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COMPARATIVE BIOACTIVITIES OF ESSENTIAL OILS FROM
KAFFIR LIME (Citrus hystrix) PEEL WASTES AND BENTONG GINGER
(Zingiber officinale var. Bentong) RHIZOMES
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Abstract — Essential oils derived from kaffir
lime (Citrus hystrix) peels and Bentong gin-
ger (Zingiber officinale var. Bentong) rhizomes
have promising aromatic and bioactive prop-
erties, attracting interest for their potential as
natural additives to enhance the biological per-
formance and market value of existing prod-
ucts. This study evaluated the phytochemical pro-
files, antioxidant and anti-inflammatory activi-
ties of essential oils extracted from kaffir lime
peels and ginger rhizomes using ultrasonication-
assisted hydrodistillation. Gas Chromatography-
Mass Spectrometry revealed B-pinene (19.9%)
and citronellal (18.7%) as major compounds in
kaffir lime peel essential oil. In comparison,
Bentong ginger rhizome essential oil predomi-
nantly contained o-citral (22%) and q-curcumin
(15.5%). Bentong ginger rhizome essential oil
exhibited higher total phenolic (1.78+0.14 mg
GAE/100 pL EO) and flavonoid (3.37+£0.04 mg
QFE/100 uL EO) contents, correlating with su-
perior antioxidant activities in ferric reducing
power (34.07+1.54 umol Fe**/g of EO) and rad-
ical scavenging (DPPH: 77.55+1.57% & ABTS:
67.58+1.34% at 50 mg/mL) effects compared
with kaffir lime peel essential oil at similar
concentrations tested. Kaffir lime peel essential
oil showed stronger ferrous ion chelating activity
(82.17+1.42% at 0.8 mg/mL) besides exerting
superior anti-inflammatory properties reflected
by higher inhibitory effect (70.69+0.22% at 10
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mg/mL) towards bovine serum albumin denatu-
ration as compared to Bentong ginger rhizome
essential oil at the same concentration. -pinene,
a major compound of kaffir lime peel essential
oil, had been recognized for its metal chelating
and anti-inflammatory effects in previous studies.
Kaffir lime peel offer a more cost-effective and
eco-friendlier raw material to produce essential
oil with competitive bioactivity compared to the
high-priced Bentong ginger.

Keywords: antioxidant, anti-inflammatory,
Bentong ginger rhizomes, essential oils, kaffir
lime peels.

I. INTRODUCTION

Citrus hystrix, or kaffir lime, is native to
Southeast Asia and belongs to the Rutaceae fam-
ily. The fruit, typically small and round, is highly
aromatic and plays a crucial role as a spice in
the preparation of tomyam, a well-known dish in
Malaysia and Thailand. Its peels, often discarded
as waste, are rich in phenolics and flavonoids
with proven antioxidant and anti-inflammatory
activities [1]. The study by Lubinska-Szczyget et
al. [1] demonstrated that the antioxidative content
in kaffir lime peel was significantly higher than in
the pulp. Zingiber officinale var. Bentong, com-
monly referred to as Bentong ginger, is a highly
regarded variety of ginger from the town of Ben-
tong in Pahang, a key ginger cultivation area in
Malaysia. This herbaceous perennial plant from
the Zingiberaceae family is the most expensive
ginger variety in Malaysia, prized for its warm
flavour, large rhizomes, and premium antioxidant
properties linked to its distinct phenolic profile
[2]. This high-value ginger variety is increasingly
sought after for natural health applications.
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The increasing consumer preference for eco-
friendly and natural health products like essential
oils (EOs) from aromatic plants underscores the
need to explore novel sources like kaffir lime
peel and Bentong ginger rhizome, which present
a pleasant and universally acceptable aroma. EOs
are well-regarded for their bioactivities and are
clinically proven to possess positive physiological
effects on the central nervous system with con-
comitant psychological benefits, thus promoting
mental health and strengthening immunity [3].
While traditional EO markets are dominated by
mint, orange, lemon, and lavender, there are
issues pertaining to their adverse reactions and
limited applications. All these factors highlight
the importance of expanding EO diversity [4, 5].
This study aims to compare the phytochemical
profiles and bioactivities of EOs from the two
aforementioned Malaysian plants, contributing to
the exploration of high-performance EOs for di-
verse commercial applications.

II. LITERATURE REVIEW

The EO extracted from kaffir lime peels usu-
ally contains key bioactive compounds, includ-
ing sabinene, pinene, citral, citronellal, limonene,
linalool, and terpinen-4-ol, which contribute to its
proven antibacterial, antifungal, antioxidant, anti-
inflammatory, antitumor, and mosquito-repellent
properties [6, 7]. These health benefits make
kaffir lime peel a promising resource for the
trash-to-treasure market, transforming what is of-
ten considered food or agro-industrial waste into
valuable products. It is estimated that 40-60%
of the total mass of citrus fruits results in peel
waste [8]. As such, the repurposing of kaffir
lime peel is gaining momentum, with its potential
applications in the production of natural cleaners,
extracts, and supplements. This not only adds
economic value but also contributes to sustain-
able development by reducing the burden of food
waste. Moreover, the EOs of ginger have also
demonstrated antimicrobial, anti-inflammatory,
anticancer, anodyne, and cell-protective activi-
ties [9, 10]. Major volatile secondary metabo-
lites extracted from the ginger rhizomes include
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zingiberene, citral, nerolidol, curcumene, bisabo-
lene, and farnesene, which contribute to Bentong
ginger’s potential to produce a wide range of
commodities, such as food preservatives, medi-
cations, perfumes, and cosmetics [11]. Although
various bioactivities of kaffir lime peel EO
(KEO) and Bentong ginger rhizome EO (BEO)
have been studied in different research, a more
in-depth comparative analysis of these EOs under
identical conditions is limited, thus hindering the
comprehensive assessment of their bioactivities
[1, 11]. Because EOs are complex mixtures of
volatile chemical compounds from plants, their
compositions can vary significantly depending
on factors such as the plant’s geographic ori-
gin, harvesting period, post-harvest conditions,
and extraction methods [12]. Hence, through a
standardized extraction approach, the primary
objective of this research aimed to compare the
antioxidant and anti-inflammatory properties of
EOs of fresh kaffir lime peels and Bentong ginger
rhizomes using various chemical assays and relat-
ing the EOs’ compositions to their bioactivities.
This would provide more explicit guidance for
their future processing and use in downstream
applications.

III. RESEARCH METHODS
A. Sample collection and preparation

Kaffir limes and Bentong gingers were col-
lected from a farm in Jalan Semenanjung, Sabak,
Selangor, and from Village Home Grocer in
Kampung Bukit Tinggi, Bentong, Pahang, re-
spectively. A total of four kilograms each of fresh
kaffir lime fruits and Bentong ginger rhizomes
were purchased and stored at —20°C before pro-
cessing. Both were washed thoroughly with tap
water to remove surface impurities. For kaffir
limes, damaged and rotten fruits were discarded,
and cut clean peels, about 1 mm thick, were
obtained by using a grater to peel off, yielding
around 1 kg of peel sample from four kilograms
of fruits. For Bentong gingers, contaminated and
darkening parts were removed, and the rhizomes
were cut into approximately 5 mm thick pieces
using a knife, mortar, and pestle. Both prepared
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samples were then packed in plastic bags and
stored in a —20°C freezer for preservation prior
to extraction.

B. Extraction method and physical property
characterization of EOs

The ultrasonication-assisted hydrodistillation
(UAE-hydrodistillation) protocol for EOs was
adapted from da Silva Moura et al. [13] with
modifications. EO extraction began with a son-
ication pre-treatment, where the cut kaffir lime
peels or Bentong ginger rhizomes were mixed
with Milli-Q water in a 500 mL round-bottom
flask. The flask was then sonicated for 30 min-
utes using an ultrasonic bath (Elmasonic P Se-
ries). After adding anti-bumping granules, the
mixture was subjected to hydrodistillation at ap-
proximately 100°C until EO extraction stabilised.
The distillate was transferred to a separatory
funnel to isolate the EOs from the aqueous layer,
with further water rinsing to ensure complete oil
recovery. Anhydrous sodium sulphate was added
to remove excess water, and the purified EOs
were stored in a universal bottle, sealed with
parafilm and aluminium foil, and kept at 4°C be-
fore further analysis. The colour and odor of EOs
were recorded. This process was repeated several
times to accurately determine the EO yield for
each plant material according to Formula (1).

Weight of EO obtained (g)

%Yield =
%oYield Weight of plant material used (g)

x100% (1)

C. Characterization of volatile compounds in
EOs

The Agilent Technologies 7890A Gas Chro-
matography—Mass Spectrometry (GC-MS) sys-
tem with a DB-WAX UI column (30 m x 0.25
mm x 0.25 um) was used to identify volatile
phytochemicals in the extracted EOs. The inlet
temperature was set at 250°C, and the analysis
was performed in split mode at a 15:1 ratio, with
a 1 uL sample injection. Helium served as the
carrier gas, with a flow rate of 0.9 mL/min. For
KEO, a modified temperature program based on
Lubinska-Szczyget et al. [6] was used. The oven
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temperature started at 40°C, held for two minutes,
then increased to 90°C at 5°C/min, followed by
a ramp to 220°C at 30°C/min, with no hold, and
held for seven minutes, for a total runtime of
approximately 23 minutes. For BEO, the temper-
ature program, adapted with modifications from
Liang et al. [14], began at 40°C, held for three
minutes, then increased to 60°C at 10°C/min,
followed by a rise to 90°C at 5°C/min, then an
immediate ramp to 240°C at 4°C/min, held for
eight minutes, with a total runtime of approx-
imately 57 minutes. Prior to GC-MS analysis,
the EO sample was diluted with GC-MS grade
n-hexane (Merck) to achieve a concentration of
20 uL/mL. The diluted solution was filtered
into a GC-MS vial using a 0.22 um Nylon
membrane filter. After filtration, the EO solution
was injected into the GC-MS for chromatogram
acquisition, with peak identification achieved by
comparing retention times and their respective
mass spectra with the mass spectral reference
library from National Institute of Standards and
Technology (NIST) [15]. The peak areas were
used to quantify the percentage of each identified
component presented in the sample.

D. Determination of total phenolic content (TPC)
in EOs

The TPC assay protocol was adapted from
Sari et al. [16] with modifications. In a 15
mL centrifuge tube, 100 uL of the methanol-
diluted EO (1:50 dilution) or gallic acid standard
(prepared from a 2.5 mg/mL stock in methanol)
was mixed with 3.8 mL distilled water and
100 uL Folin—Ciocalteu’s phenol reagent. The
mixture was vortexed and left to stand for five
minutes. Subsequently, 1 mL of 10% sodium
carbonate was added, the mixture was vortexed
again, and the reaction volume was adjusted to
5 mL. The reaction mixture was incubated in
the dark at room temperature for two hours, and
absorbance was measured at 750 nm using a
UV-Vis spectrophotometer. A blank was pre-
pared by replacing the sample or standard with
methanol. TPC was expressed as mg gallic acid
equivalents (GAE) per 100 uL of EO based on a
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gallic acid standard curve (0.1-1.35 mg/mL). All
procedures were performed in triplicate. The TPC
value is calculated based on Formula (2), where
the Abs. is the absorbance of the tested sample at
750 nm, while d = dilution factor for the tested
sample, b = y-intercept, and m = slope of the
linear equation of gallic acid standard curve on
Formula (2).

Abs.— b

m
10

xd

TPC = (2)

E. Determination of total flavonoid content
(TFC) in EOs

The TFC assay protocol was adapted from
Shraim et al. [17] with modifications. In a 15
mL centrifuge tube, 500 puL of the methanol-
diluted EO (1:40 dilution) or quercetin standard
(prepared from a 2.5 mg/mL stock in methanol)
was mixed with 2 mL methanol and 150 uL
of 1M sodium nitrite solution. After vortex, the
mixture was left to stand for three minutes.
Next, 150 puL of 10% aluminium chloride so-
lution was added, vortexed, and left for another
three minutes. Then, 1 mL of 1M NaOH and
1.2 mL methanol were sequentially added with
vortex mixing to bring the final volume to 5
mL. The reaction mixture was incubated in the
dark at room temperature for 30 minutes, and
absorbance was measured at 415 nm using a
UV-Vis spectrophotometer. A blank was pre-
pared by replacing the sample or standard with
methanol. TFC was expressed as mg quercetin
equivalents (QE) per 100 uL of EO based on a
quercetin standard curve (0.25-1.5 mg/mL). All
procedures were performed in triplicate. The TFC
value is calculated based on Formula (3), where
the Abs. is the absorbance of the tested sample at
415 nm, while d = dilution factor for the tested
sample, b = y-intercept and m = slope of the
linear equation of quercetin standard curve on
Formula (3).

Abs.—b

m
10

X d

TFC = (3)
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F. Ferric reducing antioxidant power (FRAP)
assay

A fresh FRAP reagent was prepared by mixing
20 mM ferric chloride, 10 mM TPTZ in 40 mM
HCIl, and 300 mM acetate buffer (pH 3.6) in a
1:1:10 volume ratio. In a 96-well microplate, 10
uL of EO solution (10 mg/mL diluted from a
50 mg/mL stock in methanol) or FeSO4 standard
solution (prepared from a 1 mM stock in distilled
water) was mixed with 190 uL of the FRAP
reagent. The mixture was incubated in the dark at
room temperature for 30 minutes, and absorbance
was measured at 593 nm using a microplate
reader [18]. The same steps were performed by
replacing the 10 uL. EO sample with ascorbic
acid to form the positive control mixture. A blank
was prepared by replacing the EOs with methanol
while the standard and positive control with dis-
tilled water. FRAP value was expressed as pmol
Fe?T equivalents per gram of EO based on a
FeSO4 standard curve (0.1-0.6 mM). All proce-
dures were performed in triplicate. The FRAP
value is calculated based on Formula (4), where
the Abs. S is the absorbance of the sample (EOs
or positive control), Abs. B is the absorbance of
the blank, Abs. D is the decoloration absorbance
applied only when calculating the FRAP value of
the EO sample, and C is the sample concentration
(in g/uL) used, while b and m represent the y-
intercept and the slope of the linear equation of
FeSO, standard curve, respectively on Formula

.

(Abs.S — Abs.B — Abs.D) — b

FRAP value = % C <1000

(4)

G. Metal chelating assay

In a 96-well microplate, 50 uLL of EO sample
(0.05-0.8 mg/mL prepared from a 50 mg/mL
stock in methanol) was mixed with 20 uL of
0.5 mM ferrous chloride solution and 160 uL
methanol, then left to stand for five minutes.
Next, 20 uL of 2.5 mM ferrozine solution was
added, and the reaction mixture was incubated
in the dark at room temperature for 10 minutes.
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Absorbance was measured at 562 nm using a mi-
croplate reader [19]. For the EDTA (positive con-
trol) reaction mixture, the same steps were per-
formed by replacing the 50 uL EO sample with
EDTA solution (0.05-0.8 mg/mL prepared from
a 1 mg/mL stock in distilled water). Methanol
or distilled water was used to replace the 50 uL
of EO sample or EDTA solution, respectively, to
form the control mixtures. All procedures were
performed in triplicate. The ferrous ion chelating
activity of the tested EOs or EDTA solutions is
calculated based on Formula (5), where the Abs.
C is the absorbance of the control mixture, Abs. S
is the absorbance of the sample (EOs or positive
control), while the decoloration absorbance, Abs.
D is only applied when calculating the chelating
activity of the EO sample.

Abs.C — (Abs. S — Abs.D)
Abs.C

Metal chelating activity = % 100% (5)

H. DPPH radical scavenging assay

In a 96-well microplate, 20 uL. of EO sample
(1-50 mg/mL prepared from a 50 mg/mL stock
in methanol) was mixed with 180 uL of 200 uM
DPPH solution (freshly prepared from a 600 uM
stock in methanol, stored at —20°C). The mixture
was incubated in the dark at room temperature
for 30 minutes, and absorbance was measured at
515 nm using a microplate reader [20]. For the
ascorbic acid (positive control) reaction mixture,
the same steps were performed by replacing the
20 uL of EO sample with an ascorbic acid solu-
tion (1-50 mg/mL prepared from a 100 mg/mL
stock in distilled water). Methanol or distilled
water was used to replace the 20 uL of EO
sample or ascorbic acid solution, respectively,
to form the control mixtures. All procedures
were performed in triplicate. The DPPH radical
scavenging activity of the tested EOs or ascorbic
acid solutions is calculated based on Formula
(6), where the Abs. C is the absorbance of the
control mixture, Abs. S is the absorbance of
the sample (EOs or positive control), while the
decoloration absorbance, Abs. D is only applied
when calculating the scavenging activity of the
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EO sample:

Abs. C — (Abs. S — Abs. D)
Abs.C

DPPH scavenging activity = % 100% (6)

1. ABTS radical scavenging assay

In a 96-well microplate, 10 uLL of EO sample
(1-50 mg/mL prepared from a 50 mg/mL stock
in methanol) was mixed with 195 uL. of ABTS
reagent. The reaction mixture was incubated in
the dark at room temperature for 30 minutes,
and absorbance was measured at 734 nm using
a microplate reader [21]. For the ascorbic acid
(positive control) reaction mixture, the same steps
were performed by replacing 10 uL of EO sam-
ple with an ascorbic acid solution (1-50 mg/mL
prepared from a 100 mg/mL stock in distilled
water). To form the control mixtures, methanol
or distilled water was used to replace the 10 uL
of EO sample or ascorbic acid solution. All pro-
cedures were performed in triplicate. The ABTS
radical scavenging activity of the tested EOs or
ascorbic acid solutions is calculated based on
Formula (7), where the Abs. C is the absorbance
of the control mixture, Abs. S is the absorbance
of the sample (EOs or positive control), while the
decoloration absorbance, Abs. D is only applied
when calculating the scavenging activity of the
EO sample.

Abs.C — (Abs.S — Abs. D)
Abs.C

ABTS scavenging activity = %X 100% (7)

J. Bovine serum albumin (BSA) denaturation
inhibition assay

In a 15 mL centrifuge tube, 50 uL of EO sam-
ple (0.5-10 mg/mL prepared from a 50 mg/mL
stock in methanol) was mixed with 450 uL of 5%
BSA buffered solution (prepared by dissolving 1
g BSA powder in 20 mL PBS at pH 6.3). The
mixture was incubated in a water bath at 37°C
for 20 minutes, followed by heating at 70°C for
five minutes. Next, 2.5 mL of PBS (pH 6.3) was
added to achieve a final reaction volume of 3
mL, and the mixture was vortexed. Turbidity ab-
sorbance was measured at 416 nm using a UV-Vis
spectrophotometer [22]. Distilled water was used
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as a blank. For the Diclofenac sodium (positive
control) reaction mixture, the same steps were
performed by replacing the 50 uL of EO sample
with Diclofenac sodium solution (0.5-10 mg/mL
prepared from a 50 mg/mL stock in methanol).
Methanol was used to replace the 50 uL of EO
sample or Diclofenac sodium solution to form the
control mixture. All procedures were performed
in triplicate. The anti-denaturation capacity for
BSA of the tested EOs or Diclofenac sodium
solutions is calculated based on Formula (8),
where the Abs. C is the absorbance of the control
mixture and Abs. S is the absorbance of the
sample (EOs or positive control).

Abs.C — Abs. S

Anti-BSA denaturation capacity = Abs.C

x100% (8)

K. Statistical data analysis

Data analysis was performed using SPSS soft-
ware (version 27). All experiments were con-
ducted in triplicate and were presented as the
mean =+ standard deviation. One-way analysis of
variance (ANOVA) followed by Tukey’s multiple
comparison test was applied. A p-value of less
than 0.05 (p < 0.05) was considered statistically
significant.

IV. RESULTS AND DISCUSSION
A. Yield and characteristic of EOs Extracted

According to Table 1, the extraction yield of
KEO was significantly higher than that of BEO.
The yield of KEO was about two-fold higher than
the 0.8% (v/w) reported by Houng et al. [8],
who employed traditional hydrodistillation with
extraction material and duration consistent with
those used in this research. This suggested that
the use of UAE-hydrodistillation in this study
may have contributed to the higher yield, as the
non-thermal ultrasound pretreatment was shown
to have a duration-dependent impact on the yield
of kaffir lime leaf EO, as reported by Mohideen
et al. [23]. Ultrasonication enhances oil extraction
by causing cavitation bubbles to implode, which
leads to cell wall separation, thereby facilitat-
ing rapid exudation and water penetration dur-
ing hydrodistillation. This process helps preserve
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thermolabile and volatile compounds, minimising
heat degradation. As the pretreatment duration
increases, the average oil yield tends to rise.
However, controlling ultrasound treatment time
is crucial, as excessive duration can increase
temperatures and cause volatile components to
vaporise before extraction, thus reducing yield.
Mohideen et al. [23] identified the optimal ultra-
sound pretreatment time as two hours for maxi-
mum efficiency on the yield of kaffir lime leaf
EO. In this study, a shorter ultrasonication time of
30 minutes was used to prevent potential oil loss
due to overexposure to ultrasonic energy during
the pretreatment. However, the ultrasonication
pretreatment had a less significant impact on in-
creasing the extraction yield of the BEO studied,
with the obtained yield of 0.104 £ 0.040% (w/w)
based on Table 1. This was notably lower than
the yield range of 0.29-0.43% (v/w) reported by
Jahiddin [24], who used normal hydrodistillation
to extract EO from oven-dried Bentong ginger
rhizomes. The lower yield observed for BEO in
this study may be attributed to the high moisture
content within the fresh plant material used due
to the absence of drying pretreatment. While dry-
ing significantly boosts EO yield, it also alters the
aroma profile, intensifying the spicy and earthy
notes due to the higher extraction of sesquiter-
penes, while reducing the lighter, fresher, and
lemony monoterpenes typically found in fresh
ginger EOs as the major content [25]. This shift
in aroma may be less appealing for industries
such as perfumery, cosmetics, and aromatherapy,
where a pleasant fragrance is crucial for cus-
tomer satisfaction. The odour of the KEO was
characterised as citrus, minty, herbal, and woody
scent similarly described by Lubinska-Szczyget
et al. [6]. In comparison, the sensory analysis by
Liang et al. [14] identified citrus-like and spicy
attributes as the key orthonasal and retronasal
olfaction of unpeeled ginger extracts respectively,
which aligned with the odour description of BEO
in the present study.
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Table 1: Extraction yield of EOs and their
physical property by UAE-hydrodistillation

Parameter KEO BEO
¥ 1Bld g 1.629 £0.2402 0.104 = 0.0400
(%, wiw)
Colour Pale yellow Orange brown

Strong citrusy and uplifting
aroma with some hint of

Energising warm, woody,
and sharp with a touch of

Odout floral and sweet smelling sweetness, while having a
accompanied by a slightly | slightly peppery undertone
aftertaste tart with a subtle lemony hint

Note: Yield percentages are expressed as Mean
+ S.D. (n = 6). Means sharing same superscript
letter are not significantly different (p < 0.05)

B. Phytochemicals of KEO through GC-MS
analysis

Studies by Lubinska-Szczyget et al. [6] and
Katerina et al. [7] indicated that EOs extracted
from Kkaffir lime peel typically contained f-
pinene, limonene, and sabinene as the major
compounds. A common finding in both studies
was that the content of -pinene and monoter-
penes was generally higher than that of o-pinene
and sesquiterpenes. This observation was con-
sistent with the phytochemical profile of KEO
determined by the GC-MS analysis in this re-
search, as shown in Figure 1. Based on the
results presented in Table 2, a total of fif-
teen compounds were identified in the KEO,
comprising 95.29% monoterpenes and 4.71%
sesquiterpenes. Regarding functional group dis-
tribution, 48.92% were oxygenated terpenoids,
while 51.08% were hydrocarbon terpenes. The
five most abundant terpenes and terpenoids
were [-pinene (19.86%), citronellal (18.65%),
citronellol (11.55%), sabinene (11.33%), and
limonene (10.56%), all of which contributed
to the herbal, citrus, and woody aroma of
the KEO. These compounds also demonstrated
bioactive properties, with B-pinene and sabinene
particularly noted for their antioxidative and
anti-inflammatory effects [26-29]. Other minor
compounds identified included terpinen-4-ol, o-
terpineol, and linalool, all of which belong to
the oxygenated monoterpene group. The findings
were consistent with those of Sreepian et al. [30],
where a slight predominance of B-pinene over
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limonene was observed. It should be noted that
terpene content in KEO may vary depending on
factors such as geographical origin, fruit ripeness,
and the extraction method [12].

C. Phytochemicals of BEO through GC-MS anal-
VSis

According to Munda et al. [11], ginger rhizome
EOs typically contained curcumene, geranial (o-
citral), neral (f-citral), camphene, zingiberene,
and bisabolene as the major compounds. Ad-
ditionally, their study noted that the sesquiter-
pene content in ginger rhizome EOs was gen-
erally higher than that of monoterpenes, as re-
vealed by GC-MS analysis, which contrasted
with the monoterpene-dominant profile of KEO
mentioned earlier. But interestingly, the phyto-
chemical profile of BEO determined in this study
was in discordance with the literature (see Figure
2). Based on the results presented in Table 3,
thirteen compounds were identified in the BEO,
comprising 54.62% monoterpenes and 45.38%
sesquiterpenes. This relatively balanced compo-
sition of monoterpenes and sesquiterpenes in
the BEO differed from many previous studies,
which generally found ginger rhizome EOs to
be sesquiterpene-dominant, as mentioned earlier.
However, one study by Gupta et al. [31] re-
ported a monoterpene-rich ginger EO from gin-
ger sourced from Nahan, India. In terms of func-
tional groups, the BEO contained 54.22% oxy-
genated terpenoids and 45.78% hydrocarbon ter-
penes. This contrasted with the terpene profile of
KEO, where hydrocarbon terpenes were slightly
more abundant than oxygenated terpenoids. Fur-
thermore, according to Sasidharan et al. [25],
EOs extracted from fresh ginger typically con-
tained more oxygenated compounds than dried
ginger. Thus, a higher oxygenated terpenoid com-
position was expected for the BEO in this study.
The three most abundant terpenes and terpenoids
in the BEO were o-citral (21.96%), a.-curcumene
(15.48%), and P-citral (12.96%), which con-
tributed significantly to its warm and lemony
aroma. The predominance of a-citral over its beta
isomer was also found in the EOs extracted from
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Fig. 1: GC-MS chromatogram of KEO
Table 2: Volatile phytochemicals detected by GC-MS for KEO
. Molecular Chemical Composition oo
No Tr (min) Compound Formula Familv (%) Quality
1 4. 805 | a-Pinene CyioHig Monoterpenes 1.564 97
2 6.658 | p-Pinene CyoHis Monoterpenes 19 857 G4
3 7.013 | Sabinene CyoHis Monoterpenes 11334 91
4 8.986 | D-Limonene CioHis Monoterpenes 10,558 95
5 10.243 | y-Terpinene CioHig Monoterpenes 1.556 96
(R)-(+)-Citronellal Aldehyde, -
6 14301 CypHysO Monoterpenoid 18.650 o7
7 14421 | Copaene Cy1sHyy Sesquiterpenes 1.888 97
Linalocl Alcohels,
8 14813 CioHp:O Monoterpenoids 3842 o7
. Alcohols,
9 15.206 | (-)-Terpmnen-4-ol CoHyi:0 Monoterpenoids 7.907 97
2.6-Dimethyl 2.6-
10 15.489 octadiene CioHis Monoterpenes 1.508 97
11 15.609 | u-Caryophyllene C1sHyy Sesquiterpenes 0.889 98
. Alcohols,
12 15.711 | u-Terpineol CypHys0 Monoterpenoids 4913 86
13 15.810 | Germacrene D Cy:Hy Sesquiterpenes 1.930 99
(R)-(+)-p-Crtronellol Alcohols, -
14 15.986 CypHy O Monoterpenoids 11.5352 96
- ; Alcohols, -
15 16.335 | frans-Geraniol CyoHyO Monoterpenoids 2.051 57

Note: Only compounds with a quality of more than 85% are considered*

the ginger rhizomes sourced from Costa Rica and
India through hydrodistillation, according to the
GC-MS analysis from Gonzélez-Guevara et al.
[9] and Singh et al. [10], respectively. Several
of these major terpenes have been shown to
possess favourable bioactive properties in various
studies. For instance, citral has been proven to
have significant antioxidant activity, as demon-
strated by Baschieri et al. [32], who reported
that it slowed the autoxidation of standardised
substrates by generating oxygenated radicals that
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terminate both their own reactions and the oxida-
tive chain of the substrate rapidly. In addition to
the major compounds, minor components such
as [-bisabolene, trans-geraniol, y-cadinene, o-
farnesene, and camphene were also identified in
the BEO. Notably, trans-geraniol was the only
compound found in both the KEO and BEO. This
monoterpenoid, commonly used in perfumery,
not only contributed to the pleasant floral scent of
both the EOs studied but also exhibited promising
antioxidative and anti-inflammatory activities by



Tat Wai Phang, Suet Ying Ng, Sheng Wei Ong et al.

effectively scavenging DPPH radicals and inhibit-
ing the generation of reactive oxygen species
(ROS) and reactive nitrogen species (RNS), as
reported by Chen et al. [33].

D. TPC and TFC detected in EOs

TPC represents the concentration of phenolic
compounds in a plant extract, which are often as-
sociated with antioxidant and anti-inflammatory
properties. Phenolic compounds are secondary
metabolites in plants that can donate hydrogen
atoms or electrons, effectively neutralise ROS
and prevent oxidative damage, thereby reduc-
ing the activation of pro-inflammatory pathways
[34]. In this study (see Table 4), the TPC of BEO
was significantly higher than that of KEO, based
on the gallic acid calibration curve obtained (y =
1.6823x + 0.1399, R? = 0.99). In separate studies,
Lubinska-Szczyget et al. [6] and Osae et al. [35]
determined the TPC values (expressed as mg
GAE/g of extract) of 22.6+2.1 and 133.4£1.9
for EOs from fresh kaffir lime peels of Thai
origin and fresh ginger rhizomes of Ghanaian
origin, respectively. Both studies applied a similar
extraction approach to obtain the EOs. Thus, the
comparative results of this study further sup-
ported the typically higher TPC found in BEO
compared to KEO, despite geographical differ-
ences in the plant sources.

TFC refers to the concentration of flavonoids,
another class of phytochemicals known for their
antioxidant and anti-inflammatory effects. They
have been demonstrated to inhibit the release
of pro-inflammatory mediators by blocking key
signalling pathways involved in inflammation,
such as NF-kB and MAPKs [36]. According to
Table 4, the TFC of BEO was more than double
that of KEO, based on the quercetin calibration
curve obtained (y = 1.426x + 0.2478, R? =
0.99). However, this outcome was in discordance
with the literature, where Mohideen et al. [37]
measured a higher TFC value (expressed as mg
QE/g of extract) of 145.8 for the EO from kaffir
lime peels of Malaysian origin than the 0.074
evaluated by Deleanu et al. [38] for the ginger
rhizome EO of Chinese origin. The different TFC
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values could be due to the variation in the plant
origins and extraction conditions between the two
studies and ours. Hence, the findings of this
research potentially proved that under standard-
ised conditions, BEO could have a higher TFC
than that of KEO. Promising biological activities
were expected for the KEO and BEO extracted
due to high TPC and TFC values. Many studies
have demonstrated a strong correlation between
various natural extracts’ antioxidant activity and
phenolic content [36, 39].

E. FRAP and metal chelating activity of EOs

One key mechanism by which antioxidants
protect cells and tissues from oxidative dam-
age is donating electrons, which neutralises free
radicals or reduces oxidised molecules [40]. In
this study, the FRAP assay was based on the
ability of antioxidants in the EOs extracted to
reduce ferric ions (Fe*t) to ferrous ions (Fe2™).
As shown in Figure 3, the FRAP value of BEO
(34.07+1.54) was approximately two-fold higher
than the KEO (17.84+1.13), by referring to the
FeSO4 standard curve (y = 0.7781x — 0.0318,
R? = 0.9971) obtained. This agreed with the
literature, where Ivanovié et al. [18] determined a
higher FRAP value (expressed umol Fe?/ml of
EO) of 10.74 for ginger rhizome EO of Malagasy
origin than the 0.004 reported by Saeio et al. [41]
for kaffir lime EO of Thai origin. Both studies
used the Clevenger apparatus to extract the EOs
by hydrodistillation for three hours.

The distinctly lower FRAP value of the Thai
kaffir lime EO may be because kaffir lime
leaves were used instead of peels to obtain the
EO [41]. The higher TPC and TFC of BEO
could contribute to its stronger FRAP perfor-
mance, as these phenolic compounds with mul-
tiple electron-withdrawing and electron-donating
substituents, such as hydroxyl groups (-OH),
significantly influence the antioxidant capacity of
plant extracts [34]. Citrals (both o-citral and B-
citral), the most abundant monoterpenoids found
in the BEO studied are also the main compounds
believed to be responsible for the antioxidant
properties of BEO.
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Fig. 2: GC-MS chromatogram of BEO
Table 3: Volatile phytochemicals detected by GC-MS for BEO
. Molecular Chemical Composition Lo
No Tr (min) Compound Formula Family (l::, %) Quality
1 5.664 | Camphene CioHis Monoterpenes 5.594 96
Ethers,
2 8.844 | Eucalyptol CyH 3O Monote oids 2.883 98
. Aldehydes c
1 | t]
3 21267 | p-Citral CygH:O Monote oids 12957 95
4 22.113 | y-Cadinene CysHay Sesquiterpenes 5.930 96
5 22.460 | p-Bizabolene CisHas Sesquiterpenes 8.910 95
. Aldehydes c
2 n >
6 22.637 | o-Citral CygH;:0 Monote oids 21955 94
7 23.078 | a-Farnesene CysHyy Sesquiterpenes 5.713 a7
. . Alcohols,
8 23 348 | cis-Geraniol CipHp O Monote oids 3961 86
9 23.564 | P-Sesquiphellandrene | CysHoy Sesquiterpenes 4.159 96
10 23.673 | u-Curcumene CisHn Sesquiterpenes 15478 a9
11 25.844 | trans-Geraniol CyoH50 Alcohols, 7271 97
) Monoterpenoids )
12 30.566 | Nerolidol CsHyO Alcobols, 3301 91
Sesquiterpenoids
Alcohols,
13 34.761 | p-Eudesmol Cy:HysO Sesquit oids 1.887 99

Note: Only compounds with a quality of more than 85% are considered*

Table 4: Phenolic contents determined in the
EOs extracted

Parameter KEO BEO
TPC (mg GAE/100
(mg - 086=005%| 178=014°
EO)
TFC (mg QE/100 uL EO) 1360020 | 337=004°

Note: Means £ S.D. (n = 3) present in the
same row with different superscript letter are
not significantly similar (p < 0.05)

Based on the study by Ling et al. [42], high an-
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tioxidative activities of EOs from two citral-rich
Cinnamomum spp. were reported. A significant
proportional relationship was found between the
FRAP values and the citral contents.

Antioxidants with strong reducing power, indi-
cated by high FRAP values, can paradoxically
catalyse ROS production via Fenton reactions
involving transition metals like Fe’* produced
by the reduction of Fe’*, generated by antioxi-
dants. This ROS generation contributes to cellular
oxidative damage and aging. Therefore, compre-
hensive antioxidant evaluation requires assays be-
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Fig. 3: Effects of KEO and BEO on the
reduction of Fe’T as measured in FRAP assay
Ascorbic acid acts as the positive control.

Note: Bars with different alphabets are not
significantly similar (p < 0.05)

yond FRAP, such as metal chelation assay, which
targets ROS production upstream by sequestering
metal ions involved in Fenton chemistry [34].
In this research, the metal chelating assay was
based on the ability of antioxidants presented
in the EOs studied to neutralise (binding to)
the ferrous ions. This neutralisation occurs when
the EOs bind to the ferrous ions, thus causing
decoloration due to the reduction of the coloured
ferrous-Ferrozine complex [19]. This mechanism
mimics the chelating event of antioxidants to the
ferrous ions in biological systems. By binding to
these dissociated metals, antioxidants can inhibit
their ability to catalyse ROS formation, thereby
reducing oxidative stress.

As shown in Figure 4, the ferrous ion chelat-
ing percentages of KEO and BEO reached
82.17£1.42% and 63.29+3.75% at 0.8 mg/mL,
respectively. The chelating activity observed for
the KEO was higher than that of the seven Citrus
spp. EOs analysed by Wang et al. [39], which
showed metal chelating activities ranging approx-
imately from 5% to 38% at a concentration of 1
mg/mL. In the same study, the ginger EO sourced
from India exhibited a chelating activity of 2.43
+ 0.2% at 1 mg/mL, also lower than the chelating
percentage recorded for the BEO at 0.8 mg/mL.
Thus, the KEO and BEO demonstrated higher
metal chelating properties than those reported in
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the literature, even at lower EO concentrations.

B EDTA = KEO mBEO

Ferrous ion chelating activity [%)

0.05

0.1 0.2 0.4

Concentration [mg/mL]

0.6 0.8

Fig. 4: Metal chelating activities of KEO and
BEO. The positive control is EDTA.

Note: Bars with different alphabets are not
significantly similar (p < 0.05)

Overall, both the EOs exhibited a dose-
dependent increase in chelation, with the KEO
demonstrating stronger antioxidant potential than
the BEO by showing significantly higher metal
chelating percentages at concentrations of 0.6
and 0.8 mg/mL. However, at lower concentra-
tions (0.05-0.4 mg/mL), the chelating activ-
ity differences between the two EOs were less
pronounced. By observing the concentration-
dependent trend in Figure 4, it was possible to
infer the ICsy values for both the EOs. KEO
was expected to record a lower ICsy due to
its faster achievement of 50% chelating activity
than the BEO, indicating its stronger chelating
capacity. According to Dhanik et al. [43], the
metal-chelating ICsg of ginger rhizome EO from
northern India was estimated to be 25+0.08
mg/mL. Although there was limited work con-
ducted on the metal chelating efficacy of KEO,
research by Irawaty et al. [44] provided relevant
data with ferrous ion chelating ICsy values be-
tween 0.12 and 18.50 mg/mL, observed across
three different fractions of the kaffir lime peel
solvent extracts. Therefore, the present study’s
findings further supported that the KEO could
be a stronger antioxidant than the BEO in terms
of metal chelation, likely achieving a lower ICsg
value.
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The stronger chelating performance of KEO
could be attributed to its distinct terpene com-
position compared to that of BEO. Many of
the monoterpenes presented in the KEO, such
as o-pinene, terpinen-4-ol, linalool, y-terpinene,
and citronellal, had previously been shown to
possess higher ferrous ion chelating activity than
compounds like citral and eucalyptol, according
to a comparative study by Wojtunik-Kulesza et
al. [45]. Notably, citral and eucalyptol were iden-
tified as major and minor components in the
BEO analysed in this study, which may have
contributed to its relatively lower chelating ac-
tivity. Furthermore, 3-pinene, the most abundant
monoterpene in the KEO, had been shown to
exhibit effective cuprous ion chelating properties,
as reported by Van Zyl et al. [27]. This specific
monoterpene, alongside other highly chelating
compounds in the KEO, likely contributed to
its superior metal chelating activity compared to
the BEO in this research. Although higher TPC
and TFC were reported for BEO, which were
typically correlated to a stronger antioxidative
capacity, as discussed previously, these findings
suggested that the terpene profile of KEO may
play a key role in enhancing its potential as a
natural metal chelator and antioxidant.

F. DPPH and ABTS radical scavenging activi-
ties of EOs

While the FRAP and metal chelating assays
tested the abilities of the EOs studied to prevent
the formation of harmful free radicals, the radical
scavenging assays demonstrated the efficiency
of the EOs to stabilise and deactivate these
unpaired-electrons and reactive radicals via dona-
tion of electron or hydrogen atom [40]. In DPPH
and ABTS radical scavenging assays, these rad-
icals were scavenged and neutralized by the an-
tioxidants in the EOs studied. The radical scav-
enging activities were evaluated through a col-
orimetric procedure, where the purple-coloured
DPPHe and green-coloured ABTSe+ would be
converted to neutralized forms by protonation and
electron transfer, respectively [20, 21].
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As shown in Figure 5(a), KEO and BEO at
50 mg/mL concentrations achieved 7.264+1.28%
and 77.55+£1.57% DPPH radical scavenging ac-
tivities, respectively. Nevertheless, only BEO
demonstrated a significant dose-dependent in-
crease in scavenging activity, allowing its ICsg
value to be inferred. In contrast, KEO exhibited
minimal scavenging activity across the concen-
tration range tested and lacked an estimable I1Csq
value, as none of its tested concentrations reached
the 50% scavenging threshold in this assay. A
DPPH radical scavenging ICsq value of 41.740.1
mg/mL was previously reported for commercial
kaffir lime EO [46]. In comparison, Hoferl et al.
[47] reported an ICsy value of 0.68 mg/mL for
ginger rhizome EO from Ecuador, which shared
citral as its main terpenoid with the BEO studied
here. Warsito [48] estimated ICsq values ranging
from 0.92 to 10.45 mg/mL for DPPH radical
scavenging activity in commercially available
ginger EOs from various sources. Comparing
these findings, ginger EOs generally exhibited
lower ICsy values than kaffir lime EOs, which
correlated with their stronger scavenging abilities.
This aligned with the results in Figure 5(a), where
the BEO demonstrated higher DPPH radical scav-
enging activity across all tested concentrations,
establishing it as a stronger DPPH scavenger
than the KEO. The distinctly low performance
of KEO observed here was potentially supported
by Wungsintaweekul et al. [49], who reported
an ICsy value exceeding 250 mg/mL for the
DPPH scavenging activity of EO extracted from
kaffir lime peels in Thailand, well above the
concentration range (1-50 mg/mL) used in the
present study.

Regarding the ABTS radical scavenging ac-
tivity, both the EOs significantly reduced ABTS
free radicals, showing strong dose-dependent be-
haviour and yielding inferable ICsy values for
scavenging capacity. However, BEO emerged as
the stronger ABTS scavenger, displaying higher
scavenging percentages at most tested concen-
trations. The ABTS radical scavenging activities
of KEO and BEO achieved 55.19+0.54% and
67.58+1.34% respectively at 50 mg/mL. These



Tat Wai Phang, Suet Ying Ng, Sheng Wei Ong et al.

(a) WAA 1 KEO W BEO
E 100 4 A A [ A Ll
i :
R t
g
§ e
i .
3 40 £
2
g 0 :
§ 10 6 S ‘?I b H ks ki
i, e
1 5 10 20 40 50
Concentration g/ mL)
(b) WAA W KED W BEO

-

cBEBEEE588323888
-

ABTS radical scavenging activity [%]

A A A [
3 F& EF
H
I II I
= H .
ul -
1 5 10 20

Concentration [mg/mL]

a0 50 "
Fig. 5: Effects of KEO and BEO on the
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radicals. Ascorbic acid acts as the positive
control.

Note: Bars with different alphabets are not
significantly similar (p < 0.05)

findings aligned with the results of Ivanovié et
al. [18] and Saeio et al. [41], which reported that
the ginger rhizome EO exhibited a TEAC (Trolox
Equivalent Antioxidant Capacity) value close to
2, while the EO extracted from kaffir lime peels
showed a lower TEAC value of 0.2 for the ABTS
radical scavenging assay, respectively. The higher
the TEAC value, the stronger the ABTS radical
scavenging potential.

The overall higher DPPH and ABTS radical
scavenging activities observed in the BEO could
be attributed to its higher TPC and TFC values
than the KEO. Hernandez - Rodriguez et al. [36]
have documented a direct correlation between
phenolic content and DPPH and ABTS radical
scavenging activities. This probably could be
explained by the aromatic rings in phenolic and
flavonoid compounds, which contain a conju-
gated system of double bonds that usually en-
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hances radical stability during antioxidative scav-
enging reactions through resonance stabilisation
within the rings [40]. Additionally, as discussed
before, the greater abundance of oxygenated ter-
penoids in the BEO may further contribute to its
superior radical scavenging capacity. Despite the
KEOQO’s underperformance in DPPH scavenging
ability, it exhibited ABTS radical scavenging ac-
tivity comparable to the BEO. This may suggest
the presence of potent phenolic compounds in
the KEO, even though its TPC and TFC were
relatively lower. According to Wungsintaweekul
et al. [49], flavonoids such as hesperidin con-
tributed to the radical scavenging abilities in
kaffir lime extracts. Furthermore, several primary
and trace terpenes presented in the KEO, such as
D-limonene, o-pinene, and linalool, had demon-
strated ABTS radical scavenging potential, as
noted by Wang et al. [39]. These compounds
likely contributed to the KEQO’s effectiveness as
a radical scavenger.

G. BSA denaturation inhibition capacity of EOs

Anti-BSA denaturation testing is a valuable in
vitro method for assessing the anti-inflammatory
potential of natural extracts, including EOs. This
assay measures the ability of bioactive compo-
nents to prevent heat-induced denaturation of
BSA, a process in which proteins lose their
secondary and tertiary structures, compromising
their biological functions and potentially leading
to the formation of autoantigens associated with
inflammatory diseases like rheumatoid arthritis
and systemic lupus erythematosus [22]. In the
present study, the BSA denaturation inhibition
assay was based on the ability of phytochem-
icals presented in the studied EOs to stabilise
the BSA protein structure under induced heat
stress. Stabilisation occurred with a reduction
in precipitation contributing to turbidity, as the
amount of structurally deformed BSA was de-
creased by the EOs presence. Turbidity intensity
was then measured spectrophotometrically, where
lower absorbance indicated a higher percentage
of BSA denaturation inhibition.
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As illustrated in Figure 6, KEO significantly
inhibited the BSA denaturation by 69.59£0.16%
and 70.69+0.22% at concentrations of 5 and
10 mg/mL, respectively, with no significant dif-
ference between these values. In contrast, BEO
showed consistently low and statistically similar
inhibitory activities across all the tested con-
centrations (0.5-10 mg/mL). By observing the
overall trend in Figure 6, the KEO emerged as
a stronger anti-inflammatory agent by demon-
strating significantly higher BSA denaturation
inhibition percentages than the BEO, especially at
higher concentrations tested. The study observed
the relatively low BSA denaturation inhibition
activity for BEO despite its higher TPC and TFC
values than the KEO. The absence of specific
bioactive compounds in our BEO may explain
this disparity. Funk et al. [S0] reported that gin-
gerols, key phenolic compounds commonly found
in crude ginger rhizome extracts, could degrade
during the heating process of hydrodistillation
used for EO extraction, resulting in a gingerol-
free EO. Gingerols and shogaols are primary phy-
tocompounds responsible for the ginger extracts
exerting potent anti-BSA denaturation activities
[51]. The terpene profile of KEO, dominated
by B-pinene, likely contributed to its enhanced
inhibitory effect over BEO. Previous studies have
demonstrated the anti-inflammatory properties of
B-pinene through various mechanisms, including
inhibiting pro-inflammatory mediators in a rat
model [28, 29].

V. CONCLUSION AND
RECOMMENDATIONS

This study highlighted the distinct phytochem-
ical profiles and bioactivities of EOs from kaf-
fir lime peels and Bentong ginger rhizomes.
KEO demonstrated superior anti-inflammatory
and metal chelation properties, likely due to its
B-pinene content, while BEO exhibited higher
total phenolic and flavonoid contents, correlating
with robust antioxidant activities. These findings
suggested that KEO, derived from underutilized
food waste, could serve as a more sustainable
alternative over the BEO for industries focusing

68

TECHNOLOGICAL — ENVIRONMENTAL SCIENCES

m DS KEO m BEO
100 4
%0 A
80
70
60
50
40
30
20
10

Anti-BSA denaturation capacity [%]

o

Concentration [mg/mL]

Fig. 6: Inhibitory effects of KEO and BEO
towards BSA denaturation. Diclofenac sodium
(DS) is the positive control used.

Note: Bars with common alphabets are not
significantly different (p < 0.05)

on natural products. The significant advances
presented in this study included a standardized
extraction method and the elucidation of key
phytocompounds responsible for specific bioac-
tivities. These insights provided a foundation for
optimizing EO production and applications in
pharmaceuticals, cosmeceuticals, and functional
foods. Future research should focus on scaling up
the extraction of KEO for commercial viability
and exploring its synergistic effects with other
EOs to enhance the bioactive performance. Inves-
tigating the mechanisms behind specific bioactive
compounds, such as f3-pinene, could also further
broaden the aromatherapeutic potential of KEO.
This work contributed to the growing demand
for green consumerism on diverse natural oils,
promoting economic and environmental benefits.
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