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This study analyzes the stability of chlorophyll (Chl) from unsold spinach in isotonic beverages, comparing the pigment in its free
form with that encapsulated in β-cyclodextrin (β-CD), after determining the inclusion ratio of 1:1. Stability was monitored for 14
days for the crude extract and 30 days for the lyophilized powder under different storage conditions (dark, natural light, and UV
light, at 4°C and 25°C). The results prove that both exposure to light, especially UV radiation, and temperature affect the stability
of Chl, but encapsulation significantly improves pigment retention. In lyophilized powder form, free Chl is characterized by a
slower decline than the wet crude extract, mitigated by the presence of β-CD: After 30 days under the most critical conditions
(25°C, UV light), the Chl/β-CD sample retains 30% of the Chl compared to 20% for the free molecule. In this condition, the
degradation constant (k) of the encapsulated sample is lower than that of the unencapsulated one (0.0366 days−1 vs. 0.0612
days−1 for the powder and 0.399 days−1 vs. 0.644 days−1 for the crude extract). The color stability, evaluated using the
parameter ΔE, is also improved by encapsulation, confirming the protective effect of β-CDs.
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1. Introduction

Isotonic beverages are functional drinks with an osmolarity
similar to that of the human body. These beverages are
consumed by athletes during physical exercise to prevent
dehydration and to replenish essential electrolytes (sodium,
potassium, calcium, and magnesium), carbohydrates, and
other nutrients depleted through sweating [1]. The appeal-
ing organoleptic properties of these beverages are improved
by adding sugars, such as glucose and sucrose, but especially
synthetic flavors and dyes with sensory characteristics simi-
lar to fruit.

However, growing consumer concern about the chemi-
cal composition of drinks has led to an increased preference
for new formulations based on natural ingredients [2]. As a
result, the food industry is focusing on replacing synthetic
dyes with natural alternatives. Several studies have tested

the efficacy of dyes extracted from natural sources in
isotonic drinks, mainly anthocyanins [3].

For example, anthocyanins obtained from ripe fruits of
chagalapoli (Ardisia compressa K.), in the form of extract
and microcapsules, were successfully used by Antonio-
Gómez et al. [4] to color a red isotonic drink.

Other beverages were colored and flavored using Nas
Narang (Citrus madurensis), a tropical fruit belonging to
the Rutaceae family, which is rich in carotenoids and flavo-
noids responsible for its yellow nuance [5].

The use of chlorophyll (Chl) as natural dyes has not yet
been widely studied due to its high instability, as it is suscep-
tible to various external factors such as pH, temperature, and
light exposure. This presents a challenge, considering that
consumers prefer products with bright and vivid colors [6].

Encapsulation is a technique that offers significant
advantages to pigments. Due to the wall materials used,
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encapsulation can enhance their bioavailability, as well as
their thermal and chemical stability, and consequently
improve their applicability in the food industry [7].

Various materials are used for coating, with the most
common being glaucids, proteins, and lipids. Of particular
interest are β-cyclodextrins (β-CDs), which are oligosaccha-
rides obtained by the enzymatic degradation of starch [8].

These molecules have a cyclic structure consisting of
seven D-glucopyranose units linked by α-(1,4)-glycosidic
bonds. They also possess an external hydrophilic surface
and an internal cavity with lipophilic properties [9].

The effectiveness of β-CDs in encapsulating natural pig-
ments such as curcumin and anthocyanin has been tested,
demonstrating their ability to increase water solubility and
improve stability under different storage conditions [10, 11].

To our knowledge, the specific use of Chl, either in free
or encapsulated form, for the formulation of a commercial-
type isotonic beverage has not been previously reported, par-
ticularly considering the instability of any natural colorants
in such matrices. Therefore, the aim of this study was to
investigate the use of Chl, enzymatically extracted from
spinach and encapsulated in β-CDs as a coloring agent in
an isotonic beverage. The results were compared to those
obtained using free Chl, evaluating the color stability of the
green beverages under different storage conditions (dark/
natural light/UV light at different temperature: 4°C, 25°C).

2. Materials and Methods

2.1. Reagents and Green Extract From Spinach. In this study,
the green extract enzymatically recovered from spinach was
tested in the form of two different preparations: (i) unrefined
crude extract (moisture 85% wet basis) ready to use and (ii)
water-free lyophilized powder (moisture 4.5%).

β-CD (MW 1134.98 g/mol, CAS Number: 7585-39-9)
was purchased from ACEF S.p.A. (Fiorenzuola d’Arda, Pia-
cenza, Italy). All other reagents, including food-grade
enzymes, were from Merck (Milan, Italy).

2.2. Chl Recovery by Enzyme-Assisted Extraction. The natural
green dye (Chl) was recovered from unsold spinach by
enzyme-assisted extraction, following the protocol described
by Mazzocchi et al. [12]. Prior to enzymatic treatment, spin-
ach leaves were blanched in boiling water (100°C) for 30 s
and then rapidly cooled in ice water. This thermal step was
applied to inactivate chlorophyllase and other endogenous
degradative enzymes, minimizing pigment breakdown dur-
ing the extraction process.

The enzymatic extraction was carried out using a
McIlvaine buffer (0.1M, pH5.5), which provided a stable
pH environment known to preserve Chl integrity under mild
processing conditions [13]. The enzyme mix, with a total
dosage of 30U/g, consisted of cellulase and pectinase from
Aspergillus niger and xylanase from Aspergillus oryzae. At
the end of the extraction, the crude extract (Chlcrude-extract)
was recovered; part of it was used for the preparation of
inclusion complexes, while the remainder was lyophilized
using a bench-top freeze dryer (Labconco Corporation,
Kansas City, Missouri, United States). The powder obtained

(Chlfreeze-dried) was also used for the preparation of inclusion
complexes.

2.3. Chl/β-CD Complex in Aqueous Solution. The inclusion
complex was prepared by adding 1mL of Chl stock solution
(10−4M in pure ethanol) to 9mL of β-CD solution at different
concentrations (0 5 × 10−3, 1 0 × 10−3, 0 5 × 10−2, 1 0 × 10−2,
and 1 5 × 10−2 M) in water.

The samples and stock solutions were analyzed using a
spectrophotometer (UV–visible, Shimadzu UV-2450, Milan,
Italy), with spectra recorded from λ 340 to 700nm using a
1-mm quartz cuvette (Hellma, Milan, Italy).

The apparent formation constant (Kf ) was deter-
mined using the Benesi–Hildebrand method [14] by plot-
ting 1/ A − A0 against 1/ β − CD . A linear correlation was
observed, and Kf was calculated from the slope of the
Benesi–Hildebrand plot. The stoichiometric ratio of the
inclusion complex between β-CD and Chl was determined
using Job’s method: Equimolar solutions of Chl and β-CD
(1 × 10−4 M) were mixed in varying volume ratios (1:9, 2:8,
3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1), with a final constant
volume of 10mL. The β-CD solution was then replaced with
distilled water, and equal volumes of Chl were added. The absor-
bance of all solutions was measured in the 340–700nm range.
The stoichiometric ratio was determined by plotting the differ-
ence in absorbance of Chl with and without β-CD against the
R value (the ratio of Chl to β-CD concentration) [10].

2.4. Preparation of the Isotonic Beverage. The isotonic bever-
age was prepared following a modified version of the recipe
described by Antonio-Gómez et al. [4]: To 100mL of drink-
ing water, sucrose (7.5 g), sodium chloride (0.020 g), potas-
sium phosphate (0.006 g), potassium sorbate (0.033 g),
sodium benzoate (0.015 g), and citric acid (0.04 g) were
added to obtain a pH of 3.88.

The isotonic beverage was colored by the addition of an
appropriate amount of Chlcrude-extract or Chlfreeze-dried in free
or encapsulated form, in order to obtain the same initial pig-
ment concentration (measured by absorbance Abs).

2.5. Encapsulation of Chl in β-CD. The inclusion complex
was prepared by simple mixing. Chlcrude-extract or Chlfreeze-
dried was combined with β-CD at a 1:1 molar ratio and man-
ually mixed for 15min using a mortar and pestle [15].

2.6. Stability Study in Isotonic Beverage. The stability of
the green-colored beverage, containing Chlcrude-extract or
Chlfreeze-dried in free form or encapsulated in β-CD, was eval-
uated under different temperature conditions (4°C and 25°C),
in the dark, under UV radiation (9W UV lamp, with λ emis-
sion between 300 and 440nm), and under natural light (LED
lamp with λ emission between 380 and 800nm). For the sta-
bility trials, aliquots of samples were collected at regular time
intervals and subjected to spectrophotometric (Abs spectrum
340 < λ < 700 nm) and colorimetric analysis.

2.7. UV–Visible Spectrophotometer Assay.Chl content wasmea-
sured using a UV–Vis spectrophotometer (Abs spectrum 340
< λ < 700 nm, Shimadzu, Milan, Italy) and calculated accord-
ing to the following equation [12]:
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Chl μg/g = 5 24 × Abs664 + 22 24 × Abs649 × DF 1

where Abs664 =absorbance at λ 664nm (maximum absorbance
of Chl a in ethanol), Abs649 =absorbance at λ 649nm (maxi-
mum absorbance of Chl b in ethanol), and DF=dilution factor.

2.8. Colorimetric Properties. Color analysis was carried out
using a CR-5 colorimeter (Konica Minolta, Tokyo, Japan)
based on the CIEL ∗ a ∗ b system. The color difference
between samples was quantified using the ΔE parameter,
calculated according to the following equation:

ΔE = ΔL ∗ 2 + Δa ∗ 2 + Δb ∗ 2 1/2 2

L ∗ indicates lightness (0 =black, 100=white); a ∗ (−100
to +100) represents the green/red balance (negative = green,
positive = red), while b ∗ (−100 to +100) denotes the blue/
yellow balance (negative = blue, positive = yellow).

2.9. Chl Degradation Kinetics in Isotonic Beverage. The green
color behavior during the storage period was assumed to fol-
low a first-order kinetic, as previously described for other
colorants. The model, based on pigment concentration, is

dC/dt = −k C 3

where C is the residual and initial Chl concentration (micro-
grams per gram), t is the time (days), and k is the reaction
rate constant (days−1).

The half-life parameter (t1/2), defined as the time to
achieve 50% degradation of pigment, was calculated by the
following equation:

t1/2 = ln 2/k 4

2.10. Statistical Analysis. Each test was performed in
triplicate, and the results were analyzed for statistical signif-
icance by using one-way and two-way analysis of variance
(ANOVA, using Excel extension DSAASTAT) to find the
effect of individual factors and their interaction on Chl con-
centration and stability. Tukey’s post hoc test (HSD) was
also performed (p < 0 05) using Excel extension DSAASTAT
for multiple comparisons between samples.

3. Results and Discussion

3.1. Chl/β-CD Characterization: Inclusion Complex Formation.
Spectrophotometric analysis was used to evaluate the forma-
tion of an inclusion complex between Chl recovered by
enzyme-assisted extraction from unsold spinach and β-CD in
aqueous solution. The wavelength corresponding to the maxi-
mum peak was at 671nm, differing from the typical one of
Chl (λ = 654 nm), probably due to the action of the zinc added
during the extraction [12, 16–18]. However, it is also reason-
able to consider that supramolecular aggregation phenomena
may contribute to the observed redshift. In particular, π–π
stacking interactions and the formation of J-aggregates are
known to induce bathochromic shifts in Chl derivatives, espe-
cially at high pigment concentration or under specific solvent

condition [19, 20]. These self-assembly processes can alter the
electronic environment of the chromophore, potentially lead-
ing to spectral features similar to those observed in our system.

The successful formation of the inclusion complex using
the same mixing procedure has already been confirmed in a
previous study by our group [13], where 1H-NMR spectros-
copy revealed characteristic changes in the chemical shift
and broadening of β-CD signals, particularly for protons
H-3, H-5, H-6, and the anomeric proton H-1, upon addition
of Chl. The most prominent effects were observed in the
aliphatic region, suggesting that the phytyl chain of the pig-
ment plays a central role in the host–guest interaction. These
results supported the formation of a true inclusion complex
rather than a simple physical blend. Additionally, the nar-
rowing of initially broad Chl signals upon titration further
supports its encapsulation and increased aqueous solubility.

In detail, Figure 1 shows the spectra of the Chl stock solu-
tion and Chl added to aqueous solutions containing different
concentrations of β-CDs (0 5 × 10−3, 1 0 × 10−3, 0 5 × 10−2,
1 0 × 10−2, and 1 5 × 10−2 M). Even though the maximum of
absorption (671nm) does not change, a hyperchromic shift
is observed, which increases as the β-CD concentration
increases, confirming the successful formation of the complex.

Determining the inclusion ratio is crucial for optimizing
the formation and efficiency of the Chl/β-CD complex. For
this purpose, the Benesi–Hildebrand and Job’s methods were
used. The first approach demonstrates a linear correlation
between 1/ A − A0 and 1/ β − CD , with an R2 value of
0.99 (Figure 2a) and a formation constant Kf equal to
1 1 × 103 M−1, indicating the production of a 1:1 Chl/β-CD
inclusion complex. Consistently, Job’s plot analysis confirms
the same stoichiometric ratio, with the highest R value at
0.50, validating the 1:1 complex formation (Figure 2b).

0.5

Ch1, �max: 671 nm

0.4

0.3

0.2
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0.1
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Chl/�-CD 1.0 x10–3M
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Figure 1: Absorption spectra of Chl stock solution (concentration:
1 × 10−4 M) in different β-cyclodextrin (β-CD) amounts: 0 5 × 10−3,
1 × 10−3, 0 5 × 10−2, 1 × 10−2, and 1 5 × 10−2 M.
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Conflicting data have been reported in the literature
regarding the interaction between Chl and β-CDs. Dentuto
et al. [21] found different stoichiometric ratios for Chl inclu-
sion depending on the type of β-CD: a 1:1 complex with
heptakis(2,3,6-tri-O-methyl)-β-CD (TM-β-CD) and a 1:2
complex with hydroxypropyl-β-CD (HP-β-CD), although
both have the same cavity size.

The interactions between Chl a and β-CD are primarily
hydrophobic, involving the phytyl chain of Chl and the
methyl groups inside the cyclodextrin’s cavity. The lower
tendency of TM-β-CD to form hydrogen bonds may explain
the 1:1 stoichiometry, a pattern also observed in other por-
phyrin compounds [22].

3.2. Chl Degradation Kinetics in Isotonic Beverage. The insta-
bility of Chl in liquid matrices is a limitation for the food
industry, because the degradation of this pigment compro-
mises both the visual appearance of the product and the
potential beneficial properties [23].

In this study, the green extract enzymatically recovered
from spinach has been used to color the isotonic beverage
in the form of two different preparations: (i) unrefined crude
extract (moisture 85% wet basis) ready to use and (ii) water-
free lyophilized powder (moisture 4.5%).

The stability of Chl in free form and complexed with
β-CD was evaluated in an isotonic beverage green colored
until the residual Chl content decreased below 50% (14 days
for crude extract and 30 days for lyophilized powder).

The Chlcrude-extract/β-CD and Chlfreeze-dried/β-CD com-
plexes exhibit a powder recovery of 90.4% and 100%, a load-
ing capacity of 1.4% and 2.5%, an inclusion efficiency of 92%
and 96%, and a solubility of 59% and 66%, respectively.

Pigment degradation was monitored under controlled
storage conditions (dark, UV light, and natural light at two
different temperatures: 4°C and 25°C) using a UV–visible
spectrophotometer.

3.2.1. Crude Extract. The variation of Chl content in the iso-
tonic beverage stored in the dark is characterized by a rapid
decrease in the first 2 days, slightly greater at 25°C than at

4°C (Figure 3a). The residual pigment concentrations at
the end of this initial phase range from 10% (free Chl sam-
ples stored at 25°C) to 21% (Chl/β-CD samples stored at
4°C). After this period, Chl degradation follows a more lin-
ear trend. Storage at low temperature (4°C), combined with
β-CD complexation, proves to be the most effective solution
for preserving the pigment. At the end of the experiment, the
highest residual Chl content (8.8%) is detected in encapsu-
lated samples stored at 4°C, while under the other condi-
tions, the level of residual free pigment is approximately 2%.

Under natural light exposure (Figure 3b), Chl degrada-
tion is more pronounced compared to the dark storage
conditions previously described. Regardless of the storage
temperature, free Chl shows a rapid decrease within the first
day, with levels reaching approximately 10%. The protective
effect of β-CD encapsulation is particularly evident at both
temperatures during the first 5 days of storage; however, this
protective action gradually decreased. After 2 weeks, free Chl
was completely degraded at both 4°C and 25°C, while encap-
sulated Chl remained detectable, albeit at very low levels
(around 3%).

As illustrated in Figure 3c, exposure to UV light repre-
sents the most critical condition for pigment stability in
the isotonic beverage. Under these conditions, Chl content
exhibits a rapid decline from the onset, irrespective of the
presence of β-CD. This highlights that UV radiation induces
accelerated and aggressive degradation of the pigment and
even encapsulation fails to provide a significant protective
effect. Importantly, even at 4°C, the encapsulated pigment
reaches extremely low levels (approximately 1.5%).

Table 1 presents the values of the degradation rate con-
stant (k) and half-life (t1/2) calculated for the encapsulated
pigment (Chl/β-CD) and free pigment (free Chl) used to
color the isotonic drink.

The data show that the k values for the encapsulated
samples are significantly lower than those of the unencapsu-
lated samples (p < 0 05), regardless of lighting and tempera-
ture conditions. For example, in dark conditions at 4°C, the k
value is 0.347 days−1 for the free pigment and 0.248 days−1

for the encapsulated one; in dark conditions at 25°C, the k
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Figure 2: Stoichiometric ratio of 1:1 between (a) Chl stock solution and β-cyclodextrin (β-CD) and (b) Job’s plot analysis for the
complexation Chl/β-CD.
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Figure 3: Normalized residual concentration (C/C0%) of chlorophyll in free form (free Chl) and in the Chlcrude-extract/β-CD complex in the
isotonic beverage stored at 4°C and 25°C, (a) in the dark, (b) under natural light, or (c) UV light exposure.
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value is 0.364 days−1 for the free pigment and 0.266 days−1

for the encapsulated one. These results confirm that the
presence of β-CD has a significant protective effect on the
pigment, slowing down its degradation. To support the
kinetic modeling, the coefficient of determination (R2) is also
reported in Table 1 for each condition. These values describe
how well the experimental data fit a first-order degradation
model. The consistently high R2 values confirm the appro-
priateness of this model in describing the degradation
behavior of both free and encapsulated Chl.

Furthermore, at the same temperature, both free and
encapsulated pigments are more susceptible to degradation
when exposed to UV radiation. For the free pigment at 4°C,
the k value increases progressively from 0.347 days−1 in the
dark to 0.534 days−1 under natural light and up to 0.583 days−1

under UV light (p < 0 05). A similar trend is observed for the
encapsulated pigment, but with lower degradation values: At
4°C, the k value is 0.248 days−1 in the dark, 0.274 days−1 under
natural light, and 0.348 days−1 under UV light.

3.2.2. Lyophilized Powder. Figure 4 depicts the stability of the
green isotonic beverage colored by adding water-free lyoph-
ilized powder, under the same storage conditions (dark, nat-
ural light, and UV light at 4°C and 25°C).

A much more gradual downward trend is observed com-
pared to the one described for the crude extract, which
allowed the storage test to continue for up to 30 days. The
enhanced stability observed in the freeze-dried samples is
likely attributable to multiple factors. First, the reduction in
water activity resulting from lyophilization significantly
limits the molecular mobility and diffusion of degradative

agents, thereby slowing down pigment breakdown [24]. In
contrast, the higher water content in the crude extract cre-
ates favorable conditions for hydrolytic and oxidative reac-
tions. Furthermore, pigment–matrix interactions in the
lyophilized powder could also influence pigment stability.
During freeze-drying, components of the spinach matrix
(e.g., fibers, proteins, or polyphenols) may form
microencapsulation-like structures or hydrogen-bonding
networks with Chl, which could act as passive protective
barriers against light or oxygen [25–27].

Under all tested conditions, the percentage loss of pig-
ment is consistently lower when stored in the dark, com-
pared to natural light or UV light exposure.

After 30 days, free Chl at 4°C shows a decline of 56.6% in
the dark (Figure 4a), 63.74% under natural light (Figure 4b),
and 78.45% under UV light (Figure 4c), highlighting UV
exposure as the most detrimental condition for the pigment
stability.

This trend is further confirmed by the k values given
in Table 2, which suggest the pigment degradation rate
constant. The lowest k value is observed for storage in
the dark (k = 0 0274 days−1), followed by natural light
(k = 0 0407 days−1), and UV light (k = 0 0630 days−1)
(p < 0 05).

After the 1 month of storage period, free Chl at 25°C
decreases by 72.3% in the dark, 78.6% under natural light
exposure, and 79.5% under UV irradiation. These results high-
light not only the susceptibility of free Chl to photoinduced
degradation but also its sensitivity to temperature. In fact,
the decrease observed at 4°C is consistently lower than that
recorded at 25°C, as also reported in the literature [28].

TABLE 1: Degradation kinetic parameters (rate constants [k, days−1] and half-life time [t1/2, days]) of chlorophyll in free form (free Chl) and
in the Chlcrude-extract/β-CD complex in isotonic beverage stored at different temperatures (4°C and 25°C) in the dark, under natural, or UV
light. Data were expressed as mean ± standard deviation.

T (°C) k (days−1) t1/2 (days) R2

Dark

Free Chl
4 0 347 ± 0 052a,C 1 997 ± 0 053b,B 0.89

25 0 364 ± 0 064a,γ 1 906 ± 0 064b,γ 0.87

Chl/β-CD
4 0 248 ± 0 041b,D 2 794 ± 0 064a,A 0.82

25 0 266 ± 0 051b,δ 2 606 ± 0 056a,α 0.80

Natural light

Free Chl
4 0 534 ± 0 032b,B 1 300 ± 0 040c,C 0.79

25 0 564 ± 0 043a,β 1 229 ± 0 062c,δ 0.85

Chl/β-CD
4 0 274 ± 0 042c,DC 2 530 ± 0 052a,AB 0.98

25 0 300 ± 0 023c,δ 2 309 ± 0 031b,β 0.95

UV light

Free Chl
4 0 583 ± 0 063a,A 1 190 ± 0 032a,C 0.93

25 0 644 ± 0 044a,α 1 076 ± 0 050d,δ 0.83

Chl/β-CD
4 0 348 ± 0 022c,C 1 990 ± 0 050a,B 0.88

25 0 399 ± 0 061b,γ 1 739 ± 0 041b,γ 0.90

Note: Statistical significance was determined using ANOVA followed by Tukey’s post hoc test (HSD). Lowercase letters (a–d) indicate significant differences
between free Chl and Chl/β-CD across different temperatures. Capital letters (A–C) denote significant differences among samples stored at 4°C, regardless of
light exposure (dark, natural light, or UV light). Greek letters (α, β, γ, δ, and ω) represent significant differences among samples stored at 25°C, also
independent of the storage lighting condition (dark, natural light, or UV light) (p < 0 05).
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Moreover, in all samples, the highest degradation rates
are observed under UV radiation, while the lowest k values
are recorded in the dark (Table 2, p < 0 05). The degradation
kinetics reported in Table 2 follow a first-order model, as

confirmed by the high coefficient of determination (R2),
indicating strong agreement with experimental data.

In the case of lyophilized preparation, the beneficial
effect of complexation with β-CD on pigment stability
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Figure 4: Normalized residual concentration (C/C0%) of free chlorophyll (free Chl) and Chl in the Chlfreeze-dried/β-CD complex in the
isotonic beverage stored at 4°C and 25°C, (a) in the dark, (b) under natural light, or (c) UV light.
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becomes even more evident than that observed for the wet
crude extract. By comparing the final concentration of free
and encapsulated Chl, the latter always appears more stable
(+10%) than the free pigment, also under the most stressful
condition (UV light at 25°C) (Figure 4c).

This trend is further confirmed by the lower k values cal-
culated for encapsulated pigment, which are approximately
halved or nearly halved in comparison to those found for
the free form; at 4°C in the dark: 0.0127 days−1 versus
0.0274 days−1, under natural light: 0.0266 days−1 versus
0.0407 days−1, and under UV light: 0.0267 days−1 versus
0.0630 days−1 (Table 2, p < 0 05).

Likewise, Agarry et al. [29] used soy protein isolate and
chitosan as wall materials to encapsulate Chl, which, com-
pared to its free form, exhibited greater stability during a
21-day monitoring period in which the pigment was stored
at room temperature under intense sunlight.

3.3. Stability of the Green-Colored Isotonic Beverage. Color,
being the first perceived element in food and beverages,
plays a crucial role in the purchasing decision, creating
expectations about the product’s flavor and in the sensory
acceptance. If these expectations are not met or the color
changes during storage, the consumer may perceive lower

TABLE 2: Kinetic degradation parameters (rate constants [k, days−1] and half-life time [t1/2, days]) of free chlorophyll (free Chl) and
chlorophyll in the Chlfreeze-dried/β-CD complex in isotonic beverage stored at 4°C and 25°C, in darkness, under natural, or UV light
exposure. Data were expressed as mean ± standard deviation.

T (°C) k (days−1) t1/2 (days) R2

Dark

Free Chl
4 0 0274 ± 0 0032b,C 25 30 ± 0 03b,B 0.99

25 0 0485 ± 0 0041a,β 14 29 ± 0 04c,Δ 0.96

Chl/β-CD
4 0 0127 ± 0 0041c,D 54 58 ± 0 02a,A 0.98

25 0 0254 ± 0 0031b,Δ 27 29 ± 0 03b,α 0.96

Natural light

Free Chl
4 0 0407 ± 0 0032b,B 17 03 ± 0 03c,C 0.96

25 0 0513 ± 0 0032a,β 13 51 ± 0 04d,Δ 0.97

Chl/β-CD
4 0 0266 ± 0 0022d,C 26 06 ± 0 02a,B 0.99

25 0 0308 ± 0 0021c,γ 22 50 ± 0 03b,β 0.96

UV light

Free Chl
4 0 0630 ± 0 0032a,A 11 00 ± 0 02c,D 0.94

25 0 0612 ± 0 0021a,α 11 33 ± 0 03c,ω 0.93

Chl/β-CD
4 0 0267 ± 0 0041c,C 25 96 ± 0 03a,B 0.95

25 0 0366 ± 0 0032b,γ 20 63 ± 0 04b,γ 0.92

Note: Statistical significance was determined using ANOVA followed by Tukey’s post hoc test (HSD). Lowercase letters (a–d) indicate significant differences
between free Chl and Chl/β-CD across different temperatures. Capital letters (A–C) denote significant differences among samples stored at 4°C, regardless of
light exposure (dark, natural light, or UV light). Greek letters (α, β, γ, Δ, and ω) represent significant differences among samples stored at 25°C, also
independent of the storage lighting condition (dark, natural light, or UV light) (p < 0 05).

TABLE 3: ΔE values for crude extract as they are (free Chl) and in the complexes obtained using the crude extract (Chlcrude-extract/β-CD) in
the isotonic beverage stored at 4°C and 25°C, in the dark, under natural, or UV light.

Days
Storage conditions Sample 0 1 2 3 5 7 10 14

4°C dark Free Chl 0.0 4.3 7.6 10.4 11.1 13.2 30.6

4°C dark Chl/β-CD 0.0 3.4 5.1 7.8 10.6 10.6 12.8

25°C dark Free Chl 2.7 5.0 9.8 11.3 16.4 20.3 20.7

25°C dark Chl/β-CD 1.3 1.1 6.9 7.0 12.4 16.2 18.0

4°C natural light Free Chl 10.3 11.5 14.2 23.1 23.2 24.1 24.6

4°C natural light Chl/β-CD 4.4 3.5 8.5 12.9 16.6 22.5 23.5

25°C natural light Free Chl 13.0 15.5 20.3 27.2 27.5 26.1 26.5

25°C natural light Chl/β-CD 10.0 3.9 8.3 15.5 20.2 22.7 23.7

4°C UV light Free Chl 14.5 17.2 23.0 23.8 25.6 26.6 27.4

4°C UV light Chl/β-CD 9.5 11.0 18.1 19.1 21.2 19.1 24.4

25°C UV light Free Chl 23.2 21.9 27.5 23.2 25.8 25.5 28.1

25°C UV light Chl/β-CD 9.4 18.8 20.1 23.1 23.8 25.3 24.5
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quality and choose not to repurchase it [30]. For this reason,
it is essential to ensure color stability in isotonic beverages,
preserving their original green hue to the greatest extent
possible.

ΔE values for the green isotonic beverage colored by
adding the wet crude extract and the lyophilized powder,
both in free and encapsulated form, are shown in Tables 3
and 4.

Knowing that higher ΔΕ values are associated with more
evident color changes, previous results are confirmed in both
cases: Exposure to natural light and, especially, to UV radia-

tion led to the most pronounced color changes, confirming
that light exposure, particularly UV light, is one of the main
destabilizing factors for Chl.

Under all tested conditions, free Chl exhibited higher ΔE
values compared to encapsulated Chl, demonstrating that
β-CD encapsulation may partially mitigate color variation
over time. However, the protective efficacy of β-CD is
strongly influenced by storage conditions, particularly tem-
perature and light exposure.

Figure 5 shows the chromatic evolution and visual stability
of the isotonic drink, colored with Chl from crude extract,

TABLE 4: ΔE values for freeze-dried samples as they are (free Chl) and in the inclusion complexes (Chlfreeze-dried/β-CD) stored at 4°C and
25°C, in the dark, under natural, or UV light.

Days
Storage conditions Sample 0 1 2 3 7 10 15 20 30

4°C dark Free Chl 0.0 2.1 11.3 21.7 24.0 26.3 26.4 27.7

4°C dark Chl/β-CD 0.0 1.7 6.2 11.4 18.7 19.8 21.1 21.6

25°C dark Free Chl 5.0 5.8 13.3 13.6 25.9 26.3 27.1 27.9

25°C dark Chl/β-CD 3.5 5.6 6.3 12.1 18.9 20.2 22.3 22.5

4°C natural light Free Chl 5.0 8.9 9.6 10.8 18.0 25.1 26.6 34.7

4°C natural light Chl/β-CD 3.9 6.8 7.6 10.7 13.1 20.0 24.6 22.6

25°C natural light Free Chl 6.6 9.4 9.8 12.3 18.1 25.4 26.8 36.7

25°C natural light Chl/β-CD 3.3 7.4 7.9 11.7 12.9 19.7 22.6 24.1

4°C UV light Free Chl 8.1 9.2 11.8 15.6 19.8 27.9 31.3 37.3

4°C UV light Chl/β-CD 6.2 6.5 10.4 11.9 13.1 21.9 25.6 25.9

25°C UV light Free Chl 10.6 11.5 13.7 16.4 21.4 28.8 30.9 38.7

25°C UV light Chl/β-CD 7.0 10.4 10.5 10.7 15.3 22.8 25.6 26.6

7 days

Dark

Natural light

UV light

t0

4°C
Free Chl Chl/�-CD

4°C
Free Chl Chl/�-CD

25°C
Free Chl Chl/�-CD

25°C
Free Chl Chl/�-CD

14 days

Figure 5: Isotonic beverage tinted with Chlcrude-extract or Chlcrude-extract/β-CD following 7- and 14-day storage at 4°C and 25°C, in the dark,
under either natural, or UV light conditions.
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evaluated both in the middle and at the end of the monitoring
period. Samples stored under light exposure, including both
natural light and UV radiation, exhibit noticeable color
changes toward yellow-brown hues. This phenomenon is
attributed to the photodegradation of Chl, which undergoes
a progressive conversion into pheophytin derivatives, respon-
sible for this coloration [18].

Temperature is also a critical factor in pigment destabili-
zation. Specifically, the combination of room temperature
(25°C) and light exposure, particularly UV radiation,
represents the most critical condition for color stability. As
depicted in the images, samples subjected to these conditions
undergo a near-complete loss of their original color
(Figure 5).

However, Figure 6 shows the chromatic evolution of iso-
tonic beverages colored with Chl in powder, after 7 days and
at the end of the monitoring period.

Comparing these samples with those containing Chl in
crude extract (Figure 5), several differences may be observed.
For instance, the initial color appears different: In the
samples colored by adding the free crude extract, the nuance
is more opaque and less bright, whereas in the samples
containing lyophilized Chl, it is more green, intense,
and vibrant.

In the isotonic beverage with lyophilized Chl, the color
change occurs more gradually. After 7 days, the samples still
retain a relatively strong color, although brownish shades are
already visible, especially in the presence of free pigment
under the most critical conditions (25°C and UV light expo-
sure). In all cases, the beneficial effect of β-CD is consistently
evident, as it effectively reduces the rate and intensity of the
color change process.

Alongside the presence of β-CD, dark storage also pro-
vides a significant advantage: Even after 30 days, samples
still retain an appreciable green color.

4. Conclusions

This study highlights the crucial role of β-CD encapsulation
in enhancing the stability of Chl in isotonic beverages. The
beverages, colored with Chlcrude-extract and Chlfreeze-dried in
both free and encapsulated forms, were stored under various
conditions: darkness, natural light, and UV light, at two dif-
ferent temperatures (4°C and 25°C).

The results clearly demonstrate that exposure to light,
especially UV radiation, accelerates Chl degradation, result-
ing in noticeable color changes, primarily toward yellow-
brown hues. Temperature also plays a significant role in
pigment destabilization, with degradation occurring more
rapidly at 25°C compared to 4°C.

When used to color the isotonic beverage, lyophilized
Chl powder exhibited a more gradual decline in pigment
content over time compared to the crude extract. Addition-
ally, the lyophilized form provided a more intense and
vibrant green color at the start of the experiment, which
was better preserved during storage.

Encapsulation with β-CD showed a remarkable protec-
tive effect, slowing the degradation process and minimizing
the rate of color change. Encapsulated Chl, in both crude
extract and lyophilized powder forms, exhibited lower deg-
radation rates compared to free Chl.

In conclusion, β-CD encapsulation significantly enhances
the stability of Chl in isotonic beverages by creating a
protective barrier against degradation induced by light and

7 days

Dark

Natural light

UV light

t0

4°C
Free Chl Chl/�-CD

4°C
Free Chl Chl/�-CD

25°C
Free Chl Chl/�-CD

25°C
Free Chl Chl/�-CD

30 days

Figure 6: Isotonic beverage colored by adding Chlfreeze-dried or Chlfreeze-dried/β-CD after 7- and 30-day storage at 4°C and 25°C, in the dark,
under natural, or UV light.
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temperature, both key factors affecting color stability. The
combination of β-CD encapsulation and low-temperature
storage proves to be the most effective strategy for preserving
the pigment and maintaining the visual attributes of green
beverages.
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