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A B S T R A C T

Type 2 diabetes (T2D) can be managed by inhibiting amylolytic enzymes, α-amylase and α-glucosidase, reducing
the impact of dietary carbohydrates on blood glucose elevation. Acarbose, a current α-glucose inhibitor (AGI),
has excessive α-amylase inhibition, resulting in side effects associated with large amounts of undigested starch
being fermented in the colon. This study evaluated the AGI efficacy of citrus peel-derived essential oils, where
they were first tested in silico against the target amylolytic enzymes, and then their AGI activity was tested in
vitro. The synergistic effects of the essential oils with acarbose against amylolytic enzymes were also determined.
In silico and in vitro data of the efficacy of the essential oils as AGIs correlated positively; lower Ki values
correlated with more negative binding affinity. Furthermore, molecular dynamic simulations of the most potent
compounds were evaluated and indicated relative flexibility and stability induced upon ligand interactions with
the protein. The standard AGI drug, acarbose, had the lowest Ki (0.10 ± 0.01 mg/mL) and more negative binding
affinity (− 7.5 kcal/mol) than the essential oils for α-glucosidase; however, the essential oils only showed potent
inhibition against α-glucosidase, with the most potent essential oils being valencene (Ki = 0.33 ± 0.04 mg/mL),
carveol (Ki = 0.53 ± 0.02 mg/mL) and geraniol (Ki = 0.56 ± 0.02 mg/mL). The essential oils and acarbose
displayed competitive inhibition of α-glucosidase. Furthermore, a combination of acarbose with carveol or ge-
raniol at a ratio of 12.5 μg/mL: 2 mg/mL exhibited antagonistic (CI > 10) and synergistic (CI < 0.7) effects on
α-amylase and α-glucosidase inhibition, respectively. Carveol or geraniol can be considered as potentially
therapeutic in managing T2D, as it may display lowered AGI-associated side effects.

1. Introduction

Diabetes encompasses a series of autoimmune, metabolic, and ge-
netic disorders leading to elevated concentrations of glucose in the
blood, a condition known as hyperglycaemia [1]. Hyperglycaemia can
lead to significant complications, including damage to the kidneys,
retina, nerves, heart, and skin, resulting in serious health problems
[1,2]. Diabetes mellitus and its associated disorders are posing a sig-
nificant burden to the health system. The prevalence of diabetes mellitus
has increased significantly and is today one of the leading causes of
morbidity and mortality worldwide [3]. A report from the International
Diabetes Federation estimated that 537 million adults aged between 20
and 79 were living with diabetes in 2021, with another 240 million
living with it undiagnosed [4,5]. These numbers are projected to in-
crease to 643 and 783 million by 2030 and 2045, respectively, due to a
reduction in physical activity, an increase in obesity numbers and the

ageing population [4]. Type 1 and type 2 diabetes (T2D) make up the
most cases globally, with T2D accounting for up to 90 % of all diabetes
cases [6,7].

Carbohydrates are essential to all living organisms and a significant
component of our diet [8]. They are obtained from starchy vegetables,
beans, rice, milk, and grains. Carbohydrate digestion is connected to
T2D as it produces monosaccharides like glucose and increases blood
glucose levels. Amylolytic enzymes such as α-amylase (EC 3.2.1.1) and
α-glucosidase (EC 3.2.1.3) are responsible for the digestion of complex
carbohydrates in our food into simple monosaccharides, which cells
required for the energy [9]. The salivary gland and pancreas secrete
amylase, which is responsible for the hydrolysis of internal α-1,4
glycosidic bonds in dietary starch into oligosaccharides such as malto-
dextrins and maltose [10,11]. Meanwhile, α-glucosidase, found on the
brush border of the small intestine, hydrolyses oligosaccharides into
absorbable glucose, which enters the bloodstream [12,13]. These
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enzymes are essential targets in managing T2D because they affect blood
glucose levels.

The current standard α-glucosidase inhibitor (AGI) drug for treating
T2D is acarbose, but it can cause gastrointestinal side effects such as
abdominal pain, flatulence, and diarrhoea [14]. Strong α-amylase in-
hibition results in undigested starch fermented by colon bacteria,
possibly leading to the reported side effects [15]. Several plants and
their phytochemicals have been investigated for their potential AGI
activity. Researchers seek natural treatments with improved efficacy
and safety profiles to reduce T2D treatment costs [16].

Citrus, belonging to the Rutaceae family, is a major fruit crop globally
and an essential part of the human diet. Popular for their flavours,
aroma, and colours, citrus fruits are crucial in tropical and subtropical
regions [17]. The annual production of citrus fruits is 120 million tons,
with most consumed while fresh and about one-third processed into
juice [18,19]. The increasing demand for processed food comes with the
burden of managing generated waste, which is costly and has environ-
mental effects such as greenhouse gas emissions and threatening human
health [20,21]. Citrus waste contains essential micronutrients and
bioactive compounds, including pectin, polyphenols, and essential oils,
which offer health-promoting effects [22].

Essential oils (EOs) derived from citrus fruits have various biological
activities, such as antimicrobial, antioxidant, and anticancer properties.
Due to their aroma and biological activities, they are used in multiple
industries, including cosmetics, food, and pharmaceutics [23–25].
Studies have shown that EOs from medicinal plants have potential
antidiabetic activity, but their mode of action is still unknown [26,27].
Citrus EOs are found in the peels of Citrus fruits, mainly in the exocarp
flavedo containing oil sacs [28]. They include a variety of compounds,
such as monoterpenes, sesquiterpenes, and other derivatives containing
alcohols and aldehydes as functional groups [22,29].

The current study aimed to extract EOs from citrus peels, evaluate
their phytochemical composition and analyse their potential as lead
antidiabetic agents through the inhibition of amylolytic enzymes. The
identified EOs were first computationally tested against these enzymes,
and in vitro inhibitory activity was evaluated alone and in combination
with acarbose against both α-amylase and α-glucosidase; individually
and as a cocktail. We also analysed the remaining starch residues after
inhibiting the amylolytic enzyme cocktail with the AGIs. This involved
measuring the quantity and size distribution of the residues to determine
which inhibitor or combination led to more residual starch that could be
transported to the colon in vivo.

2. Materials and methods

2.1. Chemicals and reagents

Hog pancreatic α-amylase (10080), potato starch, maltose, acarbose,
essential oils (carveol, geraniol, limonene, linalool, nerol and valen-
cene), and dinitrosalicylic acid (DNS) reagent were purchased from
Sigma Aldrich (St. Louis, MO, USA). α-Glucosidase from Saccharomyces
cerevisiae (E-MALTS) and a D-Glucose assay kit containing glucose,
glucose oxidase/peroxidase (GOPOD) were purchased from Megazyme
(Bray, LEN, Ireland). All other reagents were obtained from Sigma
Aldrich and are of purity ranging between 70 and 99 %.

2.2. Citrus peel collection and essential oils extraction

Fresh orange and tangerine Citrus fruits were purchased from the
local market in Pretoria, South Africa. The fruits were peeled and
washed with tap water before being cut to an approximate size of 1.0 ×

0.5 cm using a kitchen knife or scissors. The pieces were placed on a
blotting paper and dried before extraction. Any unused peels were
stored at − 20 ◦C to prevent microbial growth.

Citrus EOs were extracted by hydrodistillation, whereby the distil-
lation setup consisted of a round bottom flask, a heating mantle, a spiral

condenser, a conical flask, and a thermometer. About 60 g of cut peels
were transferred into the round bottom flask, mixed with 150 mL of
distilled water to cover the peels, and extracted at 95–99 ◦C for three (3)
hours. The distillate was collected in a conical flask and then separated
according to polarity using a separating funnel for liquid-liquid extrac-
tion. Ten millilitres of hexane and ethyl acetate were added to the
mixture to extract hydrophobic and hydrophilic/oxygenated compo-
nents, respectively. After separation, the fractions (hexane or ethyl ac-
etate) were evaporated overnight. The yellowish EOs were collected and
stored in sealed glass vials at 4 ◦C until further use.

The percentage yield of EOs from the peels was calculated using the
following formula (Eq. 1):

Yield =
amount of citrus oil extracted
Total amount of citrus peels

×100% (1)

2.3. Chemical profiling of citrus peel essential oils (EOs)

Citrus essential oils were profiled using a Shimadzu QP 2100 SE Gas
Chromatograph- Mass spectrometer (GC–MS) (Shimadzu Corporation,
Tokyo, Japan) equipped with a Restek Rtx 5MS GC-capillary column (30
m × 0.25 mm × 0.25 μm) (Restek, Inc., Bellefonte, USA). One milligram
of the extract was dissolved in 1 mL of hexane; One microliter of each
dissolved extract was injected at 250 ◦C into the GC–MS in split mode
with a split ratio of (1:10) with helium used as a carrier gas at a constant
flow rate of 1.0 mL/min. The oven was programmed as follows: 50 ◦C for
4 min, increased at the rate of 10 ◦C/min to 150 ◦C, held for 2 min, then
increased at 15 ◦C to 280 ◦C and held for 13 min. The ion source was set
at 200 ◦C with the interface at 250 ◦C, electrical ionisation energy of 70
eV in electro-impact mode and a scan speed of 2000 at 0.30 s. The
compounds were tentatively identified by comparing their retention
time with those of published mass spectra libraries in the National
Institute Standard and Technology 11th edition (NIST11) [30], and
Willey 10th edition and retention indices were calculated using a
mixture of C13–C44 alkanes.

2.4. Prediction of pharmacokinetic properties

The pharmacokinetic properties of the identified compounds were
predicted using the SwissADME online tool [31]. The small molecular-
input line-entry systems (SMILES) of the EOs and acarbose were
downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/). The
SMILES were imported into the SwissADME interface (http://swiss
adme.ch/) before running the program, and the following properties
were generated: gastrointestinal (GI) absorption, bioavailability, cyto-
chrome P450 inhibition and blood-brain barrier permeability.

2.5. Molecular docking of EOs against amylolytic enzymes

The compounds were docked in the pocket of two amylolytic en-
zymes with the AutoDock Vina 1.1.2 scoring engine integrated in PyRx
08 software, an open-source virtual screening tool [32,33]. The prepa-
ration of enzymes and their interactions with the compounds were
monitored via Discovery Studio Visualizer v21.1.0 (San Diego, CA,
USA). The 3D crystal structure of porcine pancreatic α-amylase (PDB ID:
1DHK) was downloaded from the protein data bank PDB (https://www.
rcsb.org/). However, the 3D crystal structure of Saccharomyces cerevisiae
α-glucosidase is not yet available; therefore, it was developed through an
in silico-based homology modelling technique via the SwissMODEL
website (https://swissmodel.expasy.org/) and following a previously
reported method with some modification [34]. The α-glucosidase gene
product from S. cerevisiae (MAL32_Yeast) was used, and the sequence
was obtained from the UniProt website (https://www.uniprot.org/) in
FASTA format (uniport ID: P38158). The sequence was submitted to the
SwissMODEL interface to generate a model and for genomic analysis.
The model template with high sequence similarities, excellent coverage
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and good resolution was selected as the defined α-glucosidase 3D
structure for molecular docking. Moreover, model-template sequence
alignment of the template with the α-glucosidase gene product from
S. cerevisiae (MAL32_Yeast) was evaluated through SwissMODEL to
illustrate the similarity and coverage between the two sequences.

The enzyme 3D structures were refined and prepared using Discov-
ery Studio Visualizer by removing water molecules before loading them
into PyRx. On the other hand, the 3D structures of the compounds were
downloaded from PubChem and converted to PDB files by Discovery
Studio before uploading to PyRx for further energy minimisation and
molecular docking.

The PDB files of the compounds and the enzymes were loaded onto
PyRx for molecular docking using AutoDock Vina. The following di-
mensions for the proteins’ grid boxes used were (centre: 98 × 31 × 18 Å
and box dimensions: 27 × 27 × 27 Å) for α-amylase and (centre: 1.0 ×

4.6 × 4.6 Å and box dimensions: 27 × 27 × 27 Å) for α-glucosidase.
Furthermore, the ligand-receptor complexes were exported into Dis-
covery Studio to generate 2D images showing molecular interactions
between the ligand and amino acid residues of the enzymes, clearly
illustrating hydrogen and hydrophobic interactions.

2.6. In vitro α-amylase inhibitory determination of EOs

The inhibitory potential of EO extracted from Citrus and pure stan-
dards against α-amylase were obtained using the following DNS assay
method. Briefly, 200 μL of 2 % (w/v) potato starch prepared in 50 mM
sodium phosphate buffer (pH 6.9) was mixed with 100 μL of varying
concentrations of Citrus EOs extract (0–2 mg/mL) or commercial EOs
(0–2 mg/mL) or acarbose (0–0.5 mg/mL) in Eppendorf tubes. The in-
hibitor stocks were prepared in DMSO and diluted in 50 mM sodium
phosphate buffer (pH 6.9) during the assay. The mixtures were then
incubated for 5 min at 37 ◦C with agitation at 25 rpm using a Roto-
Therm Plus Incubator (Sayreville, New Jersey, USA). The reaction was
initiated by adding 100 μL of Hog pancreatic α-amylase solution (12.5
μg/mL) prepared using phosphate buffer (pH 6.9); the assay mixtures
were incubated at 37 ◦C for 20 min with constant agitation at 25 rpm. To
stop the reaction, 200 μL DNS reagent was added to the mixture, and the
resultant solution was incubated at 80 ◦C for 20 min in an ONiLAB
scientific Dry Bath Incubator (Missouri, Texas, USA). Thereafter, 300 μL
of the solution was transferred to a 96-well microplate, and the absor-
bance was measured at 540 nm using a SpectraMax Paradigm micro-
plate reader (San Jose, California, USA). The inhibitor was replaced by
the buffer solution for the negative control, while acarbose was used as
the positive control. Percentage enzyme inhibition was calculated from
the below formula:

The IC50 values were determined for the EOs fractions, acarbose and
pure EOs, and the values were used to select promising compounds for
further analysis.

2.7. In vitro α-glucosidase inhibitory determination of EOs

The inhibitory potential of Citrus EOs fractions, acarbose and pure
was investigated against α-glucosidase using the glucose assay kit
(GOPOD format) [35]. Briefly, 100 μL of 2 % (w/v) maltose solution
prepared in 50 mM sodium phosphate buffer (pH 6.9) was mixed with
50 μL of varying concentrations of Citrus EOs extracts (0–2 mg/mL) or

pure EOs (0–2 mg/mL) and/ acarbose (0–0.125 mg/mL) in a 96-well
microplate. The plate was pre-incubated at 37 ◦C for 5 min. The reac-
tion was initiated by the addition of 50 μL of 40 μg/mL α-glucosidase,
and the plate was incubated at 37 ◦C for 20 min in a Roto-Therm Plus
Incubator. The plate was incubated at 80 ◦C for 10 min to stop the re-
action in a Labotech EcoTherm Oven (Johannesburg, South Africa). To
measure glucose production, 10 μL of the mixtures and glucose (1 mg/
mL) were mixed with 300 μL of GOPOD reagent and incubated at 37 ◦C
for 20min, and the absorbance was measured at 510 nm. The percentage
of enzyme inhibition and IC50 was calculated and determined as
described in Section 2.6.

2.8. Kinetic studies

A 100 μL of varying concentrations of maltose (0–2 %) with 50 μL of
selected concentrations of pure EOs (0.5 and 1 mg/mL) or acarbose
(0.125 and 0.250 mg/mL) were placed in a 96-well microplate. The
mixtures were then preincubated, and the reaction was initiated by the
addition of 50 μL of 40 μg/mL α-glucosidase (100 U/mg), and the plate
was incubated at 37 ◦C for 20 min. Glucose production was measured as
described in Section 2.7 above.

Kinetic parameters such as the Michaelis-Menten constant (Km) and
maximum velocity (Vmax) were determined by generating Lineweaver-
Burk plots (1/V versus 1/[Substrate) using GraphPad Prism Software
(La Jolla, California, United States).

2.9. Correlation between in silico and in vitro studies

Correlation studies between binding affinities and Ki values were
conducted using the acarbose, carveol, geraniol, limonene, linalool,
nerol and valencene data. Pearson’s correlation coefficient was deter-
mined by following default settings in GraphPad Prism, and a graph was
generated.

2.10. Molecular dynamic simulations

Molecular dynamic (MD) simulations were used further to investi-
gate the interactions between selected compounds and α-glucosidase
and to validate the docking study. Prior to MD simulations, UCSF
Chimera was used to further prepare the systems by adding hydrogen
atoms and AM1-BCC charges [36]. The AMBER 18 Particle Mesh Ewald
Molecular Dynamics (PMEMD) single graphic processor unit (GPU)
package was then used to carry out the MD simulations [37]. Further-
more, the atomic partial charges of all compounds were generated by
using the ANTECHAMBER module, and the 100 ns trajectories at an
interval of 1 ps were produced for the free α-glucosidase (apo) system

and all other complex systems [38].
After the MD simulations, the CPTRAJ and PTRAJ modules of

AMBER 18 were used to conduct the post-dynamics analysis for each
trajectory [39]. The root mean square deviation (RMSD) and the root
mean square fluctuation (RMSF) were determined to investigate the
system’s stability/rigidity and flexibility, respectively. However, to
explore the compactness and solvent accessibility of the system, we
measured the radius of gyration (RoG) and the solvent-accessible surface
area (SASA), respectively. Moreover, the molecular mechanics/
generalised-born surface area (MM/GBSA) method was implemented
to calculate the binding free energy for each compound [38,40].

%Inhibition =

[
Absorbance of negative control − Absorbance of sample

Absorbance of negative control

]

× 100 (2)

K.S. Tshiyoyo et al.
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2.11. In vitro inhibition of amylolytic enzyme cocktail by selected
compounds or acarbose alone

In an Eppendorf tube, 200 μL of 2 % (w/v) potato starch was com-
bined with 100 μL of varying concentrations of chosen pure EOs (0–2
mg/mL) or acarbose (0–0.125 mg/mL). The resulting mixture was
incubated at 37 ◦C for 5 min. Next, 50 μL of 50 μg/mL hog pancreatic
α-amylase (50 U/mg) and 50 μL of 80 μg/mL α-glucosidase (100 U/mg)
were added to the tubes to initiate the reaction, and the mixtures were
incubated at 37 ◦C for 20 min with agitation at 25 rpm. The tubes were
incubated in a heating block at 100 ◦C for 5 min to stop the reaction. The
IC50 value of each compound was estimated.

2.12. In vitro inhibition of amylolytic enzyme cocktail by a combination
of acarbose and selected compounds

Furthermore, the synergistic effects between acarbose and the
selected EOs on the enzyme cocktail were investigated using the same
method described in Section 2.10. Briefly, 2 % (w/v) of potato starch
was mixed with a combination of acarbose and selected EOs at different
ratios (see Table 5). The addition of the enzyme cocktail initiated the
reaction, and the inhibitory activities were determined using the DNS
(Section 2.6) and GOPOD (Section 2.7) methods.

Compusyn software (Paramus, NJ, USA) was then used to generate
the CI-isobologram and to calculate the combination index (CI) based on
the method by Chou et al. [41]. The method permits the quantitative
determination of combination interaction based on an established al-
gorithm to simulate synergism, additive, and antagonism effects.

2.13. In vitro determination of starch residues

The starch‑iodine method described by Xiao et al. (2006) was used to
quantify starch residues after enzymatic reaction, with some modifica-
tions [42]. A spectrum was generated by mixing starch (2 mg/mL) with
iodine reagent (0.01 %) in a 96-well plate at a range of 400–650 nm to
determine the optimum wavelength and the starch‑iodine standard
curve was constructed by measuring the absorbance at 610 nm of
different starch concentrations (0.03–2 mg/mL) with iodine reagent
(0.01 %).

Following the enzymatic reaction in Section 2.12, the amount of
starch residues was determined using the starch‑iodine method and the
generated standard curve in Fig. S5A. In a 96-well plate, 30 μL of the
reaction mixture was diluted with 120 μL phosphate buffer (pH 6.9) and
150 μL of 0.01 % iodine reagent. Thereafter, the mixture was left for 3
min at room temperature before measuring the absorbance at 610 nm.
The reaction blank consisted of the starch residues present in the
absence of the enzyme cocktails and was used to calculate % undigested
starch following Eq. (3) below.

%Undigested starch =
starch residues in the assay

starch in the blank
×100 (3)

2.14. Particle size analysis of starch hydrolysates by the amylolytic
enzyme cocktail

The average size of starch particles in the solution after inhibition of
enzyme cocktail by acarbose, carveol or a combination of acarbose:
carveol (12.5 μg/mL: 2 mg/mL) were estimated by dynamic light scat-
tering (DLS) using a Dual-Light nanoparticle sizer from Genizer nano
solution with a standard green laser (30 mW and 570 nm) (Irvine, CA,
USA). The intensity of the scattered light was detected at 90◦ to the
incident beam. The measurements were performed in samples after
enzymatic reactions and analysed at 25 ◦C using a 4 mL quartz cuvette.
For all the samples, the mean value of three measurements was taken at
a photon counting rate of around 40 for a green laser with a delay time of
5 μs. The LPSA software was used to obtain the hydrodynamic diameter

using the cumulant analysis with a repeatability of 5 % and size distri-
bution (polydispersity index, PdI) of the starch.

2.15. Statistical analyses

All experiments were conducted in triplicate with three independent
repeats, and the results are presented as the mean ± standard error of
the mean (SEM). The data were first analysed in Excel on Windows 10
before further investigation using GraphPad Prism software version 8
(San Diego, CA, USA). One-way ANOVA was used to determine differ-
ences between treatments with Essential oils as grouping variables and
concentration as independent variables. All tests were conducted with
alpha levels set at p < 0.05.

3. Results and discussion

3.1. Chemical constituent of essential oils

The EOs examined in this study were extracted from tangerine (Citrus
reticulata) and orange (Citrus sinensis) by hydrodistillation. The EOs
yields were 1.41 % and 0.95 % (w/w) for C. reticulata and C. sinensis
peels, respectively. Previous studies have reported that citrus EOs
comprise between 0.5 and 5 % (w/w) of the fresh weight of the citrus
peels regardless of the citrus species they are extracted from [43–45].
The current study reported a higher yield per species than other studies
that utilised hydrodistillation as an extraction method where the yield
obtained was lower than 0.95 % (w/w) [46,47]. We postulate that the
differences in extraction yields are due to differences in extraction
procedure parameters, such as temperature and time.

Upon EOs extraction, GC–MS analysis was employed to ascertain the
chemical composition of extracted citrus EOs (Fig. S1 and Table 1). The
retention indices (RI) were used for more reliable comparison across
studies; the RI values of some compounds tentatively identified in the
current study, such as limonene, linalool, terpineol, carveol, and gera-
niol, to name a few, were closely similar to RI values from previous
studies on essential oils [48–50].

Approximately 38 phytochemicals were identified in C. reticulata
peels, while 28 were identified in C. sinensis EOs extracts from hexane or
ethyl acetate extracts. Most essential oils were present in the hexane
extract due to their nature as non-polar compounds, with hexane being a
non-polar solvent. Ethyl acetate extracts mainly comprise oxygenated
terpenes due to the polar nature of ethyl acetate. The major compounds
presented in Table 1 include terpinene, limonene oxide and copaene, to
name a few, were only identified in C. reticulata, while terpin-4-ol,
valencene, D-nerolidol and trans-farnesal, to name a few, were only
identified in C. sinensis.

Most studies investigating the chemical composition of citrus peel-
derived EOs have reported hydrocarbon terpenes to be the most abun-
dant, while oxygenated terpenes are less abundant depending on the
Citrus species and extraction method used [51–53]. Some terpenes found
here are similar to those reported in the literature [51,54], with limo-
nene, pinene, carveol, α-terpineol, and linalool as main components of
citrus peel EOs extracts.

3.2. Prediction of pharmacokinetic properties of pure essential oils

The pharmacokinetic properties of the identified EOs are the primary
consideration in drug development and compound selection. These
features, including ADMET properties (Absorption, Distribution, Meta-
bolism, Excretion, and Toxicity), predict the profile of identified or
novel compounds with effective medicines for drug-like qualities and to
minimise waste of time and resources.

The pharmacokinetic properties of the identified compounds and
acarbose were predicted using the SwissADMEweb server (Table 2). The
identified compounds exhibited higher bioavailability scores (>0.5) and
intestinal absorption than acarbose. In spite of this, some studies

K.S. Tshiyoyo et al.
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consider a bioavailability score of 0.55 to be good [55]. Most of the
identified compounds are not P-gp (permeability glycoprotein) sub-
strates, nor are they inhibitors of cytochrome P450 (CYP), which in-
dicates a low possibility of these EOs interfering with metabolism and
excretion/elimination processes in the body. However, germacrene D
and valencene were predicted to be able to permeate the blood-brain
barrier (BBB).

3.3. Molecular docking of identified EOs against amylolytic enzymes

The modelled structure of α-glucosidase was validated using the
SwissMODEL web server to investigate the quality of the modelled
protein structure. The oligo-1,6-glucosidase (P53051.1.A) was selected
as the template because of its 72.51 % sequence similarities to the
S. cerevisiae sequence. The template was also chosen because of its high

Table 1
Chemical profiles of essential oils from the two citrus peel cultivars.

Retention time
(min)

Compound Retention index Extracts

C. reticulata C. sinensis

Hexane EA Hexane EA

1 7.696 α-Pinene 1003 + – + –
2 8.586 β-Pinene 1039 + – + –
3 8.875 β-myrcene 1050 + – + –
4 9.412 α-Terpinene 1072 + – + –
5 9.773 Limonene 1087 + – + –
6 10.209 γ-Terpinene 1105 + – – –
7 10.714 α-Terpinolene 1126 + + – –
8 10.889 Linalool 1133 + + + +

9 11.261 Trans-p-Mentha-2,8-dienol 1148 + + – +

10 11.501 Cis-p-Mentha-2,8-dienol 1158 + + – +

11 11.554 Limonene oxide 1161 + – – –
12 12.218 Terpin-4-ol 1188 – — + +

13 12.425 α-Terpineol 1197 + + + +

14 12.844 Trans-carveol 1223 + + – +

15 12.946 Nerol 1229 + + – +

16 13.020 Cis-carveol 1234 + + – +

17 13.147 Z-Citral 1243 + – + +

18 13.236 Carvone 1249 + – – +

19 13.317 Geraniol 1254 + + – +

20 13.564 E-Citral 1270 + — + +

21 13.572 Linalool oxide 1271 – + – –
22 13.653 Isopiperitenone 1276 – + – +

23 13.698 Perillaldehyde 1279 + – – +

24 13.906 p-Mentha-1(7),8(10)-dien-9-ol 1293 + + – +

25 14.649 Limonene-1,2-diol 1339 – + – +

26 14.941 Neryl acetate 1357 + – – –
27 15.349 α-Copaene 1382 + – – –
28 15.589 Germacrene B or β-copaene 1397 + + – –
29 15.855 Limonen-10-yl acetate 1412 + + – +

30 16.223 Trans-caryophyllene 1434 + – – –
31 16.372 Germacrene D 1442 + – – –
32 17.437 Valencene 1506 – – + +

33 17.48 Farnesene 1509 + – – –
34 17.824 Δ-Cadinene 1534 + + – +

35 18.171 Elemol 1559 + + – —
36 18.268 Nerolidol 1566 + + – –
37 19.151 γ-Gurjunene 1640 – – – +

38 19.831 β-Sinensal 1705 + + – +

39 20.041 Farnesol 1728 + – – –
40 20.115 Dihydrocarvyl acetate 1736 + + – –
41 20.257 Trans-farnesal 1751 – – – +

42 20.365 α-Sinensal 1763 + + – +

43 21.561 D-nerolidol 1902 – – – +

Ethyl acetate (EA); Present (+); Absent (–).

Table 2
Pharmacokinetic properties of acarbose and essential oils identified in the citrus peels.

Compound GI absorption Bioavailability CYP inhibitor Pgp substrate BBB permeant

Acarbose Low 0.17 No (0/5) Yes No
Carveol High 0.55 No (0/5) No Yes
Carvone High 0.55 No (0/5) No Yes
Germacrene D Low 0.55 No (0/5) No No
Geraniol High 0.55 No (0/5) No Yes
Limonene Low 0.55 Yes (1/5) No Yes
Linalool High 0.55 No (0/5) No Yes
Nerol High 0.55 No (0/5) No Yes
Terpineol High 0.55 No (0/5) No Yes
Sinensal High 0.55 Yes (1/5) No Yes
Valencene Low 0.55 Yes (2/5) No No
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coverage over the query sequence (1.00) and excellent X-ray crystallo-
graphic resolution (1.3 Å), which was better than other templates.
Fig. S2 illustrates the comparison protein sequence similarity and
identity between the model template and Saccharomyces cerevisiae
α-glucosidase. Furthermore, the 3D structure of the homology modelling
built MALX3 and its corresponding Ramachandran plot showing most of
its amino acid residues in the favoured region are presented (Fig. S3).
The Ramachandran plot analysis also exhibited 96.38 % of the residues
in the favoured region with a molprobity score of 0.76. It is suggested
that a model with a high percentage of Ramachandran-favoured regions
and a molprobity score closer to or <1 is considered to have a high-
quality structure [56].

From the pharmacokinetic and ADMET properties in Section 3.2,
most compounds were within acceptable range for bioavailability,
CYP450 inhibition and Pgp substrate. Therefore, they were subjected to
more screening, such as molecular docking. AutoDock Vina analysed the
binding affinities (BA) of the identified EOs in kcal/mol and their in-
teractions (HB and VdW) with the target enzymes, as illustrated in
Table S1 in the supplementary material.

The molecular docking of the compounds and acarbose in the active
site of α-amylase (PDB: 1DHK) demonstrated a better binding affinity of
acarbose (− 8.3 kcal/mol) compared to the selected EO constituents
(Table S1). Among the EO compounds, germacrene D (− 6.7 kcal/mol)
and valencene (− 6.7 kcal/mol) exhibited the strongest binding affinity.

Docking the EO constituents in the active site of the modelled 3D
structure of yeast α-glucosidase showed that acarbose (− 7.5 kcal/mol),
valencene (− 7.4 kcal/mol), and carveol (− 7.2 kcal/mol) had the most
negative docking scores, indicating these compounds as the stronger
binders to this enzyme (Table 3). In general, the scoring functions used
in molecular docking attempt to predict how favourably a ligand binds
to a receptor protein, with lower docking scores suggesting greater
stability and stronger binding interactions [57]. In addition to the
binding affinities exhibited by the compounds against the enzymes’
active sites, interactions involved in the binding of the compounds, such
as hydrophilic (hydrogen bonds) and hydrophobic interactions (Van der
Waals interactions), were also presented (Table s1). Fig. S4 shows the
interactions of some selected compounds with α-glucosidase, including
the protein residues involved.

3.4. Inhibitory activity and mode of inhibition of acarbose and the
selected compounds

Commercially available EOs constituents: valencene, carveol, limo-
nene, geraniol, linalool, and nerol, were selected for further analysis via
in vitro inhibition of amylolytic enzymes. These commercial EOs and the
citrus-derived EOs extracts were assessed for IC50 against α-amylase and
α-glucosidase. Citrus EOs and their compounds did not exhibit strong
α-amylase inhibitory activity (IC50 > 2 mg/mL), whereas acarbose had
an IC50 value of 0.008 ± 0.001 mg/mL. On the other hand, the EOs and
some selected compounds exhibited potent α-glucosidase inhibitory
activity with IC50 values within the concentration range (0.02 to 2 mg/
mL). Acarbose had an IC50 of 0.11 mg/mL against α-glucosidase,

whereas the IC50 values of the EOs extract were above 1 mg/mL. The
IC50 values of the selected compounds are shown in Table 3.

The selected compounds have shown inhibition only for α-glucosi-
dase within the concentration range used; therefore, they were analysed
further for additional kinetic inhibition experiments against α-glucosi-
dase. Table 3 shows the inhibitor constant (Ki) and the mode of inhibi-
tion of these compounds. These data suggested that the selected
compounds exhibited competitive inhibition of α-glucosidase. For
acarbose, carveol, geraniol, and valencene, as presented in Table S2
(supplementary document), we observed an increase in the Km value
while the Vmax remained unchanged, which indicates competitive inhi-
bition [8]. The Ki is a better indication of how potent an inhibitor is; the
lower the Ki value, the more powerful the inhibitor is [8,58]. Therefore,
the order of the potency of the inhibitory compounds is as follows:
acarbose > valencene > carveol > geraniol > limonene > linalool >
nerol, with acarbose being the most potent and nerol the least potent
inhibitor. Valencene, carveol, and geraniol were selected as promising
compounds for further studies. The kinetic parameters used to deter-
mine the mode of inhibition of acarbose, carveol, geraniol, and valen-
cene are shown in Table S2 in the supplementary data.

The compounds’ in vitro inhibitory constants (Ki) correlated posi-
tively with their in silico-determined binding affinities; Pearson’s cor-
relation coefficient was 0.7708, indicating a highly positive correlation
between the molecular docking and in vitro inhibition assay results, as
shown in Fig. 1.

A review by Kury et al. (2021) has elaborated on the antidiabetic
effects of some essential oil compounds; fewer studies have investigated
these compounds’ inhibitory action against amylolytic enzymes [59].
The Ki values and the mode of inhibition of these compounds against
α-glucosidase have not yet been explored in the literature. However,
acarbose has been investigated, and in correlation with the current
study, it has been reported to be a competitive inhibitor of α-glucosidase
[60,61].

3.5. Molecular dynamic investigation of acarbose and the selected
compounds with α-glucosidase

Molecular dynamic simulations were investigated to further examine
the binding interactions of the selected compounds and α-glucosidase

Table 3
Binding affinity, IC50 values, Ki, and mode of inhibition (MOI) of acarbose and
commercially available citrus essential oils against α-glucosidase. Values are
represented as means ±SEM (n = 3).

Compound Binding affinity
(kcal/mol)

IC50 (mg/
mL)

Ki (mg/mL) Mode of
inhibition

Acarbose − 7.5 0.11 ± 0.01 0.10 ± 0.01 Competitive
Valencene − 7.4 0.65 ± 0.01 0.33 ± 0.04 Competitive
Carveol − 7.2 0.54 ± 0.02 0.53 ± 0.02 Competitive
Limonene − 6.5 1.51 ± 0.02 1.10 ± 0.07 Competitive
Geraniol − 5.9 0.71 ± 0.05 0.56 ± 0.02 Competitive
Linalool − 5.8 1.88 ± 0.18 0.90 ± 0.03 Competitive
Nerol − 5.5 1.08 ± 0.04 1.06 ± 0.08 Competitive

Fig. 1. Graph of AutoDock generated binding affinities vs the inhibition con-
stant (Ki) to show the relationship between molecular docking and in vitro
enzyme inhibition results.
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throughout 100 ns. Among the selected essential oils, valencene, car-
veol, and geraniol exhibited more potent in vitro inhibitory activity
against α-glucosidase, with Ki values of 0.33, 0.53 and 0.56 mg/mL,
respectively. The abovementioned compounds were chosen for molec-
ular dynamic investigation, while acarbose (Ki of 0.10 mg/mL) was used
for comparison as the standard inhibitor of α-glucosidase. MD was used
to determine and generate the total binding energy ΔGbind, the average
of RMSD, RMSF, RoG, and SASA. MD parameters are shown in Table 4,
and Fig. 2 illustrates the changes over the simulation time.

The ΔGbind was generated and presented in Table 4 for the interac-
tion between α-glucosidase and the selected compounds. Acarbose had a

more negative value, followed by geraniol, valencene and carveol. The
order correlated with the docking scores in Table 3, where the more
negative value indicates stronger binding affinity and stable complex
between ligand and α-glucosidase [62]. In addition, the 2D Ligand-
Protein interactions were plotted using LigPlot to determine the type
of interactions formed after 100 ns for each compound. As shown in
Fig. 3, hydrophobic interactions were predominantly observed in all
compounds, with some shifts in the binding key residues for each
compound. It was also observed that hydrogen bonds were formed be-
tween acarbose with Asp408, carveol with Glu276, and geraniol with
Arg356. Despite the lack of hydrogen bond interactions in valencene, it
presented stronger binding energy than carveol, which correlates with
its smaller Ki value.

RMSD values were measured to analyse the conformational stability
and rigidity of the ligand-protein complexes, and the values are pre-
sented in Table 4. The mean RMSD value of the apo α-glucosidase was
higher than the complexes with acarbose, valencene and carveol. Fig. 2A
illustrates the RMSD changes over time throughout the 100 ns. The
RMSD initially increased dramatically before maintaining a stable state
with slight deviations at different RMSD values and time. The RMSD
profile in Fig. 2A shows that the complexes reached equilibrium at
values below 2.5 Å, which indicates the stable state of the complexes; the
lower the RMSD, the greater the stability and rigidity [63–65].

Table 4
Total binding energy and conformational dynamics results between selected
compounds and α-glucosidase throughout 100 ns.

Compound ΔGbind
(kcal/mol)

Mean of
RMSD
(Å)

Mean of
RMSF
(Å)

Mean of
RoG (Å)

Mean of SASA
(Å2)

Apo – 2.24661 1.15194 24.39143 21,691.71852
Acarbose − 32.8157 2.01614 1.19694 24.46236 21,140.78108
Valencene − 18.4480 1.82515 1.09036 24.54001 21,180.15473
Carveol − 17.6714 2.19487 1.09283 24.5626 21,678.30757
Geraniol − 20.7200 2.27427 1.29004 24.6047 21,708.57684

Fig. 2. Molecular dynamic simulation for α-glucosidase and complexes of α-glucosidase with selected compounds throughout the 100 ns of the simulation time.
Analysis of (A) root mean square deviation (RMSD); (B) root mean square fluctuations (RMSF); (C) radius of gyration (RoG) and (D) solvent accessible surface
area (SASA).
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Therefore, the order of complex stability and rigidity in this study is as
follows: valencene > acarbose > carveol > geraniol.

RMSF values were measured to analyse the flexibility of the protein
backbone throughout 100 ns. A high RMSF value indicates more flexi-
bility and mobility and less stability between the ligand and protein,
while a low RMSF value is associated with the residue maintaining a
stable position, being more rigid and having less fluctuation [66,67].
Fig. 2B illustrates the RMSF values to indicate the flexibility of indi-
vidual residues of α-glucosidase over time. The active site of α-glucosi-
dase is found around residues shown in Figs. 2 and 3 [67]. Complex with
acarbose illustrated the lowest RMSF in the active site region (Fig. 2B),
which indicates more stability/rigidity and less fluctuation and corre-
lates with acarbose as a potent competitive inhibitor of α-glucosidase
(Table 3).

RoG was measured to analyse the structural compactness of
α-glucosidase and the liability of the complexes. A low RoG value in-
dicates tight packing associated with a more stable and compact struc-
ture, while a high RoG value indicates less tight packing, greater
flexibility and less stable configuration [68]. Fig. 2C illustrates that the
RoG of the complexes initially increased rapidly before reaching a stable
state. The mean RoG values of the complexes (Table 4) show that apo
α-glucosidase has the lowest value than ligand-protein complexes,
showing conformational changes upon ligand binding to α-glucosidase.
The order of complex stability and compactness in this study is as fol-
lows: acarbose > valencene > carveol > geraniol.

SASA is measured to quantify the surface area of α-glucosidase
accessible to solvent molecules [69]. SASA helps to understand the
stability, molecular interactions and function of proteins relevant to
protein folding, ligand binding, and conformational changes [70]. The
apo α-glucosidase has a higher mean SASA value than the complex with
acarbose, valencene and carveol, indicating that α-glucosidase has a
rigid binding affinity with these ligands, corresponding to folded and
stable structure compared to apo α-glucosidase. In contrast, the complex
with geraniol has a higher SASA value than the apo α-glucosidase, which
indicates less stable/rigid binding affinity, and unfolded structure
compared to the apo α-glucosidase.

The MD parameters in Table 4 correlated positively throughout the
simulation study. Complex with geraniol has the highest mean values for
the measured parameters compared to the apo α-glucosidase and other
complexes. Complexes with acarbose, valencene, and carveol exhibited
a more stable structure than geraniol in terms of rigidity, compactness,
and fluctuation.

3.6. Inhibition of the amylolytic enzyme cocktail by acarbose or potent
EOs

The inhibition of an amylolytic enzyme cocktail by acarbose, car-
veol, geraniol, and valencene was assessed by determining the IC50 value
that inhibited the production of the reducing sugar through the DNS
method and the IC50 that inhibited the amount of glucose released
through the GOPOD method, shown in Fig. 4. Acarbose inhibited the
activity of the enzyme cocktail at lower concentrations with IC50 values
of 2.50 and 2.10 μg/mL for the inhibition of α-amylase and α-glucosidase
activities, respectively. The result shows that acarbose strongly inhibits
the activities of both enzymes, and its action may lead to the accumu-
lation of undigested starch in the colon associated with abdominal
discomfort [71]. Therefore, a slight inhibition of α-amylase and potent
inhibition of α-glucosidase is preferable because it leads to high pro-
duction of total reducing sugars and a low amount of glucose released;
furthermore, it reduces the accumulation of undigested starch and its
associated side effects [15,72].

Carveol, geraniol, and valencene did not inhibit α-amylase activity at
the highest inhibitor concentration, with some EOs showing slight
activation of the enzyme instead of inhibition. On the other hand, the
promising compounds show a dose-dependent inhibition of α-glucosi-
dase activity, with IC50 values of 1.32, 1.63, and 1.70 mg/mL for car-
veol, geraniol, and valencene, respectively. The above result is ideal
because it minimises adverse effects associated with undigested starch
and reduces the amount of glucose released. Therefore, these com-
pounds could be potential antidiabetic agents for managing type 2
diabetes.

Fig. 3. Ligand-protein (α-glucosidase) interactions after 100 ns derived from MD simulations. The figure illustrates the spatial arrangement and interaction types
between the surrounding protein residues and ligands; (A) acarbose, (B) valencene, (C) carveol, and (D) geraniol.
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Fig. 4. Inhibition of amylolytic enzyme cocktail (α-amylase and α-glucosidase) by acarbose (top left), carveol (top right), geraniol (bottom left), and valencene
(bottom right). Two curves are shown in each plot, representing the inhibition of total reducing sugars (TRS) and glucose released (GR). Values are represented as
means ±SEM (n = 3).

Table 5
Combination study of acarbose and essential oils on the inhibition of the amylolytic enzyme cocktail with an emphasis on the inhibition of total reducing sugars and
glucose released. Values are represented as means ±SEM (n = 3).

Combination
points

Acarbose (μg/
mL):
EOs (mg/mL)

Acarbose: carveol Acarbose: geraniol Acarbose: valencene

Reducing sugars
released

Glucose released Reducing sugars
released

Glucose released Reducing sugars
released

Glucose released

%
inhibition

CI %
inhibition

CI %
inhibition

CI %
inhibition

CI %
inhibition

CI %
inhibition

CI

1 12.5: 2 67.51 >10 78.21 0.62 64.98 >10 81.25 0.38 26.67 >10 57.98 3.65
2 12.5: 1 63.82 >10 76.17 0.66 69.70 >10 77.64 0.52 49.68 5.09 66.83 1.55
3 12.5: 0.5 69.82 >10 74.34 0.72 72.45 >10 77.35 0.50 63.93 2.56 67.66 1.35
4 3.125: 2 41.16 >10 68.60 0.77 36.35 >10 66.70 0.79 0.90 >10 56.32 1.67
5 3.125: 1 39.54 >10 59.96 1.09 42.55 >10 62.83 0.80 20.01 6.31 49.72 2.08
6 3.125: 0.5 37.14 >10 58.87 0.93 44.06 >10 57.98 0.97 36.04 2.48 50.54 1.64
7 0.625: 2 14.51 >10 65.17 0.72 11.90 3.03 62.89 0.73 0.26 >10 53.53 1.22
8 0.625: 1 16.71 >10 53.50 0.96 15.32 2.32 52.02 1.03 2.52 >10 44.14 1.41
9 0.625: 0.5 19.81 >10 46.88 0.96 20.49 1.81 47.26 0.94 10.36 3.16 33.34 2.17

CI: combination index.

Table 6
Summary of synergistic effects of combined acarbose and essential oils observed during the inhibition of the amylolytic enzyme cocktail.

Combination
points

Acarbose (μg/
mL):
EOs (mg/mL)

Acarbose: carveol Acarbose: geraniol Acarbose: valencene

Effect Effect Effect

Reducing sugars
released

Glucose released Reducing sugars
released

Glucose released Reducing sugars
released

Glucose released

1 12.5: 2 Very strong
antagonism

Synergism Very strong
antagonism

Synergism Very strong
antagonism

Strong Antagonism

2 12.5: 1 Strong Antagonism Antagonism
3 12.5: 0.5 Moderate

synergism
Antagonism Moderate

Antagonism
4 3.125: 2 Moderate

synergism
Very strong
antagonism

Antagonism

5 3.125: 1 Nearly additive Strong Antagonism
6 3.125: 0.5 Nearly additive Nearly additive Antagonism
7 0.625: 2 Moderate

antagonism
Antagonism Moderate

synergism
Very strong
antagonism

Moderate
antagonism

8 0.625: 1 Nearly additive
9 0.625: 0.5 Antagonism Antagonism Antagonism
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3.7. Combined effects of acarbose and potent EOs against the amylolytic
enzyme cocktail

The combination effects of the selected compounds against the
amylolytic enzyme cocktail were assessed by mixing acarbose with each
promising EOs at different inhibitory potency ratios. An approximation
of IC30 (0.625 μg/mL), IC50 (3.125 μg/mL), and IC75 (12.5 μg/mL) of
acarbose were each mixed with IC30 (0.5 mg/mL), IC50 (1 mg/mL) and
IC75 (2 mg/mL) of carveol, geraniol or valencene, yielding nine com-
binations. A combination index (CI) and a CI-isobologram were then
generated from the results (Fig. S5 and Tables 5 & 6). According to drug
synergism studies, CI < 1, CI = 1, and CI > 1 indicate synergism, ad-
ditive, and antagonism effects, respectively [41].

Combining acarbose with carveol, geraniol, or valencene exhibited
an antagonistic effect on α-amylase inhibition, with the combination
index (CI) being higher than 1.45. No CI-isobologramwas generated due
to all the points being outside the graph. Acarbose combined with car-
veol had a powerful antagonistic effect with CI higher than 10. The
observed result is ideal as these drug combinations lead to the reduction
of the amount of undigested starch by reducing the strong α-amylase
inhibitory activity of acarbose and producing more reducing sugars.

On the other hand, combining acarbose with carveol or geraniol
exhibited a synergistic effect for α-glucosidase inhibition, and somewere
nearly additive with CI values lower than 1 (Table 5). Fig. S5A and B
clearly show the presence of all nine points inside the graph to promote
synergistic or nearly additive effects on α-glucosidase inhibition. The
outcome correlates with the ideal results expected because it reduces
glucose released to the bloodstream, thus possibly minimising post-
prandial hyperglycaemia. However, the combination of acarbose with
valencene exhibited antagonistic and additive effects on α-glucosidase
inhibition, with most CI values higher than 1.20.

Combining acarbose with carveol and geraniol (12.5 μg/mL: 2 mg/
mL) showed the ideal results because of the desired antagonistic effect
on α-amylase inhibition, promoting the production of reducing sugars,
and a more substantial synergistic effect on α-glucosidase inhibition,
reducing the amount of glucose released.

3.8. Quantification of undigested starch

The starch‑iodine method was used to further quantify the amount of
starch residues after the enzymatic reactions. This method was used to
identify further which of the two ideal combinations is associated with
minimal starch residues. The percentage of undigested starch was

calculated using the formula in Eq. (3) (see 2.12). Fig. 4 illustrates the %
undigested starch along with % inhibition of reducing sugar released
(RSR) and glucose released (GR) for the combination of acarbose with
carveol and geraniol at the ratio (12.5 μg/mL 2 mg/mL), which showed
stronger antagonistic and synergistic effect for RS and glucose produc-
tion, respectively. The combinations were compared to the impact of the
single compounds (Fig. 5).

Acarbose had the highest amount of undigested starch (92 %),
possibly associated with its strong inhibition of RSR, leading to less
starch digestion. Carveol and geraniol exhibited no inhibition of RSR,
with increased α-amylase activity, leading to less undigested starch (3
and 17 %, respectively). Both combinations of acarbose with carveol or
geraniol led to a slight increase in the inhibition of GR from 65% to 67%
and 69 % for the combination with carveol or geraniol, respectively.
Combining acarbose with carveol significantly decreased undigested
starch from 92 % to 33 %, whereas combining acarbose with geraniol
decreased undigested starch to 79 %. A similar study investigated the
effect of flavonoids and acarbose on the digestibility of starch; the au-
thors reported a decrease in starch due to the presence of acarbose
because of its strong inhibitory activity on α-amylase [73].

Other studies have speculated that in addition to the inhibition of
α-amylase, the hydrophobic interactions between the inhibitor and the
helical structure of starch may also affect the digestibility of starch
[73–75]. However, the authors reported no binding interaction between
acarbose and starch, thus concluding that the effect was solely due to the
strong inhibitory activity of acarbose on α-amylase.

3.9. Particle size determination of the starch hydrolysate

The average particle size of hydrolysate from the inhibition reaction
with acarbose, carveol and a combination of acarbose and carveol was

Fig. 5. Amylolytic enzyme cocktail response to inhibitors with respect to % inhibition of reducing sugar released (RSR), % inhibition of glucose released (GR), and %
undigested starch by acarbose (12.5 μg/mL), carveol (2 mg/mL), geraniol (2 mg/mL), a combination of acarbose: carveol (12.5 μg/mL: 2 mg/mL), and a combination
of acarbose: geraniol (12.5 μg/mL: 2 mg/mL). Values are represented as means ±SEM (n = 3).

Table 7
Average particle size and polydispersity index of starch hydrolysates generated
by the amylolytic enzyme cocktail in the absence or presence of lone inhibitors
or their combination. Values are represented as means ±SEM (n = 3).

Sample (hydrolysate) Average particle size (nm) Polydispersity (PDI)

Starch only 163.62 ± 15.38 0.47 ± 0.01
No inhibitor 5.16 ± 0.34 0.29 ± 0.03
Acarbose as inhibitor 128.59 ± 18.16 0.44 ± 0.02
Carveol as inhibitor 7.30 ± 1.15 0.21 ± 0.01
Acarbose + carveol 36.17 ± 3.88 0.59 ± 0.01
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used to validate the amount of undigested starch. As indicated in
Table 4, the average particle sizes were 129 and 36 nm for the reaction
with acarbose alone and in combination with carveol, respectively. The
average particle sizes were compared to the starch solution alone, which
had an average size of 164 nm. The average size of a starch solution is
reported to range between 40 and 300 nm depending on conditions and
aggregations [76].

The data in Table 7 correlated with the % undigested starch in Fig. 5,
where acarbose had a high undigested starch compared to the combi-
nation with carveol. The large particle size in acarbose is due to the
undigested starch associated with strong inhibition of α-amylase. In
contrast, a significant decrease in average particle size was observed in
the combination of acarbose with carveol, associated with decreased
inhibition of α-amylase and hydrolysis of starch into smaller molecules.

4. Conclusion

The current study highlights the AGI activity of EOs derived from
citrus peels using in silico and in vitro approaches. The EOs demon-
strated a more potent inhibitory effect on α-glucosidase compared to
α-amylase, which could help reduce side effects linked to undigested
starch while lowering glucose release. MD simulations revealed that
carveol, geraniol, and valencene had stable and flexible interactions
with α-glucosidase, leading to compact complex formation. The com-
bination of acarbose with either carveol or geraniol produced antago-
nistic and synergistic effects on α-amylase and α-glucosidase,
respectively, potentially alleviating side effects associated with undi-
gested starch and enhancing therapeutic outcomes. Overall, the findings
suggest that citrus peel-derived EOs could be promising antidiabetic
agents. Furthermore, these compounds can be sourced from citrus peel
waste, aligning with circular economy principles and offering a cost-
effective solution for increased accessibility. However, additional in
vitro and in vivo studies are needed to validate these results.
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