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Abstract: Rhizomes of ginger are commonly used as a spice and for home remedies in either fresh
or dry form. This study aimed to assess the effect of sun drying on the volatile constituents, total
phenolic and flavonoid content, and the antiviral activity of ginger against low-pathogenic human
coronavirus. The antiviral effect of the major volatile compounds was predicted through molecular
docking. GC/MS was employed for profiling the volatile constituents of both fresh and dry ginger oils.
Moreover, chemometric analysis was applied to discriminate between fresh and dry ginger and to
investigate the correlation between their volatile constituents and the antiviral activity using principal
component analysis (PCA) and partial least-squares regression (PLS-R). GC/MS analysis revealed that
the major effects of the drying process were an increase in x-curcumene and 3-sesquiphellandrene.
Moreover, total phenolic and flavonoid contents of dried ginger decreased considerably. A PCA
score plot revealed significant discrimination between fresh and dry ginger, with a-curcumene and
4-thujanol identified as the main discriminating markers. These findings were validated by in silico
molecular docking studies, which revealed that the compounds under consideration had good drug-
like characteristics. Thus, ginger is rich in valuable phytoconstituents which showed promising
therapy in viral infections such as COVID-19.

Keywords: sun-dried ginger; GC/MS; coronavirus; x-Curcumene; chemometrics; molecular docking;
drug discovery; industrial development

1. Introduction

Ginger is a highly valuable crop because it contains oleoresin and volatile oil. It
is one of the most extensively cultivated spices for export on a business scale, and it is
highly valued in the global market for its pungency, scent, and high oleoresin content. The
quality of ginger rhizome in the world market depends mainly on its pungency, aroma,
essential oils, and oleoresin. These chemical and physical characteristics are affected by
many aspects, such as maturity, variety, and processing conditions [1]. Volatile oils are
ethereal fragrant liquids derived from various plant parts such as fruits, flowers, leaves,
bark, seeds, and roots. They are stored in secretory glands such as vittae, epidermic cells,
and glandular trichomes [2]. They are formed of a mixture of monoterpenes, sesquiterpenes,
and their oxygenated derivatives through isoprenoid routes. These secondary bioactive
metabolites participate in plants’ defense systems against biotic and abiotic stress [3]. Apart
from their numerous uses in pharmaceutical, food, and cosmetic manufacturing, they
are also known for their pharmacological activities (antibacterial, antifungal, antioxidant,
anticancer, antiviral, analgesic, anti-inflammation, and antispasmodic) [4-7].
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Ginger plays a vital role in Indian, Chinese, and Japanese medicine as it has estab-
lished a good reputation in treating many disorders. Many studies have reported that
ginger has antioxidant, hypocholesterolemic, and anti-obesity properties [8,9]. Most gin-
ger is frequently shipped from production locations in processed form as a dried ginger
powder [10]. Drying is important in the post-harvesting process for preserving crops and
prolonging the food shelf lifetime [11]. Removing moisture using the appropriate drying
method can prevent deterioration reactions and decay [12]. The most common traditional
method for food preservation performed in many urban and rural areas of developing
countries is the sun drying of various crops. Considering the rural population’s low income,
the comparatively large investment for energy-based dryers such as the pulsed vacuum,
the cabinet dryer, the air dryer, the microwave, infrared dehydration, and freeze drying,
remains a barrier to widespread adoption [13].

Natural products have traditionally played an important part in the medication de-
velopment process for a variety of diseases, resulting in the screening of such medicines
to combat emerging mutants of the coronavirus [14]. Ginger, a well-known herbal plant,
served as a good candidate due to its richness of many biologically active compounds
and a broad array of pharmacological activities, such as anti-inflammatory, antioxidant,
anticancer, antiviral, and antimicrobial activities [15,16].

Coronaviruses, a broad family of viruses, cause various illnesses ranging from the
common cold to severe acute respiratory syndrome (SARS). In 2003, SARS-CoV spread to
five continents, killing 10% of those infected [17,18]. Another major health threat to the
entire world is SARS-CoV-2, also known as COVID-19. The SARS-CoV-2 virus, discovered
in Wuhan, China, caused a worldwide pandemic [19]. COVID-19 infection spread quickly
among humans, prompting the WHO to proclaim it a pandemic [20-22]. Apart from the
development of vaccines, the development of a new molecule that could combat this virus
and overcome the COVID-19 pandemic is critical.

While the success of vaccines to combat COVID-19 infection is undeniable, negative
attitudes towards vaccines, an uncertainty or unwillingness to receive vaccines, concerns
about future side effects, and reduced efficacy of vaccines owing to emerging variants of
concern are a large challenge [23,24]. The development of alternative treatment modalities
is an effective strategy to contain or combat this viral infection. Plants have been a great
source from which biologically important molecules have been identified and isolated
for successfully treating many diseases and ailments [25,26]. Several studies have been
undertaken to identify bioactive components from plants and plant sources that have the
potential to inhibit the proliferation of the virus [27-29].

This study aimed to assess the effect of sun drying on the volatile constituents, total
phenolics, and total flavonoid content, as well as demonstrate how sun drying affected
the in vitro antiviral activity of ginger against SARS-CoV-2, together with a prediction of
the antiviral effect of the major volatile compounds by using molecular docking. Chemo-
metrics was applied as a multivariate tool to find similarities and differences between
fresh and dry ginger and determine the relationship between the volatile compounds and
antiviral activity.

2. Materials and Methods
2.1. Plant Material

Fresh ginger rhizomes were gathered from the medical farm of the Arab Company of
Pharmaceuticals and Medicinal Plants (Mepaco-Medifood), El Sharqiya, Egypt. They were
kindly authenticated by Dr. Therese Labib, Taxonomist and ex-manager of the Botanical
Orman Garden, Giza, Egypt. Voucher specimens (G12-22) were kept at the Pharmacognosy
research lab at the Faculty of Pharmacy, Future University in Egypt.

2.2. Isolation of Volatile Oil

Under running water, the entire mature rhizomes were thoroughly washed and
drained to remove surface dust and unwanted materials. The drained rhizomes were
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divided into two halves. The first half was peeled by a knife and ground. The second half
was subjected to sun drying after peeling in the open air for 14 days until completely dry
(constant weight for 3 days). Rhizomes were ground to 20-40 mesh-size particles before
being hydro-distilled for 5 h in a Clevenger-type device to extract the oils. The oils were
dried over anhydrous NaySO;.

Essential oil yield (% v/w) = [Volume of essential oil (mL)/Weight of plant (g)] x 100

2.3. GC-MS Analysis

Using a Shimadzu GC MS-QP2010 (Tokyo, Japan) equipped with Rtx-5MS fused
bonded column (30 m x 0.25 mm i.d. x 0.25 um film thickness) (Restek, Bellefonte, PA,
USA) and a split-splitless injector, the mass spectrum was recorded [30]. The capillary
column was directly coupled to a quadrupole mass spectrometer (SSQ 7000; Thermo-
Finnigan, Bremen, Germany). The initial column temperature was kept at 45 °C for 2 min
(isothermal), programmed to 300 °C at a rate of 5 °C/min and kept constant at 300 °C
for 5 min (isothermal). The helium carrier gas flow rate was 1.41 mL/min. The injector
temperature was 250 °C. The mass spectrum was recorded by applying a filament emission
current of 60 mA, ionization voltage of 70 eV, and 200 °C ion source. A diluted sample (1%
v/v) was injected with split mode with a split ratio of 1:15.

2.4. Determination of Total Phenolic Content

Ginger was chopped into pieces independently to make the methanol extract. Folin—
Ciocalteu reagents were used to determine the total phenolic content, with analytical grade
gallic acid serving as the standard, with the calibration curve shown in Figure S1 [31].
Briefly, the procedure consisted of mixing 10 uL of sample/standard with 100 pL of Folin—
Ciocalteu reagent (diluted 1:10) in a 96-well microplate. Then, 80 puL of 1 M Na,CO3 was
added and incubated at room temperature (25 °C) for 20 min in the dark. At the end
of incubation time the resulting blue complex color was measured at 630 nm. Data are
represented as means =+ SD.

2.5. Determination of Total Flavonoid

The total flavonoid content was investigated as defined by [32] with minor modifi-
cations to be carried out in microplates. Rutin was used as standard flavonoid with the
calibration curve shown in Figure S2. Briefly, 15 uL of sample/standard was placed in a
96-well microplate, then 175 pL of methanol was added, followed by 30 uL of 1.25% AICls.
Finally, 30 puL of 0.125 M C;H3NaO, was added and incubated for 5 min. At the end of
incubation time, the resulting yellow color was measured at 420 nm. Data are represented
as means £ SD.

2.6. Determination of Antiviral by Crystal Violet Method on Low Pathogenic Corona Virus

The crystal violet method was used to evaluate the antiviral activity and cytotoxicity
assays using the recent study on the cytopathic (CPE) inhibition effect [33]. According
to [34], the percentage of antiviral activities of the tested samples were calculated using
the following equation: antiviral activity = [(mean optical density of cell controls — mean
optical density of virus controls)/(optical density of test — mean optical density of virus
controls)] x 100%. Using GraphPad PRISM software (Graph-Pad Software, San Diego,
CA, USA), the results of the 50% cytotoxic concentrations (CCsp) and the 50% inhibitory
concentration (ICsg) were investigated.

2.7. Molecular Docking

Molecular docking is a simulation technique that finds the optimal fit between the
active sites of certain targets and the ligands. This process necessitates arranging the 3D
coordinate space on the target’s binding site, calculating the binding affinity of the created
complex, and developing the subsequent orientation of a molecule on the ligand’s binding
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site. The biggest negative value represents binding affinity sensitivity, signifying the most
suitable conformation of the created complex [35]. The predicted pharmacokinetic parame-
ters and other physicochemical properties, often known as Lipinski’s filters, are important
for both in silico and in vitro evaluation of drug-like properties [36-38]. Molecules that
do not show good pharmacokinetic properties and do not obey Lipinski’s filters fail in
the later stages of the drug development process. The crystal structure of the COVID-19
main protease in complex with an inhibitor N3 was obtained from Protein Data Bank
(https:/ /www.rcsb.org/structure/6LU7, accessed on 15 May 2022) with the PDB ID 6LU?7,
resolution: 2.16 A. For the docking analysis, Molecular Operating Environment (MOE)
was used [39]. In this investigation, the lead molecule’s free energies and binding modes
towards the target proteins were determined. Firstly, water molecules were eliminated
from the crystal structures of target proteins, leaving only one chain essential for binding.
Secondly, the reference ligand was co-crystallized, the protein structures were protonated,
and hydrogen atoms were hidden. Finally, the MMFF94x force field was utilized to decrease
the energy, and the binding pocket of the target protein was well-defined with predefined
MOE settings. ChemBioDraw Ultra 14.0 was applied to illustrate the structure of the
molecules 4-Thjanol, Neral, Geranial, Camphene, x-Curcumene, Zingiberene, y-Cadinene,
[-Bisabolene, and 3-Sesquiphellandrene (1N1-1N9), which were saved in SDF formats.
Subsequently, the stored files were launched using MOE software, and 3D structures were
protonated. The MMFF94x force field was then used to reduce the energy of the molecules.
Validation processes for the target receptor were conducted by running the docking process
for only the co-crystallized ligand. Valid performance is shown by low RMSD values be-
tween docked and crystal conformations. The output from the MOE software was further
evaluated and visualized employing both MOE and Discovery Studio 4.0 software.

2.8. Chemometric Analysis

Chemometric analysis was performed on the GC-MS results. Principal component
analysis (PCA) was utilized as an initial step for data examination to present an overview
of all sample discrepancies and to recognize markers accountable for their dissimilarity. A
quantitative calibration model, partial least-squares (PLS), was designed to find a corre-
lation between the volatile constituents (GC/MS peak areas) (X) matrix and the antiviral
activity (Y) matrix. In this state, there was no division of data into the model and test sets
as only 6 samples were assessed (small data set). PCA and PLS were performed using
CAMO’s Unscrambler® X 10.4 software (Computer-Aided Modeling, AS, Oslo, Norway).

3. Results and Discussion
3.1. Effect of Sun Drying on the Yield and Composition of Ginger Volatile Oil

The fresh and dried volatile oil yields were 1.51 + 0.244% v/w and 2.75 % 0.326%
v/w, respectively. The oils had a characteristic pale-yellow color and pungent aromatic
odor. GC-MS Total Ion Chromatograms (TIC) of the ginger oils compounds are shown
in Figure S3. The baseline of the total ion diagram showed a steady and good separation
of individual peaks with no supersaturation state. The composition of fresh and dried
ginger volatile oils is displayed in Table 1. In the fresh and dried ginger analysis, 45 and
43 aroma compounds were extracted and identified. In fresh ginger volatile oils, 11 com-
pounds were oxygenated monoterpenes, 4 monoterpenes, 11 sesquiterpene hydrocarbons,
10 oxygenated sesquiterpenes, and 9 miscellaneous, whereas in dried ginger volatile oil,
14 compounds were oxygenated monoterpenes, 3 monoterpenes, 14 sesquiterpene hydro-
carbons, 5 oxygenated sesquiterpenes, and 7 miscellaneous. The main compounds of the
dried ginger volatile oil were x-Curcumene (28.19%), followed by B-Sesquiphellandrene
(15.06%), Zingiberene (14.84%), (3-Bisabolene (11.64%) and y-Cadinene. The relatively
high amount of Zingiberene and (3-sesquiphellandrene justify the odor of the dried ginger,
matching the results of [40]. In comparison, the major compounds of fresh ginger volatile
oil were x-Curcumene (14.23%), followed by 4-Thujanol (9.94%). The sun drying method
caused a change in the volatile constituents, in which the percentage of sesquiterpenes com-
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pounds (x-Curcumene, Eudesma-4(14),11-diene, Zingiberene, y-Cadinene, 3-Bisabolene,
a-Selinene, and (3-Sesquiphellandrene) showed a significant rise while the monoterpenes
camphene reduced considerably. This could be ascribed to the synthesis of isomerization
of compounds and short-chain alkenes. Additionally, many acetates were detected in
sun-dried ginger only, such as citronellol acetate, nerol acetate, and nerolidyl acetate. This
may be credited to prolonged exposure to oxygen causing the esterification of alcohols to
their corresponding esters, which was confirmed by [41].

Table 1. Chemical composition and classifications of compounds of both fresh and dried ginger
volatile oil.

2 Compound b Retention Index (RI) Fresh Ginger Dry Ginger Identification
1 -Butoxyethanol 665 14 0.040 1.01 £+ 0.064 MS, RI
2 n-Caproaldehyde 806 0.4 + 0.016 0.26 + 0.0163 MS, RI
3 2-Methyl-2-hepten-6-on 938 0.59 + 0.020 - MS, RI
4 -Pinene 943 0.27 + 0.048 - MS, RI
5 «-Pinene 948 1.99 £+ 0.008 - MS, RI
6 Camphene 952 7 +0.326 0.51 £ 0.008 MS, RI
7 -Myrcene 958 2.91 + 0.040 - MS, RI
8 5-Hepten-2-one, 6-methyl- 966 - 0.61 £+ 0.016 MS, RI
9 Octanal 1005 0.37 + 0.044 - MS, RI
10 o-Cymene 1015 - 0.24 + 0.040 MS, RI
11 Eucalyptol 1022 - 1 £ 0.408 MS, RI
12 4-Thujanol 1041 9.94 + 0.048 - MS, RI
13 Cryptone 1069 0.87 + 0.098 - MS, RI
14 Benzene, (2-methyl-1-propenyl)- 1077 - 0.39 +£ 0.008 MS, RI
15 trans-Verbenol 1082 - 0.17 £ 0.020 MS, RI
16 Linalool 1090 - 0.81 + 0.016 MS, RI
17 2-Nonanol 1092 0.18 + 0.032 0.29 + 0.032 MS, RI
18 Citronellal 1125 0.38 + 0.073 - MS, RI
19 cis-Chrysanthenol 1136 0.26 + 0.032 - MS, RI
20 Borneol 1150 2.54 + 0.044 2.14 + 0.032 MS, RI
21 p-Menth-1-en-4-ol 1163 1.51 +0.077 0.59 + 0.036 MS, RI
22 a-Terpineol 1174 - 1.12 +0.032 MS, RI
23 B-Citral 1174 5.5 + 0.081 - MS, RI
24 Estragole 1178 0.68 + 0.008 0.2 +0.032 MS, RI
25 Neral 1218 1.09 +0.118 0.55 + 0.040 MS, RI
26 Geraniol 1228 0.59 4+ 0.032 - MS, RI
27 o-Citral 1247 1.18 + 0.016 0.35 + 0.040 MS, RI
28 Anethole 1263 - 0.24 + 0.024 MS, RI
29 Bornyl acetate 1273 - 0.3 4 0.040 MS, RI
30 2-Undecanone 1280 0.53 + 0.024 1.12 + 0.097 MS, RI
31 Citronellol acetate 1302 - 0.68 4+ 0.016 MS, RI
32 Eugenol 1331 - 0.5 £ 0.040 MS, RI
33 Nerol acetate 1352 - 0.4 +0.048 MS, RI
34  Cyclosativene 1367 - 0.57 £0.016 MS, RI
35 a-Copaene 1376 0.46 + 0.032 0.85 £ 0.048 MS, RI
36 Aromadendrene 1386 1.63 £+ 0.024 - MS, RI
37 B-elemene 1388 - 0.51 + 0.040 MS, RI
38  7-epi-Sesquithujene 1404 - 0.34 £ 0.032 MS, RI
39 -Caryophyllene 1416 0.29 + 0.040 0.94 + 0.040 MS, RI
40 Sesquisabinene 1446 0.67 £ 0.057 - MS, RI
41 Longifolene 1447 - 0.5 +0.016 MS, RI
42 o~-Curcumene 1475 14.23 4+ 0.065 28.19 £ 0.028 MS, RI
43 Eudesma-4(14),11-diene 1481 1.37 £ 0.016 2 £+ 0.089 MS, RI
44 Zingiberene 1491 7.9 +0.040 14.84 + 0.048 MS, RI
45  +y-Cadinene 1494 1.92 4+ 0.024 5.05 + 0.040 MS, RI
46 -Bisabolene 1505 8.03 + 0.032 11.68 + 0.097 MS, RI
47 «-Selinene 1513 0.38 + 0.016 1.21 £+ 0.008 MS, RI
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Table 1. Cont.

2 Compound b Retention Index (RI) Fresh Ginger Dry Ginger Identification

48  B-Sesquiphellandrene 1519 7.87 £0.024 15.06 + 0.297 MS, RI
49  7-epi-cis-sesquisabinene hydrate 1523 1.35 £+ 0.040 - MS, RI
50 a-trans-Bergamotene 1526 - 0.57 £+ 0.028 MS, RI
51  Globulol 1530 0.68 £ 0.008 - MS, RI
52 Selina-3,7(11)-diene 1538 - 0.43 £0.016 MS, RI
53  B-Oplopenone 1540 0.4 £0.016 - MS, RI
54  trans-Nerolidol 1550 1.95 + 0.028 0.76 £ 0.032 MS, RI
55  Zingiberenol 1591 3.75 £ 0.040 - MS, RI
56  Agarospirol 1598 0.56 & 0.032 - MS, RI
57  Eudesm-4(14)-en-11-ol 1631 0.36 £ 0.016 0.3 £0.024 MS, RI
58  Viridiflorol 1637 - 0.38 £ 0.048 MS, RI
59  Ishwarol B 1674 14 0.163 0.95 £ 0.040 MS, RI
60 Nerolidyl acetate 1754 - 0.98 £ 0.016 MS, RI
61  Humulenol 1762 0.58 £ 0.024 - MS, RI
62 Corymbolone 1785 0.78 4+ 0.016 - MS, RI
63  Geranyl-p-cymene 1937 0.37 £0.028 0.22 £0.016 MS, RI
64  geranyl-a-terpinene 1962 0.33 +0.028 - MS, RI
65  1-Heptatriacotanol 3942 0.98 4= 0.024 - MS, RI

No. of identified compounds 45 43

Monoterpene hydrocarbons % 11.17 1.14

Oxygenated monoterpenes % 25.26 9.8

Sesquiterpene hydrocarbons % 44.75 82.87

Oxygenated sesquiterpenes % 11.41 2.96

Miscellaneous % 5.03 3.72

Total percentage identified 97.62 99.82

2 The compounds are listed according to elution order. ? Retention index (RI) calculated on Rtx-5MS fused bonded
column. MS, mass spectral. The major components are bold-highlighted.

3.2. Effect of Sun Drying on the Total Phenolic Content (TPC), Total Flavonoid Content (TFC) and
Antiviral Activity of Ginger Extracts

Drying treatment showed a varying effect on the TPC and TFC of ginger samples. As
demonstrated in Table 2, the TPC in fresh ginger was 39.33 & 2.57 ug of GAE/mg, which
is close to the report of [42], who found the TPC of ginger to be 24.63 4= 0.43 mg GAE/g.
Other studies reported different results, as in [43]. These differences could be attributed to
several factors such as varieties, genetics, and regions of cultivation of ginger. However,
the TPC of dried ginger decreased considerably compared to fresh ginger. This could be
attributed to prolonged drying time, which could cause the initiation of oxidative enzymes
such as peroxidase and polyphenol oxidase through the drying procedure leading to the
loss of phenolic groups. Moreover, variations in the chemical structure of phenols, as in the
bindings of phenols to proteins, might also cause a loss of phenolic content, as mentioned
in previous studies [44].

Table 2. Changes of TPC, TFC, and antiviral activity of ginger extracts.

Fresh Ginger Dry Ginger

Total phenolic content (ug of GAE/mg) 39.33 £2.5 2096 £1.2
Total flavonoid content (ug rutin eq/mg) 11.56 £ 1.2 1.34+09
Antiviral activity (ICsp) 285+ 0.8 20.56 £ 0.4

In terms of TFC, it is worth noting that sun-dried samples showed low TFC
1.34 + 0.9 pg RE/mg than fresh samples. Since flavonoids are thermolabile compounds as
previously mentioned [45], sun drying caused a loss of TFC, verifying that the duration and
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temperature of drying could trigger the loss of such macromolecules. Previous studies also
showed that drying significantly decreased the TFC of several herbs such as sage, thyme
and guava [46,47].

The current study assessed the antiviral activity of fresh and dry ginger extracts using
crystal violet assay. According to Table 51, the tested samples showed moderate antiviral
activity against 229 E (low-pathogenic coronavirus). Earlier studies provide evidence
regarding the potential effects of ginger against SARS-CoV-2 infection especially due to its
antiviral, anti-inflammatory, antioxidative, and immunomodulatory effects [48].

3.3. Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) and
Pharmacokinetic Studies

Using pkCSM (a Cambridge online source, link: http://bleoberis.bioc.cam.ac.UK/
pkesm/prediction, accessed on 15 May 2022), the ADMET and pharmacokinetic properties
of the compounds were checked to ensure that the molecules exhibited the potential of
a drug and were validated by MedChemDesigner™ software, version 3.0 [49], which
predicted the values with great accuracy. The expected values for the compounds (IN1-
1N9) show that the molecules have a great solubility potential, both in water, —5.96 to
2.63 (log mol/L), and CaCO, permeability of 1.54 to 1.25 (log Papp in 10 cm/s). Intrinsic
water solubility and solubility at pH 7.4 (LogS) were found in the range of —5.45 to —2.00.
Intestinal absorption (human) was ~95 (% absorbed) and skin permeability was —2.42
to —1.27, (log Kp). Blood-brain barrier (BBB) permeability was 0.58 to 0.80 (log BB) and
CNS permeability was —2.21 to —1.51 (log PS). The value of clearance, which is the phar-
macokinetic parameter that represents the rate of drug elimination divided by its plasma
concentration, was quite favorable for all the molecules (1.01 to 1.51 log mL/min/kg) and
implies that the molecule would not accumulate in the body and hence is non-toxic and
non-hepatotoxic. Oral rat acute toxicity (LDsp) was found to be in the range of 1.49 to
1.92 mol/kg, and oral rat chronic toxicity (LOAEL) was 1.32 to 2.31 (log mg/kg/bw/day)
with a maximum tolerated dose (human) in the range of 0.24 to 0.96 log mg/kg/day. These
results reveal that the molecules possess good ADMET properties, which are required for a
molecule to show drug-like properties.

From the predicted pharmacokinetic parameters and after applying Lipinski’s filters
as in Table 3, it appears that the molecules under study show good drug-likeness properties
and therefore could be considered good drug candidates for further studies.

Table 3. Lipinski’s filters for drug-likeness.

Compound M.Wt LogP * LogD # 2 HBA HBD RBs Ro5 (Y/N)
4-Thujanol (1N1) 154.14 1.69 1.89 1 1 1 Y
Neral (1N2) 152.12 2.16 2.66 1 0 4 Y
Geranial (1N3) 152.12 2.16 2.66 1 0 4 Y
Camphene (1N4) 136.13 2.84 2.86 0 0 0 Y
«-Curcumene (1N5) 202.34 5.19 5.39 0 0 4 Y
Zingiberene (1N6) 204.19 4.55 4.87 0 0 4 Y
y-Cadinene (1N7) 204.19 422 451 0 0 1 Y
[3-Bisabolene (1N8) 204.19 441 4.88 0 0 4 Y
[-sesquiphellandrene (1N9) 204.19 4.59 492 0 0 4 Y
* Chloroquine 320.89 3.39 0.40 1 2 8 Y
t Favipiravir 157.10 —-1.19 0.25 3 2 1 Y

* At PH 7.4; * calculated using ChemAxonLogD predictor; * Taken from referred sources; ? HBA—hydrogen bond
acceptor, HBD—hydrogen bond donor, obtained by Marvin Sketch 22.11; RB: Rotatable bonds; Ro5 (Y/N): rule of
five followed or not; Y: Yes; N: No.

The bioavailability radar of the molecules obtained from Swiss ADME displayed some
of the molecules exhibiting promising physicochemical properties for oral bioavailability.
The ideal spaces of six physicochemical parameters—for example, polarity, size, solubil-
ity, lipophilicity, flexibility, and saturation for oral bioavailability of the representative
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molecules 1N5, 1N6, 1IN8, and 1N9—are within the pink-colored area of Figure 1 [50,51]. If
the radar plot of a molecule falls entirely in the pink area, it is considered drug-like. The
optimal range for each property is represented by the pink area (lipophilicity: XLOGP3
between —0.7 and +5.0, size: MW between 150 and 500 g/mol, polarity: TPSA between 20
and 130 A?, solubility: log S not higher than 6, saturation: fraction of carbons in the sp3
hybridization not less than 0.25, and flexibility: no more than nine rotatable bonds).

LPO uPo
uPO
FLEX I
SIZE SIZE FLEX SIZE S =
POLAR | INSATU POLAR | INSATU POLAR | nsaTU POLAR
INSOLU INSOLU INSOLU

Figure 1. Bioavailability radar plot of the most active constituents: (A) 1IN5, (B) 1IN6, (C) 1NS,
and (D) 1N9. POLAR (polarity), LIPO (lipophilicity), INSOLU (solubility), FLEX (flexibility), and
INSATU (saturation).

Although efficacy and toxicity are responsible for the failure of many drug develop-
ment projects, poor pharmacokinetic properties and low bioavailability are major hurdles.
The two pharmacokinetic conducts, gastrointestinal absorption and brain access, are crucial
to estimate at various drug discovery stages. BOILED-Egg (Brain Or Intestinal Estimated
permeation method) is proposed to be an accurate predictive model that works by com-
puting the lipophilicity and polarity of small molecules and is therefore considered of
great importance in lead optimization. Passive gastrointestinal absorption (HIA) and brain
access (BBB) are the two key ADME parameters that could be predicted simultaneously
by the BOILED-Egg model [52]. This model is conceptually simple, relying only on two
physicochemical descriptors (WLOGP and TPSA) for lipophilicity and apparent polarity. It
has been built with extreme care regarding statistical significance and robustness [52]. As
shown in Figure 54, this egg-shaped plot includes the yolk (i.e., the physicochemical space
for highly probable BBB permeation) and the white (i.e., the physicochemical space for
highly probable HIA absorption). The outer grey region represents the molecules that are
predicted to show low absorption and limited brain penetration. The BOILED-Egg model
has been of great importance as a model for the interpretation and efficient translation of
molecular design in a variety of drug discovery settings. The representative molecules
under study, particularly 1N9, as shown in Figure 5S4, are predicted to be well-absorbed
without any possible access to the brain (in the white) and PGP- (red dot).

3.4. In Silico Molecular Docking

The compounds were subjected to molecular docking experiments to validate the
expected target. The molecules’ 2D structures were transformed to energy-minimized 3D
structures and employed for docking. The 3C-Like proteinase (3CLF™) of the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is an important drug target due to its
vital role in viral replication. The discovery of the X-ray crystal structure of 3CL'™ has
been greatly useful in searching for potential lead molecules that could bind the target
and emerge as potential drug candidates for further development. Focusing on the main
proteases (3CL™ /MP™), with PDB ID 6LU7, docking of the main components (IN1-1N9)
was performed to identify the lead molecules. MOE 2015.10 was used to carry out the
molecular docking calculations, and the conformation with the lowest binding free energy
was used for analysis. Docking studies revealed that the lead molecules bind very well with
the target with low binding energy values, which was attributed to the interaction of the
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molecules with the amino acid residues within the active site pocket of the target protein.
It can be seen that the molecules bind very well within the active site pocket and show
different types of interactions with the amino acid residues in the two-dimensional images
of Figure 2. Docking results revealed that the most active components were 1N5, 1N6, 1NS,
and 1N9, compared to the other components based on the energy score and interaction with
the target protein. All the active components displayed a docking score >8.963, which is
higher than the energy score given by chloroquine (—6.293 Kcal/mol), hydroxychloroquine
(—5.573 Kcal/mol), and favipiravir (—4.233 Kcal/mol). The lead molecules and the other
derivatives also showed good ADMET properties and passed Lipinski’s filters for drug-
likeness. Collectively, these results could pave the way for the development of plant-based
small molecules as an effective treatment regimen against COVID-19.

®
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@ .
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Figure 1. Cont.
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Figure 2. Docked images of the most active molecules. Ligand interactions within the active site
pocket of the protein 6LU7, shown as 2D and 3D interactions; surface view inside the active site pocket.

Viruses that infect humans are known to encode one or more proteases that are crucial
in the viral life cycle. Proteases cleave the viral polyprotein, helping continue the viral
replication process, and are ideal drug targets [53]. The SARS-CoV-2 replicase enzyme
encodes two polyproteins, ppla and pplab, that produce all the functional polypeptide
units responsible for the replication and transcription of the virus. The catalytic cleavage
activity of 3CLPro at various subsites of the polypeptide results in the release of the
polypeptides. This cleavage process is known to be conserved in the 3CLPro of all the
coronaviruses [54], which is believed to play a vital role in viral replication. Interestingly,
due to the absence of any close homolog in humans, this protease has been regarded as a
promising therapeutic target for COVID-19 treatment [55].

3.5. Chemometric Analysis

Principal component analysis (PCA) was applied to segregate fresh and dry ginger
samples and recognize any significant association between them. A matrix of the total
number of samples and their replicates (six samples) multiplied by 65 variables (GC-
MS peak area %) was constructed in MS Excel®, then subjected to chemometric analysis
(PCA). The PCA score plot accounting for 100% of the variation in the dataset of Figure 3a
highlights that the first principal component (100%) completely discriminates dry ginger
(DG) (positive PC1 values) from fresh ginger (FG) (negative PC1). Figure 3b displays the
loading plot with the main volatile constituents responsible for the segregation between
fresh and dry ginger, where o-curcumene and 4-thujanol were the main markers responsible
for the discrimination between dry and fresh ginger, respectively.

Moreover, partial least-squares (PLS) was applied to find a correlation between the
volatile constituents and their antiviral activity. The PLS-R model was constricted by
the data matrix X, containing the peak area of the GC/MS, and the response y vectors,
containing the antiviral activity data, respectively. The model performance was estimated
by the parameters of root mean square error of calibration (RMSEC), root mean square error
of validation (RMSEV), and correlation (R?). PLS-R1 model parameters, including slope,
offset, RMSEC, RMSEV, and R?, are shown in Table 4, indicating a strong prediction ability
of the PLS regression model. PLS-R1 models showed excellent linearity and accuracy with
R? > 0.98, a slope close to 1 (a value close to 1 means the predicted values are close to the
reference), low differences between RMSEC and root, and mean square error of validation
(RMSEV) reveal the robustness of the model. The prediction performance for the developed
models is shown in Table S2. The results displayed that the antiviral activity is correctly
predicted with +5% accuracy.
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Figure 3. PCA score plot (a) and loading plot (b) based on GC-MS chemical profile of the volatile oils
of fresh ginger (FG) and dry ginger (DG).

Table 4. PLS-R model parameters used for prediction.

Data Type PLS-R
Antiviral P Slope Offset RMSE R2
Activity Cal. 0.9923 0.1876 0.3489 0.9923
Val. 0.9884 0.2818 0.5232 0.9880

R?: Correlation, Cal. Calibration, Val. Validation.

4. Conclusions

It can be concluded from this study that sun drying affects the composition and yield of
bioactive compounds where the drying process increased -curcumene (3-sesquiphellandrene
and zingeberine percentage. Generally, the percentage of sesquiterpene hydrocarbons in-
creased after drying, with a decrease in oxygenated mono- and sesquiterpene hydrocarbons
and the conversion of some monoterpene alcohols to their corresponding acetates. Addi-
tionally, the results emphasized that dried ginger decreased the flavonoid and total phenolic
content. Antiviral activity increased after drying and was supported by in silico molecular
docking. Thus, ginger is rich in valuable phytoconstituents which showed promising
therapy in viral infections such as COVID-19.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy12112763/s1. Figure S1: Standard calibration curve of
gallic acid; Figure S2: Standard calibration curve of rutin; Figure S3: GC/MS chromatogram for fresh
ginger volatile oil (a); 1 camphene, 2 4-Thujanol, 3 Borneol, 4 3-Citral, 5 x-Curcumene, 6 Zingiberene
and 7 3-Bisabolene; dry ginger volatile oil (b); 1 x-Curcumene, 2 Zingiberene, 3 3-Bisabolene and 4 (3-
Sesquiphellandrene; Figure S4: BOILED Egg predictive model for one of the most active components
(IN9). All the active components displayed similar properties; Table S1: Selectivity index of fresh and
dry ginger extracts; Table S2: Results of calibration and predictive ability of the PLS-R model.
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