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Abstract  
 Rambutan peels typically contain anthocyanins that can be utilized as pH-sensitive dye for intelligent food 
packaging. Therefore, this study aimed to isolate anthocyanins from rambutan peels and investigate their co-pigmentation 
with gallic acid (GA) to enhance color intensity while maintaining a pH sensitivity. Rambutan peel anthocyanins extracts 
(RPAE) were extracted using ultrasound-assisted extraction with 0.2 % citric acid in 96 % ethanol. The purification of 
RPAE was carried out using a chromatography column with Sephadex LH-20 as the stationary phase. Co-pigmentation 
was then performed using GA at various molar ratios of RPAE to GA (1:0, 1:100, 1:200, 1:300, 1:400 and 1:500). The 
results showed that the purification process with Sephadex LH-20 increased the anthocyanins content of RPAE to 157.50 
mg CyE/100 g extract. After purification, RPAE was found to primarily consist of cyanidin 5-O-glucoside, delphinidin-
3-O-glucoside, cyanidin 3-O-galactoside, delphinidin (aglycon), cyanidin-3-O-glucoside, pelargonidin 3-O-glucoside, 
and cyanidin (aglycon). Co-pigmentation with GA significantly reduced the degradation of total anthocyanin content 
compared to native RPAE during the 7-day observation period. Additionally, co-pigmentation with GA enhanced color 
intensity, as demonstrated by a decrease in the L* value across pH 1-10, an increase in the a* and b* values at low pH, 
and a decrease in the a* and b* values at high pH. However, compared to non-co-pigmentation, co-pigmentation with 
GA exhibited more pronounced color differences across varying pH levels, marked by higher a* at low pH and lower b* 
and L* at high pH. The interaction between GA and RPAE, presumably via hydrogen bonding comprising the carbonyl 
group of RPAE and GA, produced hyperchromic and bathochromic effects. These findings indicate that co-pigmentation 
with GA enhances the pH sensitivity of RPAE, making it a promising candidate for developing intelligent food packaging 
systems that can visually indicate changes in pH, such as monitoring food spoilage or freshness. 
 
Keywords: Anthocyanins, Rambutan peels, Intelligent packaging, Purification, Sephadex LH-20, Co-pigmentation, 
Gallic acid 
 
Introduction 

Food packaging is often used to preserve and 
extend shelf life, as well as monitor food freshness 
through intelligent packaging systems such as 
colorimetric sensors [1]. These systems alter color in 

response to interactions with food or its surroundings, 
providing a visual signal of freshness throughout 
distribution and storage [2]. In colorimetric intelligent 
packaging, a chemosensor component is responsible for 
indicating food freshness through color changes. A 
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chemosensor consists of 2 key components, namely a 
sensitive dye and a carrier matrix [3]. The sensitive dye 
changes color in response to interactions with total 
volatile basic nitrogen (TVB-N) [4], pH [5], CO2 [6], 
and ethylene [7], which are indicators of product 
degradation. Meanwhile, the carrier matrix, commonly 
a biopolymer, immobilizes the dye [3].  

Sensitive dye for intelligent packaging can either 
be synthetic or natural. Several studies have shown that 
synthetic dye is progressively being avoided due to its 
toxic effects and possible adverse impacts on health and 
the environment [5,8]. Therefore, this material is 
increasingly replaced by natural dye derived from 
plants, which are pH-sensitive and comply with food 
safety and environmental sustainability standards [5]. 
Natural dye that can be utilized as chemosensor for 
intelligent packaging include anthocyanins, betanin, 
betalains, carotenoids, chlorophyll, and curcumin [9-
12]. Among these, anthocyanins are particularly known 
for their wide pH-responsive color range [11,12], 
leading to high suitability for chemosensors in 
intelligent packaging. 

Anthocyanins are water-soluble pigments 
classified within the phenolic and flavonoid categories, 
found in roots, stems, leaves, peels, and flowers [13]. 
These pigments alter their color in response to pH 
changes due to structural modifications [11,13]. At pH 
1-3, anthocyanins exist as flavylium cations. After 
losing H+, these compounds form a purple quinoidal 
base, which can further deprotonate to an anionic 
quinoidal base, appearing blue or green, depending on 
H+ loss. The carbinol pseudobase is colorless and forms 
chalcone, a yellow-colored structure with an open ring, 
upon further deprotonation [13]. These chromatic 
changes can serve as a colorimetric signal in intelligent 
packaging. Anthocyanin-rich materials, especially those 
with red, purple, and blue hues, are abundant in nature. 
However, anthocyanin-rich byproducts, such as red 
rambutan peels, remain underutilized. In Indonesia, over 
400,000 tons of rambutan peels are generated as waste 
annually [14], offering great potential as a novel 
resource. Anthocyanins contents of rambutan peels are 
comparable to those of other well-known sources like 
purple sweet potato and purple corn [15]. Rambutan 
peels contain 181.3 - 983 mg/100 g of anthocyanins, 
depending on the variety [16,17], while purple sweet 
potato and purple corn have 46.5 - 56.7 mg/100 g [18] 

and 55.2 mg/100 g [15], respectively. Studies have 
identified anthocyanin derivatives, such as delphinidin 
in Brazilian rambutan peels [17] and pelargonidin in 
Mexican varieties [19].  

Despite their potential, anthocyanins derived from 
natural sources, including rambutan peels, face 
limitations such as low color intensity and poor stability 
against temperature, light, and time [6,12,20]. To 
address these limitations, co-pigmentation has emerged 
as an effective strategy to enhance both the stability and 
color intensity of anthocyanins [21-22]. This process 
involves π-π interactions between electron-rich co-
pigments and the flavylium cation [23-24]. Co-
pigmentation can be categorized based on the materials 
used, such as metal-based and non-metal-based co-
pigments, and by the type of interaction, such as 
intermolecular interactions or intramolecular bonds with 
chromophore groups [25]. Non-metal co-pigmentation, 
particularly with phenolic acids, has been reported to 
stabilize a wider range of anthocyanin types and is 
regarded as non-toxic and safer for human use compared 
to metal-based co-pigments [21,26].  

Phenolic acids, phenols that have lost a proton 
from their hydroxyl group and are rich in π-π electrons, 
interact with anthocyanin flavonoid ions, protecting 
them from nucleophilic attack and enhancing their color 
stability through antioxidant activity [26,27]. Among 
various phenolic acids, GA contains the highest number 
of hydroxyl groups [27]. Several studies have shown 
that it is rich in π-π electrons, enabling the compound to 
form stronger interactions with anthocyanins ions than 
other phenolic acids [27]. In addition to the type of co-
pigment, the molar ratio of anthocyanins to co-pigments 
is also critical. Co-pigmentation arises from 
anthocyanins and co-pigments via molecular 
interactions [28]. The optimal molar ratio depends on 
the specific anthocyanins composition in the sample. 
Therefore, selecting the appropriate co-pigment and 
molar ratio will enhance color intensity and maintain 
sensitivity to TVB-N and pH changes. 

It has been reported that RPAE is a potential pH-
sensitive dye, and GA acts as a co-pigment. However, 
the characterization of RPAE and its co-pigmentation 
with GA remains limited, particularly with regard to its 
stability and application as a sensitive dye for intelligent 
packaging. To address these gaps, the present study aims 
to characterize RPAE and evaluate its co-pigmentation 
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with GA to enhance color intensity and pH sensitivity. 
This research aligns with the principles of Green 
Technology and the Sustainable Development Goals by 
focusing on reducing food and agricultural waste while 
improving food safety through freshness monitoring. 
These developments have significant potential for use as 
food freshness indicators, contributing to sustainable 
and innovative food packaging solutions. 
 
Materials and methods  

Chemicals and reagents 
RPAE was obtained from the Binjai rambutan 

variety with red-colored peels harvested between 
November 2023 and January 2024 in Bantul, 
Yogyakarta, Indonesia. The materials used for 
anthocyanins extraction were citric acid (Sigma-Aldrich 
G7384, Germany) and ethanol (Sigma-Aldrich, 
Germany). Furthermore, Sephadex LH-20 (CAS No. 
9041-37-6, Nanjing Duly Biotech) was used for 
purification, while gallic acid (GA) (Sigma-Aldrich, 
Germany) was used for co-pigmentation. Analytical-
grade reagents were applied for all analyses in this 
study. 

 
Ultrasound-assisted extraction of RPAE 
Fresh rambutan peels were blanched using water 

blanching at 50 °C for 2.5 min to inactivate enzymes that 
degraded the color [29,30]. Subsequently, the peels were 
dried at 50 °C for 24 h using cabinet drying, ground into 
powder, and sieved through a 40-mesh screen (Haver & 
Boecker, 59302 OELDE, Germany). The characteristics 
of the rambutan peel powder were as follows, the 
moisture content of 5.89 ± 0.41 % using AOAC, 1995 
[31], L* value of 55.98 ± 1.74, a* value of 11.18 ± 0.67, 
b* value of 0.67 ± 1.55 using chromameter (CR-400 
Konica Minolta, Japan), and total anthocyanins content 
of 23.27 ± 1.39 mg CyE /100g (DB) using Giusti and 
Wrolstad (2001) methods [32]. This powder was then 
extracted using 96 % ethanol and 0.2 % citric acid in a 
1:20 ratio through Ultrasound-Assisted Extraction 
(UP200St, Hielscher Ultrasonics GmbH, Teltow, 
Germany) [17]. The extraction was performed using a 7 
mm diameter probe at 200W and 20 kHz, maintaining a 
temperature of 50 °C for 20 min. Furthermore, the 
temperature was controlled with a Frigiterm-TFT-10 
thermostat water bath (J.P. Selecta S.A., Barcelona, 

Spain). After extraction, the extract was immediately 
centrifuged at 2,600 × g for 15 min to obtain a 
supernatant containing the anthocyanins extract and was 
subsequently filtered with Whatman No. 1 filter paper. 
This extract was concentrated using rotary evaporation 
and stored at –18 °C for further analysis and 
purification. 
 

Purification of RPAE 
Anthocyanins were purified using Sephadex LH-

20 [33]. RPAEs were loaded into a column 20×300 mm2 
of Sephadex LH-20 that had been activated by passing 
deionized water. In this study, Sephadex LH-20 served 
as the stationary phase, while 90 % methanol with 0.01 
% HCl was used as the mobile phase. The fractions from 
the purification process had their solvents evaporated 
using a rotary evaporator at 40 °C [34] to remove 
ethanol, and the remaining water solvent was removed 
using a freeze-dryer. Finally, the anthocyanin extract 
was stored at –18 °C for further analysis and co-
pigmentation. 
 

Co-pigmentation RPAE using GA 
Co-pigmentation between RPAE and GA was 

conducted using molar ratios of 1:0, 1:100, 1:200, 1:300, 
1:400 and 1:500 (RPAE: GA). The solutions of RPAE 
and GA were prepared using deionized water. 
Anthocyanin solutions were prepared at a concentration 
of 0.02 mM in deionized water containing 0.01 % HCl, 
amounting to 10 mL. At the calculated molarity, GA was 
added in amounts corresponding to 0, 100, 200, 300, 400 
and 500 times the molar number of anthocyanins. 
Subsequently, the mixture was stirred using a magnetic 
stirrer at 750 rpm for 20 min. The total volume of the 
solution was adjusted to 15 mL. After homogenization, 
the solution was set aside to stand for 1 h to allow co-
pigmentation to occur. Following this process, co-
pigmented RPAEs with GA were obtained [35]. 

 
Total anthocyanins content (TAC) 
Total anthocyanins contents (TACs) were 

determined using the pH differential method [32] and 
tested on rambutan powder for initial material 
characterization, ultrasonic RPAE, purified RPAE, and 
RPAE-GA co-pigmentations. The samples were 
dissolved in methanol, diluted 1:1 with KCl buffer (pH 
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1) and sodium acetate buffer (pH 4.5) and allowed to 
equilibrate for 15 min. Furthermore, absorbance at 510 
and 700 nm was measured using a spectrophotometer 
(Genesys 10S UV-Vis, Thermo Scientific, USA). Total 
anthocyanins concentration (mg CyE/100 g) was 
calculated using Eq. (1). 

A= (Amax −A700)
pH1

− (Amax −A700)
pH4,5

  

Total Anthocyanins (mg/100 g) = (A ×MW × DF × 1000×100)
(ε × L ×m)

    (1) 

 
A signified the absorbance difference (510 - 700 

nm) between pH 1 and 4.5, MW depicted the molecular 
weight of cyanidin-3-glucoside (449.2 g/mol), DF was 
the dilution factor, ε was the molar absorptivity (26,900 
mol/L·cm), L depicted the cuvette path length (1 cm), 
and m was the sample weight (g) [32]. 

 
Total phenolic content (TPC) 
Total phenolic contents (TPCs) were measured 

using the Folin-Ciocalteu reagent according to the 
method used by Klongdee and Klinkesorn (2022) [36]. 
RPAEs were diluted with distilled water, mixed with 
Folin-Ciocalteu reagent (0.2 mL), and distilled water 
(2.6 mL), and reacted for 6 min. Subsequently, 7 % 
sodium carbonate (2 mL) was added, and the mixture 
was stored in the dark for 90 min. The color was 
measured at 750 nm using a spectrophotometer 
(Genesys 10S UV-Vis, Thermo Scientific, USA). GA 
solution was used for the standard curve, and results 
were expressed as milligrams of GA equivalents per 
gram [36]. 
 

Liquid chromatography-high resolution mass 
spectra (LC-HRMS) 

RPAE was identified using LC-HRMS, which was 
obtained from Germany (Thermo Scientific™ Dionex™ 
Ultimate 3000 RSLC nano UHPLC coupled with 
Thermo Scientific™ Q Exactive™ High-Resolution 
Mass Spectrometer). Anthocyanins were dissolved in 96 
% methanol containing 0.2 % citric acid to prepare a 
stock solution at a concentration of 20 mg/mL. Mobile 
phase A consisted of 0.1 % formic acid in water (v/v), 
while mobile phase B was 0.1 % formic acid in methanol 
(v/v). The analytical column used in this study was a 
Phenyl-Hexyl column (100×2.1 mm) (Germany) with a 
flow rate of 0.20 mL/min and an injection volume of 5 
µL. Furthermore, the flow gradient for the mobile 

phases was set at, 0 to 2 min, 0.2 mL/min, 5 % B; 15 
min, 0.2 mL/min, 60 % B; 22 to 25 min, 0.2 mL/min, 95 
% B; and 25.1 to 30 min, 0.2 mL/min, 5 % B. The total 
working time in this study was 30 min. Full MS was 
performed at 70,000 FWHM resolution, and data-
dependent MS2 was conducted at 17,500 FWHM. 
Ionization was performed using Heated Electrospray 
Ionization (H-ESI) in both positive and negative modes, 
and compound identification was conducted using 
Thermo Scientific™ Compound Discoverer Software 
3.2. Furthermore, anthocyanins types were searched 
against a literature-based database [16,37]. Data 
processing and library database loading were performed 
using Proteome Discoverer 2.5 software. Target analysis 
was conducted by searching components in the library 
database based on mass, isotopic, and fragmentation 
patterns [38].  
 

Color analysis 
Chromatic color analysis was conducted using a 

chromameter (CR-400, Konica Minolta, Japan) 
equipped with a 0.8 cm aperture, and calibrated with a 
white plate (Y = 86.5, x = 0.3168, y = 0.3245) [39]. 
Intelligent packaging color parameters were L* 
(lightness), a* (red-green), and b* (yellow-blue), and 
total color difference (ΔE) was calculated using Eq. (2). 

 

ΔE ∗ =  �(an∗ − a0∗ )2 + (bn∗ − b0∗)2 + (Ln∗ − L0∗ )2   (2) 
 
where a0∗ , b0∗ , and L0∗  corresponded to the initial color 
parameters of the anthocyanins extract without co-
pigmentation and an∗ , bn∗ , and Ln∗  represented the color 
parameters of the anthocyanins extract after co-
pigmentation [40].  
 

Determination of co-pigmentation and 
absorbance retention  

The effect of co-pigmentation was assessed by 
measuring the absorbance of co-pigmented 
anthocyanins samples (400 - 700 nm) using a 
spectrophotometer (Genesys 10S UV-Vis, Thermo 
Scientific, USA). Furthermore, the bathochromic shift 
(Δλmax) was determined as the shift in the maximum 
wavelength (λmax) compared to the control with non-
co-pigmented anthocyanins. The hyperchromic shift, 
suggesting the increase in absorbance, was calculated as 
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the co-pigmentation effect [24]. Spectrophotometric 
data was used to determine the co-pigmentation effect 
and bathochromic shift [28,41]. The co-pigmentation 
effect, also referred to as the hyperchromic effect, was 
determined using Eq. (3). M represented the co-
pigmentation effect (hyperchromic effect) in %, where 
A was the absorbance at 520 nm of the sample with co-
pigments, and A0 was the absorbance at 520 nm of the 
sample without co-pigments [41].  

 

ΔA (%) = A-A0
A0

×100        (3) 

 
The bathochromic shift was determined using Eq. (4), 
with Δλmax representing the difference between 
maximum absorptions of the sample with (λmax) and 
without (λmax0) co-pigments [28]. 
 
λmax = λmax-λmax0        (4) 

 
The color intensity was determined using Eq. (5), with 
A420, A520, and A620, which represented the absorbance 
values at 420, 520 and 620 nm, respectively [41] 

 
Color intensity = A420+A520+A620      (5) 
 

Fourier transform infrared (FTIR) 
RPAEs, both with and without co-pigmentation 

using GA, were examined using Fourier Transform 
Infrared (FTIR) spectroscopy using the KBr pellet 
technique. FTIR spectra were recorded using a 
spectrometer within the wavenumber range of 400 to 
4,000 cm⁻¹. The obtained spectra facilitated the 
identification of potential interactions among the 
components within the film matrix. Furthermore, the 
spectrum was derived from the combination of 10 scans 
to enhance resolution and accuracy [39]. 

 
Statistical analysis 
Statistical analysis used a paired T-test to evaluate 

crude and purified TAC and TPC. In the co-

pigmentation of RPAE with GA, molar ratios were 
selected as the independent variable. Subsequently, 
degradation, chromatic color, hyperchromic shift, 
hypochromic shift, color intensity, and FTIR were 
evaluated. The data were then analyzed using analysis 
of variance (ANOVA), preceded by tests for normality 
and homogeneity, followed by Duncan’s Multiple 
Range Test (DMRT) at a 5 % significance level, using 
SPSS software (IBM SPSS Statistics, IBM Corp., 
Version 20.0). All sample measurements were 
conducted in triplicate. Data are presented as mean ± 
standard deviation. 

 
Results and discussion 

TAC and TPC of RPAE  
The TAC of RPAE after purification using 

Sephadex LH-20, as shown in Table 1, increased up to 
157.50 mg/100 g CyE extract (db), representing a 22.28 
% improvement. The purification process, using 
Sephadex LH-20, separated the extract based on 
molecular weight. Higher molecular weight compounds 
were eluted first, while lower molecular-weight 
compounds were retained in the column [33]. The 
previous study reported that anthocyanins extract 
purification using AB-8 resin and Sep-Pak C18 
combined with Sephadex LH-20 could increase the 
purity from 4.58 to 90.96 % [42]. Higher purification in 
the previous study was because of the multiple 
purification stages. The single-stage purification of 
RPAE revealed almost similar TAC between Sephadex 
LH-20 and Amberlite XAD-7 resin columns. Rambutan 
peels from Ningning, China, were extracted using 
ethanol/water/acetic acid (60:39:1, v/v/v) solvent and 
purified using Amberlite XAD-7 resin column reaching 
181.3 mg/100 g CyE [16]. Rambutan peels from 
Thailand were extracted using microwave-assisted 
extraction, gaining TAC up to 318.28 ± 5.56 mg/g CyE 
[36]. Heat-assisted extraction yielded 5.75 - 13.95 mg/g 
and UAE 2.69 to 9.83 mg/g [17]. These differences were 
attributed to the different varieties and extraction 
techniques of rambutan used.
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Table 1 Characteristics of RPAE. 

Sample TAC (mg/ 100 g CyE) TPC (mg GAE/100 g) 

Crude 128.81 ± 2.16 39941.71 ± 869.02 

Purification using Sephadex LH-20 157.50 ± 2.69* 38456.95 ± 276.74* 

Value with an asterisk (*) symbol indicates a significant difference between crude anthocyanins extract using a paired T-
test. Different superscripts in the same column indicate significant differences (p < 0.05) by Duncan’s Multiple Range 
Test. 

 
 
 The TPC decreased from 39,941.71 to 38,456.95 
mg GAE/100 g after purification using Sephadex LH-20 
(Table 1). TPC decreased due to the purification process 
selectively separated anthocyanins from other 
ingredients that had molecular weights significantly 
different from theirs, including phenolics. The previous 
study reported that the TPC of Thailand rambutan peel 
extract up to 333.01 ± 5.84 mg GAE/g extract or 
equivalent with 33,301 mg GAE/100 g extract [36]. This 
extraction using an ohmic heating technique with water 
for a holding time of 15 min yielded a value of 329.46 ± 
26.98 mg-GAE/g, which was equivalent to 32,946 mg 
GAE/100 g extract. Meanwhile, the use of 70 % ethanol 
resulted in a value of 587.98 ± 83.31 mg-GAE/g, 
corresponding to 58,798 mg GAE/100 g extract [43]. 
The results revealed that the extract’s phenolic content 
was higher compared to that of Thailand rambutan peel 
extract obtained using the ohmic heating technique with 
water but lower than the phenolic content achieved 
using the 70 % ethanol ohmic heating technique. These 
differences were attributed to the variations in rambutan 

varieties and the extraction techniques used. The main 
compounds in Thai rambutan peels are geraniin, 
corilagin, ellagic acid, ellagic acid pentoside, and 
shikimic acid [36]. Additionally, the phenolic profile of 
rambutan peels from Brazil includes ellagitannin 
derivatives, geraniin isomers, ellagic acid, and 
delphinidin-O derivatives [17]. 

 
RPAE identification 
Table 2 shows anthocyanins found in rambutan 

peel, checked using LC-HRMS. The type anthocyanins 
found in RPAE were cyanidin 5-O-glucoside, 
delphinidin 3-O-glucoside, cyanidin 3-O-galactoside, 
delphinidin (aglycon), cyanidin-3-O-glucoside, 
pelargonidin 3-O-glucoside, and cyanidin (aglycon). 
The main ones in RPAEs were cyanidin-3-O-glucoside 
and delphinidin-3-O-glucoside. These are from 
cyanidin, delphinidin and pelargonidin groups. 
Cyanidin makes red to orange, delphinidin gives purple 
or blue, and pelargonidin gives orange colors [1]. 

 
 
Table 2 Targeted identification of RPAE using LC-HRMS. 

Formula Common name Parent compound 
Molecular 

weight 
Retention 
time (min) 

Area 

C21 H21 O11 Cyanidin 5-O-glucoside 
2-(3,4-Dihydroxyphenyl)-3,7-dihydroxy-
5-chromeniumyl β-D-glucopyranoside 

449.10696 1.175 2.45×10
+6

 

C21 H21 O12 Delphinidin 3-O-glucoside Myrtillin 465.10312 8.295 2.97×10
+7

 

C21 H21 O11 Cyanidin 3-O-galactoside Ideain 449.10714 8.854 2.40×10
+7

 

C15 H11 O7 Delphinidin (aglycon) Delphinidin 303.04964 9.134 1.43×10
+7

 

C21 H21 O11 Cyanidin-3-O-glucoside Cyanidin-3-glucoside 449.10715 9.135 3.09×10
+7

 

C21 H21 O10 Pelargonidin 3-O-glucoside Callistephin 433.11262 9.748 9.45×10
+6

 

C15 H11 O6 Cyanidin (aglycon) Cyanidin 287.0549 9.748 4.38×10
+6
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Anthocyanins were glycosylated anthocyanidins, 
referring to anthocyanidins esterified with 1 or more 
sugar groups [1]. The 6 main anthocyanidins, including 
pelargonidin, cyanidin, delphinidin, peonidin, 
petunidin, and malvidin, differred in side chains. Sugar 
groups like glucose, galactose, and rhamnose could 
form mono or disaccharides, which were acylated, 
resulting in variations in hydroxyl and methoxyl groups, 
sugar positioning, and acylation degree [1]. Previous 
studies reported that anthocyanins in Brazilian rambutan 
peel were identified as delphinidin derivatives [17], 
while anthocyanins in Mexican rambutan peel were 
identified as pelargonidin derivatives [44]. 

 
Degradation of RPAE with GA as co-pigment 
Figure 1 indicated the decrease in TAC up to 7 

days at room temperature. RPAE pigmented with GA 
exhibited a slower reduction in anthocyanins content 
than those without co-pigmentation. The lowest 
reduction occurred on molar ratios of 1:300, 1:400 and 
1:500, with no significant difference. Increasing GA 
concentration resulted in slower degradation due to 
intermolecular interactions between RPAE and GA, 

which protected the anthocyanin chromophore from 
degradation. Co-pigmentation complexes prevented 
water molecules from nucleophilically attacking and 
forming chalcone structures [28]. GA was classified as 
a phenolic acid and abundant in hydroxyl groups, 
commonly found in various plants and foods [45]. 
Among the different phenolic acids, GA contained the 
most hydroxyl groups and was rich in π-π electrons, 
enabling stronger interactions with anthocyanins ions 
than other phenolic acids [27]. This enhanced co-
pigmentation formation with anthocyanins more 
effectively than other phenolic acids. GA had been 
identified as an anthocyanins co-pigment and was the 
most efficient agent in inhibiting anthocyanins 
degradation relative to other organic acids, including 
ferulic acid, tannic acid, and caffeic acid [26]. This 
provided the most preferable protection for purple sweet 
potato anthocyanins, although thermal protection 
remained limited [46]. Furthermore, it was also reported 
that black mulberry anthocyanins co-pigmented with 
GA improved thermal stability, with an anthocyanins-
to-GA molar ratio of 1:75 and an activation energy value 
of 65.20 kJ/mol [35].  

 

 
Figure 1 TAC degradation at room temperature in various molar ratios of GA as co-pigment. 
 

Chromatic color properties of RPAE with GA 
as co-pigment 

The color changes in the RPAEs were displayed in 
Figure 2(A). Furthermore, the color transitioned across 
pH levels from 1 to 10, shifting from pink to colorless, 
greenish-yellow, and eventually yellow. The 
anthocyanins found in rambutan peel extract were 
derivatives of cyanidin, delphinidin, and pelargonidin. 
Color alterations in this study were ascribed to structural 

modifications in anthocyanins. At acidic pH, 
anthocyanins existed as flavylium cations, resulting in a 
red color, and converted into a purple quinoidal base by 
deprotonation, which further deprotonated into a blue-
green anionic base. Reaction with water formed a 
colorless carbinol pseudobase, which, upon further 
deprotonation, opened the anthocyanins ring, producing 
a yellow chalcone [1,47,48]. RPAE using co-
pigmentation with GA showed a deeper red color under 
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acidic conditions. At alkaline pH, the non-co-pigmented 
extract turned yellow, indicating chalcone formation, 
while the co-pigmented extract displayed a greener 
color, suggesting anionic quinoidal base formation [47-
48]. As the molarity of GA increased, the solution 
became greener at pH 8 to 10. A previous study revealed 
that GA enhanced the color of anthocyanins in purple 
sweet potatoes by 19.1 % [46]. GA acted as a co-
pigment for anthocyanins in Berberis crataegina [26]. 

The chromatic color parameters, comprising L* 
(lightness, from bright to dark), a* (green to red), and b* 
(blue to yellow), were frequently applied to assess the 
susceptibility of anthocyanins extracts to pH-induced 
color shifts [28]. The L* values tended to decrease as the 
molar ratio of anthocyanins to GA increased under both 
acidic (pH 1 to 4) and alkaline (pH 8 to 10) conditions 
(Figure 2(B)). A reduced L* value in samples 
containing co-pigments signified a darker red color, 
presumably attributed to the co-pigments’ protective 

impact against anthocyanins degradation, thereby 
preventing color fading [28]. Furthermore, the L* values 
showed an increase from pH 1 to 3 to pH 4 to 6, followed 
by a decrease under alkaline conditions.  

Figure 2(C) indicated that within the pH range of 
1 to 7, RPAE co-pigmented with GA demonstrated 
considerably higher a* values (p < 0.05) than those 
without co-pigmentation, particularly at molar ratios 
beginning at 1:300. This showed that co-pigmentation 
enhanced the intensity of the red color, correlating with 
increasing molar ratios. At pH 8 to 10, the a* values of 
RPAE with GA decreased, indicating a shift towards a 
greenish color. Meanwhile, as shown in Figure 2(D), 
the b* values increased with higher molar ratios at pH 1, 
2 and 8, while a decrease was observed at pH 7, 9 and 
10. The decrease in b* values suggested that the RPAE 
exhibited a hint of blue coloration. In Figure 2(E), there 
was an increase in ΔE* values with the rising molar ratio 
of anthocyanins to GA as co-pigment. 

 

 

 

 
Figure 2 Color of RPAE with GA as co-pigment under different pH levels. 
 

The ΔE* values were calculated using the control 
sample of RPAE without co-pigmentation as a 
reference. These results indicated that higher ΔE* 

values corresponded to more noticeable color 
differences between the co-pigmented and non-co-
pigmented samples, making the distinction more easily 
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perceivable to the naked eye. A study investigating the 
co-pigmentation of anthocyanins in blackberry wine 
with quercetin, syringic acid, and caffeic acid 
demonstrated a similar trend, characterized by a 
reduction in L* values and an enhancement in both a* 
and b* parameters [28]. Similar results were also 
observed in the co-pigmentation of anthocyanins with 
chondroitin sulphate as an indicator film. Co-
pigmentation with chondroitin sulphate resulted in a 
decrease in L* values and an increase in a* values [5].  

Based on the analysis of L*, a*, b* and ΔE*, 
RPAE with GA as a co-pigment exhibited more distinct 
and vibrant colors across various pH levels than RPAE 
without co-pigmentation. This enhancement is 
attributed to the formation of intermolecular 
interactions, which increased color intensity, as 
supported by the quantitative color intensity values and 
hyperchromic effects [41]. 

 
Hyperchromic effect, bathochromic shift, and 

color intensity of RPAE with GA as co-pigment 
This study investigated the co-pigmentation of 

RPAE with GA. As shown in Table 3 and Figure 3, GA 
induced a hyperchromic effect, as evidenced by 
increased absorbance values with higher molar ratios of 
co-pigment, demonstrating the formation of 
intermolecular interactions between anthocyanins and 
GA. A significant effect was observed starting from a 

molar ratio of 1:300 (22.46 %), while no notable 
differences were detected between the ratios of 1:400 
(22.61 %) and 1:500 (22.90 %). This suggested that the 
selected co-pigment, GA, absorbed negligible light in 
the visible spectrum, with the enhancement in the 
absorption of the model systems principally related to 
the co-pigmentation effect [41]. 

In addition to the hyperchromic effect, 
bathochromic shifts were recorded, representing a shift 
of the maximum absorbance wavelength (λmax) to 
longer wavelengths [49]. These shifts ranged from 2 to 
9.5 nm, with the largest shift observed at the highest 
molar ratio of 1:500. Indicators of co-pigmentation 
included alterations in absorbance at λmax 
(hyperchromic effect, M) and shifts in the maximum 
wavelength (Δλmax, bathochromic shift). As co-
pigments often demonstrated negligible absorbance in 
the visible spectrum, any detected alterations in the 
sample’s absorbance or peak wavelength could be 
ascribed to the co-pigmentation effect [28]. Co-
pigmentation induced hyperchromic and bathochromic 
effects, consistent with previous studies, the co-
pigmentation of black rice anthocyanins with flavonoids 
[24]. Bathochromic shifts and hyperchromic effects 
were observed in blueberry wines with several co-
pigments, including caffeic acid, syringic acid, and 
quercetin, with caffeic acid demonstrating the most 
significant impact [28].

  
 

 
Figure 3 The spectrum of RPAE in various molar ratios of GA as co-pigment in pH 1. 
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The interaction between RPAE and GA generated 
both effects, with the most pronounced results noted at 
the highest pigment-to-co-pigment ratio. Although such 
high ratios were not commonly achievable in natural 
plant systems, the co-pigmentation phenomenon visibly 
enhanced the color intensity, even detectable by the 
naked eye. This increase in color intensity strongly 
correlated with the hyperchromic effect, as presented in 

Table 3 and in the earlier discussion of L*, a*, b* and 
ΔE*. This correlation is attributed to the molecular 
interactions between the chromophore groups of RPAE 
and GA, which promoted the expected color 
enhancement [28]. The results align with previous 
studies, including the co-pigmentation of black 
chokeberry anthocyanins with polyphenols, improving 
color intensity and stability [41].

 
 

Table 3 Maximum wavelength, hyperchromic effect, bathochromic shift, and color intensity of RPAE without and with 
GA co-pigmentation. 

Molar ratio λmax, nm 
Hyperchromic 
effect (ΔA), % 

Bathochromic 
shift (Δ λmax) 

Color Intensity 

1:0 518.5 ± 0.5a - - 1.07 ± 0.10a 

1:100 520.5 ± 0.5b 1.16 ± 0.12a 2 ± 0.5a 1.13 ± 0.09ab 

1:200 523 ± 0.5c 7.97 ± 0.26b 4.5 ± 0.5b 1.21 ± 0.09b 

1:300 526 ± 0.5d 22.46 ± 0.38c 7.5 ± 0.5c 1.35 ± 0.09c 

1:400 527 ± 0.5e 22.61 ± 0.25c 8.5 ± 0.5d 1.37 ± 0.09c 

1:500 528 ± 0.5f 22.90 ± 0.51c 9.5 ± 0.5e 1.39 ± 0.07c 

Values with differing superscripts within the same column indicate statistically significant differences (DMRT, p ≤ 0.05).  
 

 
FTIR of RPAE with GA as co-pigment 
The FTIR spectrum of RPAE co-pigmented with 

GA was presented in Figure 4. A band associated with 
the carbonyl group was observed in the wavenumber 
range of 1,600 to 1,700 cm⁻¹. In Figure 4, a shift in the 
band from 1,634 to 1,651 cm⁻¹ was noted, which 
indicated an interaction between the carbonyl groups of 
anthocyanins with GA. This interaction could alter the 
conjugation and electron resonance within the 
anthocyanins molecules, thereby influencing the 
pigment’s stability and color properties. Co-
pigmentation involved non-covalent interactions 
between anthocyanins and co-pigment molecules, 
leading to modifications to the pigment’s optical 
characteristics through hydrogen bonding, Van der 
Waals interactions, and π-π stacking between aromatic 

rings [28]. The formation of stable pigment-cofactor 
interactions relied on the chemical structure of proton 
donors, proton acceptors, and their aromatic rings. An 
efficient co-pigment necessitated a suitably extensive π-
conjugated system to augment interactions through 
hydrogen bond donor/acceptor groups, such as -OH and 
C=O groups, as well as π−π stacking interactions [28]. 
Furthermore, the band in the O-H and N-H stretching 
region (3,200 - 3,600 cm⁻¹) indicated the presence of 
hydroxyl groups in hydrogen bonding. This similarity 
across samples was reflected at the wavenumber 3,445 
cm⁻¹. The prominent absorption band observed in the 
3,200 to 3,600 cm⁻¹ range was ascribed to the stretching 
vibrations of -OH groups, particularly the phenolic 
hydroxyl groups present in anthocyanins [50].
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Figure 4 FTIR of RPAE with GA as co-pigment. 
 

Co-pigment chemical groups with 1 or more 
phenolic rings, including flavonols (e.g., quercetin), 
phenolic acids (e.g., caffeic acid, ferulic acid, GA, and 
protocatechuic acid), and hydroxybenzoic acids (e.g., 
syringic acid and vanillic acid), were used to improve 
the stability of anthocyanins [28,41,51]. These 
compounds were characterized by hydroxyl and/or 
carbonyl oxygen groups, facilitating their interaction 
with anthocyanins through hydrogen bonding or charge 
transfer interactions, thereby promoting co-
pigmentation [28]. Intramolecular interactions primarily 
arose from the self-association of anthocyanins. These 
interactions comprised the establishment of hydrogen 
bonds, hydrophobic forces, Van der Waals forces, and 
ionic interactions between anthocyanins and non-
anthocyanins co-pigments, such as phenolic acids, 
proteins, metal ions, and polysaccharides [49]. The 
anthocyanins-co-pigment relationship was driven by 
weak molecular forces, including hydrogen bonding and 
hydrophobic effects, particularly π–π interactions 
between the polarized orbitals of aromatic rings. 
Hydrogen bonding and Van der Waals interactions, 
particularly vertical stacking, between the planar, 
polarizable anthocyanins cores served as the primary 
forces in co-pigmentation. Anthocyanins molecules 
were protected from water’s nucleophilic attack through 
non-covalent interactions [49,52]. Co-pigmentation has 

the potential to enhance the π-conjugated system, 
thereby facilitating π–π stacking interactions and the 
presence of hydrogen bond donor/acceptor groups, such 
as -OH and C═O [53]. Co-pigmentation enhanced 
anthocyanins stability by facilitating π–π interactions 
between electron-rich co-pigments and the flavylium 
cation of anthocyanins [23,24]. RPAE co-pigmentation 
with GA improved the stability of anthocyanins through 
carbonyl interactions while maintaining their pH-
dependent color-changing properties. This indicated the 
potential of GA-copigmented RPAE as a pH-sensitive 
dye for applications in intelligent packaging systems. 
 
Conclusions 

 In conclusion, this study evaluated the RPAE and 
investigated its co-pigmentation with GA to enhance 
color stability and pH sensitivity. The findings showed 
that RPAE purified with Sephadex LH-20 increased 
TAC by up to 22.28 %, with a 157.50 mg CyE/100 g 
extract content. Further improvements in purity can be 
achieved by incorporating additional purification stages. 
The identified anthocyanins were cyanidin, delphinidin, 
and pelargonidin derivatives. Co-pigmentation with GA 
reduced the degradation of TAC over time. Moreover, 
RPAE with GA as a co-pigment demonstrated higher 
color intensity and greater pH sensitivity, with more 
distinct color differences across pH levels than RPAE 
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without co-pigmentation. This was demonstrated by an 
increase in the a* value at low pH and a decrease in the 
b* and L* values at high pH. Additionally, co-
pigmentation produced hyperchromic and bathochromic 
effects, probably due to hydrogen bonds through the 
carbonyl group of anthocyanins. These findings suggest 
that GA co-pigmentation significantly enhances the 
visual and chemical stability of RPAE, demonstrating 
strong potential as a pH-sensitive dye for intelligent 
food packaging applications. Furthermore, this study 
provides a foundation for future research on color 
changes in RPAE applied to food products undergoing 
degradation or the degradation patterns of alkaline 
compounds, such as ammonia and total basic nitrogen. 
Ultimately, these insights are expected to contribute to 
advancing intelligent food packaging solutions. 
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