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ARTICLE INFO ABSTRACT
Keywords: The flavonoid hesperidin is a crucial, biologically active substance of great interest because of its
Hesperidin polypharmacological properties and high safety profile. However, its widespread use of this
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bioflavonoid in remedies for the treatment and prevention of various diseases is limited by its low
water solubility.

This study reports on solid dispersed systems (SDSs) of hesperidin, fabricated for the first time
via the method of centrifugal fibre. For one of the compositions of these SDSs, the solubility of the
flavonoid in water is observed to be 150-170 times higher than that of the pure compound.
Polyvinylpyrrolidones, with different molecular weights, was used as a fibre-forming polymer
carrier, alongside sucrose and mannitol as auxiliary substances to enhance the yield of the
composites. The SDSs of hesperidin in the form of fibres were characterised via differential
scanning calorimetry (DSC), Fourier-transform infrared spectroscopy (FTIR) and powder X-ray
diffraction (PXRD). DSC and PXRD results confirmed the amorphisation of hesperidin in the
fibrous SDSs. FTIR results confirmed that the interaction of hesperidin with the components of the
SDS composites occurs due to the formation of intermolecular hydrogen bonds.

Studies of in vitro release kinetics in buffer media with pH = 1.2, 4.5 and 6.8 showed that the
release rate of hesperidin from the centrifugally formed SDSs is considerably higher than the
dissolution rate of pure hesperidin.

Thus, the results of this study confirm that centrifugal fibre formation is a simple and effective
method for fabricating highly soluble SDSs of hesperidin.

1. Introduction

During the last two decades, the widespread use of biologically active substances of plant origin, particularly compounds of the
flavonoid class, as active substances in therapeutic agents for the prevention and/or treatment of various human diseases, such as
inflammation, diabetes, cardiovascular and neurodegenerative diseases and even cancer, has been reported [1-3].
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Among many substances of flavonoid nature, hesperidin is considered one of the well-known and widely used. This flavanone
glycoside is found in high concentrations in the peel of citrus fruits, primarily in the white subcutaneous layer, the albedo [4]. In
pharmaceuticals, hesperidin is of great interest due to its many important properties, including antioxidant, neuroprotective, pho-
toprotective, anti-inflammatory, anti-diabetic, anti-carcinogenic and anti-bacterial effects [5-8]. Furthermore, the advantages of using
hesperidin for therapeutic purposes include its high safety profile, non-accumulative nature and low probability of side effects, even
during pregnancy [9].

However, despite its polypharmacological activity, hesperidin’s low solubility in water and poor permeability through cell
membranes (classified as class IV according to the biopharmaceutics classification system (BCS)) [10,11] result in reduced bioavail-
ability and slow absorption from the gastrointestinal tract, limiting its wide application. After oral administration, hesperidin is
hydrolysed by intestinal microorganisms in the small intestine and primarily in the colon to its aglycone form (hesperetin), which is
then converted into glucuronides in the large intestine. Approximately 3 h after use, hesperidin is present in the plasma in the form of
glucuronides (87 %) and sulpha-glucuronides (13 %), reaching the maximum concentration at between 5 and 7 h [12,13]. In general,
bioavailability of hesperidin is estimated to be 20 % [14]. Therefore, we need to urgently overcome the difficulties associated with the
low water solubility of hesperidin so as to increase its bioavailability and the possibility of using its pharmacological potential to treat
various diseases.

Thus far, several attempts have been made to increase the solubility and permeability of hesperidin. Literature sources report on
increasing the solubility of hesperidin via complexation with cyclodextrin [15], formation of complexes with phospholipids [16] and
chitooligosaccharide [17], formation of nanophytosomes [18] and formation of nanocrystals [19].

In addition, formation of solid dispersed systems (SDSs) is one of the pioneering methods for increasing the solubility of compounds
of the flavonoid class, in particular hesperidin. As per scientific and literary sources, SDSs of hesperidin were obtained via various
methods. For example, an hesperidin SDS based on polyethylene glycol (PEG) 6000 (APIL:polymer ratio 1:20) was fabricated via
melting, which increased hesperidin’s solubility from 0.019 to 0.399 mg/mL [20]. In addition, SDSs of hesperidin were obtained using
natural polymers (Ocimum mucilage) and mannitol via hot melt extrusion. Water solubility of hesperidin in an optimal SDS
composition increased by ~19 times [21]. Solvent evaporation was also used to obtain an SDSs of hesperidin [22]. SDSs of hesperidin
were prepared in combination with naringin, another flavonoid. In the SDSs of polymer/(naringin-hesperidin) (80/20 w/w), the
concentrations of naringin and hesperidin were 10 wt% each. SDSs of aglycons of hesperidin and naringin, i.e. hesperitin and nar-
ingenin, were also prepared. Polyvinylpyrrolidone (PVP) K30, PEG 4000 and mannitol were tested as a suitable carrier, following
which the PVP carrier was observed to exhibit the optimal solubilisation characteristics. At pH 6.8, the % release of naringenin and
hesperetin from the PVP/naringenin-hesperetin (80/20 w/w) SDS was 100 %, while it was not higher than 60%-70 % in a PEG-based
SDS [22]. Paczkowska-Walendowska M. reported enhanced solubility and permeability of hesperidin upon employing ‘orange peel
extract’ filled nanofibers fabricated via electrospinning using PVP and hydroxypropyl-p-cyclodextrin. Dissolution studies showed
improvement in hesperidin solubility (>8-fold), and parallel artificial membrane permeability assay-gastrointestinal tract (PAM-
PA-GIT) assay results confirmed notably better transmucosal penetration (>9-fold) [10].

Noteworthily, formation of SDSs by obtaining fibres via electroforming has become a widely used method in the recent years, as it
offers simplicity, flexibility and relatively low cost [23]. However, despite the competitive potential of this technology, its commercial
application in the pharmaceutical field to increase the solubility of sparingly soluble active pharmaceutical ingredients (APIs) is
limited by low productivity and the need for relatively high voltage. Another limiting factor is electrical conductivity, as formation of
SDSs via this method necessitates maintaining a balance between API solubility, the carrier and electrical conductivity of the prepared
polymer—API-solvent system, which can be a difficult task in some cases [24].

Instead, centrifugal fibre formation, based on the melting process, is a simpler, cheaper and highly productive alternative to the
abovementioned method [25,26]. The principle of this technology is similar to obtaining cotton candy fibres. In this method, the dry
material is placed in a preheated or room-temperature (~25 °C) rotating head with openings for side nozzles. The rotation occurs at
high speed in the range of 3,000-15,000 rpm; simultaneously, the centrifugal force generated at high speed pushes the molten mass
through the holes of the head, as a result of which dry solid fibres are collected in the collector bowl [27]. This method enables to
obtain SDS fibres of various sizes at high rotation speed and at low cost due to simple equipment and no need for high voltage [28]. In
addition, temperature of the process can be controlled, making it suitable for various APIs and polymers that can be used to form SDSs.
Notably, in centrifugal forming, materials are exposed to high temperatures for the shortest possible time, reducing the risk of their
degradation. In addition, this method is considered ‘green’ because it does not require organic solvents [28].

The number of studies aimed at fabricating SDSs via centrifugal fibre formation is still fairly small, confirming this technology’s
novelty in the pharmaceutical field. S. Marano and a group of her colleagues [26] were among the first to confirm the feasibility of
centrifugal fibre formation to fabricate SDSs with improved dissolution rates of two APIs of BCS Class II. They used a lab-scale device
that involved temperature control and calibration of a commercial cotton candy production machine. On this modified machine, they
created SDSs of olanzapine and piroxicam, with sucrose as a carrier. The results of in vitro dissolution studies demonstrated that
sucrose notably increased the solubility of both APIs [26]. Somewhat later, they developed intense tablet compositions, characterised
by a high degree of API solubility, by means of centrifugally formed microfiber solid dispersed of sucrose-based itraconazole [29].

As per literary sources, micro-fibrous SDSs of diclofenac sodium with sucrose were successfully obtained using a small cotton candy
making machine [30]. Results of dissolution studies demonstrated that the prepared SDS microfibers released 98.10 % =+ 0.52 % of
diclofenac sodium within 5 min, notably better than those achieved for both the physical mixture and pure API [30]. These studies
confirmed the prospects of using sucrose to fabricate fibrous SDSs with enhanced API solubility. However, these structures may have
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relatively short shelf life because of their hygroscopic nature.

Nasir S [31]. and his colleagues expanded the range of research interests by using polymeric carriers and sucrose to form fibres of
SDSs. They developed oxcarbazepine SDSs based on sucrose and added various polymers, in particular PVP, polyvinyl alcohol and
hydroxypropyl methylcellulose, to the various SDS compositions. They observed that using sucrose and PVP in the SDS formulations
enhanced the yield and stability of fibrous SDSs of oxcarbazepine. A little later, centrifugal fibre formation was employed to suc-
cessfully fabricate micro-fibrous SDSs of ibuprofen using PVP. The average time of dissolution of this API in the composition of polymer
fibres was observed to decrease by 7 times [32].

All the above mentioned studies prove that centrifugal fibre formation is a promising and practical approach to fabricating SDSs
and enhancing the solubility of poorly soluble APIs.

Thus far, the literature has not reported on obtaining SDSs of flavonoid compounds via centrifugal fibre formation. Therefore, this
study aims to investigate for the first time the possibilities and effectiveness of using centrifugal fibre formation to obtain SDSs of the
bioflavonoid hesperidin with enhanced solubility. This study is also aims at evaluating the effect on properties of hesperidin SDS
composites of various compositions, with use of PVPs (of different molecular weights), sucrose and mannitol as carriers. In this study,
for the first time, mannitol is proposed as a component of the formulation used for obtaining SDSs via centrifugal fibre formation.

2. Materials and methods
2.1. Materials

Crystalline hesperidin was purchased from Chengdu Okay Pharmaceutical Co., Ltd (China). Two PVPs of different molecular
weights, namely PVP K-12 (average molecular weight 2500 Da) and PVP K-17 (average molecular weight 10,000 Da), were purchased
from JRS PHARMA GmbH & Co. KG (Germany). All buffer salts used in the in vitro dissolution studies and sucrose and mannitol used as
excipients for formation of hesperidin SDSs were obtained from Merck (Germany).

2.2. Methods

2.2.1. Preparation of fibrous SDSs of hesperidin

A small, commercially available machine for producing cotton candy, ‘Cotton candy maker’ (China), was used to prepare SDSs via
centrifugal fibre formation.

First, physical mixtures were prepared by mixing hesperidin (10 wt%) with various ratios of polymer carrier and auxiliary sub-
stances in an agate mortar for 5 min. 10 g of the starting material was accurately weighed and placed in the rotating head of the unit,
which had been preheated to 170°C-180 °C, followed by rotation at a fixed speed of 2400 rpm. The fibres formed were collected and
characterised within 24 h post preparation. All experiments on preparing SDSs of hesperidin via centrifugal fibre formation were
performed at room temperature (~25 °C) and a relative humidity of ~50 %.

2.2.2. Calculating the coefficient of increase in solubility of hesperidin for various compositions of SDS, and yield of fibres
Calculations of the percentage yield of fibrous solid dispersed systems of hesperidin were carried out according to equation (1):

mformed SDS

Yield (%) = x 100% @

Mphysical mixture

The first 10 mg of SDS fibres was dissolved in 5 mL of water to calculate the coefficient of increase in solubility of hesperidin in the
composition of SDSs. Thereafter, the amount of hesperidin released from the fibrous composites into the dissolution medium was
measured via UV detection on an OPTIZEN POP spectrophotometer (Mesasys, South Korea) as per a previously constructed calibration
graph (R? = 0.997) and then compared with the solubility of pure hesperidin in water, which is 0.005 g/L. The spectrophotometric
method of quantitative determination of the content of the compound in SDS was based on the qualitative reaction of hesperidin with
ferrum (III) chloride. While a coloured compound was formed, the maximum optical absorption was observed at a wavelength of 602
nm. To build a calibration graph, many standard solutions of hesperidin in dimethyl sulfoxide with known concentrations were
prepared.

The coefficient of increase in solubility (F) of hesperidin in the composition of fibrous SDS in water was calculated using equation
(2):

Fo Solubility of hesperidin — loaded fibers SDS in water, g/L

2
Solubility of pure hesperidin in water, g/L @

2.2.3. Fourier-transform infrared spectroscopy method
Fourier-transform infrared spectroscopy (FTIR) spectra of pure hesperidin, carriers and formed SDSs were obtained using a Nicolet
IS50 diamond crystal ATR FTIR spectrometer (Thermo Fisher Scientific, USA). FTIR spectra of the SDSs and components thereof were

recorded at a wavenumber range of 4000-400 cm ™! with 32 scans at a resolution of 2 cm ™.
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2.2.4. Differential scanning calorimetry method

Thermal analysis of the samples was performed via differential scanning calorimetry (DSC) (DSC Q2000 calorimeter, TA In-
struments, USA). Samples of pure API, carriers and fibrous SDSs (~5 mg) were weighed and placed in aluminium crucibles, which were
covered with a lid and heated in the device at 10°C/min rate from 20 °C to 300 °C in an environment of dry nitrogen. An empty crucible
closed with a lid was used as a reference sample. The data were analysed using TA Universal.

2.2.5. Powder X-ray diffraction method

The crystalline and amorphous phases of the studied samples were identified via powder X-ray structural analysis. Powder X-ray
diffraction (PXRD) patterns of all samples were obtained on a Siemens D500 X-ray diffractometer (Siemens, Germany) in the
Bragg-Brentano geometric scheme using a CuK, emitter (A = 1.54184 A) with an Ni filter. PXRD patterns were recorded using
diffraction angles (260) ranging from 5° to 60° (step size 0.02°, interval 10 s).

2.2.6. In vitro dissolution studies

The dissolution profiles were studied on a VK7000 vane dissolution device with a VK750D water heater (Vankel, USA) as per the
European Pharmacopoeia (Ph. Eur.) method (2.9.3) [33] in buffer media with pH 1.2, 4.5 and 6.8.

Volume of the dissolution medium was 500 mL, blade rotation speed 50 rpm and temperature 37.0 °C £ 0.5 °C. Sampling was
conducted 5, 10, 15, 20, 30, 45, 60, 90 and 120 min after the start of the test. The volume of solution selected for analysis (5.0 mL) was
compensated with the same volume of buffer solution heated to 37.0 °C + 0.5 °C.

The solution was characterised by degree of dissolution, i.e. Q, which represents the amount of the active substance dissolved in a
specified time as a percentage of the nominal content, and is calculated according to equation (3):

__ Hesperidin concentration at a specified time, g/L

%) = 100 % 3
Q (%) Nominal content of hesperidin,g/L x ° ®

The degrees of release of hesperidin from the SDSs were measured using the abovementioned spectrophotometric method and
compared with the degree of solubility of the pure compound. All measurements were performed in triplicate.

3. Results and discussion
3.1. Evaluation of fibrous SDSs of various compositions

For preparing SDSs of hesperidin via the method of centrifugal fibre formation, a pharmaceutically acceptable polymer carrier -
PVP - was selected, as it has good fibre-forming properties. However, this study used two PVPs of different molecular weights, PVP K-
12 and PVP K-17, to compare the effects of carrier molecular weight and polymer chain length on API solubility and SDS yield.

To increase the yield of fibrous SDSs of hesperidin and enhance their technological indicators, auxiliary substances, in particular
sucrose and mannitol, were incorporated into the composition of the composites. The following four compositions were selected as a
basis: hesperidin, PVP K-12 and sucrose; hesperidin, PVP K-17 and sucrose; hesperidin, PVP K-12 and mannitol; and hesperidin, PVP K-
17 and mannitol. In each composition, the percentage ratio of carriers was different (API content always remained constant).
Consequently, 22 fibrous SDSs of hesperidin were developed using the centrifugal fibre formation method (see Table 1). For each SDS
composition, the yield of the fibres formed and the coefficient of increase in solubility of hesperidin in water were calculated. Results of
the experimental studies are presented in Table 1.

From the data obtained, it can be concluded that the SDS based on the higher molecular weight polymer carrier PVP K-17 (SDS
hesp07) was characterised by twice as good solubility of hesperidin than that for the system based on PVP K-12 (SDS hesp01).
However, the yield of fibrous SDSs was on the same level in both cases. Adding sucrose into compositions containing PVP K-12
increased by 15 %-20 % the number of SDS fibres. However, in most cases, combined use of PVP K-12 and sucrose in SDS compositions
did not result in a high coefficient of increase in solubility of hesperidin. For this block of compositions (i.e., those based on PVP K-12
and sucrose), the system with PVP K-12:sucrose:hesperidin percentage ratio = 60 %:30 %:10 % had the best value for the indicator of
increase in API solubility (by 148.9 times) and high fibre yield.

In compositions with PVP K-17, increase in amount of sucrose decreased the yield of fibrous SDSs of hesperidin. However, all the
proposed composite systems offered notably increased hesperidin solubility (from 122.5 to 167.6 times).

Fibre yield increased in the cases of adding mannitol to systems based on PVP K-12 and PVP K-17. According to Table 1, systems
with polymer:mannitol:hesperidin percentage composition = 80 %:10 %:10 %, namely SDS hesp14 and SDS hesp19, achieved the best
values for the indicators of increase in solubility of hesperidin in water and were characterised by high yield of fibres. Notably, when
content of mannitol in the composition was increased to 30 %40 %, fibrous dispersed systems became very hygroscopic and quickly
absorbed moisture from the air, resulting in rapid crystallisation of materials.

Upon comparative analysis of the 22 centrifugally formed hesperidin SDSs, only the best compositions (which provided a notable
improvement in solubility of hesperidin in water and were characterised by a high yield of fibres) were selected for further research
from each ‘block’ of formulations. Accordingly, the following systems were selected to study the physicochemical characteristics of
SDSs of hesperidin: SDS hesp05, SDS hesp09, SDS hesp14 and SDS hesp19.
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Table 1
Results of increasing the solubility of hesperidin in the compositions of centrifugally formed fibrous solid dispersed systems (SDSs), and the per-
centage yield of the compositions at various carrier ratios.

No  Code Composition of SDS Composition of Coefficient of increase in solubility of hesperidin in Yield of fibrous
composites composites, % water for SDS compositions, times hesperidin SDS, %

1 SDS PVP K-12: SUCROSE: 90:0:10 79.5 +2.8 67.6 + 0.7
hesp01 HESPERIDIN

2 SDS 85:5:10 31.3+1.0 64.0 £ 0.8
hesp02

3 SDS 80:10:10 59.7 £1.2 79.0 £1.1
hesp03

4 SDS 70:20:10 95.1 +2.9 92.0 +0.3
hesp04

5 SDS 60:30:10 148.9 + 2.8 93.2+0.5
hesp05

6 SDS 50:40:10 40.5+1.9 89.6 + 0.8
hesp06

7 SDS PVP K-17: SUCROSE: 90:0:10 157.5 + 4.5 66.9 + 0.5
hesp07 HESPERIDIN

8 SDS 85:5:10 152.8 + 2.3 28.0 £ 0.5
hesp08

9 SDS 80:10:10 167.6 + 4.7 65.0 + 0.4
hesp09

10 SDS 70:20:10 122.5 +£ 0.6 42.6 +£ 0.3
hesp10

11 SDS 60:30:10 161.5 + 5.7 224 £ 0.6
hesp11

12 SDS 50:40:10 130.0 + 6.3 40.2 + 0.8
hesp12

13 SDS PVP K-12: MANNITOL: 85:5:10 353+ 34 66.3 + 0.9
hesp13 HESPERIDIN

14 SDS 80:10:10 85.4 + 0.6 942 +1.2
hesp14

15 SDS 75:15:10 65.4 +£1.7 90.4 £ 1.0
hespl5

16 SDS 70:20:10 69.4 + 1.6 85.0 + 0.4
hespl6

17 SDS 65:25:10 64.0 £ 1.2 64.6 +£ 0.9
hespl7

18 SDS PVP K-17: MANNITOL: 85:5:10 1241 + 3.7 64.0 + 0.7
hesp18 HESPERIDIN

19 SDS 80:10:10 170.7 £ 5.5 82.6 +1.3
hesp19

20 SDS 75:15:10 137.1 £ 2.4 86.6 + 0.5
hesp20

21 SDS 70:20:10 108.7 + 1.0 82.4+0.9
hesp21

22 SDS 65:25:10 1429 + 4.5 89.0 + 0.6
hesp22

3.2. FTIR spectroscopy

FTIR spectroscopy was employed to identify potential molecular interactions between APIs and carriers as resulting from SDS
formation. Fig. 1(a and b) shows the obtained spectra of the studied samples.

The FTIR spectrum of pure hesperidin was characterised by a broad and intense peak in the range of 3600-3200 cm*, which
corresponded to valence vibrations of ~O-H groups present in the flavonoid ring. Characteristic absorption maxima at 2938.5 and
2918.4 cm ! corresponded to valence vibrations of aliphatic -C-H groups. A sharp peak at 1644.9 cm ™! indicated the presence of
carbonyl (-C=0) functional groups, while the bands at 1603.9 and 1519.1 cm™! were characteristic of an aromatic ring (-C=C-
groups). At between 1298.9 and 1049.6 cm ™}, continuous peaks attributed to the ether bond ~C-O-C- and vibrations of the -C-O
groups were observed. Peaks at between 1033.1 and 970.2 cm ™! were attributed to deformational vibrations of -C—H bonds (Fig. 1a).
The results were consistent with those of research [34,35].

FTIR spectra of PVP K-12 and PVP K-17 (Fig. 1a) exhibited a broad band attributed to valence vibrations of -O-H bonds and
absorption maxima at 3429.3 and 3416.7 cm ™2, respectively. In the 3020-2840 cm ™! region, we observed absorption bands of valence
bonds of aliphatic groups -C-H, with maxima for PVP K-12 at 2953.5 cm ™! and that for PVP K-17 at 2952.5 cm ™ *. The absorption band
of -C=0 bonds in the pyrrolidone group had a maxima at 1651.3 cm™* (PVP K-12) and 1645.6 cm ™! (PVP K-17). At 1500-1340 cm ™},
deformation fluctuations of -C-H bonds were observed as medium and medium-high intensity bands with maxima at 1438.8 and
1374.1 cm™ L. These bands were common between the spectra of both polymers. The vibrations of the -C-N bonds in the pyrrolidone
ring were represented by a band of medium intensity with maxima at 1284.9 and 1017.9 cm ™! for PVP K-12 and at 1286.1 and 1018.5
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Fig. 1a. FTIR spectra of hesperidin, PVP K-12, PVP K-17, mannitol and sucrose.

cm™! for PVP K-17 [36].

Sucrose exhibited a typical disaccharide spectrum with characteristic absorption maxima at 3600-3000, 2950-2900 and
1200-1000 cm ™}, indicating the presence of -O-H, ~C-H and ~C-O groups, respectively. In the spectrum of mannitol, the absorption
maxima at 3387.1 and 3277.9 cm™! were ascribed to fluctuation of ~O-H groups, at 2948.1 cm™! indicating the presence of ~G-H
groups, and that at 1081.4 cm ™! was ascribed to ~C-O and that at 701.8 cm ™! was ascribed to out-of-plane vibrations of ~-O-H groups
(Fig. 1a). Similar data had been obtained by researchers earlier as well [37].

From the results of FTIR spectral analysis of the SDS hesp05, SDS hesp09, SDS hesp14 and SDS hesp19 samples (Fig. 1b), one can see
that in all the studied SDSs, the absorption maxima corresponding to the -C-H, -O-H and —-C-O bonds slightly shifted towards longer
wavelengths and underwent a changed shape and reduced intensity relative to individual components of the system. Therefore, it is
assumed that each of the carriers used interacted with hesperidin, mainly through formation of hydrogen bonds. In all samples of SDSs,
the absorption band in the wavenumber range of 3500-3000 cm ™, which characterises the vibrations of ~-O-H groups, was observed to
be broadened and had a considerably larger area in comparison with samples of pure API and carriers, indicating formation of
intermolecular hydrogen bonds between molecules of hesperidin, PVP and excipients such as sucrose and mannitol. Probably,
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Fig. 1b. FTIR spectra of fibrous solid dispersed systems of hesperidin.
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hydrogen bonds were formed between the API and polymer because of interaction between the —-C-H and/or —O-H groups of the
hesperidin molecule and the -C-O group of PVP. In turn, sucrose and mannitol molecules, which have numerous free -O-H groups
serving as proton donors, formed hydrogen bonds with the acceptor centres of carbonyl groups present both in hesperidin and PVP
molecules.

We also observed that in all compositions, the characteristic peaks of hesperidin, mannitol and sucrose in the range of 1300-1000
em™! changed both in shape and intensity. Although this confirmed their presence in the compositions of the obtained SDSs, it
probably indicated a decrease in crystallinity of substances, as well as an additional interaction between the —~O-H groups of mannitol/
sucrose and the carbonyl groups of hesperidin.

3.3. DSC data analysis

Thermal analysis of hesperidin, carriers and SDSs was performed via DSC to track the physical and chemical changes that occurred
during the process of centrifugal formation. DSC thermograms of the studied samples are shown in Fig. 2.
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Fig. 2. DSC thermograms of (a) hesperidin, PVP K-12, PVP K-17, mannitol and sucrose; (b) fibrous solid dispersed systems of hesperidin.

The DSC spectrum of pure hesperidin exhibited a sharp endothermic peak at 260.2 °C, corresponding to the its melting point. It also
showed a small peak centred at 173.3 °C (not widely discussed in the literature), possibly due to a dehydration process in the raw
material (Fig. 2a).

During scanning of PVP samples, wide endotherms ranging from 50 °C to 120 °C were observed because of residual moisture in the
polymers, as also reported in the literature [38]. A sharp endothermic melting peak at 166.6 °C was observed in mannitol’s DSC
thermogram, corresponding to the literature data [39]. Sucrose exhibited two endothermic peaks with maxima at 190.7 °C and
232.9 °C (Fig. 2a).

From the DSC thermograms of the SDSs, we can observe that the melting temperatures of the obtained composites, in comparison
with that of pure hesperidin, shifted towards lower temperatures. In particular, SDS hesp14, based on the polymer carrier PVP K-12
and mannitol, exhibited an endothermic melting peak at 184.9 °C, and the SDS hesp19 composition, which comprised PVP K-17 and
mannitol, had a melting point of 188.1 °C (Fig. 2b).

Instead, in SDS hesp09, consisting of hesperidin, PVP K-17 and sucrose, an endothermic melting peak was observed at 221.5 °C.
SDS hesp05 exhibited an endothermic peak at 243.1 °C, which was notably close to the endothermic peak of sucrose, which the large
amount of sucrose can explain in this system.

Upon analysing thermograms of all SDSs of hesperidin (Fig. 2b), it can be noted that none of the studied samples exhibited clear
peaks characteristic of individual components, indicating formation of complexes with new melting temperatures. In addition, the
endothermic peaks of SDSs of hesperidin were characterised by notably lower intensity. This demonstrates that hesperidin in the
centrifugally formed SDSs was amorphous and well dispersed in the matrix of polymer carriers and auxiliary compounds. In addition,
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for the analysed samples of fibrous SDSs in the specified temperature range, no signal of degradation of the compositions was detected,
confirming the thermal stability of the obtained composites and the API in their composition. This may also indicate that the tem-
peratures employed in the melting process in the rotating head of the installation did not inhibit the raw materials from forming SDSs.

3.4. Powder X-ray structural analysis

PXRD is an essential tool for identification of crystalline and amorphous phases. Diffractograms of the studied samples are shown in
Fig. 3.

As expected, the diffraction patterns of pure hesperidin, sucrose and mannitol were characterised by sharp, intense peaks (Fig. 3a),
confirming their crystalline nature. Hesperidin was characterised by a crystal pattern comprising a series of well-defined, sharp peaks
at 20 = 12.2°, 15.6°, 16.3°, 19.6°, 21.2°, 22.6° and 24.9°. The same information is available in the literature [11]. Distinct peaks at
10.4°, 14.6°, 18.8°, 20.4°, 20.9°, 23.4°, 28.3°, 29.5°, 33, 6°, 36.1° and 38.7° were detected in the diffraction pattern of mannitol. As
sucrose is also a crystalline substance, sharp peaks at 11.7°,13.1°, 15.5°, 18.8°, 19.6°, 20.8°, 22.1° 24.8°, 25.2°, 30.9° and 31.9° were
observed in its diffractograms, as also reported in the literature [40]. PXRD patterns of PVP K-12 and PVP K-17 did not exhibit notable,
clear diffraction peaks, confirming the amorphous nature of these polymers (Fig. 3a).
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Fig. 3a. XRD patterns of hesperidin, PVP K-12, PVP K-17, mannitol and sucrose.
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Fig. 3b. PXRD patterns of fibrous solid dispersed systems of hesperidin.

X-ray diffraction patterns of samples of centrifugally formed hesperidin SDSs were characterised by an ‘amorphous halo’ (Fig. 3b),
which may indicate inclusion of the API in the polymer matrix of the carriers and/or the transition from the crystalline state to
amorphous state [41]. In the diffractogram of the SDS hesp05 sample, one can observe several noticeable diffraction peaks at 20 =
13.2°,12.4°, 21.2° and 24.8°, which belong to hesperidin and sucrose; these peaks were not observed for the SDS hesp09, SDS hesp14
and SDS hesp19 samples. This is entirely justified, as the SDS hesp05 composition contained a fairly large percentage of crystalline
sucrose. However, despite these peaks, we can still assert that interaction with the polymer carrier occurred, as the diffraction pattern
of the SDS hesp05 sample was characteristic of that of amorphous substances.

3.5. In vitro dissolution studies

Results of study of kinetics of release of hesperidin from centrifugally formed SDSs in buffer media with pH 1.2, 4.5 and 6.8 are
shown in Fig. 4.

The graphic data shows that in the three buffer media studied, all samples of fibrous SDSs with various compositions were char-
acterised by a notably better degree of dissolution of hesperidin than pure APIs.

In an environment with pH 1.2, the release rate of hesperidin from the fibrous SDS hesp05 sample, based on PVP K-12 and sucrose,
after 5 min of the test exhibited a 5.5-fold higher release versus pure API. A similar hesperidin release profile was exhibited by SDS
hesp14. However, notably better indicators of hesperidin release kinetics were observed for SDS hesp09, which consisted of the higher
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Fig. 4. Results of studies of the dissolution rate of pure hesperidin and fibrous solid dispersed systems in buffer media of pH 1.2 (a), 4.5 (b) and
6.8 (o).

molecular weight PVP K-17 and sucrose. However, the best result in pH 1.2 environment was achieved by the SDS composition
consisting of hesperidin, PVP K-17 and mannitol (SDS hesp 19), as the degree of bioflavonoid release from this composition was almost
10 times higher than the degree of dissolution of the pure API (Fig. 4a).

In a pH 4.5 environment (Fig. 4b), the best dissolution profile of hesperidin was shown by the fibrous SDS hesp14 sample, which
was composed of hesperidin, PVP K-12 and mannitol. In only 5 min of its dissolution test, 64.0 % API was released, 13 times higher
than pure bioflavonoid’s dissolution. The degree of API release from SDS hesp14 was 89.3 % at the 120th minute of the test. All three
other studied SDSs, SDS hesp05, SDS hesp09 and SDS hesp19, were characterised by almost the same kinetic profile of hesperidin
release. However, their values of indicators were significantly higher than those of the pure compound.

In an environment with pH 6.8, the lowest rates of hesperidin release were observed in SDS hesp09, followed by slightly better rates
in SDS hesp14 and then notably better in SDS hesp05. Nevertheless, as in the case of kinetics studies in a medium with pH 1.2, the
highest degree of hesperidin dissolution was observed for SDS hesp19. In the first 5 min of the study at pH 6.8, the degree of dissolution
of hesperidin was 5.5 %. Instead, during this time (5 min), 17.5 % of the API was released from SDS hesp05, 14.8 % from SDS hesp09,
12.3 % from SDS hesp14 and 43.3 % from SDS hesp19. However, the situation slightly changed at the 10th minute of the test, when the
highest amount of hesperidin was released from SDS hesp05 (51.0 %) and a somewhat smaller amount was released from SDS hesp19
(46.0 %). However, after a few minutes of the test and until the end of the study, SDS hesp19 continued to be characterised by best
values for the indicators of degree of hesperidin release (Fig. 4c).

Thus, from the results of the ‘dissolution’ test, one can conclude that in all the fibrous SDSs of hesperidin, a notably higher degree of
API release was observed in comparison with the dissolution degree of pure hesperidin. Notably, the best release profile was exhibited
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by SDS hesp19, which was based on PVP K-17 and mannitol. This result was consistent with values of the indicators obtained when
studying the solubility of fibrous hesperidin SDSs in water.

In our other work [42], we investigated the pharmacological and technological parameters of SDS of hesperidin based on mannitol
and PVP K-17 and confirmed that it was stable under expedited testing conditions (temperature of 40 °C £ 2 °C and relative humidity
of 75 % + 5 %) for 6 months. This indicated the effectiveness of the centrifugal fibre formation method for development of highly
soluble and stable SDSs of the bioflavonoid hesperidin.

4. Conclusions

Hesperidin SDSs based on PVP, sucrose and mannitol were successfully fabricated for the first time using the method of centrifugal
fibre formation. We established that various factors, such as molecular weight of PVP, addition of mannitol or sucrose and percentage
composition of SDS formulation, notably affected the yield of fibrous SDSs of hesperidin and the solubility of the bioflavonoid.

Based on their high fibre yield and notable improvement in API solubility in water, a set of samples of hesperidin SDSs with various
compositions were selected for further physicochemical studies. DSC and PXRD results confirmed amorphisation of hesperidin in the
centrifugally formed fibrous SDSs. Results of the FTIR method proved that the interaction of hesperidin molecules with the components
of various SDS formulations was attributed to formation of intermolecular hydrogen bonds.

The in vitro release profiles of hesperidin from all centrifugally formed SDS samples were considerably higher than that of the pure
compound, thereby demonstrating rapid API release from the composites developed.

The results confirmed that centrifugal fibre formation is a cost-effective method for obtaining fibrous SDSs of hesperidin and can be
a promising technique for fabrication of highly soluble pharmaceutical compositions.
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