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� This review highlights recent
advances of mangosteen research in
the postharvest, food and engineering
fields.

� In postharvest fields, phytohormones,
metabolites, and pest/disease
management are described.

� Mangosteen has also been used in
various food products and for animal
feed supplementation.

� In engineering, mangosteen extract is
useful in solar cells, carbon dots and
advanced materials.

� Mangosteen-based products may
benefit consumers and the
engineering and biomedical
industries.
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One of the most prolific plants utilized in various applications is mangosteen (Garcinia mangostana L.).
Rich in potent bioactive compounds, such as xanthones, mangosteen is known to possess pharmacolog-
ically important anti-inflammatory and anti-tumor properties. However, most previous reviews have
only discussed the application of mangosteen in medicinal areas, yet more recent studies have diverged
and valorized its usage in other scientific fields. In this review, the utilization of this exotic fruit in
postharvest biology (phytohormone roles, metabolite profiling, bioactive compounds, isolation method
optimization, chemical contaminant identification, and management of pests and fruit disorders), food
science (food products, animal feed supplementation, and food shelf-life determination), and engineering
fields (fabric and solar cell dyes, carbon dots, activated carbon, and biomedical advanced materials) is
presented in detail. Research papers published from 2016 onward were selected and reviewed to show
the recent research trends in these areas. In conclusion, mangosteen has been utilized for various pur-
poses, ranging from usage in industrially important products to applications in advanced technologies
and biomedical innovation.
� 2019 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Mangosteen (Garcinia mangostana L.) is an endemic evergreen
tree species grown in tropical countries, such as Malaysia,
Thailand, and Indonesia [1,2]. Mangosteen belongs to the
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Clusiaceae (Guttiferae) family [3,4] and is widely cultivated for its
fruit, which is commonly termed the ‘‘Queen of Fruits” because of
its unique sweet–sour taste [1,5]. Harvest of this fruit results in a
major economic impact with nearly 700,000 tons produced world-
wide in 2017 [6]. The fruit contains bioactive compounds, such as
xanthones (Fig. 1a–g) and anthocyanins (Fig. 1h–i), which are
mainly extracted from the fruit pericarp. Additionally, it possesses
high antioxidant and anti-inflammatory properties. Mangosteen
has been used to treat various diseases, including tumors, diabetes,
bacterial infections, hypertension, and arthritis [1,7]. These appli-
cations suggest the usefulness of the fruit extract in medicinal
and pharmaceutical contexts.

Xanthones are the main metabolites that contribute to the
pharmaceutical applications of mangosteen extract. At least 70
xanthones have been characterized to date [1,8]. The xanthone
structure is mainly composed of three consecutive aromatic rings
differentiated by side chains (Fig. 1a). Interestingly, modifying
these side chains is known to influence xanthone bioactivity
[9,10]. Some of the major xanthones isolated from mangosteen
fruit are a-mangostin (Fig. 1b), b-mangostin (Fig. 1c),
c-mangostin (Fig. 1d), gartanin (Fig. 1e), 8-deoxygartanin
(Fig. 1f), and garcinone E (Fig. 1g). Other compounds, including
anthocyanins, such as cyanidin-3-sophoroside (Fig. 1h) and
cyanidin-3-glucoside (Fig. 1i) can also be abundantly found in
the fruit pericarp [1].

Previously, several reviews have comprehensively addressed
the fruit’s medicinal properties [1,8,11], such as anticarcinogenic
[12–16], antibiofilm [17], antioxidant [18], antiperiodontitic [19],
and antidiabetic [20] properties. Additionally, properties such as
amelioration of metabolic disorders [7] and regulation of melano-
genesis [21] have also been reported. Furthermore, other reviews
have discussed the fruit extract’s potential in waste utilization
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Fig. 1. Various xanthones (a-g) and anthoc
[22] as well as from the perspective of somatic embryogenesis
[23]. However, no critical evaluation of the various properties
and utilization of the fruit in other scientific fields, such as posthar-
vest biology, food science, and engineering and materials science,
has been conducted.

In this review, the properties and applicability of mangosteen in
various fields are presented in detail (Fig. 2). Only publications
from 2016 onward were considered using the keywords of ‘‘man-
gosteen AND Garcinia mangostana” searched in the Web of Science,
PubMed, Scopus, EBSCO and Google Scholar databases. Further-
more, only full-text publications were considered, any short pro-
ceedings and transactions were excluded from this review, to be
selective and nonredundant in the analysis.
Postharvest biology

Mangosteen has been investigated in various aspects of
postharvest biology, including determining the phytohormone
roles in increasing fruit shelf life, metabolite profiling, identifying
bioactive compounds from different tissues, identifying contami-
nants from the fruit and related products, and managing pests
and diseases.
Roles of phytohormones

Mangosteen is known to be a climacteric fruit that relies on hor-
mones, such as ethylene, to ripen. Various recent studies have
investigated strategies to increase the shelf life of mangosteen.
For example, Vo et al. [24] showed that storing mangosteen fruit
at stage 3 (full red fruit) in a low-density polyethylene bag with
a 1-methylcyclopropene sachet (ethylene perception inhibitor)
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Fig. 2. Summary of recent advances and utilization of mangosteen in the fields of postharvest biology, food science, and engineering and materials sciences.
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can prolong the ripening period and inhibit the development of
fruit rot disease, thereby increasing the fruit shelf life. Another
postharvest study by Mustafa et al. [25] described the use of two
stress phytohormones methyl jasmonate (MeJA) and salicylic acid
(SA), in delaying mangosteen pericarp hardening. The hardening of
the fruit shell is often attributed to the lignification of the tissues as
a response to injury. Applying MeJA and SA reduced the fruit hard-
ness up to 12 days after harvest, suggesting the applicability of
these hormones in fruit preservation [25]. Additionally, a microp-
erforated polypropylene film bag containing holes for aeration
was shown to be effective in maintaining mangosteen fruit quality
over a 25-day storage period [26]. This finding suggests that con-
trolling phytohormones released by the fruit is critical in posthar-
vest mangosteen preservation.
Metabolite profiling

The postharvest characteristics of mangosteen ripening have
been investigated in different fruit tissues using various analytical
techniques, including gas chromatography-mass spectrometry.
Metabolites related to the cell wall, such as galacturonic acid and
xylose, increased during the ripening process, implying an active
cell wall breakdown [27]. Psicose was also identified in the peri-
carp tissue, and the metabolite was suggested to play a role in pro-
tecting the fruit from excessive dehydration [27]. Other
metabolites, including sugars (fructose and glucose) and amino
acids (tryptophan, valine, phenylalanine, isoleucine, tyrosine, and
serine), also increased during ripening in various mangosteen tis-
sues (either pericarp, aril, or seeds), suggesting concerted meta-
bolic activities during the process [27]. Other reports have also
demonstrated that carbohydrates and simple sugars were abun-
dantly present in the fruit pericarp [28,29].

Other metabolomic techniques, such as liquid chromatography-
mass spectrometry and high-performance liquid chromatography
(HPLC), have been used to further identify the compounds present
in mangosteen fruit. For instance, using a high-accuracy liquid
chromatography- quadrupole time-of-flight mass spectrometry
system, Qin et al. [30] found that the composition of procyanidins
in mangosteen consists of 47.7% monomers, 24.1% dimers, and
26.0% trimers, which may contribute to the high antioxidant activ-
ity of the fruit pericarp. Moreover, the levels of xanthone com-
pounds in fruits harvested from various locations may vary.
Using HPLC analysis, Muchtaridi et al. [31]; Muchtaridi et al.
[32]; and Muchtaridi et al. [15] found that the levels of a-
mangostin, c-mangostin, and gartanin in the fruit pericarp differed
among the fruits harvested from four different Indonesian districts.
This result is interesting as fruits from different origins may show
different metabolic profiles. Furthermore, using a new technique
termed droplet-liquid microjunction-surface sampling probing,
several xanthones, such as a-mangostin, b-mangostin, c-
mangostin, and gartanin, were identified from the dried fruit and
leaf of mangosteen deposited in a herbarium [33]. Such a tech-
nique utilizes ultra-performance liquid chromatography coupled
with a high-resolution mass spectrometry (Thermo ScientificTM Q
ExactiveTM Plus) for molecular mass determination and is able to
preserve the sample integrity after the analysis [33].
Bioactive compounds from various tissues

Various mangosteen tissues, including pericarp, seeds, leaves,
and plantlets, are known to contain bioactive compounds, such
as phenolics and flavonoids. For instance, the G. mangostana peri-
carp showed significantly higher (P < 0.05) total phenolic, flavo-
noid, and anthocyanin content than that of other colored plant
samples, such as Syzygium cumini (Java plum) fruit, Clitoria ternatea
(butterfly pea) flower, and Ardisia colorata var. elliptica (chicken’s
eye) fruit [34]. The antioxidant capacity of mangosteen peel extract
was the highest among that of other studied samples. This result
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may be attributed to the high concentration of various flavonoid
and phenolic compounds, such as gallic acid, protocatechuic acid,
chlorogenic acid, quercetin, epicatechin, rutin, catechin, and
cyanidin-3-sophoroside [34].

Mangosteen seeds contain an increasing level of flavonoids and
xanthones during development and germination phases, perhaps
as a defensive strategy during these processes to protect seed via-
bility [35,36]. In callus originated from young mangosteen leaves,
several secondary metabolites, such as thiacremonone (a sulfur
compound) and 7-methylthioheptanaldoxime (glucosinolate),
were putatively identified upon elicitation using MeJA, a stress
response hormone [37]. Moreover, under water deficit stress, man-
gosteen plantlets showed modulated secondary metabolite levels,
including those of fatty acids (propyl oleate and hexadecenoic acid)
and a terpenoid (neophytadiene), perhaps as a defense mechanism
during drought stress [38]. This finding suggests that various tis-
sues from mangosteen produce bioactive compounds, particularly
in response to stress.

Optimization of isolation methods

Polyphenolic compounds, such as xanthones and flavonoids, are
often most soluble in organic solvents and require nonpolar sol-
vents for extraction and dissolution. Ghasemzadeh et al. [39] uti-
lized an optimized microwave-assisted protocol for a-mangostin
extraction using ethyl acetate as a solvent. They found high levels
of extracted a-mangostin with high antioxidant and antibacterial
properties. Similarly, the microwave-assisted approach and ultra-
sound technique have been optimized to extract flavonoids and
anthocyanins from mangosteen, respectively [40,41]. Furthermore,
Saputri [42] optimized a solid phase extraction (SPE) technique for
a-mangostin extraction using ethanol as an eluent for an SPE car-
tridge octadecylsilane-5 filter. In addition, several xanthones, such
as a-mangostin, b-mangostin, gartanin, 3-isomangostin, garcinone
E, mangostanol, 8-desoxygartanin, and 9-hydroxycalabaxanthone,
were extracted from mangosteen pericarp tissue using liquified
dimethyl ether extraction [43]. However, most semipolar or non-
polar solvents such as acetone and dichloromethane, which are
commonly used to extract mangosteen [44], are hazardous sub-
stances for human consumption and topical application. Therefore,
the use of water-based extraction is desirable for wider biocompat-
ibility. One unique property of water is that it can be boiled past its
boiling temperature but retain its liquid form under a high-
pressure condition, a state termed as subcritical water. This pro-
cess allows nonpolar compounds to be dissolved, and this also
has been performed for mangosteen xanthone extraction [45].

Another research study completed by Tan et al. [46] and Ng et al.
[47] showed that a mild thermo-induced aqueous micellar biphasic
systemcanbeused to recovera- andc-mangostin frommangosteen
peel. This technique allows effective xanthone extraction without
employing large volume of chemicals and sophisticated instru-
ments, as is commonly used in chromatographic solvent extraction
and supercritical fluid extraction, respectively [46,47]. This tech-
nique offers a quicker alternative to isolate valuable xanthones from
the fruit and is amuch greener approach. Furthermore, total pheno-
lic content can be effectively extracted from mangosteen pericarp
using supercritical carbon dioxide (CO2) combined with hydrother-
mal extraction, as shown by Chhouk et al. [48].

Identification of chemical contaminants

Mangosteen postharvest research also focuses on contaminant
identification. Phopin et al. [49] discovered that mangosteen fruit
harvested from various farms in Thailand contained various pesti-
cides, of which carbofuran, chlorothalonil, dimethoate, and meta-
laxyl exceeded the recommended maximum residue limit.
However, these chemicals can be removed with running water
(10 min soaking in water followed by gentle rubbing), and they
were not present at a high concentration within the aril of the fruit
[49], making the fruit safe for consumption. Siriangkhawut et al.
[50] showed that mangosteen peel powder did not contain any
heavy metals, including Cd and Pb, using ultrasound-assisted
digestion coupled with flame atomic absorption spectrometry.
Such analysis is important, as several other herbal products con-
tain these heavy metals, which may affect consumers’ health
[50]. However, one unnamed herbal product based on mangosteen
was found to exceed the limit of allowable Cd content (0.42 mg/kg)
in the Philippines, suggesting that a thorough examination of such
a product is imperative before human consumption [51].

Management of pests and fruit disorders

The management of pests and fruiting/flowering period are
important aspects of mangosteen fruit industry. Insects, such as
mealybugs (Exallomochlus hispidus), are a major threat to mangos-
teen production and export. This insect excretes sweet exudates
on the fruit surface, promoting mold growth while reducing fruit
quality [52,53]. This insect has caused great losses in the mangos-
teen industry, and as such, Indarwatmi et al. [54] developed a phy-
tosanitary technique using 60Co gamma irradiation at 250 Gy to
inhibit the reproduction of the bugs while maintaining fruit quality.
Another study by Tavera et al. [55] showed that, upon elicitation
with Aspidiotus rigidus, a scale insect, mangosteen leaves emitted a
high level of a particular terpene, kaur-16-ene. This volatile com-
pound is a precursor to the phytohormone gibberellin. This finding
indicated that when stressed, mangosteen tissues enhance
growth-related processes to potentially compensate for the damage
causedby such insects [55]. In another study, Ounlert et al. [56] built
a mathematical model to predict the mangosteen flowering date by
incorporating various factors, such as dry and rainy days, humidity,
and temperature, in Thailand. Such amodel is useful for the effective
management of mangosteen orchards, particularly when deciding
upon the optimal pesticide use and harvesting resources.

The two main problems for mangosteen growers and exporters
are yellow sap contamination and translucent flesh disorder. The
former is an abundance of yellow sap within the fruit pericarp
and aril, reducing its appeal and leading to a bitter taste [57,58].
A recent study showed that this issue can be overcome by supple-
menting mangosteen trees with sufficient Ca nutrients and ensur-
ing adequate sunlight during the fruiting period [57,58].
Translucent flesh disorder is characterized by translucent aril with
crispy texture [59]. This disorder is a result of lignification upon
hypoxic condition resulting from capillary water [59]. This disorder
affects more fruit during the rainy season, particularly if it coin-
cides with fruit developmental phase. Nakawajana et al. [60]
developed a system based on electrical impedance spectroscopy
to detect mangosteen fruit with translucent flesh disorder. This
exemplifies that new advancements in technology are beneficial
in characterizing postharvest symptoms.
Food science

Mangosteen research can also be found in food science. A num-
ber of reported studies have investigated its usage in food and
functional food products, animal feed supplementation, and deter-
mination of food shelf life (Fig. 2).

Food and functional food products

Mangosteen fruit’s unique sweet-sour taste has resulted in
various usages in food products (Fig. 2). For instance, various
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humectants, such as maltitol, glycerol, and maltodextrin, have
been investigated for optimal water content for mangosteen aril
preservation [61]. The last compound (maltodextrin) showed bet-
ter textural integrity and quality of the dried aril than other tested
humectants [61]. Furthermore, the addition of mangosteen rind
juice as a natural colorant into a sugar palm fruit jam named
‘‘Kolang-kaling” improved its red color, texture, and flavor, as pre-
ferred by trained panelists [62]. The jam-mangosteen mixture also
had high moisture content, water activity, total dissolved solids,
and crude fiber, suggesting that the fruit juice addition enhanced
various organoleptic and chemical characteristics of the jam [62].
Interestingly, the color of the mangosteen-added jam may be due
to anthocyanins other than malvidin 3,5-diglucoside chloride,
cyanidin 3-O-glucoside chloride, and pelargonidin 3-glucoside
chloride, as these anthocyanins were not detected in the HPLC
analysis performed by Yenrina et al. [63]. Nonetheless, a mangos-
teen peel extract drink contained higher anthocyanin and
antioxidant levels when added to 1% gelatin [64]. This result sug-
gests that mangosteen extract added to gelatin can serve as a valu-
able functional drink. Furthermore, volatiles, such as (E)-2-hexenal,
(Z)-3-hexen-1-ol, hexan-1-ol, and hexanal, were found to be the
main contributors to the mangosteen fruit juice’s distinctive smell
[65]. This smell will also determine consumers’ perception and
acceptance of the product.

Other functional foods that have been fortified with mangos-
teen fruit extract are yogurt, ice cream, chocolate, and lozenges.
A study performed by Shori et al. [66] indicated that the addition
of mangosteen pulp and pericarp extracts into the Phytomix-3
mixture (containing a mixture of Lycium barbarum, Momordica
grosvenori, and Psidium guajava leaves) increased the total phenolic
compounds (P < 0.05) of the resulting yogurt. Consequently, this
increased the antioxidant activity of the yogurt by approximately
37–43% during 14 days of storage. A sensory evaluation test by
consumers also showed high preference (particularly in regard to
sweetness and aroma) toward the yogurt with the added mangos-
teen extract [66]. This observation suggests that the addition of
mangosteen mix increases not only the levels of some chemical
constituents in the yogurt but also its appeal to consumers. In addi-
tion, Hiranrangsee et al. [41] used mangosteen fruit puree and
extracted anthocyanin to supplement ice cream. The study further
showed that the anthocyanin content (up to 2% w/w) increased the
antioxidant level of the ice cream. Furthermore, mangosteen peri-
carp extract has been used in chocolate production [67] and
lozenges [68], suggesting the applicability of mangosteen extract
in various types of food fortification.

Animal feed supplementation

Mangosteen has also been used as animal feed. For example,
mangosteen peel powder has been used as feed supplementation
for dairy steer and lactating cows without an adverse impact on
the livestock’s diets [69,70]. Such supplementation improved vari-
ous aspects of the steers’ digestion, microbiome composition, and
rumen fermentation [69,70]. Furthermore, Hidanah et al. [71]
reported that mangosteen peel addition into broiler chicken feed
can increase the chickens’ weight during heat stress. Such observa-
tions may be attributed to the bioactive components of mangos-
teen peel, such as xanthones, that may improve chicken
tolerance during stress [71]. Furthermore, mangosteen waste
branches have been converted to pyroligneous acid via carboniza-
tion [72]. This compound exhibits high phenolic and antioxidant
levels and can be used as an animal feed supplement [72]. How-
ever, further investigation, particularly at the molecular level,
should be performed to investigate the regulatory role played by
mangosteen compounds in promoting the general health of poultry
and livestock.
Measuring and prolonging food shelf life

Mangosteen compound has been used in measuring and pro-
longing food shelf life. For instance, a biofilm coated with antho-
cyanin extract from mangosteen was also able to detect spoilage
of chicken nuggets via color indication [73]. Meanwhile,
cyanidin-3-sophoroside, a major anthocyanin from the fruit rind,
has been shown to act as an anti-browning agent for apple cuts
[74]. The compound action was elucidated as a potent allosteric
inhibitor of polyphenol oxidase, an enzyme responsible for mela-
nin (brown pigment) generation [74]. Undeniably, this finding fur-
ther expands the use of mangosteen in various food industries and
applications.
Engineering and material sciences

Mangosteen has several applications in the field of engineering
and materials science. For instance, different parts of the plants
have been exploited and converted into valuable components of
fabric and solar cells, carbon dots (C-dots), activated carbons
(ACs), and biomedical advanced materials (Fig. 2).
Natural dye for fabric and solar cells

One of the most native uses of mangosteen in this field is per-
haps as a natural dye due to its prominent color. Fully ripened
mangosteen pericarp contains anthocyanins, such as cyanidin-3-
sophoroside and cyanidin-3-glucoside (Fig. 1h-i), which contribute
to the dark purple/red color of its pericarp [75–77]. Other com-
pounds, such as tannin, can also be extracted from mangosteen
for another (brown) coloring property [78]. The use of these natu-
ral dyes in the textile industry shows great potential, as they can be
inexpensively obtained (such as from the fruit pericarp waste) and
are safe for the environment (biodegradable and nontoxic) com-
pared with synthetic dyes, such as Ru complexes. For instance,
Kusumawati et al. [78] successfully dyed cotton fabrics using man-
gosteen extract. Interestingly, the use of fixing chemicals, such as
iron sulfate, alum, and lime, along with the extract generated dif-
ferent fabric colors, namely, green, light brown, and dark brown,
respectively. Meanwhile, Faiz et al. [79] showed that vitamin C
treatment improves the color retention of silk fabric dyed with
mangosteen husk. These studies exemplify that mangosteen waste
extract can be applied to the fabric industry as an inexpensive nat-
ural dye.

Mangosteen dark purple dye is also valuable for creating dye-
sensitized solar cells (DSSCs). A DSSC is composed of a nanocrys-
talline porous semiconductor electrode, an auxiliary electrode,
and an electrolyte. A DSSC is considered a third-generation solar
cell, particularly used for light energy harvesting to generate elec-
tricity (Fig. 3). Among the main processes in DSSC operation is
absorption that regulates cell efficiency. Such a process requires
the use of potent dyes coated on the surface of the electrode to
absorb considerable light energy. Natural dyes are preferred for
DSSC fabrication due to their low cost and easy fabrication and
purification [80].

Evidently, fabricated DSSCs using crude mangosteen extract
showed a maximum light to-current conversion efficiency (g) of
0.97% [81]. The natural dyes that contain anthocyanin have the
highest g as they can efficiently assist the electron mobility of
the metal oxide semiconductor. This function is due to the existing
active carbonyl (AC@O) and hydroxyl (AOH) groups in the antho-
cyanin structure. Tontapha et al. [80] successfully fabricated a
DSSC using a-mangostin and anthocyanin extracted with different
solvents, such as acidified acetone and ethanol. Another study
using a lithium bis(oxalato)borate-based electrolyte showed that
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the efficiency of a DSSC sensitized with mangosteen dye extract
was higher than those sensitized with other natural dyes, such as
extracts of blueberry, spinach, and red cabbage [82]. Furthermore,
DSSCs fabricated using biocapped zinc oxide nanoparticles and
mangosteen dye as sensitizers resulted in a high cell efficiency
[83]. These lines of evidence suggest that mangosteen extract has
been fabricated in various manners to generate a highly efficient
DSSC, which can potentially be used in future solar cells.
C-dots for bioimaging

Another emerging field for mangosteen application is the gener-
ation of C-dots for biosensory analysis. C-dots are a new class of
carbon nanospheres that are smaller than 10 nm in size and have
fascinating luminescent properties, high stability, and chemical
inertness [84]. Furthermore, C-dots possess super solubility in
water, biocompatibility, optical properties, and low cytotoxicity
[84]. Currently, C-dots are being used in various applications, such
as optoelectronic devices, photocatalysts, electrocatalysts, and
bioimaging [84]. C-dots can be synthesized from natural carbon
sources, including mangosteen fruit.

In a recent study, mangosteen pulp was successfully synthe-
sized into C-dots using a simple calcined method, eliminating the
need for harmful chemicals [85]. Mangosteen C-dots showed
excellent potential in analyzing Fe3+ ions within a linear range
from 0 to 0.18 mM. This excellent potential is due to the presence
of carboxyl and hydroxyl groups on the C-dot surface that form a
high-affinity binding and rapid chelation with Fe3+. Furthermore,
the synthesized C-dots show an outstanding fluorescent tempera-
ture probe toward reversible and restorable properties during tem-
perature change. These fluorescent C-dots can be preferentially
used for bioimaging as shown by their biocompatibility with yeast
cells [85] (Fig. 4).

Another important C-dot study using pyrolyzed mangosteen
peel was conducted by Aji et al. [86]. This method used urea as a
passivation agent to catalyze C-dot formation from the carbon
source (mangosteen water extract). Other than the urea concentra-
tion, the reaction temperature can also influence the photolumi-
nescent properties of C-dots. Interestingly, a higher incubation
temperature (up to 300 �C) resulted in smaller C-dots and
increased luminescence, a phenomenon that may be attributed to
the CAN bond trapping emission energy.
AC for contaminant removal and battery components

Mangosteen pericarp can serve as an appropriate source for AC
production because its tissue consists of low ash and high carbon
content originating from structural cellulose, lignin, and hemicel-
lulose. The process to produce AC involves tissue grinding into
small materials (approximately less than 80 mesh) before drying
at approximately 65 �C. AC is a good adsorbent, as it has a high sur-
face area. AC usage is perhaps among the easiest and cheapest
water purification strategies compared with other conventional
techniques, such as chemical oxidation, biological treatment, and
membrane filtration [87].

Carbonized mangosteen tissues have been used for contami-
nant removal. For instance, the use of a mangosteen shell as AC
functionalized by nitrogen-doped titanium dioxide (N-TiO2) was
able to effectively remove (up to 80%) the pollutant Remazol Bril-
liant Blue (RBB) in the presence of solar energy (Fig. 5) [88]. RBB
is known as a toxic chemical dye from the fabric industry, and
hence, the fabricated photocatalyst N-TiO2 can be used for treat-
ing and removing such waste [88]. Mangosteen peel synthesized
into magnetic biochar using the pyrolysis technique can remove
methylene blue, cadmium ion [89], plumbum ion, rhodamine B
dye [90], and lead [91] contaminants from wastewater. Similarly,
AC derived from mangosteen peel has been embedded into
calcium-alginate beads to remove aqueous methylene blue
[92,93]. Another study using mangosteen peel AC was able to
adsorb and remove CO2 [94], suggesting its potential application
for CO2 removal from combustion. Furthermore, mangosteen peri-
carp powder has been used as a coagulant, effectively removing
up to 99% of water turbidity in the presence of aluminum sulfate
[95]. This property may be attributed to the mangosteen powder
microcoil structure, which entraps contaminants and impurities
in the water [95]. Interestingly, AC from a mangosteen shell pre-
pared by potassium hydroxide activation was able to purify and
refine biodiesel from impurities [96], suggesting its wide
applications.

AC generated from mangosteen rind is also utilized in battery
production. A hierarchical porous carbon generated from car-
bonized and activated mangosteen rind was able to deliver a high
discharge capacity of up to 870 mAh/g when used as a composite
cathode for a lithium sulfur battery [97]. Furthermore, the cell
demonstrated a high capacity retention and capability rate
[97,98]. In addition, a low-cost hard carbon (HC) anode for sodium
ion batteries was developed from the mangosteen peel by Wang
et al. [99]. The fabricated HC showed a low average potential but
high reversible capacity. The maximum specific capacity achieved
by the HC sample was 330 mAh/g after 100 cycles with excellent
capacity retention (98%). In the future, these fabricated batteries
from such biomass waste may be able to replace rechargeable
lithium-ion batteries in portable electronics and energy storage
systems.
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Biomedical advanced materials

The medicinal properties of mangosteen extract have sparked
interest in their utilization in advanced materials of biomedical
benefit. For instance, rubber latex gloves embedded with powder
from mangosteen peel extract have an antimicrobial property for
use in a medical environment [100]. Furthermore, an electrospun
polyacrylonitrile fiber mixed with dried mangosteen water extract
possesses anti-microbial activities against various Staphylococcus
and Mycobacterium tuberculosis strains [101]. Such a fiber is there-
fore useful in minimizing bacterial contamination, particularly pre-
venting the spread of tuberculosis for many filtration applications,
including facemasks and respirators. Electrospun nanofibers devel-
oped from polyvinylpyrrolidone with encapsulated mangosteen
extract exhibited high antioxidant activity [102,103]. The nanofi-
ber allows mangosteen extract/compounds to disperse throughout
the fiber’s molecular structure, increasing the surface area for effi-
cient drug delivery application [102,103].

Furthermore, microemulsion of a-mangostin may have poten-
tial for drug delivery as the nanosized particles improve the com-
pound bioavailability, and it was indeed highly present in treated
rat organs, such as the stomach, liver, and spleen [104,105]. Simi-
larly, mangosteen ethyl acetate fraction loaded into a self-
nanoemulsifying drug delivery system was able to penetrate the
skin layer (stratum corneum), suggesting its applicability for cos-
metic products or skin damage treatment [106,107]. Mangosteen
extract has also been applied as a topical gel. Priani et al. [108]
developed a microemulsion gel containing an n-hexane fraction
of mangosteen pericarp that is able to protect skin from UV expo-
sure (a sun protection factor of 4.01). Furthermore, Astuti et al.
[109] used gel formulation of mangosteen rind (ethyl acetate
extract) mixed with sodium polyacryloydimethyl taurate (gelling
agent), propylene glycol (humectant), glycerin (cosolvent), Micro-
Care� preservative, and an alkalizing agent for the controlled
release of a-mangostin. This formulation is important for a skin
application with a prolonged anti-bacterial property.

Another strategy to increase the solubility and, hence, the
bioavailability of xanthones, particularly a-mangostin, has been
reported by Phunpee et al. [110]. This study utilized quaternized
beta-cyclodextrin grafted chitosan to generate an inclusion com-
plex with a-mangostin. The results showed that the a-mangostin
complex was gradually released within a simulated saliva buffer
compared with the dissoluble free a-mangostin. Furthermore,
anti-inflammatory and antimicrobial activities against Streptococ-
cus mutans and Candida albicans were significantly higher for the
a-mangostin inclusion complex compared with its free form,
which is possibly attributed to the increased solubility of the com-
plex [110]. Mangosteen has also been used as a modified carrier
molecule. Nano-fibrillated cellulose developed from its rind was
used to emulsify and encapsulate vitamin D to facilitate compound
bioavailability within the gastrointestinal tract [111].

Another advanced material using mangosteen in the biomedical
industry is metallic nanoparticles. For instance, gold nanoparticle
(AuNP) has been promoted as a drug and antibody delivery system
due to its multiple surface functionality [112]. Natural products,
such as mangosteen peel, have been used as reducing agents to
generate AuNP using a greener approach [112,113]. Moreover,
the biofabrication of mangosteen bark extract with silver nanopar-
ticle (AgNP), in combination with ultrasonic exposure, has enabled
targeted cancer treatment [114,115]. This advancement is particu-
larly important because, during a single ultrasonic treatment,
healthy and cancerous cells are negatively impacted. The use of
the AgNP successfully reduced the population of cancerous cells
(lung cancer) by more than two fold but did not affect healthy nor-
mal cells [114]. Additionally, copper nanoparticle prepared with
the addition of mangosteen leaf extract has shown promising
antibacterial activities against Escherichia coli and Staphylococcus
aureus [116]. These lines of evidence suggest that mangosteen bio-
mass waste can be valorized into highly valuable components in
the medicinal and pharmaceutical fields, benefitting societal
well-being in the long term. As first coined by Fairchild [117], man-
gosteen is truly the ‘‘Queen of Fruits.”

Conclusions and future perspectives

This review summarizes recent literature about mangosteen
properties, uses, and applications in various industries and scien-
tific fields. The fruit shelf life, ripening process, and metabolite
composition were investigated in several postharvest studies. Fur-
thermore, mangosteen has been used in the food industry, partic-
ularly as functional food, animal feed, and for food shelf-life
determination. Other areas of interest are engineering and materi-
als sciences. Mangosteen extract has been utilized in natural fabric
dye, DSSCs, biosensory applications, contaminant removal, battery
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production, and antibacterial and anticancer materials. This wide
utilization of mangosteen, ranging from technological and biomed-
ical applications to advanced materials, deserves the utmost atten-
tion of local governments to further promote the fruit and its
cultivation. In the future, mangosteen-derived products are envi-
sioned to benefit various communities, including local growers,
farmers, and consumers, as well as the biomaterial and biomedical
industries.
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