
Sustainable
Food Technology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
5/

20
26

 9
:0

6:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Optimization of
aDivision of Chemical Engineering, Center

Knowledge City, Sector-81, Mohali

sasawatagoswami2015@gmail.com
bDepartment of Biochemistry, University In

Panjab University, Chandigarh, India-16001

Cite this: Sustainable Food Technol.,
2026, 4, 868

Received 17th July 2025
Accepted 4th November 2025

DOI: 10.1039/d5fb00395d

rsc.li/susfoodtech

868 | Sustainable Food Technol., 20
supercritical fluid extraction of
valuable compounds from Lagerstroemia speciosa
leaves for in vitro antidiabetic and antioxidant
activity

Kiran Khandareab and Saswata Goswami *a

This study reports, for the first time, the optimization of supercritical CO2 extraction (SFE) of phenolic

compounds from Lagerstroemia speciosa (LS) leaves using Response Surface Methodology (RSM),

targeting both antioxidant and antidiabetic potential. Unlike conventional solvent-based extractions, SFE

offers a green and tunable approach to recover thermolabile bioactive compounds. The extraction was

optimized by varying pressure (20–40 MPa), temperature (70–110 °C), and time (30–70 min). The

optimal conditions, 29.59 MPa, 89.50 °C, and 53.85 min, yielded 99.31 ± 2.57 mg GAE per g dry biomass

of total phenolic content (TPC). Ultra Performance Liquid Chromatography-Photodiode Array detector

(UPLC-PDA) analysis confirmed the presence of key phenolics such as p-hydroxybenzoic acid, vanillic

acid, p-coumaric acid, chlorogenic acid, and vanillin. The extract exhibited strong enzyme inhibitory

activity with IC50 values of 30.09 ± 2.58 mg mL−1 and 59.45 ± 3.40 mg mL−1 against a-amylase and a-

glucosidase, respectively, demonstrating its dual antioxidant and antidiabetic potential. These findings

highlight LS leaves as a promising and underexplored source of bioactive compounds for the

development of functional foods, nutraceuticals, and pharmaceutical applications.
Sustainability spotlight

This study exemplies a sustainable and green chemistry approach by utilizing supercritical carbon dioxide (SC-CO2), a non-toxic, recyclable, and environ-
mentally benign solvent, for the optimized extraction of phenolic compounds from Lagerstroemia speciosa leaves. Unlike conventional solvent-based methods
that rely on hazardous organic solvents, our method minimizes environmental footprint while maximizing bioactive compound yield. The efficient extraction
under moderate temperature and pressure conditions ensures the preservation of thermolabile compounds, supporting the clean-label movement and
advancing the development of eco-friendly, plant-based functional ingredients for the pharmaceutical and nutraceutical industries.
1 Introduction

Phytochemicals benet human health and are abundantly
found in medicinal and aromatic plants. Lagerstroemia speciosa
(Banaba) is a widely distributed tropical plant native to Asia and
common in several Indian states, including Punjab, Haryana,
and Himachal Pradesh. In the Philippines, Taiwan, and Japan,
its leaves have long been used as a traditional remedy for dia-
betes. Owing to its ethnomedicinal signicance and availability,
LS represents a promising natural source for developing plant-
based antidiabetic formulations. Typically, they are extracted
with methanol : water mixtures, resulting in high gravimetric
yields but somewhat non-selective and complicated extracts.1,2
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In present scientic practices, volatile solvents carry out
extractions, which usually require several hours or even more
days. Besides, the extraction requires enormous amounts of
such solvents, including methanol, acetone or other hazardous
chemicals, which are not only toxic but also reduce the extrac-
tion efficiency by degrading thermolabile compounds.3–5 SFE
has been found to have broad applications in food, pharma-
ceutical, and chemical industries to extract bioactive
compounds due to the non-toxic nature of CO2. Applying CO2

makes it possible to employ LS resources rationally by using
a green solvent. Scientists, food producers, and consumers are
particularly interested in phenolic compounds because of their
impact on food quality and potential protective and preventa-
tive roles in the pathophysiology of various chronic diseases.
Phenolic acids such as vanillin and p-coumaric acid are among
the most signicant bioactive compounds due to their strong
antioxidant potential and diverse physiological roles. Vanillin
exhibits antimicrobial, anti-inammatory, and anticancer
properties, while p-coumaric acid serves as a valuable fragrance
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and pharmaceutical precursor owing to its phenolic structure.
In recent years, the demand for vanillin and p-coumaric acid
has increased signicantly, driven by consumers' preference for
natural and organic food products.6 For instance, the global
natural vanillin market is projected to reach USD 706 million by
2027, with an annual growth rate of 8.4%.7,8 Greener extraction
methods have been developed for recovering vanillin and p-
coumaric acid from natural sources. However, lignin-derived
vanillin is difficult to purify compared to plant-based vanillin9

and p-coumaric acid extracted from sugarcane bagasse shows
low bioavailability due to ber binding, making its pure form
more effective.10 Though our research did not focus on opti-
mising the extraction of vanillin and p-coumaric acid, it is an
effort to obtain high-quality vanillin and p-coumaric acid
through their purication. Although numerous studies on
vanillin and p-coumaric acid and their biological activities are
known, no report has mentioned the presence of vanillin and p-
coumaric acid in LS.

a-Amylase and a-glucosidase are key carbohydrate-
hydrolyzing enzymes responsible for generating glucose from
complex polysaccharides.11 Their excessive activity contributes
to postprandial hyperglycemia, which is associated with
complications such as type 2 diabetes mellitus, obesity,
cardiovascular disorders, nephropathy, neuropathy, and reti-
nopathy.12,13 Inhibiting these enzymes can therefore help regu-
late blood glucose levels. In this context, LS extracts were
investigated for their potential antidiabetic activity, and their
efficacy was compared with HP-20 puried vanillin and p-cou-
maric acid, known for their in vitro enzyme inhibition
properties.

Conventional solvent extraction of LS oen results in poor
selectivity, longer processing time, and degradation of bioac-
tives, while green alternatives such as SFE remain underutilized
for this species. Therefore, there is a clear need to establish an
environmentally sustainable and efficient process for high-
quality extraction of phenolic compounds from LS. Thus, the
objectives of this study were to (i) evaluate the most effective
parameter to extract phenolic compounds from LS, (ii) screen
signicant extraction variables in SFE using a central composite
design, (iii) identify and quantify the phenolic compounds
using UPLC-PDA, (iv) purify the phenolic fractions using Diaion
HP-20 column chromatography, and (v) evaluate in vitro anti-
diabetic and antioxidant activity of SFE extract, vanillin and p-
coumaric acid.

2 Materials and methods
2.1. Reagents and solvents

Analytical-grade chemicals were used throughout the process.
a-Amylase from porcine pancreas, a-glucosidase from Saccha-
romyces cerevisiae, 4-nitrophenyl-b-D-glucopyranoside (PNPG),
starch, sodium phosphate monobasic (NaH2PO4), sodium
phosphate dibasic (Na2HPO4), Folin–Ciocalteu reagent,
aluminium chloride (AlCl3), DPPH (2,2-diphenyl-1-
picrylhydrazyl), and sodium carbonate were obtained from
Sigma-Aldrich. 99.9% pure carbon dioxide (CO2) was purchased
from Sigma Gases, Mumbai, Maharashtra.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.2. Plant material

Leaves of LS were collected from the Center of Innovative and
Applied Bioprocessing (CIAB) campus, Mohali. The GPS coor-
dinates of the collection site are 30.6497° N; 76.7396° E. Leaves
were washed with running tap water to remove external dust
and dried using a uidized bed dryer at pilot scale (50 L
capacity) at 45 °C until they retained 8–9% water content. The
moisture was analyzed using an aczet MB 50, 220–230 V capacity
moisture analyzer. The dried powder was passed through
a mass collider followed by sieving through a 500 mm sieve to
keep a consistent particle size in each experiment.
2.3. Biomass surface characterization pre- and post-
extraction

Field Emission Scanning Electron Microscopy (FE-SEM, JEOL
JCM 6000 Nikon Corporation, Japan) was carried out to
compare the surface morphology of dried powder when
extracted with high-pressure supercritical CO2 (SC-CO2) and
before its exposure. The sample was spread on double adhesive
tape xed on a scanning electron microscope (SEM) aluminium
stub, followed by gold sputter coating.
2.4. Supercritical CO2 extraction of TPC

The extraction experiments were carried out using an SFE-Helix
system from Allentown, USA, as schematically depicted in Fig. 1.
In this extraction method, a twin-piston pump injects liquid
CO2 into the system aer being supplied with a syphon tube
from a CO2 cylinder. The pump is capable of working at pres-
sures of up to 69 MPa. A vessel for SFE could be tted into this
system. The uid was brought to its supercritical condition
through a preheater and an enclosing heating jacket. The ow
rate was managed using a sturdy variable restrictor valve. The
restrictor was warmed electrically to avoid sample clogging.

Before each run, the CO2 line was preheated for 15 min to
ensure temperature equilibration, and the system was pres-
surized to the desired extraction pressure using high-purity CO2

(99.9%, Sigma Gases, Mumbai, India). Once stable ow and
pressure were achieved, about 10 g of dried leaf sample was
weighed and loaded into the 50 mL extraction vessel. About
1.5 g of glass wool was packed at both ends of the extraction
basket, and the leaf sample was sandwiched to prevent the
transfer of solid samples to the tubing and the system from
clogging. All the extractions were carried out according to the
parameters mentioned in Table 1. SFE started when the desired
extraction pressure and temperature were reached, and the
extract was collected in an amber glass bottle. The CO2 ow rate
wasmaintained at 2.0± 0.1 mLmin−1, and stability was veried
with uctuations not exceeding ±2% during each run. The
outlet micro-metering valve (restricted valve) was set at 20 °C
higher than the extraction temperature in every extraction. At
the end of the experiments, the extracted solution was kept at
room temperature to evaporate residual CO2. The extract was
stored at 4 °C until further analysis. Each experiment was
carried out at least three times under identical parameters to
ensure the results could be reproduced.
Sustainable Food Technol., 2026, 4, 868–884 | 869
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Fig. 1 The process flow of supercritical CO2 extraction for total phenolic content (TPC).

Table 1 Coded and uncoded values of the parameters used in the
experimental design

Independent parameters

Symbol Coded levels

Coded Uncoded −1 0 1

Pressure (MPa) X1 P 20 30 40
Temperature (°C) X2 T 70 90 110
Extraction time (min) X3 ET 30 50 70
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2.5. Determination of TPC using Folin–Ciocalteu
colorimetric assay

The TPC of the extract was determined using the modied
Folin–Ciocalteu method.14 The 0.5 mL extract was mixed with
Folin–Ciocalteau's reagent (Sigma Aldrich) (0.25 mL) and
1.25 mL of 20% sodium carbonate solution. The mixture was
incubated for 40 min at room temperature. The optical density
of the blue-coloured samples was measured at 725 nm using
a UV2700 UV-visible spectrophotometer (Shimadzu, Kyoto,
Japan). The TPC was expressed as mg of gallic acid equivalents
per g dry weight of the biomass (mg GAE per g DWB) using gallic
acid as a calibration standard. A calibration curve was con-
structed using concentrations ranging from 50 to 500 mg mL−1.
The curve showed a strong linear relationship between absor-
bance and concentration, obtained with the equation y =

0.0009x + 0.0881, with a correlation coefficient of R2 = 0.9945.
All measurements were carried out in triplicate, and the results
are presented as mean ± standard deviation.
870 | Sustainable Food Technol., 2026, 4, 868–884
2.6. Determination of phenolic compounds using UPLC-
PDA

Analysis of SFE-LS phenolic compounds was performed using
an ultra-high performance liquid chromatography system
developed on a UPLC-PDA system (Waters, Acquity H-Class,
Milford, MA, USA) consisting of a quaternary solvent pump,
an autosampler, a column port, and a PDA detector. The order
of appearance on the chromatogram: benzoic acid, p-hydroxy-
benzoic acid, chlorogenic acid, vanillic acid, vanillin, syringic
acid and p-coumaric acid were separated in a Zorbax Eclipse
Plus C18 column (5 mm particle size, 250 mm length, and
4.6 mm internal diameter). Chromatograms were recorded in
the 210–400 nm range, and peaks were integrated at 280 and
330 nm. The mobile phase consisted of 0.2% formic acid
solution and 22% methanol. The samples were eluted using
isocratic ow. Before injecting a new sample, the samples were
run for 30 minutes to return to their initial conditions. The ow
rate was 1 mL min−1, and the injection volume was 10 mL. Each
compound was identied based on its retention time by
comparison with corresponding analytical standards under
identical chromatographic conditions, showing retention times
of p-hydroxybenzoic acid (9.91 min), chlorogenic acid (11.90
min), vanillic acid (13.33 min), vanillin (16.88 min), and t-cou-
maric acid (25.81 min), with minor variations across replicate
injections (RSD < 2%), indicating consistent chromatographic
performance. All results were expressed in mg per g DWB,
representing the mean and standard deviation of three deter-
minations. The analytical method was validated for linearity,
precision, and accuracy following standard ICH guidelines.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Recovery experiments were performed by spiking known
concentrations of standards into the matrix, yielding recoveries
within 95–103%, indicating good accuracy and minimal matrix
interference. Overall, the method demonstrated high repro-
ducibility and suitability for the quantitative determination of
phenolic compounds in the extract.

2.7. Pre-treatment of DIAION HP-20 resin

The pre-treatment of resin is crucial to get rid of trapped
monomers and porogenic substances inside the pores during
the synthesis process. The resin underwent a 24-hour methanol
soak as a pre-treatment, and methanol was removed aer the
24-hour treatment. The resin was cleaned twice with distilled
water and submerged in 1 M NaOH for ve hours. Then, again,
the resin was washed twice with distilled water. The washed
resin was soaked in 1 MHCl for ve hours. Finally, the resin was
washed with distilled water thoroughly and dried at 45 °C.

2.8. Purication of phenolic compounds using DIAION HP-
20 column chromatography

The macroporous resin with weak polarity and a polystyrene
structure having less than 0.25 mm particle size was used to
purify the phenolic compounds. The SFE-LS extract was di-
ssolved in 100 mL of distilled water for a nal 5 mg mL−1

concentration of phenolic compounds. The 50 g of pre-treated
resin was weighed and incubated with diluted SFE-LS extract
for 24 h at room temperature. The resin was then set into
a 500 mL glass column (1.5 × 9 cm). The unadsorbed material
was carefully washed using distilled water. The dynamic
desorption experiment was conducted. The resin was desorbed
with 100 mL of 30% v/v, 50% v/v, 70% v/v and 90% v/v methanol
concentration with the elution ow rate of 0.5 mL per minute,
respectively. The fractions were concentrated using a rotary
evaporator (Büchi Rotavapor R-300, Büchi Labortechnik AG,
Flawil, Switzerland) under conditions of 45 °C water bath
temperature, vacuum pressure of 100 mbar, and chiller
temperature of 2 °C, and subsequently lyophilized using
a freeze-dryer (Labconco FreeZone 2.5, Labconco Corporation,
Kansas City, MO, USA) until a dry powder was obtained.

2.9. Structural elucidation of puried compounds

Nuclear magnetic resonance (NMR) spectroscopy of the puried
compounds was carried out using 1H NMR in deuterated
solvent (DMSO-d6) at room temperature on a Bruker Avance 500
spectrometer operating at 500 MHz. The spectra were acquired
using a standard one-pulse sequence (zg30) with a relaxation
delay of 1.0 s, a spectral width of 10 ppm, and 32 scans to ensure
an adequate signal-to-noise ratio. The temperature was main-
tained at 298 K during all measurements.

2.10. Evaluation of antioxidant activity using the DPPH free
radical-scavenging method

1 mL of 1 mM DPPH solution and 1 mL varied dilutions of test
samples (250 mg mL−1 1000 mg mL−1) were mixed. The reaction
was le in the dark for 30 min. The absorbance was later
© 2026 The Author(s). Published by the Royal Society of Chemistry
measured at 517 nm using a UV-visible spectrophotometer
(Shimadzu, Kyoto, Japan).15 Ascorbic acid was used as a refer-
ence standard. The radical-scavenging capacity of DPPH was
determined as a radical inhibition concentration of 50% (IC50).

For the DPPH assay, IC50 values (the concentration of extract
required to scavenge 50% of DPPH radicals) were determined
using GraphPad Prism (version 9.0, GraphPad Soware, USA) as
described in Section 2.12. The absorbance values at 517 nm
were used to compute the percent radical-scavenging activity
using the formula:

DPPH free radical scavenging ð%Þ ¼

ðabsorbance of control� absorbance of sampleÞ
absorbance of control

� 100

The percent scavenging values were plotted against the
logarithm of sample concentrations (mg mL−1), and non-linear
regression was applied using the four-parameter logistic (4PL)
model (variable slope). The IC50 values and their 95% con-
dence intervals were extracted directly from the tted dose–
response curves. All experiments were conducted in triplicate,
and the results were expressed as mean ± SD.
2.11. a-Amylase inhibitory activity

a-Amylase inhibitory activity was studied using the protocol
described in ref. 16. 50 mL of the sample (250–1000 mgmL−1) along
with 50 mL of $2.5 U mL−1 a-amylase solution was taken in
a centrifuge tube and incubated for 10 min at 25 °C. Aer incu-
bation, 0.5% starch solution (50 mL) was added into the tube and
incubated for 3 min at 25 °C. The mixture was boiled for 10 min
aer adding 100 mL of 3,5-dinitrosalicylic acid (DNS) colour
reagent solution. Then, 100 mL of the mixture was transferred and
diluted in a centrifuge tube containing 1400 mL of pure water. The
solution was mixed and cooled to 25 °C. The mixture (200 mL) was
nally transferred into a 96-well microplate to record the absor-
bance at 540 nm. The results were expressed as the IC50 value (mg
mL−1). The inhibitory activity of the samples was compared with
the standard drug acarbose, tested at identical concentrations of
0, 20, 40, 60, 80, and 100 mg mL−1.

a-Amylase inhibitory activity ð%Þ ¼

ðabsorbance of control� absorbance of sampleÞ
absorbance of control

� 100
2.12. a-Glucosidase inhibitory activity

All the solutions were prepared in phosphate buffer (0.1 M, pH
6.8). a-Glucosidase and PNPG were dissolved at 0.2 U mL−1 and
2.5 mM concentrations, respectively. 8 mL of the sample (250–
1000 mg mL−1), followed by 112 mL of the buffer and 20 mL of a-
glucosidase solution, was transferred to a 96-well microplate and
le for incubation for 15min at 37 °C. The 20 mL of PNPG solution
was added, followed by 15 min incubation at 37 °C. Finally, 80 mL
of 0.2 M Na2CO3 solution was added to terminate the reaction.
Sustainable Food Technol., 2026, 4, 868–884 | 871
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The absorbance was measured at 405 nm. The a-glucosidase
inhibitory activity was expressed as the IC50 value (mg mL−1).

a-Glucosidase inhibitory activity ð%Þ ¼

ðabsorbance of control� absorbance of sampleÞ
absorbance of control

� 100

The IC50 values for a-amylase and a-glucosidase inhibition
were also determined using GraphPad Prism soware. The
percentage inhibition data obtained at 5 different sample
concentrations were plotted against the logarithm of concen-
tration, and a non-linear regression analysis was performed
using a four-parameter logistic (4PL) dose–response model. The
concentration corresponding to 50% inhibition (IC50) and its
95% condence interval were automatically generated by the
soware. All measurements were carried out in triplicate, and
the mean IC50 values were reported.
2.13. Experimental design and statistical analysis for SFE

In the present research, pressure, temperature, and extraction
time in RSM were three independent variables designed to
optimize TPC (mg per g of DWB) from LS leaves. Meanwhile,
the CO2 ow rate and particle size were kept constant
throughout the experiments. The independent parameters X1,
X2 and X3 represent the leaves' pressure, temperature and
extraction time, respectively. These parameters reect the
three coded levels of −1, 0 and +1 for a pressure of 20, 30 and
40 MPa; a temperature of 70, 90 and 110 °C; and an extraction
time of 30, 50 and 70 min (Table 1). In RSM, Central
Composite Design (CCD) is used as an experimental tech-
nique to create model equations. Eight factorials, six axials,
and six central points were the combinations of three
different parameters that CCD suggested in 20 trials. Six
repeats of the centre point were conducted to determine the
method's repeatability test. The RSM design and analysis were
performed using Design Expert 13.0.5.0 (Stat-Ease Inc., Min-
neapolis, USA) to optimise the total phenolic content.

Regression analysis was used to examine the actual experi-
ment ndings and determine the effectiveness of several
numerical models for statistically describing the yield of TPC.
The analysis of variance (ANOVA) was used to examine the
regression components of these various models and how they
affected the optimisation outcomes. The generated equation's
mathematical relevance was demonstrated using the determi-
nation coefficient (R2), adjusted determination coefficient (adj.
R2), anticipated determination coefficient (pred. R2), and lack-
of-t. The values of p < 0.05 were considered signicant. A
three-dimensional (3D) response surface map based on the
chosen statistical model was created to analyze the linear and
interaction terms of the independent factors on the response.
The absolute optimal conditions of process parameters to
create desired response ranges were predicted using mathe-
matical optimization techniques. To conrm the effectiveness
of the regression model, experimental data were compared with
the values predicted by the model.
872 | Sustainable Food Technol., 2026, 4, 868–884
3 Results and discussion
3.1. Optimization of SFE parameters and model analysis

A 96.65% signicant quadratic model was found among the
suggested statistical models, which would predict and optimize
the yield of TPC. Statistical analysis of regression coefficients
concluded that the total extraction yield of TPC depends linearly
on extraction pressure (X1), temperature (X2) and extraction
time (X3). The interaction between pressure–temperature (X1X2),
pressure–extraction time (X1X3) and temperature–extraction
time (X2X3) provides an idea about the process economics.
Furthermore, signicant terms of the model include quadratic
terms of pressure (X1

2) and temperature (X2
2). It was regarded

that there was no statistically signicant interaction between
the independent variables under study and the quadratic term
of extraction time (X3

2). The nal response of the TPC quadratic
regression model is given as:

TPC (mg per g DWB) = +102.57 − 1.01X1 − 0.0683X2 + 1.64X3

− 1.30X1X2 − 0.9250X1X3

− 0.5250X2X3 − 14.12X1
2 − 2.25X2

2

− 4.40X3
2

ANOVA was used to evaluate the model's integrity. A tted
quadratic model's ANOVA ndings met the F-test condence
level. The f-value of the model was found to be 175.30. The p-
value less than 0.0001 shows the excellent t of a quadratic
model. Meanwhile, the p-value of the “lack of t” is 0.9795,
suggesting a non-signicant lack of t, which is suitable for
model tting (Table 2). The interaction terms X1X2,X1X3, and
X2X3 inuence TPC yield. The correlation coefficient, “R2”,
adjusted “R2”, and predicted “R2” for a quadratic model of TPC
yield are 0.9795, 0.9880 and 0.9865, respectively. Therefore,
a statistical multiple regression relationship between the inde-
pendent variables (pressure, temperature and extraction time)
for the response TPC yield can be applied to predict the
maximum extraction yield. Fig. 2 demonstrates a poor
goodness-of-t between the predicted values and the experi-
mental data. Additionally, the coefficient of variance indicated
low condence in the model's performance. Among the vari-
ables, pressure had themost signicant inuence on themodel.
3.2. Response surface analysis

Plots of two-factor interaction, as shown in Fig. 3a–c, were used
to evaluate the effect of the interaction of differential parame-
ters, pressure (a), temperature (b), and extraction time (c), on
TPC yield from dried powder of LS leaves. The overall extraction
yield was almost similar at 1% (100 mg) in all the experiments.

3.2.1. The effect of temperature and pressure on TPC yield.
The extraction parameters in supercritical CO2 extraction play
a critical role in determining both the phenolic composition
and biological activity of plant extracts. The 3D plot and contour
plot in Fig. 3a show the effect of temperature and pressure on
the maximum TPC yield at 90 °C and 30 MPa pressure. The
results are tabulated in Table 3. The TPC yield decreases with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Regression coefficients of the final regression model and ANOVA for the extraction yield in the CCD-PC design

Source Sum of squares df Mean square F-Value p-Value

Model 3082.01 9 342.45 175.30 <0.0001 Signicant
X1 13.86 1 13.86 7.10 0.0237
X2 0.0636 1 0.0636 0.0326 0.8604
X3 36.87 1 36.87 18.88 0.0015
X1X2 13.52 1 13.52 6.92 0.0251
X1X3 6.85 1 6.85 3.50 0.0907
X2X3 2.20 1 2.20 1.13 0.3130
X1

2 2873.14 1 2873.14 1470.77 <0.0001
X2

2 73.13 1 73.13 37.44 0.0001
X3

2 278.63 1 278.63 142.63 <0.0001
Residual 19.53 10 1.95
Lack of t 2.21 5 0.4413 0.1273 0.9795 Not signicant
Pure error 17.33 5 3.47
Cor total 3101.55 19

Fig. 2 The correlation between the actual experimental values and the
model's predicted values for total polyphenolic content.
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pressure uctuations above and below 30 MPa. This is due to
pressure and temperature that directly inuence the solvent
density and diffusivity, which in turn affect the solubility of
polar and semi-polar phenolic compounds in CO2.17 Although
pressure is the primary extraction parameter, it signicantly
affects the TPC yield.18 The yield of TPC was maximum at
a pressure of 30 MPa and was nearly the same when a pressure
of 30 MPa was applied with variable time. However, a reduced
extraction yield was found when the temperature was kept at
more and less than 90 °C at the same pressure. The present
results showed similar observations with Piper Betel Linn
leaves' phenolic content, which depicts the higher extraction
yield when 30 MPa pressure was applied at 80 °C temperature.19

At a certain level, high pressure reduces the density of SC-
CO2 to minimize the interaction with the sample and lowers the
© 2026 The Author(s). Published by the Royal Society of Chemistry
mass transfer during extraction. Furthermore, the moderate
pressures (30 MPa), CO2 attains sufficient density to dissolve
low- to medium-polar phenolics such as vanillic acid and
vanillin.20

In agreement with the previous study, the author stated that
high pressure reduces the diffusion rates of solutes, which may
be the case with the supercritical uid medium. Hence, with
pressure higher than 30 MPa, less extraction efficacy was ob-
tained than expected due to the key role of diffusion in the mass
transfer rates of the extractable materials from the sample
matrix into the supercritical uid environment.21 Based on the
optimal condition when we analyze pressure in statistics, the
highest TPC yield was obtained at 29.59 MPa.

The temperature did not show a higher impact on TPC yield
than pressure, though its impact on extraction is more chal-
lenging to explain due to its 2 reverse effects. First, its higher
temperature lowers the SC-CO2 density, and second, its high
temperature accelerates the solubility of the compound in SC-
CO2 and enhances the extraction yield.22,23 The interaction
between SC-CO2 and dried powdered matrix decreased with an
increased temperature of 90 °C. The balance between these
opposing effects consequently established the optimal
temperature condition is 89.50 °C, as suggested by statistical
analysis.

The CO2 ow rate, though constant in this study, also
governs solute transport and residence time in the extraction
vessel, inuencing selectivity and yield.17 Variations in these
parameters can therefore alter the relative abundance of indi-
vidual phenolic acids, which ultimately affects antioxidant and
enzyme inhibitory properties. Previous studies have shown that
phenolic acids such as p-hydroxybenzoic acid and vanillin
exhibit enhanced recovery and activity under optimized super-
critical conditions due to minimized thermal degradation and
oxidation.19,24 Hence, the strong bioactivity observed under our
optimized conditions can be attributed to the favorable solu-
bility diffusion balance achieved by the selected pressure–
temperature combination.

3.2.2. Effect of extraction time on TPC yield. The interac-
tion of extraction time–temperature and extraction time–
Sustainable Food Technol., 2026, 4, 868–884 | 873
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Fig. 3 The response surface plot shows the effect of two SC-CO2 parameters on total phenolic content yield (mg per g of DWB): (a) total
phenolic content yield vs. extraction temperature and pressure with a constant extraction time of 50 min, (b) total phenolic content yield vs.
extraction time and temperature with a constant pressure of 30 MPa, and (c) total phenolic content yield vs. extraction time and pressure with
a constant temperature of 90 °C.
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pressure is shown in Fig. 3b and c. The contour plot showed that
the extraction was carried out at constant temperature and
pressure with varied extraction times ranging from 30 to
70 min. A pressure of 30 MPa shows a high density of SC-CO2,
which results in a higher extraction yield.25 That could be one of
the reasons that time did not alter much of the extraction yield.
However, the maximum extraction yield of 104.67 mg per g of
DWB was reduced to 92.27 mg per g TPC of DWB with the
increase in time from 50 to 83.63 min. As the extraction was
carried out in static mode, the thermolabile components must
be degraded at a higher temperature when kept in a more
extended static mode. The optimal extraction time was deter-
mined to be 53.85 min, yielding 99.31 ± 2.57 TPC mg per g of
DWB. SFE-LS yielded a higher concentration of phenolic
content than standardized leaf extract from Changsha Botaniex
Inc, China (72.3 ± 0.293 mg per mL GAE per 100 g).26

3.2.3. Determination of the optimum conditions. A pres-
sure of 29.59 MPa, a temperature of 89.50 °C and an extraction
time of 53.85 min are the optimum parameters for the
maximum extraction of phenolic content from LS. Under these
parameters, the predicted value of LS-TPC was 102.749 mg per g
of DWB. The experiments were conducted to verify the expected
value of 99.31 ± 2.57 mg per g of DWB, similar to the predicted
one. The closeness between predicted (102.749 mg per g of
DWB) and experimental (99.31 ± 2.57 mg per g of DWB) values
justied the efficacy of the response surface model established
to understand the inuence of independent parameters for
maximum yield of LS-TPC using SFE.
874 | Sustainable Food Technol., 2026, 4, 868–884
3.3. Effect of high-pressure extraction on biomass

FE-SEM was performed to explain the effect of high-pressure SC-
CO2 on the physical structure of leaf biomass (Fig. 4). Due to the
high extraction pressure, the solvent reached the cellular biomass
and penetrated the cell. A study has shown that a temperature
increase reduces the solvent's density and viscosity, allowing
cavitation bubbles to develop in the extraction medium. The
process of cavitation bubble generation and collapse results in
deep penetration of the solvent into the cell matrix and increases
the mass transfer rate.27 Since a particle size of less than 500 mm
was used in every experiment, there were no uniform particles.
Establishing a consistent magnication factor was challenging,
making it impossible to compare the particles before and aer
extraction. The surface of the leaves was found to have a shrunken
physical structure with multiple stomatal openings, Fig. 4b indi-
cates the extraction of inner material from the cell. Fig. 4a shows
fewer stomatal apertures because no pressure was applied to the
leaf biomass. The targeted phenolic compounds occur in bounded
forms in intercellular vacuoles.28 Once the solvent reached the
cellular components during the extraction procedure, molecular
diffusion occurred.

Based on the optimized extraction parameters (29.59 MPa,
89.50 °C, and 53.85 min), the phenolic composition of the super-
critical CO2 extract was subsequently examined to identify the
major bioactive constituents responsible for its functional proper-
ties. This analysis was crucial to establish a link between extraction
efficiency and the chemical nature of the recovered phenolics.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Central composite design matrix of independent parameters for TPC yield (mg per g DWB) with actual experimental and predicted
valuesa

No. Point type

Independent parameters
Total phenolic content
(mg per g DWB)

Pressure Temperature Extraction time

Experimental PredictedX1 P (bar) X2 T (°C) X3 ET (min)

1 Factorial −1 20 −1 70 −1 30 78.17 78.48
2 Factorial +1 40 −1 70 −1 30 81.07 80.92
3 Factorial +1 40 −1 70 +1 70 83.57 83.40
4 Factorial +1 40 +1 110 −1 30 79.47 79.23
5 Factorial +1 40 +1 110 +1 70 80.37 79.62
6 Factorial −1 20 +1 110 +1 70 86.37 86.08
7 Factorial −1 20 −1 70 +1 70 84.87 84.67
8 Factorial −1 20 +1 110 −1 30 82.27 82
9 Axial 0 30 −2 56.36 0 50 96.4 96.31
10 Axial +2 46.81 0 90 0 50 60.37 60.94
11 Axial 0 30 0 90 +2 83.63 92.27 92.90
12 Axial −2 13.18 0 90 0 50 64.27 64.33
13 Axial 0 30 0 90 −2 16.36 87.37 87.37
14 Axial 0 30 +2 123.63 0 50 95.37 96.08
15 Central 0 30 0 90 0 50 104.17 102.57
16 Central 0 30 0 90 0 50 104.67 102.57
17 Central 0 30 0 90 0 50 101.27 102.57
18 Central 0 30 0 90 0 50 103.87 102.57
19 Central 0 30 0 90 0 50 100.27 102.57
20 Central 0 30 0 90 0 50 101.27 102.57

a X1: pressure; X2: temperature; X3: extraction time;−1: low level; 0: medium level; +1: max level;−2: lower than experimental range level; +2: higher
than experimental range level.

Fig. 4 FESEM image of LS powder: (a) before extraction and (b) after extraction.
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3.4. Identication and quantication of phenolic
compounds in SFE-LS extract

Optimized SFE-LS extract was analysed for seven phenolic
compounds viz benzoic acid, p-hydroxybenzoic acid, chloro-
genic acid, vanillic acid, vanillin, syringic acid and p-coumaric
acid. The linearity for the compounds was assessed at eight-
point concentration levels (5–500 mg mL−1) except benzoic
© 2026 The Author(s). Published by the Royal Society of Chemistry
acid, which was evaluated at a 5-point concentration level (100–
500 mg mL−1). The calibration curve was prepared between the
peak area and the concentration range. The curves were linear
with the linear equation as the value of Y, and the correlation
coefficient R2 showed good linearity for all the compounds with
a high correlation degree. The p-value < 0.05 showed statistically
signicant results. The data, when compared to the standard
chromatogram (Fig. 5a), revealed that p-hydroxybenzoic acid
Sustainable Food Technol., 2026, 4, 868–884 | 875
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contents (91.88± 12.39 mg per g of DWB) were highest, followed
by those of vanillic acid (77.47 ± 3.55 mg per g of DWB), p-
coumaric acid (52.92 ± 3.13 mg per g of DWB), chlorogenic acid
(42.41 ± 1.04 mg per g of DWB) and vanillin (31.82 ± 1.95 mg
per g of DWB) (Fig. 5b). Recently, it has been investigated that
these hydroxybenzoic acids are essential bioactive compounds
in terms of their antioxidant and antidiabetic potential.29,30 This
could be one of the reasons that SFE-LS showed signicant
biological activity. Notably, LS is a good source of these essential
bioactive polyphenols, and CO2 is an effective solvent for
recovering considerable quantities of these polyphenols.
Fig. 5 (a) UPLC-chromatogram of phenolic standards: benzoic acid, hyd
and p-coumaric acid. (b) Determination of phenolic compounds in SFE-

876 | Sustainable Food Technol., 2026, 4, 868–884
Vanillic acid, p-coumaric acid, chlorogenic acid, and vanillin are
phenolic compounds that are conservative in various plants and
also show diverse pharmacological activities.31,32 Alkyl esters of
p-hydroxybenzoic acid are frequently used as antibacterial
agents in foods, cosmetics, toiletries, and medications.
According to reports, they exhibit various antimicrobial effects,
including fungicidal effects.33 SFE-LS obtained using our
designed experiments showed signicant antiradical and even
in vitro antidiabetic activity. This indicates that the extracts of
LS leaves through SFE have better functional quality due to
high-quality phenolic compounds. Finally, it should be
roxybenzoic acid, chlorogenic acid, vanillic acid, vanillin, syringic acid,
LS optimized extract.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Purification of vanillin and p-coumaric acid using DIAION HP-
20 column chromatography: fraction 22 (a), fraction 26 (b), fraction 29
(c), and fraction 30 (d).
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accentuated that the supercritical CO2 extracted phenolic
composition of LS leaves analysed by UPLC is published here for
the rst time. Among the identied compounds, vanillin and p-
coumaric acid were found in considerable amounts and are
well-known for their biological activities. Therefore, these
phenolics were selectively puried from the optimized extract to
obtain higher purity fractions for structural characterization
and bioactivity assessment.

3.5. Purication of vanillin and p-coumaric acid using
column chromatography

Aer optimization of extraction, phenolic compounds were
further puried via adsorption through Diaion HP-20 adsorbent
resin. In this step, vanillin and p-coumaric acid were separated
from other compounds. Diaion HP-20 resin is a polystyrene/
divinylbenzene matrix selected to exploit p–p interactions for
aromatic compounds. Due to the aromatic reversed-phase
adsorbent nature of the resin, the purication was carried out
using an increased proportion of methanol to water to purify
vanillin and p-coumaric acid. The obtained fractions were
subjected to UPLC-PDA analysis to quantify the compounds
obtained. Vanillin and p-coumaric acid showed increased
desorption from resin as the methanol concentration was
increased from 50% to 70%. Vanillin and p-coumaric acid were
detected in both the fractions of 70% methanol and 90%
methanol. This could be possible because of the small size
difference, which is 168.14 g mol−1 and 164.16 g mol−1 for
vanillin and p-coumaric acid, respectively.34 Fraction 22 eluted
with 70% methanol showed 4 compounds signicantly,
including p-hydroxybenzoic acid, vanillic acid, vanillin and p-
coumaric acid, as shown in Fig. 6a. Elution of vanillin and p-
coumaric acid alone was seen with additional purication using
the increased methanol concentration to 90%, which was
conrmed in fraction 26 by UPLC (Fig. 6b). These results
suggest that the highest purity of vanillin and p-coumaric acid
can be achieved in 90% methanol, suggesting this solvent
mixture is more suitable for the desorption of vanillin and p-
coumaric acid. The concentration detected was 32.65 mg mL−1

and 27.65 mg mL−1 for p-coumaric acid and vanillin, respec-
tively. Fraction 29, puried with 90%methanol, yielded puried
vanillin (376.23 mg mL−1), and fraction 30 yielded puried p-
coumaric acid (393.25 mg mL−1), as shown in Fig. 6c and d,
respectively. The fractions were dried in vacuo and used for
NMR analysis. These fractions are referred to as HP-20 puried
fractions.

3.6. Identication of compounds in puried fractions

The chemical structure of vanillin and p-coumaric acid was
analyzed using 1H NMR (Fig. 7a and b). The 1H NMR spectrum
showed the presence of prominent peaks around d = 3.74, 6.9,
7.230, 7.233 and 9.44 ppm, corresponding to methyl (–CH3),
hydrogen (–H4), (H2), (H3) and (–H1) groups, respectively
(Fig. 7a), conrming the presence of vanillin in the fraction.35

Fig. 7b shows the 1H NMR spectrum of trans-p-coumaric acid
and the assignments of its protons. The scalar coupling
constant of the trans protons of the vinyl double bond H1–H2 is
© 2026 The Author(s). Published by the Royal Society of Chemistry
present at chemical shis of d 6.437 and 7.69, respectively.
Along with these, the presence of H3 and H4 groups at d 6.9 and
7.6 conrms the intimacy of p-coumaric acid. Our results agree
with the research of Kort et al.36 Aer conrming the structure
and purity of vanillin and p-coumaric acid through NMR anal-
ysis, the biological potential of both the crude SFE extract and
the puried fractions was evaluated. This allowed us to inves-
tigate how the identied phenolic prole translated into
measurable antioxidant and enzyme inhibitory activities.

3.7. Evaluation of in vitro antidiabetic and antioxidant
activity

3.7.1. a-Glucosidase inhibitory activity by SFE-LS extract,
puried vanillin and puried p-coumaric acid. One of the most
effective ways to reduce postprandial hyperglycemia is to reduce
Sustainable Food Technol., 2026, 4, 868–884 | 877
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Fig. 7 (a) 1H NMR for fraction 29 (vanillin) and (b) 1H NMR for fraction 31 (p-coumaric acid).
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glucose synthesis and/or absorption from the gastrointestinal
tract by inhibiting the activity of the two main digestive
enzymes, a-glucosidase and a-amylase. a-Glucosidase, the
enzyme at the mucosal brush border, is a carbohydrate-
hydrolyzing enzyme that breaks down a-glycosidic bonds in
di, tri and oligosaccharides to synthesize glucose and other
absorbable monosaccharides. The prevention of high post-
prandial blood glucose levels and the delay of glucose absorp-
tion can be achieved by its suppression, which may likely slow
the course of diabetes.37,38

The results of a-glucosidase inhibition of SFE-LS crude
extract are presented in Table 4. The extract showed signicant
(IC50 59.45 ± 3.4) (p < 0.05) a-glucosidase inhibitory activity.
Interestingly, the extract showed a comparable inhibitory effect
with the commercially available drug acarbose (IC50 23.58± 2.1)
(p < 0.05). The results are shown in Fig. 8a and b. The inhibitory
activity against the enzyme may result not only from the overall
polyphenolic content but also specically from the phenolic
acids such as vanillic acid, p-coumaric acid, and chlorogenic
acid, which are known to interact with the catalytic residues of
a-amylase and a-glucosidase through hydrogen bonding and
hydrophobic interactions.39 Although the variation in effective-
ness depends on the difference in their structure, their mode of
action and binding ability to the inhibitory site also inuence
Table 4 IC50 values for a-glucosidase and a-amylase inhibition by SFE-

Sr. No. Sample name

1 SFE-LS
2 Vanillin
3 p-Coumaric acid
4 Acarbose

878 | Sustainable Food Technol., 2026, 4, 868–884
their effectiveness.40 To clarify this, we further studied the effect
of puried compounds on enzyme inhibition for better results.

Meanwhile, a considerable glucosidase inhibitory activity
was seen in vanillin puried fraction (IC50 31.90 ± 1.96 mg
mL−1) (p < 0.05). Vanillin demonstrated the most active inhi-
bition against a-glucosidase, comparable to acarbose (p < 0.05).
The primary interaction between the enzyme and the inhibitors
during enzyme inhibition is hydrophobic.41 The inhibition by
vanillin was found to be the most effective among all tested
samples, and this observation is supported by the ndings of
Liu et al. (2021), who conrmed throughmolecular docking that
vanillin interacts with a-glucosidase via hydrophobic and
hydrogen-bonding interactions (−8.42 kcal mol−1 binding
energy), causing steric hindrance at the active site of the
enzyme.42

This study showed better a-glucosidase inhibitory activity
than previously published data.43 The inhibition of a-glucosi-
dase remains one of the potential activities of the SFE-LS extract
and its puried fractions. The p-coumaric acid fraction showed
the lowest inhibition of a-glucosidase (IC50 88.32 ± 5.64 mg
mL−1) (p < 0.05) as compared to other samples. p-Coumaric acid
itself does not show effective inhibition against the a-glucosi-
dase or a-amylase, but in combination with ferulic acid and
chlorogenic acid, it completely inhibits the enzyme.44
LS extract and acarbose

IC50 value (mg mL−1)

a-Amylase inhibition a-Glucosidase inhibition

30.09 � 2.58 59.45 � 3.4
22.91 � 0.5 31.90 � 1.96
71.87 � 6.2 88.32 � 5.64
20.97 � 0.86 23.58 � 2.1

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Alpha glucosidase inhibition by SFE-LS extract, vanillin, p-coumaric acid, and acarbose: dose-dependent inhibition (A) and IC50 calcu-
lation for the inhibition of alpha glucosidase (B).
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The ndings indicated that SFE and HP-20 puried fractions
have an inhibitory effect comparable to other natural
substances, suggesting that they can be used as a natural a-
glucosidases inhibitor for inclusion in dietary foods.

3.7.2. a-Amylase inhibitory activity by SFE-LS extract,
puried vanillin and puried p-coumaric acid. a-Amylase is
a vital enzyme in saliva and pancreatic juice, secreted by the
salivary glands and pancreas.45 The polysaccharide breakdown
from complex dietary sugar into disaccharides begins in the
mouth before being further broken down in the small intestine
by other intestinal enzymes.46 Inhibiting the major enzymes
associated with hyperglycemia through food management may
be a novel and complete nutritional approach for the reduction
of postprandial blood glucose levels.47,48

a-Amylase inhibitory activity of SFE-LS extract is shown in
Fig. 9a and b. The results were in agreement with the a-gluco-
sidase inhibition. The maximum a-amylase inhibitory effect
was observed in the vanillin fraction (IC50 22.91 ± 0.5 mg mL−1),
which was approximately near the standard drug acarbose (IC50

20.97 ± 0.86 mg mL−1) (p < 0.05). The crude SFE-LS even showed
signicant inhibitory activity against a-amylase (IC50 30.09 ±

2.58 mg mL−1) (p < 0.05), followed by p-coumaric acid (IC50 71.87
± 6.2 mg mL−1). This suggests that the inhibition of amylase is
more dependent on the structure of vanillin, which gives better
purication results than crude extract. These results are sup-
ported by similar ndings that vanillin was the most active a-
Fig. 9 Alpha amylase inhibition by SFE-LS extract, vanillin, p-coumaric ac
the inhibition of alpha amylase (B).

© 2026 The Author(s). Published by the Royal Society of Chemistry
amylase inhibitor and that p-coumaric acid is a moderate
inhibitor.44,49 In fact, numerous studies have documented the
advantages of phenolics as a-amylase and a-glucosidase
inhibitors.50 Previous reports suggested that phenolic
compounds bind to the catalytic site of a-amylase and inhibit its
reaction.51 The report suggested that SFE-LS and puried frac-
tions lower glucose levels more effectively by inhibiting a-
amylase rather than a-glucosidase.

Overall, these results demonstrated that vanillin from LS
exhibits a notably stronger inhibitory effect than most reported
phenolic acids, while p-coumaric acid remains within the
moderate range of inhibition previously observed for natural
polyphenols. The observed enzyme inhibitory potential also
correlates with the high TPC of the extract, suggesting that both
the quantity and the structural diversity of phenolic constitu-
ents contribute collectively to the a-amylase inhibitory activity.

Some plants traditionally used in diabetes management
were found to strongly inhibit a-glucosidase but had amoderate
or negligible effect on a-amylase activity.52 a-Glucosidase
inhibitors have gained more attention in recent studies than a-
amylase inhibitors. These inhibitors are considered promising
alternatives to synthetic enzyme inhibitors such as acarbose.53

The American Association of Clinical Endocrinologists (AACE)
and the International Diabetes Federation (IDF) have recom-
mended a-glucosidase inhibitors as a rst-line therapy for
managing diabetes due to their efficacy.54 Because oxidative
id, and acarbose: dose-dependent inhibition (A) and IC50 calculation for
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Fig. 10 Antioxidant activity of SFE-LS extract, vanillin, p-coumaric acid, and ascorbic acid: dose-dependent inhibition of 2,2-diphenyl-1-pic-
rylhydrazyl (A) and IC50 calculation for the inhibition of 2,2-diphenyl-1-picrylhydrazyl (B).

Table 5 IC50 values for DPPH radical scavenging activity of SFE-LS extract and ascorbic acid

Sr. No. Sample name IC50 value (mg mL−1) DPPH radical scavenging activity

1 SFE-LS 70.43 � 4.36
2 Vanillin 32.76 � 6.6
3 p-Coumaric acid 56.80 � 7.5
4 Ascorbic acid 46.96 � 4.51
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stress and carbohydrate metabolism are closely interconnected
in diabetes pathophysiology, we further examined whether the
antioxidant properties of the extract and puried phenolics
complemented their enzyme inhibitory activities.
3.8. Evaluation of the antioxidant activity of SFE-LS extract,
puried vanillin and puried p-coumaric acid

Plant phenolic compounds are widely recognized for their
potent in vitro antioxidant activity due to their ability to donate
electrons or hydrogen atoms and stabilize radical intermedi-
ates.55 The DPPH radical scavenging activity of SFE-LS increased
progressively with concentration (20–100 mg mL−1), as shown in
Fig. 10, indicating a clear dose-dependent response. The extract
exhibited signicant radical-quenching ability with an IC50

value of 70.43 ± 4.36 mg mL−1 (p < 0.05; Table 5).
Puried phenolic fractions showed enhanced activity

compared with the crude extract. Among these, the vanillin-rich
fraction demonstrated the strongest DPPH scavenging effect
(IC50 = 32.76 ± 6.6 mg mL−1), surpassing even the standard
ascorbic acid, while p-coumaric acid (IC50 = 46.96 ± 4.51 mg
mL−1) exhibited comparable activity. Interestingly, our ndings
differ from those of ref. 56, which reported stronger activity of p-
coumaric acid relative to vanillin in Oryza sativa extract. Such
variations may arise from differences in plant matrix composi-
tion, phenolic concentration, or extraction technique, which
can inuence compound stability and synergistic interactions.
The variations in species, cultivar, and geographical origin
oen lead to distinct phytochemical proles and phenolic
concentrations. Additionally, the use of SC-CO2 extraction in the
present study, unlike conventional solvent-based methods
880 | Sustainable Food Technol., 2026, 4, 868–884
reported earlier, provides selective recovery of thermolabile and
moderately polar phenolics while minimizing oxidative degra-
dation, which may enhance apparent bioactivity. Matrix effects,
such as particle size, moisture content, and cellular structure,
can also inuence mass transfer efficiency during extraction,
thereby affecting yield and composition.

The radical-scavenging ability of phenolic compounds
largely depends on their structural conguration, particularly
the number and position of hydroxyl groups and other
substituents on the aromatic ring.57 The pronounced activity
observed for the SFE-LS extract and vanillin fraction suggests
that structural factors, along with possible synergistic effects
among phenolic constituents, enhance the overall antioxidant
capacity.58,59 Thus, the antioxidant mechanism of the SFE-LS
extract likely involves hydrogen- or electron-transfer processes
that neutralize DPPH radicals and stabilize them into non-
reactive species. Furthermore, the relationship between
compound concentration and biological activity was observed
qualitatively in the present study. The higher antioxidant and
enzyme inhibitory activities correspond with elevated levels of
vanillin and p-hydroxybenzoic acid identied in the SFE-LS
extract. Both compounds are known for their strong reducing
potential and effective radical-scavenging or enzyme-binding
capabilities, which contribute to the overall bioactivity. The
comparatively lower abundance of p-coumaric acid may explain
its moderate antioxidant and inhibitory response. These results
suggest a positive association between phenolic concentration
and biological efficacy, consistent with earlier reports linking
phenolic content with bioactivity in plant extracts.20,24 Future
studies employing quantitative correlation or regression anal-
ysis could further validate the contribution of individual
© 2026 The Author(s). Published by the Royal Society of Chemistry
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compounds to the overall antioxidant and antidiabetic effects of
LS extracts. Although the present study employed only the
DPPH radical-scavenging assay to evaluate antioxidant activity,
it is nonetheless a widely accepted screening method for
phenolic-rich extracts and has been shown in many studies to
correlate with other antioxidant assays such as 2,20-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and ferric
reducing antioxidant power (FRAP) under appropriate condi-
tions. The ndings of the current work of SFE-LS extract and its
isolated fractions support meaningful radical-scavenging
potential. Vanillin has been reported to show strong antioxi-
dant behaviour in certain assays such as ABTS and oxygen
radical absorbance capacity (ORAC), but negligible or weak
activity in the DPPH assay because its mechanism includes self-
dimerization or slower kinetics, which suggests that our posi-
tive DPPH result for vanillin is mechanistically plausible but
should be interpreted with caution.60 Conversely, p-coumaric
acid exhibits consistent multi-assay antioxidant activity,
including DPPH, ABTS, hydrogen peroxide scavenging, metal-
chelation and reducing power, and thus our nding for the p-
coumaric acid fraction aligns strongly with literature prece-
dent.61 Taken together, while the experimental limitation of
having only one assay is noted, the combined evidence from our
DPPH data, phenolic-compound identication and relevant
literature supports the conclusion that the extract and its iso-
lated fractions exhibit antioxidant potential. Future work could
include complementary assays such as ABTS, FRAP, ORAC or
cellular reactive oxygen species assays to further strengthen
mechanistic insight.

4 Conclusion

This study successfully optimized SFE conditions for recovering
TPC from LS leaves using RSM. The optimized parameters—
29.59 MPa pressure, 89.50 °C temperature, and 53.85 min
extraction time—resulted in high TPC yield, conrming the
reliability of the developed model. The extract, rich in vanillic
acid, p-hydroxybenzoic acid, chlorogenic acid, and vanillin,
demonstrated strong antioxidant activity and signicant
inhibitory effects against key carbohydrate-hydrolysing
enzymes, namely a-amylase and a-glucosidase, highlighting
LS leaves as a promising natural source of bioactive compounds
with potential antidiabetic properties. Despite these promising
results, the present work is limited to in vitro studies and
laboratory-scale extraction. Future research should include
stability and safety assessments of the SFE-LS extract and its
puried fractions under various storage and physiological
conditions, along with formulation trials to develop functional
food or nutraceutical products ensuring bioavailability and
shelf stability. Moreover, the contradictions with some earlier
literature may also stem from differences in assay conditions or
enzyme sources used for inhibition studies. To conrm these
hypotheses, future research should include comparative
extraction studies using both supercritical and conventional
methods, combined with metabolomic proling to establish
a comprehensive understanding of interspecies and matrix-
dependent variability.
© 2026 The Author(s). Published by the Royal Society of Chemistry
For real-world applications, challenges such as extract
stability, large-scale process optimization, and regulatory
compliance need to be addressed. Future studies should
therefore focus on in vivo validation and toxicological assess-
ments, and formulation trials aimed at developing functional
food or nutraceutical products. Such efforts will support the
translation of LS bioactive compounds from laboratory ndings
to practical health and industrial applications.
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