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Abstract: The purpose of this investigation was to prepare a water-soluble complex by
encapsulation of propolis extract with the carrier 2-hydroxypropyl-p-cyclodextrin (HP-3-CD) and
to examine the influence of in vitro simulated gastrointestinal digestion (GID) on the content of the
main polyphenolic groups when administered as aqueous suspension. The research was conducted
on two continental samples of propolis from Croatia and a mixture of selected polyphenol
standards. By applying UAE followed by a lyophilization procedure, it was possible to obtain a
powder with a high content of polyphenols. The content of total phenols (TPs), total
flavonols/flavones (TFFs) and total flavanones/dihydroflavonols (TFDs) in the fractions of oral and
gastric phase and small intestinal phase performed with two models: centrifugation and dialysis
through a semi-permeable membrane, was determined by three UV/Vis spectrophotometric
methods: Folin-Ciocalteu, aluminium complexation and 2,4-dinitrophenylhydrazine method. The
obtained results for both propolis complexes showed stability in the polyphenol content and high
bioaccessibility during all three phases of digestion. The bioaccessibility of TPs, TFFs and TFDs
under in vitro conditions after dialysis through a semipermeable membrane was lower compared to
the intestinal phase model with centrifugation.

Keywords: poplar propolis; phenolics; flavones; flavonols; flavanones; cyclic oligosaccharide;
UV/VIS spectrophotometry; gastrointestinal digestion; bioaccessibility

1. Introduction

Propolis is a highly valuable biologically active product of animal origin, which is widely used
in many preparations for oral and topical application. Its composition is very complex and it is
influenced by geographical factors and botanical origin. Continental or temperate climate propolis,
also called poplar type, is the largest source of propolis in Europe [1]. The most significant biologically
active components of this type of propolis are polyphenols, including flavonoid aglycones (flavones,
flavonols and flavanones), substituted cinnamic acids and their esters [2,3]. There is no uniform type
of propolis in Croatia. As Croatia is situated in the south-east of Europe and has a coastal part with
the influence of the Mediterranean, the composition of propolis gradually changes from continental
to mountainous and finally Mediterranean type [4]. It is very difficult to compare previously reported
papers on the chemical composition of Croatian propolis due to the different origin of the samples,
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extraction methods and solvents used, but also the way of expressing the content of polyphenolic
compounds [5,6].

Due to dominant resinous and waxy composition, propolis is hardly consumed in its native form
and it is necessary to purify it by extraction. Polyphenols are partially polar compounds, and as a
part of resin, are poorly soluble in water and have low bioaccessibility after oral administration. These
are the reasons why propolis has limited use for therapeutic purposes. Commonly used procedures
for the extraction of propolis samples are maceration (MCR) and Soxhlet extraction. However, newer
extraction techniques such as microwave-assisted extraction (MAE) or ultrasound-assisted extraction
(UAE) are increasingly being used due to lower consumption of organic solvents, reduced time of
extraction and higher yields [7,8,9]. Ethanolic extracts of propolis (EEP) are widely used in various
studies of the biological activity of propolis since most propolis compounds are soluble in ethanol
(EtOH). On the other hand, these extracts are often not appropriate because EtOH can cause allergies,
and is generally undesirable in preparations intended for children and in veterinary medicine [10].

Numerous methods, such as particle size reduction, nanosuspension, use of surfactants, salt
formation or solid dispersion, are used to improve pharmacokinetic properties and maintain high
concentration ranges of polyphenols [11]. During the last few years encapsulation techniques have
become a promising and very effective tool for increasing the solubility of polyphenols with the
ability to form inclusion complexes thus allowing them to be used as active ingredients in functional
foods or medicines.

Cyclodextrins are biocompatible and non-toxic cyclic oligosaccharides that form inclusion
complexes by entrapping the organic compound in their hydrophobic cavity. Since the outer surface
of cyclodextrins is hydrophilic, solubility in water for some types of cyclodextrins is very high [12].
Until now, several studies have been conducted related to the biological activity of the inclusion
complex of propolis and cyclodextrin, as well as individual polyphenolic compounds and different
types of cyclodextrin, like a-, 8-, y-cyclodextrin and their derivatives [13,14].

The potential biological activity of propolis extracts depends on the synergy of the polyphenolic
fraction but also on its bioaccessibility profile, which can be low and divers among polyphenols
[15,16]. Simple in vitro models have become an important tool in gastrointestinal (GI) stability
research and the prediction of bioaccessibility of certain food components or food supplements
[17,18].

In numerous scientific papers, the bioaccessibility of polyphenols was determined during in vitro
simulated gastrointestinal digestion (GID) in food of plant origin and medicinal herbs, but very few
papers determined the bioaccessibility of polyphenols from propolis [19,20,21,22]. For these reasons,
our research was directed towards the preparation of a water-soluble propolis complex with the
carrier 2-hydroxypropyl-p-cyclodextrin (HP-p-CD), by obtaining stable lyophilisate which will have
a high concentration of polyphenolic compounds and have a pleasant taste. Furthermore, we have
also investigated gastrointestinal stability (bioaccessibility) and dialysability of polyphenolic groups
from two samples of Croatian continental propolis during in vitro simulated GID after oral
administration of the inclusion complex of propolis extract and HP-3-CD by determining total
phenolic-flavonoid content.

2. Materials and Methods

2.1. Reagents and Chemicals

The reagents and standards used in this study were obtained as follows: galangin from Sigma
Aldrich, China, pinocembrin from Sigma Aldrich, Uzbekistan, Folin-Ciocalteu reagent Sigma-
Aldrich, Buchs, Switzerland, sodium carbonate, aluminium chloride (AICls) and sulfuric acid from
Sigma-Aldrich, Steinheim, Germany, 2,4-dinitrophenylhydrazine (2,4-DNPH) and quercetin from
Sigma-Aldrich, India, potassium hydroxide from Kemika, Zagreb, Croatia and HP-B-CD was
purchased from Wacker Chemie AG, Burghausen, Germany. Ethanol, absolute, for analysis was
purchased from Supelco, Darmstadt, Germany and water (HPLC grade) was obtained from
Honeywell, Seelze, Germany. a-amylase from human saliva, pepsin from porcine mucosa,
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pancreatin, porcine (8x United States Pharmacopoeia) and beef bile, dry, unfractionated were
purchased from Sigma-Aldrich, Saint Louis, Missouri, SAD and cellulose dialysis membrane
(molecular weight cutoff of 3.5 kDa) was obtained from Spectrum Labs, New Brunswick, NJ, SAD.
All other reagents and solvents used were of analytical grade.

2.2. Propolis Samples

Samples of raw propolis were obtained from local beekeepers during 2019 and 2020 from two
regions of Croatia: Valpovo (Osijek-Baranja County, 45°40'N 18°25'E) and near Zagreb (the City of
Zagreb, 45°49'0"N 15°59'0"E). The samples were placed in sealed plastic bags and stored at -10 to -20
°C until analysis.

2.3. Preparation of Inclusion Complex with HP--CD

Frozen propolis was homogenized into powder and 0.5 g was extracted in 5 mL of 70% EtOH
by UAE for one hour at room temperature. The extract was centrifuged at 4472 x g for 20 minutes at
4 °C and stored over night at -10 to -20 °C. The next day, the extract was centrifuged under the same
conditions. The supernatant was quantitatively separated from the residue and waxes by filtration
through filter paper (Whatman No.4) in a volumetric flask and the volume was made up to 10 mL
obtaining EEP. The extract was subsequently evaporated to dryness in a rotary evaporator under
reduced pressure at 50 °C. Propolis dry extract was suspended in 50 mL of 2.0% m/V HP-3-CD
aqueous solution and the suspension was sonicated for 2 hours. The obtained suspension was frozen
at -80 °C and subsequently lyophilized using a freeze dryer at -50 °C and 0.1-0.3 mbar. Water extract
was prepared in the same manner as the complex but without cyclodextrin. The powder, referred to
as Valpovo (VIp) or Zagreb (Zg) complex, was kept at -20 °C until further use.

2.4. In Vitro Digestion Protocol

Propolis complexes (Valpovo and Zagreb) were analyzed according to the method developed
by the COST INFOGEST international network [23]. This static in vitro procedure included three
sequential phases of digestion: oral, gastric, and intestinal. Before performing the procedure,
simulated saliva fluid (SSF), gastric fluid (SGF) and intestinal fluid (SIF) were prepared for each phase
at a defined temperature and adjusted pH, Table S1 (Supplementary Material). The enzyme solutions
were freshly prepared and kept in an ice bath until use. During the experiment, separate test tubes
were used for each digestion phase to ensure the homogeneity of the sample during each phase.

The procedure was initiated by adding a 5 mL sample (aqueous suspension of the complex EEP
with HP--CD) to a 50 mL amber centrifuge tube and was mixed with 4.0 mL of SSF. After that, 0.5
mL of a-amylase aqueous solution (1500 U/mL in SSF), 25 L of 0.3 mol/L CaCl: and 225 uL of
distilled water were added to the mixture to make the ratio of sample to SSF 1:1 (v/v). The mixture
was incubated in a water bath at 37 °C for 5 minutes with a uniform shake. To simulate the gastric
phase (GF), 8.0 mL of SGF, 0.667 mL of pepsin solution (2000 U/mL in SGF), 5 puL of 0.3 mol/L CaCl2
and 0.448 mL of distilled water were added to the mixture from OF. The mixture was incubated in a
water bath at 37 °C for 2 hours with stirring.

Two separate protocols were performed to simulate the intestinal phase (IF):

. IF-C model:

The volume of 8.0 mL SIF was added to GF, followed by adding 5.0 mL of pancreatin solution
(800 U/mL in SIF), 3.0 mL of 160 mmol/L bile salts, 40 uL of 0.3 mol/L CaClz, 0.15 mL of 1 mol/L
NaOH, and 3.16 mL of distilled water. A sodium hydroxide solution was added to the mixture to
neutralize the mixture to pH 7.0. The reaction mixture was again incubated in a water bath at 37 °C
for 2 hours.

e  Dialysis model:

Enzymes and reagents were added to the GF in the same concentrations as in the 1st model.
However, a semi-permeable membrane for dialysis, which simulated the wall of the small intestine,
was filled with NaHCOs and NaCl solution and immersed in the test tube with the GF. Simulated
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intestinal fluid, pancreatin and bile salts were then added in concentrations as already described in
the IF-C model. The reaction tube with membrane was placed in a water bath at 37 °C for 2 hours
with agitation. The solution outside and inside the dialysis tubing (referred to as “Dout samples” and
“Din samples”, respectively) were taken to represent the material that remained within the
gastrointestinal tract and the fraction that was accessible for absorption, respectively.

At the end of each phase the fractions OF, GF, IF-C, Din and Dout were placed in an ice bath for
10 minutes and centrifuged at 4472 x g for 20 minutes at 4 °C to separate soluble (bioaccessible) from
insoluble compounds, then aliquots were stored at -80 °C until analysis. The concentration of
individual standards in the EESS and HP-3-CD complex during the in vitro digestion simulation was
determined taking into account the obtained average concentrations of polyphenolic compounds in
the EEP complex with HP-3-CD (described in section Results 3.1., Table 1.). The blank sample
contained water, enzymes and digestive fluids. Before spectrophotometric analysis, aliquots of the
samples were diluted or directly analyzed without dilution, depending on the analyte concentration
in the individual phase.

Aqueous suspension
of lyophilisate

[ | |

Oral digestion Oral digestion Oral digestion
v
Gastric digestion Gastric digestion

+
’ Intestinal digestion ‘

Centrifugation Dialysis
(20 min/4 °C/4472 g) membrane
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Figure 1. Schematic representation of the in vitro gastrointestinal digestion. Created with

E\ /

BioRender.com.

2.4.1. Bioaccessibility Index

Bioaccessibility (%) was described as the content of phenolic compounds released in the in vitro
digestion process compared to the content of phenolic compounds in the tested samples, and the
percentage of bioaccessibility was calculated according to the following equation:

content of compounds released after simulated intestinal digestion

Bioaccessibility (%) = x 100 1)

content of compounds in the undigested sample

2.5. Determination of Total Phenolic Content

Determination of the total phenolic content (TP) was carried out using Folin-Ciocalteu's reagent
according to the modified method described by Popova et al. [24]. For sample analysis, a volume of
0.1 mL was diluted with 80% ethanol in a 10 mL volumetric flask so that the concentration
corresponded to the working range of the method. An aliquot of 0.5 mL of the resulting solution was
added in a 25 mL volumetric flask to which 7.5 mL of distilled water was previously added, after
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which 2 mL of Folin-Ciocalteu reagent and 3 mL of 20% aqueous solution of sodium carbonate were
added. The volume was made up with distilled water and stored in the dark at room temperature for
2 hours (= 3 min). The absorbance of the resulting solution was measured at 760 nm. The results for
the TP content are expressed in ug PC:GN/mL of the inclusion complex aqueous solution.

2.6. Determination of Total Flavonols and Flavones

The content of total flavones and flavonols (TFF) was estimated based on the procedure used by
Popova et al. [24] with some modifications. The calibration curve for TFFs was prepared with QC as
a reference. For TFF analysis, a volume of 0.1 mL was diluted with 80% ethanol in a 10 mL volumetric
flask and the volume was made up with the same solvent. An aliquot of 1.0 mL of the resulting
solution was diluted with 10 mL of methanol, 0.5 mL of 5% methanolic solution of aluminium
chloride was added and the volume was made up to 25 mL with methanol. The reaction mixture was
stored for 30 minutes in the dark at room temperature. The absorbance of the resulting solution was
measured at 415 nm. The results for the TFF content are expressed in ug QC/mL of the complex
aqueous solution.

2.7. Determination of Total Flavanones and Dihydroflavonols

The quantitative analysis for the determination of flavanones/dihydroflavonols content (TFD)
was carried out according to the method reported by Bankova et al. [25], with some modifications.
Methanolic solution of PC was used as a reference standard for the preparation of the calibration
curve. The sample for analysis of a volume of 1.0 mL was diluted with 80% ethanol in a 10 mL
volumetric flask. The 2,4-DNPH reagent was prepared by dissolving 1 g of 2,4-DNPH in 2 mL of 96%
sulfuric acid in a volumetric flask with a volume of 100 mL, and the resulting mixture was diluted
with methanol. The reaction mixture consisting of 1 mL of diluted sample solution and 2 mL of 2,4-
DNPH solution heated in a water bath at 50 °C / 50 min. After cooling to room temperature, the
mixture was diluted with a 10% ethanolic solution of potassium hydroxide (80% ethanol). The
volume of 1.0 mL of the resulting solution was then diluted with methanol in a 25 mL volumetric
flask, and the resulting solution was centrifuged (4472 x g, 10 minutes). The absorbance of the
supernatant was measured at 495 nm. The results for the TFD content are expressed in ug PC/mL of
the complex aqueous solution.

2.8. Statistical Analysis

Samples were analyzed in triplicate and data were expressed as mean + standard deviation (SD).
The results were analyzed using the statistical program Stata 13.1 (Stata Corp. USA). Polyphenolic
content in individual phases were compared using the Kruskall Wallis (KW) non-parametric test and
Dunn's post hoc test of mutual phases. Probability values less than 0.05 (p < 0.05) were considered
statistically significant.

3. Results

3.1. Influence of HP-$-CD on Polyphenolic Contents

The effect of HP-B-CD, water and 70% EtOH on extraction of polyphenols was shown in Table
1 by estimation of TPs, TFFs and TFDs contents. As the aim of this study was to prepare propolis dry
extract with minimal solvent consumption and the use of non-toxic chemicals, the analysis of the EEP
complex showed that HP-3-CD effectively encapsulated polyphenols from propolis extract (Table 1)
obtaining high contents of TP and TFF. The TP content in the analyzed undigested Vlp complex was
15477.22 +10.50 ug PC:GN/mL and 20104.91 + 13.75 ug PC:GN/mL for sample Zg complex (Table 1;
Table 2). The contents of TFDs and TFFs in water extract were significantly lower (p < 0.05), unlike
to TPs where no significant difference was observed compared to EtOH extract and HP-{3-CD
complex. The content of TFF, calculated using QC as a reference, was 4626.10 + 12.12 ug QC/mL in
the Zg complex and 3795.19 + 20 ug QC/mL in the sample VIp (Table 3). The results for 70%EtOH

do0i:10.20944/preprints202307.1981.v1
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extract were obtained in study reported by Perak et.al. [26]. The content of TFD in 70% EtOH extract
was significantly higher than TFDs in complex or water extract. However, the contents of TFDs in
HP-B3-CD complex were significantly lower compared to 70% EtOH.

Table 1. Total phenolic (TP) content, total flavanones/dihydroflavonols (TFD) and total
flavones/flavonols (TFF) content determined in propolis-HP-B-CD complex, water extract and 70%
ethanolic extract (70% EtOH).

Propolis Vip Propolis Zg

TP1 TFF 2 TFD 3 TP! TFF 2 TFD 3

HP-B-CD 15477.2 £10.5 37952 +20.7 479.8 £ 8.8 20104.9+£13.7 = 4626.1+12.1  480.6+1.5
Water 17342.5+188.6 111.4+28.8 82.5+9.1 18176.4+222.5 254.7+35.6 151.742.3
70% EtOH 21223.9+489,3 648.9+10.7 5498.9+259.4  21715.8+512.8 718.2+17.1 5472.9+245.5

! Mean (ug PC:GN/mL) + SD; 2 Mean (ug QC/mL) + SD; 3 Mean (ug PC/mL) + SD; SD: Standard Deviation.

3.2. Effect of In Vitro GID on Total Phenolic Content

The content of TPs in complexes of the undigested sample, US, and fractions from OF, GF, IF-C,
Din and Dout phases of digestion were determined by the Folin-Ciocalteu method as presented in
Table 2. During the in vitro digestion, all analyzed samples showed a slight increase in TP content
compared to the US for both models of the intestinal phase, centrifugation and dialysis.

Table 2. Total phenols determined by the Folin-Ciocalteu method in the undigested sample (US) and
after the oral (OF) and gastric phase (GF) and the phase in the small intestine of the fraction with
centrifugation (IF-C), the fraction inside the semipermeable membrane (Din) and the fraction outside
the semipermeable membrane (Dout) in a complex mixture of standards (std mix), propolis Valpovo
(Vlp) and propolis Zagreb (Zg) with 2-hydroxypropyl-B-cyclodextrin.

Total phenolics * in complex

Phase
Std mix Vlp propolis Zg propolis

us 6102.7 +4.02 15477.2 +10.5 a0 20104.9 £ 13.7 b
OF 6927.1+79a 14789.6 £21.0 b 19733.5+34.6 "
GF 7458.0+99.1 2 18747.7 £ 69.2 b 20553.0+31.7¢b
IF

IF-C 8263.1 £55.02 22466.9 + 322.2 ab 26004.1 £208.2 b

Din 6118.8+110.0 2 129733 +84.0° 10920.6 + 138.4 ab

Dout 9289.5 £259.8 2 21587.2 +247.9 ab 29669.6 £ 84.0 ®

* The result is expressed as the mean value of pg PC : GN/mL complex + standard deviation (SD); n = 3. Statistical
significance was tested using the Kruskall Wallis non-parametric test and Dunn's post hoc test of mutual phase,
with p <0.05. a, b - different letters indicate statistically significant differences (p < 0.05) between complexes std
mix, Vlp propolis and Zg propolis in the same digestion phase.

3.3. Effect of In Vitro GID on Total Flavones and Flavonols Content

During the GID, TFF content slightly decreased in Zg and Vlp complexes, and stagnated for the
standard mixture. In Table 3, a significant increase of the bioaccessible TFFs was observed in the IF-
C fraction compared to Din in Zg sample (p < 0.05).

A greater instability was observed during GF of GID, TFFs were significantly decreased in the
sample Zg and increased in std mix (p <0.05), however, compared to the US there were no statistically
significant differences (p > 0.05), which proved the stability of TFFs during stages of GID.
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Table 3. Total flavones/flavonols determined by the aluminium complexation method in the
undigested sample (US) and after the oral (OF) and gastric phase (GF) and the phase in the small
intestine of the fraction with centrifugation (IF-C), the fraction inside the semipermeable membrane
(Din) and the fraction outside the semipermeable membrane (Dout) in a complex mixture of standards
(std mix), propolis Valpovo (Vlp) and propolis Zagreb (Zg) with 2-hydroxypropyl-f-cyclodextrin.

Total flavones/flavonols* in complex

Phase
Std mix Vlp propolis Zg propolis

us 14573 +8.4 4 3795.2 £20.7 ab 4626.1+12.1°
OF 1675.7 +4.7 3464.1 £24.7 @b 4132.1+£39.9°
GF 1746.2+90.0 2 3927.8 £74.1° 27158 +16.2 2
IF

IF-C 1262.2 +56.0 2 2479.6 +145.7 b 4160.3 £81.3 b

Din 1036.0 +233.1 1897.8 +98.7 421.9+116.5"

Dout 1553.1+85.52 4612.8 £178.0° 3858.6 +37.3 &

* The result is expressed as the mean value of ug QC/mL complex * standard deviation (SD); n = 3. Statistical
significance was tested using the Kruskall Wallis non-parametric test and Dunn's post-hoc test of mutual phase,
with p <0.05. a, b — different letters indicate statistically significant differences (p < 0.05) between complexes std
mix, Vlp propolis and Zg propolis in the same digestion phase.

3.4. Effect of In Vitro GID on Total Flavanones and Dihydroflavonols Content

During in vitro GID, there was a significant increase in TFD content in both propolis complexes
and the standard mixture. The exception in the obtained results is the content of TFD in Din fraction
of the standard mixture, TFDs were extremely low, which was confirmed by statistical analysis
(Table 4). The content of TFDs in US was very similar for all three samples and there was no
significant difference (p > 0.05) between them. After OF, the content of TFD only slightly increased in
the complexes Zg and Vlp, while in the std mix the content significantly increased from 426.96 ng
PC/mL to 1060.17 pg PC/mL. In acidic gastric conditions, the content of TFD compared to the initial
US increased significantly, there was an enhanced release of flavanones and dihydroflavonols from
the propolis matrix. The intestinal phase, IF-C showed further increase in the content of TFD for the
complexes, however, in the std mix sample, TFDs have maintained similar trend compared to GF (a
very slight increase compared to GF).

Table 4. Total flavanones/dihydroflavonols determined by the 2,4-dinitrophenylhydrazine method
in the undigested sample (US) and after the oral (OF) and gastric phase (GF) and the phase in the
small intestine of the fraction with centrifugation (IF-C), the fraction inside the semipermeable
membrane (Din) and the fraction outside the semipermeable membrane (Dout) in a complex mixture
of standards (std mix), propolis Valpovo (Vlp) and propolis Zagreb (Zg) with 2-hydroxypropyl-$3-

cyclodextrin.
Total flavanones/dihydroflavonols * in complex
Phase
Std mix Vlp propolis Zg propolis
us 427.0+4.82 479.8 £ 8.8 b 480.6+1.5°b
OF 1060.2 £11.0 643.1+21.3° 685.2 +14.0 2
GF 22455 +53.02 1899.7 +34.0 ab 1318.1£95.5°
IF
IF-C 2360.2£32.32 4609.2 + 409" 3101.8 £82.6 %
Din 17.2+34.12 34127+ 834" 3035.1£68.2
Dout 3083.3 £75.6 2 1507.9 +27.8® 2704.45 + 48.6 @b
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* The result expressed as the mean value of pg PC/mL complex + standard deviation (SD); n = 3. Statistical
significance was tested using the Kruskall Wallis non-parametric test and Dunn's post-hoc test of mutual phase,
with p <0.05. a, b — different letters indicate statistically significant differences (p < 0.05) between complexes std
mix, Vlp propolis and Zg propolis in the same digestion phase.

3.5. Bioaccessibility of Polyphenols

In vitro bioaccessibility and potential absorption of polyphenols after simulated in vitro GID of
the following complexes: standard mixture of selected polyphenols, ethanolic extracts of propolis
Valpovo and Zagreb are shown in Figure 2. Total phenolics, calculated according to Equation 1, were
above 100% in IF-C fraction for all three complexes (Figure 2A). In the Din fraction, the highest values
of bioaccessible polyphenols were in the std mix, and the differences between bioaccessible contents
in IF-C and Din were statistically significant (p < 0.05) for all analyzed complexes. Total phenolics in
GID fractions presented in Table 2 showed that TPs are stable during GID, and the increase in content
after IF-C compared to US indicated high bioaccessibility, i.e., polyphenols were effectively released
from the matrix. In Din fraction, the content of dialyzable TPs was found from 54% in the Zg complex
to 100% in the std mix.

The content of bioaccessible TFFs in all three complexes was high, ranging from 65% to 90%
when IF-C model was performed. In the dialysis model, significantly lower value of bioaccessible
TFFs were obtained in the Zg complex (p < 0.05) when compared to IF-C, while the TFF in Vlp and
std mix samples have shown better recoveries.

Dialyzable fraction Din in the std mix showed very low TFDs, but in the complexes the situation
was different, TFDs in IF-C and Din were very similar, without significant differences (p > 0.05)
between them for both Vlp and Zg complexes. Although TFDs in Din fraction were high, the Dout
fraction also contained a large content of bioaccessible compounds indicating that most of TFDs in
this study remained outside the dialysis membrane, did not pass through the membrane. The increase
in bioaccessible TPs, TFFs and TFDs during GF and IF-C, compared to US, indicated successful
release of polyphenols passing through the gastrointestinal tract.
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Figure 2. Bioaccessibility of A) total phenols (TP), B) total flavones and flavonols (TFF), C) total
flavanones/dihydroflavonols (TFD) after the small intestine phase performed as the centrifugation
model (IF-C) and in the semipermeable dialysis membrane model (Din) in a complex: mixture of
standards (std mix), ethanol extract of propolis Valpovo (Vlp) and Zagreb (Zg) with 2-hydroxypropyl-
B-cyclodextrin (HP-3-CD). Statistical analysis was conducted using the Kruskall Wallis non-
parametric test and Dunn's post-hoc test of mutual phase, with p < 0.05. a, b, ¢ — different letters
indicate sigi+nificant differences (p < 0.05) among intestinal fractions within each complex.

4. Discussion

Bioaccessibility research during simulated in vitro digestion included two continental samples
of propolis, near Valpovo (Vlp) and near Zagreb (Zg). The samples of raw propolis investigated in
this study were prepared in the form of an oral preparation, an aqueous suspension of a lyophilized
complex of a EEP and an aqueous solution of HP-3-CD (20 mg/mL). The advantage of the preparation
of the complex is that HP-3-CD helped to improve the solubility of the lipophilic polyphenolic
compounds and masked the bitter taste and intense smell of propolis, making the described
processing of propolis more acceptable for oral use than the alcoholic solution (Table 1). Experiments
were also carried out on an aqueous suspension of a lyophilized complex of a 70% ethanolic extract
of a mixture of selected polyphenol standards and an aqueous solution of HP-f3-CD (20 mg/mL), to
examine the influence of the synergy of all analyzed polyphenols without the propolis matrix.
Spectrophotometric methods estimate all compounds of the appropriate phenolic structure present
in the propolis sample and given that std mix complex was prepared as a mixture of only selected
standards PC, KR, GN, CA and CAPE, the initial US sample and the digestion fractions had
significantly lower TPs and TFFs compared to Vlp and Zg propolis complexes (Tables 2-4).

Considering that the previous reports on assessing the bioaccessibility and bioavailability of
polyphenols in various food and plant materials confirmed very variable but also low values (from 2
to 20%) [27], it was very challenging to perform this research. To the best of our knowledge, this is
the first research that describes the contents of bioaccessible and dialyzable polyphenols in the
complex of EEP and HP-B-CD. Therefore, our results were compared with similar studies which
investigated polyphenols in different extracts of propolis, honey, pollen, medicinal plants or food but
without cyclodextrin carrier. In the study by Ozdal et al. [21], that investigated the bioaccessibility of
TP and total flavonoids (TF) of raw propolis, an increase in TPs and TFs was confirmed during GF
and IF, however, compared to the results of the undigested sample, the bioaccessibility was low. The
research concluded that it would be more efficient to prepare the propolis sample in the form of
extracts to increase the bioaccessibility of polyphenols.

The conditions and protocol of the in vitro method described in this study were chosen based on
the standardized COST INFOGEST method to be widely applicable to both human and animal
organisms [23]. By simulating in vitro digestion in different foods or plant extracts, several simulation
models for the evaluation of the bioaccessible content of polyphenols in IF were established:
centrifugation or dialysis membrane. In IF-C, the sample from the intestinal phase is centrifuged and
the supernatant representing soluble compounds, which can potentially be absorbed, is separated
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from the sediment with insoluble, i.e., non-absorbable compounds. In the dialysis model, the
dialyzable fraction (Din) represents the amount of the sample that has passed through the
semipermeable membrane and is available for absorption from the small intestine, i.e., it is
bioavailable. On the other hand, the fraction outside the membrane (Dout) represents the amount of
the sample that is further digested in the large intestine. Cyclodextrins (CD) create inclusion
complexes with lipophilic molecules without the formation of covalent bonds, and the molecules
inside the cavity are in dynamic equilibrium with free molecules in the solution. The EEP-HP-3-CD
complex showed stability under OF conditions thus hydrolysis by a-amylase did not occur. As
reported earlier by Shahidi and Peng [28], molecules of polyphenols are stable in acidic conditions
and in this study the complex showed stability in GF compared to OF. In the IF, the polyphenols
remained stable and no degradation occurred due to the influence of slightly alkaline pH (around
7.5-8.0), showing that the polyphenol molecules in the complex have continuous stability during all
three phases of GID (Tables 2-4).

Despite the relatively high values of bioaccessible polyphenols after IF-C, their dialyzability
through the semipermeable membrane (Din fraction) turned out to be lower, and a considerable
content of bioaccessible polyphenols was obtained in the Dout fraction (Tables 2-4).

By this study centrifugation model showed that the two propolis complexes had similar
bioaccessibility profiles without statistical significance. However, the impact on cyclodextrin ability
to pass through biological membranes can be very variable [29,30]. In general, cyclodextrins increase
the solubility of poorly soluble compounds in water and improve the oral bioaccessibility in some
cases, but limit it in others. However, since similar research has not been conducted, it is not possible
to compare this study with the reported ones, but all the results are credible since they were obtained
by reliable, validated procedures and analyzed by acceptable statistical methods.

5. Conclusions

Propolis samples used in this investigation were of continental origin, a poplar type of propolis.
Using the HP-B-CD as a carrier and following the sample preparation method that included
lyophilization, a stable propolis-cyclodextrin complex was prepared, resistant to acid-base conditions
of GID, interaction with enzymes and other ingredients of digestive fluids. Spectrophotometric
methods were used to determine major polyphenolic groups. High contents of TPs, TFFs and TFDs
were estimated during all phases of the implemented in vitro GID method with two different models:
centrifugation and dialysis tubing in obtained complexes.

Bioaccessibility of TP, TFF and TFD showed higher values for the centrifugation model
compared to dialysis. Since similar research has not been conducted, our research provides new
insights for improving the solubility of polyphenols from propolis samples which leads to increasing
their bioavailability and bioactivity. The investigation will be continued on determining individual
polyphenols of the inclusion complex using liquid chromatography, optimizing the amount of
cyclodextrin and ratio of propolis/cyclodextrin, but also analyzing the potential biological activity of
the complex.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: Preparation of simulated solutions: simulated saliva fluid (SSF),
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF)
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