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Colorants are commonly added to food products to enhance their visual appeal and 
increase consumer interest. Among the various types of natural pigments, anthocyanins—
derived from fruits, vegetables, flowers, and tuberous plants—have garnered significant 
scientific interest due to their vivid coloration and associated health-promoting properties. 
Nevertheless, anthocyanins exhibit considerable sensitivity to environmental variables, 
including temperature, pH, oxygen exposure, ultraviolet (UV) radiation, and interactions 
with other molecular constituents. A range of environmental stressors can accelerate the 
deterioration of anthocyanin pigments during processing and storage, leading to a 
decrease in colour intensity. To counteract these destabilizing influences, various 
encapsulation strategies have been developed to protect anthocyanins from degradation. 
Among these, spray drying is widely recognized for its efficacy in maintaining both the 
physicochemical integrity and biofunctional performance of anthocyanin molecules. This 
review discusses the strategic importance of encapsulation in enhancing anthocyanin 
stability and examines the primary degradation mechanisms relevant to their application 
in food systems. 
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1. INTRODUCTION 

1.1. Research Background  

Color represents a fundamental quality parameter in food and 
beverage products, exerting a substantial influence on consumer 
perception and purchasing decisions. The strategic incorporation 
of food colorants is widely adopted in the industry to enhance 
product appearance and elevate market appeal [1,2]. Visual 
characteristics, particularly color, serve as powerful sensory cues 
that shape consumer expectations and may significantly alter 
perceived taste and overall acceptance [3]. However, natural 
pigments are prone to degradation when subjected to food 
processing operations involving heat, freezing, or dehydration, 

thereby reinforcing the need for colorants with enhanced stability 
under such conditions [4]. 

In terms of classification, food colourants are broadly divided 
into two main categories—natural and synthetic—based on their 
origin [5]. Natural colorants encompass a wide spectrum of 
bioactive molecules, among which anthocyanins are particularly 
notable for their intense pigmentation and associated health 
benefits. These naturally occurring compounds are commonly 
derived from deeply colored plant materials, including 
blueberries, blackcurrants, purple grapes, and eggplants. Other 
notable natural pigments include β-carotene, a provitamin A 
compound abundant in orange vegetables like carrots and 
pumpkins, and chlorophyll, the primary pigment associated with 
photosynthesis, derived from leafy greens such as spinach and 
kale. Additionally, curcumin, a bright yellow polyphenolic 
compound obtained from turmeric, and carotenoids found in 
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maize, yellow squash, and orange-fleshed sweet potatoes further 
contribute to the natural pigment repertoire. Conversely, 
synthetic dyes such as Tartrazine (E102), Sunset Yellow (E110), 
and Allura Red (E129) are extensively utilized in the production 
of processed foods and beverages to enhance visual intensity and 
uniformity [2, 6]. 

Among the various classes of naturally derived pigments, 
anthocyanins have emerged as compounds of considerable 
interest due to their vibrant hues—spanning from red to blue—
and their broad spectrum of biological functionalities [7] As a 
branch of the flavonoid family, anthocyanins exhibit distinct 
sensitivity to pH fluctuations, undergoing significant color shifts 
depending on the acidity or alkalinity of their environment. In 
strongly acidic media (pH 2–4), these pigments are 
predominantly red; however, increasing the pH toward neutral or 
alkaline levels leads to gradual transitions into blue, yellow, or 
even colourless forms. This remarkable pH-responsive behavior 
makes anthocyanins highly suitable for incorporation into acidic 
food products, particularly in beverage formulations [8]. Beyond 
their role as natural colourants, anthocyanins are widely 
recognised for their potent antioxidant capacity, which underpins 
various health-promoting effects. Through their ability to 
neutralise reactive oxygen species (ROS), anthocyanins 
contribute to mitigating oxidative stress, a key pathological 
mechanism involved in the development of chronic conditions, 
including cardiovascular disease, certain cancers, and premature 
ageing at the cellular level [6]. 

2. MATERIALS AND METHODS 

This review is based on a structured and comprehensive analysis 
of peer-reviewed publications that explore the encapsulation of 
anthocyanins and their practical applications in food-related 
systems. The primary goal of this work is to integrate existing 
scientific perspectives on the potential use of tamarillo (Solanum 
betaceum) as a functional food ingredient, with an emphasis on 
its anthocyanin composition and stability characteristics. A total 
of 68 relevant scholarly articles were rigorously reviewed, 
encompassing both national and international journal 
publications indexed in major scientific databases, including 
Scopus. 

3. RESULT AND DISCUSSION 

3.1. Anthocyanins 

Anthocyanins are plant-derived pigments found extensively in 
nature, particularly concentrated in a wide variety of fruits and 
vegetables [9]. These compounds, classified under the flavonoid 
group of polyphenols, have become the focus of numerous 
scientific studies due to their diverse biological functions, 
including antioxidant, anti-inflammatory, anticancer, and 
neuroprotective activities [10]. Various plant-based foods exhibit 
notable anthocyanin contents [11]. For instance, sweet cherries 
(Prunus avium) may contain from 1.03 to 179.14 mg C3G/100g, 
while tamarillo (Solanum betaceum) ranges from 29.70 to 481.37 
mg C3G/100g. Other fruits, such as sour cherries, tomatoes, 
nectarines, peaches, plums, pomegranates, red currants, and red 
grapes, also provide varying amounts. Additional rich sources 
include several types of berries such as blueberries, blackberries, 

blackcurrants, acai, and raspberries [12]. The typical molecular 
structure of anthocyanins is shown in Figure 1. 
 
 
 

 
Fig. 1.  Chemical structure of anthocyanins [13] 

 
 
To date, six primary anthocyanidins—cyanidin, pelargonidin, 

delphinidin, peonidin, petunidin, and malvidin—have been 
identified as constituting roughly 90% of anthocyanin 
compounds found in plants [14]. Cyanidin, the most abundant, 
imparts red to purplish tones in berries and red vegetables. 
Pelargonidin contributes bright red to orange shades, notably in 
strawberries and red-hued flowers. Delphinidin is associated with 
the blue to purple pigmentation found in violet-coloured species. 
Methylated forms such as peonidin and petunidin are prevalent in 
grapes and blackcurrants, while malvidin is chiefly responsible 
for the intense purple tones in red wine and certain flowers [6, 
15]. A comparative overview is provided in Table 1. 

Anthocyanins are generally classified into two forms: 
acylated and non-acylated. Acylated types, conjugated with 
organic acids like acetic, p-coumaric, or cinnamic acid, form 
stable intramolecular co-pigmentation complexes, enhancing 
pigment resilience [38]. Examples include malvidin-3-O-
coumaroylglucoside and sinensetin-3-O-sinamate. Conversely, 
non-acylated anthocyanins—such as cyanidin-3-glucoside and 
pelargonidin-3-glucoside—lack such modifications and exhibit 
lower stability under thermal and oxidative stress [9]. The degree 
of acylation significantly affects solubility, structural integrity, 
bioaccessibility, and functional performance in food applications 
[39, 40, 41]. 

Within the food industry, anthocyanins are widely used as 
natural pigments in various beverages, including fruit juices, 
carbonated drinks, teas, and fortified formulations, providing 
both aesthetic enhancement and antioxidant functionality [8,9]. 
Their application also spans frozen dairy desserts, bakery 
products, and functional snacks, presenting natural alternatives to 
synthetic dyes while delivering additional health benefits 
[42,43,44,45,46]. 
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Table 1. Common Types of Anthocyanins and Their Natural Sources 

 
No Type of 

Anthocyanin 
Sources Ref. 

1. Cyanidin 
 

Blueberries, blackberries, raspberries, red grapes, red cherries, red apples, 
pomegranates, purple eggplants, purple cabbage, red spinach, shallots, and 
purple oranges.  

[16,17,18, 19]  

2. Delphinidin 
 

Blueberries, cranberries, blackcurrants, purple grapes, purple eggplants, 
purple cabbage, red spinach, aubergines, plums, cherries, and strawberries 

[20,21, 22] 

3. Malvidin 
 

Red wine, purple eggplant, purple cabbage, and red spinach, blackberries, 
blueberries, and raspberries.  

[23,24,25, 
26,27] 

4. Pelargonidin 
 

Strawberries, red geraniums, red roses, pink roses, raspberries, blueberries, 
cranberries, saskatoon berries, chockberries, plums, pomegranates, kidney 
beans, and telang flowers.  

[28,23,29,30,
31,32] 

. Peonidin 
 

Cranberries, blueberries, plums, grapes, purple sweet potatoes, black rice, and 
black bananas.  

[33,34] 

6. Petunidin 
 

Blackberries, blueberries, pomegranates, rosella flowers, purple sweet 
potatoes, and red wine.  

[35,36, 37]
  

 

3.2. Anthocyanins Encapsulation 

Encapsulation represents a strategic technological advancement 
that aims to enclose bioactive compounds within a stabilising 
carrier system, thereby shielding them from adverse 
physicochemical conditions. In the context of anthocyanins—
naturally derived pigments that confer red to blue hues in various 
plant-based sources—encapsulation has been shown to markedly 
enhance both their chemical stability and bioavailability [47]. The 
primary objective of this approach is to maintain the molecular 
and functional integrity of anthocyanins by mitigating 

degradation processes triggered by environmental stressors, such 
as light exposure, oxidative reactions, thermal treatment, and 
fluctuations in pH—factors that are well-documented to impair 
their antioxidant efficacy and biological functionality [48, 3]. A 
variety of encapsulation techniques have been progressively 
developed and optimized to ensure anthocyanin stability, with the 
most widely applied methods outlined in Table 2. 

 

 
Table 2. Common Methods of Anthocyanin Encapsulation 

No. Method Description References 
1. Spray Drying An anthocyanin solution is dispersed in a carrier matrix and 

atomised into hot air, resulting in a powder. 
[49,50] 

2. Coacervation Encapsulation is achieved through the deposition of polymers or 
proteins around the anthocyanin solution. This is typically induced 
via pH shifts or the addition of coacervating agents. 

[51,52] 

3. Emulsifikasi Anthocyanins are dispersed in an oil phase and emulsified in water 
using surfactants to create encapsulated droplets of adjustable size. 

[3,53] 

4. Liposomisasi Lipid vesicles are formed containing anthocyanins. This enhances 
their solubility and offers protection against environmental 
degradation. 

[54,55] 

5. Freeze-Drying 
(Lyophilization) 

Anthocyanin solutions are frozen and dehydrated via sublimation. 
This method effectively preserves biological activity. 

[56,47] 

6. Electrospinning Nanofibers are created from anthocyanin solutions using an 
electric field. This technique generates encapsulated structures at 
the nanoscale. 

[57,58] 

 
The choice of encapsulation method is primarily determined 

by the physicochemical traits of anthocyanins, their intended role 
in the food matrix, and specific formulation targets. An optimised 
process enhances solubility, stability, and functional 
performance, while enabling controlled release in various 
applications [48,57]. Spray drying remains the most common and 
cost-effective technique for producing anthocyanin-rich powders 
at an industrial scale, yielding uniform particles with superior 
rehydration capacity and enhanced stability—attributes that are 
advantageous for commercial food production [59,60,61]. 

Equally important is the judicious selection of encapsulating 
agents, which critically influences both the stability and 

functional delivery of anthocyanins. A broad range of 
encapsulation materials has been evaluated to date. 
Polysaccharide-based matrices—such as chitosan, alginate, and 
modified starches like maltodextrin—are frequently utilised due 
to their excellent film-forming properties and ability to limit 
anthocyanin degradation by serving as physical barriers [54,60]. 
Lipid-based systems, including vegetable oils, phospholipids, and 
other hydrophobic compounds, provide protection by creating 
nonpolar matrices that hinder oxidative and thermal degradation 
[62]. Additionally, protein-derived carriers, such as whey protein 
isolate, casein, and soy protein, possess favourable emulsifying 
and gel-forming properties, which enhance anthocyanin 
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dispersion and solubility in aqueous environments [63]. Recent 
studies have highlighted the potential of niosomes—
nanostructured vesicles derived from non-ionic surfactants—as 
advanced delivery systems that can maintain anthocyanin 
stability and protect them against various physicochemical 
stressors [64]. 

3.3. Anthocyanin Stability 

The physicochemical stability of anthocyanins is markedly 
influenced by multiple environmental parameters, including pH, 
temperature fluctuations, oxidative conditions, and ultraviolet 
(UV) radiation. These external stimuli can substantially 
compromise the structural integrity, chromatic expression, and 
bioactive potential of anthocyanins within food matrices. One of 
the defining features of anthocyanins is their pH-responsive 
behaviour, which induces reversible molecular rearrangements 
that determine the appearance and chemical resilience of the 
pigment. Under strongly acidic conditions (pH < 3), anthocyanins 
predominantly appear red to orange and exhibit enhanced 
structural stability. However, as the pH approaches neutrality (pH 
6–7), the colour transitions toward purple. Under alkaline 
conditions (pH > 7), the molecules convert into quinonoidal base 
or chalcone forms, which are inherently unstable and often result 
in bluish or even colourless appearances [65]. Although these 
transformations may be partially reversible, prolonged exposure 
to non-optimal pH ranges contributes to the cumulative 
degradation of pigment. 

Beyond pH effects, temperature constitutes a decisive factor 
influencing the stability of anthocyanins. Owing to their 
thermolabile nature, these bioactive pigments readily undergo 
structural breakdown when subjected to elevated heat during 
processing. In food manufacturing, operations such as 
pasteurisation, dehydration, and sterilisation have been reported 
to cause substantial losses in pigment integrity and a concomitant 
decline in antioxidant functionality [37, 3]. Conversely, low-
temperature conditions, including ambient or refrigerated storage, 
are more conducive to anthocyanin stability. This highlights the 
need for rigorous temperature regulation during processing, 
handling, and storage to prevent loss of functional and sensory 
qualities. 

Oxidative stress constitutes another major destabilizing factor 
for anthocyanins, occurring through both direct oxidation and 
enzyme-mediated reactions. Oxygen availability accelerates 
pigment breakdown, particularly in the presence of catalytic 
enzymes such as polyphenol oxidase (PPO) and peroxidase 
(POD), resulting in diminished color intensity and reduced 
biological efficacy (Molina et al., 2023). Mitigation can be 
achieved through oxygen-limiting techniques, such as vacuum 
sealing and modified atmosphere packaging, which effectively 
curb oxidative deterioration [66]. 

Moreover, light-induced deterioration presents another 
significant challenge, particularly from ultraviolet (UV) 
radiation. Anthocyanins are inherently photosensitive, with 
exposure to UV-B and UV-C known to trigger structural 
disruptions that impair both pigment intensity and antioxidant 
potency [67]. Preventative measures, including the use of UV-
resistant packaging and storage in dark environments, are 
therefore recommended to shield these compounds from 
photodegradation [68].  

 

Altogether, the sensitivity of anthocyanins to thermal, 
oxidative, and photonic factors necessitates a comprehensive 
preservation approach. Effective stabilization protocols are 
crucial to maintaining not only the visual appeal and chemical 
integrity of anthocyanin-rich food products but also their 
nutritional and functional value as health-promoting ingredients 
within contemporary food systems. 

4. CONCLUSION 

Food colorants are extensively incorporated into food 
formulations to enhance visual appeal and strengthen consumer 
interest. Within the category of natural pigments, anthocyanins—
derived from a diverse array of botanical materials, including 
fruits, vegetables, flowers, and tuberous plants—have garnered 
considerable academic interest due to their intense colouration 
and documented health-promoting properties. A hallmark feature 
of these pigments is their pH-sensitive chromatic shift, which 
exhibits red hues under acidic conditions and transitions toward 
blue in alkaline environments. Beyond their role as aesthetic 
enhancers, anthocyanins possess notable antioxidant capacity, 
underpinning a variety of physiological benefits. However, their 
molecular and functional integrity is highly susceptible to 
environmental challenges, including temperature and pH 
fluctuations, oxidative stress, ultraviolet radiation, and 
interactions with other constituents within the food matrix. 
Inadequate processing or improper storage can accelerate 
degradation, resulting in diminished colour intensity and reduced 
antioxidant potential. To safeguard both the visual and bioactive 
properties of anthocyanins, encapsulation technologies are 
increasingly employed, with methods tailored to the 
physicochemical characteristics of the pigment source. Among 
the available approaches, spray drying stands out as an 
exceptionally efficient and industrially scalable technique, 
converting anthocyanins into stable powdered forms that enhance 
solubility, extend shelf life, and facilitate the integration of these 
natural and functional colourants into diverse food products. 
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