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Abstract: Hesperidin is a polyphenol derived from citrus fruits that has a broad potential for biological
activity and the ability to positively modify the intestinal microbiome. However, its activity is
limited by its low solubility and, thus, its bioavailability—this research aimed to develop a zein-
based hesperidin system with increased solubility and a sustained release profile. The study used
triple systems enriched with solubilizers to maximize solubility. The best system was the triple
system hesperidin-zein-Hpβ-CD, for which the solubility improved by more than six times. A
significant improvement in the antioxidant activity and the ability to inhibit α-glucosidase was
also demonstrated, due to an improved solubility. A release profile analysis was performed in the
subsequent part of the experiments, confirming the sustained release profile of hesperidin, while
improving the solubility. Moreover, the ability of selected probiotic bacteria to metabolize hesperidin
and the effect of this flavonoid compound on their growth were investigated.

Keywords: hesperidin; zein; extended-release; improved solubility; microbiome; Lactiplantibacillus

1. Introduction

The mutual relationship between natural substances of plant origin and the gut micro-
biota is becoming increasingly attractive in the scientific community [1–3]. A significant
part of active compounds derived from plants are characterized by low bioavailability, due
to their low solubility and low permeability through cell membranes, due to a high molecu-
lar weight [4]. Often, activity is observed after the intestinal microbiota have activated a
given compound, often modifying the structure by cutting off the sugar residue, creating
an aglycon with a significantly lower molecular weight and, thus, a significantly higher
ability to penetrate the cell membrane [5,6]. On the other hand, active compounds affect
the intestinal microbiota composition [7,8]. It seems that the action of active compounds in
the human organism depends on the state of the intestinal microbiome.

On the one hand, mutual interactions are crucial, in order to maximize the therapeutic
potential of natural active compounds [7,9]. In addition, due to the intestinal microbiome’s
complexity and its multiplicity of functions, the possibility of beneficial modification of its
profile by administering natural active compounds may prove crucial in developing new
non-invasive therapies [10–13].

Hesperidin (HES) belongs to the group of flavonoid compounds. Its primary sources
in natural food are citrus fruits, mainly in the white subcutaneous layer, albedo. HES,
as a glycoside, is a large molecule of low solubility with poor permeability through cell
membranes, which translates into a low bioavailability [14–16]. Unfortunately, a low
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bioavailability determines limited biological activity. One of the methods to improve the
bioavailability of sparingly soluble active substances is to improve their solubility through
methods widely described in the literature, primarily based on the preparation of polymer
systems, which result in an increase in the wetting surface of the dissolved molecule,
conditioning its better solubility [17–19]. In the case of HES, an improvement in solubility
alone will not translate into a significant increase in bioavailability, due to a low permeability
through cell membranes [20,21]. HES can be metabolized in the gastrointestinal tract to the
hesperetin (HEP) molecule, an aglycone. Such a conversion can only occur under the gut
microbiota, producing the enzyme hesperidin 6-O-α-L-rhamnosyl-β-D-glucosidase capable
of hydrolyzing the bond [22–24].

HES is characterized by a broad biological activity, ranging from the antioxidant
activity characteristic of polyphenols, through antidiabetic activity, to antitumor and
neuroprotective activity [25–28]. However, its potential use in treating diabetes seems
particularly interesting, due to the connection of HES metabolism with the intestinal micro-
biome. The intestinal microbiome plays an essential role in the course and development
of type 2 diabetes [29,30]. Thus, using a molecule capable of positively influencing the
intestinal microbiome, with a simultaneous metabolism dependent on the qualitative and
quantitative composition of the microflora, is a fascinating possibility.

In vivo studies have confirmed the positive effect of HES on the condition of the
intestinal microbiome [24,31,32]. Most research used orange juice as the source and car-
rier of HES. The conducted research focused on the final effect of the impact of HES on
quantitative and qualitative changes in the gut microbiome. However, due to the com-
plexity of the microbiome itself, the direct mechanism of action has not been explained.
The conducted experiments demonstrated the ability of HES to increase the number of
probiotic bacteria, with a simultaneous reduction in the number of potentially pathogenic
microorganisms [33–36]. The series of experiments proposed by the authors aimed to
improve the properties of HES itself and explain the mechanisms behind prebiotic abilities.

Zein was used in this work as the base carrier, which is a protein obtained from
maize. It is one of the best-known proline-rich plant proteins [37]. It is characterized by
being safe to use, not only in the pharmaceutical industry, but also in the food industry,
so we were confident about its use as a carrier for orally administered systems [38]. It is
characterized by a lack of solubility in water, which determines its use in developing new
films for external use and biodegradable polymers intended, for example, for packaging
food. Notably, it is characterized by a controlled release of active substances, which, when
used orally, allows for the development of a formulation with a significantly prolonged
release profile of active substances [39]. In addition, it has antibacterial properties [40].
In our study, zein was chosen as the carrier material for the delivery of hesperidin, due
to its unique properties and potential benefits. The selection of zein was based on two
primary premises.

First, zein offered the possibility of achieving sustained-release systems, as discussed
earlier. This sustained-release property is advantageous in the context of drug delivery sys-
tems, as it allows for a controlled and prolonged release of the active compound [41]. In our
study, the sustained release of hesperidin from a zein-based system was expected to have a
positive impact on the gut microbiota. Previous research has shown that the modulation
of release kinetics can influence the composition and activity of the gut microbiome. By
utilizing zein as a carrier, we aimed to exploit its sustained-release capability to potentially
enhance the prebiotic potential and achieve a favorable impact on the gut microbiota. The
discussion segment presented in the revised manuscript will provide further support for
this assumption.

Second, the selection of zein was driven by its potential as a source of nutrients
for probiotic bacteria, thus providing an additional prebiotic effect. Zein, being a plant
protein, has been reported to possess nutritional properties that can support the growth
and activity of probiotic strains. This characteristic of zein aligns with our aim to develop a
delivery system that not only delivers the active compound but also provides a nourishing
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environment for probiotic bacteria [42]. By incorporating zein into the formulation, we
intended to create a symbiotic relationship between the carrier material and the probiotics,
potentially enhancing the overall efficacy and impact of the system.

This work focuses on preparing delivery systems for HES, based on zein as a carrier.
Moreover, the interactions between HES and the gut microbiome, to estimate mutual
relationships, were determined.

2. Results and Discussion

The obtained triple systems containing zein, hesperidin, and one of the selected
solubilizers (Soluplus, Pluronic F-127, and Hpβ-CD) (Figure 1) were subjected to PXRD
analysis, to investigate the potential for crystallographic changes (Supplementary Materials,
Figure S1).
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The obtained diffractograms confirmed the amorphous structure of the solubilizers
used, while presenting the crystal structure of HES. Characteristic peaks for HES were
observed at diffraction angles (2θ) of 12.08◦, 15.51◦, 19.65◦, 21.23◦, and 22.35◦ [43,44]. The
analysis confirmed the preservation of the crystalline structure of HES after preparing its
binary and triple systems. However, we observe a decrease in the intensity of the character-
istic peaks, which proved the dispersion of the crystalline HES in the amorphous solubilizer
matrix. Despite not obtaining complete amorphous dispersion from the diffractograms,
we concluded that the best dispersion of the active substance was in the Hpβ-CD matrix
(Figure S1D) [45,46]. The most substantial reduction in the intensity of the hesperidin peaks
was observed; with a possible explanation for this being the penetration of a part of the
active substance into the inner chamber of the cyclodextrin and binding, conditioning a
better dispersion of HES in the matrix, forming inclusion complexes [47,48].

A Fourier transform infrared spectroscopy (FT-IR) analysis was the next step in deter-
mining the physical changes in the obtained systems. The spectra obtained are presented
in Figure S2. The FT-IR spectrum of hesperidin usually exhibits a broad and intense
peak at 3200–3600 cm−1, corresponding to the O–H stretching vibration of the hydroxyl
groups present in the flavonoid ring. This peak is often accompanied by a smaller peak
at around 1650 cm−1, which is associated with the C=C stretching vibration of the aro-
matic ring. Other notable peaks in the hesperidin FT-IR spectrum include those at around
1600–1700 cm−1, which correspond to the carbonyl group of the flavonoid ring, and those
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at around 1300–1400 cm−1, which are attributed to C–O stretching vibrations. There may
also be peaks at around 2900–3000 cm−1, corresponding to C–H stretching vibrations. The
FT-IR spectrum of HP-β-CD usually exhibits a broad peak in the range 3300–3600 cm−1,
corresponding to the hydroxyl groups’ O–H stretching vibration in the glucose units.

Additionally, a peak at around 2900–3000 cm−1 corresponds to C–H stretching vi-
brations. Other notable peaks in the HP-β-CD FT-IR spectrum include those at around
1630–1650 cm−1, which correspond to the C=O stretching vibration of the carbonyl group in
the glucose units. There may also be peaks at around 1150–1180 cm−1, which are associated
with the C–O–C stretching vibrations of the glycosidic bonds linking the glucose units. The
FT-IR spectrum of Soluplus shows several characteristic peaks. A broad and strong peak
at around 3400 cm−1 corresponds to the stretching vibration of hydroxyl groups (-OH)
and indicates the presence of hydrogen bonding in the molecule. The peak at around
2925 cm−1 is attributed to the stretching vibration of –CH2– groups. The peak at around
1740 cm−1 corresponds to the stretching vibration of the carbonyl group (C=O). The band
at around 1455 cm−1 is assigned to the symmetric bending of –CH2– groups. The peak at
around 1260 cm−1 corresponds to the stretching vibration of the ether group (–C–O–C–),
and the peak at around 1100 cm−1 is attributed to the stretching vibration of the C–O group.
Pluronic F127 is a triblock copolymer composed of poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO) units. Its FT-IR spectrum shows characteristic
peaks at around 2880–2840 cm−1 (C–H stretching vibrations of PPO), 1465 cm−1 (C–H
bending vibrations of PPO), 1100–1150 cm−1 (C–O–C stretching vibrations of PEO), and
840–920 cm−1 (C–H rocking vibrations of PPO). The peak at 2900 cm−1 corresponds to the
C–H stretching vibrations of PEO. The peak at 1260–1280 cm−1 corresponds to PEO’s ether
bond (C–O–C) stretching vibration. The broad peak at around 3440 cm−1 corresponds to
the O–H stretching vibration of the terminal hydroxyl group of PEO. The FT-IR spectrum
of zein shows several characteristic peaks, indicating the presence of different functional
groups. The broad band observed in the range of 3400–3200 cm−1 corresponds to the
stretching vibration of the N–H and O–H groups. The peak at 1650 cm−1 indicates the
presence of the C=O stretching vibration of amide groups, while the peak at 1540 cm−1

represents the N–H bending vibration of amide groups. The peak at 1235 cm−1 corresponds
to the C–N stretching vibration of amide groups, and the peak at 1020 cm−1 corresponds
to the C–H bending vibration of the alkyl groups. The FT-IR spectrum of zein also shows
peaks at 2920–2850 cm−1, indicating the presence of methylene groups, which are also
observed in other proteins.

The FT-IR spectrum analysis of the double and triple systems of hesperidin with
solubilizers did not reveal the presence of any new bands or shifts of bands characteristic
of the individual compounds. This indicates that there were no new chemical interactions
between hesperidin and the applied solubilizers. However, a decrease in the intensity of
the bands characteristic of hesperidin was observed in the double and triple systems, which
can be attributed to the dispersion of the solubilizers, resulting in an improved solubility
of hesperidin. This indicates that the solubilizers effectively dispersed the hesperidin
molecules, resulting in a higher solubility of the compound in the system. The lack of new
bonds between HES and HpβCD in the FT-IR spectrum suggests that the formation of an
inclusion complex between these two compounds was minimal.

However, it was still possible that the complex was present, but the amount was too
small to be detected through FT-IR analysis. Overall, the XPRD and FT-IR characterization
results indicated that the HES and solubilizers were physically mixed and dispersed in a
matrix, rather than chemically bonded or complexed [49].

The biggest problem with the therapeutic effect of naturally derived active substances
is their low solubility in water [50,51]. In the case of HES, we observed a negligible solubility
in water, translating into a low therapeutic effect [52]. Hence, a common path in developing
new delivery systems is to improve the solubility of sparingly soluble active biological
compounds. For this reason, the first stage of the research, aimed at characterizing the
properties, was to determine the change in HES solubility in the obtained systems. Zein
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was selected as the carrier, characterized as improving the solubility of sparingly soluble
compounds and providing a sustained release profile [53,54]. Due to its properties, it was
possible to obtain a system with an improved dissolution rate, while ensuring a slow release
of HES; the obtained systems provided a more prolonged biological activity. A significant
positive effect was obtained for all the solubilizers used in the double and triple systems
(Table 1). In the case of the solubilizers used, the binary system was better for the system
containing Pluronic F127 than the other combinations. In the other obtained systems, zein
improved the solubility, which translated into a correspondingly higher concentration of
HES in triple systems. The most significant improvement in solubility was obtained for the
triple system containing HES-zein-Hpβ-CD (0.3130 mg/mL), representing an over six-fold
increase in the solubility of HES. Cyclodextrins are substances with an extraordinary ability
to improve the solubility of sparingly soluble compounds, while ensuring safe use [55–57].
In addition, their positive prebiotic effect on the gut microbiome has been shown, which
was crucial for how subsequent research was conducted [58,59].

Table 1. Solubility of hesperidin and the obtained systems (after 24 h).

System Solubility [mg/mL]

1. Hesperidin-zein 0.0797 ± 1 × 10−4

2. Hesperidin-Soluplus 0.0765 ± 1 × 10−4 *
3. Hesperidin-zein-Soluplus 0.1395 ± 2 × 10−4 *
4. Hesperidin-Pluronic F-127 0.1275 ± 3 × 10−4 *
5. Hesperidin-zein-Pluronic F-127 0.0771 ± 1 × 10−4 *
6. Hesperidin-Hpβ-CD 0.2053 ± 5 × 10−4 *
7. Hesperidin-zein-Hpβ-CD 0.3130 ± 5 × 10−4 *
8. Hesperidin 0.0499 ± 4 × 10−4 *

Data are expressed as mean ± SD; * significance with p ≤ 0.05.

The next stage of the work was to investigate the influence of the improvement in
solubility on the biological activity. Determining the characteristics of the changes was
essential, due to the not always linear translation of compound concentration to activity,
particularly in the study of enzymatic inhibition activity [60,61]. Due to studies showing a
positive effect of using HES in type 2 diabetes, the ability to inhibit α-glucosidase, which
determines the breakdown of carbohydrates into simple sugars, was investigated [62–64].
The results indicated a high correlation between the obtained concentrations and the degree
of enzyme inhibition. Our studies obtained a deficient inhibitory activity at only 3% for
pure HES. In the case of the system with the highest solubility, the obtained concentration
determined α-glucosidase inhibition at over 32% (Figure 2). Thus, thanks to the 6-fold
improvement in solubility, a more than 10-fold increase in the activity associated with
enzymatic inhibition was achieved. In the study, no results were obtained that would allow
for the determination of IC50 for α-glucosidase; however, to estimate the target value, an
experiment was performed with correspondingly higher concentrations of HES (Figure S3).

Another critical activity expected from natural active substances is a high antioxidant
activity [65,66]. For this reason, this activity was determined in the ABTS (Figure 3) and
FRAP (Figure S4) models. In the case of the ABTS model used, we observed a significant
improvement in the antioxidant capacity resulting from the increased concentration of
HES. An almost 10-fold increase in the HES-zein-Hpβ-CD system activity was obtained
compared to pure HES. However, despite the significant improvement in activity due to
increased solubility, no IC50 values were obtained in the test system. In order to obtain
the complete dependence of HES concentration and activity in the HES model, a test was
performed to determine the IC50 value (Figure S2).
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Moreover, in all tested systems, improvements in antioxidant properties were found,
resulting from an increase in the concentrations of HES, thereby confirming the positive
biological response as resulting from increasing the solubility of HES.
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The FRAP model was used, which also determined the antioxidant potential of the
obtained systems and the relationship between the concentration of HES and activity.
The results indicated a linear relationship between the concentration and the obtained
antioxidant activity (R2 = 0.9822), indicating that the increase in activity was intertwined
with the increase in HES concentration (Figure S3).

Moreover, in the tested FRAP model, inhibition of HES was demonstrated, allow-
ing the determination of the IC0.5 parameter at the level of 0.175 mg/mL. However, the
demonstrated linear correlation between concentration and activity indicated that the
concentration of HES determined the activity [67].

Thus, the obtained results allowed us to select the system with the highest biological
activity potential resulting from the best improvement in HES solubility. In further research,
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the triple system consisting of HES-zein-Hpβ-CD was selected as having the best properties;
however, to obtain complete characteristics, double HES systems with zein and Hpβ-CD
were also taken into account as reference points, to create a complete picture of the changes
taking place.

The next stage of the research was the analysis of the dissolution rate in classical media
simulating subsequent sections of the gastrointestinal tract at pH 1.2 and 6.8 (Figure 4)
and the determination of the relationship between the dissolution rate and the moment of
administration; for this purpose, a model simulating the fasted state simulated intestinal
fluid and fed state simulated intestinal fluid was used (Figure 5).

In the case of the pure HES release profile, we observed a virtually immediate achieve-
ment of the maximum compound dissolution level of about 30% at pH 1.2 and 40% at
pH 6.8. The HES-Hpβ-CD binary system was characterized by equally high dynamics of
compound dissolution with a simultaneous improvement in its solubility to 50% and 57%
for gastric and intestinal pH, respectively. In the case of the zein-containing binary system,
we observed an extended-release profile, reaching the plateau phase after about 18 h for
both study conditions. This system was characterized by a slight improvement in the
solubility of HES alone, up to 5% for pure HES. In the case of the triple HES system based
on Hpβ-CD and zein, we observed the maintenance of two desirable solubilizer properties.
The observed improvement in the solubility of HES, thanks to the use of Hpβ-CD with a
solubility, was 52% and 65% for the stomach and intestine, with an extended-release profile
with a plateau phase in about 18 h. Moreover, there was an extended-release profile, with
a plateau phase after about 18 h of the process. A system with improved solubility was
obtained, while obtaining a sustained release profile of HES.
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The next stage of the research was to determine the effect of food consumption on
the bioavailability of HES. This analysis was carried out due to the well-known effect
of food consumption on the bioavailability of polyphenols [15,68,69]. Thus, a model
simulating the gut in a state of hunger and the gut after food consumption was used.
The obtained results confirmed the maintenance of the previously observed trends for
the tested systems. Moreover, the obtained results indicated a 5–10% improvement in the
release of the therapeutic dose of HES in the case of the hungry intestine as compared to
the fed intestine. Of course, these were results obtained in the model only simulating the
conditions in the gastrointestinal tract; however, they represented a valuable observation,
indicating a significant impact of food consumption on the availability of the tested HES.
Thus, it may be beneficial to take HES on an empty stomach, due to the improvement in its
solubility, which should translate into an increase in the biological effect.
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The subsequent research stage determined the relationship between HES and selected
probiotic strains representing the natural intestinal microbiota. For this purpose, the best
obtained systems and their components were added to the liquid cultures containing the
selected strain, to determine their prebiotic potential. In the conducted study, the activity of
the final system was checked with all components separately, to evaluate the final effect. In
addition, culture samples were taken at the indicated time intervals and subjected to HPLC
analysis, to determine the quantification of HES changes and potential transformation
into HEP. The study was divided into two stages: in the first stage, a screening analysis
was performed on six selected probiotic strains belonging to the Lactiplantibacillus and
Lacticaseibacillus genera. Cultures were carried out in small volumes (2.0 mL). Samples were
collected at one time point after 24 h incubation with the selected substance. The control
sample consisted of bacteria only grown on the medium, without adding substances in the
system (Figure 6). Moreover, in all trials, tests of HEP activity were additionally conducted
in the case of HES metabolism.

The results showed that all tested strains obtained a positive prebiotic effect for the
applied triple system. The applied culture media observed an increase in the cell count
of these bacteria relative to the control sample. For the strain Lactiplantibacillus plantarum
KBiMŻ 6/2/1, Hpβ-CD reduced the bacterial count from 2.18× 109 to 1.87 × 109 CFU/mL.
A similar situation was observed for the Lacticaseibacillus rhamnosus GG ATCC 53103 strain,
where HEP slightly inhibited its growth from 2.42 × 109 to 2.05 × 109 CFU/mL. It was
noticed that the influence of the studied systems was strain-dependent. The highest positive
effect on growth dynamics was observed for the strain Lactiplantibacillus plantarum 299v,
where there was an increase in the control at the level of 4.43 × 107 to 3.52 × 109 CFU/mL.
In the case of the strain Lactiplantibacillus plantarum KBiMŻ 6/2/1, the lowest dynamics
of changes under the influence of incubation with the tested substances were noticed. A
synergistic effect of Hpβ-CD on the effect of HES on the growth of most tested strains was
also found.
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In all systems, we observed a positive response, in the form of increased growth
under the influence of HES and zein. The increased growth under the influence of zein
may have been related to its utilization as an easily digestible nitrogen source by the
tested Lactobacillaless order. Thus, confirming the positive prebiotic effect on probiotic
bacteria. Differences in effects within the Lactiplantibacillus genus may have been due to
the individual response of the strains [70,71]. The tested strains were characterized by a
positive response to HES, indicating their natural ability to metabolize this polyphenol;
however, more extensive screening studies are required to confirm this theory.

Moreover, HPLC analysis was performed to verify the ability of the tested strains to
convert HES into HEP. The analysis results are presented in Table 2 as the percentage of
HES loss from the beginning of the incubation process. Interestingly, despite the observed
decrease in HES concentration, the appearance of HEP was not observed in any of the
samples. This means that despite the occurring metabolism of the active substance under
study by the selected probiotic strains, they could not hydrolyze the sugar bond to utilize
the sugar residue and use it as a source of energy. The ability of the L. plantarum 299v strain
to metabolize HES was the greatest.

The presence of zein-Hpβ-CD increased the HES utilization rate. The loss of HES
content could be attributed to a different metabolism, which requires further studies
specifically targeted to this end. However, the presented results clearly show the interaction
between the probiotic strains from the Lactocaseibacillus genus and HES. The observed
prebiotic effect was probably due to the HES metabolism and the use of its degradation
products as a nutritional source or growth stimulant. The presented differences may be
related to differences in the optimal conditions for the growth of individual strains, which
in turn may affect their metabolism. Moreover, the differences may have been due to
variable metabolic pathways within the Lactiplantibacillus genus [72–74].
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Interestingly, in the samples containing HEP, no changes in concentration were ob-
served in the input content. This proved a more beneficial glycoside effect on the health-
promoting gut lactic acid bacteria than aglycone. Thus, it is possible to conclude that a
sugar residue was involved or used in their metabolism.

Table 2. Quantitative change in hesperidin concentration after the 24th hour of culture of the selected
probiotic strains (%). Data are expressed as mean ± SD; *—significance with p ≤ 0.05.

Strain HES HES–Zein HES-Hpβ-CD HES–Zein–Hpβ-CD

L. plantarum KBiMŻ 5/72 −11.34 ± 0.11 −12.48 ± 0.09 −11.67 ± 0.10 −12.03 ± 0.05

L. plantarum KBiMŻ 6/2/1 −7.21 ± 0.09 −7.05 ± 0.02 −6.45 ± 0.07 * −7.41 ± 0.05 *

L. plantarum 299v −12.31 ± 0.04 −15.52 ± 0.07 * −16.73 ± 0.04 * −22.34 ± 0.04 *

L. plantarum W21 −8.99 ± 0.08 −9.15 ± 0.06 −9.00 ± 0.08 −9.79 ± 0.07 *

L. rhamnosus GG ATCC 53103 −6.33 ± 0.04 −5.14 ± 0.02 * −5.78 ± 0.06 * −6.46 ± 0.06

L. paracasei CNCM I-1572 −10.98 −13.22 * −13.01 * −12.89 *

The next step was to scale the process for the strain characterized by the highest
dynamics of growth changes under the influence of the tested system. In order to increase
the scale, the experiment was performed in 200 mL flask cultures, keeping the original
proportions between the amount of the inoculum and the test system. Moreover, the
performed analysis was carried out at four culture points, to accurately estimate the
dynamics of the quantitative changes (Figure 7).
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The results indicated that all substances used improved the growing intensity of the
Lactiplantibacillus plantarum 299v strain. In control cultures, this strain grew up to 24 h, and
then the number of its cells decreased slightly. All the additives lengthened the logarithmic
growth phase of L. plantarum 299v by at least 24 h. Interestingly, this strain grew up to 72 h
of culture in the three-component system. This system also yielded the highest biomass
(4.85 × 109 CFU/mL vs. 2.51 × 109 CFU/mL in control). This may have resulted from the
L. plantarum 299v strain using the sugar residue of the HES and nitrogen from the zein,
which allowed the culture to be kept in a better condition for a longer time. The most
remarkable change in cell count (density) was observed on the third day of culture.
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Interestingly, all the substances tested showed a comparable prebiotic effect at that
time, with a slight predominance of the triple system. This confirmed the originally
obtained screening test results (or similar observations were made during screening tests).
The experiment showed the most significant prebiotic effect with the obtained triple system.
An essential aspect of the conducted study was that the positive influence of, not only the
components of the tested system itself, but also the tested triple system, was proven.

The change in HES concentration was also evaluated; this time, the analysis considered
the dynamics of the concentration change during the cultivation (Figure 8). The results
showed a decrease in HES concentration at consecutive sampling points. In this study, the
formation of HEP as a metabolite was also not observed. This ruled out the influence of the
time of cultivation on the conversion process. Moreover, it was confirmed that the HEP
concentration did not change in the samples containing it; therefore, these results are not
presented in a graphical form.
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The HES concentration decreased during the logarithmic growth phase of L. plantarum
299v. This allowed the conclusion that the HES metabolism/utilization process is closely
related to the growth of bacterial cells, which thus confirmed the assumption about the
possibility of using HES as a growth factor or nutritional source for probiotic strains and
other gut microbiota. The highest dynamics of change in HES concentration was observed
during the first 24 h of cultivation. The HES concentration decreased up to 72 h, maintaining
a plateau between 72 and 96 h, i.e., during the L. plantarum 266v stationary growth phase.
However, in the case of the triple system, the dynamics of the decrease in HES concentration
were significantly greater for 48 and 72 h compared to binary systems and pure HES. This
proved the improved availability of HES for bacterial culture, by providing it as a developed
triple system.

The interaction between antioxidant compounds, such as hesperidin, and probiotic
survival in the gut microbiome can have positive implications. Antioxidants, known for
their ability to scavenge free radicals and reduce oxidative stress, play a crucial role in
protecting probiotics and enhancing their viability [75]. Oxidative stress can be detrimental
to probiotic cells, hindering their survival and functionality. However, the presence of
antioxidant compounds, such as hesperidin, creates a favorable environment, by shielding
probiotics from oxidative damage. This protection ensures their colonization and activity
within the gut, contributing to their overall effectiveness [76].
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Moreover, antioxidant compounds have been shown to promote a balanced gut micro-
biome. By reducing oxidative stress, antioxidants help maintain the diversity and stability
of the gut microbial community [77]. A balanced microbiome is essential for optimal gut
function and overall well-being. Thus, the presence of antioxidant compounds indirectly
contributes to the preservation of probiotic populations within the gut microbiome. An-
tioxidants and probiotics have independent health benefits, but their combined effects
can exhibit synergistic advantages for gut health [78]. Antioxidant compounds, includ-
ing hesperidin, possess anti-inflammatory properties, mitigating inflammation within the
gut. This anti-inflammatory environment provides favorable conditions for probiotics to
thrive and exert their beneficial effects. Additionally, certain antioxidants may enhance
the adhesion and colonization of probiotics in the gut, further improving their survival
and efficacy [79]. To maximize the benefits of antioxidants on probiotic viability, finding
the optimal concentrations and formulations is crucial. Extremely high concentrations
of antioxidants may pose challenges to probiotic survival, highlighting the importance
of balance.

3. Materials and Methods
3.1. Materials and Instruments

Standard compounds used in the HPLC analysis: Hesperidin (>95%) and Hesperetin
(>95%) were supplied by Sigma-Aldrich, St. Louis, MO, USA.

Substances used in the preparation of systems: hesperidin (>95%), zein, 2-hydroxypropyl-
β-cyclodextrin (molar substitution 0.8), Pluronic® F-127 (Poloxamer 407) were obtained
from Sigma Aldrich Chemie (Berlin, Germany), with Soluplus® (PVCL-PVA-PEG) from
BASF ChemTrade GmbH (Ludwigshafen, Germany).

Reagents used in the biological activity studies, including α-D-glucopyranoside
(PNPG), α-glucosidase from Saccharomyces cerevisiae (Type I, lyophilized powder,
≥10 units/mg protein), acarbose, 2,2-diphenyl-1-picrylhydrazyl, TPTZ (2,4,6-tripyridyl-S-
triazine), and iron (III) chloride hexahydrate (FeCl3·6H2O) were supplied by Sigma-Aldrich,
St. Louis, MO, USA.

Other chemical reagents, including hydrochloric acid, dimethyl sulfoxide, sodium
chloride, potassium dihydrogen phosphate, and sodium hydroxide, were obtained from
Avantor Performance Materials (Gliwice, Poland), while FaSSIF/FeSSIF/FaSSGF powder
simulating the effect of food was supplied by Biorelevant (London, UK).

For the microbiological studies, the following strains were assessed:

1. Lactiplantibacillus plantarum KBiMŻ 5/72-oscypek isolate from our own collection,
GenBank deposit no. JF733814

2. Lactiplantibacillus plantarum KBiMŻ 6/2/1-gołka isolate from our own collection,
GenBank deposit no. JF733805

3. Lactiplantibacillus plantarum 299v-isolate from the commercial product SanProbi IBS
4. Lactiplantibacillus plantarum W21-isolate from the commercial product SanProbi Super-

Formuła
5. Lacticaseibacillus rhamnosus GG ATCC 53103
6. Lacticaseibacillus paracasei CNCM I-1572

All strains were stored in a Cryobank (Bacteria storage system, MAST Diagnostica,
Reinfeld, Germany) at −20 ◦C. Before the studies, the strains were defrosted and passaged
twice for regeneration in MRS broth (OXOID), the standard medium for Lactobacillus
bacteria. Cultures were incubated/carried out at 37 ◦C for 24 h under anaerobic conditions.

The organic solvent evaporation process was carried out using incubator MaxQ 4450
(Thermo Scientific, Waltham, MA, USA). Qualitative and quantitative research was con-
ducted using the high-performance liquid chromatograph Prominance-I LC-2030C and a
UV detector, a plate reader (Multiskan GO (Thermo Scientific), and a laboratory incubator
(MaxQ 4450, Thermo Scientific). To measure weight, a Radwag AS 220.X2 (Radom, Poland)
analytical balance was used throughout the study.
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3.2. Development of the Hesperidin-Solubilizer Systems

Preparation of the systems used for the tests was carried out using solvent evaporation.
As the base solubilizer, zein was chosen due to its proven ability to extend the release rate
and the solubility of sparingly soluble active substances. Moreover, three solubilizers with
proven solubility improvement properties for sparingly soluble active substances were
selected (Soluplus, Pluronic F-127, and (2-Hydroxypropyl)-β-cyclodextrin).

Then, 100.0 mL of 70% methanol (aqueous solution) was added to a conical flask with
a flat bottom; afterward, 100.0 mg of zein and 100.0 mg of the second tested solubilizers
(Soluplus, Pluronic F-127, or (2-Hydroxypropyl)-β-cyclodextrin) were added or, in the
case of binary systems, one of the tested solubilizers in the amount of 100.0 mg (Soluplus,
Pluronic F-127 or (2-Hydroxypropyl)-β-cyclodextrin). A 1:1:1 mass ratio between HES,
zein, and solubilizer was used to prepare the systems. The applied mass ratio in the tested
systems was maintained at one selected level, due to the effect of solubilizers belonging
to different groups of chemical compounds. The use of the optimal mass ratio between
successive substances was not determined in the studies. The prepared flask was placed
on a magnetic stirrer, and the mixing process was carried out until the solubilizers had
dissolved at a temperature of 25 ◦C and a stirring speed of 500 rpm. At the same time, a
second 250 mL flat bottom conical flask was prepared to contain 100 mL of methanol, in
which 100.0 mg of hesperidin was dissolved. After the contents of both flasks had dissolved,
the flask containing the hesperidin solution was slowly poured into the flask containing
the solubilizer solution. The prepared mixture of hesperidin and solubilizers solution was
placed on a magnetic stirrer and stirred for 60 min at a temperature of 25 ◦C and stirring
speed of 500 rpm. After the mixing process, the solution was transferred to a crystallizer
and subsequently placed in an incubator for 48 h at 40 ◦C with continuous stirring at
100 rpm. After the solvent evaporation process, the crystallizer’s content was homogenized
with an electric grinder. As a result of the preparation, 7 systems were obtained:

1. Hesperidin-zein
2. Hesperidin-Soluplus
3. Hesperidin-zein-Soluplus
4. Hesperidin-Pluronic F-127
5. Hesperidin-zein-Pluronic F-127
6. Hesperidin-2-Hydroxypropyl-β-cyclodextrin
7. Hesperidin-zein-2-Hydroxypropyl-β-cyclodextrin

As a result, binary systems containing each tested solubilizer, triple systems containing
zein as the base carrier, and one previously selected solubilizer were obtained.

3.3. Development of the HPLC Method

In order to carry out a quantitative analysis, as part of the experiments performed, an
HPLC method was developed that allowed for the simultaneous separation of hesperidin
and its hesperetin aglycone (HEP), which could have appeared as contamination in the
obtained samples.

Chromatographic analysis was performed using a Shimadzu Prominance LC-2030C
apparatus with a UV detector (Shimadzu Corp., Kyoto, Japan). The isocratic method
developed was based on using an Eclipse Plus C18 column (4.6 × 250; 5 µm) (Agilent Tech-
nologies, Santa Clara, CA, USA) with the oven thermostat set to 35 ◦C. The mobile phase
was 0.1% trifluoroacetic acid and methanol in a 1:1 ratio at a 1 mL/min flow, the detection
was carried out at 270 nm, and 10 µL of the test solution was injected. The analysis was
carried out for 18 min. In terms of selectivity, linearity, intra- and inter-day accuracy, limits
of detection (LOD), and quantitation, the HPLC-DAD method was validated according to
the International Conference on Harmonization Guideline Q2 (LOQ) [80].

In order to test the HES content in the obtained systems, 30 mg of the system was
weighed into a falcon tube, and 30 mL of methanol was added. The sample prepared in
this way was placed for 30 min in an ultrasonic bath at 30 ◦C. After extraction of the HES
from the system, the sample was filtered through a 0.22 µm nylon syringe filter.
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After the dissolution and dissolution rate tests, samples were filtered through a nylon
syringe filter with a pore diameter of 0.22 µm. The samples, after microbiological culture,
were centrifugated before filtration, to sediment the biomass in the sample.

3.4. Powder X-ray Diffraction (PXRD)

PXRD analysis was performed at ambient temperature using a Bruker D2 Phaser
(Bruker, Billerica, MA, USA) diffractometer with a LynxEye XE-T 1-dim detector and Cu
Kα radiation (λ = 1.54056 Å, generator setting: 40 kV and 40 mA). Diffraction data were
collected at the 2θ scanning range between 5◦ and 40◦ with a step size of 0.02◦ and 00a
counting time of 2 s/step.

3.5. Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR–ATR spectra of hesperidin, zein, Soluplus, Pluronic F127, and Hpβ-CD, as
well as their double and triple systems, were obtained using an IRTracer-100 spectropho-
tometer (Shimadzu Corp.). All spectra were measured between 400 and 4000 cm−1 in
absorbance mode. The following spectrometer parameters were used: resolution: 4 cm−1,
number of scans: 400, apodization: Happ–Genzel. The sample was placed directly on
the ATR crystal. Solid samples were pressed against the ATR crystal, and the ATR–FT-IR
spectrum was measured.

3.6. Solubility

In order to characterize the obtained systems, a dissolution test was performed. First,
50 mL of water was added to a 100 mL flat-bottom conical flask. Then, one of the obtained
systems was added to each flask, and pure hesperidin was added to the last flask as a
control. The flasks prepared in this way were tightly closed, to reduce water evaporation
and placed in an incubator at 25 ◦C for 24 h with continuous stirring at 300 rpm. After
incubation, 2.0 mL of the solution was withdrawn from each flask and filtered into the vial
using a nylon syringe filter with a pore diameter of 0.22 µm. The obtained samples were
analyzed by HPLC using the previously described method.

All determinations were performed in 3 independent tests; 3 independent samples
were taken from each, so each system was subjected to 9 HPLC analyses.

3.7. In Vitro Activity of Systems
3.7.1. α-Glucosidase Inhibition Assay

A spectrophotometric method with minor modifications was used to determine the
inhibition of α-glucosidase by the hesperidin solutions based on the concentration obtained
in the solubility test for each of the obtained systems and on the pure substance [81].
Briefly, 50.0 µL of sample solution (hesperidin concentration obtained in the solubility test
prepared in a 30% DMSO solution for subsequent systems and pure test substance) or
acarbose (positive control, 1–5 mg/mL), 50.0 µL of 0.1 M phosphate buffer (pH 6.8), and
30.0 µL α-glucosidase solution (1.0 U/mL) was pre-incubated in 96-well plates at 37 ◦C
for 15 min. Next, 20.0 µL of 5 mM p-nitrophenyl-α-D-glucopyranoside (pNPG) solution
in a 0.1 M phosphate buffer (pH 6.8) was added and incubated at 37 ◦C for 20 min. The
reaction was terminated by adding 100.0 µL of sodium carbonate (0.2 M) to the mixture.
The absorbance of the liberated p-nitrophenol was measured at 405 nm. The absorbance of
enzyme solution, but without hesperidin solution/acarbose, served as a control with total
enzyme activity. The absorbance in the absence of the enzyme was used as a blind control.
The enzyme inhibition rate, expressed as a percentage of inhibition, was calculated using
the following formula:

% inhibition activity = ((AC − AS)/AC) × 100

where
AC is the absorbance of the control (100% enzyme activity),
AS is the absorbance of the tested sample.
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For the investigated solutions, two independent experiments were carried out in
triplicate. Results were expressed as means ± S.D.

3.7.2. ABTS (2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) Assay

A spectrophotometric method was used to determine the antioxidant activity, per-
formed according to Re et al., with modifications [82]. The green cation radical was
generated upon the loss of an electron by the nitrogen atom of ABTS caused by potassium
persulfate. After introducing a pre-formed radical cation to the antioxidant, the ABTS
radical cation was reduced and converted to its colorless neutral form. The HES concentra-
tions for assay were prepared according to the obtained dissolutions in DMSO. The assay
was performed on a 96-well plate with 50.0 µL of the previously prepared HES solutions
and 200.0 µL of the ABTS•+ solution applied to the wells. The plate was incubated with
shaking for 10 min at room temperature. After the incubation, the absorbance values were
measured at λ = 734 nm. Vitamin C was used as a standard. The percentage inhibition of
the ABTS•+ by the samples was calculated according to the following equation:

ABTS scavenging activity (%) = A0 − A1A0 × 100%

where
A0 is the absorbance of the control;
A1 is the absorbance of the sample.

3.7.3. Ferric Reducing Antioxidant Power Assay (FRAP)

Following Tiveron et al., a FRAP assay was performed with some modifications [83].
The stock solutions of FRAP reagent included 300 mM acetate buffer (pH 3.6), 10 mM TPTZ
solution in 40 mM HCl, and 20 mM FeCl3·6H2O solution. The working FRAP solution was
freshly prepared by mixing 25 mL of acetate buffer, 2.5 mL of TPTZ solution, and 2.5 mL of
FeCl3·6H2O solution and then warmed at 37 ◦C before usage. Briefly, 25.0 µL of the tested
solutions of hesperidin concentration obtained in the solubility test and pure substance
were mixed with 175.0 µL of FRAP solution, shaken, and incubated at 37 ◦C for 30 min
in the dark. Then the absorbance was read at 593 nm. The results were presented as the
obtained absorbance of the sample with a given concentration at the wavelength of 593 nm,
where a higher value indicated a higher activity of the tested concentration.

3.8. Dissolution Rate Studies

A dissolution rate analysis was performed for the triple system with the best solubility
and thus the highest in vitro activity in the tests (System 7. HES-zein-Hpβ-CD). Pure
HES was used as reference samples and double systems number 1 (hesperidin-zein) and
number 6 (hesperidin-Hpβ-CD), components of system 7.

The change in dissolution rate of the obtained hesperidin systems was examined
by determining the dissolution rate profiles, following the requirements of the European
Pharmacopoeia at 37 ± 0.5 ◦C, using a paddle apparatus (Agilent, Santa Clara, CA, USA)
with a paddle rotation speed of 50 rpm. As the acceptor dissolution media, 0.1 mol/L
hydrochloric acid (pH~1.2) and phosphate buffer (pH~6.8) were used in the pH range
corresponding to the gastrointestinal tract environment in 500.0 mL. In addition, two other
non-standard media with pH 6.8 were used to simulate fasting and postprandial gut
conditions using FaSSIF/FeSSIF/FaSSGF powder (Biorelevant, London, UK) in a volume
of 500.0 mL. Hesperidin and the obtained systems were weighed into gelatin capsules and
placed in a sinker, to prevent capsule flotation on the liquid’s surface. Dissolution samples
were taken at appropriate time points. The samples were filtered through 0.22 µm nylon
membrane syringe filters.
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Dissolution profiles were compared using the model proposed by Moore and Flanner,
which is based on two-factor values, difference f 1 and similarity f 2 [84], according to the
formulas below:

f1 =
∑n

j=1
∣∣Rj − Tj

∣∣
∑n

j=1 Rj
× 100

f2 = 50× log

(1 +
(

1
n

) n

∑
j=1

∣∣Rj − Tj
∣∣2)− 1

2

× 100


where

n is the sampling number,
Rj and Tj are the percent dissolved of the reference (HES) and test system at each

time point.
Release profiles are assumed to be similar when f 1 is between 0 and 15, while f 2 is

close to 100 (not less than 50).

3.9. The Interaction of the System with the Selected Gut Bacteria (or Probiotic Bacteria)

Cultures of regenerated probiotic strains were centrifuged at 4500× g for 10 min, and
cells were washed in sterile physiological saline. Then, cell suspensions were adjusted to
0.5 on the McFarland scale (1.5 × 108 CFU/mL) using a McFarland Densitometer (Biosan,
Saratoga Springs, NY, USA) and used for inoculation 2 mL of standard MRS broth medium
(being the control) and MRS medium, with addition single component system HES, HEP,
zein and HpβCD, the binary system composed of HES–zein and HES-HpβCD, and the
triple system composed of HES-zein-Hpβ-CD. The components above were added in
the maximum amount soluble in the MRS medium, without any adverse effects on the
tested bacteria strains established experimentally during preliminary studies. The initial
concentration of bacteria in all media was adjusted to a level of 1.5 × 105 CFU/mL. The
incubation was conducted without pH regulation at 37 ◦C for 24 h. After incubation, the
viable cells count was determined using Koch’s plate method. Collected samples were
decimally diluted in sterile physiological saline, plated on Petri dishes with MRS agar
(OXOID), and incubated at 37 ◦C for 48–72 h. The colonies used for evaluating viable cell
numbers were counted using an automatic colony counter (Easy Count 2) and expressed in
CFU/mL. The strain that responded the best to the tested/obtained systems was cultured
on a 200.0 mL scale for 96 h in the same conditions. During incubation, samples were
taken to evaluate the viable cells count at 0, 24, 48, 72, and 96 h. The results were given as
colony-forming units (CFU/mL). The tests were run in triplicate.

3.10. Statistical Analysis

Statistical analysis was performed using Statistica 13.3 software (TIBCO Software Inc.,
Palo Alto, CA, USA). A Shapiro–Wilk test was implemented, to check the data distribution
normality. Statistical significance was performed using a one-way analysis of variance
(ANOVA), followed by Tukey’s HSD test. Measurements were considered significant
between hesperidin and systems at p < 0.05.

4. Conclusions

As a result of the conducted research, it was proven that the zein in the tested systems
acted as an effective carrier that provided an extended release profile of hesperidin from the
delivery systems; in addition to hesperidin systems, solubilizers such as Soluplus, Pluronic
F-127, and HpβCD increased hesperidin’s solubility. The highest solubility was obtained
for the triple system containing cyclodextrin, and an over six-fold increase in solubility
was observed. Notably, the improvement in the solubility of hesperidin correlated with a
higher biological activity, considering the inhibition of α-glucosidase. Here, with a six-fold
increase in solubility, an over 10-fold increase in activity was observed.
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Moreover, an increase in antioxidant activity was shown; depending on the model,
the pattern was exponential (ABTS) or showed a linear relationship (FRAP). Moreover,
the obtained systems stimulated the growth of selected probiotic bacteria belonging to
Lactiplantibacillus genus. Thus, zein as a functional carrier, together with solubilizers,
turned out to significantly change the solubility of hesperidin; and at the same time, it was
confirmed that it did not limit its biological activities, even inducing their growth.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28135209/s1. Figure S1. Diffractograms of the ob-
tained systems: A—zein; B—Soluplus; C—Pluronic F-127; D—Hpβ-CD; Figure S2. FT-IR spectrum
for hesperidin, zein, Soluplus, Pluronic F127, Hpβ-CD, and the binary and triple systems were
obtained; Figure S3. α-glucosidase inhibition profile with IC 50 parameter determined; Figure S4.
Profile of antioxidant activity in the ABTS model with the determined IC 50 parameter; Figure S5.
Antioxidant activity of hesperidin and obtained systems in FRAP assay; Table S1. Log cycle values
(CFU/mL) for screening cultures of selected bacterial strains; Table S2. Log cycle values (CFU/mL)
for Lactiplantibacillus plantarum 299v culture conducted for 96 h.
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