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Abstract: Cranberry fruits are an important source of anthocyanins and anthocyanidins. The aim of
the present study was to investigate the effect of excipients on the solubility of cranberry anthocyanins
and their dissolution kinetics as well as on the disintegration time of the capsules. Selected excipients
(sodium carboxymethyl cellulose, beta-cyclodextrin and chitosan) were found to affect the solubility
and release kinetics of anthocyanins in freeze-dried cranberry powder. Capsule formulations N1–N9
had a disintegration time of less than 10 min, and capsule formulation N10 containing 0.200 g of
freeze-dried cranberry powder, 0.100 g of Prosolv (combination of microcrystalline cellulose and
colloidal silicon dioxide), and 0.100 g of chitosan had a capsule disintegration time of over 30 min.
The total amount of anthocyanins released into the acceptor medium ranged from 1.26 ± 0.06 mg
to 1.56 ± 0.03 mg. Capsule dissolution test data showed that the time to release into the acceptor
medium was statistically significantly longer for the chitosan-containing capsule formulations com-
pared to the control capsules (p < 0.05). Freeze-dried cranberry fruit powder is a potential source
of anthocyanin-rich dietary supplements, and the choice of excipient chitosan could be a suitable
solution in capsule formulations providing greater anthocyanin stability and modified release in the
gastrointestinal tract.
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1. Introduction

The World Health Organization (WHO) has stated that consuming at least 400 g of
vegetables, fruit, and berries per day reduces the risk of developing non-communicable
diseases [1]. Berry consumption in the global market is expected to grow by around 3.5%
between 2022 and 2027 as a result of increasing awareness of healthier dietary choices
and the higher content of berries in processed foods [2]. The fruits of the large cranberry
(Vaccinium macrocarpon Aiton) have been found to contain biologically active compounds
whose biological effects are important for health promotion and disease prevention, which
makes the research and development of the use of cranberry fruit in food products and
food supplements important and promising.

Fresh cranberry fruits have been found to contain proanthocyanidins (418.8 mg/100 g) [3],
anthocyanins (13.6–140 mg/100 g) [4], flavonols (20–30 mg/100 g) [5], phenolic compounds
(570 mg/100 g) [6], triterpene compounds (65–122 mg/100 g) [7], vitamins (vitamins C
(10.07–20.74 mg/100 g) [8], B1 (0.012 mg/100 g), B2 (0.02 mg/100 g), B3 (0.101 mg/100 g),
B5 (0.295 mg/100 g), B6 (0.057 mg/100 g), and B9 (1 µg/100 g)) [9], macroelements (N
(9.6–62.4 mg/100 g), P (6.0–10.8 mg/100 g), K (52.8–88.8 mg/100 g), Ca (7.2–13.2 mg/100 g),
Mg (4.8–8.4 mg/100 g), and S (4.8–13.2 mg/100 g)), microelements (Fe (0.22–3.88 mg/100 g),
Mn (0.058–0.51 mg/100 g), Zn (0.04–1.18 mg/100 g), Cu (0.03–0.07 mg/100 g), and B
(0.03–0.11 mg/100 g)) [10], fructose (0.37–0.65 mg/100 g), glucose (3.36–4.72 mg/100 g) [8],
and dietary fibers (3.6 g/100 g) [9].
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Supplementing the human diet with cranberries enriches the body with natural an-
tioxidants that can help protect the body’s systems against the development of chronic
diseases [9]. Research has shown the benefits of cranberries in preventing and treating
urinary tract infections [11], as well as for gastrointestinal [12,13] and oral health [14].
Clinical trials have shown positive effects of cranberry bioactive compounds in chronic
diseases such as diabetes, hypercholesterolemia, and cardiovascular disease [15,16].

The use of freeze-dried berries for human consumption has recently been gaining
popularity, as the qualitative and quantitative composition of the bioactive compounds
in freeze-dried fruit is equivalent to that of fresh fruit [17]. The sour and astringent taste
of cranberries limits the consumption of fresh fruit; thus, the fruit is processed by drying,
sweetening, and juicing [18]. Freeze-dried fruits and berries are used in the food industry
and can be added to various types of food such as drinks, meals, juices, and yogurts [19].
There are data in the literature on the formulation of capsules with lyophilized apple,
elderberry fruits and Morus nigra L. fruits [20–22]. Although there are many nutritional
supplements on the market that use cranberry fruit extracts as the active ingredient in hard
capsules, the use of freeze-dried cranberry fruit or other freeze-dried botanical materials in
the production of hard capsules is not often considered [23]. Cranberry fruit lyophilizate
can be used in the production of functionalized food additives or food supplements of
known composition and high nutritional value [24,25]. Freeze-dried fruit and berries
promote long-term storage of freeze-dried food or food supplements, so the area of such
products is perspective for development.

When modeling pharmaceutical formulations containing freeze-dried cranberry pow-
der, it is important to assess the solubility, stability, and bioavailability of bioactive com-
pounds such as anthocyanins. At low gastric pH, anthocyanins are stable flavylium cation
forms, whereas when the intestinal pH increases, they are converted to less stable carbinol-
base, chalcone, quinonoid-base, and anionic-quinonoid-base forms [26]. In vitro and in vivo
studies have shown that, in contrast to flavonoids, anthocyanins are absorbed as glyco-
sides [27]. Anthocyanins are rapidly absorbed, but bioavailability in blood plasma is low,
amounting to only 1% of the anthocyanin intake [28,29]. In the stomach and intestines,
anthocyanins are transported by transporter proteins or are metabolized [27]. Despite their
low bioavailability, plasma concentrations of anthocyanins are sufficient to induce changes
in signal transduction and gene expression in vivo [27]. Unabsorbed anthocyanins from
the epithelial cells of the stomach and small intestines reach the large intestine, where
they are actively metabolized by microorganisms, leading to an increase in the number of
good intestinal bacteria Bifidobacterium spp., Lactobacillus spp. and Actinobacteria strains [30].
The low stability and bioavailability of anthocyanins limit their effect; therefore, strategic
decisions in modeling pharmaceutical formulations are needed to achieve the targeted local
supply of the active ingredient with good bioavailability and a controlled release rate [31].

One of the most widely used oral pharmaceutical forms is capsules. When model-
ing the contents of capsules containing cranberry lyophilizate, it is important to select
appropriate excipients that would not adversely affect the absorption of anthocyanins. The
excipients must be non-toxic and non-allergenic, must guarantee an effective therapeutic
activity at the lowest therapeutic concentration of the active substance, and must be stable
and free of interactions with the active substance [32]. Cellulose derivatives are widely used
as fillers in capsule production [33]. Fillers constitute the bulk of the encapsulated content;
and thus, their inherent properties should not alter the regulated disintegration time of the
capsules or the dissolution kinetics of the active compounds. Solubility enhancers such as
poloxamer or beta-cyclodextrins are used to improve the bioavailability of the active com-
pounds [34,35]. Cyclodextrins taken orally are metabolized by the microbiota of the colon
into the metabolites maltodextrin, maltose, and glucose, which are further metabolized
into water and carbon dioxide [36]. Chitosan is used as a disintegrant in the manufacture
of solid oral dosage forms, in the manufacture of controlled-release solid dosage forms, or
to improve the dissolution of drugs [37]. The intrinsic properties of chitosan are useful in
improving the absorption of active substances [38]. Due to the influence of excipients on
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pharmaceutical formulations, it is relevant to evaluate the biopharmaceutical properties
of the formulated capsules with freeze-dried cranberry powder in disintegration and dis-
solution tests. The disintegration test for solid formulations evaluates the time taken for
the formulation to lose its original form. This test helps to predict how long it would take
for a pharmaceutical formulation to degrade in the human body. The amount of the active
substance released into the medium at certain time intervals is highly important in the
results of the dissolution test for solid dosage forms. It is, therefore, relevant to investigate
the influence of fillers and polymeric materials on the dissolution kinetics of the active
compounds in cranberries. The aim of the present study was to investigate the effect of
excipients on the solubility of cranberry anthocyanins and their dissolution kinetics as well
as on the disintegration time of the capsules.

2. Results

The aim of the first stage of the study was to determine the qualitative and quantitative
composition of anthocyanins and anthocyanidins in freeze-dried cranberry fruit samples.
Freeze-dried cranberry powder extracts are multicomponent matrices, and the determi-
nation of their composition requires state-of-the-art analytical tools to ensure rapid, selec-
tive, and reproducible evaluation of bioactive compounds. Anthocyanins (delphinidin-3-
galactoside, cyanidin-3-galactoside, cyanidin-3-glucoside, cyanidin-3-arabinoside, peonidin-
3-galactoside, peonidin-3-glucoside, malvidin-3-galactoside, peonidin-3-arabinoside, and
malvidin-3-arabinoside) and anthocyanidins (cyanidin, peonidin, and malvidin) were iden-
tified and quantified by ultra-high-performance liquid chromatography (UHPLC). The
chromatogram of the anthocyanin group compounds detected in the freeze-dried cranberry
fruit extract is presented in Figure 1.
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Figure 1. Chromatogram profile of anthocyanins and anthocyanidins in the extract of large
cranberry fruit samples at 520 nm. 1—delphinidin-3-galactoside; 2—cyanidin-3-galactoside;
3—cyanidin-3-glucoside; 4—cyanidin-3-arabinoside; 5—peonidin-3-galactoside; 6—peonidin-3-
glucoside; 7—malvidin-3-galactoside; 8—peonidin-3-arabinoside; 9—cyanidin; 10—malvidin-3-
arabinoside; 11—peonidin; 12—malvidin.

A graph of the quantitative and percentage composition of the compounds identified
in the freeze-dried cranberry fruit samples is presented in Figure 2. Four compounds were
predominant in the cranberry fruit samples, accounting for 94% of the total anthocyanins
identified. In fruit samples of the cranberry cultivar ’Dižbrūklene’, the highest content
of a single anthocyanin found (3.16 ± 0.04 mg/g) was that of peonidin-3-galactoside,
accounting for 31.07% of the total anthocyanin content. The detected amount of cyanidin-3-
galactoside was 2.78 ± 0.02 mg/g, accounting for 27.37% of the total anthocyanin content,
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while the detected amount of cyanidin-3-arabinoside was 2.23 ± 0.02 mg/g, accounting for
21.95% of total anthocyanin content. The detected amount of peonidin-3-arabinoside was
1.35 ± 0.02 mg/g, accounting for 13.31% of total anthocyanin content.
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Figure 2. Concentration of individual anthocyanins in ethanol extracts obtained from the fruit of the
‘Dižbrūklene’ cranberry cultivar.

Other identified anthocyanins and anthocyanidins accounted for 6% of the total
anthocyanin content. Samples of freeze-dried cranberry fruit were found to contain
0.15 ± 0.01 mg/g of malvidin-3-arabinoside, 0.15 ± 0.01 mg/g of malvidin-3-galactoside,
0.12± 0.01 mg/g of peonidin-3-glucoside, 0.10± 0.01 mg/g of malvidin, 0.04 ± 0.00 mg/g
of delphinidin-3-galactoside, 0.04 ± 0.00 mg/g of peonidin, 0.02 ± 0.00 mg/g of cyanidin-
3-glucoside, and 0.02 ± 0.00 mg/g of cyanidin.

The antioxidant activity of the multi-component matrix complex of freeze-dried cran-
berry fruit extracts was determined in vitro by applying the antioxidant ABTS and FRAP
methods. The results of the antioxidant activity assays of the cranberry extracts are pre-
sented in Figure 3. The evaluation of the antioxidant activity of the freeze-dried cranberry
fruit extracts showed that their anti-radical activity was 121.35 ± 6.07 µmol TE/g, as
assessed by the ABTS method. The reducing activity of the freeze-dried cranberry fruit
extracts, assessed by the FRAP method, was found to be 118.00 ± 4.13 µmol TE/g.

In the next stage of the study, solid gelatin capsules of different compositions with
freeze-dried cranberry fruit powder were formulated and biopharmaceutical evaluation of
the prepared capsules was conducted. Ten capsules of different compositions (N1–N10)
were formulated in the study, and the compositions of these capsules are presented in
Table 1. Based on the anthocyanin content of the freeze-dried cranberry powder, we chose
to use 0.200 g of freeze-dried cranberry powder per hard gelatin capsule. The encapsulated
mixture contained a combination of microcrystalline cellulose and colloidal silicon dioxide
(Prosolv) as a filler. Capsule formulations N2 to N4 contained between 0.025 g and 0.100 g
of sodium carboxymethylcellulose, capsule formulations N5 to N7 contained between
0.025 g and 0.100 g of beta-cyclodextrin, and capsule formulations N8 to N10 contained
between 0.025 g and 0.100 g of chitosan. In the manufacture of the encapsulated compound,
sodium carboxymethylcellulose and chitosan were used as ingredients prolonging the
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release of the active substance. Beta-cyclodextrin was chosen as a solubility and stability
enhancer for the active compounds.
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Table 1. Compositions of the cranberry lyophilizate-containing capsules.

No CL, g PS, g NaCMC, g BCD, g CT, g TCM, g CM, g

N1 0.200 0.100 - - - 0.300 0.301 ± 0.001
N2 0.200 0.100 0.025 - - 0.325 0.326 ± 0.001
N3 0.200 0.100 0.050 - - 0.350 0.352 ± 0.002
N4 0.200 0.100 0.100 - - 0.400 0.400 ± 0.002
N5 0.200 0.100 - 0.025 - 0.325 0.324 ± 0.001
N6 0.200 0.100 - 0.050 - 0.350 0.350 ± 0.001
N7 0.200 0.100 - 0.100 - 0.400 0.399 ± 0.001
N8 0.200 0.100 - - 0.025 0.325 0.324 ± 0.002
N9 0.200 0.100 - - 0.050 0.350 0.349 ± 0.002

N10 0.200 0.100 - - 0.100 0.400 0.401 ± 0.001

No—capsule composition number; CL—cranberry lyophilizate; PS—Prosolv; NaCMC—sodium carboxymethyl-
cellulose; BCD—beta-cyclodextrin; CT—chitosan; TCM—theoretical mass of capsule filling; CM—mass of
capsule filling.

The quality of the produced cranberry lyophilizate capsules was assessed based on the
results of mass uniformity, disintegration time, and dissolution tests. The data presented in
Table 1 on the predicted theoretical and the observed mass of the encapsulated mixture in
the capsule show that the capsules were similar in terms of mass uniformity (percentage
deviation < 7.5%). The selected active ingredients and excipients and their quantities
ensured accurate dosing of the encapsulated mixture into the capsules.

The capsule quality parameter—the disintegration time—indicates how long it takes
for a capsule to fully disintegrate. This parameter is important because the release of the
active compounds does not start until the capsule has disintegrated, and excipients can sig-
nificantly alter the disintegration time. The disintegration times of the ten N1–N10 capsules
formulated in the study are shown in Figure 4. Cranberry lyophilizate powder-containing
capsules N1–N9 had a disintegration time of less than 10 min. Increasing the weight of
the encapsulated contents to 0.400 g (capsules N4, N7, and N10) resulted in a statistically
significant increase in the disintegration time. The disintegration time of capsules with
freeze-dried cranberry powder weighing 0.400 g was most affected by chitosan. The disin-
tegration time of capsule N10 containing 0.200 g of freeze-dried cranberry powder, 0.100 g
of Prosolv, and 0.100 g of chitosan was longer than 30 min.
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Figure 4. Results of the capsule disintegration test. Different letters indicate significant differences
(p < 0.05) between the tested capsule formulations, and capsule formulations with same letter were
not significantly different (p > 0.05). The compositions of the capsules (N1–N10) are described in
Table 1.

One of the most important tests for assessing the quality of capsules is the determi-
nation of the dissolution kinetics of the active compounds. To determine the dissolution
kinetics of the formulated capsules, a dissolution test was applied using a paddle-type dis-
solution apparatus, the mechanism of action of which mimics the physiological conditions
of the body in vitro. Four cranberry fruit anthocyanins, cyanidin-3-galactoside, cyanidin-3-
arabinoside, peonidin-3-galactoside, and peonidin-3-arabinoside, were identified in the
acceptor medium during the dissolution test. Other anthocyanins and anthocyanidins
present in the cranberry fruit samples could not be detected because their concentrations
in the acceptor medium were below the limit of detection (LOD) or limit of quantifica-
tion (LOQ).

The results of the dissolution test on cranberry lyophilizate-containing capsules N1–
N10 are shown in Figure 5. The kinetic plots of the dissolution test (Figure 5) show the
amount of anthocyanins released in the acceptor media from the formulated capsules
(N1–N10) at different time points. In the graphs, the dissolution test results of capsule
formulations N1 containing freeze-dried cranberry powder and Prosolv are shown as a
comparison sample. The release of active compounds from capsules N1 was most intense
within the 15 min period. There was no statistically significant difference between the
levels of active compounds in the acceptor medium at baseline and after 90 min of testing.
Mathematical analysis of the kinetic profile of anthocyanins showed that the regression
coefficient of the Higuchi model for formulation N1 was 0.339. Capsule formulations
N2, N3, and N4 released, respectively, 70.8%, 72.3%, and 71.5% of anthocyanins into the
acceptor medium within 15 min. Thereafter, the release of the active compounds was
slower. After 90 min, 81.8%, 80.7%, and 79.6% of anthocyanins were released into the
acceptor medium from capsule formulations N2, N3, and N4, respectively. The regression
coefficients of the Higuchi model of capsule formulations N2, N3, and N4 were 0.984, 0.970,
and 0.959, respectively. The dissolution test data for capsules N2–N4 showed that the
amount of anthocyanins released from these sodium carboxymethylcellulose-containing
formulations within 15 min was not statistically significantly different from the amount
released from the control formulation N1.
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Figure 5. Results of the dissolution test of cranberry lyophilizate-containing capsules of different
compositions. The compositions of the capsules (N1–N10) are described in Table 1.

Capsule formulations N5, N6, and N7 released, respectively, 76.3%, 77.1%, and 80.9%
of the anthocyanins into the acceptor medium within 15 min. Anthocyanins dissolved most
intensively in the 15 min interval; the dissolution kinetics of anthocyanins was not intense
at the following test points (p > 0.05). After 90 min, the amount of anthocyanins released
into the acceptor medium by capsule formulations N5, N6, and N7 remained similar at
78.8%, 77.4%, and 79.7%, respectively. The Higuchi regression coefficients of formulations
N5, N6, and N7 were 0.106, 0.345, and 0.550, respectively. The dissolution kinetics profile
of capsules N5–N7 was similar to that of the comparator sample N1; the addition of beta-
cyclodextrins did not statistically significantly (p > 0.05) improve the solubility of the active
compounds, with only an increase of approximately 3% in the solubility of the anthocyanins
in the acceptor medium.

Capsule formulations N8, N9, and N10 released, respectively, 59.9%, 62.2%, and 55.9%
of the anthocyanins into the acceptor medium within 15 min. During the dissolution test,
the amount of anthocyanins released into the acceptor medium from capsule formulations
N8, N9, and N10 gradually increased and after 90 min was, respectively, 71.3%, 69.0%, and
65.9%. The Higuchi regression coefficients of formulations N8, N9, and N10 were 0.957,
0.798, and 0.859, respectively. Chitosan-containing capsules N8–N10 showed a statistically
significant prolongation of the release of anthocyanins into the acceptor medium compared
to the comparator sample N1 (p < 0.05).

The results of the quantitative composition of cranberry lyophilizate-containing cap-
sules N1–N10 after 90 min obtained during the dissolution test are shown in Figure 6. The to-
tal amount of anthocyanins released into the acceptor medium varied from 1.26 ± 0.06 mg
to 1.56 ± 0.03 mg. There was no statistically significant difference in total anthocyanin con-
tent released from capsule formulations N1–N8 after 90 min (p > 0.05). The total amount of
anthocyanins released after 90 min from capsule formulations N9 and N10 was statistically
significantly lower than that released from capsule formulations N1–N7. During the disso-
lution test, extended-release capsule formulations N9 and N10 released by, respectively, up
to 0.25 and 0.3 mg less anthocyanins than the other formulations did.
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Figure 6. Content of the individual anthocyanins and their sum released from cranberry lyophilizate-
containing capsules of different composition after 90 min. The compositions of the capsules (N1–N10)
are described in Table 1. Different letters indicate significant differences (p < 0.05) between sum
amounts of anthocyanins in the tested capsule formulations, and capsule formulations with same
letter were not significantly different (p > 0.05).

The amount of peonidin-3-galactoside comprised 34.57–38.37%, the amount of cyanidin-
3-galactoside—31.21–35.41%, the amount of cyanidin-3-arabinoside—16.87–19.58%, and
the amount of peonidin-3-arabinoside—10.49–12.51% of the sum of identified anthocyanins
during the solubility test. The amount of anthocyanins released into the acceptor medium
of 0.1 N hydrochloric acid in aqueous solution from formulations N1–N10 was 18% to
34% lower than the amount of anthocyanins detected in the ethanol extract of freeze-
dried cranberry powder. It should be noted that, on average, approximately 65% of
anthocyanidin arabinosides and approximately 85% of anthocyanidin galactosides were
released from the capsule formulations into the acceptor medium of 0.1 N hydrochloric
acid in aqueous solution.

This study showed that the selected excipients altered the kinetics of the release
of anthocyanins from freeze-dried cranberry powder. Capsule formulations N8–N10
containing the excipient chitosan showed a statistically significant prolongation of the
release time into the acceptor medium. Capsule formulation N10 with 0.100 g of chitosan
prolonged the disintegration time of the capsule by >30 min.

3. Discussion

Anthocyanin-containing fruits and vegetables in the human diet reduce the develop-
ment of inflammatory processes in the body caused by oxidative stress and may improve
the composition of the gut microbiota [28]. In the United States, the estimated daily intake
of anthocyanins is 12.5 mg [39]. Guo et al. found that daily intake of 7.5 mg of anthocyanins
from fruit reduced the risk of developing type 2 diabetes [40]. In this study, we found that
freeze-dried cranberry powder contained 10.16 ± 0.12 mg/g of anthocyanins. Brown et al.
and Xue et al. investigated the anthocyanin content of cranberry lyophilizate raw mate-
rial and found a lower anthocyanin content (accordingly, 2.81–7.98 mg/g and 7.25 mg/g)
than that found in our study [41,42]. The total anthocyanin content of fresh cranberry
samples in a study by Narwojsz et al. was by approximately 25 times lower than the total
anthocyanin content of freeze-dried cranberry raw material found in our study [43]. In our



Plants 2023, 12, 1397 9 of 16

study, freeze-dried cranberry powder was used for pharmaceutical formulations to enrich
them with the bioactive compounds found in cranberry fruit. The freeze-dried cranberry
powder formulations used in this study each contained 0.200 g of freeze-dried cranberry
powder, equivalent to 2 mg of anthocyanins. The freeze-dried cranberry powder used in
the studied formulations retains the bioactive properties of natural cranberries, but the
amount of anthocyanins per capsule would not provide the recommended daily intake
(12.5 mg); therefor, a higher number of capsules with 0.200 g of freeze-dried cranberry
powder should be consumed per day.

Hard gelatin capsules are a very common and unique form of capsule, consisting of a
cap and a body [44]. Capsule disintegration and solubility are influenced by the properties
of the mixture of active compounds and excipients. The excipient Prosolv (a combination
of microcrystalline cellulose and colloidal silicon dioxide) was used in capsule fillings due
to its characteristic properties: uniformity of content, higher density, low moisture content,
flowability, and spreadability [45,46]. In this study, we found that the capsule formulation
N1 consisting of 0.200 g of freeze-dried cranberry powder and 0.100 g of Prosolv released
76.9% of the anthocyanins within 15 min (Figure 5). The amount of anthocyanins released
by the capsule formulation into the acceptor medium remained statistically significantly
constant throughout the study. During the study, the reasons why less than 82% of the
anthocyanins were released from capsule formulations N1–N10 into the acceptor medium
could have been the following: interaction of the freeze-dried cranberry powder with the
excipients [47], lower solubility in the aqueous medium [48], and biodegradation in the
acceptor medium [49].

The interaction between anthocyanins and polysaccharide excipients is important in
stabilizing anthocyanins and protecting them from degradation in the biological environ-
ment as well as in modifying the release of anthocyanins from capsule formulations [31].
The polysaccharide sodium carboxymethylcellulose is a cellulose derivative which is highly
soluble in water [50]. Sodium carboxymethylcellulose has stabilizing, emulsifying, and
viscosity-modifying properties [50,51] and may, therefore, be used as a release-modifying
excipient for the active compounds of the capsules [46]. The release kinetics of the N2–N4
capsule formulations tested in this study might have been influenced by the effect of
sodium carboxymethylcellulose on the viscosity of the medium, which resulted in a grad-
ual increase in the release of anthocyanins into the acceptor medium by approximately 10%
from 15 min to 90 min, and the amount of anthocyanins released into the acceptor medium
was greater than that of the control capsule formulation N1.

Freeze-dried cranberry powder capsule formulations N5–N7 were formulated with
beta-cyclodextrin used as an excipient to improve solubility and stability [52]. Beta-
cyclodextrin is a cyclic oligosaccharide with supramolecular structures that carry out chem-
ical reactions involving intermolecular interactions where no covalent bonds are formed
between interacting molecules, ions, and radicals [53]. The ability of beta-cyclodextrin to
form complexes with various organic compounds helps to modify the apparent solubility
of the molecule and to increase the stability of the compound under the exposure to light,
heat, and oxidizing conditions [52]. In this study, the solubility of capsule formulations
with beta-cyclodextrin (N5–N7) improved quantitatively compared to the control formu-
lation, but these changes were not statistically significant (p > 0.05) (Figure 6). This result
could be due to the relatively low solubility of beta-cyclodextrin in water at low pH. Shen
et al. have argued that it is important to select the appropriate ratio of anthocyanins to
beta-cyclodextrin to increase the solubility of the compounds [31]. In our experimental
study, modeling pharmaceutical formulations with different ratios of freeze-dried cranberry
powder to beta-cyclodextrin did not improve solubility. Fernandes et al. investigated the
stability and release kinetics of the anthocyanin–beta-cyclodextrin complex in blackberry
puree under gastrointestinal conditions in vitro [54]. They found that anthocyanins were
stable at acidic gastric pH, but decomposed within 15 min once in the intestine, where the
pH is higher: 55% of the anthocyanins in the complex with beta-cyclodextrin decomposed,
compared to 71% of the anthocyanins in the anthocyanin control solution [54]. The obtained
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results showed the ability of beta-cyclodextrin to reduce the degradation rate of antho-
cyanins under simulated gastrointestinal conditions, but such a complex does not provide
a modified release, which is more protective of anthocyanins against degradation [55].
Given that anthocyanins are more stable in the acidic medium than in intestinal fluids, it is
expedient to look for excipients to slow their degradation and improve their absorption.

The chitosan used in capsule formulations N8–N10 is a polysaccharide derived from
the deacetylation of chitin, a polysaccharide widely distributed in nature (in crustaceans,
insects, and fungi) [56]. Chitosan is used as a natural, biodegradable, antibacterial, gelling,
and active substance release-modifying excipient [31,57]. Positively charged chitosan
hydrochloride may form a polyelectrolyte film encapsulating charged compounds, thereby
slowing their release in the digestive tract [58,59]. The extended release of formulations
N8–N10 in this study can be explained by the anthocyanins forming a flavylium cation
in the acidic acceptor medium, which possibly interacts with the polymeric structures of
the chitosan and enters the gel structures formed by the chitosan, thus prolonging the
release of anthocyanins into the acceptor medium [31]. As the chitosan content increased
in the tested capsules (N8 < N9 < N10), a higher proportion of the anthocyanins was
incorporated into chitosan complexes, resulting in lower amounts of anthocyanins in
the acceptor medium. Thus, the chitosan–anthocyanin complex potentially increases
anthocyanin stability and bioavailability [31]. He et al. investigated the release of the
nanoparticles of the blueberry anthocyanin–chitosan complex from dialysis membrane
bags under gastrointestinal conditions [60]. They found that after 120 min, the amount of
anthocyanins released into the acceptor medium from the anthocyanin–chitosan complex
was lower (47.73%) than the amount of anthocyanins released from the free anthocyanin
solution (68.53%) [60]. Chitosan has the ability to stabilize anthocyanins in nanoparticle
formulations and to slow their degradation in the gastrointestinal tract, and the slow release
can reduce the degradation of the bioactive compounds and improve their bioavailability
and absorption in the gastrointestinal tract [60,61].

The instability and low bioavailability of anthocyanins require strategic solutions
to achieve targeted delivery of anthocyanins with good bioavailability and controlled
release rates [31]. Pharmaceutical formulations stabilizing anthocyanins and modifying
their release kinetics may be important in delivering higher amounts of unabsorbed and
unmetabolized anthocyanins to the colon, where they are metabolized by gut bacteria [62].
Based on bioavailability and absorption data, most of the anthocyanins consumed are
actively metabolized and converted into small metabolites by gut bacteria such as Bifidobac-
terium spp. and Lactobacillus spp. [30]. Liu et al. found that administration of cranberry
anthocyanin extracts increased the growth of the bacteria Lachnoclostridium, Roseburia, and
the Clostridium innocuum group, and decreased the growth of the strains Rikenella and
Rikenellaceae in mice [63]. Anhê et al. found that mice fed 200 mg/kg cranberry extract
for 8 weeks had an increased population of Akkermansia spp. in their gut microbiota [64].
Morato et al. conducted a randomized controlled trial in 11 healthy adults and found that
a cranberry diet with a daily intake of 30 g of freeze-dried cranberry powder resulted in
an increase in Bacteroidetes and a decrease in Firmicutes bacterial populations in healthy
adults after 5 days of treatment, when compared to a placebo powder diet [13]. Good
intestinal bacteria are important for improving the metabolism of phenolic compounds,
enhancing intestinal barrier function, increasing mucus secretion, producing short-chain
fatty acids, and regulating lipid metabolism [65]. Freeze-dried cranberry fruit powder
showed antioxidant activity. The results of the dissolution test showed that cranberry
lyophilizate capsules could be a source of natural antioxidants. Freeze-dried cranberry
powder could be used in the development of prebiotic formulations, but it is important to
select the appropriate excipients for such formulations to ensure the targeted metabolism
of anthocyanins in the colon.

This study of capsules with lyophilized fruit, like many other similar studies, is
focused on disease prevention and healthier nutrition in order to provide quality cranberry
fruit products to increase the amount of fruit and cranberry products consumed in modern
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society. On the other hand, in contrast to other researchers, we aim to use whole cranberry
fruit lyophilizate, but not the processed cranberry extract used by many researchers [23].
This helps preserve the natural and complete composition of cranberry fruit’s biologically
active compounds for benefits for health.

4. Materials and Methods
4.1. Preparation of Freeze-Dried Cranberry Powder

For the experiment, fruits of large cranberry (Vaccinium macrocarpon Aiton) cultivar
‘Dižbrūklene’ were collected on 30 September 2021, in the collection of the National Botanic
Garden (Salaspils, Latvia) (56◦51′55.4” N 24◦21′36.9” E). Fresh cranberry fruit samples
were frozen at −20 ◦C in a freezer. Subsequently, the fruits were frozen at −60 ◦C in an
ultra-low temperature freezer (CVF330/86, ClimasLab SL, Barcelona, Spain). The fruits
were freeze-dried at a condenser temperature of −85 ◦C and a pressure of 0.01 mbar in
a lyophilizer (Zirbus, Zirbus Technology GmbH, Bad Grund, Germany). Freeze-dried
cranberry fruit powder (particle size approximately 100 µm) was prepared by grinding
lyophilized fruits in an electric mill (Retsch GM 200, Retsch GmbH, Hahn, Germany). Loss
on drying was estimated using the method described in the European Pharmacopoeia [66].

4.2. Reagents

Acetonitrile and hydrochloric acid were purchased from Sigma-Aldrich (Steinheim,
Germany). Ethanol 96% (v/v) was purchased from Stumbras AB (Kaunas, Lithuania).
Formic acid was purchased from Merck (Darmstadt, Germany). The standard anthocyanins
and anthocyanidins, including peonidin chloride, peonidin-3-galactoside, peonidin-3-
arabinoside, peonidin-3-glucoside, cyanidin chloride, cyaniding-3-galactoside, cyaniding-
3-glucoside, cyaniding-3-arabinoside, malvidin chloride, malvidin-3-galactoside, malvidin-
3-arabinoside, and delphinidin-3-galactoside were purchased from Extrasynthese (Genay,
France). Excipients (sodium carboxymethylcellulose, beta-cyclodextrin, chitosan (deacety-
lation grade ≥ 75%, medium molecular weight)) was purchased from Sigma-Aldrich (Stein-
heim, Germany); PROSOLV SMCC TM 50 (Penwest, UK). Deionized water was prepared
by a Milli-Q water purification system (Milli-Q®, Millipore, MA, USA).

4.3. Extraction Procedure

During the study, 1 g of freeze-dried cranberry powder (exact weight) was weighed
and extracted with 20 mL of 70% (v/v) ethanol solution containing 1% hydrochloric acid at
80 kHz and 565 W for 15 min in an ultrasonic bath (Elmasonic P, Elma Schmidbauer GmbH,
Singen, Germany) at room temperature. The extract of freeze-dried cranberry powder was
filtered into a 20 mL volumetric flask. Extraction of freeze-dried cranberry powder was
performed three times.

4.4. Spectrophotometric Study

An ABTS+ (radical cation decolorization study) antioxidant activity determination
was performed using the methodology introduced by Re et al. [67] and described and
modified by Raudone et al. [68]. A volume of 3 mL of the ABTS·+ solution (absorbance
0.800 ± 0.02) was mixed with 5 µL of the ethanol cranberry extract. The samples were
kept in the dark for 30 min, then the decrease in absorbance was measured at 734 nm. The
antiradical activity of the ethanolic cranberry extract was calculated from the standard curve
(y = 0.00004x − 0.0823; R2 = 0.999) which was prepared using standard Trolox solutions of
2000–11,000 µmol/L concentration.

The FRAP (ferric reducing antioxidant power) assay was performed by using method-
ology described by Raudone et al. [69]. A volume of 3 mL of the prepared FRAP reagent
was mixed with 5 µL of ethanol cranberry extract. After 30 min, the absorbance was read
at 593 nm using a UV–vis spectrophotometer. The reducing antioxidant power of the
ethanolic cranberry extract was calculated from the standard curve (y = 0.00006x − 0.0235;
R2 = 0.995) which was prepared from standard Trolox solutions (2000–11,000 µmol/L).
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4.5. Encapsulation Process

Number 0 hard gelatin capsules were used in this study. The compositions of the
capsule fillings are described in Table 1. The capsule filler powder was prepared by simply
mixing a freeze-dried cranberry powder with an excipient. The capsules were prepared
using the manual capsule filling machine (Capsuline, Davie, FL, USA).

4.6. Test of the Uniformity of Mass of Single-Dose Preparations

The determination of mass uniformity was performed based on the European Phar-
macopoeia [70]. The tested capsules were weighed, and the mean weight of 1 capsule was
determined. Next, each capsule was carefully opened, and the content was removed. The
emptied capsule was re-weighed. The mass of the content was the difference between the
two weighings. The percentage deviation was set to±7.5% for capsules with a mass greater
than 300 mg.

4.7. In vitro Disintegration Test

The capsule disintegration test was performed according to the methodology de-
scribed in the European Pharmacopoeia [71]. The disintegration time was determined
using the device C-MAG HS7 (IKA®-Werke GmbH & Co, Staufen, Germany). The disinte-
gration medium was 0.1 N hydrochloric acid solution, temperature 37 ± 0.50 ◦C, observed
for 30 min.

4.8. In Vitro Dissolution Test

In vitro dissolution test of all freeze-dried cranberry fruit powders contained in hard
gelatin capsules was performed using a dissolution tester (Sotax AT 7 smart, SOTAX AG,
Allschwil, Switzerland). The acceptor medium was 250 mL of 0.1 N hydrochloric acid
solution. The samples were taken after 15, 30, 45, 60, 75, and 90 min. The test was conducted
at a rotational speed of 100 rpm and the temperature of 37 ± 0.5 ◦C. During the analysis,
2.5 mL of the sample was withdrawn from the dissolution media and replaced by 2.5 mL
of fresh media solution. The kinetic release regression coefficients were found by Higuchi
model [72].

4.9. UPLC-DAD Analysis

Prior to the chromatographic analysis, the test samples were filtered through filters
with 0.45 µm pore size (CHROMAFIL® Xtra PTFE45/25, 0.45 µm, Macherey–Nagel, GmbH
and Co. KG, Dueren, Germany). Anthocyanins and anthocyanidins were estimated using
the methodology described by Vilkickyte et al. [73]. The compounds were quantified using
an Ultra-High-Performance Liquid Chromatography system (Waters ACQUITY UPLC,
Milford, MA, USA) with a photodiode array detector (ACQUITY UPLC PDA eλ, Milford,
MA, USA) and an ACE C18 reversed phase (100 × 2.1 mm, 1.7 µm particles) column
(An Avantor ACE, ACT, Aberdeen, UK). The injection volume was 1 µL, and the flow
rate was 0.5 mL/min. Mobile phases were 100% acetonitrile (v/v) (A) and aqueous 10%
formic acid solution (v/v) (B). The elution gradients were as described: 0.0–2.0 min, 5-5% B;
2.0–7.0 min, 5–9% B; 7.0–9.0 min, 9–12% B; 9.0–10.0 min, 12–25% B; 10.0–10.5 min, 25–80%
B; 10.5–11.0 min, 80–80% B; and 11.0–12.0 min, 80–5% B. The analysis was performed at
the temperature of 30 ◦C. Anthocyanins were monitored at 520 nm by Empower software
(Waters, Milford, MA, USA). The concentration of anthocyanins was calculated using the
calibration curves constructed from standards.

4.10. Data Analysis

Data were presented as mean ± standard deviation, and in vitro simulation was
conducted in triplicate. Statistical analysis was performed using SPSS Statistics 21 (IBM,
Armonk, NY, USA). Kruskal–Wallis one-way ANOVA testfor multiple comparisons was
used to evaluate the difference in the amounts of anthocyanins between the test samples.
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Graphs were generated with Microsoft Excel (Microsoft, Redmond, WA, USA). The amounts
of compounds in different samples were considered significantly different if p < 0.05.

5. Conclusions

The study determined the effect of excipients on the dissolution kinetics of antho-
cyanins in hard gelatin capsules with freeze-dried cranberry powder. The excipient chitosan
allows us to obtain modified-release hard gelatin capsules. Chitosan also increased the
disintegration time of the formulated capsules by >30 min when its amount reached 25% of
the capsule weight. It is promising to study the interactions between chitosan and other
excipients such as slip and solubility improvers in order to improve the properties of cap-
sules with freeze-dried cranberry powder. Chitosan-containing capsules with freeze-dried
cranberry powder could be formulated by developing them as modified-release capsules,
which could provide higher amounts of unabsorbed and unmetabolized anthocyanins
in the large intestine, thus modulating the composition of gut bacteria that metabolize
them. Additionally, this study can be extended by investigating the release kinetics of other
phenolic compounds from capsule formulations with freeze-dried cranberry.
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10. Karlsons, A.; Osvalde, A.; Čekstere, G.; Pormale, J. Research on the Mineral Composition of Cultivated and Wild Blueberries and
Cranberries. Agron. Res. 2018, 16, 454–463. [CrossRef]

11. Vostalova, J.; Vidlar, A.; Simanek, V.; Galandakova, A.; Kosina, P.; Vacek, J.; Vrbkova, J.; Zimmermann, B.F.; Ulrichova, J.; Student,
V. Are High Proanthocyanidins Key to Cranberry Efficacy in the Prevention of Recurrent Urinary Tract Infection? Phytother. Res.
2015, 29, 1559–1567. [CrossRef]

12. Howell, A.B. Clinical Evidence Supporting Cranberry as a Complementary Approach to Helicobacter Pylori Management. Food
Front. 2020, 1, 329–331. [CrossRef]

13. Rodríguez-Morató, J.; Matthan, N.R.; Liu, J.; de la Torre, R.; Chen, C.-Y.O. Cranberries Attenuate Animal-Based Diet-Induced
Changes in Microbiota Composition and Functionality: A Randomized Crossover Controlled Feeding Trial. J. Nutr. Biochem.
2018, 62, 76–86. [CrossRef] [PubMed]

https://www.who.int/news-room/fact-sheets/detail/healthy-diet#:~:text=At%20least%20400%20g%20
https://www.who.int/news-room/fact-sheets/detail/healthy-diet#:~:text=At%20least%20400%20g%20
https://www.mordorintelligence.com/industry-reports/fresh-berries-market
http://doi.org/10.1093/jn/134.3.613
http://www.ncbi.nlm.nih.gov/pubmed/14988456
http://doi.org/10.1080/10408390802145377
http://www.ncbi.nlm.nih.gov/pubmed/20443158
http://doi.org/10.1002/mnfr.200600279
http://www.ncbi.nlm.nih.gov/pubmed/17533651
http://doi.org/10.1021/jf020055f
http://www.ncbi.nlm.nih.gov/pubmed/12059161
http://doi.org/10.1002/jsfa.4330
http://www.ncbi.nlm.nih.gov/pubmed/21351105
http://doi.org/10.1111/1750-3841.13924
http://doi.org/10.3390/molecules27051503
http://www.ncbi.nlm.nih.gov/pubmed/35268605
http://doi.org/10.15159/AR.18.039
http://doi.org/10.1002/ptr.5427
http://doi.org/10.1002/fft2.47
http://doi.org/10.1016/j.jnutbio.2018.08.019
http://www.ncbi.nlm.nih.gov/pubmed/30269035


Plants 2023, 12, 1397 14 of 16

14. Philip, N.; Walsh, L. Cranberry Polyphenols: Natural Weapons against Dental Caries. Dent. J. 2019, 7, 20. [CrossRef] [PubMed]
15. Masnadi Shirazi, K.; Shirinpour, E.; Masnadi Shirazi, A.; Nikniaz, Z. Effect of Cranberry Supplementation on Liver Enzymes and

Cardiometabolic Risk Factors in Patients with NAFLD: A Randomized Clinical Trial. BMC Complement. Med. Ther. 2021, 21, 283.
[CrossRef]

16. Thimóteo, N.S.B.; Scavuzzi, B.M.; Simão, A.N.C.; Dichi, I. The Impact of Cranberry (Vaccinium Macrocarpon) and Cranberry
Products on Each Component of the Metabolic Syndrome: A Review. Nutrire 2017, 42, 25. [CrossRef]
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