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resolved due to their associated adverse effects. Since traditional herbal medicines have been used for many
years in various disease treatments due to their safety and efficacy, developing natural product-based drugs
could be one of the most promising strategies. Some of the bioactive compounds from Thai herbs have been
reported recently for their potential inhibitory activity towards SARS-CoV-2 main protease (3CLP™), which is a
key enzyme for viral replication. Hence, this study aims to investigate the potential 3CLP™ inhibitor from
herbal extracts by an in vitro screening. The results showed that turmeric rhizome, licorice root, sweet fennel
seeds and long pepper fruits had promising 3CLP™ inhibitory activity. It was also investigated that the pericarp
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CHAPTER 1. INTRODUCTION

1.1. Research Problem, Rationale and Significance

The coronavirus disease 19 (COVID-19) is an infectious disease that emerged in
December 2019 from the predominantly airborne transmitted severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (1). The outbreak of COVID-19 is a serious
worldwide pandemic that has caused detrimental impacts on the lives of people with
critical illnesses and millions of global death tolls (2). This has raised the attention of
researchers to discover and develop novel vaccines and drugs for the comprehensive
level of health care against COVID-19. Although there are treatments currently
available, the problem has not been fully resolved due to their associated adverse
effects. Therefore, the development of natural-product based drugs is one of the most
promising approaches. This is because medicinal properties have been identified from
the plant extracts, and traditional herbal medicines have been used for many years as
safe and effective treatments in various diseases, including viral infections (3). Main
protease (M), which is also known as 3-chymotrypsin-like protease (3CL"™) is a
key enzyme involved in replication and transcription of SARS-CoV-2 virus (4).
Recent studies have reported that some of the bioactive compounds from Thai herbs
show potential SARS-CoV-2 main protease inhibitory activity (5-9). Hence,
screening of herbal extracts and investigation of bioactive compounds that can target
the inhibition of SARS-CoV-2 main protease is an essential strategy for discovery
and development of the potential treatment against COVID-19.

Mangosteen (Garcinia mangostana Linn.) is a tropical plant that belongs to the
Clusiaceae family. It is commonly found in Thailand as well as other Southeast Asian

countries, and the fruit is well known as ‘queen of the fruits’. Besides its delightful



taste, the mangosteen fruit has numerous medicinal benefits (10, 11). The fruit rind or
pericarp of mangosteen contains various phytochemicals such as- xanthones,
flavonoids, anthocyanins, tannins, isoflavones and phenolic acids. But, the major
chemical constituents present in the pericarp extract are xanthones. They are
polyphenolic secondary metabolites, and the examples of xanthones are- alpha-
mangostin, beta-mangostin, gamma-mangostin, garcinone E, gartanin and 8-
deoxygartanin (10, 11). Among all the natural xanthones from G. mangostana, alpha-
mangostin is mostly studied due to its highest percentage yield from the dry
mangosteen pericarp extract, and its wide range of pharmacological properties (11).
The anti-oxidant, anti-cancer, anti-inflammatory, anti-bacterial and anti-viral activities
of alpha-mangostin have been reported in several studies (12-16). In addition, the
potential SARS-CoV-2 main protease inhibitory activity of alpha-mangostin has been
investigated recently (8, 17, 18). However, the hydrophobic nature of alpha-
mangostin limits its biological activities and therapeutic efficacy (19). To overcome
this limitation, alpha-mangostin loaded nanocarriers have been designed. Despite the
availability of different nanocarriers, polymeric micelles could be the promising
nanocarrier for hydrophobic bioactive compounds due to the presence of a robust
core-shell structure of polymeric micelles and their intrinsic ability to improve the
solubility of hydrophobic compounds, thereby enhancing their bioavailability and
pharmacological activities.

Soluplus® is an amphiphilic polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol graft copolymer. The grafting ratio is 57% polyvinyl caprolactam,
30% polyvinyl acetate and 13% polyethylene glycol by molecular weight (20, 21).

However, the exact degree of grafting has not been reported. The molecular weight of



Soluplus can vary between 90,000 g/mol and 140,000 g/mol, but its average weight
has been reported as 118,000 g/mol (20, 21). Soluplus consists of polyethylene glycol
(PEG) as its hydrophilic backbone, and polyvinyl caprolactam with polyvinyl acetate
side chains as its hydrophobic core (21). Soluplus® has a low critical micelle
concentration (CMC) of 7.6 ug/mL (7.6 mg/L) which can facilitate to form self-
assembled micelles in aqueous solution that is above its CMC (22-24). Due to its
biocompatibility, biodegradability and excellent solubilizing property, Soluplus® has
been widely used in nanotechnology-based drug delivery systems for hydrophobic
drugs and bioactive compounds (22-25). In this research, Soluplus® polymeric
micelles is used as the nanocarrier to encapsulate alpha-mangostin for evaluation of

its inhibitory activity towards SARS-CoV-2 main protease.

1.2. Research Objectives
The objectives of this research are as follows:

I.  To screen mangosteen pericarp extract along with selected Thai herbal extracts
for SARS-CoV-2 main protease (3CLP™) inhibitory activity
ii.  To prepare and characterize alpha-mangostin loaded polymeric micelles
iii.  To evaluate SARS-CoV-2 main protease (3CL") inhibitory activity of alpha-

mangostin loaded in polymeric micelles



1.3. Novelty of Research

Although several approaches have been reported to improve the solubility of
alpha-mangostin and developed different types of nanocarriers with different types of
polymers to overcome the limitation of alpha-mangostin, there has not been any study
done before on Soluplus® polymeric micelles as the nanocarrier to incorporate alpha-
mangostin. Hence, the novelty of this research is that the alpha-mangostin compound
will be loaded into the polymeric micelles formulated with Soluplus® for the
evaluation of SARS-CoV-2 main protease (3CLP™) inhibitory activity of alpha-

mangostin.

1.4. Research Hypothesis
Herbal extracts can inhibit SARS-CoV-2 main protease (3CLP™) activity, and

alpha-mangostin can be encapsulated with high efficiency in polymeric micelles for

evaluation of its inhibitory activity towards SARS-CoV-2 main protease (3CL"").



CHAPTER 2. LITERATURE REVIEW

2.1. Potential SARS-CoV-2 main protease (3CLP™) inhibitory activity from
herbal extracts
The COVID-19 disease that emerged in December 2019 is caused by SARS-

CoV-2 virus (1). It is a single stranded positive-sense ribonucleic acid (RNA)
enveloped virus (1). The replication of SARS-CoV-2 virus enormously depends on
main protease, which is also known as 3-chymotrypsin-like protease (3CL"™) (4). It
IS a cysteine protease that has a three-domains structure with highly conserved
binding pocket at four sub-sites to cleave polyproteins involved in viral replication

process (Figure 1) (26).
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Figure 1. Structure of SARS-CoV-2 main protease (3CL"™) with substrate binding
pocket

(Adapted from reference (26) under the copyright guideline of CC-BY license version
4.0 attached in Appendices)

The most interesting feature of 3CLP™ is that it does not have human homolog,

and hence it could be the promising druggable target (26). Since the comprehensive



level of health care against COVID-19 needs both vaccination and treatment, there is
a current FDA authorized only for emergency use anti-viral treatment in adults and
children over 12 years old. It is a combination of Nirmatrelvir and Ritonavir in an
oral dosage form under Paxlovid® brand (27). Although Paxlovid® inhibits viral main
protease (3CL"™) that is vital for viral replication, it has adverse effects and also
possible interactions with many drugs metabolized by CYP450 enzymes (27, 28).
Traditional herbal medicines have been used for many years as safe and effective
treatments in various diseases, including viral infections (3). Hence, the discovery and
development of natural product-based 3CL"™ inhibitors could be one of the most
promising strategies.

Some of the Thai herbs have been recently investigated with a favourable
SARS-CoV-2 main protease (3CLP™) inhibitory activity. Bahun et al. reported that
curcumin, which is a curcuminoid, isolated from the rhizome of turmeric (Curcuma
longa Linn.) exhibited in vitro SARS-CoV-2 main protease (3CLP™) inhibitory
activity with an ICso value of 11.9 + 2.2 uM (6). As mentioned in the study done by
Wansri et al., piperine, which is an alkaloid, found from the extract of black pepper
(Piper nigrum Linn.) fruits showed in vitro SARS-CoV-2 main protease (3CL"™)
inhibitory activity at 1Csp of 178.4 + 1.2 uM (8). In addition, van de Sand et al.
described that glycyrrhizin, which is a major phytochemical from the root of licorice
(Glycyrrhiza glabra Linn.) had potent in vitro 3CLP" inhibitory effect by reduction of
70.3% protease activity at 30 uM concentration of glycyrrhizin (7). Rutin, which is a
naturally derived flavonoid from the extract of citrus peel (Citrus hystrix D.C.) has
also been reported as the potential 3CL"™ inhibitor with an ICso value of 325.6 + 1.2

uM (8). According to Rahman et al., rutin blocked the catalytic centre by forming the



strong fit to the binding pocket via hydrogen bond with cysteine 145 (Cys 145)

located between the domain 1 and domain 2 of 3CLP™ (Figure 2) (29).

Figure 2. The binding pattern of rutin with conserved substrate-binding pocket of
3CLPr0

(Adapted from reference (29) under the copyright guideline of CC-BY license version
4.0 attached in Appendices)

2.2. Pharmacological activities and potential SARS-CoV-2 main protease
(3CLPr) inhibitory activity of alpha-mangostin

Alpha-Mangostin is the major xanthone which is isolated from the extract of
mangosteen pericarp. It has the highest yield of 78% by weight from the dry pericarp

extract (30).

Figure 3. Chemical structure of alpha-mangostin



A wide range of pharmacological properties of alpha-mangostin have been
reported including anti-oxidant, anti-cancer, anti-inflammatory, anti-bacterial and
anti-viral activities (11). Pérez-Rojas et al. evaluated the anti-oxidant property of
alpha-mangostin in a concentration-dependent study, and the results revealed the
ability of alpha-mangostin in scavenging several reactive oxygen species as well as
the formation of 3-nitropropionic acid (3-NP)-induced reactive oxygen species for
renoprotective effect (12). Moreover, the anti-cancer property of alpha-mangostin has
been discussed in the study done by Hung et al. in which alpha-mangostin inhibited
matrix metalloproteinase-2/9 and urokinase-plasminogen expression through the c-
Jun-N-terminal kinase (JNK) signaling pathway to suppress human prostate
carcinoma cell (PC-3) metastasis (13). As mentioned by Chen et al., alpha-mangostin
showed anti-inflammatory effect in carrageenan-induced paw oedema in mice by
inhibiting the lipopolysaccharide-stimulated nitric  oxide production (14).
Furthermore, Suksamrarn et al. reported the strong inhibitory effect of alpha-
mangostin against Mycobacterium tuberculosis in their study to examine the anti-
tuberculosis potential (15). In addition, alpha-mangostin exhibits the potent anti-viral
activity against a variety of human pathogenic viruses such as- hepatitis C virus
(HCV), human immuno deficiency virus (HIV) and dengue virus (DENV) by

inhibiting the replication of virus (16).

Recently, the potential SARS-CoV-2 main protease inhibitory activity of alpha-
mangostin has been investigated. Due to the genomic similarity level of 67.5%
between HIV protease and SARS-CoV-2 main protease, alpha-mangostin has the
potential to be used as an inhibitor for SARS-CoV-2 main protease (17). This was

supported by Hidayat et al. in their in silico study in which the inhibition of SARS-



CoV-2 main protease by alpha-mangostin was discussed (18). Similarly, Pyae et al.
evaluated the binding mechanism and interaction of alpha-mangostin against SARS-
CoV-2 main protease by using the fragment molecular orbital method (9). It was
likely that the binding pattern of core structure of alpha-mangostin fits into the same

binding pocket of main protease active site via - 7 interactions (Figure 4) (9).

Figure 4. Interaction profile of alpha-mangostin (red structure) at the binding pocket

of main protease active site

(Adapted from reference (9) under the copyright guideline of CC-BY license version
4.0 attached in Appendices)

However, alpha-mangostin is a hydrophobic compound with low aqueous
solubility which undermines its bioavailability. To overcome this limitation, the
development of alpha-mangostin loaded nanocarrier could be the feasible strategy
(19).

2.3. Soluplus® polymeric micelles as the promising nanocarrier for hydrophobic

compounds

Polymeric micelles are the suitable nanocarriers to incorporate hydrophobic
bioactive compounds. Micelles belong to the dispersed colloidal systems, and they
are considered as nano-sized colloidal dispersions (23). The robust core-shell

structure of micelles and their intrinsic ability to improve the solubility of
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hydrophobic compounds are the key characteristics of micelles. Moreover, the simple
preparation method of polymeric micelles and the easy scalability at
commercial/industrial level are the favorable features (23). In addition, polymeric
micelles are able to efficiently encapsulate hydrophobic compounds and deliver them

to the targeted site in the body (23).

Soluplus® is an amphiphilic polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol graft copolymer with hydrophilic backbone and hydrophobic core
which are made up of 13% polyethylene glycol (PEG), and 57% polyvinyl
caprolactam with 30% polyvinyl acetate side chains by molecular weight respectively

(31).
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Figure 5. Chemical Structure of Soluplus®
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In the self-assembly process of Soluplus® micelles, the hydrophobicity of co-
polymers acts as the main driving force to confine the hydrophobic part (polyvinyl
caprolactam-polyvinyl acetate) to the core while the hydrophilic part (polyethylene

glycol) is arranged in the shell region (Figure 6).
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Figure 6. Self-assembly process of Soluplus® micelles

2.3.1. Significance of Soluplus® in development of polymeric micelles

The excellent solubilizing property as well as biocompatibility and
biodegradability are the significant attributes of Soluplus® in the development of
polymeric micelles for targeted delivery of hydrophobic drugs and compounds for
potential applications in humans. In a study done by Pignatello et al., it was reported
that Soluplus® polymeric micelles has the ability to improve the solubility of
Biopharmaceutics Classification System (BCS) Class Il drugs with low solubility
(23). This was supported by Alopaeus et al. in their study to investigate the Soluplus®

based system for oral delivery of Furosemide-loaded polymeric micelles. Based on
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their study, the suitability of Soluplus® polymeric micelles as the nanocarrier for oral
delivery of poorly soluble drugs was evident (25). In addition to oral delivery,
Soluplus® polymeric micelles can be considered as the good candidate for intravenous
drug delivery in cancer treatment. Jin et al. discussed in their study that fabrication of
Soluplus® polymeric micelles loaded with anti-cancer drug, Fenbendazole (FEN)
showed good in vitro drug release profile with no severe in vivo toxicity (32).
Furthermore, Varela-Garcia et al. described the advantages of using Soluplus®
polymeric micelles in ocular delivery of Acyclovir which is a poor aqueous soluble
drug. The results showed that Soluplus® polymeric micelles enhanced the
accumulation of drug with higher steady state flux at the targeted posterior eye
segment (33). Moreover, Grotz et al. demonstrated the use of Soluplus® polymeric
micelles as inhalable nanocarrier in pulmonary delivery of hydrophobic drug
(Rifampicin) for potential treatment of tuberculosis. The in vitro aerodynamic results

indicated a sustained drug release profile with improved microbicidal activity (34).

Soluplus® polymeric micelles can be used to encapsulate not only chemically
synthetic hydrophobic drugs but also natural bioactive compounds with poor aqueous
solubility. This was highlighted by Dian et al. in their study to improve the oral
bioavailability and therapeutic efficacy of quercetin compound by encapsulating in
Soluplus® polymeric micelles (35). Hence, Soluplus® polymeric micelles can be
considered as the potential nanocarrier for alpha-mangostin to improve its

pharmacological activity.

In addition to its potential as a nanocarrier to improve the solubility and

bioavailability of hydrophobic compounds/drugs, Soluplus® polymeric micelles has
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the specific desirable qualities to be used in pulmonary delivery of hydrophobic
drugs/compounds via nasal administration. Firstly, the presence of hydrophilic PEG
in Soluplus® structure promotes high circulation and the stability of drug-loaded
polymeric micelles in circulation through the highly vascularized nasal mucosa (36).
Moreover, the small particle size of less than 200 nm and the monodisperse
distribution with the polydispersity index of less than 0.3 are the important parameters
of Soluplus® polymeric micelles to avoid the engulfment of alveolar macrophages,
and to achieve the uniform drug absorption profile across the pulmonary mucosal
barriers respectively (36). Furthermore, the negative surface charge of Soluplus®
polymeric micelles as characterized by zeta-potential can facilitate the penetration of
pulmonary mucus layer for paracellular transport or transcytosis mechanism (36).

However, the limitation is that there has not been any clinical data available yet for

the use of Soluplus® in pulmonary delivery applications in humans.

Regarding the safety of Soluplus® for nanoformulation, Soluplus® is generally
regarded as a safe pharmaceutical excipient with biocompatible and biodegradable
properties. It is an approved pharmaceutical excipient in Europe by German Federal
Ministry for Drugs and Medical Devices (37). It has been disclosed by the BASF
manufacturer that doses of up to 8000 mg of Soluplus® in a healthy adult is
considered to be safe according to their toxicological assessment in their clinical
phase 1 trial (37). Moreover, Sipos et al. reported that the toxicity potential of
Soluplus® is low which is LDsoray > 5000 mg/kg (36). It was also announced in
December 2022 that US FDA has accepted Soluplus® as a novel pharmaceutical

excipient for evaluation of its safety in clinical trials (38).
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In terms of stability of Soluplus® nanoformulation, Soluplus® is a suitable
pharmaceutical excipient for promoting the stability of nanoformulation. This was
supported by Rani et al. in their study for the stability enhancement of the
encapsulated hydrophobic bioactive compound (curcumin) in Soluplus® polymeric
micelles (39). It was reported that the rate of degradation of the encapsulated
curcumin compound was less than 3% in a 3-day duration (39). Another study also
showed the enhanced stability of nanosuspension formulated with Soluplus®. It was
demonstrated that the stability of drug incorporated with Soluplus® was improved as
compared to the drug itself (40). Most importantly, Pignatello et al. stated that the
drug-loaded Soluplus® nanoformulation was stable at both room temperature and at

4°C storage conditions during their 6-month stability study (23).

In the formulation of Soluplus® polymeric micelles loaded with hydrophobic
drugs/compounds (for example, alpha-mangostin), there are hydrophobic interactions
between alpha-mangostin compound and the hydrophobic core structure of polymeric
micelles for efficient encapsulation while the hydrophilic shell of polymeric micelles
improves the stability and solubility of encapsulated alpha-mangostin compound. The
increase in solubility of alpha-mangostin inside the nanomaterial improves its
bioavailability, thereby enhancing its pharmacological activity. Since Soluplus® is
biodegradable, the release of alpha-mangostin encapsulated inside the polymeric
micelles can be achieved through the cleavage of chemical bonds within the

polymeric matrix as well as at the surface of matrix due to dissolution (41).



15

CHAPTER 3. RESEARCH METHODOLOGY

3.1. Herbal materials

The herbal materials used in this research were purchased from Chaokrompoe

Thai Traditional Medicine Store or collected from the garden of Faculty of

Pharmaceutical Sciences, Chulalongkorn University, Bangkok, Thailand in January

2022. The identification of herbal materials was based on Thai Pharmacopoeia (42)

and Plant Names of Thailand (43). The following table (Table 1.) shows the herbal

materials used in this research.

Table 1. List of selected herbal materials used for in vitro screening of 3CLP®

No. Plant Scientific Name Family Part
(Common Name) Used
01 Nutgrass Cyperus rotundus L. Cyperaceae Fruit
02 Sweet Basil Ocimum basilicum L. Lamiaceae Leaf
03 Butterfly Pea Clitoria ternatea L. Fabaceae Flower
04 Licorice Glycyrrhiza glabra L. Fabaceae Root
05 Roselle Hibiscus sabdariffa L. Malvaceae Stem
06 Mulberry Morus alba L. Moraceae Leaf
07 Roselle Hibiscus sabdariffa L. Malvaceae Leaf
08 Pennywort Centella asiatica L. Apiaceae Leaf
09 Long Pepper Piper longum L. Piperaceae Fruit
10 Long Pepper Piper longum L. Piperaceae Leaf
11 Samphao Chaetocarpus castanocarpus (Roxb.) Peraceae Stem
Thwaites
12 Safflower Carthamus tinctorius L. Asteraceae Flower
13 Paracress Acmella oleracea (L.) R.K. Jansen Asteraceae Rhizome
14 Turmeric Curcuma longa L. Zingiberaceae Rhizome
15 Ankol Alangium salviifolium (L.f.) Wangerin Cornaceae Bark
16 Garden Cress Lepidium sativum L. Brassicaceae Seed
17 Black Cumin Nigella sativa L. Ranunculaceae Seed
18 Cumin Cuminum cyminum L. Apiaceae Seed
19 Kaffir Lime Citrus hystrix DC. Rutaceae Peel
20 Beleric Myrobalan Terminalia bellirica (Gaertn.) Roxb. Combretaceae Fruit
21 Myrobalan Terminalia chebula Retz. Combretaceae Fruit
22 Indian Gooseberry Phyllanthus emblica L. Phyllanthaceae Fruit
23 Sweet Fennel Foeniculum vulgare Mill Apiaceae Seed
24 Tamarind Tamarindus indica L. Fabaceae Leaf
25 Ginger Zingiber officinale Roscoe Zingiberaceae Rhizome
26 | Heart-leaved Moonseed | Tinospora crispa (L.) Miers ex Hook.f. | Menispermaceae Stem
& Thomson
27 Dill Anethum graveolens L. Apiaceae Seed
28 Mangosteen Garcinia mangostana L. Clusiaceae Fruit
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3.2. Chemicals and reagents
Soluplus® was received as a gift from BASF (Thailand). All HPLC grade
solvents were purchased from Merck (Darmstadt, Germany). Chemicals were

purchased from Sigma-Aldrich (Missouri, USA).

3.3. Preparation of herbal extracts

The pericarp of mangosteen fruit and the other 27 randomly selected herbal
materials were cleaned with tap water and dried in a hot-air oven at 50°C for 48 hours.
Each dried sample was ground by a hammer milling machine under 5 mm screen
sieve to obtain 500 g of coarse powder form which was then sealed in the muslin cloth
bag and immersed in the glass jar with 2 L of methanol for 7 days at room
temperature for maceration process. Maceration was repeated for another 2 times.
After that, the combined methanolic crude extracts of each herbal material was
concentrated under reduced pressure by using a rotary evaporator (Rotavapor® R-100,
Biichi) to get the semi-solid crude extract. Finally, the extract was dried under high
vacuum for 1 hour. The amount of 10 mg of each extract was kept in an eppendorf at

-20°C until use.
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Figure 7. Preparation of herbal extracts

3.4. Screening of mangosteen pericarp extract along with selected Thai herbal
extracts for SARS-CoV-2 main protease (3CLP™) inhibitory activity

In order to screen the mangosteen pericarp extract and the other 27 selected
herbal extracts, 0.1 mg/mL of each extract was prepared in dimethyl sulfoxide
(DMSO). DMSO is a frequently used organic solvent for in vitro biological assay of
natural products due to its non-toxicity characteristic and stability at high
temperatures. 3CLP™ inhibitory assay was performed cost effectively with the
recombinant 3CL"™ from Escherichia coli bacteria. The fluorogenic substrate E

(EDANS) TSAVLQSGFRK (DABCYL) at the concentration of 25 uM was used to
perform the assay with 0.2 uM 3CL"™ in the presence of phosphate buffer solution,
1.0 mM dithiothreitol (DTT) and 2% DMSO at the fixed reaction volume of 100 pL.

The fluorescence signals at the excitation wavelength of 340 nm and the emission
wavelength of 490 nm were measured by using a microplate reader. The analysis of

inhibitory activity results of herbal extracts was conducted with the initial rates of
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blank compound without the inhibitor and 100 uM of rutin as a positive control.
Rutin was used as a positive control due to its potential 3CLP" inhibitory activity, cost
effectiveness, and easy accessibility in Thailand as compared to the other

commercially available test compounds.
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Figure 8. Screening of mangosteen pericarp extract along with selected Thai herbal

extracts for SARS-CoV-2 main protease (3CLP™) inhibitory activity

3.5. Preparation of alpha-mangostin loaded polymeric micelles

Alpha-mangostin loaded polymeric micelles were developed with Soluplus®

(Figure 9). Soluplus® is an amphiphilic graft copolymer which is made up of
polyethylene glycol as the hydrophilic backbone, and polyvinyl caprolactam with
polyvinyl acetate side chains as the hydrophobic core. Hence, the hydrophobic alpha-
mangostin compound was loaded in the hydrophobic core of Soluplus® polymeric
micelles. First of all, different concentrations of alpha-mangostin loaded polymeric
micelles such as 2.5% w/w, 5% w/w and 10% w/w formulations were prepared with

Soluplus® at the concentration of 1 mg/mL by using a thin-film hydration method.
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Since 5%w/w formulation showed the most promising results, further preparations of
alpha-mangostin  loaded polymeric micelles were conducted with higher

concentrations of Soluplus® at 2 mg/mL, 4 mg/mL and 10 mg/mL.
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Figure 9. Alpha-mangostin loaded Soluplus® polymeric micelles

3.5.1. Preparation of 2.5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 1 mg/mL

0.5 mg of alpha-mangostin and 20 mg of Soluplus® were dissolved in 20 mL of
HPLC grade methanol in 250 mL rotary evaporator flask. The mixture was
concentrated under reduced pressure by rotary evaporator (Rotavapor® R-100, Biichi)
at 200 bar for 20 minutes at 70°C to obtain a thin film of polymer. After that, 20 mL
of ultrapure water kept at 70°C was added to hydrate the film, and continuously
rotated at 250 rpm to form polymeric micelles. This was followed by sonication in
water bath for 3 minutes to reduce the particles size. The non-incorporated alpha-

mangostin was separated by syringe filtration through a 0.45 um cellulose acetate
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membrane syringe filter. As a result, the filtrate of alpha-mangostin loaded Soluplus®

polymeric micelles were obtained.
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Figure 10. Preparation of 2.5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 1 mg/mL

3.5.2. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 1 mg/mL

1 mg of alpha-mangostin and 20 mg of Soluplus® were dissolved in 20 mL of
HPLC grade methanol in 250 mL rotary evaporator flask. The mixture was
concentrated under reduced pressure by rotary evaporator (Rotavapor® R-100, Biichi)
at 200 bar for 20 minutes at 70°C to obtain a thin film of polymer. After that, 20 mL
of ultrapure water kept at 70°C was added to hydrate the film, and continuously
rotated at 250 rpm to form polymeric micelles. This was followed by sonication in
water bath for 3 minutes to reduce the particles size. The non-incorporated alpha-

mangostin was separated by syringe filtration through a 0.45 um cellulose acetate
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membrane syringe filter. As a result, the filtrate of alpha-mangostin loaded Soluplus®

polymeric micelles were obtained.
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Figure 11. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with

Soluplus® concentration of 1 mg/mL

3.5.3. Preparation of 10% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 1 mg/mL

2 mg of alpha-mangostin and 20 mg of Soluplus® were dissolved in 20 mL of
HPLC grade methanol in 250 mL rotary evaporator flask. The mixture was
concentrated under reduced pressure by rotary evaporator (Rotavapor® R-100, Biichi)
at 200 bar for 20 minutes at 70°C to obtain a thin film of polymer. After that, 20 mL
of ultrapure water kept at 70°C was added to hydrate the film, and continuously
rotated at 250 rpm to form polymeric micelles. This was followed by sonication in
water bath for 3 minutes to reduce the particles size. The non-incorporated alpha-

mangostin was separated by syringe filtration through a 0.45 um cellulose acetate
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membrane syringe filter. As a result, the filtrate of alpha-mangostin loaded Soluplus®

polymeric micelles were obtained.
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Figure 12. Preparation of 10% w/w alpha-mangostin loaded polymeric micelles with

Soluplus® concentration of 1 mg/mL

3.5.4. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 2 mg/mL
2 mg of alpha-mangostin and 40 mg of Soluplus® were dissolved in 20 mL of

HPLC grade methanol in 250 mL rotary evaporator flask. The mixture was
concentrated under reduced pressure by rotary evaporator (Rotavapor® R-100, Biichi)
at 200 bar for 20 minutes at 70°C to obtain a thin film of polymer. After that, 20 mL
of ultrapure water kept at 70°C was added to hydrate the film, and continuously
rotated at 250 rpm to form polymeric micelles. This was followed by sonication in
water bath for 3 minutes to reduce the particles size. The non-incorporated alpha-

mangostin was separated by syringe filtration through a 0.45 pm cellulose acetate
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membrane syringe filter. As a result, the filtrate of alpha-mangostin loaded Soluplus®

polymeric micelles were obtained.
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For 5% w/w formulation,
2mg alpha-mangostin + 40mg
Soluplus® in 20mL methanol

The film was hydrated with 20 e i ]
mL ultrapure water kept at

The mixture was concentrated at 200 bar 70°C

for 20 minutes at 70 2C to obtain a thin l

film of polymer

The micellar solution was ultra-sonicated in
water bath for 3 minutes to reduce the

The non-incorporated polymeric particles size

micelles were separated by filtration @ —————
through a 0.45 pm syringe filter

Figure 13. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 2 mg/mL

3.5.5. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 4 mg/mL

4 mg of alpha-mangostin and 80 mg of Soluplus® were dissolved in 20 mL of
HPLC grade methanol in 250 mL rotary evaporator flask. The mixture was
concentrated under reduced pressure by rotary evaporator (Rotavapor® R-100, Biichi)
at 200 bar for 20 minutes at 70°C to obtain a thin film of polymer. After that, 20 mL
of ultrapure water kept at 70°C was added to hydrate the film, and continuously
rotated at 250 rpm to form polymeric micelles. This was followed by sonication in
water bath for 3 minutes to reduce the particles size. The non-incorporated alpha-
mangostin was separated by syringe filtration through a 0.45 pum cellulose acetate
membrane syringe filter. As a result, the filtrate of alpha-mangostin loaded Soluplus®

polymeric micelles were obtained.
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Figure 14. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 4 mg/mL

3.5.6. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 10 mg/mL

5 mg of alpha-mangostin and 100 mg of Soluplus® were dissolved in 10 mL of
HPLC grade methanol in 250 mL rotary evaporator flask. The mixture was
concentrated under reduced pressure by rotary evaporator (Rotavapor® R-100, Biichi)
at 200 bar for 20 minutes at 70°C to obtain a thin film of polymer. After that, 10 mL
of ultrapure water kept at 70°C was added to hydrate the film, and continuously
rotated at 250 rpm to form polymeric micelles. This was followed by sonication in
water bath for 3 minutes to reduce the particles size. The non-incorporated alpha-
mangostin was separated by syringe filtration through a 0.45 pum cellulose acetate
membrane syringe filter. As a result, the filtrate of alpha-mangostin loaded Soluplus®

polymeric micelles were obtained.
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Figure 15. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with

Soluplus® concentration of 10 mg/mL

3.6. Determination of encapsulation efficiency and loading capacity

The encapsulation efficiency (%EE) and loading capacity (%LC) of alpha-
mangostin loaded Soluplus® polymeric micelles were analyzed and determined by
using UV-vis spectrophotometer and high performance thin layer chromatography

(HPLC) technique.

The preliminary analyses of encapsulation efficiency (%EE) and loading
capacity (%LC) of 2.5% w/w, 5% w/w and 10% w/w alpha-mangostin loaded
polymeric micelles at Soluplus® concentration of 1 mg/mL were undertaken with UV-
vis spectrophotometer.

3.6.1. Separation of non-incorporated/non-encapsulated alpha-mangostin
After the preparation of alpha-mangostin loaded polymeric micelles, the non-
incorporated/non-encapsulated alpha-mangostin  components were separated by

syringe filtration through a 0.45 um cellulose acetate membrane syringe filter. This is
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because syringe filtration is a simple and time-efficient method for the removal of
non-incorporated/non-encapsulated alpha-mangostin.  The pore size of 0.45 um
membrane filter only allows to pass through the alpha-mangostin encapsulated in
polymeric micelles with size smaller than 0.45 pm. The non-incorporated/non-
encapsulated alpha-mangostin with size larger than 0.45 um were retained on the
filter. Also, the filter is made up of cellulose acetate membrane that is hydrophilic.
This would facilitate to obtain the alpha-mangostin encapsulated in polymeric
micelles with hydrophilic shell. Since alpha-mangostin is hydrophobic, any non-
incorporated/non-encapsulated alpha-mangostin were retained on the filter. As a
result, the filtrate of alpha-mangostin loaded Soluplus® polymeric micelles were
obtained to determine % encapsulation efficiency and % loading capacity.
3.6.2. Evaluation of % encapsulation efficiency and % loading capacity by UV
The UV quantitative analysis of alpha-mangostin content, and the preparation
of standard calibration curve were based on the protocol from a previous study with
slight modifications (44). The UV analysis was performed with UV-vis Evolution
300 ThermoFisher Scientific™ at 320 nm wavelength by using a 1.0 cm quartz cell to
measure the absorbance of standard solutions at final concentrations of 10, 8, 6, 4, 2
pg/mL. After that, 2 mL of alpha-mangostin loaded polymeric micelles were diluted
with HPLC grade methanol in 10 mL volumetric flask. The UV absorbance of each
formulation was measured by using a 1.0 cm quartz cell at 320 nm wavelength for

%EE and %LC analyses.
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3.6.3. Evaluation % encapsulation efficiency and % loading capacity by HPLC

The HPLC quantitative analysis of alpha-mangostin content, and the
preparation of standard curve for HPLC were undertaken according to the protocol
from a previous study with slight modifications (45). HPLC analysis was performed
on an Agilent™ 1260 Infinity Il HPLC system which is equipped with a quaternary
pump, an UV vis detector, an auto sampler and a C18 column with a C18 guard
cartilage column. The mobile solvents used were 0.1% v/v acetic acid in ultrapure
water (solvent A) and acetonitrile (solvent B). The sample injection volume was 10
pL and the flow rate was 1 mL/min. Total running time was 37 minutes at 25°C
column temperature at UV-vis detector wavelength of 320 nm. The standard curve
was plotted based on the peak areas of standard solutions at final concentrations of
200, 100, 50, 25, 10 pug/mL. After that, 2 mL of alpha-mangostin loaded polymeric
micelles of each formulation was diluted with HPLC grade methanol in 10 mL
volumetric flask. The solution was filtered into the 1.5 mL HPLC amber glass vial by
using a 0.45 pm cellulose acetate membrane syringe filter. Each formulation’s peak

area of curve was examined by HPLC for %EE and %LC analyses.

The encapsulation efficiency (%EE) and loading capacity (%LC) of alpha-
mangostin loaded Soluplus® polymeric micelles of each formulation was calculated

according to the equations as follows:

Encapsulation Efficiency (%0EE)

__ Amount of a mangostin that can be encapsulated in polymeric micelles

Amount of initial o mangostin

X 100%
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Loading Capacity (%L C)

__ Amount of o mangostin that can be encapsulated in polymeric micelles

= X 100%

Amount of polymer+ Amount of initial o mangostin

3.7. Characterization of alpha-mangostin loaded polymeric micelles

The particle size distributions in terms of hydrodynamic diameter, polydispersity
index (PDI) as well as zeta potential of alpha-mangostin loaded Soluplus® polymeric
micelles of each formulation were analyzed by dynamic light scattering (DLS) with
Zetasizer Pro (Malvern™). Hydrodynamic diameter reflects how the particle size
exhibits in an aqueous medium (46). Polydispersity index (PDI) measures the
distribution of colloidal particles (47). A PDI value less than 0.1 is considered as
good homogeneity while a PDI value between 0.1 and 0.3 indicates a narrow size
distribution. Zeta potential is an electro-kinetic potential in colloidal dispersions. It is
a measurable indicator of the stability of colloidal dispersions. Although the zeta
potential values larger than +30 mV and -30 mV are preferably recognized for high
stability of micelles, the zeta potential values larger than +10 mV and -10 mV can still

be considered for incipient stability of micelles (48).

The morphology of both blank Soluplus® polymeric micelles and alpha-
mangostin loaded Soluplus® polymeric micelles of the selected formulation was
observed by transmission electron microscopy (TEM) with the microscope (JEM-
1400) under negative staining with 2% uranyl acetate solution which is one of the

commonly used staining reagents to give a satisfactory contrast in TEM images.
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3.8. Stability study of alpha-mangostin loaded polymeric micelles

The stability study was performed according to the protocol from previous
micelles stability studies with slight modifications (49, 50). Alpha-mangostin loaded
Soluplus® polymeric micelles of the selected formulation was kept at two different
temperatures (4°C and 25°C) in the 15 mL conical tubes for 30 days. The changes in
terms of encapsulation efficiency (%EE), loading capacity (%LC), hydrodynamic
diameter, polydispersity index and zeta-potential were examined at 0, 1, 3, 5, 7, 14
and 30 days.

3.9. Evaluation of SARS-CoV-2 main protease (3CL"") inhibitory activity of

alpha-mangostin in polymeric micelles

Alpha-mangostin compound dissolved in DMSO and alpha-mangostin loaded in
Soluplus® polymeric micelles of the selected formulation were screened together to
evaluate their inhibitory activity towards SARS-CoV-2 main protease (3CLP™®). The
screening protocol was the same as the protocol used in the screening of herbal
extracts for SARS-CoV-2 main protease (3CL"™) inhibitory activity. The analysis of
inhibitory activity results was conducted with the initial rates of blank compound
without the inhibitor and 100 nM PF-07321332 as a positive control.

3.10. Evaluation of in vitro cytotoxicity of alpha-mangostin in polymeric micelles

in HaCaT cells line
Alpha-mangostin compound dissolved in DMSO and alpha-mangostin loaded in

Soluplus® polymeric micelles of the selected formulation were evaluated for their in
vitro cytotoxicity in HaCaT cells line by using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. HaCaT cells were cultivated in
Dulbecco’s Modified Eagle’s Medium (DMEM) consisting of 10% Fetal Bovine

Serum (FBS), 1% L-glutamine, and 1% antibiotics in T25 flasks and incubated at
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37°C under 5% CO> atmosphere for 48 hours. When the cells were developed almost

80% confluency, the cells were subcultured and incubated for 48 hours.

Cells were seeded at the density of 5x10° cells/well in 96 well plates and let the
cells to attach the plates for 24 hours. After that, cells were treated with both alpha-
mangostin compound dissolved in DMSO (without the nanocarrier) and alpha-
mangostin loaded in Soluplus® polymeric micelles in serial dilutions at the
concentrations of 100, 50, 25, 10, 5, 2.5, 1 pg/mL. DMEM was used as a negative
control. After 24 hours of treatment and incubation at 37°C under 5% CO:
atmosphere, the medium was removed. The cell viability was determined by adding
100 pL of MTT solution (0.5 mg/mL). The 96 well plates were incubated at 37°C for
3 hours under light protection. The supernatant solution was carefully removed and
100 pL of DMSO was added to each well to dissolve the purple formazan crystals.
The absorbance was measured by using a microplate reader at 570 nm and % cell

viability was calculated.

Hydrophilic shell

Vs,

Hydraphoble core

Alpha-mangostin without nanocarrier Alpha-mangostin loaded in
Soluplus® polymeric micelles

Figure 16. Evaluations of SARS-CoV-2 main protease (3CLP™) inhibitory activity
and in vitro cytotoxicity of alpha-mangostin without nanocarrier and alpha-mangostin

loaded in polymeric micelles
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3.11. Data analysis

Each test in this study was performed in triplicate. Data were presented as
mean + standard deviation (S.D.) of three independent experiments. One-way
analysis of variance (ANOVA) was used for statistical analysis with GraphPad Prism
9.3.1 (San Diego, CA, USA), and a p-value < 0.05 was considered as statistically

significant.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1. Screening of mangosteen pericarp extract along with 27 herbal extracts for
SARS-CoV-2 main protease (3CLP™) inhibitory activity

The results of the in vitro 3CLP inhibitory activity screening of mangosteen
pericarp extract and the randomly selected 27 herbal crude extracts at 0.1 mg/mL
were presented in Table 2 and Figure 17. Among all the herbal extracts, licorice root
(HO4), long pepper fruits (H09), turmeric rhizome (H14), sweet fennel seeds (H23)
and mangosteen fruit pericarp showed significant inhibition of 3CLP™ activity with
residual protease activities of 33.9%, 54.2%, 13.1%, 50.7% and 5.15% respectively,
while rutin possessed 60.3%. The lower the residual percent (%) protease activity, the
higher the inhibition of the 3CLP™ activity of the herbal extracts. It was observed that
the extract from mangosteen pericarp has the highest inhibition of 3CLP™ activity
which was followed by the extract of turmeric rhizome and the extract from licorice
root. The extracts from sweet fennel seeds and long pepper fruits displayed similar %
inhibition. The in vitro screening results of mangosteen fruit pericarp, licorice root
(HO4), long pepper fruits (H09), turmeric rhizome (H14) and sweet fennel seeds
(H23) showed significant inhibition of 3CLP* activity, which were more potent than

that of rutin (Figure 18).
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Table 2. In vitro SARS-CoV-2 main protease (3CL™) inhibition of herbal extracts at

0.1 mg/mL
No. Common Scientific Name Family Part % Protease
Name Used Activity + S.D.2
HO1 Nutgrass Cyperus rotundus L. Cyperaceae Fruit 75.1 £ 1.4%%**
HO2  Sweet Basil Ocimum basilicum L. Lamiaceae Leaf 108.4+4.1
HO3  Butterfly Pea Clitoria ternatea L. Fabaceae Flower 100.3+0.3
HO4 Licorice Glycyrrhiza glabra L. Fabaceae Root 33.9 + 1. 1%k
HO5 Roselle Hibiscus sabdariffa L. Malvaceae Stem 98.9+22
HO6 Mulberry Morus alba L. Moraceae Leaf 83.8 £ 4, 1%+
HO7 Roselle Hibiscus sabdariffa L. Malvaceae Leaf 97.5+17
HO08 Pennywort Centella asiatica L. Apiaceae Leaf 946+04
HO9 Long Pepper Piper longum L. Piperaceae Fruit 54,2 + 3.3%***
H10 Long Pepper Piper longum L. Piperaceae Leaf 126.4 + 2.7%***
H11 Samphao Chaetocarpus Peraceae Stem 73.6 £ 3.0%***
castanocarpus
(Roxb.)Thwaites
H12 Safflower Carthamus tinctorius L. Asteraceae Flower 134.5 + 4.4%***
H13 Paracress Acmella oleracea (L.) Asteraceae Rhizome 134.7 + 4.1%%*
R.K. Jansen
H14 Turmeric Curcuma longa L. Zingiberaceae Rhizome 13.1 + 0.5%***
H15 Ankol Alangium salviifolium Cornaceae Bark 88.2 + 2.2*
(L.f.) Wangerin
H16 Garden Cress Lepidium sativum L. Brassicaceae Seed 137.9 £ 8.1%***
H17  Black Cumin Nigella sativa L. Ranunculaceae Seed 102.5+5.4
H18 Cumin Cuminum cyminum L. Apiaceae Seed 99.1+5.0
H19 Kaffir Lime Citrus hystrix DC. Rutaceae Peel 113.2 + 5.6%**
H20 Beleric Terminalia bellirica Combretaceae Fruit 79.3 + 3.8****
Myrobalan (Gaertn.) Roxb.
H21 Myrobalan Terminalia chebula Combretaceae Fruit 111.2 + 3.9**
Retz.
H22 Indian Phyllanthus emblica L. Phyllanthaceae Fruit 90.6 £ 1.2*
Gooseberry
H23 Sweet Fennel Foeniculum vulgare Mill Apiaceae Seed 50.7 £ 3.0%***
H24 Tamarind Tamarindus indica L. Fabaceae Leaf 68.2 £+ 0.9****
H25 Ginger Zingiber officinale Zingiberaceae Rhizome 131.2 £ 1. 4%x*=
Roscoe
H26 Heart-leaved Tinospora crispa (L.) Menispermaceae Stem 112.6 + 2.5%**
Moonseed Miers ex Hook.f.
&Thomson
H27 Dill Anethum graveolens L. Apiaceae Seed 61.5 + 3.9%***
Mangosteen  Garcinia mangostana L Clusiaceae Fruit 5.15 + 0.64****
Rutin® - - - 60.3 + 2.4%**

a Protease activity was measured as the relative fluorescence unit per second, [RFU/s]. P
Rutin (positive control) was tested at 100 uM. The % protease activity of rutin and extracts
were compared to that of blank compound without the inhibitor (negative control); *p<0.05,
**p<0.001, ***p<0.0001 and ****p<0.00001
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Figure 17. SARS-CoV-2 main protease (3CL"™) inhibition of herbal extracts (H01-
H27 and mangosteen pericarp)
Each extract was tested at 0.1 mg/mL. The % residual protease activity of rutin and extracts

were compared to that of blank compound without the inhibitor (negative control); *p<0.05,
**p<0.001, ***p<0.0001 and ****p<0.00001
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Figure 18. 3CLP™ inhibitory activities of the most active herbal crude extracts at 0.1
mg/mL

Licorice root, long pepper fruit, turmeric rhizome, sweet fennel seed and mangosteen fruit
pericarp showed 66.1% + 1.1, 45.8% + 3.3, 86.9% + 0.5, 49.3% + 3.0 and 94.9% * 0.64
inhibition respectively. Rutin (positive control) was tested at 100 uM. The relative 3CLP™
inhibition of rutin at 100 uM was 39.7% + 2.4. The % inhibition of rutin and extracts were
compared to that of blank compound without the inhibitor (negative control); ****p<0.00001
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4.1.1. Discussion

From this study, some of the herbal extracts such as mangosteen, turmeric,
licorice, sweet fennel and long pepper showed promising in vitro 3CL"™ inhibitory
activity. Our findings corresponded with the study done by Bahun et al. in which
curcumin, an active compound from turmeric rhizome, exhibited substantial 3CL"™
inhibitory activity against SARS-CoV-2 virus [6]. In addition, Guijarro-Real et al.
described that turmeric extract significantly inhibited 3CL"™ activity (5). Moreover,
van de Sand et al. demonstrated that glycyrrhizin, a major phytochemical from
licorice root has potent in vitro 3CL"™ inhibitory effect (7). Furthermore, Wansri et
al. reported the in vitro anti-SARS-CoV-2 3CLP™ activity of piperine, which is one of
the active phytochemicals in both black pepper and long pepper fruits (8). The 3CLP™
inhibitory activity by sweet fennel seeds, however, has been explained for the first
time in this study. Last but not least, the mangosteen pericarp extract showed the
most promising in vitro 3CLP" inhibitory activity. According to Ovalle-Magallanes
et al. and Kurose et al., the alpha-mangostin compound is mostly studied due to its
highest percentage yield of 78% by weight among all the natural xanthones from the
dry mangosteen pericarp extract (11, 30). Also, the potential SARS-CoV-2 main
protease inhibitory activity of alpha-mangostin has been investigated recently (8, 17,
18). Hence, alpha-mangostin has been selected as the interested bioactive compound
in this study to further evaluate its potential SARS-CoV-2 main protease inhibitory

activity.

However, alpha-mangostin has hydrophobic nature which limits its biological
activities and therapeutic efficacy. Therefore, alpha-mangostin loaded nanocarriers

have been designed to overcome this limitation, and polymeric micelles are the
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promising nanocarriers for hydrophobic alpha-mangostin compound due to the
presence of a robust core-shell structure of polymeric micelles and their intrinsic
ability to improve the solubility of alpha-mangostin, thereby enhancing its
bioavailability.

4.2. Preparation of alpha-mangostin loaded polymeric micelles with Soluplus®

concentration of 1 mg/mL

First of all, different concentrations of alpha-mangostin loaded polymeric
micelles such as 2.5% w/w, 5% w/w and 10% w/w formulations were prepared with
Soluplus® at the concentration of 1 mg/mL by using a thin-film hydration method.
4.2.1. Preliminary analyses of encapsulation efficiency (%EE) and loading
capacity (%LC) of alpha-mangostin loaded polymeric micelles with UV-vis

spectrophotometer

The preliminary analyses of encapsulation efficiency (%EE) and loading
capacity (%LC) of 2.5% w/w, 5% w/w and 10% w/w alpha-mangostin loaded
polymeric micelles at Soluplus® concentration of 1 mg/mL were undertaken with UV-
vis spectrophotometer. The UV quantitative analysis of alpha-mangostin content, and
the preparation of standard calibration curve (average of 3 replicates) were based on
the protocol from a previous study (44) with slight modifications (Table 3. and

Figure 19).
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Table 3. Analysis of alpha-mangostin content with UV-vis spectrophotometer

e Final concentration range: 2ug/mL - 10pug/mL
e UV wavelength: 320nm

Final concentration (ug/mL) Absorbance (hm)
2 0.184
4 0.264
6 0.336
8 0.429
10 0.525

UV guantification of alpha-mangostin

Absarbance [nm)
= = = = =
[N i S in =

=
s

[=1

a z 4 ] E 10
Final concentration [pgmlL)

Y=0.0424X + 0.0935
R? =0.9966

1z

Figure 19. Standard calibration curve for quantification of alpha-mangostin with UV

The UV absorbance values of 2.5% w/w and 5% w/w alpha-mangostin loaded

polymeric micelles formulations were within the standard calibration curve range

whereas the UV absorbance values of 10% w/w alpha-mangostin loaded polymeric

micelles formulation were outside of the standard calibration curve range. Hence, the

encapsulation efficiency (%EE) and loading capacity (%LC) of 2.5% w/w and 5%

w/w formulations were only analysed with UV.

The preliminary UV analysis results of encapsulation efficiency (%EE) and

loading capacity (%LC) of 2.5% w/w and 5% w/w alpha-mangostin loading

polymeric micelles formulations were presented in Table 4.
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Table 4. Preliminary analyses of %EE and %L C with UV-vis spectrophotometer

%EE and %LC 2.5% wiw 5% wiw
Encapsulation 60.61% = 2.15 86.51% + 1.06
Efficiency%

(%EE)
Loading Capacity%o 1.48% + 0.05 4.12% £ 0.05
(%LC)

2.5% wiw formulation was made up of 0.025 mg/mL alpha-mangostin and 1mg/mL
Soluplus®

5% w/w formulation was made up of 0.05 mg/mL alpha-mangostin and 1mg/mL
Soluplus®

The results were presented as mean + standard deviation of three independent
experiments

4.2.2. Preliminary analyses of encapsulation efficiency (%EE) and loading
capacity (%LC) of alpha-mangostin loaded polymeric micelles with HPLC

The preliminary analyses of encapsulation efficiency (%EE) and loading
capacity (%LC) of 2.5% w/w, 5% w/w and 10% w/w alpha-mangostin loaded
polymeric micelles at Soluplus® concentration of 1 mg/mL were undertaken with
HPLC technique. The HPLC quantitative analysis of alpha-mangostin content, and the
preparation of standard calibration curve (average of 3 replicates) were based on the
protocol from a previous study (45) with slight modifications (Table 5. and Figure

20).
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Table 5. Analysis of alpha-mangostin content with HPLC

e Final concentration range:10pg/mL - 200pug/mL
e UV wavelength: 320nm

Final concentration (pg/mL) Area
10 322.10783
25 922.94250
50 1762.08097
100 3154.72080
200 6131.84619

Quantification of alpha-mangostin with HPLC
7000

6000

5000

o 4000
o

Y=30.41646X + 96.89372

g
< 3000

2000 . R2=0.99917

1000 -

0 50 100 150 200 250

Final concentration {ug/mL})

Figure 20. Standard calibration curve for quantification of alpha-mangostin with
HPLC

The results of 2.5% w/w and 10% w/w alpha-mangostin loaded polymeric
micelles formulations did not show any peak within HPLC standard calibration curve
range. Only the results of 5% w/w alpha-mangostin loaded polymeric micelles
formulation showed peak within HPLC standard calibration curve range. Hence, the
encapsulation efficiency (%EE) and loading capacity (%LC) of 5% w/w formulation

was only analysed with HPLC.

The preliminary HPLC analysis results of encapsulation efficiency (%EE) and
loading capacity (%LC) of 5% w/w alpha-mangostin loading polymeric micelles

formulation at Soluplus® concentration of 1 mg/mL were presented in Table 6.
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Table 6. Preliminary HPLC analyses of %EE and %LC of 5%w/w alpha-mangostin
loaded polymeric micelles formulation at Soluplus® concentration of 1 mg/mL

%EE and %LC 5% w/w
Encapsulation Efficiency%o 86.07% = 3.25
(%EE)

Loading Capacity% 4.10% + 0.16
(%LC)

5% wi/w formulation was made up of 0.05 mg/mL alpha-mangostin and 1mg/mL
Soluplus®

The results were presented as mean = standard deviation of three independent
experiments

4.2.3. Preliminary characterizations of alpha-mangostin loaded polymeric
micelles

The preliminary characterizations in terms of hydrodynamic diameter,
polydispersity index (PDI) and zeta potential of alpha-mangostin loaded polymeric
micelles of 2.5% w/w, 5% w/w and 10% w/w formulations were presented in Table

7.

Table 7. Preliminary characterizations of alpha-mangostin loaded polymeric micelles

Characterizations 2.5% wiw 5% wiw 10% wiw
Size (Mean Z-average) 44.36 + 0.36 58.16 £ 0.25 70.59 £ 0.95
(nm)

Polydispersity index 0.0703 £ 0.0050 0.1262 + 0.0090 0.1646 + 0.0200
Zeta Potential (mV) -16.54 £ 2.74 -17.00 + 2.49 -14.99 + 2.04

2.5% wi/w formulation was made up of 0.025 mg/mL alpha-mangostin and 1mg/mL
Soluplus®

5% w/w formulation was made up of 0.05 mg/mL alpha-mangostin and 1mg/mL Soluplus®
10% w/w formulation was made up of 0.1 mg/mL alpha-mangostin and 1mg/mL Soluplus®

The results were presented as mean + standard deviation of three independent experiments
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4.2 .4. Discussion

The UV absorbance values of 2.5% w/w and 5% w/w alpha-mangostin loaded
polymeric micelles formulations were within the standard calibration curve range
whereas the UV absorbance values of 10% w/w alpha-mangostin loaded polymeric
micelles formulation were outside of the standard calibration curve range. Therefore,
the 10% w/w alpha-mangostin loaded polymeric micelles formulation was ruled out
for the evaluation of % encapsulation efficiency and % loading capacity by UV.
Based on the preliminary UV analyses, the 2.5% w/w alpha-mangostin loaded
polymeric micelles formulation had an encapsulation efficiency of 60.61% + 2.15,
and a loading capacity of 1.48% + 0.05. Meanwhile, the 5% w/w alpha-mangostin
loaded polymeric micelles formulation had an encapsulation efficiency of 86.51% +

1.06, and a loading capacity of 4.12% + 0.05.

Regarding the preliminary HPLC analyses of alpha-mangostin loaded
polymeric micelles, the results of 2.5% w/w and 10% w/w alpha-mangostin loaded
polymeric micelles formulations did not show any peak within the HPLC standard
calibration curve range. Only the results of 5% w/w alpha-mangostin loaded
polymeric micelles formulation showed the peak within HPLC standard calibration
curve range. The 5% w/w alpha-mangostin loaded polymeric micelles formulation
from HPLC analysis showed an encapsulation efficiency of 86.07% = 3.25, and a
loading capacity of 4.10% £ 0.156, which were similar to the results from UV

analyses of 5% w/w alpha-mangostin loaded polymeric micelles formulation.

The results of preliminary characterization in terms of polydispersity index
(PDI) and zeta-potential of alpha-mangostin loaded polymeric micelles of 2.5% wi/w,

5% wi/w and 10% wi/w formulations were not significant although an increasing trend
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in hydrodynamic diameters were observed when the formulation ratio was increased

from 2.5%w/w, to 5% w/w and 10%w/w.

Based on the preliminary results, 5% w/w alpha-mangostin loaded polymeric
micelles seemed to be the most promising formulation due to its high encapsulation
efficiency and loading capacity. Hence, the 5% w/w formulation was selected to
investigate further with higher Soluplus® concentrations and higher alpha-mangostin
concentrations for higher encapsulation efficiency, loading capacity and the other
characterization parameters.

4.3. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with

Soluplus® concentration of 2 mg/mL

The 5% w/w alpha-mangostin loaded polymeric micelles were prepared with
Soluplus® at the concentration of 2 mg/mL and alpha-mangostin concentration of 0.1
mg/mL.

4.3.1. HPLC analyses of encapsulation efficiency (%EE) and loading capacity

(%LC) of 5%w/w alpha-mangostin loaded polymeric micelles with Soluplus®

concentration of 2 mg/mL

The HPLC analysis results of encapsulation efficiency (%EE) and loading
capacity (%LC) of 5% w/w alpha-mangostin loading polymeric micelles formulation

at Soluplus® concentration of 2 mg/mL were presented in Table 8.
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Table 8. HPLC analyses of %EE and %LC of 5%w/w alpha-mangostin loaded
polymeric micelles formulation at Soluplus® concentration of 2 mg/mL

%EE and %LC 5% wiw
Encapsulation Efficiency% 90.23% * 0.53
(%EE)

Loading Capacity% 4.30% £ 0.03
(%LC)

5% wi/w formulation was made up of 0.1 mg/mL alpha-mangostin and 2 mg/mL
Soluplus®

The results were presented as mean + standard deviation of three independent
experiments

4.3.2. Characterizations of 5%w/w alpha-mangostin loaded polymeric micelles
with Soluplus® concentration of 2 mg/mL

The characterizations in terms of hydrodynamic diameter, polydispersity index
(PDI) and zeta-potential of alpha-mangostin loaded polymeric micelles of 5% w/w

formulation with Soluplus® concentration of 2 mg/mL were presented in Table 9.

Table 9. Characterizations of 5%w/w alpha-mangostin loaded polymeric micelles
with Soluplus® concentration of 2 mg/mL

Characterizations 5% wiw
Size (Mean Z-average) 69.18 + 1.05
(nm)
Polydispersity index 0.1190 + 0.0200
Zeta Potential (mV) -16.47 £ 0.37

5% w/w formulation was made up of 0.1 mg/mL alpha-mangostin and 2 mg/mL
Soluplus®

The results were presented as mean + standard deviation of three independent
experiments
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4.4. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 4 mg/mL

The 5% w/w alpha-mangostin loaded polymeric micelles were prepared with
Soluplus® at the concentration of 4 mg/mL and alpha-mangostin concentration of 0.2
mg/mL.

4.4.1. HPLC analyses of encapsulation efficiency (%EE) and loading capacity
(%LC) of 5%w/w alpha-mangostin loaded polymeric micelles with Soluplus®

concentration of 4 mg/mL
The HPLC analysis results of encapsulation efficiency (%EE) and loading

capacity (%LC) of 5% w/w alpha-mangostin loading polymeric micelles formulation

at Soluplus® concentration of 4 mg/mL were presented in Table 10.

Table 10. HPLC analyses of %EE and %LC of 5%w/w alpha-mangostin loaded
polymeric micelles formulation at Soluplus® concentration of 4 mg/mL

%EE and %LC 5% wiw
Encapsulation Efficiency%o 91.65% * 0.27
(Y%EE)

Loading Capacity%o 4.36% £ 0.01
(%LC)

5% w/w formulation was made up of 0.2 mg/mL alpha-mangostin and 4 mg/mL
Soluplus®

The results were presented as mean + standard deviation of three independent
experiments
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4.4.2. Characterizations of 5%w/w alpha-mangostin loaded polymeric micelles
with Soluplus® concentration of 4 mg/mL

The characterizations in terms of hydrodynamic diameter, polydispersity index
(PDI) and zeta-potential of alpha-mangostin loaded polymeric micelles of 5% wi/w

formulation with Soluplus® concentration of 4 mg/mL were presented in Table 11.

Table 11. Characterizations of 5%w/w alpha-mangostin loaded polymeric micelles
with Soluplus® concentration of 4 mg/mL

Characterizations 5% wiw
Size (Mean Z-average) 73.00 £ 3.48
(nm)
Polydispersity index 0.1490 £ 0.0010
Zeta Potential (mV) -16.54 £ 0.67

5% w/w formulation was made up of 0.2 mg/mL alpha-mangostin and 4 mg/mL
Soluplus®

The results were presented as mean + standard deviation of three independent
experiments

4.5. Preparation of 5% w/w alpha-mangostin loaded polymeric micelles with
Soluplus® concentration of 10 mg/mL
The 5% w/w alpha-mangostin loaded polymeric micelles were prepared with

Soluplus® at the concentration of 10 mg/mL and alpha-mangostin concentration of 0.5

mg/mL.
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4.5.1. HPLC analyses of encapsulation efficiency (%EE) and loading capacity
(%LC) of 5%w/w alpha-mangostin loaded polymeric micelles with Soluplus®
concentration of 10 mg/mL

The HPLC analysis results of encapsulation efficiency (%EE) and loading

capacity (%LC) of 5% w/w alpha-mangostin loading polymeric micelles formulation

at Soluplus® concentration of 10 mg/mL were presented in Table 12.

Table 12. HPLC analyses of %EE and %LC of 5%w/w alpha-mangostin loaded
polymeric micelles formulation at Soluplus® concentration of 10 mg/mL

%EE and %LC 5% w/w
Encapsulation Efficiency%o 95.65% + 0.21
(%EE)

Loading Capacity% 4.56% £ 0.01
(%LC)

5% w/w formulation was made up of 0.5 mg/mL alpha-mangostin and 10 mg/mL
Soluplus®

The results were presented as mean * standard deviation of three independent
experiments

4.5.2. Characterizations of 5%w/w alpha-mangostin loaded polymeric micelles
with Soluplus® concentration of 10 mg/mL

The characterizations in terms of hydrodynamic diameter, polydispersity index
(PDI) and zeta-potential of alpha-mangostin loaded polymeric micelles of 5% wi/w

formulation with Soluplus® concentration of 10 mg/mL were presented in Table 13.
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Table 13. Characterizations of 5%w/w alpha-mangostin loaded polymeric micelles
with Soluplus® concentration of 10 mg/mL

Characterizations 5% wiw
Size (Mean Z-average) 97.43+£0.48
(nm)
Polydispersity index 0.1680 + 0.0090
Zeta Potential (mV) -18.02 £ 0.28

5% wi/w formulation was made up of 0.5 mg/mL alpha-mangostin and 10 mg/mL
Soluplus®

The results were presented as mean + standard deviation of three independent
experiments.

4.6. Discussion

Since 5% w/w alpha-mangostin loaded polymeric micelles seemed to be the most
promising formulation in terms of its high encapsulation efficiency, loading capacity
and acceptable range of characterizations, it was selected as an interested formulation
for further investigations in this study. Higher Soluplus® concentrations and higher
alpha-mangostin concentrations were used to find out for higher encapsulation
efficiency, loading capacity and the other characterization parameters. The results of
encapsulation efficiency (%EE), loading capacity (%LC) and characterizations of 5%
w/w alpha-mangostin loaded polymeric micelles formulations with different

concentrations of Soluplus® and alpha-mangostin were presented in Table 14.
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Table 14. Summary of % EE, %LC and Characterizations of 5%w/w formulations

Evaluation 5% wi/w 5%wi/w 5%wi/w 5%w/w
Parameters [Soluplus]=1mg/mL | [Soluplus]=2mg/mL | [Soluplus]=4mg/mL | [Soluplus]=10mg/mL
[AM]=0.05mg/mL [AM]=0.1mg/mL [AM]=0.2mg/mL [AM]=0.5mg/mL
Encapsulation 86.07% +3.25 90.23% +0.53 91.65% +0.27 95.65% +0.21
Efficiency %
Loading 4.10% £ 0.16 4.30% + 0.03 4.36% + 0.01 4.56% + 0.01
Capacity %
Hydrodynamic 58.16 £ 0.25 69.18 £ 1.05 73.00 £ 3.48 97.43+0.48
diameter/Size
(nm)
Polydispersity 0.1262 + 0.0090 0.1190 + 0.0200 0.1490 + 0.0010 0.1680 + 0.0090
Index (PDI)
Zeta potential -17.00 + 2.49 -16.47 £ 0.37 -16.54 + 0.67 -18.02 +0.28
(mV)

It was evident that the encapsulation efficiency, loading capacity and
hydrodynamic diameter increased as the concentrations of Soluplus® and alpha-
mangostin were increased. When Soluplus® concentration was 1 mg/mL and alpha-
mangostin concentration was 0.05 mg/mL, the encapsulation efficiency and loading
capacity were 86.07% £ 3.25 and 4.10% + 0.156 respectively. The hydrodynamic
diameter was observed as 58.16 nm + 0.25. The increasing trend in encapsulation
efficiency, loading capacity and hydrodynamic diameter was investigated when
Soluplus® concentration was increased to 2 mg/mL and alpha-mangostin was
increased to 0.1 mg/mL. The encapsulation efficiency, loading capacity and
hydrodynamic diameter were 90.23% + 0.53, 4.30% + 0.03, and 69.18 nm + 1.05.
When Soluplus® concentration and alpha-mangostin concentration were further
increased to 4 mg/mL and 0.2 mg/mL, further increases in encapsulation efficiency of
91.65% = 0.27, loading capacity of 4.36% + 0.01 and hydrodynamic diameter of
73.00 nm £ 3.48 were observed.

There were significant rises in encapsulation

efficiency, loading capacity and hydrodynamic diameter when Soluplus®
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concentration and alpha-mangostin concentration were used up to 10 mg/mL and 0.5
mg/mL respectively. The encapsulation efficiency of 95.65% + 0.21, loading
capacity of 4.56% = 0.01, and hydrodynamic diameter of 97.43 nm £ 0.48 were
obtained. However, there was not any significant change in polydispersity index
(PDI). The PDiIs of all the formulations were less than 0.2. Regarding zeta-potential,
there were not any significant changes. The zeta-potentials of all the formulations
were between -16 mV and -18 mV. The presence of negative charge zeta potential of
Soluplus® polymeric micelles was due to the interaction of polar functional group in
Soluplus® with water molecules to form a hydrophilic shell (51). However, the
fundamental behind the exact mechanism of the interactions involved has not been
reported. Moreover, the small value of zeta-potential less than -20 mV was due to the
higher availability of hydrophobic segments in promoting the formation of micelles
with larger hydrophobic core (51). Although the zeta potential values larger than +30
mV and -30 mV are preferably recognized for high stability of micelles, the zeta
potential values larger than +10 mV and -10 mV can still be considered for incipient
stability of micelles (48). Nevertheless, the small particles size of less than 200 nm
and the monodisperse distribution with the PDI of less than 0.3 are the important
parameters of Soluplus® polymeric micelles to avoid the engulfment of alveolar
macrophages, and to achieve the uniform drug absorption profile across the
pulmonary mucosal barriers respectively if the intended formulation is for pulmonary
route of administration (36). In addition, the negative surface change of Soluplus®
polymeric micelles as characterized by zeta-potential can facilitate the penetration of

pulmonary mucus layer for paracellular transport or transcytosis mechanism (36).
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Among all the 5% w/w alpha-mangostin loaded polymeric micelles
formulations with different concentrations of Soluplus® and alpha-mangostin, it was
evident that the formulation which was made up of 10 mg/mL Soluplus® and 0.5
mg/mL alpha-mangostin was the promising formulation in terms of highest
encapsulation efficiency and loading capacity as well as its desirable characterizations
results. Hence, the 5% w/w alpha-mangostin loaded polymeric micelles formulation
with the concentrations of 10 mg/mL Soluplus® and 0.5 mg/mL alpha-mangostin was
selected in this study for further investigations in morphology analysis and stability
study as well as evaluations of SARS-CoV-2 main protease (3CLP™) inhibitory

activity and in vitro cytotoxicity in HaCaT cells line.

4.7. Morphology analysis of 5%w/w alpha-mangostin loaded polymeric micelles
with 10 mg/mL Soluplus® and 0.5 mg/mL alpha-mangostin

The morphology of both blank Soluplus® polymeric micelles and alpha-
mangostin loaded Soluplus® polymeric micelles were observed by transmission
electron microscopy (TEM) under negative staining with 2% uranyl acetate solution,
which is one of the commonly used staining reagents to give a satisfactory contrast in
TEM images (52). The TEM images of both blank Soluplus® polymeric micelles and
alpha-mangostin loaded Soluplus® polymeric micelles were presented in Figure 21.

and Figure 22.
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Figure 22. TEM image of 5%w/w alpha-mangostin loaded Soluplus® polymeric
micelles
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The physical appearances of both blank Soluplus® polymeric micelles and alpha-

mangostin loaded Soluplus® polymeric micelles were presented in Figure 23.

Blank Soluplus®

o Alpha-mangostin
polymeric micelles P g

loaded Soluplus®
polymeric micelles

Figure 23. Physical appearances of blank Soluplus® polymeric micelles and alpha-
mangostin loaded Soluplus® polymeric micelles
4.7.1. Discussion

Both blank Soluplus® polymeric micelles and alpha-mangostin loaded
Soluplus® polymeric micelles showed spherical shape under TEM. An increase in
hydrodynamic diameter of alpha-mangostin loaded Soluplus® polymeric micelles was
noted as compared to the blank Soluplus® polymeric micelles. This was confirmed

with the characterizations analysis by using a Zetasizer Pro (Malvern™). The
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characterizations result of blank Soluplus® polymeric micelles and alpha-mangostin
loaded Soluplus® polymeric micelles were presented in Table 15.

Table 15. Characterizations of blank Soluplus® polymeric micelles and alpha-
mangostin loaded Soluplus® polymeric micelles

Characterizations Blank made up of 5% w/w made up of
[Soluplus®] = 10 mg/mL [Soluplus®] = 10 mg/mL
[Alpha-mangostin] = 0.5 mg/mL
Hydrodynamic diameter/ 70.59 £ 0.95 97.43+0.48
Size (nm)
Polydispersity index 0.1579 + 0.0010 0.1680 + 0.0090
(PDI)
Zeta potential (mV) -17.33 £ 0.47 -18.02 £ 0.28

The results were presented as mean + standard deviation of three independent

experiments

The hydrodynamic diameter of alpha-mangostin loaded polymeric micelles was
97.43 nm * 0.48, which was slightly larger than that of blank Soluplus® polymeric
micelles (70.59 nm + 0.95). However, there were not much significant changes in
PDI and zeta-potential between the two formulations.

4.8. Stability study of 5%w/w alpha-mangostin loaded polymeric micelles with 10

mg/mL Soluplus® and 0.5 mg/mL alpha-mangostin

Alpha-mangostin loaded Soluplus® polymeric micelles of the selected
formulation was kept at two different temperatures (4°C and 25°C) in the 15 mL
conical tubes for 30 days. The changes in terms of encapsulation efficiency (%EE),
loading capacity (%LC), hydrodynamic diameter, polydispersity index and zeta-

potential were examined at 0, 1, 3, 5, 7, 14 and 30 days (Table 16).




Table 16. Stability study of 5%w/w alpha-mangostin loaded polymeric micelles
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Room Temp Day 0 Day 1 Day 3 Day 5 Day 7 Day 14 Day 30
(25°C)
Encapsulation | 95.65% * 95.61% * 95.19% + 95.16% + 94.83% +0.12 | 91.38% + 81.04% +
Efficiency %

0.21 0.01 0.04 0.18 0.09 0.15
Loading 456% +0.01 | 455% +0.06 | 4.53% +0.01 | 453% £0.02 | 4.52% +0.01 4.35% +0.01 | 3.85% +0.01
Capacity %
Hydrodynamic | 97.43 +0.48 97.10 £0.20 96.72+0.28 96.38 + 0.15 96.27 +0.17 91.43 +0.65 86.00 + 0.66
diameter/Size
(nm)
Polydispersity | 0.1680 0.1704 + 0.1725 + 0.1722 + 0.1676 + 0.1890 + 0.2047 +
index (PDI)

0.0090 0.0010 0.0010 0.0050 0.0030 0.0010 0.0060
Zeta potential -18.02+0.28 | -17.27+0.25 | -17.81+0.14 | -17.61+0.27 | -17.67+0.20 -16.04 £0.57 | -13.41+1.07
(mv)
4°C Day 0 Day 1 Day 3 Day 5 Day 7 Day 14 Day 30
Encapsulation | 95.65% * 95.56% + 95.37% * 95.25% + 95.11% + 95.00% * 91.37% *
Efficiency %

021 0.05 0.14 0.04 0.18 0.09 0.03
Loading 456% +0.01 | 455% +0.01 | 4.54% +0.01 | 4.54% +0.01 | 4.53% +0.01 452% +0.01 | 4.35% +0.01
Capacity %
Hydrodynamic | 97.43 +0.48 97.33+0.04 97.30£0.17 97.22+0.15 97.18 £0.10 9296 +0.24 90.75 +0.40
diameter/Size
(nm)
Polydispersity | 0.1680 + 0.1738 + 0.1747 0.1726 + 0.1714 0.1801 0.1946 +
index (PDI)

0.0090 0.0050 0.0090 0.0030 0.0100 0.0050 0.0050
Zeta potential -18.02+0.28 | -17.35+0.35 | -17.57+0.28 | -17.55+0.30 | -17.68 +0.30 -17.12+0.05 | -16.25+0.33

(mV)

4.8.1. Discussion

In this study, only two different temperatures (4°C and 25°C) were selected for

stability analysis instead of testing at high temperatures.

This is to preliminarily

investigate about the stability of formulation at room temperature which the

experiments were performed. And 4°C was selected to investigate for better stability
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at cooler temperature. A range of temperatures such as 70 °C, 40 °C, -20 °C will be
selected for further stability studies in the future. From Day 0 to Day 5, there were
not much significant changes in encapsulation efficiency, loading capacity,
hydrodynamic diameter, polydispersity index and zeta-potential of the formulation
kept at two different temperatures. However, there was a slight change in
encapsulation efficiency of the formulation kept at room temperature on Day 7. There
was a slight drop in encapsulation efficiency from 95.16% + 0.18 to 94.83% * 0.12.
All the other parameters remained in the similar values. Meanwhile, the formulation
kept at 4°C seemed to be still stable on Day 7. On Day 14, there was a further
decrease in encapsulation efficiency of the formulation kept at room temperature to
91.38% + 0.09. The loading capacity was also decreased to 4.35% + 0.01. Moreover,
the hydrodynamic diameter was decreased to 91.43 nm + 0.65. Furthermore, there
were slight variations in polydispersity index and zeta-potential. On the other hand,
there was not any significant difference in all the parameters of the formulation kept
at 4°C. On Day 30, most of the parameters of the formulation kept at room
temperature dropped considerably. The encapsulation efficiency and loading capacity
were reduced to 81.04% + 0.15 and 3.85% = 0.01 respectively. The hydrodynamic
diameter was decreased to 86.00 nm + 0.66, and the zeta-potential was reduced to -
13.41 mV % 1.07 while there was a slight change in polydispersity index. The
formulation kept at 4°C started to deteriorate on Day 30. There were declines in
encapsulation efficiency to 91.37% =+ 0.03, and loading capacity to 4.35% £ 0.00. The
hydrodynamic diameter was also decreased to 90.75 nm + 0.400 whereas there were

only slight changes in polydispersity index and zeta-potential. Overall, the
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formulation kept at 4°C seemed to be more stable as compared to the one kept at room
temperature during the 30-day stability study period.

4.9. Comparative evaluations of SARS-CoV-2 main protease (3CLP™) inhibitory
activity of alpha-mangostin without the nanocarrier and alpha-mangostin loaded

in polymeric micelles

Alpha-mangostin compound dissolved in DMSO and alpha-mangostin loaded in
Soluplus® polymeric micelles of the selected formulation were screened together to
evaluate their inhibitory activity towards SARS-CoV-2 main protease (3CLP™). The
analysis of inhibitory activity results was conducted with the initial rates of blank
compound without the inhibitor and 100 nM PF-07321332 as a positive control. The

% residual protease activity results were presented in Figure 24.
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Figure 24. SARS-CoV-2 main protease (3CLP™) activity of samples
The % residual protease activity of control and samples were compared to that of blank
compound without the inhibitor (negative control); ****p<0.00001
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The % inhibitory activity results towards SARS-CoV-2 main protease (3CLP™) were

presented in Figure 25.
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Figure 25. 3CLP™ inhibitory activities of control and samples
The % inhibition of control and samples were compared to that of blank compound without the

inhibitor (negative control); ****p<0.00001

4.9.1. Discussion
Both alpha-mangostin dissolved in DMSO (without the nanocarrier) and alpha-

mangostin loaded in polymeric micelles showed significant inhibition of 3CLP®
activity with residual protease activities of 5.15% + 0.64, and 34.04% = 1.30
respectively. The lower the residual % protease activity, the higher the inhibition of
the 3CLP™ activity of the samples. Alpha-mangostin dissolved in DMSO (AMO001)
showed 94.85% = 0.64 inhibition, and alpha-mangostin loaded in polymeric micelles
(AMO008) showed 65.96% =+ 1.30 inhibition respectively. PF-07321332 (positive
control) was tested at 100 nM. The relative 3CLP"™ inhibition of control at 100 nM

was 95.78% + 0.77. The inhibitory activity towards 3CLP° was lower in alpha-
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mangostin loaded polymeric micelles (65.96% inhibition; 1Cso = 140 pug/mL) than that
of alpha-mangostin dissolved in DMSO (94.85% inhibition; 1Csp = 26 pg/mL).
However, alpha-mangostin loaded polymeric micelles could still be considered as the
promising formulation because its % inhibition towards 3CLP™® was more than 50%.
Moreover, the % 3CLP™ inhibitory activity of alpha-mangostin loaded polymeric
micelles was higher than that of rutin (positive control) which showed only 39.7% +
2.4 in the previous screening experiment.

4.10. Comparative in vitro cytotoxicity evaluations of alpha-mangostin without

nanocarrier and alpha-mangostin loaded in polymeric micelles

Alpha-mangostin compound dissolved in DMSO (AMO001) and alpha-mangostin
loaded in Soluplus® polymeric micelles (AM008) of the selected 5% w/w formulation
were evaluated for their in vitro cytotoxicity in HaCaT cells line by using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The % cell

viability results were presented in Figure 26.
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Figure 26. %Cell viability evaluation of alpha-mangostin dissolved in DMSO
(AMOO01) and alpha-mangostin loaded in polymeric micelles (AMO0O08) against HaCaT
cells line
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4.10.1. Discussion

HaCaT cells line (a spontaneously immortalized keratinocyte cells line from
adult human skin) was used to evaluate in vitro cytotoxicity of alpha-mangostin
without nanocarrier and alpha-mangostin loaded in polymeric micelles. The
evaluation was performed on HaCaT cells line because it is one of the widely utilized
cell models for investigation of cells viability (53). Although there are other types of
cells line such as L929 or fibroblasts that can be used for cytotoxicity analysis, the
immediate availability of HaCaT cells line in our laboratory facilitated the evaluation
of cytotoxicity testing in a timely efficient way. Furthermore, the preliminary
investigation of cytotoxicity testing on HaCaT cells line provided the general
information about the toxicity of the compound and formulation towards normal cells
before proceeding to the cytotoxicity testing with specific cells type for further studies
in the future. It was observed that the % cell viability of 0.1mg/mL (100 pg/mL) of
alpha-mangostin dissolved in DMSO (AMO001) was 23.81%. Meanwhile, the % cell
viability of 0.1mg/mL (100 pug/mL) of alpha-mangostin loaded in polymeric micelles
(AMO008) was 85.83%. According to these results, alpha-mangostin loaded in
polymeric micelles showed lower cytotoxicity than alpha-mangostin compound.
Hence, it can be noted that the toxicity of alpha-mangostin was reduced considerably

when it was loaded in polymeric micelles.
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CHAPTER 5. CONCLUSIONS

From this study, some of the selected herbal extracts such as turmeric rhizome,
licorice root, sweet fennel seeds and long pepper fruits showed promising in vitro
3CLP" inhibitory activity. It was also evident that the pericarp extract of mangosteen
fruit had the highest in vitro 3CLP™ inhibitory activity. Among all the natural
xanthones from the dry mangosteen pericarp extract, alpha-mangostin compound is
mostly studied due to its highest percentage yield by weight. Moreover, it has been
investigated recently that the alpha-mangostin compound has potential SARS-CoV-2
main protease inhibitory activity. Hence, alpha-mangostin has been selected as the
interested bioactive compound in this study to further evaluate its potential SARS-

CoV-2 main protease inhibitory activity.

However, the hydrophobic nature of alpha-mangostin can affect its biological
activities and therapeutic efficacy. In order to overcome this limitation, nanocarriers
have been designed to encapsulate alpha-mangostin. Among all the nanocarriers, the
polymeric micelles are the promising nanocarriers due to the presence of a robust
core-shell structure to encapsulate the hydrophobic alpha-mangostin compound in the
hydrophobic core of polymeric micelles, thereby improving the solubility and

bioavailability of alpha-mangostin.

Three different concentrations of alpha-mangostin loaded polymeric micelles
(2.5% wiw, 5% w/w and 10% w/w) formulations were prepared with Soluplus® at the
concentration of 1 mg/mL by using a thin-film hydration method. Based on the
preliminary results from UV and HPLC analyses, 5% w/w alpha-mangostin loaded
polymeric micelles seemed to be the most promising formulation due to its high

encapsulation efficiency and loading capacity. Hence, the 5% w/w formulation was
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selected to investigate further with higher Soluplus® concentrations and higher alpha-
mangostin concentrations for higher encapsulation efficiency, loading capacity and
the other characterization parameters. Higher Soluplus® concentrations (2 mg/mL, 4
mg/mL, 10 mg/mL) and higher alpha-mangostin concentrations (0.1 mg/mL, 0.2
mg/mL, 0.5 mg/mL) were used respectively. It was evident that the encapsulation
efficiency, loading capacity and hydrodynamic diameter increased as the
concentrations of Soluplus® and alpha-mangostin were increased. However, there
was not any significant changes in polydispersity index (PDI) and zeta-potential

values.

Among all the 5% w/w alpha-mangostin loaded polymeric micelles
formulations with different concentrations of Soluplus® and alpha-mangostin, it was
investigated that the formulation which was made up of 10 mg/mL Soluplus® and 0.5
mg/mL alpha-mangostin was the promising formulation in terms of the highest
encapsulation efficiency and loading capacity as well as the desirable
characterizations results. In order to do further investigations in morphology analysis
and stability study as well as evaluations of SARS-CoV-2 main protease (3CL"™)
inhibitory activity and in vitro cytotoxicity in HaCaT cells line, the 5% w/w alpha-
mangostin loaded polymeric micelles formulation with the concentrations of 10

mg/mL Soluplus® and 0.5 mg/mL alpha-mangostin was selected in this study.

The morphological analysis with TEM revealed that both blank Soluplus®
polymeric micelles and alpha-mangostin loaded Soluplus® polymeric micelles had
spherical shape. As compared to the blank Soluplus® polymeric micelles, an increase

in hydrodynamic diameter of alpha-mangostin loaded Soluplus® polymeric micelles
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was noted, which was also confirmed by using a Zetasizer Pro (Malvern™).
Regarding the stability of the formulation, it was stable at both room temperature and
4°C for 5 days. However, the formulation kept at room temperature started to
deteriorate steadily from Day 7 onwards. On the other hand, the formulation kept at
4°C remained stable until Day 14, and only started to deteriorate on Day 30. Overall,
the formulation kept at 4°C seemed to be more stable as compared to the one kept at

room temperature during the 30-day stability study period.

In order to evaluate their inhibitory activity towards SARS-CoV-2 main
protease (3CLP™), alpha-mangostin compound dissolved in DMSO and alpha-
mangostin loaded in Soluplus® polymeric micelles of the selected formulation were
screened together. The % inhibition towards 3CLP™® was lower in alpha-mangostin
loaded polymeric micelles than that of alpha-mangostin dissolved in DMSO and the
control. However, alpha-mangostin loaded polymeric micelles could still be
considered as the promising formulation because its % inhibition towards 3CL"" was
more than 50%. In addition, the comparative in vitro cytotoxicity evaluations of
alpha-mangostin dissolved in DMSO and alpha-mangostin loaded in polymeric
micelles showed that the %cell viability in HaCaT cells line was higher for alpha-
mangostin loaded in polymeric micelles. According to these results, alpha-mangostin
loaded in polymeric micelles displayed lower cytotoxicity than alpha-mangostin
compound. Hence, it can be noted that the toxicity of alpha-mangostin was reduced
considerably when it was loaded in polymeric micelles. Overall, alpha-mangostin can
be loaded in Soluplus® polymeric micelles with high efficiency, and it showed the
promising results towards SARS-CoV-2 main protease (3CLP™) inhibitory activity

with lower cytotoxicity. These results will be wuseful for further studies.
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