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ABSTRACT 

This study explores the formation of insoluble biopolyelectrolyte complexes based on blackberry anthocyanin (BAE) and λ- 
carrageenan ( λ-CRG). It aims to optimize the conditions that promote complexation between anthocyanin (ANC) molecules and 
λ-carrageenan, and to understand the physicochemical properties of insoluble BAE- λ-CRG complexes. Blackberry anthocyanin 
extract was characterized to determine its total phenolic content and anthocyanins, besides its antioxidant potential, with cyanidin- 
3- O -glucoside (cy3glc) being identified as the major anthocyanin present in the extract. Optimal insoluble polyelectrolyte complexe 
formation conditions were determined at a λ-CRG/BAE weight ratio of 0.05 at pH 3. Physicochemical analyses, including FTIR- 
ATR, SEM, and thermal stability tests, confirmed successful complexation, with the insoluble complexes exhibiting a porous, 
hydrogel-like morphology and enhanced thermal resistance. Release studies demonstrated low anthocyanins’ release over 8 h, 
following a Fickian diffusion model, with the diffusional exponent n value being influenced by pH and by the presence of salts. 
These findings highlight the potential of anthocyanin-carrageenan insoluble complexes as a highly innovative anthocyanin-based 
material for controlled delivery applications. 
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 Introduction 

nthocyanins are a group of polyphenols categorized within the
lavonoid class, naturally occurring in vascular plants [ 1 ]. These
ater-soluble pigments are responsible for plant coloration and
isplay a wide range of colors, from red to purple and blue.
nthocyanins’ color depends on factors such as pH, chemical
ubstitutions, copigmentation, and metal interactions, which
lter how they absorb and reflect light, thus resulting in different
olors [ 2 ]. Besides these chromatic features, a myriad of biological
ctivities have been associated with anthocyanins, including
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
2026 The Author(s). ChemFoodChem published by Chemistry Europe and Wiley-VCH GmbH. 
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antioxidant, anti-inflammatory, or antimicrobial activity. They
have also been linked to a reduced risk of neurodegenera-
tive disorders and metabolic syndrome, as well as to prebiotic
potential, suggesting a deeper role in human health [ 3–6 ].
Consequently, a large interest in incorporating anthocyanin-
rich ingredients into the food and healthcare sectors has been
generated [ 7 ]. 

However, challenges such as low stability of the extracted
compounds to environmental and processing factors, resulting in
reduced bioavailability, hinder the utilization of these molecules
its use, distribution and reproduction in any medium, provided the original work is properly 
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s bio- and techno-functional ingredients [ 8, 9 ]. Consequently,
ew approaches to enhance the stability of anthocyanins,
mprove their biological potential, while providing selective
r controlled release, have been searched. At the same time,
here is a clear need to identify appropriate matrices that fulfill
he diverse requirements specified for anthocyanins industrial
mplementation. Biopolymers such as polysaccharides have been
hown to be versatile matrices in the food and health sectors [ 10 ],
llowing the production of polysaccharide-based films, hydrogels,
anoparticles, or microparticles. Among these, biopolyelectrolyte
omplexes (bioPECs), which are formed when oppositely charged
olymers (polyelectrolytes) interact through ionic interactions
 11 ], present an attractive possibility to overcome the limitations
f anthocyanins and promote their targeted delivery [ 12–15 ]. The
roduction of bioPECs does not require high energy, chemical
rosslinkers, or organic solvents [ 16 ]. However, factors like
H, salt concentration, charge distribution, mixing conditions,
nd molecular weight can affect bioPECs morphology and
ield. BioPECs formation generally involves three steps: initial
olecule interaction to form the primary complex, intermediate
omplex formation via electrostatic bonds, creating a polymeric
hain, and aggregation through hydrophobic interactions [ 11,
7 ]. At stoichiometric charge ratios (close to charge neutrality),
nsoluble complexes (or coacervates) and generated by liquid–
iquid phase separation of the molecular components of a
olution [ 18, 19 ]. On the other hand, soluble complexes may be
ormed if excess charges, or when weak interactions are present. 

nterestingly, bioPEC-like complexes, which can be referred to as
tructures that are formed when small and charged molecules
like anthocyanins) interact with one polyelectrolyte, have also
een shown to provide a protective microenvironment for antho-
yanins [ 20–22 ]. This interaction can be achieved through the
lectrostatic interaction of anthocyanins’ flavylium cation with
egatively charged biopolymers, with hydrogen bonding and
ydrophobic interactions also occurring. Dextran sulfate was
sed to create PEC-like complexes by combining it with bilberry
xtract [ 23 ]. The negatively charged sulfate groups present in
his polysaccharide stabilized the bilberry extract, due to the for-
ation of electrostatic interactions with anthocyanins’ flavylium
ation. However, it was shown that different total concentrations
nd weight ratios affected the formation of both soluble and
nsoluble complexes. Chondroitin sulfate, was also used to form
EC-like complexes with black soybean anthocyanins [ 24 ]. The
esults showed the formation of soluble nanocomplexes, resulting
rom π- π interactions between anthocyanin moieties, and ionic
nteractions between sulfate groups and the positively charged
olecules from the 2-phenylbenzopyrylium backbone of antho-
yanins. Carrageenan, a mucopolysaccharide, was also tested
s a counterion to form bioPEC-like complexes. This sulfated
olygalactan is naturally present in different seaweed species
uch as Chondrus crispus , or Kappaphycus alverezii [ 25 ]. ι- and κ-
arrageenan, with two and one sulfate group, respectively, were
sed to form bioPEC-like complexes with blueberry anthocyanins
 16 ]. 

lthough bioPEC-like complexes have been extensively investi-
ated to improve anthocyanins’ stability, research has predom-
nantly focused on soluble particles, while anthocyanins-based
nsoluble complexes remained largely unexplored. However,
nsoluble complexes may present significant advantages, includ-
of 15
ing enhanced stability of anthocyanins against degradation (e.g.,
temperature, pH), the potential for controlled release under
specific environmental or physiological conditions, and the
ability to function as innovative ingredients in applications
such as active food packaging, biomedical materials, and pH-
responsive colorimetric sensors, as they may display unique
properties. Therefore, the systematic investigation of the forma-
tion mechanisms, physicochemical properties, and functional
performance of insoluble anthocyanin–bioPECs is essential to
elucidate their full technological potential and expand their
technological applicability. 

2 Materials and Methods 

2.1 Materials 

Analytical grade reagents were used in the study. 2,4,6-Tris(2-
pyridyl)-s-triazine (TPTZ), acetic acid, formic acid, acetoni-
trile, methanol, and sodium hydroxide were acquired from
Chem-Lab (USA), while C18 silica gel was obtained from
Fluka. 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2-(N-morpholino)-
ethanesulfonic acid (MES), Bradford reagent, citric acid mono-
hydrate, ethyl acetate, Folin-Ciocalteu reagent, λ-carrageenan
( λ-ARG), sodium acetate trihydrate, sodium phosphate dibasic
dihydrate, and trolox were obtained from Sigma Aldrich, St.
Louis, MO, USA. Honeywell (USA) supplied hydrochloric acid,
while Panreac AppliChem provided phosphate saline buffer
tablets (PBS) and sodium carbonate. Ultrapure water, produced
by a MilliQ filtration system, was used for the preparation of all
solutions. 

2.2 Anthocyanins Extraction and Purification 

Frozen blackberries were macerated with acidified (2% HCl)
deionized water (1:10 w/v ). The mixture was stirred for 4 h at room
temperature and after this period, the residues were filtered on a
porous tissue and subjected to a second water extraction for 20 h at
room temperature (24 h total extraction time). The crude extract
was centrifuged at 10,000 rpm for 10 min at 20◦C (Dynamica
Velocity 14R Refrigerated Centrifuge, Dynamica Scientific Ltd.;
Livingston, United Kingdom), and the supernatant was puri-
fied using reverse-phase C18 silica gel, with acidified deionized
water to remove simple sugars, salts, and organic acids. The
anthocyanic fraction was then recovered with acidified methanol,
and the solvent was evaporated under vacuum at 37◦C. The
resulting blackberry anthocyanin-rich extract (BAE) was diluted
in ultrapure water, freeze-dried, and stored at -20◦C until further
use. 

2.2.1 Total Phenolic Content 

The total phenolic content (TPC) of BAE was determined using
the Folin-Ciocalteau method [ 26 ]. 15 µL of the blackberry antho-
cyanin extract (1 mg/mL) was added to a microtube, followed
by the addition of 75 µL of Folin-Ciocalteau reagent. Then,
1110 µL of ultrapure water was added, and the microtube was
thoroughly mixed. 300 µL of 5% Na2 CO3 were added and mixed
again. The samples were left to stabilize for 30 min in the dark.
ChemFoodChem, 2026
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lank samples were prepared with ultrapure water. All samples
ere prepared in triplicate. For the measurement, 350 µL of the
amples and blanks were pipetted into a 96-well plate, and the
bsorbance was measured at 750 nm using a plate reader (Biotek
owerwave XS, Santa Clara, CA, USA). The total phenolic content
as expressed as µg gallic acid equivalents (GAE)/mg of BAE. 

.2.2 Low Molecular Weight Phenolic Compounds 
uantification by HPLC-DAD 

he quantification of low molecular weight phenolic com-
ounds in BAE was carried out using High Performance Liquid
hromatography coupled with Diode Array Detector (HPLC-
AD). Firstly, BAE (1.0 mg/mL) was subjected to a liquid-liquid
xtraction with an ethyl acetate/acetonitrile mixture (2/2/1 v/v/v )
o isolate the low molecular weight phenolic compounds. The
esulting organic phase was recovered, and the aqueous phase
as extracted again using the same procedure. The organic frac-
ions were combined, dried, and resuspended in a MeOH/H2 O
50/50) mixture. The HPLC-DAD analysis (20 µL injection vol-
me) was performed using a reverse phase column from Merck
LiChrospher 100, LiChroCART, 150 ×4 mm inner diameter; 5 µm
article size) at 25◦C, with a flow rate of 0.3 mL/min. The
olvents used were H2 O/CH3 COOH (solvent A, 99/1 v/v ) and
2 O/CH3 COOH/CH3 CN (solvent B, 79/1/20 v/v/v ). The elution
radient was used as follows: 0 min to 55 min, 80% of solvent
 to 20% of solvent A; 55 min to 70 min, 20% of solvent A to
0% of solvent A; 70 min to 80 min, 10% of solvent A to 0% of
olvent A; 80 min to 90 min, 0% of solvent A to 80% of solvent A.
or the estimation of the overall content of low-molecular weight
henolic compounds, results were expressed as µg GAE/mgof
AE, using a calibration curve made with gallic acid as a reference
ompound. 

.2.3 Anthocyanin Quantification and Identification 

y HPLC-DAD and HPLC-DAD/ESI-MS 

he anthocyanin content in BAE was measured using HPLC-
AD. 20 µL of the extract (1.0 mg/mL) was injected into a reversed
hase C18 column from Merck (LiChrospher 100, LiChroCART,
50 ×4 mm inner diameter; 5 µm particle size) at 25◦C. The
etection was carried out in the wavelength range of 200 nm
o 700 nm. Mass detection was performed using a Finnigan
CQ DECA XP MAX mass detector, operated at a flow rate
f 0.5 mL/min, with atmospheric pressure ionization and an
lectrospray ionization interface. The capillary voltage was set
t 4 V, with a capillary temperature of 325◦C. Mass spectra were
cquired in positive ion mode, with a mass-to-charge ratio ( m/z )
ange of 0 to 2000. Three scans were conducted: a full-mass scan,
 zoom scan on the most intense ion, and a MS-MS scan of the ion
sing collision energy of 30 V and 60 V. 

or HPLC-DAD analysis, the mobile phases used consisted
f a mixture of H2 O/HCOOH (90/10 v/v ) (Solvent A) and a
ixture of H2 O/HCOOH/CH3 CN (60/10/30 v/v/v ) at a flow rate of
.0 mL/min. The elution gradient was as follows: 0 min to 70 min,
0% to 15% of solvent A; 70 min to 75 min, 15% to 0% of solvent
; 75 min to 85 min, 0% of solvent A; and 85 min to 95 min,
hemFoodChem, 2026

t

0% to 80% of solvent A. Results were expressed as µg cyanidin-
3- O -glucoside (cy3glc) equivalents/mg of BAE. Anthocyanins
identification was carried out using HPLC-DAD/ESI-MS with
the same elution gradient at a flow rate of 0.4 mL/min, using a
mixture of H2 O/HCOOH (99/1 v/v ) (solvent A) and a mixture of
H2 O/HCOOH/CH3 CN (69:1:30) (solvent B) as mobile phases. 

2.2.4 Protein Quantification 

The Bradford method was used to determine the soluble protein
content in BAE [ 27 ]. 100 µL of the extract (0.5 mg/mL) or
ultrapure water was mixed with 200 µL of Bradford’s reagent. The
mixture was allowed to stabilize in the dark at room temperature
for 10 min, and the absorbance was read at 595 nm using a
plate reader (Biotek Powerwave XS, Santa Clara, CA, USA).
The protein content was expressed as µg bovine albumin serum
equivalents/mg of BAE. 

2.2.5 Antiradical Activity 

The antiradical activity of the BAE was assessed using the
DPPH (2,2-diphenyl-1-picrylhydrazyl) radical assay. Three solu-
tions were prepared, including a blank sample with ultrapure
water and the BAE, a control sample with DPPH and ultrapure
water, and a sample with DPPH and the BAE (1 mg/mL). The
DPPH solution was prepared at 60 µM in methanol. All solutions
were prepared in quadruplicate. Absorbance readings were taken
at 515 nm using a plate reader (Biotek Powerwave XS, Santa Clara,
CA, USA) at 0 min, 5 min, 10 min, 15 min, and 20 min. The results
were expressed as µM equivalents of Trolox, after 20 min reaction.

2.2.6 Ferric Reducing Capacity 

The BAE ferric reducing capacity was assessed by measuring the
reduction of [Fe(III)-TPTZ2 ]3 + to [Fe(II)-TPTZ2 ]2 + at pH 3.6, in the
presence of antioxidants. The Ferric Reducing Antioxidant Power
(FRAP) reagent was prepared by combining a 300 mM acetate
buffer solution (pH 3.6) with 10 mM TPTZ (prepared in 40 mM
HCl) and 20 mM FeCl3 . The resulting mixture was diluted by
one-third with acetate buffer and incubated at 37◦C for 15 min.
The samples were prepared in ultrapure water at a concentration
of 0.1 mg/mL, with the control consisting of FRAP reagent and
ultrapure water, and the blank consisting of ultrapure water and
the sample. Each solution was prepared in quadruplicate, and the
absorbance was measured at 593 nm using a plate reader (Biotek
Powerwave XS, Santa Clara, CA, USA) at 0 min and 4 min, at 37◦C.
The results were expressed in terms of µM equivalents of Trolox. 

2.3 Blackberry Anthocyanins and λ-carrageenan 

Complexes 

2.3.1 Solutions Preparation 

λ-CRG (0.1% w/w ) was dissolved in 10 mM acetate buffer (pH
2.5, 3.0, and 4.0) and heated at 80◦C for 10 min until complete
dissolution. The solutions were cooled to room temperature, and
the pH was adjusted, if needed. Similarly, BAE solutions (0.1%
3 of 15
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/w ) were prepared in acetate buffer at room temperature. Before
se, solutions were centrifuged at 13,000 rpm for 2 min to remove
ny residual insoluble impurities, then allowed to equilibrate for
t least 1 h. 

.4 Interaction Conditions: Determination of the
ptimal Ratio 

.4.1 Optical Dispersion Measurements 

ptical dispersion measurements were conducted to determine
he optimum conditions for insoluble complex formation, based
n Tavares et al., [ 28 ]. Aliquots of λ-CRG solution were gradually
dded to 750 µL of BAE in the UV-Vis cell and homogeneized.
he optical dispersion of these solutions was measured at 650 nm
sing an Evolution Array UV-Visible Spectrophotometer from
hermo Scientific. The assays were performed at pH 2.5, 3.0, and
.0, in acetate buffer (10 mM). The impact of λ-CRG/BAE ratio (%
eight ( w/w )) on the solution optical dispersion was determined
n triplicate. 

.4.2 Zeta Potential Measurements 

o determine the charge balance in the formation of insoluble
omplexes, λ-CRG and BAE solutions were prepared as previ-
usly described and filtered (0.45 µm syringe filters). Mixtures
f λ-CRG and BAE were prepared at the optimum interaction
atio (determined in section 2.4.1 ), mixed continuously for 2
, and centrifuged at 12,500 rpm at 20◦C for 10 min. The
uperficial charge values ( ζ-potential) were measured through
lectrophoretic light scattering (ELS) with a Malvern Zetasizer
ano ZS instrument from Malvern Instruments Ltd., UK. All
ssays were performed in triplicate, using water as a dispersant
gent at 25◦C, and data were presented as mean ± standard
eviation (SD) in millivolts (mV). 

.4.3 Incorporation Rate and Loading Capacity of 
-CRG 

he amount of anthocyanins incorporated into the BAE- λ-CRG
nsoluble complexes at the optimum interaction conditions was
etermined and expressed as the incorporation rate and loading
apacity of λ-ARG, according to Klimaviciute et al., [ 23 ]. For the
ontrol sample, BAE was prepared at the same concentration
s for the complex. The concentration of anthocyanins in the
upernatant was determined by HPLC-DAD, according to the
ethod as described in section 2.2.6 . The results were expressed
s the incorporation rate and loading capacity, calculated using
he following equations: 

I 𝑛𝑐 𝑜 𝑟 𝑝 𝑜 𝑟 𝑎 𝑡𝑖𝑜 𝑛 𝑟 𝑎 𝑡𝑒 =

( 

( 𝑐 𝑦3 𝑔𝑙𝑐 ) 𝑐 𝑜 𝑛𝑡𝑟 𝑜 𝑙 − ( 𝑐 𝑦3 𝑔𝑙𝑐 ) 𝑠 𝑎 𝑚𝑝 𝑙𝑒 

( 𝑐 𝑦3 𝑔𝑙𝑐 ) 𝑐 𝑜 𝑛𝑡𝑟 𝑜 𝑙 

) 

(1)

L 𝑜 𝑎 𝑑 𝑖𝑛𝑔 𝑐 𝑎 𝑝 𝑎 𝑐 𝑖𝑡𝑦 =

( 

( 𝑐 𝑦3 𝑔𝑙𝑐 ) 𝑐 𝑜 𝑛𝑡𝑟 𝑎 𝑙 − ( c 𝑦 3 𝑔𝑙𝑐 ) s 𝑎 𝑚𝑝 𝑙𝑒 

( 𝜆− C 𝑅 𝐺 ) 

) 

(2)
of 15

t

2.5 Optimized Preparation of Insoluble 
Complexes 

For the preparation of BAE- λ-CRG insoluble complexes, a BAE
0.1% ( w/w ) solution was added to λ-CRG 0.1% ( w/w ) solution
according to the optimum λ-CRG/BAE ratio determined by
turbidity measurements. The mixture was stirred for 2 h at
120 rpm. Thereafter, the two formed phases were separated
through centrifugation (10 min at 12,500 rpm). The pellet (BAE-
λ-CRG insoluble complexes) was recovered, washed twice with
ultrapure water to remove any unbound anthocyanins, and
freeze-dried for further physicochemical characterization. 

2.6 Physicochemical Characterization of 
BAE- λ-CRG Insoluble Complexes 

2.6.1 Scanning Electron Microscopy (SEM) and 
Cryo-scanning Electron Microscopy (Cryo-SEM) 

The observation and analysis of the microstructure of dried
BAE, λ-CRG, and the insoluble BAE- λ-CRG complexes were
performed by scanning electron microscopy (SEM) with a FEI
Quanta 400 FEG ESEM/EDAX Genesis X4M device. The samples
were positioned on aluminum supports and coated with a thin
layer of Au-Pd to enhance electron conductivity. The SEM images
were obtained using an acceleration voltage of 15 kV, a working
distance of 10 mm, and a magnification level ranging from 500x
to 15000x. 

The microstructure of wet BAE- λ-CRG complexes (before freeze-
drying) was also analyzed by scanning electron cryo-microscopy
(cryo-SEM). A JEOL JSM 6301F Oxford INCA Energy 350 electron
microscope, equipped with a Gatan Alto 2500 cryo-preparation
chamber, was used for this purpose. The complexes were frozen in
liquid nitrogen at -200◦C and then fractured. Solvent sublimation
was carried out at -90◦C for 120 s, and an Au-Pd layer was
coated onto the sample using a SPI Module Sputter Coater. The
microscopic image was obtained at -150◦C with an acceleration
voltage of 15 kV, a working distance of 15 mm, and a magnification
level of 5000x to 10000x. 

2.6.2 Ftir-Atr 

FTIR-ATR data were obtained for BAE- λ-CRG insoluble com-
plexes, λ-CRG, and BAE at room temperature using PerkinElmer
Spectrum Two (USA) equipment. For each sample, around 1 mg
of the material was placed on a crystal made from synthetic
diamond, and spectra were collected in the range of 4000 cm− 1 

to 400 cm− 1 . 

2.6.3 Thermal Stability 

The thermal stability of the BAE- λ-CRG complexes was evaluated
using simultaneous thermal analysis (STA), which combines
dynamic scanning calorimetry (DSC) and thermogravimetry
(TGA). The STA experiment was performed at a heating rate of
5◦C/min using a Hitachi Instruments STA7200RV from Hitachi
Instruments, Inc. (Japan). Approximately 10 mg of each sample
ChemFoodChem, 2026
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as placed in an open aluminum crucible, and the measurements
ere carried out between 20◦C and 400◦C under an inert
tmosphere. The thermal stability of BAE- λ-CRG complexes was
ompared to that of BAE and λ-CRG, analyzed using the same
ethodology. 

.6.4 Release Studies: Anthocyanins Desorption From 

AE- λ-CRG Complexes 

he anthocyanins release pattern from BAE- λ-CRG insoluble
omplexes was studied at 3 pH values. Uniform powdered BAE- λ-
RG insoluble particles were incubated at 5.0 mg/mL in ultrapure
ater at pH 1.7, 5.4, and 7.4, and in MES buffer at 10 mM (pH
 5.4) or PBS buffer at 10 mM (pH = 7.4) [ 29 ]. To prepare
ltrapure water at different pH values, HCl (6 M) or NaOH (1 M)
as used to adjust pH. Assays were performed for 8 h, under
gitation at room temperature, using an Advanced Vortex Mixer
X3 from VELP Scientifica. Aliquots of 60 µL were collected
eriodically, and the same volume of each solution was replaced.
liquots were acidified with 12 µL of HCl 6 M and allowed to
quilibrate at room temperature overnight, guaranteeing the total
onversion to flavylium cation equilibrium form. Anthocyanins
elease was evaluated by HPLC-DAD, according to the methodol-
gy described in section 2.2.6 . Release profiles were fitted to the
orsmeyer-Peppas model, according to equations 3 and 4 : 

Mt ∕ Mx = K tn (3)

log ( Mt ∕Mx ) = nlog ( t) + log(K) (4)

here, Mt, Mx , K, and n refer to the amount of anthocyanins
eleased in time t, the overall mass of releasable anthocyanins
resent in the sample, the release rate constant, and the dif-
usional exponent, respectively. The Korsmeyer–Peppas model
s valid for the first 60% of the fractional release and useful
o describe various mechanisms of transport, including Fickian
iffusion and non-Fickian transport [ 30 ]. By employing this
pproach, the slope of the curves was derived using linear
ogarithmic equations, and the coefficient of determination (R2 )
as calculated. Release studies were performed in triplicate. 

.7 Statistical Analysis 

he results were presented as mean ± standard deviation (SD)
nd were statistically analyzed using one-way ANOVA followed
y the Tukey’s test of multiple comparisons to compare means
etween different samples. The statistical analysis was performed
sing Prism 9.1.1 (GraphPad software) for MacOS. 

 Results and discussion 

n this work, the formation and characterization of insoluble
omplexes based on the polyelectrolyte interaction between an
nthocyanin-rich extract and an anionic polysaccharide ( λ-CRG)
as explored. λ-CRG, which contains three sulfate groups, was
hemFoodChem, 2026
selected as it is expected to interact more strongly with antho-
cyanins’ flavylium cations, thereby enhancing the stabilization of
the anthocyanin extract. 

3.1 Blackberry Anthocyanin Extract 
Characterization 

HPLC-DAD analysis was employed to characterize the extract
obtained from blackberries (Table 1 ). BAE exhibited a high
concentration of total phenolic compounds (TPC) (390 ± 37 µg
gallic acid equivalents/mg dried BAE), determined using the
Folin-Ciocalteu assay, and a relatively low protein content
of 65 ± 11 µg BSA/mg dried BAE. The HPLC-DAD analysis
showed that BAE was an anthocyanin-rich extract, accounting
for roughly 557 ± 65 µg of cy3glc equivalents/mg dried BAE,
while the low molecular weight phenolic compounds repre-
sented about 73 ± 14 µg of GAE/mg dried extract. The chro-
matographic profile at 520 nm showed the presence of four
significant peaks, corresponding to cyanidin-derivatives, namely,
cyanidin-3- O -glucoside ([M + H]+ 449/MS2 287), which was the
most abundant anthocyanin with approximately 92% of the
total anthocyanin amount quantified in the extract, followed
by cyanidin-3- O -xylose ([M + H]+ 419/MS2 287) (4%), cyanidin-
3- O -(6‘’-malonyl-glucoside) ([M + H]+ 535/MS2 287) (2%), and
cyanidin-3- O -dioxalyl-glucoside ([M + H]+ 593/MS2 287) (2%). The
identification of these peaks was accomplished through HPLC-
DAD/ESI-MS analysis and cross-referenced with previously
published studies on blackberry extracts [ 31, 32 ]. 

A slightly higher value of anthocyanin content (661 µg.mg− 1 )
could be observed in a study performed by Chen et al., 2023
[ 33 ]. However, both studies could demonstrate the efficiency of
implementing purification and concentration steps in enriching
the extract in the targeted compounds, compared to simple
extraction procedures. Additionally, this improvement also shows
that purification steps could enhance the selectivity and stability
of anthocyanins in the final extract, which may also enhance
the production of insoluble complexes. The high anthocyanin
content in the extract may have contributed to its ability to
sequester free radicals (20 ± 1 µM Trolox equivalents) and strong
reducing power (196 ± 18 µM Trolox equivalents). 

3.2 pH Optimal Values in the Formation of 
BAE- λ-CRG Insoluble Complexes 

To determine the maximum interaction between BAE and λ-
CRG directly affecting the formation of insoluble aggregates,
a spectrophotometry assay was performed. The optical disper-
sion of the solutions was measured at various λ-CRG-to-BAE
ratios, and Figure 1 shows the effect of increasing λ-CRG (0.1%)
concentration on the optical dispersion (OD) at 650 nm, using
a 0. 1% BAE stock solution. As BAE- λ-CRG interactions are
strongly dependent on pH, the working pH range for this study
was chosen based on the likelihood of electrostatic interactions
occurring in the system. At acidic pH levels (pH < 2), anthocyanins
exhibit positive charges due to the presence of the flavylium
cation form [ 34 ]. With pH increase (pH 2–4), the flavylium cation
undergoes immediate proton transfer reactions leading to the
neutral quinoidal bases. Additionally, the flavylium cation starts
5 of 15

ive C
om

m
ons L

icense



TABLE 1 Characterization of the blackberry-anthocyanin rich extract. 

TPC LWP ANCs PC DPPH FRAP 

( µg GAE/mg 
of extract) 

( µg eq. GAE/mg 
of extract) 

( µg cy3glc/mg 
of extract) 

( µg eq. BSA/mg 
of extract) 

( µM Trolox 
equivalents) 

( µM Trolox 
equivalents) 

390 ± 37 73 ± 14 557 ± 65 65 ± 11 20 ± 1 195 ± 18 

Abbreviations: ANCs, anthocyanins; DPPH, antiradical activity; FRAP, ferric reducing capacity; LWP, low weight phenolic compounds; PC, protein content; TPC, 
total phenolic content. 

FIGURE 1 Influence of BAE/ λ-CRG mass ratio (% weight w/w), on the OD of BAE 0.1% (w/w) solutions with aliquots of λ-CRG 0.1% (w/w) 
solutions at pH 2.5, 3.0, and 4.0. Results are presented as mean ± standard deviation. On the bottom, pictures of each interacting system at different 
weight ratios for pH 2.5 and 3.0). 
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TABLE 2 Values of ζ-potential (mV) expressed as mean ± SD. For 
each row, samples with the same symbol (*) do not present statistical 
differences ( p > 0.05). 

pH 2.5 pH 3.0 pH 4.0 

BAE 25.7 ± 0.6 12.5 ± 0.2 -15.4 ± 0.9 
λ-CRG -33.0 ± 0.5 -43 ± 2* -42.3 ± 0.8* 
BAE/ λ-CRG 12.7 ± 0.5 -3.4 ± 0.4 -38.8 ± 0.9 
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o hydrate, giving rise to the neutral hemiketal form, which
apidly suffers tautomerization to give the cis -chalcone, which
urther isomerize to the trans -chalcone. At higher pH values,
urther deprotonation occur, turning the solutions blue-green due
o the predominance of the quinoidal anionic bases. Meanwhile,
-CRG remains negatively charged across all pH levels due to
he presence of sulfate groups within the polygalactan structure
 35 ]. Therefore, the working pH range was set at 2.5-4.0, which
hould promote electrostatic interactions between negative sul-
hate groups of λ-CRG, and the positively charged anthocyanin
olecules. 

uring the titration experiments, the formation of insoluble solid
recipitates was shown to be dependent on the pH of the medium
nd on the weight ratio of anthocyanins and λ-CRG. As shown in
igure 1 , at pH 2.5, the addition of increasing volumes of λ-CRG
o a BAE solution led to a progressive optical dispersion increase
ntil reaching the point of maximum interaction at an OD around
.375 and a λ-CRG/BAE weight ratio around 0.08-0.1. At the
aximum interaction, the oppositely charged molecules become
utually neutralized and stoichiometrically equal, leading to the
ormation of insoluble complexes, which could aggregate into
arge particles and be responsible for the increase on the optical
ispersion of the solutions. Beyond this weight ratio, the optical
ispersion began to gradually decrease when BAE molecules
ecame saturated with λ-CRG and the charge balance drifted
way from the stochiometric charge ratio [ 28 ]. Indeed, as more
-CRG was added to the solution, excess negatively charged
ulfate groups remained unbound, potentially leading to an
ncreased solubility of the formed complexes, which might have
ecome soluble and contributed to the significant reduction of
he solution optical dispersion (OD similar to the value obtained
t the beginning of the titration) [ 36 ]. Interestingly, a rapid color
hange in the samples was observed, shifting from red (in the
bsence of λ-CRG) to orange at the point of maximum interaction,
ndicating a hypsochromic shift. This color change has been
reviously reported in studies examining the interaction between
nthocyanins and anionic polysaccharides, such as dextran sul-
ate, attributed to the occurrence of electrostatic interactions
 23 ]. Conversely, Jeon et al., [ 24 ] reported that the complexes
ormation between chondroitin sulfate and anthocyanins led
o a bathochromic shift. In that study, complex formation was
nfluenced not only by electrostatic interactions between sulfated
roups in polysaccharides but also by hydrophobic interactions
nd anthocyanins’ intermolecular stacking. 

t pH 3, a sharp increase in the optical dispersion of the solution
as observed at a lower λ-CRG/BAE weight ratio, showing a
aximum interaction at a weight ratio of 0.03-0.05 and reaching
n OD around 0.526, markedly higher than that recorded at pH
.5. After this weight ratio, a decrease in the optical dispersion
f the solution was observed, followed by stabilization in the OD
alues between 0.13 and 0.4 λ-CRG/BAE weight ratios. A new
lateau was then reached at the λ-CRG/BAE weight ratio of 0.5,
fter a slight decrease in the OD value. The moderate decrease
n the optical dispersion of the solution could be attributed to
he higher stability of the formed complexes at this pH value,
hich were able to resist when more λ-CRG was added to the BAE
olution [ 28 ]. In fact, at the end of the titration, at the weight ratio
f 0.8, it was still possible to presence of insoluble complexes, on
he opposite to what was observed at pH 2.5. Color changes from
hemFoodChem, 2026
red to orange were also observed, possibly indicating electrostatic
interactions taking place. 

At pH 4, a slight increase in optical dispersion was observed, but
no noticeable formation of insoluble complexes occurred. At this
pH value, the flavylium cation is in thermodynamic equilibrium
with the hemiketal form and quinoidal base, which reduces the
availability of flavylium cation for electrostatic interactions with
λ-CRG. 

Based on the results above, the measured optical density provided
insights into the formation of insoluble complexes at three differ-
ent pH levels. The choice of pH plays a critical role in determining
the outcome of complex formation, as pH variations significantly
affect the net charge of the solid complexes. Changes in pH can
lead to a decrease in the stoichiometric ratio of negative to positive
charges, which, in turn, can cause conformational changes in
the polymer network of the complexes [ 11 ]. To further investigate
the net charge formed during the complexation reaction, the
superficial charge of individual compounds and complexes was
measured by DLS. For this assay, stock solutions of BAE, λ-
CRG, and the BAE- λ-CRG complexes at a weight ratio of 0.05
( λ-CRG/BAE) were prepared as previously described, and the
superficial charges ( ζ-potential) of the resulting supernatant, as
well as the stock BAE and λ-CRG solutions, were measured. The
data is shown in Table 2 . 

The superficial charge of BAE samples at different pH values
was significantly different ( p < 0.05). ζ-potential value showed a
decrease on the superficial charge from pH 2.5 to 4.0 (from 25.7
to -15.4), due to the changes on ANCs chemical equilibrium
forms present in solution, including the flavylium cation form
and the neutral hemiketal and quinoidal bases. Furthermore,
acetate buffer at pH 4 may also contribute to a more negatively
charged environment observed, contributing to the decrease that
was observed [ 37 ]. 

For λ-CRG, the superficial charge was negative for all measured
pHs, although less negative at pH 2.5 ( p < 0.05), in accordance with
the values described in the literature [ 38 ]. For the supernatant
resulting from the BAE- λ-CRG interaction, significant differences
were observed in the ζ-potential value ( p < 0.05) when compared
to the BAE and λ-CRG solutions. A positive value was recorded at
the lowest pH value, becoming almost neutral at pH 3.0 (-3.4 mV)
and negative at pH 4.0. When ζ-potential is close to zero, as in
the case of pH 3.0, the precipitation of insoluble complexes from
the liquid phase occurs due to charge neutralization between
charged moieties. Additionally, if ζ-potential value drifts away
from 0, electrostatic interaction in the complex may become
weaker, thus affecting the physical properties of the complexes
7 of 15
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 39 ]. In a previous work, complex coacervates made by the
nteraction of gum arabic and chitosan were studied regarding
heir viscoelastic properties obtained by changing the ratio of the
wo biopolymers [ 39 ] ζ-potential value showed a deviation from
eutrality as the ratio of gum arabic:chitosan changed from 3:1
o 5.5:1, showing a decrease in the yield of coacervates and thus
eading to an increase in the production of soluble complexes [ 39 ].
urthermore, at pH 4.0 due to the superficial negative charge
resent in solution, reduced electrostatic interaction occurred,
esulting in the lowest optical dispersity. In this work, and in
ccordance with the close to zero ζ-potential value at pH 3,
he formation of insoluble complexes was higher (higher optical
ispersion values achieved) compared to the other pHs tested.
o guarantee that the chosen parameters are already in the
aximum interaction region, the optimal λ-CRG/BAE weight
atio of 0.05 and pH 3 was selected for the optimized production
f BAE- λ-CRG insoluble complexes. 

.3 Physicochemical Characterization of the 
nsoluble Complexes 

.3.1 Incorporation Rate and Loading Capacity of 
-CRG 

o determine the anthocyanins’ incorporation rate and the
oading capacity of λ-CRG at optimized conditions, insoluble
omplexes were prepared at pH 3.0 at a λ-CRG/BAE weight ratio
f 0.05, and the amount of anthocyanins in the supernatant was
nalyzed by HPLC-DAD. An incorporation rate of 12 ± 2% was
btained, reflecting the quantity of anthocyanins’ molecules that
ere able to form insoluble complexes with λ-CRG. A loading
apacity of 1.1 ± 0.1 g of cy3glc per g of λ-CRG was also observed.
hile anthocyanins are most stable at acid pH values (pH < 2),

hey still show significant stability at pH 3.0. In this sense,
educed degradation should be expected in these experimental
onditions. Additionally, anthocyanins and λ-CRG may also form
oluble complexes, increasing the total amount of anthocyanins
resent in the supernatant and easily detected by HPLC-DAD,
fter complexes disruption. Considering the incorporation rate
btained, about 88% of anthocyanins could be found in the super-
atant, both in free or complexed form with λ-CRG. In a similar
tudy, the incorporation rate of Vaccinium myrtillus anthocyanins
n ι- and κ-CRG was around 1.5 g of anthocyanins per g of CRG,
lose to the values obtained in this work [ 16 ]. Furthermore,
ariations in the incorporation rate were observed considering the
hanges in the total reagent concentration and weight ratio. The
omplexation of blueberry anthocyanins with dextran sulfate was
lso investigated [ 23 ], with the results showing that at the ratio of
extran sulfate/ANCs of 1/0.4 and at a total concentration of 0.7 g.
− 1 , the incorporation rate of ANCs was 74%, while the loading
apacity of dextran sulfate was 1.7 g of ANCs per g of dextran
ulfate. Additionally, using a different approach of stabilization,
ther authors studied the incorporation of ANCs from Carissa
arandas in a biopolymer-based coacervate, with chitosan and
ectin, and the incorporation rate reported was approximately
8% [ 29 ], significantly higher than the values obtained herein.
he presence of low molecular weight phenolic compounds and
ther impurities, such as soluble proteins or sugars, may also
ffect anthocyanins complexation with λ-CRG. This can occur
of 15
through anthocyanins interaction, thus reducing the available
amount to interact with λ-CRG [ 40 ]. 

3.3.2 Morphology Analysis: SEM and Cryo- SEM 

The morphological structure of freeze-dried BAE, λ-CRG, and
BAE- λ-CRG insoluble complexes was determined through SEM
analysis, as presented in Figure 2 . 

According to the SEM analysis, BAE showed a dense composition
with a wrinkled surface, whereas the morphology of the λ-CRG
displayed a considerably smoother surface featuring filamen-
tous and irregular shapes. Additionally, freeze-dried BAE- λ-CRG
insoluble complexes, formed at a weight ratio of 0.05 and at pH
3.0, exhibited a homogenous and compact structure with surface
pores and a reticular network pattern. The microscopic analysis
of these complexes indicated successful complexation, resulting
in a distinct network structure, likely attributed to electrostatic
interactions between anthocyanin molecules and carrageenan,
which seemed to facilitate the formation of a 3D structure,
resembling the disorganized structure commonly observed in
coacervates as reported in previous literature [ 11, 41 ]. 

To perform the morphological characterization of insoluble
complexes’ structure in their native environment, studying their
intact structure and liquid-like nature, cryo-SEM analysis was
also performed. Results are presented in Figure 3 at different
magnifications. Cryo-SEM analysis showed that the insoluble
complexes exhibited a compact structure with a continuous
network, with multiple pores and hollows, typical for hydrogels.
This morphology may result from the polyelectrolyte interactions
of λ-CRG and BAE during the self-assembly of coacervates
in solution. Particularly, the interaction between the positively
charged flavylium cation and the negatively charged sulfate
groups of λ-CRG may promote the formation of intermolecular
association sites that act as physical cross-linking points within
the polysaccharide matrix. This allows the development of a
3D polymer network capable of entrapping water and leading
to a hydrated gel structure with interconnected pores [ 42 ]. A
recent study examined the morphology of coacervates formed
by pectin and chitosan to encapsulate anthocyanins. Coacervates
loaded with anthocyanins did not exhibit micropores, in contrast
to the unloaded coacervates [ 29 ]. The absence of micropores
after encapsulation was attributed to anthocyanins occupying
the available spaces within the blank coacervate. Morphological
properties of coacervates formed by soybean protein isolate and
chitosan were also investigated [ 43 ]. The authors proposed that
the interaction between the polyelectrolyte complexes resulted in
the formation of a network structure resembling pores, similarly
to the results obtained herein. 

3.3.3 Structural Elucidation by FTIR-ATR 

To evaluate possible interactions between the BAE and λ-CRG
and to investigate differences in the functional groups of the
produced insoluble complexes, Fourier Transform Infrared Spec-
troscopy with attenuated total reflection (FTIR-ATR) analysis was
performed (Figure 4 ). 
ChemFoodChem, 2026
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FIGURE 2 Scanning electron microscopy (SEM) images of A) BAE and B) λ-CRG (magnification 5000x, scale bar = 20 µm). Scanning electron 
microscopy (SEM) images of BAE- λ-CRG insoluble complexes at different magnifications (C1: magnification 500x, scale bar = 200 µm; C2: magnification 
2500x, scale bar = 40 µm; C3: magnification 5000x, scale bar = 20 µm; C4: magnification 15000x, scale bar = 5 µm). 
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or comparison, lyophilized BAE and λ-CRG were also analyzed.

he FTIR-ATR spectra analysis of BAE revealed several signifi-
ant groups [ 44 ]. The BAE exhibited a broad O-H stretch band
t 3234 cm− 1 , indicative of -OH bond vibrations. The presence
f a stretching vibration of C-H bonds was identified at 2915
m− 1 , while a band at 1730 cm− 1 was attributed to the stretching
ibration of C = O in the benzopyran aromatic ring in the
nthocyanins’ skeleton molecule. The absorption band at 1643
m− 1 and the bands at 1518 and 1446 cm− 1 were attributed to
tretching vibrations and the deformation vibration, respectively,
f the two phenyl rings. In addition, the band at 1280 cm− 1

as attributed to the C-O vibration in anthocyanins’ aromatic
ings. Similarly, the FTIR-ATR spectrum of λ-CRG displayed
 broad O-H stretch band at 3400 cm− 1 , corresponding to -
H groups. The bands at 1217 and at 842 cm− 1 were assigned,
espectively, to the O = S = O symmetric vibration and to
he C-O-S stretching vibration of galactose-4-sulfate [ 1, 16 ]. In
he spectrum of BAE- λ-CRG insoluble complexes, the dominant
ands of the anthocyanic extract combined with the spectra of
-CRG were detected. A stretching vibration of the OH bond
as observed at 3251 cm− 1 , possibly indicating hydrogen bonding
esulting from the interaction between ANCs and λ-CRG. The
tretching vibration of the C = O bond in the benzopyran ring was
lso identified in the BAE- λ-CRG complexes, albeit at a higher
avenumber, which can be attributed to the interaction with λ-
RG molecules. Furthermore, the band corresponding to the O =
 = O symmetric vibration was shifted to lower wavelengths (1193
hemFoodChem, 2026
cm− 1 ). This behavior suggests the occurrence of complexation,
likely due to electrostatic interactions between the positively
charged anthocyanin flavylium cation and the negatively charged
sulfate groups of CRG. A similar behavior was observed in a study
on the complexation of anthocyanins from blueberries with CRG
[ 16 ]. 

3.4 Thermal Stability Studies 

The thermal stability of BAE, λ-CRG, and the BAE- λ-CRG
complexes was obtained by thermogravimetry analysis (TGA).
The mass loss thermogravimetry (TG) and its corresponding
derivative thermogravimetric curves (DTG, inset in Figure 5 ), at
5◦C/min scanning rate, are shown in Figure 5 . As observed in
this figure, with the temperature increase, a significant increase
in mass loss was observed. BAE exhibited rapid degradation
with the temperature increase, with a total mass loss of 44%.
Two degradation phases were observed: the first occurred at
approximately 50◦C ( ≈ 10 min), corresponding to water loss (7%
weight loss), while the second phase occurred around 193◦C
( ≈ 38 min), attributed to anthocyanins degradation (37% weight
loss). The DTG data indicated a peak temperature (Tpeak ) for
maximum degradation at 194◦C. A similar two-phase degradation
behavior at comparable temperatures was observed in a previous
study on the thermal degradation of cy3glc [ 45 ]. The λ-CRG
also exhibited two stages of degradation, with a total weight loss
of 53%. The first phase occurred at around 50◦C ( ≈ 10 min),
9 of 15
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FIGURE 3 Cryo-scanning electron microscopy (cryo-SEM) images of wet BAE- λ-CRG insoluble complexes (prepared at a mass ratio of 0.05) at 
different magnifications (A1 and A2, magnification 5000x, scale bar = 10 µm; B1 and B2, magnification 10000x, scale bar = 6 µm). The accelerating 
voltage was 15 kV and the working distance of 15 mm in all cases. 

FIGURE 4 FTIR-ATR spectra of the BAE, λ-CRG, and BAE- λ-CRG insoluble complexes (prepared at a mass ratio of 0.05). 
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orresponding to 11% weight loss, which could be attributed to
ater loss trapped in the λ-CRG molecules. This behavior was
onsistent with previous TGA studies on λ-carrageenan [ 46 ]. The
econd phase occurred at 230◦C ( ≈ 46 min) and resulted in 36%
eight loss, associated with the removal of sulfate groups from
0 of 15
the main polygalactan structure, followed by the degradation
of the carbohydrate backbone. The onset temperature of ther-
mal degradation (Tonset ) was observed at approximately 200◦C,
while the Tpeak was observed at 225◦C. The insoluble BAE- λ-
CRG complexes (prepared at the optimum weight ratio of 0.05)
ChemFoodChem, 2026
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FIGURE 5 Thermogravimetric analysis (TGA) (A) thermogram and derivative thermogravimetry curve (DTG) (inset graphic—B) for the thermal 
decomposition of BAE, λ-CRG, and BAE- λ-CRG insoluble complexes (prepared at a mass ratio of 0.05), at β = 5◦C.min− 1 . 
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xhibited two phases of degradation with similar temperatures
nd weight loss values as the BAE thermogram. The first stage
f degradation occurred around 50◦C, resulting in 7% weight
oss, attributed to moisture evaporation. The second stage of
egradation occurred at 225◦C and was likely related to the
emoval of sulfite groups from the λ-CRG molecule. The Tonset
emained the same as the BAE profile (160◦C), but the Tpeak
hifted to a higher temperature at 225◦C. The TGA profile of
he BAE- λ-CRG complexes resembled that of the BAE, but
he rapid degradation plateau occurred at higher temperatures.
oreover, the Tpeak was higher (31◦C) compared to the BAE,
uggesting improved thermal stability due to the molecular
omplexation. According to the FTIR analysis, electrostatic inter-
ctions between the positively charged flavylium cation and the
egatively charged λ-CRG sulfate groups, together with hydrogen
onding, may be responsible for this molecular complexation
nd subsequent thermal stabilization. Another study, using zedo
um and gelatin to encapsulate anthocyanins also demonstrated
nhanced thermal stability in the formed coacervates compared
o free zedo gum, attributed to stronger interactions between
elatin and zedo gum [ 47 ]. In this case, the improved thermal
tability may be associated with the incorporation of λ-CRG. 

igure 6 shows the DSC curves of all three systems. The DSC
ata of BAE exhibited two endothermic peaks: one ranging from
0◦C to 100◦C and another from 163◦C to 202◦C. λ-CRG displayed
 prominent exothermic peak from 206◦C to 233◦C, likely asso-
iated with the polysaccharide’s melting point. The BAE- λ-CRG
nsoluble complexes showed two endothermic peaks, with the
irst occurring at the same temperature as the peak observed at
AE. The second endothermic peak aligned with the temperature
ange of the λ-CRG peak, suggesting a transitional phase present
n the λ-CRG sample. Notably, the second endothermic peak
bserved in the BAE was absent in the thermogram of the mix-
ure, indicating enhanced thermal stability of the anthocyanins
n the extract and successful complexation. A study investigating
lackberry anthocyanins encapsulated in β-cyclodextrin demon-
hemFoodChem, 2026
strated improved thermal stability, with the same endothermic
peak in the BAE shifting to higher temperatures, similar to the
behavior observed for the produced insoluble complexes [ 31 ].
In summary, the thermal analysis provided valuable insights
into the behavior and stability of the BAE, λ-CRG, and BAE-
λ-CRG complexes. The results demonstrated improved thermal
stability in the complexes and indicated successful complexation,
as evidenced by shifts in peak temperatures and weight loss
profiles compared to the individual components. 

3.5 Release Pattern: Desorption Studies 

Anthocyanins release pattern from λ-CRG-based insoluble com-
plexes was studied in water at three pH values (pH 1.7, 5.4, and
7.4), or in buffer solutions (10 mM MES or PBS buffer),. The
purpose of this assay, in two different medium, was to evaluate
the release pattern of anthocyanins in a range of pHs from
acidic to neutral conditions and to test the influence of salts.
Anthocyanins’ cumulative release rate is presented in Figure 7 .
After the suspension of BAE- λ-CRG complexes in each medium,
the initial anthocyanins burst release could be observed, with
this release being more noticeable in PBS buffer (16.5 ± 2.4%),
followed by water medium at pH = 1.7 (5.6 ± 0.4%), pH =
5.4 (2.6 ± 0.3%), and pH = 7.4 (2.4 ± 0.1%). The lowest initial
release was observed in MES, at pH 5.4 (1.8 ± 0.1%). This early
release is in accordance with the color of the respective samples
at the 0-hour mark (Figure 7 ), suggesting the burst release of
anthocyanins present on the surface of the polymer. The results
of the cumulative release percentage at each hour (expressed
as a percentage of anthocyanins release compared to the initial
release—t 0 h) showed that at pH 5.4, both in ultrapure water
and MES, the release of anthocyanins reached a plateau after
1 h of study, with a maximum of anthocyanins release around
5%, thus suggesting that there was no significant impact of salts
present in the buffer on anthocyanins desorption mechanism
at pH 5.4. Additionally, at this pH, it seems that the release of
11 of 15
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FIGURE 6 DSC thermograms of BAE, λ-CRG, and BAE- λ-CRG insoluble complexes (prepared at a mass ratio of 0.05), at β = 5◦C.min− 1 . 

FIGURE 7 Percentage of cumulative release of anthocyanins from BAE- λ-CRG insoluble complexes (prepared at a mass ratio of 0.05) versus time 
at pH 1.7, 5.4, and 7.4 (in ultrapure water, MES, and PBS buffer). At the 8-hour mark, samples with the same symbol are not statistically different ( p > 0.05). 
On the bottom, color of the samples in the ANCs release pattern study. From left to right in all pictures: pH = 1.7, pH = 5.4, pH = 7.4, MES, and PBS. a) 
t = 0 h; b) t = 4 h; c) t = 8 h. 
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nthocyanins achieved an equilibrium between the contribution
f the rate of diffusion of anthocyanins and the dilution factor at
ach time point. The highest release rate for anthocyanins was
ecorded at pH 7.4, both in PBS and ultrapure water. In PBS,
 maximum release of about 15% was observed after the 2-hour
ark, thus suggesting the most pronounced disruption of the
AE- λ-CRG complexes under these conditions. After this period,
 sharp decrease in anthocyanins’ cumulative release could be
2 of 15
observed, possibly due to the rapid degradation of anthocyanins
in PBS medium. At pH > 2 anthocyanins degradation is due to the
reversible water addition to the flavylium ion (with concomitant
accumulation of a colorless hemiketal and pale yellow cis -
and trans -chalcones) and to a combination of irreversible routes
(hydrolytic and oxidative pathways) typically resulting in cleavage
of the C-ring [ 48 ]. Moreover, the presence of salts can also
accelerate the irreversible degradation of anthocyanins, possibly
ChemFoodChem, 2026
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ue to the altered solvation characteristics of aqueous solutions
 49 ]. On the other hand, after this timepoint, anthocyanins
ilution, due to solvent replacement may also contribute to this
ecrease, being higher than anthocyanins’ diffusion. In ultrapure
ater at pH 7.4, anthocyanins’ release showed a continuous
ncrease until the end of the assay, reaching a maximum of 12%
t 8 h. In this medium, and on the opposite to what was observed
n PBS buffer, a reduced degradation could be observed combined
ith a continuous release. At pH 1.7, the maximum of release
as observed between 0.5-1.0 h mark (around 6%), followed by
 decrease in the cumulative percentage release. This decline
uggests that the effect sample dilution, when small aliquots were
emoved, was higher than the diffusion of anthocyanins from the
nsoluble complexes, as observed for the lighter color presented at
he end of the experiment. In contrast to these results, Sarkar et
l., reported a higher release of anthocyanins at acidic pH when
ncapsulated in chitosan-pectin coacervates. Furthermore, at pH
, the lowest percentage of anthocyanins was observed (around
0%) [ 29 ]. 

he obtained release data at different pH values were fitted
ith the Korsmeyer-Peppas model, considering the diffusion of
ater into the polymeric system, the swelling of the polymeric
hain, and the dissolution of anthocyanins [ 50 ] (Figure S1 ).
espite its limitations, particularly for porous hydrogel networks,
he Korsmeyer–Peppas model is widely used [ 51 ]. This model
s commonly applied to the initial stage of release (typically
p to approximately 60% of the total drug released), while for
orous materials, drug release may involve multi-stage kinet-
cs, including burst release, diffusion, and polymeric matrix
elaxation. Furthermore, it does not take into consideration the
ore size distribution and the quantity, and therefore, it cannot
istinguish between a dense or porous network or quantify the
mpact of porous structure for the transport. Moreover, this model
ssumes idealized geometries (e.g. slabs, cylinders, or spheres)
nd homogeneous matrices, conditions that are not strictly
ulfilled in porous hydrogel matrices. Therefore, the structural
eterogeneity of the hydrogel network may introduce deviations
rom the theoretical assumptions of the model. Consequently,
lthough the porous and heterogeneous structure of hydrogels
oes not fully satisfy the ideal assumptions of the model, the
orsmeyer–Peppas equation was employed in this study as a
implified empirical tool to obtain an indicative interpretation of
he dominant drug release mechanism, rather than as a rigorous
echanistic description of transport within the porous hydrogel
etwork. 

ata obtained in PBS and at pH 1.7 were not considered due to the
ecrease in the cumulative amount of anthocyanins, not allowing
he application of the Korsmeyer-Peppas model. Although the
lotted data showed a good coefficient of determination (R2 

>

.98), suggesting a good fit, while the n-values calculated from
he curves allowed us to determine how the release occurred
nder the diffusion law of Fick. The Fickian diffusion mechanism
escribes the time of a transfer of solutes when a gradient of
oncentration is obtained [ 52 ]. In this case, the release can
e dominated by phenomena of diffusion and rearrangement
f polymeric chains. The release of anthocyanins by diffusion
appens when water enters the surface of the polymeric system, it
wells, and the anthocyanins are dissolved and removed from the
omplex structure by diffusion. Thus, the swelling rate at which
hemFoodChem, 2026
anthocyanins leave the polymeric system determines how the
release behaves [ 53 ]. For this, following the Korsmeyer-Peppas
model, the determination of n defines the type of transport. For
spherical delivery systems, when n < 0.43, the release follows
Fick’s law, mainly caused by diffusion. On the other hand, if
n = 0.85, the transport of solutes follows the zero law of kinetics.
Finally, if 0.43 < n < 0.85, the release is considered a case II
transport, mainly caused by diffusion and swelling, which may
indicate that the release is mainly dependent on time (non-
Fickian transport) [ 54 ]. In water, the n value for anthocyanins
release ranged from 0.05 and 0.26 for pH 5.4 and 7.4, respectively.
At pH 5.4 (MES), the n value was around 0.21. All these values
are below the threshold of n ≤ 0.43, accepted in polydisperse
microparticles [ 55 ], which indicates that in these conditions the
release follows a Fickian diffusion mechanism [ 56 ], suggesting
that when the water enters the polymeric matrix, the rate of
anthocyanins’ diffusion was higher than the rate of polymeric
relaxation. 

4 Conclusion 

In this study, the optimized formation of bioPECs based on an
anionic polysaccharide ( λ-CRG) and anthocyanins, was achieved.
The ideal weight ratio for insoluble bioPECs formation was 0.05
( λ-CRG/BAE), at pH 3.0. Dried insoluble complexes displayed
an irregular and porous shape, with a compact structure. In wet
form, the BAE- λ-CRG complexes exhibited a hydrogel-like mor-
phology. The FTIR-ATR confirmed the complexation between
blackberries’ anthocyanins and the λ-CRG, mainly through
electrostatic interactions, which induced a thermal stabilization,
with higher temperatures observed for the degradation in the
BAE- λ-CRG insoluble complexes. The release studies showed
that the formulations of bioPECs presented a low percentage
of anthocyanins released for 8 h, with this being dependent on
the pH of the medium. Anthocyanin-polysaccharide insoluble
polyelectrolyte complexes represent a significant advancement
in stabilizing anthocyanins, providing functional properties for
real-world and high-value applications, such as food packag-
ing, monitoring food freshness while preventing anthocyanins
from dissolving into the food, or significantly improving the
color retention of anthocyanin-based food ingredients during
thermal processing and storage, and boosting stability in the
gastrointestinal tract. 
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