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Abstract

The rapid expansion of global dragon fruit (Hylocereus spp.) cultivation generates increasing quantities of peel waste,
creating both an environmental burden and an opportunity for resource recovery. This review integrates bibliometric
mapping of 366 publications retrieved from the Web of Science Core Collection with a critical narrative synthesis of
dragon fruit peel (DFP) composition, bioactivities, extraction technologies, and high-value applications. Publication
output increased markedly after 2018, while network and burst analyses identified four interconnected research themes:
extraction and polysaccharide structure-function relationships, bioactivities and phytochemicals, betalain stability and
food packaging, and environmental adsorption and engineered materials. DFP is particularly rich in betalains, pec-
tin, dietary fibre, and phenolic compounds, which contribute to its antioxidant, antimicrobial, metabolic-regulatory,
and prebiotic potential. Critical comparison of ultrasound-, microwave-, and enzyme-assisted extraction, natural deep
eutectic solvents, supercritical-fluid extraction, and liquid biphasic systems indicates that no single technology is uni-
versally superior; selection depends on the target compound and intended product. Although these approaches may
shorten processing time or improve selectivity, their scale-up, energy demand, solvent recycling, cost, and environmental
footprint remain insufficiently evaluated. Emerging applications include natural colorants, functional foods, intelligent
packaging, biosorbents, nanomaterials, and biocomposites. However, further toxicological, clinical, techno-economic,
and life-cycle assessments are required before large-scale commercialization. Overall, DFP represents a promising mul-
tifunctional feedstock for circular food, environmental, and materials systems.
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Introduction

The global horticultural landscape has witnessed a rap-
id expansion in the cultivation and commercialization
of dragon fruit (Hylocereus spp.), also known as Pitaya,
driven by its distinct sensory attributes and a growing
consumer demand for functional “superfoods” Indige-
nous to the Americas and now extensively naturalized
across Southeast Asia, this member of the Cactace-
ae family has transcended its status as an exotic niche

commodity to become a staple in the global fruit trade.
However, industrial processing for juice and wine gener-
ates significant by-products, and comprehensive reviews
emphasize that utilizing these residues is crucial for sus-
tainable postharvest management and the recovery of
bioactive compounds from tropical fruit wastes (Cheok
et al. 2018; Jalgaonkar et al. 2022). The pericarp (peel),
which constitutes approximately 30-35% of the total
fruit weight, is routinely discarded as waste despite be-
ing a rich source of functional polysaccharides (Cheong
et al. 2025).
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In a linear economy model, this biomass accumulation
represents a significant burden, contributing to green-
house gas emissions via landfill decomposition and posing
phytotoxicity risks to soil and water systems. Conversely,
within the emerging paradigm of the circular bio-econ-
omy, dragon fruit waste is increasingly recognized as a
versatile feedstock for bioenergy, pharmaceuticals, and
functional food formulations (Tripathi et al. 2024). Cur-
rent research trajectories prioritize the valorization of this
biomass through green extraction technologies - such as
ultrasound, microwave, and supercritical fluid extraction
- to sustainably recover high-value bioactive molecules
while minimizing environmental impact (Carmen et al.
2023; Ferreira et al. 2023).

Biologically, the exocarp serves as the fruit's primary
defense interface, necessitating the accumulation of supe-
rior concentrations of secondary metabolites compared to
the edible pulp (Le 2021). Consequently, the peel serves
as an undervalued reservoir densely impregnated with
polyphenols, enzymes, and dietary fibers (Joshi and Prab-
hakar 2020; Joseph et al. 2024). Specifically, it is rich in
betalains — unique nitrogen-containing pigments with po-
tent radical-scavenging and chemopreventive properties
(Wu et al. 2006)—and structurally robust pectic polysac-
charides (Zheng et al. 2024), offering sustainable alterna-
tives to synthetic additives.

The valorization of DFP aligns with the United Na-
tions Sustainable Development Goals (SDGs), specifi-
cally regarding responsible consumption and production
(SDG 12). Recent scientific endeavors have moved be-
yond simple extraction, venturing into the engineering of
peel-derived components into functional materials. From
intelligent pH-sensing food packaging that visually com-
municates freshness (Jiang et al. 2023), to nanostructured
biosorbents for heavy metal remediation (Abatal et al.
2022), the peel is being reimagined as a versatile feedstock
for the food, pharmaceutical, and environmental sectors.

Despite this potential, current literature remains frag-
mented, often isolating extraction optimization from
downstream material application. This review aims to
bridge that gap by providing a critical, holistic synthesis
of the state-of-the-art research on Hylocereus spp. peel.
We systematically evaluate the phytochemical profile and
green extraction technologies, elucidate the molecular
mechanisms underlying its bioactivities, and highlight
the breakthrough engineering applications that transform
this “trash” into a functional treasure.

Bibliometric analysis

Data retrieval, screening, and analytical proce-
dures

To define the evidence base and map the development of DFP

research, the Web of Science Core Collection was searched
on 7 August 2026. The following topic query was used:
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TS=((“dragon fruit*” OR dragonfruit* OR pitaya* OR
pitahaya* OR Hylocereus* OR “Selenicereus undatus” OR
“Selenicereus monacanthus” OR “Selenicereus costari-
censis” OR “Selenicereus megalanthus” OR “Selenicereus
ocamponis”) AND (peel* OR pericarp* OR exocarp* OR
epicarp* OR rind* OR (fruit NEAR/1 skin*))).

The search yielded 557 records. Titles, abstracts, and
keywords were manually screened to retain studies in
which DFP was explicitly investigated as a source of phy-
tochemicals, pigments, polysaccharides, enzymes, func-
tional ingredients, adsorbents, or engineered materials.
Records addressing only pulp or whole-fruit characteris-
tics, cultivation and orchard management, breeding and
genetics, postharvest physiology without peel-specific
findings, or unrelated fruit wastes in which DFP was men-
tioned only incidentally were excluded. This relevance
screening retained 403 records. Subsequent restriction to
the Article and Review Article document types produced
a final corpus of 366 publications, comprising 355 Arti-
cle-type records and 11 Review Articles. Full Records and
Cited References were exported for analysis.

Annual publication output was evaluated using com-
plete calendar years through 2025. The 38 records as-
signed to 2026 were treated as partial-year observations
because the search was conducted on 7 August 2026. One
additional record assigned to a 2027 journal volume had
been published as Early Access in July 2026. These 39 re-
cords were retained in the overall corpus to reflect current
research topics but were excluded from trend fitting and
burst detection.

Bibliographic data were processed using a reproduci-
ble Python-based workflow. Countries, institutions, and
authors were analysed using full counting, whereby a pub-
lication was credited to every participating entity. In the
country collaboration network, links represent distinct
international partners, whereas total link strength (TLS)
represents the sum of international co-authorship link
strengths.

Author Keywords and Keywords Plus were com-
bined, synonym-normalized, and cleaned by removing
search-defining and overly generic terms. Keywords oc-
curring at least five times were retained. Raw co-occur-
rence counts were used to calculate links and TLS, while
association-strength normalization was used for commu-
nity detection (Eck and Waltman 2009). Louvain mod-
ularity optimization was applied at a resolution of 1.1,
with a minimum macro-cluster size of seven (Blondel et
al. 2008). Normalized weighted betweenness centrality
was calculated using inverse association strength as net-
work distance to identify terms and countries connecting
otherwise less directly linked parts of the network (Free-
man 1977). References cited by at least five publications
in the corpus were retained for the co-citation network.
Cited-reference and keyword bursts were detected using
the binomial Kleinberg algorithm with (s=2) and (y=1),
based exclusively on complete-year data from 2005 to
2025 (Kleinberg 2003).
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Growth of the literature and geographic collab-
oration

Annual publication output increased markedly after 2018
(Fig. 1a). The number of publications rose from 11 in
2018 to 59 in 2024 and remained high at 57 in 2025, cor-
responding to a compound annual growth rate of 26.5%
over the 2018-2025 period. The linear trend fitted to this
period yielded (R?=0.931). The 38 records assigned to
2026 represent partial-year output as of 7 August 2026,
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while the single record assigned to a 2027 journal volume
was published as Early Access in July 2026. These records
are displayed for transparency but were excluded from
trend fitting and burst analysis.

The geographic distribution of research output is pre-
sented in Fig. 1b. Under full counting, China was the
leading contributor, with 119 publications and the high-
est international collaboration TLS of 37. It was followed
in publication output by Malaysia (49 publications; TLS
= 24), India (44; TLS = 24), Brazil (39; TLS = 13), Viet-
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Figure 1. Bibliometric growth and geographic collaboration in DFP research. a. Annual publication output. The par-
tial-year 2026 records and the 2027 future-volume record are displayed but excluded from trend fitting; b. The 12
leading contributing countries and their international co-authorship total link strength. Publication output was cal-

culated using full counting.
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nam (26; TLS = 12), and Thailand (23; TLS = 13). Overall,
104 of the 366 publications (28.4%) involved authors from
more than one country.

Publication output, collaboration intensity, and net-
work brokerage were not identical. Although Saudi Ara-
bia contributed only nine publications, it had a collabora-
tion TLS of 21 and the highest normalized country-level
betweenness centrality (0.357), indicating an important
bridging position within the international collabora-
tion network. Australia also exhibited relatively high be-
tweenness centrality (0.160), whereas China’s centrality
was 0.104 despite its leading publication output and TLS.
These results distinguish highly productive countries
from countries that connect otherwise less directly linked
collaboration groups.

Thematic structure and temporal evolution

After keyword normalization and frequency thresholding,
the co-occurrence network contained 85 terms and four in-
terconnected macro-clusters (Fig. 2a). The resulting modu-
larity was (Q=0.387), with a mean silhouette coefficient of
0.228. These values indicate recognizable thematic organi-
zation accompanied by substantial interdisciplinary overlap.
Therefore, the clusters were interpreted as interacting re-
search domains rather than completely separated subfields.

Cluster 1, extraction and polysaccharide struc-
ture-function, contained 15 keywords centred on extrac-
tion (38 occurrences; TLS = 166), optimization (36; TLS
= 166), pectin (36; TLS = 131), polysaccharides, micro-
wave-assisted extraction, esterification, rheological prop-
erties, high-methoxyl pectin, and mucilage. This cluster
represents the relationship between extraction conditions,
polymer structure, and the resulting physicochemical
functionality of peel-derived polysaccharides.

Cluster 2, bioactivities and phytochemicals, contained
nine keywords and was dominated by antioxidant activity,
which was the most frequent and strongly connected term
in the entire network (125 occurrences; TLS = 422). Oth-
er major terms included phenolic compounds (41; TLS =
141), bioactive compounds, flavonoids, antiproliferative
activities, oxidative stress, and betalain biosynthesis. This
cluster reflects the long-standing emphasis on chemical
characterization and biological functionality.

Cluster 3, environmental adsorption and engineered
materials, comprised 27 keywords, including adsorption
(26 occurrences; TLS = 100), waste, removal, methylene
blue, activated carbon, nanoparticles, green synthesis,
composites, kinetics, and sorption. The simultaneous
presence of conventional adsorption terminology and
newer materials-related terms indicates that DFP research
has expanded from direct biomass utilization towards en-
gineered carbon materials, nanomaterials, and composite
adsorbents.

Cluster 4, betalain stability and food packaging, was
the largest cluster, containing 34 keywords and an ag-
gregate TLS of 1,992. Its principal terms included beta-
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cyanins (68 occurrences; TLS = 279), betalains (64; TLS
= 270), stability (49; TLS = 200), anthocyanins, chitosan,
degradation, pigments, ultrasound-assisted extraction,
betanin, encapsulation, intelligent packaging, and films.
This cluster connects pigment recovery and stabilization
with downstream food-packaging applications.

Weighted betweenness centrality identified response
surface methodology (0.101), maltodextrin (0.095),
high-methoxyl pectin (0.089), and aqueous solution
(0.083) as important bridging terms. These terms connect
extraction optimization, encapsulation, polysaccharide
functionality, pigment stabilization, and environmental
processing, further demonstrating the methodological in-
terdependence of the principal research themes.

In the temporal overlay presented in Fig. 2b, each key-
word is coloured according to the average publication year
of the documents in which it appeared; the colour does
not indicate the keyword’s first year of appearance. Ear-
lier research was concentrated on pigments, yield, puri-
fication, betalain identification, and stability. More recent
topics included polysaccharides (average publication year
= 2023.35), bioactive compounds (2023.55), nanopar-
ticles (2023.46), green synthesis (2023.42), composites
(2023.17), intelligent packaging (2024.00), carbon dots
(2024.17), transcriptomics (2024.40), and films (2024.60).
The temporal distribution indicates that the field has ex-
panded from compound identification and extraction
optimization towards structure-function analysis, intelli-
gent packaging, nanotechnology, and multi-sectoral waste
valorization. This peel-specific mapping further resolves
the materials-engineering and environmental themes that
are less visible in bibliometric studies combining multiple
fruit by-products (Barroso-Torres et al. 2025).

Cited-reference and keyword bursts

Burst detection identifies references or terms that under-
go a sudden increase in attention during a specific period.
Burst strength therefore reflects the magnitude and dura-
tion of an increase in citing activity rather than absolute
scientific quality or total citation impact. Twenty-nine cit-
ed references met the predefined burst criteria, of which
the 20 strongest are presented in Fig. 3a.

The strongest cited-reference burst was observed for
(Wybraniec and Mizrahi 2002), with a burst strength of
13.34 lasting from 2006 to 2017. This was followed by (Wu
et al. 2006) (strength = 11.47, 2009-2020), (Esquivel et al.
2007) (strength = 9.22, 2010-2016), (Stintzing and Carle
2004) (strength = 8.79, 2010-2017), and (Castellar et al.
2003) (strength = 8.73, 2015-2019). The long durations
of these bursts demonstrate the foundational influence of
early studies on betalain chemistry, pigment stability, and
antioxidant activity. More recent bursts associated with
(Jiang et al. 2021), (Chen et al. 2022), and (Arivalagan et
al. 2021) indicate increasing attention to integrated valor-
ization, peel-pectin functionality, and broader composi-
tional characterization.
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bursts among the 29 references meeting the predefined criteria; b. All seven keywords meeting the predefined burst

criteria. Red segments indicate burst intervals, and the values on the right indicate burst strength.

Seven keywords met the predefined burst criteria, and
all are shown in Fig. 3b. “Betalains” exhibited the strong-
est burst (strength = 9.75, 2015-2019), followed by “sta-
bility” (5.57, 2013-2019), “pigments” (4.68, 2007-2019),
“betacyanins” (4.62, 2015-2019), “purification” (3.92,
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2013-2020), “byproducts” (3.26, 2020-2023), and “yield”
(3.18, 2011-2014). The early and long-lasting bursts of
pigment-related terms reflect the foundational phase of
DFP research, whereas the later burst of “byproducts”
marks a shift towards the circular utilization of the entire
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peel matrix. The number of detected keyword bursts was
determined exclusively by the predefined statistical crite-
ria and was not artificially expanded to a predetermined
top-20 list.

Together, the keyword clusters, temporal overlay, and
burst patterns provided the organizational framework
for the subsequent critical synthesis. Cluster 1 guides the
discussion in “Phytochemical Profile and Green Extrac-
tion Technologies,” Cluster 2 informs “Bioactivities and
Health-Promoting Mechanisms,” Cluster 4 underpins the
evaluation of food and packaging applications, and Clus-
ter 3 supports the discussion of environmental remedia-
tion and engineered materials within “Multi-sectoral Val-
orization and Industrial Applications.”

Within each mapped theme, representative studies
for the narrative synthesis were selected by considering
keyword occurrence and total link strength, betweenness
centrality, citation-burst strength, publication recency,
and direct relevance to DFP. These bibliometric indicators
were used to balance foundational and emerging evidence
rather than as substitutes for methodological quality as-
sessment. Accordingly, the subsequent synthesis proceeds
from composition and extraction to bioactivities and
downstream applications, reflecting the knowledge struc-
ture identified through bibliometric mapping.

Phytochemical profile and green extraction
technologies

The valorization of Hylocereus spp. peel requires a funda-
mental understanding of its complex phytochemical ma-
trix and the deployment of sustainable extraction method-
ologies. Unlike the pulp, the peel acts as the fruit’s primary
defense system, accumulating higher concentrations of
secondary metabolites and structural polysaccharides to
resist abiotic stress. This section delineates the principal
bioactive classes and evaluates the shift from convention-
al solvent extraction to energy-efficient, green processing
technologies.

Major bioactive constituents

The phytochemical landscape of DFP is characterized by a
unique coexistence of nitrogenous pigments, high-molecu-
lar-weight hydrocolloids, and phenolic defense compounds.

Betalains: DFP is one of the few edible sources of bet-
alains, water-soluble nitrogen-containing pigments. These
compounds are chemotaxonomic markers and are catego-
rized into two structural groups: betacyanins (red-violet)
and betaxanthins (yellow-orange).

In red-fleshed varieties (H. polyrhizus), the peel is
dominated by betanin, isobetanin, phyllocactin, and hy-
locerenin. Furthermore, detailed structural analysis has
revealed that the peel exhibits a more complex betacyanin
profile than the flesh, containing rare apiosyl-betacyanins
and unique sinapoylated derivatives not found in the pulp

(Wybraniec et al. 2007). Crucially, recent metabolomic
profiling indicates that the peel is rich in acylated beta-
cyanins (e.g., phyllocactin), which have been demonstrat-
ed to exhibit superior antioxidant capacity compared to
non-acylated betanin (Xu et al. 2024b).

Pectin and Dietary Fiber: The peel is a lignocellulosic
biomass rich in pectic substances, constituting approxi-
mately 20-35% of the dry weight. Unlike commercial cit-
rus or apple pectin, DFP pectin typically exhibits a high
degree of esterification, classifying it as high-methoxyl
pectin. However, comprehensive fractionation studies
have revealed that the peel contains a significant fraction
of water-soluble, low-methoxyl pectin rich in uronic ac-
ids, which is structurally distinct from the pulp’s pectin
that is higher in neutral sugars like arabinose and galac-
tose (Liaotrakoon et al. 2013). Specifically, pectin extract-
ed from the fresh inner peel using citric acid has been
characterized with a DE of 63.74% and a molecular weight
of 0.88 x 10° Da, exhibiting Newtonian flow behavior at
low concentrations (Muhammad et al. 2014). However,
extraction methods significantly influence these proper-
ties; for instance, hot-acid extraction can yield ultra-low
methoxyl pectin with exceptional emulsifying stability at-
tributed to its high rhamnogalacturonan-I content (Chen
et al. 2022), whereas subcritical water extraction has been
shown to yield pectin with a lower degree of esterification
but higher molecular weight and thermal stability com-
pared to conventional acid extraction, tailoring its func-
tionality for specific film-forming applications (Tristanto
et al. 2024). Conversely, ultra-high pressure enzyme ex-
traction has been reported to significantly reduce both
the molecular weight and degree of esterification of pec-
tic polysaccharides, thereby enhancing their antioxidant
capacity via increased exposure of active hydroxyl groups
(Chen et al. 2021a).

Structural analysis using FTIR and NMR reveals that
DEFP pectin possesses a complex “hairy region” (thamno-
galacturonan-I) branched with arabinose and galactose
side chains. These structural features confer unique rhe-
ological properties, allowing high-methoxyl DFP pectins
to form gels under acidic conditions with high sugar con-
centrations (Costa et al. 2022), while also providing signif-
icant emulsifying capacity due to the hydrophobic protein
moieties bound to the polysaccharide backbone (Du et al.
2024).

Phenolics and Flavonoids: The peel matrix serves as a
dense reservoir for a diverse array of phenolic acids and
flavonoids, existing in both free and bound forms. Alka-
line hydrolysis has proven particularly effective in char-
acterizing this matrix, identifying caffeic, ferulic, and
chlorogenic acids as the predominant bound phenolics
contributing to the peel’s antioxidant capacity (Nguyen et
al. 2019; Tang et al. 2021).

Species-specific variation is a defining feature of the
peel’s phytochemical profile. For instance, while H. unda-
tus peels are dominated by syringic acid, H. costaricensis is
characterized by high concentrations of ferulic acid (Sen
and Baruah 2023). Similarly, specific flavonoid signatures,
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such as kaempferol and isorhamnetin glycosides, have
been identified as chemotaxonomic markers distinguish-
ing yellow pitaya peels (Ferreres et al. 2017). Comparative
metabolomic assessments consistently demonstrate that
the peel significantly outperforms the pulp in total anti-
oxidant activity. It accumulates superior concentrations
of betalain precursors (e.g., L-DOPA, tyrosine) and flavo-
noids like rutin and quercetin throughout fruit matura-
tion (Suh et al. 2014; Hua et al. 2018; Coelho et al. 2024).

Recent advances in high-throughput metabolomics
have dramatically expanded the known chemical invento-
ry of DFP. Advanced profiling has identified over 80 spe-
cific compounds, including unique lignans and stilbenes
(Chen et al. 2021b), and a widely targeted analysis recent-
ly mapped 433 metabolites, revealing notable concentra-
tions of alkaloids and lipids with pharmaceutical potential
(Lin et al. 2021). Functionally, these compounds are not
merely passive constituents. For example, specific flavo-
noids like quercetin-3-O-hexoside have demonstrated
significant anxiolytic-like effects in in vivo models (Lira et
al. 2020), while others function synergistically with beta-
lains to quench reactive oxygen species (ROS), forming a
robust antioxidant defense system.

Functional Proteins and Enzymes: Beyond nutrition-
al bioactives, the peel has been identified as a reservoir
of functional catalytic proteins with significant industrial
utility. Novel thermostable enzymes have been purified
from this matrix; specifically, a thermostable amylase and
an alkaline-thermostable protease exhibit high stability
across broad pH ranges and surfactant tolerance (Amid
and Manap 2014; Amid et al. 2014a). Additionally, a high-
ly stable pectinase extracted under optimized conditions
demonstrated 78% thermal stability, suggesting potential
applications in bioprocessing (Zohdi and Amid 2013). To
enhance industrial viability, stabilization strategies have
been developed. For instance, the peel-derived amylase
was successfully microencapsulated in an Arabic gum-chi-
tosan matrix via freeze-drying, achieving 96.2% encapsula-
tion efficiency and significantly improved stability against
surfactants and oxidizing agents (Amid et al. 2014b).

Novel extraction and pre-treatment techniques

The recovery of thermolabile betalains, phenolic com-
pounds, and structurally sensitive pectins depends not
only on the extraction method but also on the preceding
drying and enzyme-inactivation treatments. Under the
conditions evaluated, far-infrared drying retained more
betalains and flavonoids than microwave and hot-air
drying, whereas microwave drying substantially short-
ened moisture-removal time (Joseph Bassey et al. 2024).
Moderate drying temperatures and aqueous ethanol can
further limit the degradation of heat-sensitive phenolics
while reducing reliance on more hazardous solvents (da
Silva et al. 2025). Boiling-water treatment can inactivate
endogenous enzymes but may subsequently alter the
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colour and mechanical properties of peel-derived pectin
films (Zhang et al. 2024). Room-temperature aqueous
extraction represents another solvent-minimizing option
and can produce pectin with favourable molecular-weight
and emulsifying properties, although its overall sustaina-
bility has not been established through direct energy, cost,
or life-cycle comparisons (Liu et al. 2023). Because the
available studies investigated different target compounds
and used non-equivalent performance indicators, Table 1
retains the original target-specific values rather than rank-
ing the technologies according to a single extraction-yield
measure.

The comparison indicates that no individual tech-
nology is universally superior; selection must instead be
matched to the target compound and intended product.
Ultrasound-assisted extraction (UAE) and microwave-as-
sisted extraction (MAE) provide comparatively rapid
extraction and relatively established equipment-devel-
opment pathways, but their environmental advantages
depend on electricity consumption, liquid-to-solid ratio,
and control of non-uniform acoustic or electromagnetic
fields. Enzyme-assisted extraction (EAE) operates under
mild conditions but may be economically constrained by
enzyme dosage and recovery, while the current DFP evi-
dence is dominated by hybrid ultrasound-assisted enzy-
matic extraction (UAEE) processes. Natural deep eutectic
solvents (NADES) offer low volatility and tunable solva-
tion but should not be regarded as intrinsically non-toxic
or environmentally benign because component manu-
facture, viscosity, dilution, solvent recovery, and residu-
al-solvent acceptability must also be considered. Biphasic
systems provide high laboratory-scale separation efficien-
cies, although phase-former recycling, saline or alcohol-
ic effluents, and final-product purity require pilot-scale
verification. Supercritical-fluid extraction (SFE) provides
selective fractionation with limited conventional-solvent
residues, but high-pressure equipment, compression ener-
gy, and polar co-solvents weaken any unconditional claim
of environmental superiority. Future head-to-head studies
should therefore report purity-normalized recovery, com-
plete mass balances, specific energy consumption, water
and solvent use, recycling efliciency, waste generation,
carbon emissions, and unit production cost.

Bioactivities and health-promoting mechanisms

The valorization of Hylocereus spp. peel is predicated not
merely on its chemical abundance but on the potent, mul-
tifaceted biological activities exhibited by its constituents.
Recent in vitro and in vivo investigations have elucidat-
ed that the peel matrix functions as a bioactive delivery
system, exerting protective effects through specific mo-
lecular pathways ranging from radical scavenging to the
modulation of gut microbiota. A comprehensive overview
of these multi-target biological activities and their under-
lying mechanisms is illustrated in Fig. 4.
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Table 1. Critical comparison of green and intensified extraction and separation technologies applied to DFP.
Relative cost* | Scale-up Indicative Representative
Technology | Representative DFP performance' | Principal advantages | Critical limitations and cost drivers . environmental
(CapEx/OpEx) | potential® . references
footprint
UAE An optimized process produced Enhances mass Cavitation becomes non-uniform at M/M M-H L-M, (Zaid et al. 2020)
31.4% high-methoxyl pectin with a | transfer; compatible larger volumes; excessive acoustic conditional on
degree of esterification of 56.10% at | with water or aqueous | intensity may reduce pectin molecular solvent and
65 °C for 70 min ethanol; applicable as |  weight and viscosity; performance electricity use
either extraction or | depends strongly on reactor geometry
pretreatment and target compound
MAE Red DFP pectin yield was 17.01% Rapid volumetric Does not consistently improve yield M/M M M (Thu Dao et al.
by MAE versus 15.07% by heating and markedly | across species; hot spots may degrade 2021)
conventional extraction; for white | shorter processing | betalains or alter pectin esterification
DFP, the corresponding yields were | time; compatible with | and molecular weight; penetration
13.22% and 14.11% aqueous systems depth and dielectric heterogeneity
complicate scale-up
EAE, UAEE produced a pectin yield Mild aqueous Most quantitative DFP evidence L-M/M-H M L-M (Le et al. 2026);
including of 19.38% with a degree of processing; selective concerns hybrid UAEE rather than (Puc-Santamaria
UAEE esterification of 46.51% in one cell-wall disruption; | EAE alone; enzyme dosage, purchase, et al. 2025)
study; another process extracted useful for releasing | inactivation, and removal can increase
565.6  12.9 ug/g total betalains bound compounds | operating cost; efficiency is sensitive to
and 14.9 + 2.4 mg/g total while limiting thermal pH and feedstock composition
polyphenols at 20 °C for 20 min degradation
NADES Choline chloride-glucose-water Low volatility and High viscosity can restrict mass M/M L-M Potentially | (Tien et al. 2022)
NADES combined with sequential | tunable polarity; may transfer; substantial dilution and L-M, but
microwave-ultrasound treatment | improve solubilization | solvent-recovery requirements may uncertain
produced 19.39% pectin with a and stabilization; transfer the burden downstream; the
degree of esterification of 50.77% potentially individual contribution of NADES
compatible with cannot be separated from microwave-
integrated extraction- ultrasound intensification in the
formulation processes reported process
SFE At 25 MPa with an ethanol/ Tunable selectivity; High-pressure equipment and CO, H/M-H M M, conditional | (Fathordoobady
water modifier, the peel extract limited oxygen compression increase capital and on CO, and etal. 2016);
contained 24.58 mg/100 mL total | exposure; potentially | energy requirements; polar betalains co-solvent (Lacerda et al.
betacyanins, compared with low solvent residues require ethanol/water modifiers; recovery 2024)
28.44mg/100 mL using conventional when CO, and performance is strongly species- and
solvent extraction; species- modifiers are moisture-dependent
dependent overall extract yields recovered
subsequently ranged from 17.7 to
49.6 g/kg
Liquid Liquid biphasic flotation achieved | Combines extraction, | Reported partition and separation L-M/M M M, conditional (Leong et al.
biphasic 88.36% separation efficiency for partitioning, and percentages are not equivalent to on phase- 2018a; Leong et
separation peel betacyanins; integration concentration at mild | mass yield or final-product purity; former al. 2019)
systems with electric flotation increased temperatures; high ethanol, phosphate salts, and saline recycling
separation efficiency to 98.38% target selectivity streams require recovery or treatment;
under optimized laboratory phase disengagement and electrode
conditions operation remain unvalidated at pilot
scale

! Reported values retain the target, unit, and calculation basis used in the original studies. Pectin yield, analyte concentration, partition percentage, and separation efficiency are not
interchangeable and should not be interpreted as a common yield ranking.
2 L, low; M, moderate; H, high. Cost, scale-up potential, and environmental footprint are qualitative process-based assessments. None of the cited DFP studies reported a direct com-
parative techno-economic analysis, DFP-specific pilot-scale validation, or life-cycle assessment. These assessments may change with solvent recycling, electricity source, pretreatment,
product purity requirements, and downstream processing.

Antioxidant activity

While the superior antioxidant capacity of the peel com-
pared to the pulp is well-established, the underlying ef-
ficacy operates primarily through two distinct chemical
mechanisms: hydrogen atom transfer and single electron
transfer. Mechanistically, the phenolic hydroxyl and imi-
no groups embedded within the betalain structure act as
potent electron donors, effectively neutralizing ROS and
reactive nitrogen species.

Beyond individual molecules, the polysaccharide
framework exerts a crucial “matrix effect” The high-meth-
oxyl pectin fraction exhibits intrinsic antioxidant activ-
ity, attributed to the chelation of pro-oxidant transition
metal ions by free carboxyl groups on the galacturonic
acid backbone. Recent QSAR modeling has further elu-
cidated this interaction, revealing that the high degree
of methyl-esterification (73.5%) in red pitaya peel pectin

creates a dense network that restricts phenolic mobility
while stabilizing lipophilic compounds like isorhamnetin
via steric constraints (Amorim et al. 2025). This structur-
al entrapment protects small-molecule antioxidants from
rapid degradation, thereby sustaining their bioactivity.
Validating these molecular mechanisms in biological sys-
tems, cell-based studies utilizing electron paramagnetic
resonance have confirmed that these peel-derived ex-
tracts effectively suppress intracellular ROS production
and downregulate inflammatory mediators like iINOS and
COX-2 in macrophage cells (Saenjum et al. 2021).

Antimicrobial and anticancer potential
Antimicrobial Action and Industrial Applications: Ex-

tracts derived from Hylocereus peel have demonstrated
broad-spectrum inhibitory activity against foodborne

Emirates Journal of Food and Agriculture
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Figure 4. Schematic representation of the multifaceted bioactivities and health-promoting mechanisms of DFP.

pathogens, including Staphylococcus aureus, Escherichia
coli, and Listeria monocytogenes. The mechanism is multi-
faceted: phenolic compounds disrupt bacterial cell mem-
brane integrity, causing the leakage of intracellular elec-
trolytes and proteins. Notably, sub-fractionated extracts
exhibit superior efficacy compared to crude extracts,
effectively inhibiting a wide panel of bacteria and fungal
strains like Candida albicans, likely due to the concentra-
tion of specific betacyanins and flavonoids (Tenore et al.
2012). Advanced in silico docking studies have further re-
vealed that flavonoids such as quercetin and isorhamnetin
exhibit strong binding affinities with bacterial proteins,
effectively targeting multidrug-resistant strains (Asghar
et al. 2024). Beyond direct inhibition, fermented peel ex-
tracts display significant anti-biofilm potential, disrupting
quorum sensing signals to prevent biofilm formation in E.
coli and S. aureus (Nguyen et al. 2024). These properties
have been successfully translated to the textile industry,
where cotton fabrics treated with microencapsulated ex-
tracts demonstrated durable bacteriostatic activity even
after multiple wash cycles (Mollick et al. 2023).

In Vivo Animal Health and Nutrition: Expanding be-
yond in vitro models, the antimicrobial and immuno-
modulatory properties of DFP are increasingly valued in
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animal nutrition. In aquaculture, dietary supplementation
with DFP powder (40-80 g/kg) has been shown to enhance
the innate immune defense and growth performance of
Nile tilapia cultured in biofloc systems by upregulating
key antioxidant genes (IL-1, IL-8, GPx) (Xuan et al. 2024).
Similarly, red dragon fruit by-products significantly im-
proved the survival of juvenile red seabream (Pagrus ma-
jor) against Edwardsiella tarda infection (Oh et al. 2025).
In ruminant nutrition, a series of comprehensive studies
have validated DFP as a functional feed additive. Supple-
mentation with peel pellets or powder significantly opti-
mizes rumen fermentation by mitigating methanogene-
sis and reducing protozoal populations while enhancing
microbial protein synthesis. This mechanism is primari-
ly attributed to the peel’s rich content of condensed tan-
nins and saponins (Matra et al. 2019; Matra et al. 2021a,
2021b). Furthermore, these additives have been shown to
improve milk fat content and plasma antioxidant activity
in lactating cows (Matra and Wanapat 2022). More recent-
ly, microencapsulated phytonutrients from the peel have
demonstrated the capacity to enhance the abundance of
fibrolytic bacteria like Fibrobacter succinogenes, establish-
ing their potential as eco-friendly strategies for methane
mitigation (Suriyapha et al. 2024; Suriyapha et al. 2025).
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Anticancer Potential: The antiproliferative properties
of peel extracts have been validated against various car-
cinoma lines, including breast (MCEF-7), liver (HepG2),
colon (Caco-2), and gastric cancer cells. Comparative
studies indicate that peel extracts often exert antiprolifer-
ative effects superior to those of the pulp, independent of
antioxidant capacity (Kim et al. 2011; Salam et al. 2022).
This bioactivity extends to specific fractions; for instance,
supercritical CO, extracts rich in triterpenoids (e.g., be-
ta-amyrin) have demonstrated potent cytotoxicity against
prostate and gastric cancer cells (Luo et al. 2014), while
chemically modified phosphorylated pectin derivatives
effectively inhibit HepG2 proliferation (Qian et al. 2022).
Mechanistically, bioactive fractions trigger apoptosis via
the mitochondrial pathway, characterized by the upregu-
lation of pro-apoptotic proteins (Bax, p53) and the down-
regulation of anti-apoptotic markers (Bcl-2), culminating
in caspase cascade activation (Salam et al. 2022). Crucial-
ly, these extracts exhibit a high selectivity index, showing
negligible toxicity toward normal fibroblasts.

To further potentiate therapeutic efficacy, DFP ex-
tracts have been utilized as reducing agents for the green
synthesis of metallic nanoparticles. Phyto-fabricated sil-
ver nanoparticles exhibited dose-dependent apoptosis
in HepG2 cells (IC50 37.98 ug/mL) (Shyamalagowri et
al. 2022). Furthermore, magnesium oxide nanoparticles
synthesized using peel extracts demonstrated profound
cytotoxicity against cervical carcinoma (HeLa) cells (<5%
survival), suggesting a potent synergistic effect between
the metal oxides and the peel’s bioactive capping agents
(Oyshi et al. 2025).

Metabolic regulation

DFP functions as a bioactive modulator of metabolic
disorders, particularly hyperglycemia and dyslipidemia,
through a dual mechanism involving enzymatic inhibi-
tion and gene-level metabolic reprogramming.
Hypoglycemic Potential via Enzyme Inhibition: The
peel contains potent inhibitors of carbohydrate-hydro-
lyzing enzymes, effectively retarding starch digestion and
blunting postprandial glucose spikes. Mechanistically,
specific betacyanin monomers exhibit distinct inhibito-
ry modes; purified phyllocactin has been identified as a
potent mixed-type inhibitor of a-amylase and a compet-
itive inhibitor of a-glucosidase. Notably, it exhibits su-
perior binding affinity and inhibitory activity compared
to non-acylated betanin, highlighting the functional ad-
vantage of peel-specific pigments (Xu et al. 2024b). This
efficacy is supported by wider extraction studies; micro-
wave-assisted aqueous extracts of DFP demonstrated a
potent 67.79% inhibition of a-glucosidase, outperforming
other fruit peels and confirming its potential for manag-
ing postprandial hyperglycemia (Sen Arslan 2024).
Hypolipidemic Effects and Hepatoprotection: In met-
abolic syndromes, DFP acts through multifaceted path-
ways involving physical sequestration and genetic regu-

lation. Physically, the structural polysaccharides play a
direct role; the insoluble dietary fiber fraction promotes
the fecal excretion of bile acids, while high-methoxyl pec-
tin exhibits a substantial cholesterol adsorption capacity
(370.5 mg/g) via physisorption, validating its potential as
a natural hypolipidemic agent (Zaid et al. 2019).

Biologically, DFP exerts profound regulatory effects on
lipid metabolism and inflammation. In vitro assays using
3T3-L1 adipocytes confirmed that peel extracts possess
superior lipid-reducing capacity compared to the pulp,
effectively inhibiting accumulation while mitigating oxi-
dative stress (Khoo et al. 2022). These findings translate
to in vivo protection. In models of high-fat high-fructose
diet-induced obesity, peel supplementation attenuated he-
patic steatosis and insulin resistance by downregulating
lipogenic genes (Acaca, Fasn) and suppressing inflamma-
tory cytokines (TNF-a and IL-1B) (Chumroenvidhayakul
et al. 2025). Similarly, in alcoholic liver injury models,
red pitaya peel extracts retarded disease progression by
upregulating AMPK and PPARa to enhance lipid oxida-
tion, while simultaneously inhibiting the TLR4/MyD88/
NEF-«B signaling pathway to resolve inflammation (Yeh et
al. 2020).

Prebiotic properties

The indigestible polysaccharide fraction of the peel, pri-
marily composed of pectin and hemicellulose, functions
as a high-quality fermentation substrate for the colonic
microbiota. Unlike simple sugars, these complex carbohy-
drates resist gastric hydrolysis and reach the colon intact.
There, they are selectively fermented by beneficial genera
such as Lactobacillus, Bifidobacterium, and Faecalibacte-
rium. This fermentation process yields short-chain fatty
acids — predominantly acetate, propionate, and butyrate —
which act as energy sources for colonocytes and strength-
en the intestinal barrier. Recent evidence links this pro-
cess to enhanced host immunity, specifically via increased
immunoglobulin A and G levels (Kumari et al. 2025).

Structure-function relationships are central to this ac-
tivity. The complex “hairy regions” of DFP pectin, rich in
arabinose and galactose, have been identified as key struc-
tural motifs stimulating probiotic proliferation. Compara-
tive studies reveal that mild citric acid extraction preserves
a higher abundance of these RG-I side chains compared to
high-energy ultrasound or high-pressure methods, there-
by significantly accelerating the proliferation of Bifidobac-
terium animalis subsp. lactis (Zhang and Cai 2023). Be-
yond pectins, novel prebiotic candidates possess distinct
potentials. Newly characterized fructooligosaccharides
from the peel exhibit 56.36% resistance to upper GI hy-
drolysis, significantly stimulating Lacticaseibacillus casei
and L. rhamnosus growth (Villafin-Gonzalez et al. 2025).
Furthermore, in ruminant models (Sika deer), polyphe-
nolic extracts modulated the microbiota by increasing the
Bacteroidetes/Firmicutes ratio, optimizing volatile fatty
acid production (Ban et al. 2024).

Emirates Journal of Food and Agriculture
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Multi-sectoral valorization and industrial appli-
cations

The transition from a linear to a circular bio-economy
necessitates the repurposing of agro-industrial biomass
into functional materials. DFP, previously marginalized as
waste, has emerged as a versatile feedstock for high-per-
formance applications. Its utilization spans the spectrum
from food systems engineering to advanced environmen-
tal nanotechnology, driven by the unique physicochemi-
cal properties of its constituent biopolymers and bioactive
metabolites. A schematic overview of these diverse valor-
ization pathways is illustrated in Fig. 5.

Food industry applications
Natural colorants and stabilization strategies

The global demand for clean-label alternatives to synthetic
azo dyes has positioned peel-derived betalains as premium
candidates for food coloration. However, their chromatic
stability is often compromised by thermal processing and
oxidative stress. Fundamental stabilization strategies act
as a first line of defense; recent optimization studies indi-
cate that drying DFP at moderate temperatures, or adding
0.5% ascorbic acid, effectively mitigates oxidative degra-
dation, yielding stable powders suitable for hydrocolloids
like gelatin gels (Leong et al. 2018b; de Oliveira et al. 2025).

To achieve robustness, advanced microencapsulation
technologies have been employed. Spray drying aque-
ous peel extracts with carbohydrate carriers (e.g., malto-
dextrin) has been extensively validated to produce safe,
heavy-metal-free colorant powders with high retention
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properties (Bakar et al. 2013; Thaiudom et al. 2021). Be-
yond spray drying, alternative encapsulation techniques
offer distinct advantages. Simple complex coacervation
utilizing pectin as the wall material achieved 93.2% en-
capsulation efficiency (Rahayuningsih et al. 2021), and al-
ginate-gum arabic systems demonstrated 92.3% efficiency
with predictable release kinetics (Bhagya Raj and Dash
2022), while ionic gelation with calcium alginate provided
sustained release in simulated intestinal fluid (Fathordoo-
bady et al. 2021). Wall material innovation is critical for
enhancing functionality. Combining maltodextrin with
prebiotic inulin (Widianto and Puangpraphant 2024) or
utilizing peel-derived mucilage as a co-encapsulant (Ut-
pott et al. 2020a) significantly improves storage stability
and bioaccessibility compared to single-carrier systems.
Furthermore, artificial neural network optimization
of freeze-drying encapsulation using ternary blends of
maltodextrin, gum arabic, and gelatin has achieved high
encapsulation efficiency (88.1%) and thermal stability
(Raj and Dash 2022). Notably, modest ultrasound treat-
ment during encapsulation with maltodextrin has been
proven to promote hydrogen bonding between the wall
material and pigment, thereby increasing encapsulation
efficiency and antioxidant retention (Li et al. 2022). Fur-
thermore, novel carriers like microcrystalline cellulose
(Dang-Bao and Tran 2023) and protein complexes (e.g.,
casein) (Mamu et al. 2025) have demonstrated superior
thermal protection via conformational adaptability.

Functional ingredients and texture modifiers

Beyond coloration, the high-methoxyl pectin and insol-
uble dietary fiber fraction of the peel exhibit exception-
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Figure 5. Multi-sectoral valorization pathways and high-value industrial applications of DFP.
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al water-holding and oil-binding capacities, positioning
DEFP as a versatile functional ingredient.

Fat Replacement in Meat and Dairy: DFP flour func-
tions as an effective fat mimetic in reduced-calorie for-
mulations. In emulsified sausages and beef burgers, the
incorporation of micro-milled peel particles (up to 3%)
significantly reduces fat content (by 65.7%) and cooking
loss while maintaining viscoelastic texture and inhibiting
lipid oxidation (Madane et al. 2020; Corimayhua-Silva et
al. 2024; Reyes-Garcia et al. 2024). Beyond fat replace-
ment, microencapsulated peel extracts have demonstrat-
ed significant protective efficacy in ground pork patties
subjected to high-pressure processing, effectively inhibit-
ing lipid and protein oxidation while preserving color and
texture stability during refrigerated storage (Cunha et al.
2018). Similar benefits extend to aquatic products like fish
nuggets (Biswas et al. 2022). In dairy, adding 1% peel flour
to strawberry ice cream successfully replaced up to 73.5%
of fat, improving overrun and viscosity without compro-
mising sensory acceptability (Utpott et al. 2020b). Fur-
thermore, DFP extract serves as a functional colorant in
drinking yoghurt (Hafiz et al. 2025) and promotes SCFA
production in Kombucha fermentation (Miglioranza et al.
2024).

Bakery and Cereal Products: Incorporating DFP pow-
der into bakery products offers dual benefits: regulating
digestion and inhibiting harmful by-products. In bread
and cookies, peel powder supplementation significantly
reduced starch digestibility and the predicted glycemic
index via fiber-starch interactions (Chumroenvidhayakul
et al. 2022). Crucially, bioactive components like phyllo-
cactin have been shown to inhibit protein oxidation and
the formation of advanced glycation end-products during
baking (Chumroenvidhayakul et al. 2023; Xu et al. 2024a).
Moreover, purified betacyanin-rich extracts optimize
crumb structure via noncovalent gluten interactions (Xu
et al. 2025).

Advanced and Emerging Applications: In the realm
of food safety, milk-based marinades fortified with peel
extract significantly mitigated the formation of carcino-
genic polycyclic aromatic hydrocarbons in grilled meats
(Nowar et al. 2025), while DFP juice marinades have been
proven to optimize the lipid profile of beef steaks, reduc-
ing oxidative aldehydes and enhancing fruity aroma at-
tributes (Wang et al. 2025). Furthermore, the peel extract
has been engineered as a sustainable fluorescence probe
for detecting synthetic dyes in food (Salem AlSalem et al.
2024). Finally, in advanced manufacturing, DFP powder
has been valorized as a shear-thinning functional ink for
3D food printing, enabling the continuous production of
customized shapes with high dimensional stability (Lin et
al. 2025).

Smart and active food packaging

One of the most innovative valorization pathways is
the engineering of multifunctional packaging systems.

DFP-derived biopolymers and pigments are increasingly
utilized to create intelligent systems that communicate
freshness in real-time and active barriers that extend
shelf-life through structural and biological mechanisms.

Intelligent freshness indicators

DFP extracts are naturally halochromic, undergoing a
distinct color shift from red-violet to yellow-green in re-
sponse to pH elevation. Mechanistically, this transition
is driven by the alkaline hydrolysis of the aldimine bond
in betacyanins, resulting in their degradation into yel-
low betalamic acid and colorless cyclo-DOPA - a path-
way recently elucidated via FTIR analysis of optimized
aqueous peel extracts (Permana et al. 2025). This prop-
erty is exploited to monitor proteinaceous food spoilage
(e.g., shrimp, pork), which releases volatile amines that
raise the headspace pH. Fig. 6 illustrates the application
of DFP-based intelligent packaging systems for real-time
freshness monitoring of perishable foods.

Biopolymer Matrices for Sensing: Researchers have
successfully immobilized peel extracts into various biode-
gradable matrices to create responsive sensors.

o Starch and Chitosan Blends: Indicator films based
on cassava starch-chitosan blends effectively mon-
itored shrimp freshness, exhibiting a red-to-yel-
low shift as spoilage progressed (Pramitasari et al.
2022). Additionally, starch/polyvinyl alcohol films
incorporated with peel extract demonstrated high
sensitivity to volatile ammonia for shrimp fresh-
ness monitoring (Qin et al. 2020). Similarly, chi-
tosan-based films have been applied to plant-based
produce, effectively correlating color changes with
the pH variations occurring during banana ripening
(Simon et al. 2025).

o Advanced Composite Matrices: To improve mechan-
ical durability, Konjac Glucomannan was incorpo-
rated as a co-biopolymer, significantly reducing film
brittleness (42.22% elongation) while maintaining
sensitivity to chicken breast spoilage (Rahma et al.
2025). In parallel, blending DFP pectin with cassava
starch created a robust matrix for monitoring pork
freshness via a distinct red-to-blue shift when mixed
with other natural dyes (Zhang et al. 2023).

Advanced and Hybrid Detection Systems: Recent in-
novations focus on stability and sensitivity. A solvent-free
approach utilizing high-pressure homogenization (60
MPa) processed whole red DFP into film-forming disper-
sions, creating films with compact microstructures that
monitored fish freshness via a pink-to-yellow transition
without prior pigment extraction (Wu et al. 2024). To
address stability limitations, co-pigmentation strategies,
such as adding gambier catechins, have been shown to
significantly enhance color stability against environmen-
tal stressors (Santoso et al. 2023). Pushing the limits of
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Figure 6. Application of DFP-based intelligent packaging systems for real-time freshness monitoring of perish-
able foods. a. Visual monitoring of chilled pork freshness using starch/PVA films reinforced with peel pigments and
e-polylysine (Ma et al. 2026); b. Colorimetric indication of pork spoilage using hydrophobic HPMC/zinc alginate films
functionalized with nano-silica (Liu et al. 2025c¢); c. Dual-mode freshness sensing of pork stored at varying tem-
peratures using bilayer HPMC/zinc alginate films (Liu et al. 2026); d. Monitoring banana ripening stages using black
soldier fly chitosan-based films incorporated with peel extracts (Simon et al. 2025); e. Detection of shrimp spoilage
using inkjet-printed colorimetric indicators responsive to volatile amines (Gong and Luo 2025); f. Real-time beef
quality indication using pectin/PVA films containing microencapsulated betalains (Mang et al. 2025); g. Spoilage
monitoring of shrimp and pork using multifunctional methylcellulose/zinc alginate active films (Liu et al. 2025b).

sensitivity, dual-layer films integrating peel extracts with
fluorescein isothiocyanate were engineered to offer du-
al-mode detection: high-sensitivity fluorescence for early
warnings and visual color changes for late-stage monitor-
ing (Liu et al. 2026).

Active barriers and structural reinforcement

Beyond sensing, the peel’s polymeric fraction (pectin/
cellulose) and bioactive powder serve as functional fillers

Emirates Journal of Food and Agriculture

that reinforce mechanical properties and provide active
protection (UV-blocking, antimicrobial).

Mechanical and Barrier Enhancement: The incorpo-
ration of DFP powder or extracts significantly reinforces
biopolymer matrices.

o Synthetic/Starch Hybrids: Polyvinyl alcohol films
reinforced with 15 wt.% DFP powder exhibited a
45.81% increase in tensile strength and superior UV
shielding (>70%), positioning them as biodegrad-
able alternatives to conventional plastics (Vijaya-
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kumar et al. 2025). Similarly, adding 20 wt.% peel
powder to thermoplastic sago starch/agar compos-
ites significantly improved tensile strength (12.73
MPa) and impact toughness (Taharuddin et al. 2023;
Taharuddin et al. 2024). Cross-linking pectin-pota-
to starch films with glutaraldehyde has also been
demonstrated to reduce water vapor permeability
while boosting tensile strength (Tien et al. 2023).

« Protein-Based Films: In soy protein isolate matrices,
betalain-rich extracts improved UV-blocking capac-
ity, reducing weight loss and browning in fresh-cut
apples (Prajapati and Jadeja 2024). Optimization of
fish gelatin films fortified with peel powder validat-
ed improved tensile strength and elongation, prov-
ing compatibility with protein matrices (Rahma et
al. 2023).

Functional Nanocomposites and Coatings: Re-
cent studies have integrated nanotechnology to create
high-performance multifunctional films.

o Metal Oxide Reinforcement: Sodium alginate films
reinforced with DFP powder and magnesium oxide
nanoparticles exhibited a massive 645% increase in
tensile strength suitable for fatty food preservation
(Prajapati and Jadeja 2025).

o Zinc-Crosslinked Systems: Fully biodegradable
methylcellulose/zinc alginate films incorporating
peel pigments demonstrated reduced flammability
(34.5%) and 99.99% antibacterial efficiency against
S. aureus and E. coli, attributed to the synergistic
cross-linking of Zn** ions (Liu et al. 2025a, 2025b).
To enhance environmental stability, hydrophobic
nano-silica coatings were applied to these films,
significantly improving water resistance (Liu et
al. 2025c¢).

Zero-Waste and Biodegradable Solutions: Validating
the circular economy concept, a zero-waste cascade bi-
orefinery approach utilized 45% peel-derived cellulose
nanofibers to maximize film tensile strength (20.47 MPa)
while integrating antioxidant betalains for UV protection
(Arroyo-Esquivel et al. 2024; Arroyo-Esquivel et al. 2025).
Furthermore, active packaging derived from DFP pectin
infused with cucumber peel extract effectively extended
the shelf-life of chicken meat by retarding microbial growth
and lipid oxidation (Dalei et al. 2024). Additionally, DFP
extracts have been integrated into seaweed biomass-based
bioplastics, extending shelf-life by up to 30% via enhanced
antioxidant capacity (Hanry and Surugau 2024).

Environmental remediation and nanobiotech-
nology

The chemical moieties present in the peel facilitate its ap-
plication in environmental management, functioning as
a high-efliciency scavenger of pollutants. DFP acts as a

low-cost biosorbent for toxic effluent removal (Hu et al.
2020), where the abundance of surface functional groups
(hydroxyl, carboxyl, and amido) enables the chelation of
heavy metals and electrostatic adsorption of cationic dyes
(Mallampati et al. 2015; Saravanan et al. 2021a, 2021b).

To enhance adsorption capacity, the biomass has been
engineered into advanced porous materials. Recent ad-
vancements involve modifying the peel into magnetic
biochar or porous activated carbon via pyrolysis (Dai et
al. 2022; Georgin et al. 2022). These engineered adsor-
bents possess high specific surface areas and can be mag-
netically recovered, offering a sustainable solution for
industrial wastewater treatment (Li et al. 2024). Beyond
adsorption, DFP derivatives serve as active coagulants;
extracted pectin, when combined with poly aluminum
chlorohydrate, enhances the removal of chemical oxy-
gen demand and turbidity, providing a biodegradable
alternative to synthetic polymers (Truong et al. 2025).
Furthermore, peel-derived biochar has been successfully
composited with metakaolin and sodium silicate to im-
mobilize heavy metals in contaminated coastal sediments,
effectively reducing leaching risks by modifying sediment
surface charge and enhancing mechanical stability (Luo et
al. 2025). Table 2 summarizes the performance metrics of
these DFP-derived materials.

Advanced functional materials and biocompos-
ites

Beyond environmental applications, DFP derivatives are
being valorized as functional fillers in high-performance
industrial composites.

Electromagnetic  Interference ~(EMI)  Shielding:
DFP-derived biocarbon has recently been valorized as a
conductive filler in polyvinyl alcohol composites, exhib-
iting superior EMI shielding effectiveness suitable for
advanced electronic packaging (Karthick et al. 2025a,
2025b). Further enhancing this application, hybrid com-
posites incorporating peel biochar with cobalt nanoparti-
cles achieved a tensile strength of 73 MPa and significant
shielding effectiveness (22.79 dB), demonstrating the ver-
satility of peel-derived carbon in multifunctional electro-
magnetic materials (Shanmugapriya et al. 2025).

Structural Engineering Composites: The peel’s struc-
tural components effectively reinforce polymer matri-
ces for engineering applications. Extracted cellulose has
demonstrated efficacy in epoxy biocomposites, where a
3 vol.% inclusion significantly enhanced tensile strength
(160.5 MPa) and fatigue life (to 24,711 cycles) while re-
ducing creep strain, validating its potential in high-load
structural applications (Ajaykarthik et al. 2025). Similarly,
pectin serves as a toughening agent; silanized pectin in vi-
nyl ester composites retained superior mechanical integri-
ty (118 MPa) even after 90 days of accelerated thermal ag-
ing (Karthe and Balakrishnan 2024). Expanding on vinyl
ester applications, biocarbon derived from DFP has been
utilized as a hybrid reinforcement with pineapple fibers,
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Table 2. Performance of DFP-derived functional materials in environmental applications.

Functional material Target application

Performance metric Reference

Gellan gum/DFP pectin dual-network cryogel Pb** removal

Chemically modified Hylocereus undatus peel Li* recovery
Chitosan / Adipic acid-activated DFP biocomposite Safranin O removal
DFP-derived biochar

DFP-derived hydrochar

DFP biochar/Metakaolin/Sodium silicate composite

Tetracycline removal
Methylene blue removal
Cu** and Zn* removal
Red-fleshed pitaya peels

DFP-derived biochar Cationic dye removal

DFP-derived carbon quantum dots Fe’* ion sensing

N, B, P-doped porous carbon derived from red DFP

via ZnCl, activation

CoFe,0, nanoparticles coated with DFP biopolymer As* removal

Carboxylate-functionalized DFP powder Rhodamine B removal

Microwave-assisted KOH-activated DFP carbon Methylene blue removal
Ni** removal

Methylene blue removal

DFP biopolymer-coated CoFe,0, nanocomposite
KOH-activated DFP carbon

N-doped mesoporous activated carbon

DFP I' removal
FeCl +DFP mucilage
Mucilage extracted from DFP

Phyto-synthesized palladium nanoparticles (Using

DFP extract)

Phyto-synthesized gold nanoparticles (Using DFP

extract)

ZnO Nanoparticles (Green-synthesized using DFP

extract) blue

DFP extract-reduced graphene oxide
sulfamethoxazole

NiO, nanoparticles synthesized using DFP extract

reaction

Hormone 17a-methyltestosterone removal

Catalytic reduction of toxic organic dyes

High-voltage supercapacitors

Coagulation/flocculation of dye wastewater
Bio-flocculant for dye wastewater
treatment (co-adjuvant with PACI)
Catalytic reduction of organic pollutants
Catalytic reduction of malachite green
Photocatalyst for degradation of methylene

Electrochemical sensing of

Electrocatalyst for oxygen evolution

(Chen et al. 2025)
(Chaudhary et al. 2025)
(Abdulhameed et al. 2024)
(Hoang et al. 2024)
(Kousar et al. 2024)
(Luo et al. 2024)
(Mendonga et al. 2024)
(Tan and Zhou 2024)

Qe 93.56 mg/g
Q¢ 13.6 mg/g
Q. 607.2 mg/g
Q. 124 mg/g
Qe 5-9 Mg/g
Q. 52.05 mg/g (Cu*): q, : 62.94 mg/g (Zn*)
Q. 1.93 mg/g
Q. 103.63 mg/g (neutral red); q,
85.47 mg/g (methyl violet)
LOD: 1.13 uM
k=0.2473 min''(methylene blue); k=0.3248 min!
(crystal violet); k=0.3056 min™ (Nile blue)
Qo 1922.7 pglg
Q0 228.7 mg/g

max”

(Veerakumar et al. 2023)

(Nguyen et al. 2023)
(Venkata Subbaiah et al. 2023)
(Ahmad et al. 2021)

(Bui et al. 2021)
(Jawad et al. 2021)
(Gandla et al. 2021)

Q¢ 232.56 mg/g
Q. 149.8 mg/g
e 195.2 mg/g
. N ity -1,
Cw.(;;z(jif ftaia]isl?t:%};g‘;)n:?()y,.()i)i)zc\}lfilzsl)(g )
Qo 78.7 mg/g
Turbidity removal: 97%

Turbidity removal: ~95%; Color removal:
87-93%; Synthetic coagulant (PACI)
reduction: 3-10%
k=0.422 min"'(methylene blue); k=0.155 min™'
(4-nitrophenol)
k=0.069 min™!

(Phanthuwongpakdee et al. 2020)
(Nguyen et al. 2022)
(Le et al. 2020)

(Ramesh et al. 2024)
(Vangari et al. 2025)
95% degradation efficiency within (Aminuzzaman et al. 2019)
120 min under direct sunlight

LOD: 456 nM (Lee et al. 2022)

Overpotential: 501 mV @ 10 mA cm; (Selvanathan et al. 2021)

Tafel slope: 224 mV dec!

creating composites with exceptional wear resistance
and hydrophobicity, demonstrating potential for durable,
moisture-resistant structural materials (Mani et al. 2024).

Conclusion and future
perspectives

The integrated bibliometric mapping and critical narra-
tive synthesis demonstrate that DFP research has pro-
gressed from the identification and stabilization of beta-
lain pigments towards polysaccharide structure-function
relationships, intelligent food packaging, environmental
remediation, green synthesis, and engineered materials.
DFP contains a valuable combination of betalains, phe-
nolic compounds, dietary fibre, and structurally diverse
pectic polysaccharides, supporting its potential use as a
natural colorant, functional ingredient, bioactive source,
biosorbent, and biopolymer feedstock. Nevertheless, dif-
ferences in species, maturity, pretreatment, extraction
conditions, and analytical methods result in substantial
variability in composition and performance. The critical
comparison of ultrasound-, microwave-, and enzyme-as-
sisted extraction, natural deep eutectic solvents, supercrit-
ical-fluid extraction, and liquid biphasic systems further
indicates that no single technology is universally superior.

Emirates Journal of Food and Agriculture

Process selection should instead be guided by the target
compound, required product purity, intended applica-
tion, energy and solvent consumption, and downstream
processing requirements. Although numerous high-val-
ue applications have been demonstrated, most remain at
the laboratory scale and require further validation before
commercial implementation.

This review has several limitations. The bibliometric
corpus was restricted to the Web of Science Core Collec-
tion and represents the literature available on the search
date; consequently, relevant studies indexed exclusively
in other databases may not have been captured. Citation
indicators are time-dependent, while author and institu-
tion name variants, keyword normalization procedures,
and network-selection thresholds may influence rank-
ings, cluster structures, and burst patterns. Furthermore,
heterogeneity in peel materials, extraction conditions,
and reported outcome measures prevented direct quan-
titative comparison or meta-analysis, meaning that the
assessments of cost, scalability, and environmental foot-
print should be interpreted as qualitative. Future studies
should adopt standardized reporting of extraction recov-
ery, product purity, specific energy consumption, water
and solvent use, solvent-recycling efficiency, and waste
generation. Direct pilot-scale comparisons, complete
mass balances, techno-economic analyses, and life-cycle
assessments are also required. For food, pharmaceutical,
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and biomedical applications, greater attention should
be given to contaminant residues, toxicological safety,
bioavailability, metabolic fate, in vivo efficacy, and regu-
latory compliance. Addressing these evidence gaps will
determine whether DFP can progress from a promising
laboratory resource to a safe, scalable, and economically
viable component of circular food, environmental, and
materials systems.
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