside morphological and molecular 

methods (Basyuni et al. 2017a). This approach is especially 

important in mangrove research, where traditional 

identification techniques may fail due to convergent traits 

among unrelated taxa. Polyisoprenoids, including polyprenols 

and dolichols, are long-chain isoprenoid alcohols that play 

essential roles in cellular processes such as glycoprotein 

synthesis and maintaining membrane integrity (Basyuni et 

al. 2021). 

In plants, polyisoprenoids are involved in various 

biological functions, particularly in response to environmental 

stressors such as salinity, light, and tissue aging (Swiezewska 

and Danikiewicz 2005; Basyuni et al. 2017a). The biosynthesis 

and accumulation of polyisoprenoids can vary with tissue 

type and developmental stage (Tateyama et al. 1999; 

Surmacz and Swiezewska 2011; Rizkiany et al. 2021). 

However, beyond their biochemical function, their distribution 

among plant taxa shows potential as chemotaxonomic 

markers, especially in complex and poorly resolved genera 

like Rhizophora and Bruguiera (Bandaranayake 2002). 

Recent studies have emphasized the need to explore 

secondary metabolites, including polyisoprenoids, for better 

species delimitation and ecological function interpretation 

within mangrove ecosystems (Upadhyay et al. 2025; Mali 

et al. 2023).  

Despite their widespread presence, little is known about 

how these compounds are distributed in mangrove 

reproductive structures. Therefore, this study aims to 

investigate the occurrence and chemotaxonomic significance 

of polyisoprenoid profiles in the generative tissues—flowers 

and fruits—of fourteen mangrove species in North Sumatra, 

Indonesia. By employing Two-Dimensional Thin-Layer 

Chromatography (2D-TLC) and hierarchical cluster analysis, 

we evaluated the variation in polyprenol and dolichol 

contents to explore their potential roles in species 

differentiation and adaptation, as well as the further roles of 

polyisoprenoids. 

MATERIALS AND METHODS  

Plant materials 

Reproductive organs (flowers and fruits) from 14 carefully 

selected mangrove species were collected from Lubuk 

Kertang and Pulau Sembilan, North Sumatra, Indonesia, 

during the peak fruiting season. The selection of these 

species was based on their abundance, reproductive 

activity, and ecological distribution, ensuring a 

comprehensive study. The harvested flowers and fruits 

were harvested from healthy, mature plants and 

immediately preserved in cool, dark conditions for 

laboratory analysis. Fourteen mangrove species were 

selected based on their abundance, reproductive activity, and 

ecological distribution. Flowers and fruits were harvested 

during the peak reproductive season (May-August) as 

shown in Figure 1, with three individual plants per species 

being sampled, and tissues were analyzed separately. 

Habitat characteristics, such as tidal exposure and salinity, 

were recorded at the time of collection. All samples were 

transported on ice and stored at -20°C until further analysis 

to minimize metabolic degradation. 

Extraction 

Polyisoprenoid compounds were extracted via a modified 

protocol from Swiezewska and Danikiewicz (2005) and 

Basyuni et al. (2017a). Fresh plant tissue (approximately 2 

g) was homogenized and subjected to lipid extraction with 

chloroform-methanol (2:1, v/v). The extract was partitioned 

and washed with aqueous solutions to isolate the lipid 

fraction, which was then saponified and purified as 

previously reported (Basyuni et al. 2021). 

Polyprenol and dolichol profiles were analyzed via 2D-

TLC. Silica gel plates were developed in two solvent 

systems to resolve polyisoprenoid compounds. Identification 

was based on chromatography with authentic standards and 

confirmed by visualization via iodine vapor staining. The 

enhanced chromatograph was imaged and alphanumerically 

scanned with an Epson L360 series printer. 

Two-Dimensional Thin Layer Chromatography (2D-

TLC) analysis 

Polyisoprenoid profiles were analyzed via 2D-TLC on 

silica gel RP-18 HPTLC plates (Merck). The plates were 

first developed in toluene:ethyl acetate (9:1 v/v), then in 

acetone to separate polyprenols and dolichols on the basis 

of polarity and to resolve compound families. 

Visualization was achieved via the use of iodine vapor. 

Polyprenols and dolichols were identified on the basis of 

their Rf values relative to those of authentic standards and 

by their characteristic yellow‒brown coloration upon iodine 

exposure. The polyprenols and dolichols that were traced 

on RP-18 HPTLC plates were measured with dolichol and 

polyprenol specifications according to previously reported 

criteria (Basyuni et al. 2017b). Chromatograms were 

visualized using iodine vapor and documented via an 

Epson L360 scanner. Quantitative measurements were 

performed by densitometry. 

Quantification and cluster analysis 

Quantification of polyisoprenoids was performed by 

densitometry, using a standard solution prepared with 

dolichol or polyprenol as internal standards for two-

dimensional TLC. A standard curve was generated by 

correlating iodine-stained band intensities with concentrations 

of dolichol on a reverse-phase C18 plate.  
 

 

 
 

Figure 1. Generative organs were collected from mangrove trees 
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The polyisoprenoid types were classified into three 

categories on the basis of the predominance of the 

compound class: Type-I (dolichol dominant), Type-II (both 

present), and Type-III (polyprenol dominant). Cluster 

analysis was performed on subsets of flower and fruit data. 

In this analysis, 62 variables, each representing polyprenols 

and dolichols from the flowers and fruits of 14 species, 

were log-transformed (base 10) as previously described 

(Basyuni et al. 2017a, b). From these data, dendrograms 

representing the flower and fruit data were drawn by 

clustering analysis via the Unweighted-Pair Group Method 

with Arithmetic mean (UPGMA) and Multivariate 

Statistical Package (MVSP) 3.22 (Kovach Computing 

Service). The choice of Euclidean distance as the measure 

to quantify dissimilarity in polyisoprenoid abundance 

profiles was significant, as it is a widely accepted measure 

in cluster analysis.  

RESULTS AND DISCUSSION 

Polyisoprenoid profiles 

The analysis of polyisoprenoid content in the reproductive 

organs of 14 mangrove species revealed distinct patterns, 

allowing for classification into three chemotypes. Table 1 

presents the relative abundance or presence of polyprenols 

and dolichols in the flowers of 14 mangrove species, which 

are categorized into three distinct types. These findings 

were based on the relative dominance of dolichols and 

polyprenols.  

Type I dolichol-dominant were found in the flowers of 

Barringtonia asiatica (L.) Kurz., Lumnitzera racemosa 

Willd., Ricinus communis L., and Scyphiphora hydrophyllacea 

C.F.Gaertn.. These species exhibited a greater than ninefold 

greater abundance of dolichols than of polyprenols. This 

profile suggests a strong shift toward dolichol biosynthesis, 

possibly associated with tissue aging, specific physiological 

roles in floral development, or species-specific genetic 

control (Surmacz and Swiezewska 2011; Tholl 2015; 

Rizkiany et al. 2021). 

Type II (mixed profile) included Acanthus ilicifolius L., 

Excoecaria agallocha L., Hibiscus tiliaceus L., Melastoma 

candidum D. Don, and Sonneratia alba Sm., which presented 

relatively balanced levels of both polyprenols and dolichols. 

This balanced occurrence could indicate a dual role of both 

compounds in cellular processes, such as stress tolerance or 

active membrane remodeling in flowers (Basyuni et al. 

2017a). Type III (polyprenol-dominant) were identified in 

Avicennia officinalis L., Bruguiera sexangula (Lour.) Poir., 

Rhizophora apiculata Blume, and Rhizophora mucronata 

Lam., where polyprenols outnumbered dolichols. 

Interestingly, in the fruit tissues, 64% of the species 

exhibited a slight dominance of dolichols over polyprenols, 

although the diversity was less pronounced than that in 

flowers. This result indicates a shift in polyisoprenoid 

metabolism compared with that in floral tissues (Rizkiany 

et al. 2021). 

Figure 2 displays 2D-TLC profiles of polyisoprenoid 

extracts from mangrove flowers. The chromatograms reveal 

distinct banding patterns, allowing the differentiation of 

polyprenol- and dolichol-rich species. The polyisoprenoid 

profile derived from: Acanthus illicifolius L. flowers, A. 

officinalis flowers, B. asiatica flowers, B. sexangula flowers, 

E. agallocha flowers, H. tiliaceus flowers. 

Figure S1 displays the diversity of polyisoprenoid 

alcohols extracted from mangrove fruits. The 2D-TLC 

spots are marked with carbon chain lengths (C60 to C140), 

differentiating polyprenols (typically shorter chains) and 

dolichols (longer chains with a saturated alpha isoprene 

unit). Excoecaria agallocha shows a notably wide range 

(up to C140), indicating high polyisoprenoid complexity 

(Figure 2.E). Both polyprenols and dolichols are present in 

several species, suggesting diverse biosynthetic capabilities. 

Figure S2 presents a similar polyisoprenoid profile from: 

Lumnitzera littorea (Jack) Voigt flowers, L. racemosa 

flowers, M. candidum flowers, R. communis flowers, depicting 

comparative intensities and mobility differences, which 

reflect tissue-specific polyisoprenoid accumulation. 

Figure S3 summarizes the chemical diversity across 

tissues and species, reinforcing the findings from Table 1, 

specifically dolichols and polyprenols, which are known to 

play critical roles in membrane fluidity, protein 

glycosylation, and antioxidant defense. Dolichols are key 

intermediates in N-linked glycoprotein biosynthesis and are 

essential for protein folding and stress signal transduction 

in plants (Banerjee et al. 2017). In mangroves, which are 

exposed to high salinity and oxidative stress, the accumulation 

of dolichols could serve as a protective adaptation, helping 

to stabilize membrane-associated processes during reproduction 

(Basyuni et al. 2017a). 

Figure S1 shows the two-dimensional TLC separation 

of polyisoprenoids from six mangrove fruit species. The 

results revealed diverse carbon chain lengths, especially in 

E. agallocha, which presented the richest dolichol profile 

among the groups. This diversity could reflect ecological 

adaptations to saline environments or functional roles in 

stress tolerance. 

Figure 3 highlights differences in polyisoprenoid profiles 

between mangrove, coastal, and nonmangrove (mangrove 

associates) species. Lumnitzera fruits are high-molecular-

weight dolichols typical of mangrove species. In contrast, 

M. candidum and R. communis present a more limited 

polyisoprenoid composition, suggesting a possible link 

between environmental stress and isoprenoid diversity 

(Basyuni et al. 2021). 

Figure 4 presents polyisoprenoid profiles from 

Rhizophoraceae and related mangroves. The Rhizophora 

species maintain consistent dolichol chain lengths, whereas 

S. alba produces a wider spectrum, including shorter-chain 

dolichols. These biochemical patterns could reflect their 

physiological roles in saline environments and reproductive 

tissue development. Rhizophora apiculata and R. 

mucronata present mid- to long-chain dolichols (C85-

C105), which are consistent with their structural or stress-

protective functions. Scyphiphora hydrophyllacea displays 

dolichols from C70 to C95. Sonneratia alba is unique in 

that it contains both short- and long-chain dolichols (C50 to 

C90), indicating a complex isoprenoid biosynthesis pathway. 



 

 

Table 1. Carbon-chain lengths and type of polyprenol and dolichol occurring in 14 Indonesian mangrove generative organ* 
 

Species Tissue         Polyprenol         Dolichol Type 

A. illicifolius flower  80 85 90 95  80 85 90 95 100 II 

A. officinalis flower  60 65   III 

B. asiatica flower   65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 I 

B. sexangula flower  40 45 50 55 60 65   III 

E. agallocha flower  80 85 90 95  80 85 90 95 II 

H. tiliaceus flower  55 60 65 70 75 80 85  55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 II 

L. littorea flower  70 75 80 85 90 95 100 105 110 115 120   70 75 80 85 90 95 100 105 110 115 120  II 

L. racemosa flower   65 70 75 80 85 90 95  I 

M. candidum flower  75 80 85 90   70 75 80 85 90  II 

R. communis flower   75 80 85 90 95 100 105 110 115 120  I 

R. apiculata flower  45 50 55 60 65 70  III 

R. mucronata flower  45 50 55 60 65  III 

S. hydrophyllacea flower   65 70 75 80 85 90 95 100 105 110 115 120  I 

S. alba flower  70 75 80 85 90 95 100 105   65 70 75 80 85 90 95 100 105 110 115 120 125 II 

A. illicifolius fruit  75 80 85   75 80 85 90 II 

A. officinalis fruit  70 75 80 85 90 95 100 105 110 115 120 125 130 135 140  95 100 105 110 115  II 

B. asiatica fruit   75 80 85 90 95 100 105 I 

B. sexangula fruit   90 95 100 105 110 115 120 I 

E. agallocha fruit   70 75 80 85 I 

H. tiliaceus fruit  60 65 70 75 80  60 65 70 75 80 85 90 95 100 105 110 II 

L. littorea fruit  75 80 85 90 95 100 105 110 115 120   70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 II 

L. racemosa fruit  45 50 55 60 65 70 75 80 85 I 

M. candidum fruit  70 75 80 85 90 95   70 75 80 85 90 95 100 II 

R. communis fruit    80 85 90 I 

R. apiculata fruit    85 90 95 100 I 

R. mucronata fruit   90 95 100 105 I 

S. hydrophyllacea fruit   70 75 80 85 90 95 I 

S. alba fruit   50 55 60 65 70 75 80 85 90 I 

Note: *The numbers refer to the carbon-chain length of the polyisoprenoid alcohols 
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Figure 2. 2D-TLC chromatograms profile of hexane extracts of polyisoprenoid from: A. Acanthus illicifolius flowers, B. Avicennia 

officinalis flowers, C. Barringtonia asiatica flowers, D. Bruguiera sexangula flowers, E. Excoecaria agallocha flowers, F. Hibiscus 

tiliaceus flowers. The number shows the carbon chain length of polyisoprenoid alcohols 

 

 

 

   

   
 

Figure 3. 2D-TLC chromatograms of hexane extracts of polyisoprenoid 

from: A. Lumnitzera littorea fruit, B. Lumnitzera racemosa fruit, 

C. Melastoma candidum fruit, D. Ricinus communis fruit. The 

number shows the carbon chain length of polyisoprenoid alcohols 

  

  
 

Figure 4. 2D-TLC chromatograms of hexane extracts of polyisoprenoid 

from: A. Rhizophora apiculata fruit, B. Rhizophora mucronata 

fruit, C. Sciphiphora hydrophyllacea fruit, D. Sonneratia alba 

fruit. The number shows the carbon chain length of 

polyisoprenoid alcohols 
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The dominance of dolichols in Type I species could 

suggest a greater investment in protein glycosylation 

machinery during floral development, potentially to 

maintain reproductive viability under harsh environmental 

conditions (Basyuni et al. 2017b). Conversely, the prevalence 

of polyprenols in Type III species could reflect a greater 

role in modulating membrane properties and interacting 

with other lipid-based signaling pathways, especially 

during pollen or seed development. 

The intermediate profile observed in Type II species 

suggests a transitional metabolic state or a dual-functional 

need for both glycosylation and membrane stability. This 

balance might be critical for species that inhabit ecotones—

zones where salinity, inundation, and light availability 

fluctuate more dramatically. 

Previous studies have demonstrated that polyisoprenoid 

chain length and type vary across species, organs, and even 

developmental stages (Tateyama et al. 1999; Basyuni et al. 

2021). For example, in the study by Basyuni et al. (2017a, 

b), longer-chain dolichols were more abundant in roots. In 

comparison, flowers and leaves presented a broader range 

of both dolichol and polyprenol types. These observations 

align with the tissue-specific distributions observed in the 

present study and support the theory that polyisoprenoid 

diversity is under adaptive selection in mangrove systems. 

The interspecific variation observed in polyisoprenoid 

content and composition may indicate genetic and ecological 

differences among mangrove taxa. These biochemical 

markers could complement traditional morphological 

classification and provide reliable tools for distinguishing 

species and assessing populations, especially where 

hybridization and phenotypic plasticity make field 

identification challenging (Nakamura 2019; Mali et al. 

2023; Upadhyay et al. 2025). 

Quantitative analysis of polyisoprenoids 

Table 2 presents the quantitative distribution of Total 

Lipids (TL), polyisoprenoids (Poly), polyprenols (Pol), and 

dolichols (Dol) in the generative organs (flower and fruit) 

of 14 mangrove species from North Sumatra. Values were 

given in mg/g Dry Weight (dw), including standard 

deviations for total lipids. The percentage contribution of 

polyprenols and dolichols to both total lipid and total 

polyisoprenoids was also shown. Two main types of 

polyisoprenoid alcohols have been described with respect 

to the OH-terminal (α-) isoprene unit. These include 

dolichols (α-saturated, Figure 5, Structure 1) and 

polyprenols (α-unsaturated, Figure 5, Structure 2). 

The highest total lipid content was recorded in the 

flower of S. hydrophyllacea (774±30 mg/g dw). Flowers 

generally exhibited higher lipid content than fruits across 

species (Table 2). The highest total polyisoprenoid content 

was found in the flower of H. tiliaceus (103.0 mg/g dw), 

followed by S. alba (94.2 mg/g dw) and L. littorea (72.8 

mg/g dw). In most samples, polyisoprenoids were dominated 

by either polyprenols or dolichols, but rarely both. The % 

contribution of dolichols to total polyisoprenoids was 

highest in S. alba flower (85.2%) and H. tiliaceus flower 

(82.7%). In contrast, several species showed 100% contribution 

from either polyprenols or dolichols. 

Table 2 presents the relative abundance or presence of 

polyprenols and dolichols in the fruits of the same 

mangrove species. These findings are significant as they 

suggest that polyisoprenoid biosynthesis is regulated at the 

organ-specific level, possibly in relation to developmental 

function and the stress response (Basyuni et al. 2017a). 

This distribution also implies that fruits tend to have more 

dolichols, suggesting a potential developmental or protective 

role during fruit formation or seed maturation (Basyuni et 

al. 2021). These are linear isoprenoid alcohols that play 

important biological roles in membrane structure and 

glycoprotein biosynthesis. Their relative proportions can 

reflect metabolic, taxonomic, or ecological differences 

among species. This result therefore provides insight into 

species-specific and organ-specific variation in lipid 

metabolism, potentially reflecting different physiological 

roles of polyisoprenoids in mangrove reproduction tissue 

and stress adaptation (Basyuni et al. 2017a). 

Chemotaxonomic relevance 

The cluster analysis effectively grouped mangrove species 

on the basis of similarities in their polyisoprenoid profiles 

from generative tissues (Figures 6, 7). Species sharing 

similar polyisoprenoid patterns—such as those high in 

dolichols or polyprenols—were placed in proximity within 

the dendrogram, revealing distinct chemotaxonomic 

relationships (Yu et al. 2023). This dendrogram illustrates 

the hierarchical clustering of the fourteen mangrove species 

on the basis of the composition and abundance of 

polyprenols and dolichols in their flower tissues. Clustering 

was performed using UPGMA and Euclidean distance as 

the similarity metric. Three distinct clusters are observed, 

representing the predominance of dolichol (Type I), mixed 

profile (Type II), and polyprenol (Type III) types across 

species. This clustering highlights the taxonomic potential 

of polyisoprenoid signatures in differentiating mangrove 

species at the reproductive organ level. 

Dolichols and polyprenols were selected due to their 

critical roles in membrane integrity, protein glycosylation, 

and stress response. Their varying chain lengths and 

relative abundance provide chemotaxonomic insight not 

offered by other minor isoprenoid derivatives (Menezes et 

al. 2021). While other compounds, such as sterols and 

terpenoids, may be present, the consistent detectability, 

functional importance, and reproducibility of polyisoprenoids 

make them suitable chemotaxonomic markers. 
 

 

 

 
 

Figure 5. Structure of dolichol (1) and polyprenol (2) 
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Table 2. Quantitative analysis of polyprenols and dolichols in the generative organs of North Sumatran mangroves in Indonesia 

 

Species  T 
TL Poly Pol Dol % in TL % in Poly 

(mg/g dw) (mg/g dw) (mg/g) (mg/g) Poly Pol Dol Pol Dol 

Acanthus illicifolius L. Flower 118±17 20.4 9.0 11.3 17.2 7.6 9.6 44.3 55.7 
Avicennia officinalis L. Flower 622±29 28.2 28.2 nd 4.5 4.5 nd 100.0 nd 
Barringtonia asiatica (L.) Kurz Flower 690.1±30 41.9 nd 41.9 6.1 nd 6.1 nd 100.0 
Bruguiera sexangula (Lour.) Poir. Flower 603±60 25.9 25.9 nd 4.3 4.3 nd 100.0 nd 
Excoecaria agallocha L. Flower 603±69 52.8 26.0 26.8 8.8 4.3 4.5 49.2 50.8 
Hibiscus tiliaceus L. Flower 558±20 103.0 17.8 85.2 18.4 3.2 15.3 17.3 82.7 
Lumnitzera littorea (Jack) Voigt Flower 611±40 72.8 21.7 51.1 11.9 3.6 8.4 29.9 70.1 
Lumnitzera racemosa Willd. Flower 657+50 27.4 nd 27.4 4.2 nd 4.2 nd 100.0 
Melastoma candidum D. Don Flower 610±25 34.3 9.0 25.3 5.6 1.5 4.2 26.2 73.8 
Ricinus communis L. Flower 708±30 14.5 nd 14.5 2.0 nd 2.0 nd 100.0 
Rhizophora apiculata Blume Flower 648±7 35.5 35.5 nd 5.5 5.5 nd 100.0 nd 

Rhizophora mucronata Lam. Flower 618±25 17.9 17.9 nd 2.9 2.9 nd 100.0 nd 
Scyphiphora hydrophyllacea C.F.Gaertn. Flower 774±30 28.11 nd 28.11 3.6 nd 3.6 nd 100.0 
Sonneratia alba Sm. Flower 609±40 94.2 13.9 80.3 15.5 2.3 13.2 14.8 85.2 
           
Acanthus illicifolius Fruit 630±30 29 5.9 23.1 4.6 0.9 3.7 20.3 79.7 
Avicennia officinalis L. Fruit 548±63 32.8 22.4 10.4 6.0 4.1 1.9 68.3 31.7 
Barringtonia asiatica (L.) Kurz Fruit 568±7 21.8 nd 21.8 3.8 nd 3.8 nd 100.0 
Bruguiera sexangula (Lour.) Poir. Fruit 539±46 18.71 nd 18.71 3.5 nd 3.5 nd 100.0 
Excoecaria agallocha L. Fruit 596±55 29.2 nd 29.2 4.9 nd 4.9 nd 100.0 
Hibiscus tiliaceus L. Fruit 535±24 24.9 11.8 13.1 4.7 2.2 2.5 47.4 52.6 
Lumnitzera littorea (Jack) Voigt Fruit 563±28 91.43 18.09 73.34 16.2 3.2 13.0 19.8 80.2 
Lumnitzera racemosa Willd. Fruit 585±60 31.3 nd 31.3 5.3 nd 5.3 nd 100.0 
Melastoma candidum D. Don Fruit 582±39 35.1 13.7 21.4 6.0 2.4 3.7 39.0 61.0 
Ricinus communis L. Fruit 657±40 13 nd 13 2.0 nd 2.0 nd 100.0 
Rhizophora apiculata Blume Fruit 566±49 16.6 nd 16.6 2.9 nd 2.9 nd 100.0 
Rhizophora mucronata Lam. Fruit 543±3 23.4 nd 23.4 4.3 nd 4.3 nd 100.0 
Scyphiphora hydrophyllacea C.F.Gaertn. Fruit 584±6 24.7 nd 24.7 4.2 nd 4.2 nd 100.0 
Sonneratia alba Sm. Fruit 478±21 21.8 nd 21.8 4.6 nd 4.6 nd 100.0 

Note: nd: Not detected, total lipids expressed as a fraction of a crude lipid estimated gravimetrically and represented as the mean ± SD 

(n=3). T: Tissue, TL: Total Lipids, Poly: Polyisoprenoid, Pol: Polyphenol, Dol: Dolichol 

 

 

 

 
 

Figure 6. Hierarchical cluster analysis (UPGMA) of polyisoprenoid profiles in mangrove flowers. Ra: Rhizophora apiculata, Rm: 

Rhizophora mucronata, Bs: Brguiera sexangula, Avo: Avicennia officinalis, Hti: Hibiscus tiliaceus, Sa: Sonneratia alba, Llt: Lumnitzera 

littorea, Shy: Scyphiphora hydrophyllacea, Rc: Ricinus communis, Lrc: Lumnitzera racemosa, Ba: Barrington asiatica, Mca: Melastoma 

candidum, Ea: Excoecaria aggallocha, Aci: Acanthus ilicifolius 
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Figure 7. Hierarchical cluster analysis (UPGMA) of polyisoprenoid profiles in mangrove fruits. Llt: Lumnitzera littorea, Avo: Avicennia 

officinalis, Mca: Melastoma candidum, Hti: Hibiscus tiliaceus, Bs: Brguiera sexangula, Rm: Rhizophora mucronata, Ra: Rhizophora 

apiculata, Ba: Barrington asiatica, Sa: Sonneratia alba, Lrc: Lumnitzera racemosa, Rc: Ricinus communis, Shy: Scyphiphora 

hydrophyllacea, Ea: Excoecaria aggallocha, Aci: Acanthus ilicifolius  

 

 
 

These findings indicate that polyisoprenoid composition 

is not only tissue-specific but also species-dependent, 

serving as a robust biochemical criterion for mangrove 

classification. Cluster analysis on the basis of polyisoprenoid 

composition successfully grouped species with taxonomic 

proximity, confirming the chemotaxonomic potential of 

these metabolites. These findings support previous work by 

Basyuni et al. (2017a), where polyisoprenoid profiles were 

used to cluster 14 North Sumatran mangrove species into 

meaningful genus-based groups. 

Moreover, the discovery of polyprenyl acetones—novel 

derivatives identified in Sonneratia caseolaris (L.) Engl. 

and Xylocarpus granatum J.Koenig (Basyuni et al. 2017b)—

opens new perspectives on the chemical diversity within 

mangrove taxa. Although not the focus of this study, such 

findings suggest that the scope of polyisoprenoid-based 

taxonomy can be extended beyond polyprenol and dolichol 

profiling. 

These patterns are consistent with previous work by 

Basyuni et al. (2017a), where clustering on the basis of 

isoprenoid concentration distinguished species more 

effectively than morphology alone. Chemotaxonomic 

classification using polyisoprenoids is a promising tool for 

resolving taxonomic ambiguity among mangrove species, 

particularly in hybrid zones or areas with overlapping 

morphological traits (Umoh 2020; Basyuni et al. 2021; 

Mali et al. 2023). 

The observation of distinct chain length distributions 

(e.g., C70-C120 for dolichols and C60-C140 for polyprenols) 

among species adds another layer of specificity. In Okinawa 

mangroves, L. racemosa presented a bimodal distribution 

of long-chain polyprenols, which could be replicated in our 

study for specific flower tissues (Basyuni et al. 2017b). 

These features further increase the taxonomic utility of 

polyisoprenoid profiling. This finding supports the use of 

polyisoprenoid signatures as chemotaxonomic markers, 

aligning with prior work in medicinal and woody plants 

where isoprenoid profiling has revealed meaningful 

evolutionary patterns. 

The clustering patterns derived from polyisoprenoid 

profiles generally correspond to known phylogenetic 

relationships, reinforcing the taxonomic relevance of this 

approach. Moreover, the alignment of chemotypes with 

ecological zones indicates a connection between isoprenoid 

metabolism and environmental adaptation. For instance, 

species from high-salinity or frequently inundated zones 

exhibited higher dolichol accumulation, supporting their 

role in osmotic stress mitigation and ecological resilience 

(Alongi 2015). 

By incorporating ecological and botanical insights, this 

study positions chemotaxonomy as a valuable tool for 

biodiversity assessment and monitoring, and plant taxonomy. 

As mangrove habitats face growing pressures from sea-

level rise, land conversion, and climate change, biochemical 

approaches play a crucial role in tracking species 

dynamics, stress responses, and conservation outcomes, 

complementing morphological and molecular data (Friess 

et al. 2020). 

Adaptive physiology 

Mangroves thrive under conditions of fluctuating 

salinity, tidal inundation, and oxidative stress. Polyisoprenoid 

diversity may reflect evolved biochemical strategies to 

ensure reproductive resilience. For example, dolichol 

accumulation during flower development may stabilize 

protein glycosylation under osmotic stress, whereas 

polyprenol-rich flowers may support flexible physiological 

responses (Basyuni et al. 2018, 2021). 

Furthermore, the tissue-specific distribution of 

polyisoprenoids observed in this study mirrors the PCA-

derived gene expression variability in Eucommia ulmoides 

Oliv., where fruit tissues were enriched in MEP-linked 

gene expression, and stems showed MVA dominance 

(Lipko et al. 2023). This regulation suggests that mangroves, 

such as E. ulmoides, exhibit spatial and developmental 
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coordination of isoprenoid pathway activity. The presence 

of long-chain polyprenyl alcohols in photosynthetically 

active tissues such as leaves and flowers also suggests their 

involvement in photosynthetic membrane maintenance, 

redox signaling, or stress adaptation, which are essential for 

survival in saline, sun-exposed intertidal zones (Surmacz 

and Swiezewska 2011; Basyuni et al. 2017a). 

In contrast, polyprenol-rich species might utilize more 

dynamic, stress-responsive pathways. For example, their 

role in modulating lipid bilayers, possibly through interactions 

with sterols and phospholipids, may provide reproductive 

organs greater flexibility under osmotic or thermal stress 

(Swiezewska and Danikiewicz 2005; Surmacz and 

Swiezewska 2011). 

Furthermore, a recent study by Zhao et al. (2024) in E. 

ulmoides highlighted the tissue-specific coexpression of 

isoprenoid biosynthesis genes, supporting the idea that 

differential pathway activation could underlie the observed 

polyisoprenoid patterns in mangroves. These findings 

suggest a molecular basis for the developmental and 

ecological regulation of isoprenoid biosynthesis in plants, 

which is likely parallel in mangrove species. 

Finally, the presence of novel isoprenoid derivatives, 

such as polyprenyl acetones found in X. granatum and S. 

caseolaris (Basyuni et al. 2017b), suggests that mangrove 

polyisoprenoid metabolism is not only diverse but also 

chemically innovative. These compounds may play additional 

functional roles in defense, signaling, or reproduction, 

thereby opening avenues for future biochemical and 

pharmacological studies (Bibi et al. 2019; Upadhyay et al. 

2025). 

Limitations and future work 

This study has several limitations, as it focused solely 

on generative tissues (flowers and fruits) of mangroves. 

Other organs, such as leaves, stems, and roots, which are 

known to exhibit different isoprenoid profiles, have not 

been analyzed by Basyuni et al. (2017a, b, 2018, 2021), 

which may limit the comprehensive understanding of whole-

plant chemotaxonomic variation. Furthermore, the work did 

not integrate genetic or transcriptomic data (e.g., isoprenoid 

pathway gene expression), which could provide a 

molecular basis for the observed chemical patterns and 

strengthen the link between phenotype chemotaxonomy 

and genotype in mangrove taxonomy. Although this study 

relied primarily on 2D-TLC, future work should incorporate 

spectroscopic techniques such as UV-Vis and FTIR to 

confirm compound identity and structure, particularly for 

distinguishing structurally similar isoprenoid alcohols. 

Given the ecological and conservation importance of 

mangrove forests, the findings of this study contribute to a 

broader framework of integrative biodiversity monitoring. 

By combining remote sensing, ecological surveys, and 

biochemical profiling, including polyisoprenoids, future 

conservation strategies can more precisely identify priority 

areas for protection and restoration (Friess et al. 2020; 

Umoh 2020). 

Conclusion, this study revealed significant variation in 

the polyisoprenoid profiles—specifically dolichols and 

polyprenols—across the reproductive tissues of fourteen 

mangrove species from North Sumatra, Indonesia. The 

classification into three chemotypes (dolichol-dominant, 

polyprenol-dominant, and mixed) reflects both species-

specific and tissue-specific metabolic regulation. Flowers 

tended to exhibit greater diversity in isoprenoid composition 

than fruits did, suggesting a dynamic biochemical adjustment 

during reproductive development. The biochemical signatures 

identified herein contribute to mangrove biodiversity 

assessment, help species delimitation, and may support 

conservation programs by providing molecular insight 

where morphological traits overlap or are environmentally 

plastic. This study establishes polyisoprenoids as reliable 

chemotaxonomic markers for mangroves, helping conservation 

efforts in biodiverse areas. The findings also demonstrate 

that polyisoprenoid profiles are useful chemotaxonomic 

markers, with clustering patterns generally aligning with 

known phylogenetic relationships. The occurrence of 

distinct chain length distributions and compound dominance 

indicates ecological adaptation, possibly linked to 

reproductive success under saline, oxidative, and tidal 

stress conditions. This expands the scope of polyisoprenoid 

studies to include mangrove reproductive tissues. These 

findings support the hypothesis that these compounds play 

essential physiological and evolutionary roles. Future work 

should focus on integrating genomic data to unravel the 

genetic basis of polyisoprenoid diversity.  
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Figure S1. 2D-TLC chromatograms profile of hexane extracts of polyisoprenoid from: A. Acanthus illicifolius fruit, B. Avicennia 

officinalis fruit, C. Barringtonia asiatica fruit, D. Bruguiera sexangula fruit, E. Excoecaria agallocha fruit, F. Hibiscus tilliaceus fruit. 

The number shows the carbon chain length of polyisoprenoid alcohols 

 

 

 
 

Figure S2. 2D-TLC chromatograms profile of hexane extracts of polyisoprenoid from: A. Lumnitzera littorea flowers, B. Lumnitzera 

racemosa flowers, C. Melastoma candidum flowers, D. Ricinus communis flowers. The number shows the carbon chain length of 

polyisoprenoid alcohols 

 

 

A B C 

D E F 

A B 

C D 



BASYUNI et al. – Polyisoprenoid chemotaxonomy in mangroves 

 

121 

 
 

Figure S3. 2D-TLC chromatograms of hexane extracts of polyisoprenoid from: A. Rhizophora apiculata flower, B. Rhizophora 

mucronata flower, C. Sciphiphora hydrophyllacea flower, D. Sonneratia alba flower. The number shows the carbon chain length of 

polyisoprenoid alcohols 
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Abstract. Alam MJ, Rahman NSS. 2025. Inhibition of α-amylase and α-glucosidase by raw and boiled garlic extracts for postprandial 

hyperglycemia management. Asian J Nat Prod Biochem 23: 122-130. Diabetes Mellitus (DM) is a severe metabolic disorder that causes 

hyperglycemia due to impaired insulin function. Inhibition of carbohydrate-hydrolyzing enzymes, such as α-amylase and α-glucosidase, 

can reduce postprandial blood glucose levels. This study investigated the ability of garlic extracts (Allium sativum) to inhibit these 

important enzymes in Type 2 Diabetes Mellitus (T2DM). Raw and boiled Deshi and Indian garlic extracts were prepared and assessed 

for their ability to inhibit α-amylase and α-glucosidase activities using standard in vitro enzyme inhibition assays. The types of enzyme 

inhibition were analyzed through Lineweaver-Burk plots. Deshi raw garlic extract at 20 mg/mL inhibited the α-amylase enzyme by 

52.49%, with an IC50 value of 17.62 mg/mL, while Deshi boiled garlic extract exhibited the lowest inhibition at the lowest 

concentration. Similarly, Deshi raw garlic extract showed the highest inhibition of α-glucosidase at the maximum concentration tested, 

whereas Indian boiled garlic extract demonstrated the lowest inhibition at the minimum tested concentration. Notably, raw and boiled 

garlic extracts inhibited α-amylase and α-glucosidase activities by 70% at concentrations comparable to acarbose, a commercial 

antidiabetic medication and the mode of inhibition for both enzymes by the both types of garlic extracts were evaluated as competitive 

inhibition. The findings demonstrate that both raw and boiled garlic extracts exhibit inhibitory action against α-glucosidase and α-

amylase, indicating their potential for managing postprandial hyperglycemia. These results support the development of garlic-based 

nutraceuticals or dietary interventions for the management of T2DM. 

Keywords: Acarbose, Allium sativum, antidiabetic activity, enzyme inhibition activity, nutraceuticals 

INTRODUCTION 

Traditional medicine has long turned to nature, with 

medicinal plants being central to the discovery and 

development of modern drugs. These plants are valued for 

their broad pharmacological benefits and low side effects. 

Historically, plant extracts have been essential in treating 

various diseases for their antidiabetic, antioxidant, 

antimalarial, antibacterial, antiviral, antifungal, 

antithrombogenic, and enzyme-inhibitory properties (e.g., 

amylase, lipase, invertase) (D’Britto et al. 2012).  

Diabetes Mellitus (DM) is a metabolic disorder resulting 

from inadequate insulin production and/or secretion by the 

pancreas (Balamurugan et al. 2014; Zafar et al. 2022). 

Additionally, insulin resistance in body cells can lead to 

increased blood glucose levels (Khatun et al. 2015). 

According to the World Health Organization (WHO), over 

347 million people worldwide have diabetes, a number 

projected to rise to 549 million by 2030 (Rowley et al. 

2017; Thakre et al. 2017). Diabetes symptoms include 

weight loss, polyuria, polyphagia, polydipsia, fatigue, slow 

wound healing, and pruritus (Thakre et al. 2017). Chronic 

diabetes can cause severe complications like diabetic 

retinopathy, cardiovascular disease, stroke, poor circulation 

(resulting in amputations), and renal failure (Sathishkumar 

et al. 2015). 

Carbohydrates are the primary source of energy for the 

body. Digestive enzymes including α-glucosidase, α-

amylase, and invertase break down starch and other dietary 

carbohydrates into monosaccharides, primarily glucose 

(Behl and Kotwani 2017; Paul et al. 2021). This enzymatic 

process can cause rapid blood glucose spikes, complicating 

T2DM management. Inhibitors of α-glucosidase and α-

amylase can help lower blood glucose after carbohydrate-

rich meals, supporting glycemic control. 

Current antidiabetic treatments include 

thiazolidinediones, insulin analogs, α-glucosidase 

inhibitors, sulfonylureas, and meglitinides (Gellad et al. 

2013). Acarbose reduces both α-glucosidase and α-amylase 

activity, whereas voglibose and miglitol specifically reduce 

α-glucosidase activity. Despite their effectiveness in 

managing diabetes, these medications are associated with 

significant side effects (Thakre et al. 2017). About 80% of 

people with diabetes live in low- to middle-income 

countries (IDF 2015), where medication costs hinder 

effective management. As a result, researchers are 

exploring potent enzyme inhibitors from natural sources 

like bacteria, plants, and marine algae (Fatmawati et al. 

2011; Konishi et al. 2012; Orhan et al. 2013; Panwar et al. 

2015). While few plant extracts have shown activity 

against all the major digestive enzymes related to DM, the 

majority have shown inhibitory actions against either α-

amylase or α-glucosidase (Debnath et al. 2020; Sani et al. 

2020, 2024; Mahmud et al. 2023; Sarker et al. 2024). 

Traditionally known medicinal plants have been explored 

for their hypoglycemic potential, and the bioactive 
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compounds isolated from these plants appear highly 

promising (Rahmani 2015). Since α-amylase hydrolyzes 

complex carbohydrates into glucose—contributing to 

postprandial hyperglycemia—inhibiting this enzyme 

remains a key strategy in the development of improved 

antidiabetic drugs (Subramanian et al. 2008). 

Garlic (Allium sativum L.), a widely cultivated member 

of the family Alliaceae, is commonly used as a culinary 

spice (Vazquez-Armenta et al. 2016). Traditionally, garlic 

has been used to treat ailments like diabetes, colds, and 

heart disease. Garlic oil extracts possess antidiabetic and 

antioxidant properties (Mnayer et al. 2014; Phan et al. 

2019). Additionally, ethanolic extracts of A. sativum have 

demonstrated α-amylase inhibitory activity (Nickavar and 

Yousefian 2009). Raw garlic improves insulin sensitivity, 

and lowers blood sugar more effectively than cooked 

garlic. Raw or minimally process garlic significantly 

lowers fasting blood glucose and HbA1c levels in people 

with metabolic syndrome or type 2 diabetes (Zhao et al. 

2024). Organosulfur content varies among garlic types, 

affecting their enzyme inhibition capacity (Lu et al. 2023; 

Wu et al. 2023). 

Boiling garlic can alter its ability to inhibit 

carbohydrate-hydrolyzing enzymes (α-amylase and α-

glucosidase), potentially impacting glycemic control. This 

study aimed to investigate how raw and boiled garlic, 

especially Deshi and Indian varieties, influence health 

benefits, and therapeutic potential, given their local 

prevalence and distinct bioactivity. However, in most 

comparison studies investigating enzyme inhibition have 

been conducted using in vivo models, particularly in 

diabetic rats. In contrast, the present study utilized an in 

vitro enzyme inhibition assay to more accurately assess the 

inhibitory potential of raw and boiled garlic (A. sativum) 

extracts on key digestive enzymes- α-glucosidase and α-

amylase- associated with diabetes. This approach may offer 

a novel therapeutic strategy for diabetes management and 

also provides insight into the mode of enzyme inhibition. 

MATERIALS AND METHODS 

Collection and preparation of samples 

This study utilized two types of garlic (A. sativum): 

Deshi and Indian varieties, both procured from local 

markets in Sylhet, Bangladesh. All bulbs were purchased in 

triplicate from different markets and only visually uniform, 

healthy, and undamaged bulbs were selected. Samples were 

processed under identical lab conditions immediately after 

purchase. Upon collection, the outer layers of the garlic 

bulbs were manually removed. The cloves were then 

separated and thoroughly cleaned with tap water, followed 

by two to three washes with distilled water to eliminate dirt 

and other impurities. The cleaned cloves were wiped with 

tissue paper to remove any residual water and allowed to 

air dry at room temperature. Consequently, the dried cloves 

were divided into two groups. One group was immersed in 

boiling water (100±1°C) for 10 minutes, while the other 

was set aside as raw. The boiled samples were then air-

dried. Both raw and boiled samples from the Deshi and 

Indian varieties (A. sativum) were stored separately in four 

labeled containers for later use. 

Chemicals/reagents 

α-Glucosidase and α-amylase were purchased from The 

Merck Group, Darmstadt, Germany. Analytical-grade 

reagents, solvents, and chemicals were used in this 

investigation. Acarbose, a commercially available 

antidiabetic medication marketed under the brand name 

Sugatrol® (The Pacific Pharmaceuticals Ltd.), utilized as 

the experimental positive control. 

Preparation of garlic extracts 

Extracts from all samples (raw and boiled (Simmered in 

water at 100±1°C for 10 minutes), Deshi and Indian garlic) 

were prepared using a previously published method with 

minor modifications (Yibchok-Anun et al. 2006). Briefly, 

the samples were ground using a mortar and pestle with 

ice-cold acid-ethanol. After filtration, the homogenates 

were centrifuged at 8,000 rpm for 10 minutes. The pH of 

the resulting supernatants was adjusted to 3.0, followed by 

incubation at 4°C for 24 hours. After incubation, the 

mixtures were centrifuged again at 6,000 rpm for 10 

minutes. The resulting pellet was washed with 80% acetone 

and allowed to air dry. Ice-cold acid-ethanol was chosen to 

facilitate the extraction of sulfur-containing compounds, 

while acetone was used for its ability to purify the extract 

by removing non-polar impurities. Finally, the air-dried 

pellet was dissolved in a 10 mM Tris–HCl buffer (pH 8.0). 

All extracts were stored at -20°C until further use. 

α-Amylase inhibition assay 

The α-amylase inhibition activity of the extracts was 

carried out by a previously reported method with slight 

modifications, employing 3,5-dinitrosalicylic acid (DNSA) 

(Poovitha and Parani 2016). Briefly, the extracts or 

acarbose at different doses (200-2000 μg/mL) were mixed 

with α-amylase (1 IU/mL) in test tubes. 20 mM sodium 

phosphate buffer (pH 6.9) was added in each reaction 

mixture, and the mixture was then pre-incubated for ten 

minutes at 25°C. Starch solution (as the substrate) was then 

added to initiate the reaction, followed by another 10-

minute incubation at 25°C in a thermostatic water bath. 

To stop the reaction, 3,5-dinitrosalicylic acid was 

added, and the mixture was placed in a thermostatic water 

bath at 100°C. After boiling, the solution was cooled to 

room temperature and diluted with distilled water at a 1:5 

ratio. The inhibitory activity of α-amylase was determined 

by measuring the Optical Density (OD) at 540 nm using a 

spectrophotometer (Shimadzu, Japan). Following formula 

was used to figure out the percentage of inhibition of α-

amylase. 

Inhibition of α-amylase (%) = [(Enzyme Activity of 

Control - Enzyme Activity of Test) / Enzyme Activity of 

Control] x 100. 

α-glucosidase inhibition assay  

The extracts’ α-glucosidase inhibition assay was carried 

out by a previously reported method with minor 

modifications, employing p-nitrophenyl-α-D-glucopyranoside 
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(pNPG) as the substrate (Poovitha and Parani 2016). 

Briefly, α-glucosidase (1 IU/mL) was mixed with the 

extracts or acarbose at various concentrations (200-2000 

μg/mL) in test tubes and pre-incubated for 20 minutes at 

37°C in a thermostatic water bath. Subsequently, 10 mM p-

nitrophenyl-α-D-glucopyranoside was added to each tube, 

and the mixture was incubated in a thermostatic water bath 

again at 37°C for 30 minutes. The reaction was terminated 

by adding sodium carbonate, and the absorbance was 

measured at 405 nm using a spectrophotometer (Shimadzu, 

Japan). The formula below use used to calculate the 

percentage of α-glucosidase inhibition. 

Inhibition of α-glucosidase (%) = [(Enzyme Activity of 

Control – Enzyme Activity of Test) / Enzyme Activity of 

Control] × 100. 

Analysis of the mode of enzyme inhibition 

The mechanism of α-amylase and α-glucosidase 

inhibition was analyzed following a previously reported 

method (Poovitha and Parani 2016). The enzyme solution (1 

IU/mL) was incubated for 10 minutes at 25°C in a 

thermostatic water bath with either the acarbose (10 

mg/mL), extracts (10 mg/mL), or phosphate buffer (pH 

6.9) in order to perform the α-amylase assay. Reaction was 

initiated using the same procedure as described in ‘α-

amylase inhibition assay’ section. The assay for α-

glucosidase was conducted in a similar manner. Acarbose 

(10 mg/mL), extracts (10 mg/mL), or phosphate buffer (pH 

6.9) were incubated in a thermostatic water bath with the 

enzyme solution (1 IU/mL) for 10 minutes at 37°C. 

Reaction was performed as described in the ‘α-glucosidase 

inhibition assay’ section. To determine the mode of 

inhibition, a double reciprocal plot (1/V vs. 1/[S]) was 

constructed using the reaction velocity (V) and substrate 

concentration ([S], ranging from 0.5-25 mh/mL). The type 

of enzyme inhibition was identified by analyzing the 

Lineweaver–Burk plot based on Michaelis–Menten 

kinetics. 

Statistical analysis 

All experiments were performed in triplicate (n=3) for 

each concentration to ensure both physiological 

consistency and statistical accuracy. Results are expressed 

as the mean ± Standard Deviation (SD), offering a reliable 

indication of central tendency and variation, thereby 

reinforcing the validity and reproducibility of the findings. 

Linear regression analysis, performed using Excel-

generated plots, was used to calculate the IC₅₀ values (the 

concentration required to inhibit 50% of enzyme activity) 

for both α-amylase and α-glucosidase. 

RESULTS AND DISCUSSION 

α-amylase inhibition activity of Deshi and Indian raw 

and boiled garlic extracts 

This study evaluated the potential antidiabetic effects of 

Deshi and Indian garlic extracts by measuring their α-

amylase inhibitory activity and comparing the results to 

those of the conventional antidiabetic drug, acarbose. To 

further understand the strength of α-amylase inhibition, 

IC₅₀ values were also determined. 

α-amylase inhibition by Deshi raw and boiled garlic extracts  

The α-amylase inhibitory activity of raw and boiled 

Deshi garlic extracts was evaluated at various 

concentrations. Among the raw garlic extracts, the highest 

inhibition was observed at 20 mg/mL, with an inhibition 

rate of 52.49±3.17% and an IC₅₀ value of 17.62 mg/mL 

(Figure 1, Table 1). The lowest inhibition was recorded at 2 

mg/mL, showing 11.23±0.45% activity. For the boiled 

garlic extracts, the maximum inhibition was also observed 

at 20 mg/mL, yielding 29.36±0.987% inhibition in an IC₅₀ 

value of 34.05 mg/mL. The lowest inhibition in this group 

was 5.54±1.34% at 2 mg/mL. Acarbose, used as a positive 

control, demonstrated the highest α-amylase inhibition 

(70.77±2.58%) at 20 mg/mL in an IC₅₀ value of 9.03 

mg/mL. The lowest inhibition by acarbose was 

19.22±0.764% at 2 mg/mL (Figure 1, Table 1). 

α-amylase inhibition by Indian raw and boiled garlic extracts  

The α-amylase inhibitory potential of raw and boiled 

Indian garlic extracts was assessed across a range of 

concentrations. Among the raw garlic extracts, the highest 

inhibition was observed at 20 mg/mL, with an inhibition 

rate of 46.59±1.12% and an IC₅₀ value of 22.00 mg/mL 

(Figure 2; Table 1). The lowest inhibition for the same 

extract was recorded at 2 mg/mL, showing 10.53±1.06% 

activity. In the case of boiled Indian garlic, the maximum 

inhibition was also found at 20 mg/mL, with a value of 

31.55±0.89% and an IC₅₀ of 32.96 mg/mL. The lowest 

inhibitory activity for this extract was 6.66±1.67% at 2 

mg/mL (Figure 2; Table 1). 

α-glucosidase inhibition activity of Deshi and Indian 

raw and boiled garlic extracts 

The α-glucosidase inhibition activity of Deshi and 

Indian garlic extracts was evaluated and compared with 

that of acarbose. IC50 values for each extract were also 

determined to better understand their inhibitory effects. 

α-glucosidase inhibition by raw and boiled Deshi garlic 

extracts 

The percentage of α-glucosidase inhibition was measured 

using both raw and boiled Deshi garlic extracts. Among the 

raw garlic extracts, the highest inhibition (46.73±0.90%) 

was observed at 20 mg/mL, with an IC50 value of 21.77 

mg/mL (Figure 3, Table 2). The lowest inhibition 

(8.81±3.54%) was seen at 2 mg/mL. For the boiled garlic 

extracts, the highest inhibition at 20 mg/mL was 24.45 

mg/mL, corresponding to the IC50 value. As a positive 

control, acarbose was tested at the same concentrations. At 

20 mg/mL, acarbose exhibited the highest α-glucosidase 

inhibition of 68.86±1.82%, with an IC50 value of 10.22 

mg/mL. 

The α-glucosidase inhibitory activity of raw and boiled 

Indian garlic extracts was evaluated at various 

concentrations. The raw garlic extract at 20 mg/mL 

exhibited the highest inhibition of 42.15%, with an IC50 

value of 25.70 mg/mL (Figure 4, Table 2). The lowest 
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inhibition for the raw extract was 9.77% at 2 mg/mL. 

Among the boiled garlic extracts, the maximum inhibition 

of 37.51% was also observed at 20 mg/mL, with IC50 value 

of 26.21 mg/mL. The lowest inhibitory activity in this 

group was 4.67% at 2 mg/mL (Figure 4, Table 2). 

Enzyme kinetics and mode of inhibition 

To determine the type of enzyme inhibition exerted by 

the garlic extracts, enzyme kinetics studies were conducted 

using Lineweaver–Burk plots. The effects of both raw and 

boiled Deshi and Indian garlic extracts on α-amylase and α-

glucosidase activities were analyzed and compared with the 

control. 

Mode of α-amylase inhibition by raw and boiled Deshi 

garlic extracts 

Using the Lineweaver–Burk plot, the Km values were 

determined for the raw and boiled Deshi garlic extracts as 

well as for the control (phosphate buffer). While Vmₐₓ 

remained constant, the Km values for the buffer and raw 

garlic extract were 19.43 and 34.97, respectively (Figure 

5). Similarly, Vmₐₓ remained unchanged for both samples, 

while the Km values for the buffer and boiled garlic extract 

were 19.43 and 27.04, respectively. This increase in Km 

with no change in Vmₐₓ indicates that both raw and boiled 

Deshi garlic extracts inhibit α-amylase through a 

competitive inhibition mechanism. 

Mode of inhibition of α-amylase assessed by raw and 

boiled Indian garlic extract 

The Km values for raw and boiled Indian garlic extracts, 

along with the control (phosphate buffer), were determined 

using Lineweaver–Burk plots. While the Vmₐₓ values 

remained constant across all samples, the Km values for the 

buffer and raw Indian garlic extract were 31.86 and 19.43, 

respectively (Figure 6). In a separate experiment, Vmₐₓ 

again remained unchanged, while the Km values for the 

buffer and boiled Indian garlic extract were 19.43 and 

29.29, respectively. The observed increase in Km with a 

constant Vmₐₓ indicates that both raw and boiled Indian 

garlic extracts act as competitive inhibitors of α-amylase. 

Mode of inhibition of α-glucosidase assessed by Deshi 

raw and boiled garlic extract 

The Km values for both raw and boiled Deshi garlic 

extracts, along with the control (phosphate buffer), were 

determined using Lineweaver–Burk plots. For the buffer 

and raw Deshi garlic extract, the Km values were 16.92 and 

30.06, respectively, while Vmₐₓ remained constant for both 

(Figure 7). Similarly, for the buffer and boiled Indian garlic 

extract, the Km values were 25.75 and 16.92, respectively, 

with Vmₐₓ again remaining unchanged. The increase in Km 

coupled with an unchanged Vmₐₓ in the presence of both 

raw and boiled Indian garlic extracts indicates that the 

inhibition follows a competitive mechanism. 
 

 

Table 1. IC50 values of α-amylase inhibition activity under the 

treatment of different varieties of garlic extracts. Among the 

extracts, Deshi raw garlic extract demonstrated the highest 

efficacy, reaching about half the activity of the positive control, 

acarbose 

 

Type of extracts IC50 (mg/mL) 

Deshi Raw Garlic 17.62 

Deshi Boiled garlic 34.05 

Indian Raw garlic 22.0004 

Indian Boiled Garlic 32.96 

Acarbose 9.03 

Table 2. IC50 values of α-glucosidase inhibition activity under the 

treatment of different varieties of garlic extracts. All the extracts 

demonstrated inhibition levels ranging from approximately half to 

two-thirds of that shown by the standard inhibitor, acarbose 

 

 

Type of extracts IC50 (mg/mL) 

Deshi Raw Garlic 21.76 

Deshi Boiled garlic 24.45 

Indian Raw garlic 25.70 

Indian Boiled Garlic 26.21 

Acarbose 10.22 

 

 

 
 

Figure 1. α-Amylase inhibition by Deshi raw and boiled garlic 

extracts. The extract concentrations ranged from 2-20 mg/mL. The 

inhibition of α-amylase by Deshi raw garlic extract was greater 

than that of the Deshi boiled garlic extract and approximately two-

thirds that of the positive control, acarbose 

 

 
 

Figure 2. α-Amylase inhibition by Indian raw and boiled garlic 

extracts. The experimental concentrations of the extracts ranged 

from 2 to 20 mg/mL. The inhibition occurred in a concentration-

dependent manner. At a concentration of 20 mg/mL, Indian raw 

garlic extract inhibited α-amylase more effectively than the Indian 

boiled garlic extract, with inhibition reaching approximately two-

thirds of that observed with the positive control, acarbose 
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Figure 3. Concentration-dependent α-glucosidase inhibition by 

Deshi raw and boiled garlic extracts. Both Deshi raw and boiled 

garlic extracts exhibited comparable levels of α-glucosidase 

inhibition, whereas the positive control, acarbose, demonstrated 

nearly twice the inhibitory activity.α-glucosidase inhibition by raw 

and boiled Indian garlic extracts 

 

 
 

Figure 4. Concentration-dependent α-glucosidase inhibition by 

Indian raw and boiled garlic extracts. Indian raw and boiled garlic 

extracts exhibited comparable α-glucosidase inhibitory effects, 

achieving approximately two-thirds of the inhibition observed 

with the standard reference inhibitor, acarbose 

 

 

   
 

Figure 5. Lineweaver–Burk plot for the analysis of mode of α-amylase inhibition by A. Deshi raw and B. Deshi boiled garlic extracts. 

At a constant substrate concentration ([S]), the observed increase in Km values of α-amylase in the presence of both Deshi raw and 

boiled garlic extracts suggests a pattern consistent with competitive inhibition. This indicates that compounds within the extracts may be 

competing with the substrate for binding to the enzyme’s active site 

 

 

Mode of inhibition of α-glucosidase assessed by Indian 

raw and boiled garlic extract 

Using Lineweaver–Burk plots, the Km values for both 

Indian raw and boiled garlic extracts, as well as the control 

(phosphate buffer), were determined. The Km values for the 

Deshi raw garlic extract and buffer solution were 28.75 and 

16.92, respectively, while Vmₐₓ remained constant (Figure 

8). Similarly, the Km values for the Indian boiled garlic 

extract and buffer solution were 23.12 and 16.92, 

respectively, with Vmₐₓ also unchanged for both samples. 

Since Vmₐₓ remained constant and Km increased in the 

presence of both Indian raw and boiled garlic extracts, the 

inhibition was classified as competitive in both cases. 

Discussion 

DM is a major global health issue, with its prevalence 

rising steadily in both developed and developing nations. In 

Bangladesh alone, around 10 million people are currently 

living with either type I or type II diabetes. DM is a long-

term metabolic disorder that affects carbohydrate 

metabolism. One effective way to manage this condition, 

particularly type II diabetes, is through the use of 

glycosidic enzyme inhibitors. These compounds inhibit key 

digestive enzymes such as α-amylase, α-glucosidase, and 

invertase, which play important roles in carbohydrate 

breakdown (Kim et al. 2004). As oral hypoglycemic 

agents, these inhibitors help regulate blood sugar levels by 

slowing the digestion and absorption of carbohydrates 

(Iwakura et al. 2003). This results in delayed glucose 

uptake and a lower rise in blood glucose after meals 

(Iwakura et al. 2003). α-Amylase initiates the breakdown 

of starch into smaller sugar units by hydrolyzing complex 

polysaccharides into oligosaccharides and disaccharides. 

These are subsequently broken down by α-glucosidase into 

monosaccharides. The resulting simple sugars are then 

absorbed through the small intestine into the hepatic portal 

vein, contributing to increased postprandial blood glucose 

levels (Teng and Chen 2017). 

A B 
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Figure 6. Lineweaver–Burk plot for the analysis of mode of α-amylase inhibition by A. Indian raw and B. Indian boiled garlic extracts. 

At a constant substrate concentration ([S]), the observed increase in the Km values of α-amylase in the presence of both raw and boiled 

garlic extracts indicates a pattern consistent with competitive inhibition. This suggests that constituents in the extracts may be interfering 

with substrate binding by competing for the enzyme’s active site 

 

 

  

  
 

Figure 7. Lineweaver–Burk plot for the analysis of mode of α-glucosidase inhibition by A. Deshi raw and B. Deshi boiled garlic 

extracts. The elevated Km values of α-glucosidase observed in the presence of both Deshi raw and boiled garlic extracts, under constant 

substrate concentration ([S]), indicate a decreased affinity between the enzyme and its substrate—an effect characteristic of competitive 

inhibition. This suggests that bioactive compounds in the garlic extracts are likely competing with the substrate for binding at the 

enzyme’s active site 

 

 

 

   
 

Figure 8. Lineweaver–Burk plot for the analysis of mode of α-glucosidase inhibition by A. Indian raw and B. Indian boiled garlic 

extracts. The plots were constructed by assessing enzyme activity across a range of substrate concentrations ([S]) while varying the 

concentrations of garlic extracts. In both cases, the Lineweaver–Burk analysis revealed an increase in the apparent Michaelis constant 

(Km) at a constant substrate concentration, which is characteristic of competitive inhibition. This suggests that bioactive compounds 

present in both Indian raw and boiled garlic extracts compete with the substrate for binding at the active site of the α-glucosidase 

enzyme 

  

A B 

A B 

A B 
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Synthetic medications such as sulfonylureas, α-

glucosidase inhibitors, insulin analogues, meglitinides, and 

thiazolidinediones are commonly used to manage diabetes. 

However, prolonged use of these drugs may lead to adverse 

effects, including liver dysfunction, diarrhea, skin irritation 

or itching, weight gain, fatigue or dizziness, increased risk 

of anemia, swelling in the legs or ankles, and even potential 

cancer risks. Additionally, the high cost of these 

medications presents a significant challenge, especially in 

low- and middle-income countries, which bear more than 

80% of the global diabetes burden. As an alternative, plant-

based enzyme inhibitors have attracted growing interest 

due to their affordability, fewer side effects, and promising 

antidiabetic properties. More than 400 plant species have 

been identified globally for their ability to lower blood 

glucose levels. Among them, garlic (A. sativum) stands out 

for its bioactive compounds with known hypoglycemic 

effects. Using medicinal plant extracts to inhibit enzymes 

like α-amylase and α-glucosidase offers a potential natural 

strategy for managing diabetes while minimizing the side 

effects associated with synthetic drugs (Kim et al. 2004). 

Acarbose, miglitol, and voglibose are enzyme inhibitors 

currently used in the management of DM. Acarbose 

functions by inhibiting both α-amylase and α-glucosidase, 

whereas miglitol and voglibose selectively inhibit α-

glucosidase only (Yibchok-Anun et al. 2006). Although 

these inhibitors have demonstrated effectiveness in 

controlling postprandial blood glucose levels, their use is 

often limited due to gastrointestinal side effects, making 

them less suitable for long-term therapy. Additionally, the 

high cost of these drugs poses a financial challenge—

particularly in low- and middle-income countries, where 

approximately 80% of the global diabetic population 

resides. As a result, significant research efforts have been 

directed toward identifying alternative α-amylase and α-

glucosidase inhibitors from natural sources such as plants, 

bacteria, marine algae, and fungi. 

In this study, the antidiabetic potential of two garlic (A. 

sativum) varieties—Deshi and Indian—was evaluated in 

both raw and boiled forms through α-amylase and α-

glucosidase inhibition assays, along with enzyme kinetic 

analyses. Previous research has demonstrated that garlic 

extracts possess significant antidiabetic effects, particularly 

in diabetic rat models (Mahmoud and Abdalla 2011; 

Masjedi et al. 2013; Jiang et al. 2024). Our results showed 

that the raw Deshi garlic extract exhibited the highest α-

amylase inhibition, achieving 52.49% inhibition at a 

concentration of 20 mg/mL, with an IC50 value of 17.62 

mg/mL. This inhibitory effect was comparable to that of 

acarbose, a standard antidiabetic drug, which showed 

70.77% inhibition with an IC50 of 9.03 mg/mL at the same 

concentration. On the other hand, the boiled Deshi garlic 

extract demonstrated the lowest inhibition, with only 

5.54% inhibition at 2 mg/mL. A similar trend was observed 

in the α-glucosidase inhibition assay, where raw garlic 

extracts consistently outperformed their boiled 

counterparts. 

Previous studies have reported that aqueous garlic 

extracts possess significant in vitro inhibitory activity 

against α-amylase and α-glucosidase (Teng and Chen 

2017). In our study, we utilized acetone extracts of both 

raw and boiled garlic varieties to assess their antidiabetic 

potential. Consistent with the findings from the α-amylase 

inhibition assay, the raw Deshi garlic extract exhibited the 

highest α-glucosidase inhibition, achieving 46.73% 

inhibition at 20 mg/mL, with an IC50 value of 21.77 

mg/mL.  

While the Deshi boiled garlic extract showed the lowest 

inhibition against α-amylase in our earlier results, a 

different pattern emerged in the α-glucosidase assay. Here, 

the Indian boiled garlic extract recorded the lowest 

inhibition, with only 4.67% inhibition at 2 mg/mL and an 

IC50 value of 26.21 mg/mL. Overall, raw Deshi garlic 

extracts demonstrated the strongest inhibitory activity 

against both α-amylase and α-glucosidase, highlighting 

their potential as a natural antidiabetic agent. 

Although varying concentrations of different garlic 

extracts exhibited differing degrees of enzyme inhibition, 

acarbose—used as the positive control in this study—

showed consistent inhibitory activity against both enzymes. 

Specifically, acarbose demonstrated 70.77% inhibition of 

α-amylase and 68.86% inhibition of α-glucosidase. These 

results highlight the effectiveness of acarbose as a 

reference inhibitor. However, the garlic extracts showed 

around two-third inhibition of α-amylase and α-glucosidase 

in comparison to positive control, acarbose, underscores 

their potential as natural alternatives or complementary 

agents to conventional antidiabetic drugs. To gain further 

insight into the mechanism of enzyme inhibition, 

Lineweaver-Burk plots were analyzed. Both raw and boiled 

garlic extracts were tested as potential inhibitors, using 20 

mM phosphate buffer as the control. The resulting 

Lineweaver-Burk plots were used to determine the mode of 

inhibition, distinguishing between competitive and non-

competitive inhibition patterns. 

The mode of α-amylase inhibition by different garlic 

extracts (Deshi and Indian, in both raw and boiled forms) 

was determined through Lineweaver-Burk plot analysis. 

The Km values for Deshi raw, Deshi boiled, Indian raw, and 

Indian boiled garlic extracts were found to be 34.97, 27.04, 

31.86, and 29.29, respectively. In comparison, the control 

(20 mM sodium phosphate buffer) showed a Km value of 

19.43. Similarly, the inhibitory mode of α-glucosidase was 

assessed using Lineweaver-Burk plots. The Km values for 

Deshi raw, Deshi boiled, Indian raw, and Indian boiled 

garlic extracts were 30.06, 25.75, 28.75, and 23.12, 

respectively, while the control exhibited a Km value of 

16.92. 

In both enzyme assays, the presence of garlic extracts 

led to an increase in Km values without significant changes 

in Vmax, indicating a competitive mode of inhibition for 

both α-amylase and α-glucosidase. In both cases, the 

inhibition type was initially assessed as "competitive 

inhibition." However, further experiments involving 

multiple substrate concentrations and varying inhibitor 

levels are needed to definitively confirm the nature of the 

inhibition. 

Raw garlic’s inhibitory effects on carbohydrate-

digesting enzymes are likely mediated by sulfur-containing 

compounds such as allicin and its derivatives, which may 
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interact with thiol groups in enzyme active sites, disrupting 

substrate binding (Wu et al. 2023). A study demonstrated 

that melanoidins from black garlic non-competitively 

inhibit α-amylase and α-glucosidase, with stronger activity 

linked to fluorescent groups (Wu et al. 2023). In silico 

docking has shown compounds like methionol and caffeic 

acid to have higher binding affinity to α-glucosidase than 

standard drugs like miglitol, indicating potential 

competitive inhibition (Sadeghi et al. 2021). Fermentation 

has also been shown to enhance garlic’s inhibitory activity, 

with variability observed based on garlic origin (Ye et al. 

2023). Additionally, thermal processing alters garlic’s 

biochemical profile by deactivating alliinase and reducing 

allicin content, though other bioactive sulfur or melanoidin 

compounds may form (Lu et al. 2023). Reviews highlight 

that garlic’s pharmacological properties are highly 

dependent on variety, cultivation, and processing methods, 

which influence the composition and activity of its sulfur 

compounds (Batiha et al. 2020). While raw or standardized 

garlic extracts may serve as adjuncts in managing 

postprandial hyperglycemia in T2DM, significant 

limitations remain—particularly in translating in vitro 

effects to in vivo outcomes due to variability in 

bioavailability, metabolism, and efficacy (Batiha et al. 

2020; Sadeghi et al. 2021; Lu et al. 2023). 

These findings suggest that garlic extracts, particularly 

in their raw form, exhibit significant inhibitory activity 

against key digestive enzymes, α-amylase and α-

glucosidase, which play crucial roles in carbohydrate 

metabolism. The observed dual inhibition of both enzymes 

highlights the potential of garlic extracts to regulate blood 

sugar by slowing carbohydrate digestion and glucose 

absorption. This combined effect supports garlic's 

therapeutic potential in managing diabetes and controlling 

postprandial blood glucose spikes. However, in this study, 

we were unable to identify the specific active compound(s) 

in garlic responsible for competing with the enzyme 

substrates at the active site. Further investigation is needed 

to characterize these inhibitory components. This 

underscores the potential of garlic extracts as natural 

therapeutic agents for managing postprandial 

hyperglycemia, particularly in individuals with Type 2 

Diabetes Mellitus (T2DM). 

In conclusion, the findings of this study demonstrate 

that both Deshi and Indian garlic extracts, especially in 

their raw forms, exhibit significant in vitro inhibitory 

activity against α-amylase and α-glucosidase—key 

enzymes involved in carbohydrate digestion. These 

inhibitory effects, identified as competitive in nature, 

highlight garlic’s potential as a functional food or 

nutraceutical for managing postprandial hyperglycemia and 

T2DM. These findings are based on observed data and 

require further experimental validation, such as molecular 

docking and/or compositional profiling, to confirm the 

underlying mechanism, while future investigations should 

aim to isolate and characterize the active bioactive 

compounds, assess their in vivo efficacy, and develop 

optimized formulations for potential clinical applications. 
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Abstract. Setyawan AD, Chikmawati T, Miftahudin, Lotulung PDN, Sutarno, Sugiyarto, Sunarto. 2025. Comparative HPLC 

fingerprinting of flavonoid profiles in Selaginella species. Asian J Nat Prod Biochem 23: 131-145. Flavonoids are among the most 

prominent secondary metabolites in Selaginella, yet comparative information on flavonoid composition across multiple species remains 

limited. Most existing phytochemical studies focus on individual species or isolated compounds, providing little insight into 

interspecific chemical relationships within the genus. This study applies RT-based HPLC fingerprinting to comparatively assess 

flavonoid profile variation among 20 samples representing 17 Selaginella species collected from diverse ecological and geographical 

settings in Indonesia. Methanolic extracts were analyzed under standardized chromatographic conditions, and flavonoid-related peaks 

were aligned using a retention time tolerance of ±0.2 min to construct a binary presence-absence fingerprint matrix comprising 11 RT-

defined features. Interspecific similarity was evaluated using Sørensen and Jaccard coefficients, followed by hierarchical clustering 

(UPGMA) and complementary ordination to visualize chemical relationships among samples. The results reveal pronounced qualitative 

differences in flavonoid fingerprints among species, characterized by both shared and species-specific chromatographic features. 

Conspecific samples collected from different localities exhibited stable core flavonoid profiles with additional site-related variation, 

while interspecific comparisons showed substantial heterogeneity. Similarity patterns were not strictly associated with geographic 

proximity, suggesting that flavonoid composition primarily reflects intrinsic biochemical traits rather than purely environmental effects. 

This study provides an effective qualitative framework for interspecific discrimination and chemotaxonomic assessment in Selaginella. 

Although compound identity and abundance were not resolved, the approach offers a practical foundation for future targeted 

phytochemical, bioactivity-oriented, and integrative chemotaxonomic investigations. 

Keywords: Chemotaxonomy, flavonoids, HPLC fingerprinting, retention time, Selaginella 

INTRODUCTION 

Selaginella is one of the most diverse genera of 

lycophytes, comprising more than 700 species distributed 

predominantly in tropical and subtropical regions (Jermy 

1990; Banks 2009; Weststrand and Korall 2016a). As an 

early-diverging lineage of vascular plants, Selaginella 

exhibits distinctive physiological and biochemical traits 

that have attracted increasing scientific interest, particularly 

in relation to secondary metabolites (Banks et al. 2011). 

Among these, flavonoids represent one of the most 

prominent and chemically diverse groups reported from the 

genus (Cao et al. 2010; Setyawan 2011). 

Flavonoids in Selaginella are dominated by 

biflavonoids and related phenolic compounds, which have 

been associated with a wide range of bioactivities, 

including antioxidant, anti-inflammatory, cytotoxic, and 

neuroprotective effects (Chikmawati et al. 2012; Zheng et 

al. 2012; Křížkovská et al. 2020). In addition to their 

pharmacological relevance, flavonoids play important 

ecological roles in UV protection, stress tolerance, and 

defense against herbivores and pathogens, particularly in 

species inhabiting exposed or heterogeneous environments 

(Close and McArthur 2002; Mierziak et al. 2014). This 

dual functional relevance places flavonoids at the 

intersection of chemical ecology, adaptive biology, and 

applied phytochemistry in Selaginella. 

Despite growing interest, most flavonoid studies on 

Selaginella have focused on individual species or a limited 

number of taxa, primarily emphasizing compound isolation 

and structural elucidation (Shim et al. 2018; Muema et al. 

2022). While these studies provide valuable information on 

compound diversity, they offer limited insight into broader 

interspecific patterns of flavonoid composition. 

Consequently, current knowledge remains fragmented, 

underscoring the need for comparative approaches capable 

of capturing chemical variation across multiple Selaginella 

species within a unified analytical framework. 

Phytochemical investigations of Selaginella have 

traditionally relied on targeted strategies, including 
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spectroscopic identification and LC-MS-based profiling 

aimed at known flavonoids (Cao et al. 2010; Almeida et al. 

2013; Shim et al. 2018). Although indispensable for 

structural and bioactivity studies, such approaches are less 

effective for comparative analysis across numerous species, 

as they often prioritize dominant or previously reported 

compounds. Moreover, the lack of standardized 

comparative matrices hampers holistic assessment of 

chemical similarity, species discrimination, and 

chemotaxonomic interpretation within the genus, 

particularly in species-rich tropical regions where chemical 

diversity may parallel ecological differentiation (Wolfender 

et al. 2003; Kim et al. 2010; Allard et al. 2016). 

From a methodological perspective, the application of 

chromatographic fingerprinting remains surprisingly scarce 

in Selaginella research. Comparative RT-based flavonoid 

fingerprinting across multiple Selaginella species is still 

poorly explored, and few studies have constructed retention 

time matrices or applied similarity indices and clustering 

analyses to evaluate interspecific chemical relationships 

(Liang et al. 2004; Tistaert et al. 2011; Goodarzi et al. 

2013). As a result, chemotaxonomic signals and 

interspecific chemical affinities within Selaginella remain 

insufficiently resolved. 

High-Performance Liquid Chromatography (HPLC) 

fingerprinting offers a robust and reproducible approach for 

comparative analysis of complex phytochemical mixtures 

by emphasizing overall chromatographic patterns rather 

than individual compound identities (Gong et al. 2003; Xie 

et al. 2006). Retention time-based fingerprinting is 

particularly suitable for multi-species comparisons, as it 

facilitates pattern recognition, similarity assessment, and 

clustering analysis across large datasets (Xie et al. 2006; 

D’Orazio et al. 2016). In the context of Selaginella, this 

approach provides a practical strategy to overcome the 

limitations of compound-centered studies and to support 

comparative, chemotaxonomic, and exploratory screening 

objectives. 

The present study aims to comparatively evaluate 

flavonoid profiles across multiple Selaginella species using 

Retention Time (RT)-based HPLC fingerprinting. 

Specifically, this study seeks to (i) construct a retention 

time matrix of flavonoid peaks, (ii) identify shared and 

species-specific chromatographic features, and (iii) assess 

interspecific chemical similarity and clustering patterns 

using similarity indices and multivariate analysis. We 

hypothesized that RT-based HPLC flavonoid fingerprints 

would exhibit (i) stable species-level core patterns across 

samples of the same Selaginella species collected from 

different localities, and (ii) significant interspecific 

differentiation in flavonoid composition that is not strictly 

associated with geographic proximity, reflecting intrinsic 

biochemical traits rather than environmental factors alone. 

The novelty of this study lies in its integrative multi-

species design, representing one of the first applications of 

RT-based HPLC fingerprinting combined with similarity 

and cluster analyses to explore flavonoid diversity within 

Selaginella. By adopting a comparative framework, this 

work contributes to improved chemotaxonomic 

understanding and provides a methodological foundation 

for future studies linking chemical diversity with 

bioactivity screening and evolutionary interpretation. 

MATERIALS AND METHODS 

Plant materials and species identification 

Plant materials used in this study consisted of multiple 

Selaginella species representing a range of habitats and 

elevational zones. Species selection was designed to 

capture interspecific variation in flavonoid profiles across 

contrasting ecological settings, including lowland, montane, 

and high-altitude environments. Details of the analyzed 

species, sampling localities, habitat characteristics, and 

elevation ranges are summarized in Table 1. 

Field sampling was conducted across different 

geographic locations, with site selection based on the 

natural distribution of each Selaginella species (Alves and 

Rosa 2007). For each species, healthy and mature aerial 

parts were collected to ensure sufficient biomass for 

phytochemical analysis, following recommended botanical 

collection practices (Hudson et al. 2021). Habitat 

descriptions were recorded in situ, including dominant 

vegetation type, light conditions, and substrate 

characteristics, as these factors may influence secondary 

metabolite production (Gershenzon 1984). Elevation was 

determined using a handheld GPS device or altimeter and 

is reported in meters above sea level (masl) to provide 

ecological context for each species (Hijmans et al. 2005). 

Species identification was conducted using a 

combination of diagnostic morphological characters, 

including leaf arrangement, the shape and dimorphism of 

lateral and median leaves, stem architecture, and overall 

growth form. Identification Selaginella followed the 

earliest and authoritative taxonomic from the Malay 

Archipelago, particularly by Alston (1934, 1935a, b, 1937, 

1940). Specimens were further compared with 

authenticated collections housed at Herbarium Bogoriense 

(BO), Indonesia, with special emphasis on specimens 

determined by A.G.H. Alston. Additional confirmation was 

obtained by consulting more recent taxonomic references 

covering Selaginella in the Malay Archipelago and 

adjacent regions, including Wong (1982, 2010), Tsai and 

Shieh (1994), Li and Tan (2005), Chang et al. (2012), 

Setyawan (2012), et al. (2013), and Zhang et al. (2013). 

Voucher specimens for all analyzed species were 

prepared and deposited at the Herbarium of Universitas 

Sebelas Maret, Indonesia (UNS; herbarium code: SO) to 

ensure reproducibility and taxonomic verifiability of the 

study. Each voucher specimen was assigned a unique 

collection number and labeled with detailed locality 

information, collector name, and collection date. Duplicate 

specimens (selected herbarium copies) will be forwarded to 

Herbarium Bogoriense (BO) for reference and long-term 

curation. Voucher accession numbers corresponding to 

each species are provided in Table 1. The deposition of 

voucher specimens ensures that future studies can re-

examine the taxonomic identity of the analyzed material 

and facilitates integration of phytochemical data with 

taxonomic and ecological research. 
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 Table 1. List of Selaginella species, collection sites, and ecological characteristics 

 

Species name Collection locality 
Province 

(Indonesia) 
Habitat type 

Elevation 

(masl) 

Voucher 

specimen 

Selaginella opaca Karangtengah: Sikidang Crater Central Java Albizia lophantha forest above a 

volcanic crater 

2,124 ADS 22 

S. remotifolia Karangtengah: Sikidang Crater Central Java Dirt inspection road of the 

geothermal steam pipeline 

2,071 ADS 23 

S. intermedia-01 Citalahab-Malasari: Nirmala Tea 

Plantation 

West Java Forest trail and tea plantation 

margin 

1,118 ADS 117 

S. subalpina-01 Banyukuning: Gedongsongo Temple Central Java Shaded area under the bamboo 

canopy 

1,309 ADS 45 

S. involvens-01 Kledung Village: Temporary tobacco 

field 

Central Java Drainage edge of the tobacco field 1,493 ADS 38 

S. wildenowii Citalahab-Malasari: Nirmala Tea 

Plantation 

West Java Forest trail and tea plantation 

margin 

1,118 ADS 116 

S. mayeri Bogor Botanical Gardens West Java Wild growth among botanical 

garden collections 

262 ADS 111 

S. ornata Citalahab-Malasari: Nirmala Tea 

Plantation 

West Java Forest trail and tea plantation 

margin 

1,118 ADS 118 

S. plana Gondowido: Lake Ngebel East Java Lake margin 786 ADS 52 

S. frondosa Bogor Botanical Gardens West Java Wild growth among botanical 

garden collections 

262 ADS 112 

S. subalpina-02 Gunung Bunder 2: Mount Halimun 

Salak National Park 

West Java Cliff in Damar Forest 869 ADS 136 

S. intermedia-02 Gunung Bunder 2: Mount Halimun 

Salak National Park 

West Java Cliff in Damar Forest 869 ADS 135 

S. aristata Berjo: Ngargoyoso Grand Forest Park Central Java Roadside cliff 1,220 ADS 8 

S. ciliaris Gentan: Batuseribu Park  Central Java Small river cliff 182 ADS 46 

S. repanda Kulurejo: Riparian agroforestry Central Java Hills near a small stream 185 ADS 134 

S. involvens-02 Baturiti: Batu Kahu Nature Reserve Bali Montane forest floor 1,403 ADS 155 

S. ketra-ayam Mount Menumbing Bangka 

Belitung Islands 

Hill forest 400 ADS 146 

S. velutina Cycloops Mountain Nature Reserve Papua Lower montane forest 281 ADS 141 

Selaginella sp. (Mt. 

Meja) 

Mount Meja Protected Forest West Papua  Lowland protected forest 102 ADS 145 

S. caudata Mount Meja Protected Forest West Papua Lowland protected forest 102 ADS 144 

Note: Numeric suffixes (e.g., -01, -02) indicate distinct samples of the same species collected from different localities or collection 

events, following the original sample labeling. Elevation is expressed in meters above sea level (masl) 

 

 

 

Sample preparation and flavonoid extraction 

Plant materials of each Selaginella sample were 

processed following a standardized protocol to ensure 

comparability of flavonoid profiles across species. Fresh 

aerial parts, including stems and leaves, were cleaned to 

remove adhering soil and debris, then air-dried under shade 

at ambient temperature to minimize degradation of 

phenolic compounds. Dried samples were subsequently 

ground into a fine powder using a laboratory mill and 

stored in airtight containers at room temperature until 

extraction. 

Flavonoid extraction was carried out using a solvent-

based maceration method commonly employed in 

phytochemical studies (Stalikas 2007; Azmir et al. 2013). 

Approximately 0.5 g of powdered plant material was 

extracted with 10 mL of analytical-grade methanol, 

selected for its effectiveness in solubilizing flavonoid and 

other phenolic compounds (Dai and Mumper 2010). The 

mixture was sonicated for 30 min at room temperature to 

enhance extraction efficiency, followed by static 

maceration for 24 h in the dark (Shehzadi et al. 2025). 

After centrifugation at 4,000 rpm for 10 min, the 

supernatant was collected for subsequent analysis (Stalikas 

2007). 

To ensure sample consistency, all extracts were filtered 

through 0.45 μm PTFE syringe filters prior to HPLC 

analysis to remove particulates and protect the 

chromatographic system (Stalikas 2007; Snyder et al. 

2010). Filtrates were transferred into amber vials and 

stored at 4°C to minimize degradation of phenolic 

compounds before analysis (Dai and Mumper 2010). No 

further purification or fractionation was applied, as the aim 

was to obtain holistic flavonoid fingerprints rather than 

isolated compounds, thereby preserving the overall 

chromatographic pattern and enabling direct comparison of 

retention time-based profiles among samples (Liang et al. 

2004; Xie et al. 2006). 

Extraction conditions, solvent type, sample-to-solvent 

ratio, and filtration procedures were kept identical for all 

samples to minimize methodological bias. Such 

standardization is essential for reliable interpretation of 

interspecific differences in flavonoid fingerprints derived 

from HPLC analysis. 
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HPLC instrumentation and analytical conditions 

The HPLC analysis of flavonoid extracts was 

performed using a reversed-phase system equipped with a 

quaternary pump, an autosampler, a column oven, and a 

photodiode array (PDA) detector. Chromatographic 

separation was achieved on a C18 reversed-phase column 

(250 × 4.6 mm, 5 μm particle size), which is commonly 

employed for the analysis of flavonoids and related 

phenolic compounds due to its robustness and broad 

applicability (Snyder et al. 2010). 

The gradient system and mobile phase composition 

followed commonly applied RP-HPLC conditions for 

flavonoid fingerprinting (Liang et al. 2004; Stalikas 2007). 

The mobile phase consisted of solvent A (water containing 

0.1% formic acid) and solvent B (acetonitrile). A linear 

gradient elution was applied to ensure adequate separation 

of flavonoid constituents with varying polarities. The 

gradient program was as follows: 10% B at 0 min, 

increased to 30% B over 15 min, then to 50% B at 30 min, 

and finally to 70% B at 45 min, followed by a 5 min re-

equilibration to initial conditions. The flow rate was 

maintained at 1.0 mL min-¹, the column temperature was 

set at 30°C, and the injection volume was 10 μL. 

Detection was carried out using a PDA detector, with 

chromatograms recorded at 270 nm, a wavelength 

commonly applied for monitoring flavonoid aglycones and 

biflavonoids due to their strong UV absorbance in this 

region (Liang et al. 2004; Stalikas 2007). For fingerprint 

analysis, chromatograms obtained at 270 nm were 

primarily used, providing adequate sensitivity for 

comparative assessment of major flavonoid constituents 

across samples. Representative chromatograms presented 

in this study were selected to reflect the range of profile 

complexity observed across the entire dataset. 

To support RT stability and analytical consistency 

across runs, a reference standard of amentoflavone was 

analyzed under identical chromatographic conditions 

(Figure 1). The standard produced a single, well-resolved 

peak with a consistent retention time (≈7.27 min), serving 

as an external RT reference to monitor system performance 

and alignment reliability. The use of this reference was 

intended solely to support RT reproducibility and 

calibration, not for compound identification within sample 

chromatograms. 

Method reproducibility was further evaluated through 

replicate injections of selected samples under identical 

chromatographic conditions. Retention time stability was 

assessed by calculating the Relative Standard Deviation 

(RSD) of major peak retention times, which consistently 

remained below 2%, indicating that the analytical 

conditions were sufficiently stable to support reliable 

comparison of RT-based flavonoid fingerprints across all 

Selaginella samples (Xie et al. 2006). 

 Peak detection and RT alignment 

Peak detection was conducted on HPLC 

chromatograms obtained under standardized analytical 

conditions using the instrument’s integrated 

chromatographic software. A consistent signal-to-noise 

threshold was applied uniformly across all samples, and 

only peaks with well-defined shapes and intensities clearly 

exceeding baseline noise were retained to minimize the 

inclusion of artefacts. 

The RT alignment was performed to enable accurate 

comparison of chromatographic features among samples. 

Minor RT shifts arising from instrumental variability or 

matrix effects were accommodated by applying a general 

tolerance window of ±0.2 min for peak matching across 

chromatograms. Peaks falling within this tolerance range 

were treated as representing the same chromatographic 

feature, a criterion commonly adopted in chromatographic 

fingerprinting studies to balance alignment robustness and 

sensitivity (Liang et al. 2004; Xie et al. 2006). 

For RT-based fingerprint construction, a narrow RT bin 

(7.25-7.40 min) was defined as an operational alignment 

feature (RT3) corresponding to the elution region of the 

amentoflavone reference peak. This restricted window was 

intentionally selected to capture only consistently aligned 

peaks and to exclude borderline signals occurring slightly 

earlier or later than the reference RT. The use of a narrow 

RT bin is critical for preserving feature homology across 

samples and for preventing artificial inflation of similarity 

values in subsequent similarity, clustering, and ordination 

analyses. Accordingly, RT3 represents a conservative 

alignment feature rather than an exhaustive indicator of 

amentoflavone occurrence. 

Aligned peaks were further inspected visually to 

confirm consistency in peak shape and relative elution 

order across samples. This semi-automated approach 

reduced the risk of misalignment associated with fully 

automated algorithms, particularly when handling complex 

plant extracts. 

The resulting aligned RT dataset formed the basis for 

constructing a binary presence–absence fingerprint matrix 

used in subsequent similarity and clustering analyses. By 

focusing on RT-defined features rather than absolute peak 

areas, this approach emphasizes qualitative pattern 

recognition and interspecific comparability, which are 

central to the objectives of this study.  
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Figure 1. HPLC chromatogram of amentoflavone reference 

standard (270 nm) showing a single peak at RT 7.27 min under 

the chromatographic conditions applied in this study  
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Construction of RT-based fingerprint matrix 

An RT-based fingerprint matrix was constructed using 

aligned chromatographic data to facilitate comparative 

analysis of flavonoid profiles across Selaginella species. 

Retention Times (RTs) of detected peaks were compiled 

for all samples, and a tolerance threshold of ±0.2 min was 

applied to define equivalent chromatographic features 

among different samples. Peaks eluting within this RT 

window were considered to represent the same flavonoid-

related signal, following established practices in 

chromatographic fingerprinting studies (Liang et al. 2004; 

Xie et al. 2006). 

Based on this criterion, a binary presence-absence 

matrix was generated, in which each row corresponded to 

an individual Selaginella sample and each column 

represented a distinct RT-defined peak. The presence of a 

peak within the defined RT window was coded as “1,” 

while its absence was coded as “0.” Peak intensity or area 

was not included in the matrix to avoid bias arising from 

concentration differences or matrix effects, thereby 

emphasizing qualitative pattern recognition rather than 

quantitative abundance. 

The resulting RT matrix summarizes the distribution of 

flavonoid-related chromatographic features across all 

analyzed species and samples. This matrix is presented in 

Table 2, which serves as the primary dataset for subsequent 

similarity analysis and cluster construction. By 

standardizing RT thresholds and using a binary scoring 

approach, the fingerprint matrix provides a robust and 

reproducible framework for evaluating interspecific 

similarities and differences in flavonoid profiles among 

Selaginella species. 

Similarity analysis and multivariate statistics 

Similarity analysis was performed using the RT-based 

binary fingerprint matrix derived from aligned 

chromatographic peaks. Pairwise similarity among 

Selaginella samples was quantified using both Sørensen 

and Jaccard similarity coefficients, which are widely 

applied to presence-absence data in comparative chemical 

and ecological studies (Jaccard 1901; Sørensen 1948). 

These indices emphasize shared features between samples 

while minimizing the influence of joint absences, making 

them suitable for RT-based chromatographic fingerprints. 

The Sørensen coefficient was calculated as 

2a/(2a+b+c), whereas the Jaccard coefficient was 

computed as a/(a+b+c), where a represents the number of 

shared RT-defined peaks between two samples, and b and c 

represent peaks unique to each sample. Similarity matrices 

generated from these coefficients formed the basis for 

subsequent multivariate analyses. 

Hierarchical cluster analysis was conducted to visualize 

patterns of chemical relatedness among Selaginella species. 

Clustering was performed using the Unweighted Pair 

Group Method with Arithmetic (UPGMA) mean based on 

the similarity matrices, a method commonly used for 

chemotaxonomic and fingerprinting studies due to its 

interpretability and robustness (Everitt et al. 2011; 

Legendre and Legendre 2012). The resulting dendrogram 

illustrates the grouping of samples according to overall 

flavonoid fingerprint similarity and was used to identify 

major chemotypic clusters among the analyzed species. 

To complement hierarchical clustering and to provide 

an ordination-based visualization of overall similarity 

patterns, Non-Metric Multidimensional Scaling (NMDS) 

was additionally applied to the RT-based binary fingerprint 

matrix. NMDS was performed using a Sørensen 

dissimilarity matrix, which is appropriate for presence-

absence data and emphasizes shared chromatographic 

features while minimizing the influence of joint absences. 

The analysis was conducted in a two-dimensional solution, 

and ordination quality was evaluated using the stress value 

as a measure of goodness-of-fit. NMDS was employed as 

an exploratory visualization tool rather than a formal 

hypothesis-testing framework, with the aim of assessing 

whether major similarity patterns observed in clustering 

analysis were consistently reflected in an ordination space. 

RESULTS AND DISCUSSION 

Overview of HPLC chromatographic profiles 

The HPLC chromatographic profiles of flavonoid 

extracts from the analyzed Selaginella species exhibited 

pronounced qualitative differences in peak distribution, 

profile complexity, and overall chromatographic 

architecture. Representative chromatograms illustrating 

these interspecific variations are shown in Figure 2. All 

samples produced multiple resolved peaks under identical 

extraction and analytical conditions, confirming that 

flavonoids constitute a prominent component of the 

secondary metabolite profiles across the genus. 

Clear variation was observed in the number and 

distribution of peaks along the retention time axis. Several 

species displayed complex chromatographic profiles 

characterized by numerous peaks distributed across mid to 

late retention times, indicating a diverse assemblage of 

flavonoid-related constituents. In contrast, other species 

exhibited simpler profiles dominated by a limited number 

of peaks, reflecting a more restricted flavonoid composition. 

These differences suggest substantial heterogeneity in 

flavonoid profiles among Selaginella species, even when 

methodological variables are fully standardized. 

Samples representing the same nominal species but 

collected from different localities, as indicated by numerical 

suffixes, generally shared a similar overall chromatographic 

framework. Major retention time regions were often 

conserved between conspecific samples, while additional 

peaks or minor shifts in peak occurrence contributed to 

subtle intra-specific variation. This pattern indicates that 

species-level flavonoid fingerprints are broadly stable, with 

local environmental conditions potentially influencing the 

presence of secondary or low-frequency peaks without 

altering the core chromatographic structure. 
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Figure 2. Representative HPLC chromatograms of flavonoid extracts from selected Selaginella species recorded at 270 nm. A. S. 

ciliaris, B. S. aristata, C. S. opaca, D. S. intermedia-01, E. S. involvens-01, F. S. plana 

 

  

Across the dataset, several retention time regions were 

recurrently occupied by prominent peaks in multiple 

species, suggesting the presence of shared flavonoid-

related components within the genus. At the same time, 

distinct peaks confined to one or a few species contributed 

to unique chromatographic signatures. Together, these 

patterns demonstrate that HPLC-based profiling effectively 

captures both shared and species-specific features of 

flavonoid composition in Selaginella and provides a 

qualitative foundation for subsequent RT-based fingerprint 

matrix construction and similarity analysis. 

RT-based flavonoid fingerprint matrix 

Alignment of HPLC chromatographic peaks across all 

Selaginella samples resulted in a discrete set of 11 RT-

defined flavonoid features, representing chromatographic 

signals that are either shared among multiple species or 

restricted to particular taxa. Using a tolerance window of 

±0.2 min, peaks eluting within the same RT interval were 

treated as equivalent features and compiled into a binary 

RT-based fingerprint matrix (Table 2). This matrix 

summarizes the qualitative presence-absence distribution of 

flavonoid-related peaks across all analyzed samples and 
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constitutes the primary dataset for subsequent similarity 

and clustering analyses. 

As shown in Table 2, the RT-based fingerprint matrix 

reveals clear heterogeneity in flavonoid composition 

among Selaginella species. Several of the 11 RT features 

are detected in multiple species, indicating the occurrence 

of shared flavonoid components that may reflect conserved 

biosynthetic traits within the genus. In contrast, other RT 

features are present only in one or a few species, 

highlighting species-specific or low-frequency flavonoid 

constituents that contribute to distinct chromatographic 

signatures. 

Conspecific samples collected from different localities, 

such as Selaginella intermedia-01 versus -02 and S. 

involvens-01 versus -02, exhibit partially overlapping RT 

profiles within the 11-feature matrix (Table 2). These 

samples share a set of core RT peaks while differing in the 

presence of auxiliary peaks, indicating intraspecific 

variability superimposed on broader interspecific 

differentiation. This pattern suggests that species-level 

flavonoid fingerprints are generally stable, with additional 

variation likely influenced by local environmental or 

microhabitat factors. 

The RT-based fingerprint matrix comprising 11 aligned 

RT bins provides a standardized qualitative framework for 

evaluating similarities and differences in flavonoid profiles 

across Selaginella species. By explicitly resolving shared 

and unique RT features (Table 2), this matrix forms the 

analytical basis for similarity coefficient calculation and 

hierarchical clustering presented in subsequent sections. 

Similarity matrix among Selaginella species 

Pairwise similarity among all Selaginella samples was 

quantified using Sørensen and Jaccard coefficients derived 

from the RT-based binary fingerprint matrix. Both indices 

yielded comparable patterns of qualitative chemical 

relatedness; therefore, the Sørensen similarity matrix is 

presented as the primary result to represent overall 

similarity relationships among samples, while Jaccard 

values are used as complementary support in the 

interpretation (Table 3). 

Similarity values spanned a broad range across sample 

pairs, indicating substantial heterogeneity in flavonoid 

fingerprint composition within the dataset. Conspecific 

samples collected from different localities, such as S. 

intermedia-01 versus -02 and S. involvens-01 versus -02, 

consistently exhibited moderate to high similarity values, 

reflecting the presence of shared core flavonoid features 

accompanied by additional variation at the individual level. 

In contrast, comparisons among ecologically and 

geographically distinct samples generally resulted in lower 

similarity values, suggesting pronounced differentiation in 

overall flavonoid composition. Nevertheless, several 

sample pairs displayed relatively high similarity 

coefficients despite geographic separation, indicating the 

presence of chemical affinities that are not strictly 

structured by spatial proximity. Such patterns suggest that 

RT-based flavonoid fingerprints may capture 

chemotaxonomic signals that extend beyond local 

environmental variation. 

  

 
Table 2. RT-based flavonoid fingerprint matrix across Selaginella species 

 

Species 

RT1 

(2.05-

2.25) 

RT2 

(2.45-

2.60) 

RT3 

(7.25-

7.40) 

RT4 

(8.45-

8.55) 

RT5 

(9.90-

10.05) 

RT6 

(11.30-

11.45) 

RT7 

(12.25-

12.35) 

RT8 

(13.45-

13.55) 

RT9 

(14.30-

14.40) 

RT10 

(14.75-

14.85) 

RT11 

(15.60-

15.75) 

Selaginella opaca 1 1 1 0 1 1 0 1 1 1 1 

S. remotifolia 0 1 0 0 1 0 1 1 0 1 1 

S. intermedia-01 0 1 0 0 1 0 1 1 1 0 0 

S. subalpina-01 1 1 1 0 1 0 1 0 1 1 0 

S. involvens-01 1 1 0 0 1 0 0 0 0 1 0 

S. wildenowii 1 1 0 0 1 0 0 0 1 1 0 

S. mayeri 1 1 0 0 1 0 0 0 1 0 0 

S. ornata 1 1 0 0 0 0 0 0 1 0 0 

S. plana 1 0 0 0 0 0 0 0 0 0 0 

S. frondosa 1 1 0 0 1 0 1 0 1 1 0 

S. subalpina-02 1 1 0 1 0 1 1 0 1 1 0 

S. intermedia-02 1 1 0 1 0 1 0 0 1 1 0 

S. aristata 1 1 0 1 1 1 0 0 1 1 1 

S. ciliaris 1 1 1 1 1 1 1 0 1 1 1 

S. repanda 1 0 0 0 0 0 0 0 1 0 0 

S. involvens-02 1 1 0 1 1 1 0 0 1 1 0 

S. ketra-ayam 1 1 0 1 1 0 0 0 1 1 0 

S. velutina 0 1 0 1 1 1 1 0 1 1 1 

Selaginella sp. (Mt. Meja) 1 1 0 0 0 0 0 0 1 1 0 

S. caudata 1 1 0 0 0 0 0 0 1 1 0 

Note: Binary scores (1/0) indicate the presence or absence of a chromatographic peak within each RT bin for a given species, based on 

aligned HPLC chromatograms using a tolerance of ±0.2 min. RT3 corresponds to the retention time of the amentoflavone reference peak 

(~7.27 min) and was used as an alignment anchor. The matrix represents qualitative RT-based features and does not imply compound 

identity beyond the reference anchor 

 



 

 

Table 3. Sørensen similarity matrix of RT-based flavonoid fingerprints among 20 Selaginella samples 

 

Species No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Selaginella opaca 1 1.000 0.667 0.571 0.750 0.615 0.714 0.615 0.500 0.200 0.667 0.625 0.667 0.824 0.842 0.364 0.750 0.667 0.706 0.615 0.615 

S. remotifolia 2 0.667 1.000 0.727 0.615 0.600 0.545 0.400 0.222 0.000 0.667 0.462 0.333 0.571 0.625 0.000 0.462 0.500 0.714 0.400 0.400 

S. intermedia-01 3 0.571 0.727 1.000 0.667 0.444 0.600 0.667 0.500 0.000 0.727 0.500 0.364 0.462 0.533 0.286 0.500 0.545 0.615 0.444 0.444 

S. subalpina-01 4 0.750 0.615 0.667 1.000 0.727 0.833 0.727 0.600 0.250 0.923 0.714 0.615 0.667 0.824 0.444 0.714 0.769 0.667 0.727 0.727 

S. involvens-01 5 0.615 0.600 0.444 0.727 1.000 0.889 0.750 0.571 0.400 0.800 0.545 0.600 0.667 0.571 0.333 0.727 0.800 0.500 0.750 0.750 

S. wildenowii 6 0.714 0.545 0.600 0.833 0.889 1.000 0.889 0.750 0.333 0.909 0.667 0.727 0.769 0.667 0.571 0.833 0.909 0.615 0.889 0.889 

S. mayeri 7 0.615 0.400 0.667 0.727 0.750 0.889 1.000 0.857 0.400 0.800 0.545 0.600 0.667 0.571 0.667 0.727 0.800 0.500 0.750 0.750 

S. ornata 8 0.500 0.222 0.500 0.600 0.571 0.750 0.857 1.000 0.500 0.667 0.600 0.667 0.545 0.462 0.800 0.600 0.667 0.364 0.857 0.857 

S. plana 9 0.200 0.000 0.000 0.250 0.400 0.333 0.400 0.500 1.000 0.286 0.250 0.286 0.222 0.182 0.667 0.250 0.286 0.000 0.400 0.400 

S. frondosa 10 0.667 0.667 0.727 0.923 0.800 0.909 0.800 0.667 0.286 1.000 0.769 0.667 0.714 0.750 0.500 0.769 0.833 0.714 0.800 0.800 

S. subalpina-02 11 0.625 0.462 0.500 0.714 0.545 0.667 0.545 0.600 0.250 0.769 1.000 0.923 0.800 0.824 0.444 0.857 0.769 0.800 0.727 0.727 

S. intermedia-02 12 0.667 0.333 0.364 0.615 0.600 0.727 0.600 0.667 0.286 0.667 0.923 1.000 0.857 0.750 0.500 0.923 0.833 0.714 0.800 0.800 

S. aristata 13 0.824 0.571 0.462 0.667 0.667 0.769 0.667 0.545 0.222 0.714 0.800 0.857 1.000 0.889 0.400 0.933 0.857 0.875 0.667 0.667 

S. ciliaris 14 0.842 0.625 0.533 0.824 0.571 0.667 0.571 0.462 0.182 0.750 0.824 0.750 0.889 1.000 0.333 0.824 0.750 0.889 0.571 0.571 

S. repanda 15 0.364 0.000 0.286 0.444 0.333 0.571 0.667 0.800 0.667 0.500 0.444 0.500 0.400 0.333 1.000 0.444 0.500 0.200 0.667 0.667 

S. involvens-02 16 0.750 0.462 0.500 0.714 0.727 0.833 0.727 0.600 0.250 0.769 0.857 0.923 0.933 0.824 0.444 1.000 0.923 0.800 0.727 0.727 

S. ketra-ayam 17 0.667 0.500 0.545 0.769 0.800 0.909 0.800 0.667 0.286 0.833 0.769 0.833 0.857 0.750 0.500 0.923 1.000 0.714 0.800 0.800 

S. velutina 18 0.706 0.714 0.615 0.667 0.500 0.615 0.500 0.364 0.000 0.714 0.800 0.714 0.875 0.889 0.200 0.800 0.714 1.000 0.500 0.500 

Selaginella sp. (Mt. Meja) 19 0.615 0.400 0.444 0.727 0.750 0.889 0.750 0.857 0.400 0.800 0.727 0.800 0.667 0.571 0.667 0.727 0.800 0.500 1.000 1.000 

S. caudata 20 0.615 0.400 0.444 0.727 0.750 0.889 0.750 0.857 0.400 0.800 0.727 0.800 0.667 0.571 0.667 0.727 0.800 0.500 1.000 1.000 

Note: Similarity values were calculated using the Sørensen coefficient based on the RT-based presence–absence fingerprint matrix (Table 2). Numeric suffixes indicate distinct samples of the 

same species collected from different localities 
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Conversely, samples characterized by simplified RT 

profiles or a limited number of shared chromatographic 

features showed consistently low similarity values when 

compared with most other taxa. The Sørensen similarity 

matrix provides a quantitative foundation for evaluating 

qualitative chemical relationships among Selaginella 

samples and serves as the basis for subsequent hierarchical 

clustering analysis. 

Cluster analysis of flavonoid fingerprints 

Hierarchical cluster analysis was performed to visualize 

patterns of chemical relatedness among Selaginella samples 

based on the Sørensen similarity matrix derived from the 

RT-based flavonoid fingerprint data (Table 3). Clustering 

was conducted using the Unweighted Pair Group Method 

with Arithmetic mean (UPGMA), which is widely applied 

in chemotaxonomic and fingerprinting studies due to its 

interpretability and suitability for similarity-based datasets. 

The resulting clustering pattern is illustrated in Figure 3. 

The dendrogram reveals several distinct clusters that 

reflect differences and affinities in flavonoid fingerprint 

composition among samples and species. Samples 

belonging to the same nominal species but collected from 

different localities, such as S. intermedia-01 and -02, as 

well as S. involvens-01 and -02, were consistently grouped 

within the same or closely adjacent clusters. This pattern 

indicates that core species-level flavonoid signatures are 

generally preserved at the individual level despite site-

specific variation, supporting the robustness of RT-based 

fingerprinting for comparative analysis. 

At a broader level, clusters comprised multiple species 

sharing relatively high similarity values, suggesting the 

presence of broad chemotypic affinities that are not strictly 

aligned with geographic origin. Several samples collected 

from different regions were positioned within the same 

major cluster, indicating that flavonoid composition may 

capture intrinsic biochemical traits that are not exclusively 

structured by spatial proximity. Conversely, samples 

characterized by simplified RT profiles or a limited number 

of shared peaks tended to form isolated branches, reflecting 

their distinct flavonoid fingerprints. 

The clustering pattern provides an integrated 

visualization of qualitative chemical relationships among 

Selaginella samples, which can be interpreted at the species 

level when conspecific samples exhibit consistent 

grouping. When interpreted together with the RT-based 

fingerprint matrix and similarity analysis, the dendrogram 

highlights the potential of flavonoid fingerprinting to 

contribute to chemotaxonomic assessment and comparative 

phytochemical studies within the genus. 

NMDS ordination of RT-based flavonoid fingerprints  

The NMDS ordination based on the Sørensen 

dissimilarity matrix provided a low-dimensional 

visualization of similarity relationships among Selaginella 

samples derived from the RT-based flavonoid fingerprint 

matrix (Figure 4). The ordination was constructed using the 

full Sørensen dissimilarity matrix (Table 3), and the two-

dimensional solution yielded a low stress value (Stress-1 ≈ 

0.087), indicating that the ordination adequately represents 

the multivariate similarity structure of the dataset. 

 

 

 
 

Figure 3. Dendrogram (UPGMA) showing hierarchical clustering of Selaginella species based on Sørensen similarity of RT-based 

flavonoid fingerprints (cut-off = 0.45) 
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Figure 4. NMDS ordination of Selaginella samples based on 

Sørensen dissimilarity of RT-based flavonoid fingerprints 

(presence-absence matrix). Each point represents one sample (1-

20), and inter-point distances reflect overall qualitative similarity 

in RT-defined features. The ordination is presented as an 

exploratory visualization complementary to hierarchical 

clustering. Stress-1 (approx.) = 0.087. Sample codes: 1. S. opaca, 

2. S. remotifolia, 3. S. intermedia-01, 4. S. subalpina-01, 5. S. 

involvens-01, 6. S. wildenowii, 7. S. mayeri, 8. S. ornata, 9. S. 

plana, 10. S. frondosa, 11. S. subalpina-02, 12. S. intermedia-02, 

13. S. aristata, 14. S. ciliaris, 15. S. repanda, 16. S. involvens-02, 

17. S. ketra-ayam, 18. S. velutina, 19. Selaginella sp. (Mt. Meja), 

20. S. caudata 

 

 

Overall, samples that clustered closely in the UPGMA 

dendrogram also tended to occupy proximate positions in 

the NMDS ordination space. Conspecific samples collected 

from different localities showed partial overlap or close 

proximity, reflecting shared core flavonoid features with 

limited divergence. In contrast, samples characterized by 

simplified RT profiles tended to be positioned toward the 

periphery of the ordination, consistent with their lower 

similarity values observed in pairwise comparisons. 

The NMDS ordination did not reveal a clear separation 

of samples based on geographic origin, supporting the 

inference that overall flavonoid fingerprint similarity is not 

primarily structured by spatial proximity. Instead, the 

ordination reflects broad qualitative chemical similarity 

among samples, in agreement with the clustering analysis, 

and is interpreted here as a complementary visualization 

rather than evidence of discrete chemotypic boundaries. 

Summary of flavonoid fingerprint variation across 

Selaginella species 

The integrated results of chromatographic profiling, 

RT-based fingerprint construction, similarity analysis, and 

hierarchical clustering collectively reveal structured 

patterns of qualitative flavonoid variation among the 

analyzed Selaginella samples. Visual comparison of 

chromatographic profiles demonstrated pronounced 

interspecific and inter-individual differences in peak 

distribution and overall profile complexity, indicating 

heterogeneous flavonoid compositions across the genus 

(Figure 2). These qualitative differences provided the 

empirical basis for subsequent RT alignment and 

comparative analysis. 

The RT-based fingerprint matrix captures the 

distribution of aligned flavonoid-related peaks across all 

analyzed samples and highlights the coexistence of 

conserved and variable chemical features (Table 2). Several 

RT-defined peaks were consistently detected across 

multiple species, suggesting the presence of shared 

flavonoid components within Selaginella. In contrast, 

numerous peaks were restricted to a limited number of 

species or individual samples, contributing to distinct 

chromatographic signatures. This pattern reflects a dual 

structure of flavonoid diversity, comprising both genus-

level conserved elements and species- or sample-specific 

differentiation. 

Quantitative similarity analysis based on the Sørensen 

coefficient translated these qualitative patterns into 

measurable similarity relationships among samples (Table 

3). Conspecific samples collected from different localities 

exhibited moderate to high similarity values, indicating that 

core flavonoid fingerprints are generally stable at the 

species level. At the same time, lower similarity values 

observed between ecologically or taxonomically distinct 

samples underscore pronounced divergence in overall 

flavonoid composition, reinforcing the discriminatory 

power of RT-based fingerprinting. 

Hierarchical clustering analysis integrates these 

findings by providing a coherent visualization of chemical 

relatedness among Selaginella samples (Figure 3). The 

resulting dendrogram reveals clusters that group samples 

and species with similar flavonoid fingerprints, while also 

identifying chemically distinct taxa that form isolated 

branches. Importantly, these chemotypic groupings are not 

strictly aligned with geographic origin, suggesting that 

intrinsic biochemical characteristics play a substantial role 

in shaping flavonoid profiles. 

The combined results demonstrate that RT-based HPLC 

fingerprinting provides a robust qualitative framework for 

assessing interspecific flavonoid diversity based on 

individual-level chemical data in Selaginella. 

Chromatographic profiles, fingerprint matrices, similarity 

indices, and clustering analysis consistently reveal patterns 

of shared and species-specific chemical variation, 

providing a basis for interpreting comparative 

chemotaxonomic patterns and exploratory ecological 

implications.  

Discussion 

Flavonoid fingerprinting as a tool for interspecific 

discrimination 

The results of this study demonstrate that RT-based 

HPLC flavonoid fingerprinting provides an effective 

qualitative tool for discriminating among Selaginella 

species based on their secondary metabolite profiles. 

Distinct chromatographic patterns observed across species, 

as reflected in peak distribution, profile complexity, and 

similarity relationships, indicate that flavonoid fingerprints 

capture biologically meaningful variation at the 

interspecific level. This finding is consistent with previous 

phytochemical studies showing that flavonoid composition 
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often exhibits species-specific patterns linked to genetic 

background and evolutionary history (Markham 1988; 

Harborne and Williams 2000). 

In vascular plants, flavonoids have long been 

recognized as valuable chemotaxonomic markers due to 

their structural diversity, relative stability, and taxonomic 

consistency (Harborne 1994; Harborne and Williams 

2000). In pteridophytes, including Selaginella, flavonoids 

are among the most frequently reported secondary 

metabolites, yet their application for comparative and 

chemotaxonomic purposes has remained limited. Most 

existing studies on Selaginella flavonoids have focused on 

the isolation and structural elucidation of individual 

compounds or on targeted LC-MS screening of selected 

taxa (Cao et al. 2010; Zhao et al. 2013). While such 

approaches provide detailed chemical information, they are 

less suited for broad interspecific comparisons across 

multiple taxa. 

The RT-based fingerprinting approach adopted in this 

study addresses this limitation by emphasizing holistic 

chromatographic patterns rather than individual compound 

identities. Similar fingerprinting strategies have been 

widely applied in medicinal plant authentication, species 

discrimination, and quality control, particularly when 

dealing with complex phytochemical mixtures (Gong et al. 

2003; Liang et al. 2004; Xie et al. 2006). The present 

results align with these studies by showing that 

reproducible retention time patterns can be translated into 

binary matrices and similarity indices that effectively 

differentiate species based on overall chemical 

composition. 

The moderate to high similarity values observed among 

conspecific samples collected from different localities 

further support the utility of flavonoid fingerprints for 

species-level discrimination. Such stability of core 

chromatographic features suggests that flavonoid profiles 

are largely governed by intrinsic biochemical and genetic 

factors, with environmental variation contributing 

secondary modifications. Comparable patterns have been 

reported in fingerprint-based studies of other plant groups, 

where interspecific variation exceeds intraspecific 

variability when standardized analytical protocols are 

applied (Zhao et al. 2006; Smillie and Khan 2010). 

Importantly, the clustering patterns derived from 

similarity analysis reveal chemical affinities that are not 

strictly correlated with geographic proximity. This 

observation suggests that flavonoid fingerprinting may 

capture deeper chemotaxonomic signals reflecting shared 

evolutionary or biosynthetic traits among species, rather 

than merely environmental influences. Similar findings 

have been reported in chemotaxonomic studies of ferns and 

lycophytes, where flavonoid distribution patterns were 

found to complement morphological and molecular 

evidence (Wollenweber et al. 1998; Vetter 2018). 

Taken together, these results highlight the value of RT-

based HPLC flavonoid fingerprinting as a practical and 

informative approach for interspecific discrimination in 

Selaginella. By enabling comparative analysis across 

multiple species without reliance on full compound 

identification, this method provides a robust framework for 

exploring chemical diversity, supporting chemotaxonomic 

inference, and guiding the selection of taxa for further 

bioactivity-oriented phytochemical studies. 

Chemotaxonomic implications of flavonoid variation in 

Selaginella 

The observed patterns of flavonoid fingerprint variation 

among Selaginella species carry important implications for 

chemotaxonomic interpretation within the genus. The 

coexistence of shared and species-specific RT-defined 

peaks suggests that flavonoid composition reflects both 

conserved biochemical traits and lineage-specific 

differentiation. Such dual patterns are characteristic of 

secondary metabolite systems that are shaped by 

evolutionary constraints as well as diversification 

processes, making flavonoids particularly informative for 

chemotaxonomic assessment (Harborne 1994; Wink 2003). 

In chemotaxonomy, the value of flavonoids lies not 

only in the presence of particular compounds but also in 

broader distributional patterns across taxa. In this study, 

several RT regions were consistently represented across 

multiple Selaginella species, indicating the presence of 

common flavonoid-related components at the genus level. 

These shared features may reflect conserved biosynthetic 

pathways that have been maintained throughout the 

evolutionary history of Selaginella, one of the earliest 

diverging lineages of vascular plants (Banks 2009; 

Weststrand and Korall 2016a, b). Comparable genus-level 

conservation of flavonoid patterns has been reported in 

ferns and other lycophytes, where flavonoid classes show 

phylogenetically structured distributions (Wollenweber et 

al. 1998; Vetter 2018). 

At the same time, the occurrence of distinct RT peaks 

restricted to specific species or small species groups 

highlights the potential of flavonoid fingerprints to resolve 

finer-scale taxonomic relationships. Species-specific or 

narrowly distributed flavonoid features have long been 

recognized as valuable chemotaxonomic markers, 

particularly in groups where morphological differentiation 

is subtle or convergent (Wollenweber et al. 1998; Harborne 

and Williams 2000). In Selaginella, morphological 

plasticity and ecological adaptation often complicate 

species delimitation, suggesting that complementary 

chemical evidence may provide additional resolution when 

integrated with morphological and molecular data. 

The clustering patterns observed in this study further 

support the chemotaxonomic relevance of flavonoid 

fingerprints. Species grouped within the same chemical 

clusters did not always share close geographic proximity, 

implying that chemical similarity is not merely a reflection 

of local environmental conditions. Instead, these groupings 

may correspond to shared evolutionary or biosynthetic 

traits, consistent with the view that secondary metabolite 

profiles can retain phylogenetic signals across broad spatial 

scales (Wink and Waterman 1999; Wink 2008). Similar 

chemotaxonomic clustering based on flavonoid profiles has 

been reported in fern genera and other plant groups, where 

chemical affinities complement phylogenetic 

reconstructions based on DNA sequence data (Zhao et al. 

2006; Smillie and Khan 2010). 
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Nevertheless, it is important to recognize that 

chemotaxonomic interpretation based on fingerprinting 

approaches remains inherently qualitative. RT-based 

fingerprints capture overall compositional patterns but do 

not directly resolve compound identity or biosynthetic 

pathways. As such, the chemotaxonomic signals inferred 

here should be viewed as complementary rather than 

definitive. Integration with molecular phylogenetic 

frameworks and targeted structural identification of key 

flavonoid markers would further strengthen taxonomic 

inference in future studies (Wink and Waterman 1999; Xie 

et al. 2006; Burleigh et al. 2009). 

The flavonoid fingerprint variation documented in this 

study supports the utility of secondary metabolite profiling 

as a chemotaxonomic tool in Selaginella. By revealing 

patterns of chemical similarity and differentiation that align 

imperfectly with geography, RT-based HPLC 

fingerprinting provides independent evidence of 

biochemical structuring within the genus. These findings 

reinforce the value of combining chemical, morphological, 

and molecular data to achieve a more comprehensive 

understanding of species relationships and evolutionary 

diversification in Selaginella. 

Ecological and adaptive significance of flavonoid diversity 

in Selaginella 

The observed diversity of flavonoid fingerprints among 

Selaginella species also carries important ecological and 

adaptive implications. Flavonoids are multifunctional 

secondary metabolites that play key roles in plant-

environment interactions, including protection against 

ultraviolet radiation, oxidative stress, pathogens, and 

herbivores, as well as mediation of physiological responses 

to abiotic stress (Agati et al. 2012; Brunetti et al. 2013). In 

early-diverging vascular plants such as Selaginella, these 

functions may be particularly critical for survival across 

heterogeneous habitats. 

The qualitative variation in flavonoid fingerprints 

documented in this study, reflected in differences in peak 

number, distribution, and species-specific features, 

suggests that adaptive responses to local environmental 

conditions may shape flavonoid composition. Selaginella 

species occupy a wide range of ecological settings, from 

shaded montane forests to open, seasonally dry, or 

disturbed habitats. Such environmental heterogeneity is 

likely to impose different selective pressures on secondary 

metabolite production, resulting in distinct flavonoid 

profiles optimized for specific ecological contexts (Winkel-

Shirley 2002; Treutter 2005). 

Conspecific samples collected from different localities 

exhibited broadly similar core flavonoid fingerprints, yet 

with additional variation in minor or low-frequency peaks. 

This pattern suggests that while fundamental flavonoid 

biosynthetic pathways are genetically conserved at the 

species level, fine-scale modulation of flavonoid 

expression may occur in response to microhabitat 

conditions such as light intensity, moisture availability, and 

temperature regimes. Similar patterns of environmentally 

modulated flavonoid variation have been reported in ferns 

and angiosperms, where stress-related flavonoids increase 

under high irradiance or nutrient limitation without altering 

the core metabolite profile (Close and McArthur 2002; 

Agati and Tattini 2010). 

The lack of strict correspondence between chemical 

similarity and geographic proximity further indicates that 

spatial factors do not solely determine flavonoid diversity 

in Selaginella. Instead, adaptive convergence may occur 

among species occupying comparable ecological niches in 

different regions, leading to chemically similar flavonoid 

fingerprints despite geographic separation. Such 

convergence has been documented in other plant groups, 

where similar environmental pressures result in parallel 

secondary metabolite profiles across unrelated or distantly 

distributed taxa (Wink 2003; Lattanzio et al. 2006). 

The flavonoid fingerprint variation observed in this 

study supports the view that flavonoids contribute to the 

ecological flexibility and adaptive capacity of Selaginella. 

While RT-based fingerprinting does not directly resolve 

functional mechanisms, the detected patterns provide 

indirect evidence that flavonoid diversity is linked to 

environmental adaptation. These findings underscore the 

importance of considering ecological context when 

interpreting phytochemical variation and highlight the 

potential of comparative flavonoid profiling for exploring 

adaptive strategies in early vascular plant lineages. 

Methodological strengths and limitations of RT-based 

HPLC fingerprinting 

RT-based HPLC fingerprinting offers several 

methodological advantages for comparative phytochemical 

studies, particularly when dealing with multiple species and 

complex metabolite mixtures such as those found in 

Selaginella. One of the principal strengths of this approach 

lies in its ability to capture holistic chemical profiles 

without requiring full structural identification of individual 

compounds. By focusing on reproducible retention time 

patterns, fingerprinting enables efficient interspecific 

comparison and pattern recognition across large datasets 

(Liang et al. 2004; Xie et al. 2006). 

The standardized analytical conditions applied in this 

study, including consistent extraction procedures, 

chromatographic parameters, and retention time alignment 

thresholds, contributed to the reproducibility of the 

resulting fingerprints. The use of a binary presence-absence 

matrix further reduced the influence of peak intensity 

variability, which can be affected by extraction efficiency, 

sample handling, or detector sensitivity. As a result, the 

RT-based fingerprints provided a robust qualitative 

framework for similarity analysis and clustering, suitable 

for chemotaxonomic and comparative purposes (Gong et 

al. 2003). 

The methodological robustness of RT alignment was 

further strengthened by the inclusion of an amentoflavone 

reference standard, which served as an external retention 

time anchor for biflavonoid-rich regions of the 

chromatogram. Although amentoflavone was not 

introduced as an internal standard into each extract, its 

reproducible elution under identical chromatographic 

conditions confirms the stability and comparability of 

retention time patterns across analytical runs. This external 
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calibration approach enhances confidence in RT-based 

fingerprint interpretation while remaining consistent with 

the qualitative objectives of chromatographic 

fingerprinting. 

Another methodological strength of RT-based 

fingerprinting is its scalability. Compared with targeted 

compound identification using LC-MS or NMR, 

fingerprinting requires less analytical time and 

interpretative effort, making it particularly useful for 

preliminary screening of chemical diversity across multiple 

taxa. This characteristic is especially relevant for 

understudied groups such as lycophytes, where 

comprehensive phytochemical coverage across species 

remains limited (Xie et al. 2006). 

Despite these advantages, several limitations of the RT-

based fingerprinting approach must be acknowledged. 

Retention time alone does not provide direct information 

on compound identity, structural class, or biosynthetic 

origin. Consequently, different compounds with similar 

chromatographic behavior may contribute to the same RT-

defined peak, potentially obscuring finer chemical 

distinctions. In addition, minor shifts in retention time can 

occur due to column aging or subtle changes in mobile 

phase composition, necessitating careful calibration and 

alignment procedures (Gong et al. 2003). 

Furthermore, the qualitative nature of binary scoring 

precludes quantitative assessment of relative flavonoid 

abundance. While this approach is appropriate for 

interspecific discrimination and pattern recognition, it 

cannot address questions related to metabolite 

concentration, dominance, or dose-dependent bioactivity. 

Therefore, RT-based fingerprinting should be viewed as a 

complementary tool rather than a replacement for targeted 

quantitative or structural analyses (Xie et al. 2006). 

RT-based HPLC fingerprinting represents a 

methodologically sound and efficient strategy for 

comparative analysis of flavonoid diversity in Selaginella. 

When combined with rigorous analytical standardization, 

external RT referencing, and cautious interpretation, this 

approach provides valuable insights into interspecific 

chemical variation while laying the groundwork for 

subsequent targeted phytochemical and bioactivity-oriented 

investigations. 

The inclusion of NMDS ordination further supports the 

robustness of the similarity patterns derived from RT-based 

fingerprinting. NMDS was applied conservatively as a 

complementary visualization tool, and yielded ordination 

patterns broadly consistent with hierarchical clustering 

results, with a low stress value indicating an adequate two-

dimensional representation of the qualitative similarity 

structure. Importantly, the absence of sharp group 

boundaries or strong gradients in the ordination space 

reinforces the qualitative nature of the dataset and cautions 

against overinterpretation of fine-scale chemical distances. 

In this context, NMDS serves to confirm general similarity 

relationships rather than to infer discrete chemotypes or 

environmental drivers, which would require quantitative 

metabolite data or targeted compound identification.  

Comparison with previous phytochemical studies on 

Selaginella 

Previous phytochemical investigations on Selaginella 

have substantially expanded knowledge of flavonoid 

diversity within the genus, particularly through the 

isolation and structural elucidation of individual 

compounds. Numerous studies have reported biflavonoids, 

flavones, and related phenolic compounds from selected 

Selaginella species, often emphasizing their 

pharmacological potential, such as antioxidant, anti-

inflammatory, and cytotoxic activities (Lin et al. 2000; Cao 

et al. 2010; Zhao et al. 2013; Shim et al. 2018). While these 

studies provide detailed chemical characterization, their 

scope has generally been limited to one or a few species 

and has rarely addressed comparative patterns across 

multiple taxa. 

Targeted LC-MS-based studies have further contributed 

to flavonoid identification in Selaginella by enabling the 

detection of known compounds and their derivatives in 

complex extracts (Zhang et al. 2013; Yao et al. 2017; 

Křížkovská et al. 2021). However, such approaches 

typically rely on predefined metabolite classes and 

reference standards, which limit their applicability for 

holistic chemical comparison among diverse species (Dunn 

et al. 2013; Wolfender et al. 2013). Consequently, 

interspecific chemical relationships and broader patterns of 

flavonoid distribution within Selaginella remain 

insufficiently explored in the existing literature. 

In contrast to these compound-centered approaches, the 

present study adopts a fingerprint-based strategy that 

emphasizes overall chromatographic patterns rather than 

individual metabolite identities. This methodological shift 

allows direct comparison of flavonoid profiles across a 

wider set of Selaginella species under standardized 

analytical conditions. By constructing an RT-based 

fingerprint matrix and applying similarity and clustering 

analyses, this study provides a comparative framework that 

complements earlier phytochemical reports and addresses a 

gap in genus-wide chemical assessment, consistent with 

established chromatographic fingerprinting approaches 

(Liang et al. 2004; Xie et al. 2006). 

Comparative fingerprinting approaches have been 

successfully applied in other plant groups, particularly in 

medicinal plants and ferns, where they have proven 

effective for species discrimination, chemotaxonomic 

inference, and preliminary screening of chemical diversity 

(Liang et al. 2004; Zhao et al. 2006; Smillie and Khan 

2010). The present results demonstrate that similar 

strategies are equally applicable to Selaginella, a lineage 

that has received relatively limited attention from a 

comparative phytochemical perspective. 

The findings of this study do not contradict previous 

reports on flavonoid composition in Selaginella, but rather 

contextualize them within a broader comparative 

framework. Species previously reported to contain diverse 

flavonoid classes also tend to exhibit complex 

chromatographic fingerprints, while species with fewer 

documented compounds often show simpler profiles. This 

correspondence suggests that RT-based fingerprinting 

captures meaningful chemical signals consistent with 



 ASIAN J NAT PROD BIOCHEM 23 (2): 131-145, December 2025 

 

144 

existing phytochemical knowledge, while extending it to a 

multi-species comparative scale (Harborne and Williams 

2000; Xie et al. 2006). 

This study complements earlier phytochemical 

investigations by shifting the analytical focus from isolated 

compounds to comparative flavonoid patterns across 

species. In doing so, it provides a foundation for integrating 

fingerprint-based screening with targeted structural and 

bioactivity studies, thereby advancing a more 

comprehensive understanding of flavonoid diversity and its 

taxonomic, ecological, and applied significance within 

Selaginella. 

In conclusion, this study demonstrates that RT-based 

HPLC flavonoid fingerprinting provides a robust 

qualitative framework for comparing flavonoid profiles 

across Selaginella species. Analysis of 20 samples yielded 

a binary fingerprint matrix comprising 11 aligned RT-

defined features generated using a retention time tolerance 

of ±0.2 min. Chromatographic profiles exhibited 

pronounced interspecific variation, while conspecific 

samples from different localities showed moderate to high 

similarity, indicating the presence of stable species-level 

core flavonoid signatures. Similarity and clustering 

analyses, supported by complementary NMDS ordination, 

further revealed broader chemical affinities that are not 

strictly associated with geographic origin, suggesting that 

flavonoid composition reflects intrinsic biochemical traits 

shaped by evolutionary history, with additional modulation 

by local environmental conditions. Although RT-based 

fingerprinting does not resolve compound identity, 

structural variation, or metabolite abundance, it effectively 

captures holistic chemical patterns and supports 

comparative and chemotaxonomic assessment. As a 

qualitative screening approach, it provides a practical 

foundation for future studies integrating LC-MS/MS 

dereplication, quantitative profiling, and molecular 

phylogenetic analyses to clarify the biosynthetic, 

functional, and evolutionary significance of flavonoid 

diversity in Selaginella. 
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Abstract. Padmanabhan S, Dharshini BP, Vasugi S, Dilipan E. 2025. Rosemary-loaded nanolipid carriers for multifunctional 

antioxidant, anti-inflammatory, and antifungal therapy enhancement. Asian J Nat Prod Biochem 23: 146-152. We developed and 

characterized rosemary-loaded Nanostructured Lipid Carriers (NLCs) and evaluated their multifunctional bioactivity. Rosemary extract 

(Soxhlet, 80% methanol) was incorporated into a lipid matrix via a microemulsion route. Physicochemical analyses confirmed 

successful encapsulation and stability: X-ray diffraction showed a semi-crystalline/disordered matrix consistent with efficient loading, 

and FTIR revealed characteristic bands (O–H, C–H, C=O/C–O–C) indicating compatible interactions between extract and lipids. In vitro 

bioassays demonstrated strong, concentration-dependent effects. Anti-inflammatory activity (protein-denaturation model) rose from 

44% inhibition at 50 µg to 94% at 200 µg. Antioxidant capacity (DPPH) increased from 52.32% at 50 µg to 89.47% at 200 µg. 

Antifungal testing against Candida albicans showed dose-dependent zones of inhibition, with maximal effects at the highest tested 

volume (100 µL). Collectively, these data indicate that NLC encapsulation enhances the functional performance of rosemary bioactive 

across complementary therapeutic axes anti-inflammatory, antioxidant, and antifungal while maintaining structural integrity of the 

carrier system. The eco-friendly formulation strategy, relying on biocompatible lipids and surfactants, supports improved bioavailability 

and stability and is well-suited for translation to topical wound care, infection control, and targeted drug-delivery applications. Future 

work will optimize particle attributes and release kinetics and benchmark efficacy against standard comparators in relevant preclinical 

models. 

Keywords: Bioactive compounds, drug delivery system, lipid-based nanocarriers, rosemary extract, therapeutic potential 

INTRODUCTION 

A Nanostructured Lipid Carrier (NLC) is a solid 

matrix–based drug delivery system at room temperature, 

composed of physiological, biodegradable, and 

biocompatible lipids with surfactants. Approved by 

regulatory bodies for various drug delivery modalities, 

NLCs are considered a superior alternative to Solid Lipid 

Nanoparticles (SLNs) because the inclusion of liquid oil 

droplets within the solid matrix increases drug loading 

capacity and minimizes drug mobility. Compared with 

polymeric nanoparticles, NLCs offer distinct advantages 

such as reduced toxicity, biodegradability, drug protection, 

controlled release, and solvent-free production. They have 

been extensively explored for delivering both hydrophilic 

and hydrophobic compounds (Iqbal et al. 2012) and are 

regarded as highly promising solubilizing systems 

(Chinsriwongkul et al. 2012). Key therapeutic benefits 

include enhanced solubility, improved stability, higher 

permeability and bioavailability, reduced side effects, 

prolonged half-life, and targeted tissue distribution (Fang et 

al. 2013; Afeeza et al. 2025). 

Several preparation methods have been established, 

with solvent diffusion and hot high-pressure 

homogenization (≥80°C) being the most effective for 

scalable synthesis (Selvamuthukumar and Velmurugan 

2012). Stability during storage remains critical to ensure 

chemical, physical, and microbiological integrity (Obeidat 

et al. 2010). The nanoscale size and lipid matrix also allow 

NLCs to penetrate biological barriers, including the brain, 

offering controlled release, high drug loading, 

biocompatibility, and scalability (Agrawal et al. 2020). 

Their clinical utility has been demonstrated in wound 

healing, where reduced particle size, enhanced solubility, 

and prolonged release improve therapeutic efficacy and 

sustain dosing at the wound site (Wathoni et al. 2024). By 

modulating lipid composition, NLCs can maintain their 

solid state while incorporating both solid and liquid lipids, 

ensuring effective drug immobilization and preventing 

particle agglomeration (Jaiswal et al. 2016). Beyond 

conventional therapy, NLCs have gained attention in 

cancer treatment due to their precision delivery and 

reduced side effects (Naseem et al. 2024), as well as in 

nutraceuticals to improve the stability and distribution of 

antioxidants (Gunawan and Boonkanokwong 2024). 

Plant-derived bioactive compounds are increasingly 

explored as alternatives or complements to synthetic drugs 

due to their broad pharmacological activities and relatively 

low side-effect profiles. However, many phytochemicals 

suffer from poor aqueous solubility, low chemical stability, 

and limited bioavailability, which restrict their clinical 

translation (Aziz et al. 2021). Nanoencapsulation using 

lipid-based carriers such as NLCs has proven effective in 

addressing these limitations by shielding bioactives from 
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degradation, improving solubilization, and enabling 

sustained release (Lacatusu et al. 2010; Soleimanifard et al. 

2019). 

Rosemary (Rosmarinus officinalis L., Lamiaceae) is a 

medicinal plant rich in flavonoids, recognized for its broad-

spectrum bioactivities including antioxidant, antibacterial, 

and antitumoral effects (Lacatusu et al. 2010). Widely used 

as a food additive in Europe, America, and Asia, rosemary 

possesses therapeutic potential against infections, diabetes, 

obesity, and cancer (Khatoon et al. 2020), and has been 

studied for dermatological applications such as preventing 

age-related skin damage (Montenegro et al. 2017). It is also 

applied as a natural preservative in food systems, reducing 

oxidative spoilage (Kaur et al. 2024), and exhibits 

antifungal, anti-aflatoxigenic, and herbicidal activities 

(Hendel et al. 2024). 

Inflammation and oxidative stress are closely 

interrelated pathological processes implicated in the 

progression of chronic diseases, infections, and tissue 

damage (Afeeza et al. 2025). Protein denaturation is a 

widely accepted in vitro model for assessing anti-

inflammatory activity, while the DPPH radical scavenging 

assay remains a standard method for evaluating antioxidant 

potential (Aksoy et al. 2013; Gunathilake et al. 2018). 

Furthermore, fungal infections caused by Candida albicans 

pose a significant clinical challenge, particularly due to 

rising antifungal resistance and limited efficacy of existing 

therapies (Ross et al. 2008). Plant-based antifungal agents 

delivered through nanocarrier systems represent a 

promising alternative approach to address these challenges. 

In this context, the present study aims to develop 

rosemary extract-loaded nanostructured lipid carriers using 

an eco-friendly microemulsion technique and to evaluate 

their multifunctional biological activities. Structural 

characterization of the formulated NLCs was performed 

using X-Ray Diffraction (XRD) and Fourier-Transform 

Infrared Spectroscopy (FTIR) to confirm successful 

encapsulation and molecular interactions. The anti-

inflammatory, antioxidant, and antifungal properties of the 

rosemary-loaded NLCs were systematically investigated 

through in vitro assays. This study seeks to establish 

rosemary-loaded NLCs as a promising nanotechnology-

based platform for enhanced therapeutic applications in 

inflammation control, oxidative stress management, and 

antifungal therapy. 

MATERIALS AND METHODS 

Collection of samples 

The Rosemary plant (R. officinalis) was collected from 

Salem District, Tamil Nadu, India and transported to 

laboratory. After being washed well the plant material was 

shade dried for 10-16 days. In shade drying, the sample 

was dried in air at normal room temperature without 

sunlight to avoid abiotic stress. After drying, the plant 

material was continuously monitored and maintained to 

prevent unwanted things and moisture content. 

Preparation of extraction 

Approximately 10 grams of powdered rosemary were 

accurately weighed and placed into a Soxhlet extraction 

thimble. The round-bottom flask of the Soxhlet apparatus 

was filled with 80% methanol as the extraction solvent for 

4 hrs at 80°C. Following the extraction process, the 

resulting solution was filtered through Whatman No. 1 

filter paper to eliminate insoluble plant debris and 

particulate matter. The concentrated extract was 

subsequently transferred to a clean, sterile vial, and stored 

at 4°C for storage prior to further analysis. 

Synthesis of Nanostructured Lipid Carriers (NLCs) 

Nanostructured Lipid Carriers (NLCs) were synthesized 

utilizing the microemulsion method. Initially, a Tris buffer 

solution (pH 6.8) was prepared, to which a few drops of 

coconut oil and 16 mg of beeswax were added to 10 mL of 

the buffer. The mixture was heated to 70°C with 

continuous stirring until the beeswax completely melted, 

resulting in a uniform lipid phase. Concurrently, in a 

separate beaker, 100 mg of Polyvinyl Alcohol (PVA) was 

dissolved in 10 mL of Tris buffer, and 0.5% w/v Sodium 

Dodecyl Sulfate (SDS) was incorporated, stirring until fully 

dissolved. The lipid phase was subsequently and gradually 

introduced into the aqueous phase while maintaining 

continuous stirring at 70°C for two hours, ensuring the 

formation of a stable emulsion. Following this, 100 mg of 

rosemary extract was introduced to the emulsion, and 

thorough mixing was conducted to ensure the even 

distribution of the bioactive compounds. The emulsion was 

then allowed to cool to room temperature and was stored at 

-20°C overnight to stabilize the NLCs. After 24 hours, the 

container was transferred to -80°C for additional freezing, 

ensuring complete solidification of the lipid particles. 

Ultimately, the emulsion was subjected to lyophilization, 

resulting in stable NLCs that are suitable for further 

characterization and analysis (Garg et al. 2022). 

X-Ray Diffraction (XRD) 

The dried mixture of nanolipid carriers containing 

rosemary extract was subjected to analysis using an X’Pert 

Pro X-ray diffractometer (PANalytical BV, The 

Netherlands) to confirm the incorporation of the extract 

within the carriers. The instrument was operated at a 

voltage of 40 kV and a current of 30 mA, employing Cu 

Kα radiation to ensure precise measurements. The analysis 

was conducted in a standard configuration, facilitating the 

identification of crystalline phases and structural patterns. 

This method provides valuable insights into the molecular 

arrangement and stability of the rosemary extract integrated 

within the nanolipid carrier matrix (Sarvesh et al. 2024). 

FTIR analysis 

The dried mixture of nanolipid carriers containing 

rosemary extract was subjected to analysis via a Fourier-

Transform Infrared (FTIR) spectrophotometer (Nicolet 

b6700 FTIR, Thermo Scientific) to identify the functional 

groups present within the sample. The instrument operated 

with a resolution of 4 cm-¹, encompassing a spectral range 

of 4000-400 cm-¹, thereby ensuring high precision in the 
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detection of molecular vibrations and chemical bonds. This 

analysis yielded comprehensive information regarding the 

interactions between the rosemary extract and the nanolipid 

carrier matrix, thereby confirming the incorporation and 

stability of the extract. The FTIR spectra facilitated the 

identification of characteristic peaks corresponding to the 

functional groups present in the sample (Dilipan et al. 

2023). 

Protein denaturation assay 

The protein denaturation experiment was conducted 

with slight modifications to a previously reported method 

(Gunathilake et al. 2018). A 5 mL reaction mixture was 

prepared, consisting of 0.2 μL of 1% bovine serum 

albumin, 4.78 mL of phosphate-buffered saline (PBS, pH 

6.4), and the lyophilized sample at a concentration of 10 

mg/mL. The mixture was incubated in a water bath at 37°C 

for 15 minutes and then heated to 70°C for 5 minutes to 

induce denaturation. After cooling, the turbidity was 

measured at 660 nm using a UV/VIS spectrometer (Optima 

SP-3000, Tokyo, Japan).  

A phosphate buffer served as the control. The inhibition 

percentage of protein denaturation was calculated using the 

formula: % inhibition = 100 × (1 - A2/A1), where A1 is the 

control sample absorption and A2 is the test sample 

absorption. 

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay 

The radical scavenging activity of the test sample was 

assessed utilizing the DPPH (2,2-diphenyl-1-

picrylhydrazyl) assay (Aksoy et al. 2013). The procedure 

entailed the combination of the sample with DPPH 

solution, followed by incubation in the dark at 37°C for 30 

minutes to facilitate the reaction. Subsequent to the 

incubation period, the absorbance of the DPPH solution 

was measured at 517 nm employing a UV-VIS 

spectrophotometer, with ascorbic acid employed as a 

positive control (Ramachandran et al. 2021). 

 

DPPH scavenging effect = ((A0 - A1)/A0) × 100, 

 

Where A0 is the absorbance of the control and A1 is the 

absorbance of the sample. 

Antifungal activity 

Antifungal activity was assessed using the agar well 

diffusion method. The inoculum of C. albicans was 

prepared by culturing the strain in Sabouraud Dextrose 

Broth (SDB) at 37°C for 24 hours, with turbidity 

standardized to the 0.5 McFarland standard. Subsequently, 

Sabouraud Dextrose Agar (SDA) plates were uniformly 

inoculated with the prepared suspension, and wells 

measuring 6 mm in diameter were created using a sterile 

gel punch. Test samples were introduced into the wells in 

varying volumes (50 µL, 75 µL, and 100 µL). The plates 

were then incubated at room temperature for a duration of 

24 to 48 hours, after which the zones of inhibition 

surrounding the wells were measured to evaluate antifungal 

activity (Ross et al. 2008). 

Statistically analysis 

All experiments were performed in triplicate, and 

results were expressed as mean ± Standard Error of the 

Mean (SEM). Statistical analyses were conducted using 

OriginPro software. Pearson correlations and one-way 

ANOVA were applied to evaluate the significance of 

parameters and treatments. Additional analyses were 

performed using SPSS version 21.0, with p<0.05 

considered statistically significant. 

RESULTS AND DISCUSSION 

X-Ray Diffraction  

The X-Ray Diffraction (XRD) analysis of the 

Nanostructured Lipid Carrier (NLC) infused with rosemary 

extract revealed distinct peaks that substantiate its semi-

crystalline nature (Figure 1). Notable diffraction peaks 

were observed at 2θ values of 11.21°, 16.54°, 22.03°, 

22.59°, 26.24°, 31.14°, and 41.84°. The sharp and intense 

peak at 22.59° indicates a highly ordered crystalline region, 

suggesting an alignment of lipid molecules and effective 

encapsulation of rosemary extract within the carrier. In 

contrast, the broader peaks with lower intensities, such as 

those at 11.21° and 16.54°, indicate amorphous regions, 

which are essential for enhancing drug-loading efficiency 

and promoting sustained release properties of the carrier. 

These findings confirm that the rosemary extract was 

integrated into the lipid matrix without compromising its 

structural integrity. 

Fourier-Transform Infrared spectroscopy 

The FTIR spectrum of the Nanostructured Lipid Carrier 

(NLC) infused with rosemary extract reveals essential 

functional groups and molecular interactions, thereby 

confirming the successful incorporation of the extract into 

the lipid matrix (Figure 2). The broad peaks at 3348 cm-¹ 

and 3289 cm-¹ are indicative of O–H stretching vibrations, 

signifying the presence of hydroxyl groups from both the 

lipid carrier and the rosemary extract. These bands suggest 

the occurrence of hydrogen bonding, which contributes to 

the stabilization of the system. The peaks at 2916 cm-¹ and 

2848 cm-¹ are attributed to C–H stretching vibrations from 

the alkyl chains of the lipids, further affirming the lipid 

nature of the carrier. The sharp peak at 1589 cm-¹ 

corresponds to C=C stretching vibrations characteristic of 

the aromatic rings present in the phenolic compounds of 

rosemary extract. Additionally, the peaks at 1402 cm-¹ and 

1287 cm-¹ indicate C–H bending and aromatic interactions, 

thereby further substantiating the presence of bioactive 

compounds in rosemary. A strong band at 1218 cm-¹ 

represents C–O stretching, which is associated with esters 

or phenolic ethers in either the carrier or the extract. 

Notable absorption bands at 1082 cm-¹ and 1024 cm-¹ are 

attributed to C–O–C stretching vibrations, thereby 

confirming the existence of ester linkages within the lipid 

matrix. The peaks at 789 cm-¹, 627 cm-¹, and 526 cm-¹ 

suggest out-of-plane bending vibrations associated with the 

aromatic structures and lipid functional groups. The FTIR 

spectrum demonstrates the successful encapsulation of 
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rosemary extract within the nanolipid carrier, revealing 

stable molecular interactions that preserve the functional 

integrity of both components. This confirms the system's 

potential for pharmaceutical and therapeutic applications. 

Anti-inflammatory activity: Protein denaturation assay 

The protein denaturation assay for the NLC infused 

with rosemary extract demonstrates its substantial anti-

inflammatory activity, as evidenced by the percentage of 

inhibition observed at various concentrations (Figure 3). 

The data presented in the graph illustrate a concentration-

dependent inhibition of protein denaturation, which serves 

as a critical marker of anti-inflammatory properties. At a 

concentration of 50 µg, the NLC exhibited a 44% 

inhibition, indicating moderate anti-inflammatory activity. 

This effect significantly increased at higher concentrations, 

reaching 56.5% inhibition at 100 µg and 81.5% at 150 µg. 

The highest concentration tested, 200 µg, exhibited a 

remarkable inhibition of 94%, thereby confirming the 

formulation's considerable anti-inflammatory potential. 

Antioxidant activity: 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) assay 

The results of the DPPH assay for the NLC infused 

with rosemary extract indicate substantial antioxidant 

activity, as demonstrated by the percentage of inhibition 

observed at various concentrations (Figure 4). The data 

reveal a distinct concentration-dependent enhancement in 

the scavenging activity of the NLC. At a lower 

concentration of 50 µg, the system exhibited moderate 

inhibition of 52.32%, suggesting the presence of bioactive 

antioxidant compounds. As the concentration increased to 

100 µg, the inhibition rose to 67.05%, reflecting an 

improved capacity for free radical scavenging. At 150 µg, 

the NLC achieved significant inhibition of 78.84%, 

underscoring its potent antioxidant potential. The highest 

concentration tested, 200 µg, recorded an impressive 

89.47% inhibition, nearing complete neutralization of free 

radicals. This progressive increase in antioxidant activity 

with concentration is attributed to the bioactive compounds 

present in rosemary extract, including phenolic acids, 

flavonoids, and terpenoids, which are well-documented for 

their free radical scavenging properties. 

Antifungal activity 

The antifungal activity of the NLC infused with 

rosemary extract was evaluated using the agar well 

diffusion method (Figure 5). The results indicated a strong 

efficacy against C. albicans. The zones of inhibition 

surrounding the wells increased in size with escalating 

concentrations of the NLC, demonstrating a concentration-

dependent antifungal effect. At a lower concentration of 50 

µL, the zone of inhibition was moderate, signifying initial 

antifungal activity. Conversely, as the concentration 

increased to 75 µL and 100 µL, the zones of inhibition 

expanded significantly, illustrating enhanced efficacy at 

higher doses. 

 

 

 

 
 

Figure 1. X-Ray Diffraction (XRD) pattern of Rosemary extract-

loaded Nanostructured Lipid Carriers (NLCs). The diffractogram 

shows reduced crystalline peaks of rosemary extract within the 

lipid matrix, indicating successful encapsulation and 

transformation to a more amorphous state 

 

 
 

Figure 2. Fourier-Transform Infrared Spectroscopy (FTIR) 

spectral analysis of rosemary extract-loaded Nanostructured Lipid 

Carriers (NLCs) 
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Figure 3. Anti-inflammatory activity of rosemary extract-loaded 

Nanostructured Lipid Carriers (NLCs)  

 

 
 

Figure 4. Antioxidant activity of rosemary extract-loaded 

Nanostructured Lipid Carriers (NLCs) 

 

 

 

  
 

Figure 5. Antifungal activity of rosemary extract-loaded Nanostructured Lipid Carriers (NLCs) 

 

 

 

Discussion 

The present study demonstrates that Nanostructured 

Lipid Carriers (NLCs) markedly enhance the therapeutic 

potential of rosemary extract compared to its free form or 

conventional delivery systems. Encapsulation improved the 

stability of bioactive compounds, sustained their release, 

and enhanced their bioavailability, thereby maximizing 

antioxidant, anti-inflammatory, and antifungal effects 

(Javed et al. 2024). These findings are particularly 

significant given that free rosemary extract is often limited 

by rapid degradation, low solubility, and reduced 

bioactivity under physiological conditions (Aziz et al. 

2021). By contrast, the rosemary-NLC formulation 

provided a protective lipid matrix that preserved phenolic 

compounds such as rosmarinic and carnosic acid, while 

simultaneously improving their therapeutic delivery. 

The XRD and FTIR analyses confirmed the semi-

crystalline structure and stable encapsulation of rosemary 

bioactives, features that explain the superior drug-loading 

capacity and release kinetics observed in this study. The 

coexistence of crystalline and amorphous lipid domains has 

been shown to enhance solubility and facilitate controlled 

release, consistent with previous reports on lipid-based 

systems (Soleimanifard et al. 2019; Malekmohammadi et 

al. 2023). Furthermore, the absence of significant spectral 

shifts in FTIR suggests that the encapsulation process 

preserved the chemical integrity of bioactive compounds, 

preventing degradation (Musuc et al. 2013). Together, 

these structural features provide mechanistic insight into 

the observed pharmacological efficacy. 

The biological assays further underscore the advantages 

of rosemary-NLCs. The formulation achieved strong anti-

inflammatory activity, likely through improved 
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stabilization and delivery of rosmarinic and carnosic acid, 

which are known to suppress pro-inflammatory mediators 

(Al-Sereiti et al. 1999). Likewise, the enhanced antioxidant 

activity can be attributed to the sustained release of 

phenolics such as caffeic acid and flavonoids, which 

effectively neutralize free radicals (Rašković et al. 2014). 

The antifungal efficacy against C. albicans was also 

potentiated, most likely due to improved penetration of 

terpenoids such as cineole and camphor across fungal 

membranes, an effect facilitated by the lipid carrier system 

(Agrawal et al. 2020). Collectively, these results highlight 

the multifaceted therapeutic advantages of NLC 

encapsulation over free rosemary extract and other 

conventional carriers. 

Despite these promising outcomes, certain limitations 

must be acknowledged. The present work was confined to 

in vitro evaluations, and the absence of in vivo or clinical 

validation restricts the generalizability of findings. 

Moreover, issues such as large-scale manufacturing, batch-

to-batch consistency, and long-term stability remain 

unresolved, and these represent key barriers to clinical 

translation. Regulatory challenges surrounding the safety 

assessment of nanocarrier systems must also be addressed 

before rosemary-NLCs can be adopted for therapeutic use. 

In this study, rosemary-loaded NLCs offer a superior 

delivery platform that enhances the stability, 

bioavailability, and therapeutic performance of rosemary 

bioactives. While these findings provide a strong proof of 

concept, future work should focus on in vivo validation, 

pharmacokinetic profiling, and clinical evaluation to bridge 

the gap between experimental outcomes and practical 

biomedical applications. 

In conclusion, rosemary extract-loaded Nanostructured 

Lipid Carriers (NLCs) demonstrate considerable 

biomedical potential, highlighting their multifunctional 

therapeutic properties. X-Ray Diffraction (XRD) analysis 

elucidates the structural complexity and disordered 

polymeric nature of the NLCs, while Fourier-Transform 

Infrared Spectroscopy (FTIR) confirms the presence of 

functional groups such as alcohols, amines, and esters, 

which contribute to their bioactivity. The NLCs exhibit 

significant anti-inflammatory activity, achieving 94% 

inhibition of protein denaturation at a concentration of 200 

µg/mL, alongside remarkable antioxidant efficacy, 

scavenging 89.47% of DPPH radicals at the same 

concentration. Additionally, the NLCs manifest antifungal 

activity against C. albicans, with effective inhibition 

further enhanced by the encapsulation of rosemary extract. 

These findings suggest that the incorporation of rosemary 

extract into NLCs enhances bioavailability, stability, and 

therapeutic efficiency. This study underscores the potential 

of rosemary-loaded NLCs as a cost-effective and 

environmentally friendly nanotechnology platform for 

various biomedical applications, including drug delivery, 

wound healing, antioxidant therapy, and disease 

management. This innovative approach paves the way for 

further exploration and clinical applications of plant-based 

nanocarriers. 
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Abstract. Hapsari AN, Nurrizqi AY, Nurrosidah AN, Maharani AC, Indrawan M, Saensouk S, Setyawan AD. 2025. Natural dye plants in 

traditional batik production and their potential as plant-derived pigments. Asian J Nat Prod Biochem 23: 153-163. Plant-derived natural 

dyes have attracted renewed interest as alternative pigment sources due to growing concerns over the environmental and health 

implications of synthetic dyes. Traditional dyeing practices offer process-based systems in which pigment extraction, transformation, 

and application are achieved using low-input operational controls. This study documents plant species used as natural dyes in traditional 

batik production at Batik Tjap Tiga Negeri, Laweyan Batik Village, Surakarta, Central Java, Indonesia, and discusses their relevance as 

plant-derived pigment sources within a natural product and biochemical context. Observations were conducted during active dye 

production to record plant species utilized, plant parts used, extraction methods, dye application procedures, and handling of residual 

materials. A total of seven plant species were identified as components of the dyeing system, including Indigofera tinctoria, Caesalpinia 

sappan, Cudrania javanensis, Swietenia mahagoni, Symplocos fasciculata, Tectona grandis, and Acacia spp. Dye extraction involved 

fermentation or aqueous heat-based processes, while dye application relied on repeated dipping and drying cycles. Variation in color 

intensity was associated with differences in dyeing duration and the number of application cycles. The results indicate that traditional 

dyeing systems function as low-input pigment processing frameworks in which color outcomes are regulated through process variables 

such as fermentation, pH adjustment, and repeated application. Literature-based synthesis further shows that the documented dye plants 

are associated with reported pigment classes, including indigoids, homoisoflavonoids, flavonoid-related pigments, and tannin-rich 

polyphenols. Although no chemical analyses were performed, the study highlights traditional dyeing systems as low-input pigment 

processing models and identifies candidate plant sources for future biochemical characterization and natural product research. 

Keywords: Batik dyeing, natural pigments, plant-derived dyes, process-controlled coloration, traditional dyeing systems 

INTRODUCTION 

Synthetic dyes have been extensively used in the textile 

industry due to their color uniformity, reproducibility, and 

high production efficiency. However, their widespread 

application has raised serious environmental and health 

concerns, particularly related to the release of non-

biodegradable effluents, high Chemical Oxygen Demand 

(COD), Biological Oxygen Demand (BOD), and the 

formation of toxic aromatic amines during degradation 

(Ardila-Leal et al. 2021; Al-Tohamy et al. 2022; Islam et 

al. 2023). These issues have motivated increasing 

regulatory pressure and scientific interest in developing 

safer and more sustainable alternatives for textile 

coloration. Recent studies emphasize that synthetic dye 

residues contribute significantly to aquatic toxicity and 

long-term ecosystem degradation, especially in regions 

dominated by small-scale textile industries with limited 

wastewater treatment infrastructure (Moreira et al. 2022; 

Periyasamy 2024). 

In response to these challenges, plant-derived natural 

pigments have re-emerged as promising alternatives due to 

their renewable origin, lower toxicity, and potential 

biodegradability. Advances in green chemistry and 

sustainable materials research highlight natural pigments as 

key components in environmentally responsible production 

systems (Fried et al. 2022; Pizzicato et al. 2023; Renita et 

al. 2023). In addition to their environmental advantages, 

plant-based pigments are increasingly valued for their 

aesthetic complexity and compatibility with eco-friendly 

processing routes. Reviews published in some scientific 

journals consistently report growing scientific and 

industrial interest in natural colorants derived from higher 

plants (Bechtold and Mussak 2009; Shahid et al. 2013). 

Despite these advantages, the large-scale adoption of 

natural pigments remains constrained by variability in color 

yield, stability, and processing efficiency. Consequently, 

understanding traditional dyeing systems that have 

historically optimized plant pigment use under low-input 

conditions may provide valuable insights for contemporary 

natural product and biochemical research. 

Several plant species traditionally used in textile dyeing 

are well documented in the literature as sources of 

chemically distinct pigment classes. Indigofera tinctoria is 

widely recognized as a primary source of indigoid 

pigments, particularly indigo and indirubin, which are 
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formed through enzymatic hydrolysis and subsequent 

oxidation of indican precursors (Fried et al. 2022; Castillo-

Suárez et al. 2023). Indigoid compounds have attracted 

biochemical interest due to their redox behavior and 

chromophoric properties (Maugard et al. 2001; Bechtold et 

al. 2003). 

Caesalpinia sappan has been reported as a major source 

of brazilin and its oxidized derivative brazilein, phenolic 

pigments responsible for red to reddish-brown hues. These 

compounds belong to the homoisoflavonoid group and are 

known for their pH-dependent color transitions and metal-

binding behavior, making them relevant to studies on 

pigment stability and mordant interactions (Pizzicato et al. 

2023; Wouyou et al. 2025). Similarly, Cudrania javanensis 

and related dye plants have been associated with flavonoid-

related yellow pigments, which contribute to color diversity 

and exhibit sensitivity to processing conditions (Alegbe 

and Uthman 2024). 

Importantly, these pigment associations are reported in 

the literature and are not derived from chemical analyses 

conducted in the present study. Nevertheless, identifying 

plant species traditionally selected for dyeing provides an 

empirical basis for linking botanical sources with known 

pigment classes of biochemical relevance. 

Traditional textile dyeing systems rely on process 

variables that directly influence pigment release, 

transformation, and fixation onto textile fibers. 

Fermentation is commonly employed to convert precursor 

compounds into chromophoric forms, particularly in 

indigo-based systems where microbial or enzymatic 

activity facilitates pigment solubilization prior to oxidation. 

Another critical variable is pH adjustment, often achieved 

through the addition of alkaline materials such as calcium 

oxide (CaO). The pH plays a decisive role in pigment 

ionization, solubility, and affinity for textile fibers, thereby 

affecting color intensity and stability (Shahid et al. 2013). 

Repeated dipping and drying cycles further enhance 

pigment deposition by promoting gradual accumulation and 

fixation. 

Viewed from a natural product perspective, these 

traditional practices can be conceptualized as integrated 

pigment processing systems governed by fermentation, pH 

control, and repeated application. Understanding these 

process-dependent effects is essential for translating 

traditional knowledge into biochemical and natural product 

research frameworks. 

This study aims to document plant species used as 

natural dyes in traditional batik production and to discuss 

their potential relevance as plant-derived pigment sources 

for natural product and biochemical studies. We 

hypothesized that color intensity in traditional batik dyeing 

increases with longer dyeing duration and a higher number 

of repeated dipping cycles, reflecting process-controlled 

modulation of plant-derived pigments rather than chemical 

modification of pigment composition.  

MATERIALS AND METHODS 

Study site and dye production system 

The study was conducted at Batik Tjap Tiga Negeri, a 

traditional batik production unit located in Laweyan, 

Surakarta, Central Java, Indonesia. The site represents an 

active batik workshop that applies plant-based natural dyes 

as part of its regular production process. Observations were 

carried out during ongoing dyeing activities to capture 

operational practices under real production conditions. 

The dye production system at the study site is 

characterized by small-scale, manual processing and the 

use of plant-derived materials prepared on-site. Natural 

dyes are processed through a sequence of steps that include 

plant material preparation, aqueous extraction or 

fermentation, dye bath conditioning, and repeated 

application to textile fibers. All procedures are conducted 

under ambient conditions without the use of synthetic 

auxiliaries or industrial-scale equipment. 

Plant materials used for dyeing are sourced from 

cultivated plants or local suppliers, depending on 

availability. Dye preparation methods vary according to 

plant species and targeted color outcomes and include 

fermentation, boiling, decoction, soaking, or grinding. In 

indigo-based dyeing, alkaline conditions are achieved 

through the controlled addition of calcium oxide to 

facilitate dye application prior to oxidation. These 

procedures form an integrated dye production system in 

which color development is regulated through operational 

control rather than chemical modification. 

The dye application process involves repeated 

immersion and air-drying cycles to achieve gradual color 

accumulation on textile fibers. Adjustments in dyeing 

duration and repetition are made empirically by 

practitioners based on visual assessment of color 

development. Handling of residual materials is 

incorporated into routine production activities and does not 

involve secondary chemical treatment. 

The study site was treated as a process-oriented unit of 

analysis, focusing on the operational steps relevant to 

pigment extraction, transformation, and application. 

Historical, cultural, and spatial aspects were not included, 

as the primary objective was to document dyeing practices 

with relevance to plant-derived pigment research.  

Plant material identification 

Plant species used as natural dye sources were 

identified based on direct observation of dye preparation 

and application activities at the study site, combined with 

information provided by practitioners regarding local plant 

names and plant parts utilized. The identification process 

focused on establishing the correct scientific names of plant 

taxa relevant to dye production. 

Initial identification was conducted using regional and 

national floristic references, including standard botanical 

handbooks and floras relevant to Indonesian plant taxa 

(Backer and van den Brink 1980; Whitmore et al. 1986; 

Suheryanto 2017). These printed sources were used to 

match local plant names with macroscopic morphological 
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descriptions and accepted scientific names prior to 

verification using online taxonomic databases. 

To ensure taxonomic accuracy and nomenclatural 

consistency, scientific names were subsequently verified 

using authoritative online plant taxonomic resources, 

including Plants of the World Online (POWO 2026; 

https://powo.science.kew.org), the Global Biodiversity 

Information Facility (GBIF 2026; https://www.gbif.org), 

and the International Plant Names Index (IPNI 2026; 

https://www.ipni.org). These databases were consulted to 

confirm accepted names, authorship, and higher-level 

taxonomic placement. 

Plant identification was limited to species actively used 

in the dyeing process during the observation period. No 

plant specimens were collected for herbarium deposition, 

and no microscopic or molecular identification was 

performed. Consequently, species determination relied on 

macroscopic morphological characteristics, local usage 

information, and cross-validation with floristic literature 

and online taxonomic references. 

This identification approach aimed to produce a 

validated list of plant species relevant to the dyeing system 

while maintaining methodological transparency appropriate 

for a process-oriented natural product study. 

Observation of dye preparation and application 

Observation of dye preparation and application was 

conducted through direct, non-intrusive monitoring of 

routine dyeing activities at the study site. The observations 

aimed to document operational steps and key process 

variables involved in the use of plant-based natural dyes 

under real production conditions, without measuring 

pigment composition or performance quantitatively. This 

approach is commonly used in process-oriented studies of 

traditional dyeing systems to capture practice-based 

knowledge (Cardon 2007; Bechtold and Mussak 2009). 

The observation covered sequential stages of dyeing 

activities, including plant material preparation, dye 

extraction or fermentation, dye bath conditioning, and 

application of dyes to textile fibers. For indigo-based 

dyeing, particular attention was given to leaf fermentation, 

alkalization, and oxidation, as these stages regulate 

pigment availability and dye uptake in traditional indigo 

systems (Maugard et al. 2001; Bechtold et al. 2003; 

Castillo-Suárez et al. 2023). 

For non-indigo dye plants, observations focused on 

aqueous extraction methods such as boiling or decoction of 

bark, wood, or leaves. Heat-assisted extraction is widely 

reported as an effective approach for releasing phenolic and 

flavonoid-related pigments from plant tissues used in 

natural dyeing (Vankar 2000; Samanta and Agarwal 2009). 

Extraction duration and handling of dye solutions prior to 

application were recorded descriptively to characterize 

process variability. 

The use of plant-based mordants was also noted, 

including the sequence and timing of mordant application 

relative to dyeing. Natural mordants derived from plant 

materials have been reported to influence pigment-fiber 

interactions without the use of synthetic additives (Shahid 

et al. 2013). 

Dye application was observed during repeated 

immersion and air-drying cycles. Key variables recorded 

included dyeing duration, number of dipping cycles, and 

general dye bath conditions such as perceived alkalinity. 

Repeated application is known to facilitate gradual pigment 

accumulation and improved color fixation in plant-based 

dyeing systems (Pizzicato et al. 2023; Renita et al. 2023). 

All observations were conducted under ambient 

production conditions without intervention, aligning with 

established process-based investigations of traditional 

dyeing systems (Cardon 2007; Fried et al. 2022). 

Data analysis 

Data analysis was conducted using a descriptive and 

process-oriented framework to synthesize observational 

information related to plant species utilization, dye 

preparation procedures, and dye application practices. The 

analytical approach was designed to organize field 

observations systematically without applying quantitative 

statistical inference or laboratory-based pigment 

measurements. 

Information obtained from observations was 

categorized according to major components of the dyeing 

system, including plant material characteristics, extraction 

or fermentation techniques, application procedures, and 

handling of residual materials. Process variables such as 

dyeing duration, number of dipping cycles, and general dye 

bath conditions were documented to enable comparison 

across different dye types. This form of qualitative 

categorization is widely used in studies aiming to 

understand traditional production systems and process-

driven material behavior (Bechtold and Mussak 2009; Ling 

et al. 2022). 

Color intensity was assessed using an observational 

ordinal scale based on visual evaluation during routine 

production. Such qualitative scaling methods are 

commonly employed in traditional dyeing studies where 

color outcomes are controlled empirically and instrumental 

colorimetric measurements are not available (Renita et al. 

2023; Negi 2025). The analysis focused on identifying 

consistent patterns between operational variables and 

observed color development rather than on quantifying 

pigment concentration or color metrics. 

Comparative interpretation of dyeing practices 

emphasized process-response relationships, allowing 

evaluation of how variations in operational control 

influenced dye application outcomes. Interpretation was 

limited to patterns observable across repeated production 

cycles and did not extend to causal or mechanistic claims at 

the molecular level. This constraint ensured a clear 

distinction between observational findings and literature-

based biochemical interpretation. 

Literature-based synthesis was applied separately 

during the discussion stage to relate observed dye plants 

and processing practices to reported pigment classes and 

biochemical behavior. By maintaining this separation, the 

analytical framework preserved methodological 

transparency and avoided conflation between primary 

observational data and secondary literature interpretation 

(Snyder et al. 2019; Fried et al. 2022; Pizzicato et al. 2023). 
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RESULTS AND DISCUSSION 

Plant species used as natural dye sources 

Observation of dye production activities at Batik Tjap 

Tiga Negeri identified a set of plant species consistently 

used as sources of natural dyes in traditional batik 

production. These species represent the primary botanical 

materials employed for generating different color tones and 

for supporting dye fixation during the dyeing process. The 

documented plant species, plant parts used, color outcomes, 

and extraction methods are summarized in Table 1. 

A total of seven plant species were recorded as active 

components of the dyeing system. The species utilized 

include I. tinctoria, C. sappan, C. javanensis, Swietenia 

mahagoni, Symplocos fasciculata, Tectona grandis, and 

Acacia spp. Each species was associated with a distinct role 

within the dyeing process, either as a primary source of 

color or as a supporting material for color fixation. 

Leaves of I. tinctoria were used as the sole source of 

blue coloration. The dye preparation involved a 

fermentation-based process followed by oxidation, 

resulting in a characteristic indigo hue applied as a base 

layer in the dyeing sequence. Other dye plants primarily 

utilized woody tissues, including bark or heartwood, which 

were processed through boiling or decoction to obtain 

aqueous dye solutions. These species contributed red, 

yellow, brown, or dark brown tones depending on the plant 

material and extraction method employed. 

In addition to pigment-producing plants, S. fasciculata 

bark was recorded as a natural mordant source. Rather than 

contributing a distinct color, this species was used to 

support dye fixation through alum-related compounds 

released during grinding and soaking. The inclusion of a 

plant-based mordant highlights the integrated nature of the 

dyeing system, in which color development and fixation 

are achieved using botanical materials. 

Across all documented species, extraction methods 

were limited to low-input aqueous processes, including 

fermentation, boiling, decoction, grinding, and soaking. No 

synthetic chemicals or industrial additives were applied 

during plant material processing. The recorded plant 

species and associated extraction techniques together form 

the botanical foundation of the natural dyeing system 

observed in this study. 

Dye extraction and application processes 

The dye extraction and application processes observed 

at Batik Tjap Tiga Negeri followed a structured sequence 

of plant material preparation, aqueous extraction or 

fermentation, dye bath conditioning, and repeated 

application to textile fibers. Although specific procedures 

varied among plant species, the overall workflow showed 

consistent operational stages across different dye types. 

For indigo-based dyeing derived from I. tinctoria, dye 

preparation involved a fermentation stage using fresh 

leaves immersed in water. The fermentation process 

produced a soluble dye intermediate, which was 

subsequently subjected to oxidation during application. 

Prior to dyeing, alkaline conditions were established 

through the addition of small amounts of calcium oxide 

(CaO) to the dye bath. This step facilitated pigment 

solubilization before oxidation and application. The 

sequential stages of fermentation, alkalization, oxidation, 

and dye application were consistently applied during indigo 

dyeing, as illustrated in Figure 1. 

Extraction of dyes from non-indigo plant species relied 

primarily on aqueous heat-based methods. Woody 

materials such as the bark or wood of C. sappan, C. 

javanensis, S. mahagoni, and Acacia spp. were processed 

through boiling or decoction to release color-bearing 

compounds into the dye solution. Following extraction, 

solid residues were removed by simple filtration, and the 

resulting dye solutions were used directly for fabric dyeing 

without further modification. 

In the case of S. fasciculata, bark material was 

processed by grinding and soaking to obtain a solution used 

as a natural mordant. This solution was applied prior to or 

in conjunction with dyeing to support color fixation. The 

mordanting step was integrated into the dyeing sequence 

without the use of synthetic additives. 

Application of natural dyes to textiles involved repeated 

dipping and air-drying cycles. Each cycle allowed gradual 

accumulation of color on the fabric surface, while 

intermediate drying facilitated fixation. Dyeing was 

conducted under ambient conditions, and the duration and 

number of dipping cycles were adjusted according to the 

desired color depth. Variations in these parameters were 

recorded as part of the observation process and are 

addressed in subsequent sections. 

To synthesize the observed dye preparation and 

application procedures, the individual operational steps 

were integrated into a simplified workflow representing the 

general structure of plant-based dyeing systems. This 

workflow is summarized in Figure 2, highlighting common 

stages shared across different dye types. 

  
 

 

Table 1. Plant species used as natural dye sources in traditional batik production 

 

Scientific name Local name Plant part used Color obtained Extraction method 

Indigofera tinctoria Indigo / Tarum Leaves Blue Fermentation followed by oxidation 

Caesalpinia sappan Secang Wood Red Boiling 

Cudrania javanensis Tegeran Wood Yellow Decoction 

Swietenia mahagoni Mahoni Bark Brown Boiling 

Symplocos fasciculata Jambal Bark Mordant source (alum) Grinding and soaking 

Tectona grandis Jati Leaves Reddish brown Hot extraction 

Acacia spp. Kayu akasia Bark Dark brown Boiling 



HAPSARI et al. – Natural dye plants for traditional batik pigment production 

 

157 

 
 

Figure 1. Indigo-based dye preparation and application process derived from Indigofera tinctoria 

 

 

 
 

Figure 2. Simplified workflow of plant-based natural dye preparation and application in traditional batik production 

 

  

Influence of processing parameters on color intensity 

Variation in color intensity observed during natural 

dyeing was closely associated with differences in 

processing parameters, particularly dyeing duration and the 

number of repeated dipping cycles. Practitioners 

consistently adjusted these parameters to achieve the 

desired color depth across different dye types. Observed 

relationships between processing conditions and resulting 

color intensity are summarized in Table 2. 

Across all dye plants, increased dyeing duration and a 

higher number of dipping cycles were associated with 

progressively deeper color tones. Fabrics subjected to a 

Dye Preparation 
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single or limited number of dipping cycles generally 

exhibited lighter coloration, whereas repeated application 

resulted in darker and more saturated hues. This pattern 

was most pronounced in indigo-based dyeing, where 

incremental color buildup was achieved through successive 

dipping and oxidation cycles. 

For non-indigo dye plants, including C. sappan, C. 

javanensis, and S. mahagoni, color development followed a 

similar trend, although the rate of intensity increases varied 

among species. Short extraction and dyeing times produced 

pale or moderate tones, while extended exposure and 

repeated application enhanced color depth. These 

observations indicate that color intensity is not solely 

dependent on plant species but is strongly influenced by 

operational control during dye application. 

Color intensity was recorded using an observational 

ordinal scale, reflecting practical assessments made during 

routine production. This scale captured relative differences 

in color depth rather than quantitative pigment 

concentration. The summarized relationships between 

dyeing duration, dipping frequency, and observed color 

intensity are presented in Table 2, while a visual 

representation of these trends is provided in Figure 3. 

The observed patterns demonstrate that traditional dyeing 

systems rely on process-based modulation to control color 

outcomes. Rather than altering dye composition through 

chemical modification, practitioners achieve color variation 

by adjusting exposure time and repetition, allowing gradual 

pigment accumulation on textile fibers. These findings 

highlight the role of processing parameters as key 

determinants of color intensity within plant-based dyeing 

systems. 

Handling of residual dye materials within the dyeing 

process 

Handling of residual materials generated during the 

dyeing process was systematically documented based on 

the type of residue produced and the applied handling 

practice. Residual materials were classified into liquid and 

solid forms originating from different stages of dye 

preparation and application. The observed types of residual 

materials and their corresponding handling practices are 

summarized in Table 3. 

  

 
Table 2. Observed the relationship between processing parameters and color intensity in natural dyeing 

 

Dye plant source Dyeing duration Number of dipping cycles Observed color intensity* 

Indigofera tinctoria Short Low Light blue 
Indigofera tinctoria Moderate Medium Medium blue 
Indigofera tinctoria Extended High Deep blue 

Caesalpinia sappan Short Low Light red 

Caesalpinia sappan Moderate Medium Medium red 

Caesalpinia sappan Extended High Dark red 

Cudrania javanensis Short Low Pale yellow 

Cudrania javanensis Moderate Medium Yellow 

Cudrania javanensis Extended High Deep yellow 

Note: *: Color intensity was assessed using an observational ordinal scale based on routine production evaluation 

  

 

 
 

Figure 3. Relationship between dyeing duration, number of dipping cycles, and observed color intensity in plant-based natural dyeing  
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Table 3. Types of residual materials generated during dyeing and their observed handling practices 

 

Residual type Source process 
Physical 

form 
Observed handling practice 

Spent indigo dye solution Leaf fermentation and dyeing Liquid Reused when possible; settled before discharge 
Spent dye solution (non-indigo) Boiling/decoction of plant 

materials 
Liquid Settled before discharge 

Fermented leaf residues Indigo dye preparation Solid Manually removed; disposed of as organic waste 

Bark and wood residues Boiling/decoction processes Solid Manually removed; disposed of as organic waste 

 

 

 

Liquid residues consisted primarily of spent dye 

solutions derived from indigo fermentation and aqueous 

extraction of non-indigo dye plants. These residues were 

temporarily retained and reused when visible color 

potential remained, particularly in indigo-based dyeing 

systems. Once reuse was no longer feasible, liquid residues 

were subjected to basic settling prior to discharge. 

Solid residues included spent leaves, bark, and wood 

fragments remaining after fermentation or boiling 

processes. These materials were manually separated from 

dye solutions and handled as organic waste. No chemical 

additives or secondary processing steps were applied to 

either liquid or solid residues during handling. 

The classification presented in Table 3 demonstrates 

that residual material handling was embedded within 

routine dyeing operations and followed consistent, low-

input practices across different dye types. 

Discussion  

Reported pigment classes associated with dye plants 

The plant species documented in this study as natural 

dye sources (Table 1) are widely reported in the literature 

to contain distinct classes of plant-derived pigments with 

biochemical relevance. Although no chemical analyses 

were conducted in the present work, linking the observed 

dye plants with previously reported pigment classes 

provides a contextual framework for interpreting traditional 

dyeing practices within natural product research. 

Indigofera tinctoria is consistently reported as a 

primary source of indigoid pigments, particularly indigo 

and indirubin. These pigments originate from indican 

precursors that undergo enzymatic hydrolysis followed by 

oxidation, yielding the characteristic blue chromophore 

widely used in natural dyeing systems. Indigoid 

compounds are of long-standing interest in pigment 

chemistry due to their redox-dependent color expression 

and stability under alkaline conditions (Maugard et al. 

2001; Bechtold et al. 2003). The exclusive use of I. 

tinctoria for blue coloration observed in this study aligns 

with these well-documented biochemical properties. 

Caesalpinia sappan has been extensively reported as a 

source of brazilin and its oxidized derivative brazilein, 

belonging to the homoisoflavonoid group. These phenolic 

pigments exhibit pronounced color changes depending on 

oxidation state and pH, producing red to reddish-brown 

hues commonly exploited in traditional dyeing. Beyond 

their chromophoric role, brazilin-type compounds have 

attracted attention due to their metal-binding behavior and 

sensitivity to processing conditions (Pizzicato et al. 2023; 

Vij et al. 2023). The use of C. sappan wood as a red dye 

source in the present study is therefore consistent with 

reported pigment chemistry. 

Yellow dyes derived from C. javanensis have been 

associated in previous studies with flavonoid-related 

pigments, a broad class of polyphenolic compounds known 

for their structural diversity and color variability. 

Flavonoids typically display yellow coloration resulting 

from conjugated aromatic systems and are sensitive to 

extraction method and pH conditions (Mansour 2018). 

Although the exact pigment composition of C. javanensis 

was not analyzed here, its application as a yellow dye 

source corresponds with these reported characteristics. 

Other dye plants recorded in this study, including S. 

mahagoni, T. grandis, and Acacia spp., are reported to 

contain phenolic compounds and tannin-related pigments 

that contribute to brown or dark color tones. Tannins and 

related polyphenols are commonly associated with bark- 

and wood-derived dyes and are known for their affinity to 

textile fibers and role in color fixation (Samanta and Konar 

2011; Pisitsak et al. 2016). The use of these species as 

sources of brown coloration observed in the present work 

reflects this broader pattern. 

In addition to pigment-producing plants, S. fasciculata 

is widely reported as a natural source of alum-related 

mordant compounds, rather than as a direct pigment source. 

Its inclusion in the dyeing system supports color fixation 

by enhancing pigment-fiber interactions, a role well 

documented in traditional dyeing literature (Shahid et al. 

2013). This functional distinction underscores the 

integrated use of different plant materials within traditional 

dyeing systems. 

The reported pigment classes associated with each dye 

plant documented in this study are summarized in Table 4. 

Importantly, this table represents a synthesis of published 

literature rather than the results of chemical 

characterization conducted in the present work. By 

explicitly distinguishing observational findings from 

literature-based pigment associations, this study maintains 

methodological transparency while situating traditional dye 

plants within a biochemical and natural product context. 
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Table 4. Reported pigment classes associated with plant species used as natural dyes 

 

Plant species 
Plant part 

used 
Reported pigment class 

Representative compounds 

(reported) 
Key literature sources 

Indigofera tinctoria Leaves Indigoid pigments Indigo, indirubin Bechtold et al. (2003), Maugard et al. 

(2001) and Arista et al. (2024) 
Caesalpinia sappan Wood Homoisoflavonoids Brazilin, brazilein Vij et al. (2023) and Pizzicato et al. 

(2023) 
Cudrania javanensis Wood Flavonoid-related 

pigments 

Flavones, flavonols  Darshi et al. (2019) and Maula et al. 

(2025) 

Swietenia mahagoni Bark Phenolic compounds/ 

tannins 

Condensed tannins  Syame et al. (2022) and Bakar et al. 

(2023) 

Tectona grandis Leaves Phenolic pigments Anthraquinone- and flavonoid-

related compounds  

Godghate and Sawant (2014) and 

Montri et al. (2025) 

Acacia spp. Bark Tannin-rich polyphenols Catechin-based tannins  Haslam (1989), Seigler (2003) and 

Pizzi (2008) 

Symplocos fasciculata Bark Alum-related mordant 

compounds 

Aluminum-containing mineral 

complexes  

Cardon (2007) and Laksono and 

Subiyati (2021) 

 

 

 

Traditional dyeing as a low-input pigment processing system 

Traditional dyeing practices observed in this study can 

be interpreted as low-input pigment processing systems, in 

which color development and fixation are achieved through 

the manipulation of physical and chemical process 

variables rather than through synthetic modification of dye 

molecules. Fermentation, pH adjustment, and repeated dye 

application function collectively to regulate pigment 

solubility, transformation, and deposition on textile fibers. 

This process-based control mechanism distinguishes 

traditional dyeing from industrial dye production, where 

pigment properties are typically standardized through 

chemical synthesis and auxiliary additives. 

Fermentation plays a central role in indigo-based 

dyeing systems and represents a biologically mediated 

transformation process. In indigo dyeing, enzymatic or 

microbial hydrolysis converts precursor compounds into 

soluble intermediates that can later be oxidized to form the 

insoluble indigo pigment. Similar fermentation-driven 

transformations have been described in traditional dyeing 

systems across Asia and Africa, where microbial activity 

governs pigment availability under ambient conditions 

(Maugard et al. 2001; Bechtold et al. 2003; Cardon 2007). 

From a biochemical perspective, such systems provide 

natural examples of redox-controlled pigment chemistry 

occurring without external catalysts or high-energy inputs. 

Adjustment of dye bath pH, commonly achieved using 

alkaline materials such as calcium oxide, represents another 

key variable influencing pigment behavior. pH governs 

pigment ionization state, solubility, and affinity for textile 

fibers, thereby directly affecting color intensity and 

stability. Numerous studies on plant-derived pigments have 

demonstrated strong pH sensitivity, particularly for 

indigoids, flavonoids, and phenolic compounds (Vankar 

2000; Saxena and Raja 2014; Mansour 2018). In traditional 

dyeing, pH adjustment is conducted empirically, yet the 

observed outcomes mirror fundamental principles of 

pigment chemistry described in laboratory-based studies. 

Repeated dipping and drying cycles further illustrate 

how traditional systems achieve color modulation through 

incremental pigment accumulation. Rather than relying on 

high pigment concentrations in a single application, color 

depth is gradually built through successive exposure and 

oxidation or fixation steps. This approach parallels 

adsorption-based models of pigment deposition, where 

repeated contact enhances binding efficiency and 

uniformity (Kamel et al. 2005; Renita et al. 2023). Such 

process-driven control offers an alternative perspective to 

conventional dye chemistry, emphasizing temporal 

modulation over compositional alteration. 

Compared with synthetic dye systems, which prioritize 

uniformity and reproducibility through chemically defined 

formulations, plant-based dyeing systems exhibit inherent 

variability. However, this variability is not random; it is 

structured by controllable process parameters such as time, 

pH, and repetition. Recent discussions in green chemistry 

and sustainable materials research highlight that such 

variability can be reframed as functional adaptability rather 

than as a limitation, particularly when low environmental 

impact and resource efficiency are prioritized (Kant 2012; 

Periyasamy 2024). 

The low-input nature of traditional dyeing systems also 

aligns with broader efforts to develop sustainable pigment 

processing strategies. The absence of synthetic auxiliaries, 

operation under ambient conditions, and reliance on 

aqueous extraction and biological transformation position 

traditional dyeing as a practical model for eco-compatible 

pigment utilization. Studies in natural product research 

increasingly recognize traditional processing knowledge as 

a valuable source of insight for designing alternative 

pigment systems that balance functionality with 

sustainability (Al-Tohamy et al. 2022; Islam et al. 2023). 

Taken together, the observed dyeing practices 

demonstrate that traditional systems operate as integrated 

pigment processing frameworks, in which fermentation, pH 

regulation, and repeated application collectively govern 

pigment behavior. These systems provide empirically 

validated examples of how plant-derived pigments can be 

effectively processed and applied using minimal inputs, 

offering conceptual relevance for contemporary natural 

product and biochemical studies focused on pigment 

stability, transformation, and application. 
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Comparison with synthetic dyes from a pigment perspective  

From a pigment perspective, synthetic dyes and plant-

derived dyes represent two fundamentally different 

paradigms of color generation and control. Synthetic dyes 

are designed to achieve high consistency, reproducibility, 

and predictability, with chromophoric structures chemically 

engineered to deliver specific color properties under 

standardized conditions. The production and application of 

synthetic pigments typically rely on controlled chemical 

synthesis, precise formulation, and the use of auxiliary 

agents to stabilize color expression and fiber binding. This 

approach enables uniform coloration at an industrial scale 

but requires substantial material inputs and tightly 

regulated processing conditions (Periyasamy 2024; Negi 

2025). 

In contrast, plant-derived dyes operate within a process-

controlled framework rather than a compositionally fixed 

system. Dynamic interactions between pigment precursors, 

extraction conditions, pH, and application sequence shape 

color outcomes in plant-based dyeing. Variability in color 

intensity and hue is therefore an inherent feature of plant-

derived pigments, reflecting differences in processing 

rather than inconsistency in pigment identity. Recent 

discussions in Green Chemistry and Molecules emphasize 

that such variability can be strategically managed through 

process optimization, without requiring chemical 

modification of pigment structures (Bechtold and Mussak 

2009; Kant 2012; Renita et al. 2023). 

The contrast between chemical control and process 

control is particularly evident in how color stability is 

achieved. Synthetic dyes rely on molecular design and 

stabilizing additives to maintain color performance across 

diverse conditions. Plant-derived dyes, by contrast, achieve 

functional stability through repeated application, controlled 

exposure, and the use of natural mordants or pH 

adjustments. Although these approaches differ 

fundamentally, both systems aim to regulate pigment-fiber 

interactions to achieve durable coloration. Conceptually, 

traditional dyeing systems thus demonstrate alternative 

strategies for pigment stabilization that do not depend on 

synthetic auxiliaries (Bechtold et al. 2007; Yusuf et al. 

2017). 

From a natural product research perspective, the 

distinction between synthetic and plant-derived pigments 

highlights complementary strengths rather than a binary 

hierarchy. Synthetic pigments offer benchmarks for 

consistency and scalability, while plant-derived pigments 

provide models for studying pigment behavior under 

biologically and chemically dynamic conditions. Reviews 

in Green Chemistry and Molecules increasingly recognize 

plant-based pigments as valuable systems for exploring 

structure-function relationships, particularly in relation to 

pH sensitivity, redox behavior, and process-driven 

modulation of color expression (Castañeda-Ovando et al. 

2009; Yusuf et al. 2017).  

Importantly, the present study does not attempt to 

evaluate the efficiency or environmental performance of 

plant-derived dyes relative to synthetic dyes. Instead, the 

comparison is framed at a conceptual level, focusing on 

how different pigment systems achieve color control 

through distinct mechanisms. By situating traditional 

dyeing practices within this comparative framework, plant-

based dyeing can be understood as a process-centered 

pigment system with relevance to contemporary 

discussions on alternative pigment technologies. 

Implications for natural product and biochemical research  

The findings of this study highlight the relevance of 

traditional dye plants not only as cultural or artisanal 

materials, but also as candidate sources of plant-derived 

pigments with potential importance for natural product and 

biochemical research. By documenting plant species 

actively used in dyeing systems and linking them with 

reported pigment classes, this work provides a structured 

foundation for identifying botanical candidates suitable for 

further biochemical investigation. 

Traditional dye plants represent model systems for 

studying pigment behavior under process-driven 

conditions. Unlike laboratory-isolated pigments examined 

under controlled analytical settings, pigments in traditional 

dyeing systems undergo transformation, deposition, and 

stabilization through dynamic interactions with pH, redox 

conditions, and repeated exposure. Such systems offer 

empirical contexts for examining pigment stability and 

transformation pathways that are often simplified or 

abstracted in experimental models (Samanta and Agarwal 

2009; Iqbal and Ansari 2021). 

One area of particular relevance is pH-dependent color 

expression, a defining characteristic of many plant-derived 

pigments, including indigoids, flavonoids, and phenolic 

compounds. Traditional practices involving alkaline 

conditioning and repeated oxidation steps provide natural 

analogs for studying how pH influences pigment solubility, 

chromophore structure, and color manifestation. These 

process-induced responses mirror fundamental biochemical 

principles governing pigment behavior and can inform 

experimental designs in pigment chemistry (Maugard et al. 

2001; Pizzicato et al. 2023). 

Additionally, the observed reliance on process-driven 

pigment modulation-such as repeated dipping and 

controlled exposure-underscores the importance of 

application dynamics in determining color outcomes. 

Rather than treating pigment performance as an intrinsic 

chemical property alone, traditional dyeing systems 

emphasize the role of operational variables in shaping 

functional expression. This perspective aligns with 

emerging research trends that frame pigment behavior as an 

interaction between molecular structure and processing 

context (Yusuf et al. 2017; Renita et al. 2023). 

From a methodological standpoint, the present study 

delineates clear boundaries between observational 

documentation and biochemical inference. While no 

analytical characterization was conducted here, the 

documented dye plants and processing conditions provide 

clear targets for future biochemical validation, including 

chromatographic profiling, spectroscopic characterization, 

and stability assessment under controlled conditions. Such 

follow-up studies could elucidate structure-function 

relationships and quantify pigment responses to pH, redox 

state, and processing intensity. 
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In this context, traditional dyeing systems can be 

viewed as knowledge-rich platforms that inform hypothesis 

generation rather than as substitutes for analytical research. 

Integrating observational data from traditional practices 

with modern biochemical techniques offers a promising 

pathway for advancing the study of plant-derived pigments 

within natural product research. 

In conclusion, this study documents the use of seven 

plant species as natural dye sources in traditional batik 

production at Batik Tjap Tiga Negeri, Laweyan, Surakarta. 

The recorded species-I. tinctoria, C. sappan, C. javanensis, 

S. mahagoni, S. fasciculata, T. grandis, and Acacia spp.-

provide pigments derived from leaves, bark, and wood 

tissues. Indigo dyeing relied exclusively on I. tinctoria 

leaves through fermentation, alkalization, and oxidation, 

while non-indigo dyes were obtained via aqueous heat-

based extraction of woody materials. The findings indicate 

that color outcomes are primarily governed by processing 

parameters, including fermentation, pH adjustment, and 

repeated application, rather than chemical modification of 

pigment structures. These practices represent low-input 

processing strategies that allow modulation of color 

intensity through operational control. By integrating 

observational evidence with literature on indigoids, 

flavonoid-related pigments, and tannin-rich polyphenols, 

this study provides a framework for understanding process-

driven pigment behavior. Future research combining 

analytical characterization with traditional process 

knowledge is needed to validate pigment composition and 

evaluate the generality of process-color relationships across 

batik systems. 
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