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INTRODUCTION

Plant-derived bioactive compounds have been used in medicine for 
centuries due to their structural diversity and broad spectrum of biological 
activities. Unlike many synthetic molecules, phytochemicals often 
demonstrate better biological compatibility, lower toxicity, and the ability to 
interact with multiple biological targets simultaneously, which makes them 
attractive for pharmaceutical and nutraceutical applications [1]. In recent 
years, increasing attention has also been directed toward sustainability and 
circular bioeconomy approaches. Considerable efforts are being made to uti-
lise food industry by-products as valuable sources of bioactive compounds. 
Globally, fruits and vegetables account for the largest share of food waste, at 
approximately 1.3 billion tons annually [2]. It is estimated that about 20% of 
fruits are lost during processing, leading to the disposal of materials that still 
contain valuable bioactive compounds with potential therapeutic value [3,4]. 

One such example is grapefruit (Citrus × aurantium f. aurantium, 
Rutaceae). Studies have shown that extracts obtained from citrus peels and 
juices, as well as isolated bioactive compounds, exhibit a wide range of 
biological activities, including antioxidant, antimicrobial, cardioprotective, 
anticancer, and antidiabetic effects [5]. These biological properties are largely 
attributed to the diversity of phytochemicals present in citrus fruits, including 
phenolic compounds, coumarins, limonoids, carotenoids, and essential oils.

The main flavanones found in grapefruit peel are naringin (NR) and 
narirutin (N7R). Naringin is a glycoside consisting of the flavanone aglycone 
naringenin (NAR) linked to the disaccharide rutinose (α-L-rhamnosyl-D-
glucose), and is therefore commonly referred to as naringenin-7-O-rutinoside 
[6]. Narirutin is also a flavanone-7-O-glycoside [7–13]. During digestion, 
the glycosidic bond is hydrolysed, releasing the aglycone naringenin, which 
is considered the biologically active form. As an aglycone, NAR is more 
lipophilic and can more readily penetrate biological membranes, which 
contributes to improved absorption and biological activity compared with its 
glycosylated forms [14–16].

However, their practical use is often limited. Both NR and NAR suffer from 
poor water solubility and low bioavailability, and NR in particular is known to 
interfere with the cytochrome P450 3A4 enzyme (CYP3A4), leading to the so-
called “grapefruit–drug interaction”. NR is classified as a biopharmaceutics 
classification system (BCS) class IV compound, meaning it has both low 
solubility and low permeability, with an oral bioavailability of less than 5% 
[17,18]. Both flavanones are primarily absorbed in the small intestine, where 
they require protection from acidic and enzymatic degradation in the stomach 
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[19]. Moreover, differences between animal and human digestion must be 
considered when interpreting experimental results [20]. 

Although these compounds have attracted significant scientific attention, 
there remains limited knowledge of how different extraction methods, 
hydrolysis conditions, and excipients influence flavanone yield, solubility, and 
stability. Addressing this research gap represents one of the main objectives 
of the present study.

To improve the efficiency of extraction and application, various 
technological solutions have been studied. Combined methods, such as 
ultrasound-assisted hydrolysis and extraction, increased NR by about 44% 
and NAR by almost threefold compared to conventional extraction [21,22]. 

The scientific literature also increasingly highlights the importance 
of excipients, such as cyclodextrins (α-, β-, and γ-CD) and magnesium 
aluminometasilicate, in improving the extraction and stability of flavanones. 
These substances can form complexes with bioactive molecules, thereby 
increasing their solubility and protecting them from oxidative degradation, 
light exposure, and unfavourable pH conditions [23]. Magnesium alumino-
metasilicate has been reported to stabilise isoflavones and promote their 
release from plant matrices. Cyclodextrins possess a characteristic cone-
shaped molecular structure with a hydrophobic internal cavity and a 
hydrophilic outer surface, enabling them to form inclusion complexes with 
the hydrophobic regions of flavanone molecules through weak noncovalent 
interactions, thereby improving their solubility in aqueous systems. Previous 
studies have shown that the use of cyclodextrins during extraction increased 
the recovery of bioactive compounds from plant materials such as red clover 
(Trifolium pratense L.) and peppermint (Mentha × piperita L.) [24–26].

When evaluating the practical applicability of flavanones, improving 
extraction efficiency and stability alone is not sufficient; it is also necessary 
to assess their biological activity, particularly their effects on antioxidant 
defence systems. In vitro studies provide valuable insights into the antioxidant 
potential of flavanones; however, they cannot fully replicate the complex 
biological interactions occurring in living organisms. For this reason, in vivo 
studies are required to better understand the interactions between flavanones 
and endogenous antioxidant systems.

Previous studies have demonstrated that NR can reduce lipid peroxidation 
and increase the activity of key antioxidant enzymes, including catalase (CAT), 
superoxide dismutase (SOD), and glutathione reductase (GR) [20,27–29]. 
Considering that grapefruit extracts also contain other bioactive compounds, 
including flavonoids, phenolic acids, and pectins, it is likely that synergistic 
interactions between these components may further enhance the overall 
antioxidant activity [12,29]. However, only a limited number of studies have 
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investigated this aspect, and direct in vivo comparisons between pure naringin 
and whole grapefruit peel extracts remain scarce.

Encapsulation technology is an important strategy for improving the 
applicability of NR and NAR. Encapsulation protects sensitive compounds 
from environmental and gastrointestinal degradation, enhances aqueous 
solubility, and enables controlled or targeted release. These advantages are 
particularly relevant for flavanones, which exhibit limited solubility and 
stability. 

Given the biological activity of flavanones and their limited solubility 
and bioavailability, increasing attention has been directed toward advanced 
technological approaches that could improve their pharmacokinetic properties. 
One of the most promising strategies is microencapsulation, which protects 
bioactive compounds from environmental degradation, improves their 
solubility, and enables controlled release and enhanced stability.

Microencapsulation using spray-drying and freeze-drying techniques 
is widely used to formulate flavonoid-rich extracts. Spray-dried powders 
typically exhibit high encapsulation efficiency, low moisture content, and 
good storage stability, which are important for extending product shelf life 
and improving practical applicability [30–32]. In contrast, freeze-drying 
preserves structural integrity and produces porous matrices that facilitate 
rapid hydration and release of active compounds.

Previous studies have demonstrated that the use of different wall materials 
during freeze-drying, such as skim milk powder, sodium caseinate, or 
β-cyclodextrin, can significantly improve the solubility of plant extracts 
[32,33].  Kazlauskaitė and colleagues reported that freeze-dried microcapsules 
achieved yields of approximately 85% and exhibited higher total phenolic 
content and antioxidant activity than spray-dried powders, which reached 
only about 45% [34,35]. 

Liposomal carriers provide an effective means of protecting flavanones, 
such as NR, from acidic gastric conditions and enzymatic degradation [36]. 
Composed of phospholipid bilayers, liposomes can encapsulate hydrophobic 
compounds, improving their stability and enhancing intestinal absorption [37]. 
The study using green tea extract demonstrated that nanoliposomes enhanced 
stability and facilitated the controlled release of the active ingredient in vitro 
[38]. Another study with NR demonstrated that a liposome-polymer system 
enabled sustained release and promoted bone formation in both cell cultures 
and animal models [39]. These results suggest that liposome technology may 
be a practical approach to enhancing the stability of active ingredients and 
improving their bioavailability.

However, liposomal dispersions in aqueous media are prone to instability, 
often leading to particle aggregation and leakage of compounds during storage. 
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To improve their shelf life, liposomes are commonly dried via lyophilisation 
or spray drying. Studies have shown that cryoprotectants, such as sucrose 
or mannitol, help preserve liposomal structure and encapsulation efficiency 
[40]. Ko et al. reported that spray-dried liposomes increased vitamin C 
bioavailability by approximately 30%, while Wu et al. demonstrated greater 
stability and slower release with lyophilised NAR nanoparticles [41–43]. 

Double encapsulation, which involves combining two protective layers or 
technological processes, has recently emerged as one of the most promising 
strategies for improving stability and controlling the release of active 
compounds. Although only a limited number of studies have investigated this 
approach, and it has not yet been applied to naringin, research involving other 
bioactive compounds indicates significant potential for this strategy [44]. 

Buccal films represent an alternative drug delivery system that can bypass 
first-pass metabolism and reduce enzymatic degradation in the gastrointestinal 
tract, thereby improving bioavailability [45]. The physicochemical properties 
of these films, including dissolution rate, mechanical strength, and release 
kinetics, strongly depend on the excipients selected for the formulation. 
Polymers play a key role in determining both the technological quality and 
functional performance of the dosage form. Studies by Jawadi et al. and Sabra 
et al. have shown that mucoadhesive films composed of polyvinyl alcohol 
(PVA) and hydroxypropyl methylcellulose (HPMC) dissolve rapidly in 
simulated saliva and exhibit strong adhesion to the buccal mucosa, ensuring 
rapid absorption of active compounds [46,47]. 

This dissertation focused on optimising extraction methods to obtain 
flavanone-rich grapefruit peel extracts and evaluating their in vivo activity 
compared to pure naringin. Several formulation strategies (microcapsules, 
liposomes, and buccal films) were developed to assess solubility, stability, 
and in vitro release. The findings highlight the importance of technological 
factors in determining product effectiveness and functionality.

The dissertation aims to evaluate the impact of liposomal and micro-
encapsulated modified-release formulations on the solubility of NR and 
NAR, and to determine the effect of technological parameters on the quality 
of microcapsules obtained by different methods and on the in vitro dissolution 
of the active substances.
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Objectives 

1.	 To investigate the effect of various extraction methods for obtaining NR 
and NAR from grapefruit peel, and to evaluate the in vitro antioxidant 
properties of the obtained extracts.

2.	 To investigate the effect of excipients on the yield, stability, and 
antioxidant activity of grapefruit peel flavanones.

3.	 To evaluate the in vivo antioxidant activity of pure NR and grapefruit 
peel extract in mice by analysing oxidative stress biomarkers and 
comparing biological responses.

4.	 To develop and characterise microencapsulated formulations of 
grapefruit flavanones using spray–drying and freeze-drying methods, 
focusing on encapsulation efficiency, physicochemical properties, and 
stability.

5.	 To compare in vitro dissolution and release profiles of spray-dried 
microcapsules, dual liposomal–microencapsulation systems, and 
buccal films under simulated gastrointestinal and saliva conditions, and 
to determine their potential for improving solubility, stability, and site-
specific delivery of naringin.

Hypotheses

1.	 Using a combination of extraction methods increases the yield of NR 
and NAR compared to using individual methods alone.

2.	 Adding excipients such as magnesium aluminometasilicate and 
cyclodextrins improves the extraction efficiency, stability, and 
antioxidant activity of flavanones.

3.	 Grapefruit peel extract reduces oxidative stress more effectively than 
pure NR due to the synergistic action of multiple phytochemicals.

4.	 Applying microencapsulation techniques, including spray-drying 
and freeze-drying, enhances the stability and retention of bioactive 
compounds.

5.	 The solubility and release profile of NR and NAR depend on the type 
of delivery system. 
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SCIENTIFIC NOVELTY

This dissertation offers novel insights into the utilisation of grapefruit 
peel as a sustainable source of flavanones, addressing the limited research 
on the combined influence of extraction parameters, excipients, and delivery 
strategies on the performance of NR and NAR.

This study was the first to use functional excipients in the extraction of 
flavanones from grapefruit peel, thereby increasing flavanone yield, solubility, 
and antioxidant stability.

A novel aspect of this work lies in the comparative evaluation of pure NR and 
whole grapefruit peel extract. In vivo studies in mice reveal distinct antioxidant 
mechanisms: NR primarily enhances endogenous defence systems, whereas 
the entire extract more effectively reduces lipid peroxidation, highlighting the 
role of synergistic phytochemicals.

Furthermore, the study presented the first integrated analysis of four 
delivery systems for poorly water-soluble flavonoids: spray-dried and freeze-
dried microcapsules, liposomal carriers, and buccal films. Each system 
offered specific functional advantages, ranging from enhanced dissolution 
and extended release to improved mucosal absorption, demonstrating the 
potential for targeted delivery applications.

This research provides several novel insights, including the first comparative 
in vivo evaluation of pure NR and grapefruit extract, the first integration of 
excipient-enhanced extraction with multiple delivery platforms, and the first 
systematic assessment of how formulation methods affect solubility, stability, 
and biological activity of flavanones from grapefruit peel.
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PRACTICAL VALUE

The application of combined extraction methods (ultrasound-assisted and 
thermal hydrolysis) together with functional excipients enables significantly 
higher recovery of NR and NAR from grapefruit byproducts while reducing 
solvent consumption. This method not only increases extraction efficiency 
but also complies with the principles of green chemistry and sustainable 
bioeconomy.

The inclusion of excipients such as magnesium aluminiummetasilicate 
and cyclodextrins enhances the solubility, stability, and antioxidant activity 
of flavanones, protecting sensitive compounds from degradation during 
processing and storage. In vitro antioxidant studies confirmed that these 
excipients significantly improved the radical-scavenging capacity of the 
flavanone-rich extracts. Among cyclodextrins, β-cyclodextrin demonstrated 
the highest suitability for forming stable complexes with flavanones. 

The comparative in vivo evaluation of pure NR and grapefruit peel extract 
revealed different antioxidant mechanisms. NR mainly enhanced endogenous 
antioxidant defences. In contrast, the whole extract was more effective at 
reducing lipid peroxidation, likely due to synergistic phytochemicals. These 
results suggest that whole-plant extracts may be more effective than isolated 
compounds, especially for long-term use.

Spray–drying and freeze-drying microencapsulation using carbohydrate-
based wall materials improved the solubility and stability of NR and NAR 
in the extract. Spray-drying resulted in higher encapsulation efficiency. In 
contrast, freeze–drying provided faster dissolution. Liposomal encapsulation 
offered additional protection for bioactive compounds in the stomach. It also 
enabled prolonged release in the intestine.

Comparative in vitro evaluation of spray-dried powders, dual liposomal–
microencapsulated systems, and buccal films revealed specific benefits of 
each delivery form. Single microencapsulation improved solubility. Dual 
encapsulation ensured prolonged intestinal release. Buccal films enabled rapid 
dissolution, strong mucosal adhesion, and bypass of first-pass metabolism.

These results offer practical approaches for creating advanced dietary 
supplements, functional foods, and pharmaceutical products from grapefruit 
by-products. The study contributes to waste reduction, sustainable processing, 
and increased therapeutic potential of natural antioxidants.
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THE LAYOUT OF THE DISSERTATION

The dissertation is based on five original research articles. It is structured 
into five main thematic parts that reflect the progression from natural extract 
preparation to advanced formulation and release studies.

Extraction and Phytochemical Characterization of Flavonoids
•  Optimisation of naringin and naringenin extraction from Citrus ×  aurantium f. 

aurantium peels
• Use of thermal hydrolysis and excipient-assisted methods
• Quantification of flavonoid content and antioxidant activity

(Related publications: Papers 1 and 2)

In Vivo Evaluation of Extracts
• Biological assessment of grapefruit peels extract and purified naringin
• Evaluation of oxidative stress modulation in animal models
• Measurement of key biomarkers: reduced glutathione (GSH), glutathione 

reductase (GR), superoxide dismutase (SOD) and malondialdehyde (MDA).
(Related publication: Paper 3)

Development and Characterisation of Microencapsulated Powders
• Formulation of microcapsules using spray-drying and freeze-drying techniques
• Evaluation of encapsulation efficiency and physicochemical properties (moisture 

content, particle morphology, flowability)
• Application of biopolymeric excipients such as maltodextrin (MD), β-cyclodextrin 

(β-CD), and carboxymethylcellulose (CMC) to enhance stability and controlled 
release characteristics

(Related publication: Paper 4)

Design of Liposomal Powders and Buccal Films
• Preparation of liposomes via ethanol injection and spray drying
• Formulation of fast-dissolving buccal films for mucosal delivery
• Characterization of mechanical and physicochemical properties

(Related publication: Paper 5)

Extraction and Phytochemical Characterization of Flavonoids
•  Optimisation of naringin and naringenin extraction from Citrus ×  aurantium f. 

aurantium peels
• Use of thermal hydrolysis and excipient-assisted methods
• Quantification of flavonoid content and antioxidant activity

(Related publications: Papers 1 and 2)

In Vivo Evaluation of Extracts
• Biological assessment of grapefruit peels extract and purified naringin
• Evaluation of oxidative stress modulation in animal models
• Measurement of key biomarkers: reduced glutathione (GSH), glutathione 

reductase (GR), superoxide dismutase (SOD) and malondialdehyde (MDA).
(Related publication: Paper 3)

In Vitro Release Studies and Comparative Evaluation
• Comparative dissolution testing of all developed delivery systems
• Assessment in simulated gastric-intestinal and saliva conditions

(Related publication: Paper 5)

Development and Characterisation of Microencapsulated Powders
• Formulation of microcapsules using spray-drying and freeze-drying techniques
• Evaluation of encapsulation efficiency and physicochemical properties (moisture 

content, particle morphology, flowability)
• Application of biopolymeric excipients such as maltodextrin (MD), β-cyclodextrin 

(β-CD), and carboxymethylcellulose (CMC) to enhance stability and controlled 
release characteristics

(Related publication: Paper 4)

Design of Liposomal Powders and Buccal Films
• Preparation of liposomes via ethanol injection and spray drying
• Formulation of fast-dissolving buccal films for mucosal delivery
• Characterization of mechanical and physicochemical properties

(Related publication: Paper 5)

Fig. 1. Scheme of the thesis with published scientific papers 
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The thesis material is organised into five principal sections:
1.	 Examination of extraction strategies and excipients on the yield of NR 

and NAR from grapefruits by–products, with emphasis on sustainable 
processing, functional excipients, and their effect on in vitro antioxidant 
activity.

2.	 Evaluation of in vivo antioxidant activity, comparing pure NR and 
grapefruit peel extract, and identifying their distinct mechanisms of 
action in modulating oxidative stress biomarkers.

3.	 Investigation of technological factors in microencapsulation, analysing 
the effect of spray–drying and freeze–drying techniques, wall material 
composition, and structural parameters on solubility, stability, and 
encapsulation efficiency.

4.	 Design and characterisation of liposomal powders and buccal films, 
focusing on technological preparation methods, physicochemical and 
mechanical properties.

5.	 Comparative assessment of delivery systems, focusing on the 
dissolution and release behaviour of spray–dried microcapsules, 
dual liposomal–microencapsulation systems, and buccal films under 
simulated gastrointestinal and mucosal conditions.
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1. SUMMARY OF MATERIALS AND METHODS

1.1. Plant material

Fresh fruits of Citrus × aurantium f. aurantium (Rutaceae) were collected 
in 2021–2022 from the local market in Mastaiciai, Kaunas district, Lithuania 
(origin: Italy, region unspecified). The fruits were separated into flavedo, 
albedo, and segmental membranes, then chopped in a food processor (Bosch, 
Germany) and stored frozen at –18 ± 0.9 °C until extraction. 

A detailed description of the plant raw materials and processing conditions 
is provided in Articles 1 and 2.

Between 2023 and 2025, plant material was obtained as post-juicing 
residues. Grapefruit peels and segments were collected from local cafés in 
Kaunas, Lithuania, as industrial by-products. The material was dried in a hot-
air oven (Memmert, Germany) at 60 ± 5 °C until constant weight, ground 
in a household coffee grinder (Philips, Netherlands), and stored in sealed 
containers under dry, dark conditions. The residual moisture content of the 
powdered samples was measured using a moisture analyser (KERN MLB, 
KERN & Sohn GmbH, Germany) and was 4.58 ± 0.15%. 

A detailed description of the plant raw materials and processing conditions 
is provided in Articles 1 and 2.

1.2. Extraction

1.2.1. Conventional extraction methods

Several extraction techniques were employed to obtain flavanone-rich 
extracts from fresh grapefruits. Heat reflux extraction (HRE) was carried 
out in ethanol–water mixtures (50% and 70% v/v) at a 1:10 ratio and 100 ± 
2 °C for 1 hour. Ultrasound-assisted extraction (UAE) was performed using 
either an ultrasonic bath (38 kHz) or an ultrasonic homogeniser (19–25 kHz, 
250 W) under controlled temperature and extraction time. These approaches 
enabled evaluation of the effects of solvent concentration, temperature, and 
ultrasonic intensity on the recovery of NR and NAR from different grapefruit 
parts (flavedo, albedo, and segmental membranes).

Following extraction, hydrolysis was conducted under acidic, alkaline, and 
thermal conditions to cleave glycosidic bonds and obtain the aglycone form 
of NAR. Acidic hydrolysis (2 M HCl, pH 2.5) promoted the conversion of NR 
into its aglycone, followed by neutralisation with 2 M NaOH to stabilise the 
extract. Thermal hydrolysis (1 h at 100 ± 2 °C with reflux) further enhanced 
the release of bound flavanones due to heat-induced degradation. In contrast, 
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alkaline hydrolysis (2 M NaOH, pH 10) was used to cleave ester and glycoside 
bonds, although careful neutralisation with 25% acetic acid was required to 
avoid degradation of the compounds.

Articles 1 and 2 provide detailed information on the extraction conditions, 
including plant amounts, extraction times, temperatures, and solvent types 
and concentrations.

1.2.2. Extraction methods with excipients

Flavanones from grapefruit peels were extracted using various 
excipients. The samples were modified and prepared using magnesium 
aluminiummetasilicate and α-, β-, or γ-CDs. The conditions of use for 
these excipients, solvents, and extraction parameters were selected based 
on the flavanone yield obtained with conventional extraction methods. The 
following extraction methods were used with excipients: ultrasonication (20 
or 30 minutes), ultrasonication combined with thermal hydrolysis (20 or 
30 minutes), and thermal hydrolysis alone. 

A detailed description of the extraction conditions, including the amount 
of raw material, extraction time, temperature, and the solvents and their 
concentrations, is provided in Articles 1 and 2.

1.2.3. Extraction from dried by-products

The dried biomass was ground into a powder and extracted with ethanol–
water solutions (50%, 70%, and 90% v/v) at a 1:10 ratio. Extraction was 
performed in two steps:  Ultrasound-assisted extraction in an ultrasonic bath 
(20–30 min at 50 ± 2 °C) followed by thermal hydrolysis extraction (60 min 
at 100 ± 2 °C). 

A detailed description of the extraction conditions, including solvent 
concentrations, extraction times, and hydrolysis procedures, is presented in 
Articles 3-5.

1.3. Phytochemical characterisation methods

1.3.1. HPLC-PDA

The qualitative and quantitative analysis of flavonones in grapefruit peel 
extracts was performed using a validated HPLC-PDA method. Phenolic 
analysis was performed using an ACE 5 C18 250 × 4.6 mm column with 
a linear gradient elution profile, following the parameters and conditions 
described in Articles 1–3,5. 
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1.3.2. Spectrophotometric assays

The total phenolic content (TPC) of extracts was determined by the Folin–
Ciocalteu method (λ = 765 nm), and results were expressed as mg gallic acid 
equivalents per gram of dry weight (mg GAE/g dw). The total flavonoid 
content (TFC) was measured using the aluminium chloride colourimetric 
assay (λ = 475 nm), with results expressed as milligrams of rutin equivalents 
per gram of dry weight (mg RE/g dw). Calibration curves showed high 
linearity (R² > 0.99). 

Detailed protocols are described in Articles 2 and 4.

1.4. Antioxidant activity and biological evaluation in vitro and in vivo

1.4.1. Antioxidant activity in vitro

The antioxidant properties of grapefruit peel extracts were evaluated 
by in vitro spectrophotometric assays. The free radical scavenging activity 
was assessed using the ABTS (λ = 734 nm), DPPH (λ = 517 nm) and FRAP  
(λ = 593 nm) assays. The results were expressed as Trolox equivalents (TE) 
and reported as μg or μmol TE/g fresh weight (fw), depending on the assay 
conditions. The results were described in Article 2.

1.4.2. Antioxidant activity in vivo

The in vivo study assessed the antioxidant activity of grapefruit peel extracts 
and pure NR in mice by examining oxidative stress–related biomarkers in 
blood, liver, and brain. The parameters measured included reduced glutathione 
(GSH), malondialdehyde (MDA) as a marker of lipid peroxidation, and 
the activities of the enzymatic antioxidants catalase (CAT) and glutathione 
reductase (GR). GSH levels were quantified using Ellman’s reagent (DTNB), 
with absorbance measured at λ = 412 nm, and results expressed as μmol/L 
in blood or μmol/g in tissue. Lipid peroxidation was determined by MDA 
formation using the thiobarbituric acid reactive substances (TBARS) assay, 
with absorbance recorded at (λ = 535 and 520 nm). Enzymatic antioxidant 
defence was assessed by CAT activity, measured spectrophotometrically at  
λ = 410 nm via hydrogen peroxide decomposition, and GR activity, measured 
spectrophotometrically at λ = 340 nm via NADPH oxidation during GSSG 
reduction. Results were normalised to protein content or tissue weight and 
expressed as enzymatic units or μmol equivalents. The Lithuanian State 
Food and Veterinary Service approved the animal study protocol, License  
no. G2-275

Detailed methodological parameters are provided in Article 3.
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1.5. Formulation and delivery systems

1.5.1. Emulsion preparation for spray- and freeze-drying

Emulsions were prepared as an intermediate step for the microencapsulation 
of grapefruit extracts. Different wall-forming agents, including 
maltodextrin (MD), skim milk (SKM), β-cyclodextrin (β-CD), chitosan, 
and carboxymethylcellulose (CMC), were dissolved in purified water at a 
concentration of 20% (w/v). The solutions were homogenised using a magnetic 
stirrer at 25 °C for 30 min to ensure complete dissolution. Subsequently, 
ethanolic extracts of grapefruit peels were incorporated into the wall material 
solutions and stirred for an additional 30 min, yielding uniform emulsions. 
These emulsions served as feed solutions for both spray-drying and freeze-
drying processes. 

For more detailed information on the emulsion preparation process, see 
Articles 4 and 5.

1.5.2. Microencapsulation (spray- and freeze-drying)

The same emulsion formulation was applied for both spray- and freeze-
drying processes. Before lyophilisation, the samples were frozen at –80 °C. 
Freeze-drying was carried out for 24 h, while spray-drying was performed 
at different inlet temperature settings (90–160 °C) with corresponding outlet 
temperatures (25–80 °C). The feed rate and air pressure were maintained at 
constant levels throughout the process. 

Detailed methodological parameters are described in Articles 4 and 5.

1.5.3. Characterisations of the microcapsules

Spray-dried and lyophilised powders were evaluated for their physical, 
chemical and functional properties. The parameters analysed included 
moisture content, solubility, wettability, bulk and crushed volumes, process 
yield and encapsulation efficiency. In addition, morphological properties 
were evaluated using scanning electron microscopy, and total and surface 
phenolic content was quantified spectrophotometrically. 

A more detailed description of the microcapsule characterisation and the 
applied methodologies is provided in Article 4.

1.6. Formulation of liposomes and characterisation

Liposomes were prepared using the ethanol injection method followed by 
probe sonication. Lipoid S100 and cholesterol were first dissolved in ethanol 
together with either grapefruit peel extract or pure NR, and the resulting 
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solution was injected into the aqueous phase under continuous stirring. 
Subsequent probe sonication enabled the formation of nanoscale vesicles. To 
optimise encapsulation efficiency and stability, two lipid-to-core ratios (1:1 
and 2:1) were investigated. Liposomes were characterised by dynamic light 
scattering (DLS) to determine particle size, polydispersity index (PDI), and 
zeta potential, thereby ensuring vesicle stability and homogeneity. 

A detailed description of the methodology is provided in Article 5.

1.7. Double encapsulation formulation and characterisation

Double encapsulation was achieved by incorporating grapefruit peel extract 
and pure NR into liposomal vesicles using the ethanol injection method, 
followed by size reduction via probe sonication. The resulting nanoscale 
liposomes were then spray-dried using MD, β-CD, and CMC as wall-forming 
agents. Spray-dried powders of microencapsulated and double-encapsulated 
systems prepared with grapefruit peel extract and pure NR were analysed to 
determine their technological and functional parameters. Moisture content was 
assessed using a moisture analyser, and equilibrium solubility tests, followed 
by HPLC quantification, were used to evaluate solubility. The process yield 
was calculated as the ratio of collected dry powder to total solids in the feed 
solution. The encapsulation efficiency (EE) of naringin and grapefruit peel 
extract was determined by centrifugation followed by HPLC anal ysis of the 
supernatant.

The morphological properties of the powders were examined by scanning 
electron microscopy (SEM) to assess particle shape, surface topography, and 
potential structural differences between the microencapsulated and double-
encapsulated systems. 

A full description of the preparation procedure and the formulation 
composition is available in Article 5.

1.8. Preparation for buccal films and characterisation

Buccal films were prepared by solvent casting. Extract or NR-based 
formulations were obtained by dissolving hydroxypropyl methylcellulose 
(12% w/v) in ethanolic solutions, followed by the addition of sodium alginate 
or polyvinyl alcohol (2% w/v) with glycerol (4% w/v). The mixtures were 
homogenised, cast onto glass plates at a thickness of 2 mm, and dried at 40 °C 
for 2 hours. The films were cut into 3 × 2.5 cm strips, sealed in foil sachets, 
and stored at 22 ± 2 °C. 

Conditions and equipment used for buccal film preparation are described 
in Article 5.
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1.9. In vitro release studies

The release of NR from different delivery systems (microcapsules, 
liposomal powders, and buccal film) was evaluated under simulated 
physiological conditions. Microcapsules and liposomal powders were tested 
using a Sotax AT7 Smart Dissolution System (SOTAX AG, Switzerland). 
Samples were incubated in simulated gastric fluid (SGF, pH 1.2) for 0–90 min. 
and in simulated intestinal fluid (SIF, pH 6.8) for 90–180 min. Aliquots were 
collected every 30 min, filtered (0.45 µm), and analysed by HPLC.

Buccal film samples (3 × 2.5 cm) were immersed in 25 mL of artificial 
saliva (pH 6.8, 37 ± 1 °C) under stirring. Aliquots (1 mL) were collected at 
5, 10, 15, and 30 min, filtered, and analysed by HPLC. Artificial saliva was 
prepared according to the reported composition of inorganic salts and urea 
and adjusted to pH 6.8. 

For a more detailed description of the methods and reagents used, see 
Article 5.

1.10. Data analysis and statistics

Experimental data from Articles 1–5 were processed and visualised using 
IBM SPSS Statistics version 20.0 (IBM Corp., Armonk, NY, USA), Microsoft 
Excel 2021, and GraphPad Prism 8. All experiments were performed at least 
in triplicate, and results are presented as mean ± standard deviation (SD), 
where applicable.

Depending on data distribution, parametric (ANOVA) or non-parametric 
tests were applied. The Friedman test, followed by the Wilcoxon signed-rank 
test, was used for repeated-measures data across three groups, while the Mann–
Whitney U test was used for comparisons between two independent groups. 
Correlation and regression analyses were performed using Spearman’s rank 
correlation coefficient.

For the in vivo experiments, differences among the seven experimental 
groups were analysed using one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test. Oxidative stress biomarkers (GSH, MDA, CAT, and 
GR) were measured in blood, liver, and brain.

Statistical significance was set at p < 0.05.
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2. SUMMARY OF RESULTS

2.1. Optimisation of conventional extraction techniques to enhance the 
recovery of flavanones

NR was detected in all fractions of fresh grapefruit peel, with the albedo 
showing the highest yield under UAE conditions (17.45 ± 0.87 mg/g, 50% 
ethanol, 30 min, 50 °C). In comparison, the segmental membrane produced 
the lowest values (4.31 ± 0.96 mg/g). NAR was only found in the albedo, 
reaching a maximum of 4.63 ± 0.23 µg/g with 70% ethanol. Increasing 
ethanol concentration from 50% to 70% improved extraction in several cases, 
particularly in flavedo and albedo fractions. Prolonged sonication further 
increased yields, as indicated by higher NR and NAR concentrations after 
30 minutes than after shorter treatment times. Heat reflux extraction pro-
duced significantly higher NAR levels, especially in albedo and segmental  
membranes (up to 35.80 ± 1.77 µg/g) (p < 0.05). The homogeniser–
assisted UAE method also increased aglycone release, yielding the highest 
NAR concentration of 7.40 ± 0.37 µg/g in the segmental part using 70% 
ethanol. Statistically significant differences were especially evident in the 
albedo fraction, which contained the highest concentrations of the analysed 
compounds, related to solvent concentration, ultrasonication time, and 
temperature (p < 0.05).

The application of acidic, alkaline, and thermal hydrolysis, in combination 
with UAE, significantly enhanced flavanone yields compared with non–
hydrolysed extracts (p < 0.05). Thermal hydrolysis was the most effective, 
particularly for albedo samples, where NR content increased from  
17.39 ± 0.87 mg/g to 25.05 ± 1.25 mg/g. Similarly, the segmental fraction 
nearly doubled its NR yield under these conditions (from 5.26 ± 0.26 mg/g 
to 11.07 ± 0.55 mg/g). For aglycones, NAR release was strongly promoted 
by thermal hydrolysis, reaching 4.21 ± 0.21 µg/g in segmental membranes, 
whereas no NAR was detected in the absence of hydrolysis. Acidic hydrolysis 
resulted in a moderate increase in aglycone release, whereas alkaline treatment 
showed comparatively weaker effects. Overall, thermal hydrolysis proved 
to be the most efficient strategy for enhancing both glycoside and aglycone 
recovery under UAE conditions (p < 0.05). 

To assess differences between fresh and dried raw materials, dried 
grapefruit peel extracts were also analysed to determine the effect of 
processing on flavonoid recovery. The contents of NR and NAR were 
quantified in dried peel extracts obtained using various extraction methods 
and ethanol concentrations. The extraction methods employed were ultrasonic 



30

extraction and a combination of ultrasonic and reflux extraction, using ethanol 
concentrations of 50%, 70%, and 90%.

The analysis demonstrated that the highest NR content was found 
in the UH70 sample, yielding 51.94 ± 2.6 mg/g (p < 0.05), followed by  
UH50 with 49.13 ± 2.46 mg/g (p < 0.05). Lower yields were observed 
in the ultrasound-only samples: U50 (42.04 ± 2.1 mg/g) and U70  
(40.36 ± 2.02 mg/g). However, in a following series of extractions carried 
out under the same methodological parameters, the yields were considerably 
lower: NR was quantified at only 14.58–15.62 mg/g, and NAR at  
1.41–1.82 µg/g. Since the extraction procedure, solvent concentration, and 
processing conditions were identical, the difference most likely reflects 
natural variability of the raw material. Factors such as fruit ripeness, harvest 
season, storage conditions or environmental influences may explain the 
significant decrease in flavonoid content. Despite these differences, NR was 
the dominant flavanone in all cases, confirming its majority in grapefruit peel 
extracts.

 The conditions and impact of all extraction methods are described in 
Articles 1, 2, 3 and 5.

2.2. Impact of excipients on flavanone extraction

Incorporating 1% magnesium aluminometasilicate during extraction 
selectively increased flavanone recovery. Across flavedo, albedo and 
segmental fractions, the excipient consistently increased NAR (aglycone) 
levels (e.g., up to 6.8 µg/g) in segmental membranes under UAE conditions. 
However, for NR (glycoside), yields decreased by an average of 15% relative 
to matched controls across all samples.

Cyclodextrins (CDs) have been shown to significantly enhance flavanone 
recovery by forming inclusion complexes that increase their solubility and 
stability (p < 0.05). To evaluate this effect, α-, β-, and γ-cyclodextrins were 
added at 1% concentration during the extraction of grapefruit peels. Their 
functioning was compared with control samples obtained under identical 
conditions but without excipients.

In the case of NR, the highest yield was obtained with the segmental 
membrane when β-CD was used with 70% ethanol, yielding 58.06 ± 2.9 mg/g 
(SB2), compared with 7.8 ± 0.39 mg/g in the control (ST2). In the albedo 
fraction, the NR content increased from 11.58 ± 0.58 mg/g (control, AT1) to 
18.87 ± 0.94 mg/g with α-CD (AA1).

For NAR, the highest yield was observed in the segmental membrane 
using β-CD with 50% ethanol, reaching 91.19 ± 4.55 µg/g (SA1), compared 
with 65.84 ± 3.29 µg/g in the control (ST1). In the albedo fraction, β-CD 
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also enhanced NAR concentration from 23.58 ± 1.17 µg/g (AT1) to  
43.44 ± 2.17 µg/g (AA1). 

In the in vitro evaluation, the total phenolic content (TPC) and total 
flavonoid content (TFC) were determined in various parts of grapefruit peel 
using ultrasound-assisted extraction with and without the addition of CDs. 
Results showed that most samples extracted with CDs contained significantly 
higher levels of total phenolic compounds than control samples (p < 0.05). 
In the albedo part, TPC increased from 3.58 ± 0.17 mg GAE/g DW to  
18.42 ± 0.92 mg GAE/g DW when β-CD was applied, and in the segmental 
membrane, it increased from 2.56 ± 0.12 mg GAE/g DW to 17.8 ± 0.89 mg 
GAE/g DW. In the flavedo part, the flavonoid concentration increased from 
2.52 ± 0.13 mg RE/g DW in control samples to 4.66 ± 1.26 mg RE/g DW 
in extracts prepared with β-CD. In juice samples, the TFC increased from  
1.78 ± 0.09 mg RE/g DW to 2.52 ± 0.13 mg RE/g DW under the same 
conditions. 

The impact of excipients on extraction processes and phenolic and 
flavonoid content is discussed in detail in Articles 1 and 2.

2.3. Antioxidant activity of grapefruit peel extract (in vitro)

The antioxidant activity of grapefruit peel extracts and fresh juice was 
evaluated using three in vitro assays: the DPPH radical scavenging assay, the 
ABTS radical cation decolourisation assay, and the FRAP (ferric reducing 
antioxidant power) assay.

The DPPH assay showed that fresh juice exhibited the highest radical 
scavenging activity (1429.25 ± 71.01 μmol TE/g), followed by flavedo 
(517.14 ± 25.86 μmol TE/g), segmental membranes (500.27 ± 22.54 μmol 
TE/g), and albedo (368.50 ± 15.42 μmol TE/g). The addition of β-CD slightly 
increased the antioxidant activity of flavedo extracts (from 517.14 ± 25.86 
to 630.76 ± 31.54 μmol TE/g), whereas in segmental membranes and fresh 
juice, the activity decreased.

The ABTS assay showed that antioxidant capacity ranged from 4.36 ± 
0.218 μg TE/g in segmental membranes to 18.61 ± 0.93 μg TE/g in fresh 
juice. In flavedo extracts, antioxidant activity increased from 8.97 ± 0.448 to 
18.61 ± 0.93 μg TE/g after the addition of β-CD, while fresh juice samples 
increased from 18.61 ± 0.93 to 20.56 ± 1.028 μg TE/g. In all cases, the 
application of β-CD significantly enhanced antioxidant capacity compared 
with control samples (p < 0.05).

The FRAP assay showed the highest reducing activity in fresh juice  
(12336 ± 616.8 μmol TE/g), followed by flavedo (8969.91 ± 448.50 μmol 
TE/g), while the lowest activity was observed in segmental membranes 
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(4359.57 ± 24.89 μmol TE/g). The addition of β-CD resulted in a statistically 
significant increase (p < 0.05) in reducing power in all tested samples, with 
some values nearly doubling, as observed in the flavedo extract (from 10.44 
± 0.522 to 20.44 ± 1.02 μg TE/g). The detailed findings and descriptions of 
all applied methods are presented in Article 2.

2.4.  Antioxidant activity of grapefruit peel extract (in vivo)

This part of the study aimed to compare the effects of grapefruit peel 
extract and pure NR on oxidative stress in a mouse model. Oxidative stress 
was induced using AlCl₃, and animals were divided into seven groups: control 
(K), ethanol (EtOH), aluminium (Al), extract (GE), extract + Al (GE + Al), 
naringin (NR), and naringin + Al (NR + Al). Antioxidant activity was assessed 
by measuring key biomarkers in blood, liver, and brain, including reduced 
glutathione (GSH), malondialdehyde (MDA), and the enzymatic antioxidants 
catalase (CAT) and glutathione reductase (GR).

The concentration of GSH in mouse blood ranged from 602.83 ± 28.27 to 
1735.46 ± 111.02 µmol/g protein. The lowest value was observed in the NR 
group (602.83 ± 28.27 µmol/g protein), while the highest was detected in the 
NR + AlCl₃ group (1735.46 ± 111.02 µmol/g protein), followed by the extract 
(GE) + AlCl₃ group with 1377.26 ± 175.06 µmol/g protein. Compared to the 
control (673.28 ± 14.21 µmol/g protein), both E and NR alone significantly 
modulated GSH levels (p ≤ 0.05). Importantly, co-administration with AlCl₃ 
resulted in a statistically significant increase in GSH levels compared with 
the AlCl₃ group (1089.33 ± 95.68 µmol/g protein), confirming the protective 
effect of both treatments.

The MDA levels in mouse blood varied between 110.78 ± 24.19 and 
351.59 ± 92.21 µmol/g protein. The highest concentration was recorded in 
the ethanol group (351.59 ± 92.21 µmol/g protein), while the lowest was 
found in the GE + AlCl₃ group (110.78 ± 24.19 µmol/g protein). Compared to 
the control (193.05 ± 17.92 µmol/g protein), ethanol significantly increased 
MDA levels (p ≤ 0.05), indicating enhanced lipid peroxidation. In contrast, 
treatment with the extract or synthetic NR reduced MDA levels: NR + AlCl₃ 
(163.59 ± 20.93 µmol/g protein) and GE + AlCl₃ (110.78 ± 24.19 µmol/g  
protein) showed significant reductions compared to AlCl₃ alone  
(241.32 ± 11.10 µmol/g protein) (p < 0.05). These data indicate that E was 
more effective at preventing lipid peroxidation, whereas NR had a greater 
effect on GSH synthesis.

The GSH content in mouse brain tissues ranged from 0.0023 ± 0.0006 
to 0.0193 ± 0.0049 µmol/g protein. The lowest concentration was found 
in the AlCl₃ group (0.0023 ± 0.0006 µmol/g protein), confirming the 
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intense oxidative stress induced by AlCl₃, and the highest in the NR + 
AlCl₃ group (0.0193 ± 0.0049 µmol/g protein). Compared to the control  
(0.005 ± 0.0015 µmol/g protein), ethanol slightly reduced GSH levels  
(0.004 ± 0.0009 µmol/g protein), whereas treatment with NR significantly 
enhanced GSH (0.0095 ± 0.0021 µmol/g protein; p ≤ 0.05). Co-treatment 
with NR + AlCl₃ restored GSH levels to near-control values, demonstrating 
NR’s capacity to stimulate GSH synthesis and neutralise oxidative stress.

MDA levels in brain tissues varied from 56.21 ± 9.94 to 104.07 ± 9.24 
µmol/g protein. The ethanol group displayed the highest level of lipid 
peroxidation (104.07 ± 9.24 µmol/g protein), while the lowest was recorded 
in the E + AlCl₃ group (56.21 ± 9.94 µmol/g protein). Compared to the control 
(77.01 ± 10.87 µmol/g protein), AlCl₃ alone increased MDA levels (87.66 ± 
4.57 µmol/g protein). In contrast, both E and NR treatments significantly 
reduced lipid peroxidation, with NR + AlCl₃ (60.61 ± 1.65 µmol/g protein) 
showing the better protection (p ≤ 0.05).

CAT activity in the brain ranged from 22.69 ± 4.05 to 73.11 ±  
12.75 U/mg protein. The lowest activity was detected in the AlCl₃ group 
(22.69 ± 3.95 U/mg protein), while the highest was in the control group 
(73.11 ± 12.75 U/mg protein). Ethanol (24.24 ± 3.95 U/mg protein) strongly 
suppressed CAT, whereas NR treatment (72.15 ± 5.18 U/mg protein) 
maintained activity at levels close to those of the control. In the NR + AlCl₃ 
group, CAT activity (63.44 ± 8.44 U/mg protein) was significantly higher than 
in the AlCl₃ group (p ≤ 0.05), highlighting NR’s ability to restore enzymatic 
antioxidant defences. By contrast, E + AlCl₃ (29.01 ± 2.32 U/mg protein) 
provided limited protection.

In the liver, GSH levels ranged from 0.1 ± 0.03 to 0.31 ± 0.10 µmol/g 
protein. The control group exhibited baseline activity (0.1 ± 0.03 µmol/g 
protein), while the highest concentration was observed in the NR + AlCl₃ 
group (0.31 ± 0.10 µmol/g protein), followed by the AlCl₃ group (0.30 ±  
0.07 µmol/g protein). Ethanol increased GSH slightly (0.18 ± 0.02 µmol/g 
protein), while treatment with E (0.23 ± 0.04 µmol/g protein) and NR 
(0.14 ± 0.04 µmol/g protein) demonstrated enhanced antioxidant capacity. 
Importantly, co-treatment with NR + AlCl₃ significantly restored GSH 
levels compared with AlCl₃ alone, confirming NR’s strong protective role  
(p ≤ 0.05).

MDA levels in the liver varied between 47.52 ± 8.97 and 99.69 ± 10.97 
µmol/g protein. The highest lipid peroxidation was observed in the AlCl₃ 
group (99.69 ± 10.97 µmol/g protein), while the lowest was in the E + AlCl₃ 
group (47.52 ± 8.97 µmol/g protein). Compared with the control (93.03 ± 
7.89 µmol/g protein), ethanol had no significant effect (93.25 ± 10.03 µmol/g 
protein), whereas both the GE and NR treatments reduced MDA. Notably, NR 



34

+ AlCl₃ (51.13 ± 9.71 µmol/g protein) and GE + AlCl₃ (47.52 ± 8.97 µmol/g 
protein) demonstrated statistically significant decreases compared with the 
AlCl₃ group, confirming strong protective effects against lipid peroxidation 
(p ≤ 0.05).

CAT activity in the liver ranged widely from 98.04 ± 36.97 to 585.57 ±  
38.18 U/mg protein. The highest activity was observed in the E group  
(585.57 ± 38.18 U/mg protein), suggesting intense stimulation of enzymatic 
defences, while the lowest was detected in the E + AlCl₃ group (98.04 ±  
36.97 U/mg protein). Compared to the control (379.21 ± 34.33 U/mg 
protein), ethanol (488.83 ± 53.14 U/mg protein) and AlCl₃ (489.75 ± 53.24 
U/mg protein) increased CAT activity, possibly as an adaptive response to 
increased production of reactive oxygen species (ROS). Interestingly, NR + 
AlCl₃ (132.33 ± 11.67 U/mg protein) partially restored CAT activity relative 
to the E + AlCl₃ group, although levels remained below those of the control. 

Detailed findings, methodology, and comparative analyses with other 
natural antioxidants are presented in Article 3.

2.5. Formulation strategies for naringin and grapefruit peel extract 
emulsions

2.5.1. Formulation of emulsions 

Emulsions for microencapsulation were formulated using ethanolic 
grapefruit peel extracts as the active ingredient. The wall materials included 
maltodextrin (MD), skim milk (SK), β-cyclodextrin (β-CD), chitosan, and 
carboxymethylcellulose (CMC), each at 20% (w/v). Each excipient had 
a different function: MD improved drying efficiency and reduced residual 
moisture; SK enhanced capsule stability through protein interactions; β-CD 
facilitated solubility and wettability; CMC contributed to water retention 
due to its hydrophilic nature; and chitosan exhibited additional film-forming 
properties.

Spray-dried samples exhibited yields ranging from 48.0 ± 2.4% (M7, 
170/116 °C) to 52.95 ± 2.64% (M3, 160/80 °C). The highest yield was 
achieved at an inlet temperature of 160 °C and an outlet temperature of 80 °C. 
However, a higher inlet temperature (170 °C) reduced the yield, most likely 
due to phenolic degradation or the formation of a surface crust. Adjustments 
to drying parameters further enhanced efficiency: in MBC2 and MBC3, 
reducing the inlet temperature from 160 °C to 145 °C and simultaneously 
increasing the flow rate from 30 to 60 mL/min substantially increased yields, 
from 14.15% to 27.2% in MBC2 and from 8.55% to 38.5% in MBC3.
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Freeze-drying yielded the highest yields, ranging from 69.7% (L1) to 79.2% 
(L3), compared with spray-drying. The highest yield was achieved with the 
L3 formulation containing MD 17%, β-CD 2.5%, and CMC 0.5%, suggesting 
that this wall-material composition provided optimal drying performance. 

Detailed findings and methods are discussed in Article 4.

2.5.2. Physicochemical properties of microcapsules

The drying method and the type of wall material had an apparent effect on 
the physicochemical characteristics of the microcapsules. For the spray-dried 
variants, the moisture content ranged from 5.31 ± 0.26% to 7.60 ± 0.38%. 
Notably, lower moisture was typically found at higher drying temperatures 
and when β-CD was included in the formulation. The samples MBC2 and 
MBC3 (MD 15–17%, β-CD 2.5–4.1%, CMC 0.5–0.9%) exhibited lower 
residual moisture (5.52 ± 0.27% and 5.10 ± 0.26%) compared to formulations 
without β-CD. Wettability was strongly affected by wall materials, ranging 
from 1170 s (MBC3) to 1461 s (MBC1). The addition of β-CD shortened the 
wetting time due to its amphiphilic properties, whereas a higher CMC content 
prolonged it.

Freeze-dried samples contained comparable or lower residual moisture 
levels: L1, 5.8 ± 0.29%; L2, 4.74 ± 0.19%; and L3, 5.07 ± 0.25%. Wettability 
tests confirmed that lyophilisation led to more rapid hydration, with L2 
exhibiting the fastest wetting, despite its composition being similar to that of 
L1. This highlights that optimising the MD:β-CD: CMC ratio is more critical 
than the absolute concentrations of the wall materials.

Powder flowability, assessed by Carr’s compressibility index and Hausner 
ratio, also differed between techniques. Spray-dried powders exhibited 
compressibility indices ranging from 30.43% to 38.89% and Hausner ratios 
of 1.438 to 1.636. MBC1 exhibited the lowest flowability (Hausner ratio: 
1.636). It was most likely due to its higher content of β-CD and CMC. By 
contrast, MBC3, which contained more MD, showed better flow. The freeze-
dried powders performed slightly better, with compressibility indices ranging 
from 30.11 to 34.65% and Hausner ratios ranging from 1.438 to 1.520, 
indicating satisfactory or acceptable flow characteristics.

The solubility values further highlighted the influence of formulation and 
drying methods. The solubility of spray-dried samples ranged from 30.11 ± 
1.50% (MBC1) to 65.68 ± 3.35% (MBC4), and of lyophilised powders from 
31.47 ± 1.57% (L1) to 61.58 ± 3.07% (L2). Higher MD content increased 
solubility, whereas higher β-CD and CMC contents decreased it.

SEM analysis revealed apparent morphological differences. The spray–
dried samples (M3, MBC1–MBC4) mainly formed spherical or hemispherical 
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capsules. M3 had a wrinkled surface, while MBC4, which is rich in SK, had 
a smoother morphology. A higher MD concentration yielded more uniform, 
smoother capsules, whereas a higher β-CD content led to a rougher surface. 
In contrast, the lyophilised powders (L1–L3) had a porous, irregular and 
brittle, lamellar morphology. These structural differences directly affected 
wettability, solubility and encapsulation efficiency. 

Physical parameters of microcapsules are presented in Article 4.

2.5.3. Phenolic content and encapsulation efficiency

Encapsulation efficiency (EE%) varied across formulations, ranging from 
76.72% (MBC1) to 91.41% (MBC3). Increasing MD concentrations improved 
encapsulation, as demonstrated by the progression 76.72% < 87.27% < 91.41% 
in spray–dried (M) samples. However, higher β-CD or CMC concentrations 
slightly reduced EE, likely due to weaker binding capacity. Freeze-dried 
samples achieved EE values of 76.77%–88.57%, which are slightly lower 
than those of the spray–dried samples; however, they showed superior 
preservation of phenolic compounds (p < 0.05). 

Phenolic content and encapsulation efficiency are present in Article 4. 

2.6. Formulation of liposomes

2.6.1. Liposome composition and physicochemical characterisation

Liposomal formulations were prepared using grapefruit peel extract (GE) 
and pure naringin (NR) at two lipid–to–core ratios (1:1 and 2:1). 

The average liposome particle size ranged from 93.93 ± 4.70 nm for EL2 
to 101.5 ± 5.08 nm for EL1, all in the nanoscale range. It confirmed that 
all formulations were suitable for biomedical and nutraceutical applications. 
EL2 vehicles were significantly smaller than those of EL1 (p < 0.05), 
indicating that higher lipid content favoured the formation of more compact 
bilayers. The sizes of NL1 (98.57 ± 4.93 nm) and NL2 (96.96 ± 4.85 nm) 
were intermediate, and the difference between them was not statistically 
significant. These observations suggest that lipid concentration had a greater 
impact on vesicle size than the type of encapsulated compound.

The polydispersity index (PDI) ranged between 0.144 ± 0.007 for EL2 
and 0.362 ± 0.018 for EL1. The low PDI value of EL2 indicated a narrow 
size distribution and a more homogeneous vesicle population. By contrast, 
EL1 (0.362 ± 0.018) and NL1 (0.225 ± 0.011) exhibited higher PDI values, 
indicating greater heterogeneity among the vesicles.

Zeta potential (ζ) values ranged from –10.4 ± 0.52 mV (NL1) to –25.8 ± 
1.29 mV (NL2). The most negative charge was recorded for NL2, indicating 
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strong electrostatic stability and reduced risk of aggregation. EL formulations 
displayed intermediate values (–17.5 ± 0.88 to –20.3 ± 1.02 mV). 

Based on these characteristics, EL2 and NL2 were selected as optimal 
liposomal systems for subsequent spray-drying and double-encapsulation 
experiments. 

The liposome composition and physicochemical characterisation are 
presented in Article 5.

2.7. Double encapsulation 

2.7.1. Liposomes implanted into spray-dried microcapsules

Spray-dried powders from both single- and double-encapsulation exhibited 
yields ranging from 36.7 ± 1.83% (NR) to 43.0 ± 2.15% (GE). Extract-based 
formulations (ES, ELS) yielded higher results (41 – 43%) compared to pure 
NR powders (NS, NLS; 36 –38%). Liposomal encapsulation slightly reduced 
yield compared to non-liposomal systems, possibly due to lipids interfering 
with droplet atomization and powder collection.

The moisture content was below 6%, the acceptable stability limit for spray-
dried powders, and ranged from 3.81 ± 0.19% (ELS) to 5.58 ± 0.28% (NLS). 
NLS exhibited the highest residual moisture (5.58 ± 0.28%), significantly 
higher than the other samples, likely due to interactions between lipids and 
naringin crystals that hindered complete water removal (p < 0.05).

Encapsulation efficiency (EE) differed markedly across the formulations. 
The best result was obtained for ELS (99.36 ± 4.96%), whereas NS had the 
lowest value (81.08 ± 4.05%). The higher EE observed in the liposomal 
powders can be attributed to the phospholipid bilayer structure, which 
accommodates compounds in both its hydrophilic and hydrophobic regions, 
thereby improving retention.

Solubility was observed among the formulations and ranged from 17.36 
±1.01 µg/mL (ELS – liposomal form) to 306.42 ± 10.34 µg/mL (NS – non–
liposomal form). NS displayed the highest solubility (306.42 ± 10.34 µg/mL), 
followed by ES (138.80 ± 4.25 µg/mL). Liposomal powders exhibited lower 
solubility values, with NLS reaching 93.32 ± 6.01 µg/mL and ELS only 17.36 
± 1.01 µg/mL. This reduced solubility can be partly attributed to the lower 
absolute amounts of active compound used in these formulations, especially 
in ELS, where the initial extract loading was considerably lower than in the 
other samples.

Despite the lower absolute solubility, liposomal formulations showed 
improved dissolution efficiency (DE) relative to their NR content. NLS 
achieved a 42.7 ± 2.13% DE, while ELS reached 55.3 ± 2.76%. In comparison, 
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NS exhibited only 5.6 ± 0.28% DE, despite containing the highest theoretical 
naringin content. ES demonstrated the best overall performance, releasing 
nearly all of its NR content (91.8 ± 4.59% DE). 

SEM analysis revealed that all powders formed predominantly spherical 
particles with diameters of 5–10 µm. Spray-dried ES and NS powders 
displayed typical surface indentations and wrinkles. Compared with the other 
samples, the liposome formulations (ELS and NLS) yielded particles with 
smoother, more uniform surfaces and fewer defects. Double–encapsulation 
results are presented in Article 5. 

2.8. Buccal film development and characterisation

2.8.1. Film formulation

Buccal films were prepared using a solvent-casting method with four 
formulations (EP1, EP2, NP1, and NP2) that differed in their polymer and 
active-ingredient compositions. EP1 and EP2 included 70% grapefruit peel 
extract, while NP1 and NP2 included pure NR (50 mg/ml in 70% ethanol). 
Hydroxypropyl methylcellulose (HPMC) served as the primary polymer 
across all samples. As secondary polymers, sodium alginate (ALG) was 
applied in EP1 and NP1, whereas polyvinyl alcohol (PVA) was used in EP2 
and NP2. Glycerol acted as the plasticiser in each formulation.

All the prepared films appeared uniform, smooth, and free from cracks 
or air bubbles, confirming good compatibility between the polymers and the 
incorporated actives. Visual differences were evident between extract-loaded 
and NR–loaded films. Extract-based samples (EP1 and EP2) showed yellow 
to light brown tones, consistent with flavonoid and polyphenol content. 
At the same time, NR-based films were more transparent: NP1 was nearly 
colourless, and NP2 had only a faint yellow hue.

Polymer type also influenced the appearance and texture. PVA-based 
films (EP2, NP2) were more transparent, flexible, and smooth, whereas  
ALG–based films (EP1, NP1) appeared slightly more rigid. These differences 
may influence not only consumer acceptability but also functional performance, 
such as mucoadhesion.

The moisture content varied with both the active compound and the 
polymer. Extract-based films had higher values (EP1: 13.48 ± 0.45%; EP2:  
15.25 ± 0.52%), likely due to the hygroscopic nature of sugars and phenolics. 
In contrast, NP1 and NP2 contained less moisture (11.46 ± 0.40% and  
11.49 ± 0.42%).

Dissolution testing in artificial saliva (pH 6.8) highlighted apparent 
differences. The NR–loaded films released the highest amounts of active 
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compounds, with NP2 reaching 69.97 ± 3.01 µg/mL (40.9% efficiency) and 
NP1 reaching 63.99 ± 2.64 µg/mL (37.5%). Extract-based films released  
less NR overall (EP1: 27.08 ± 1.42 µg/mL; EP2: 18.45 ± 1.05 µg/mL). 
However, EP1 (40.2%) exhibited higher efficiency than EP2 (26.6%), likely 
due to the slower erosion and controlled alginate release compared with the 
rapid hydration and degradation promoted by PVA.

Texture analysis further confirmed polymer-dependent effects. NP2  
(PVA-based) exhibited the highest peak adhesion force (0.09 ± 0.01 
N) and work of adhesion (0.47 ± 0.11 N·s). NP1 showed comparable 
work of adhesion (0.46 ± 0.10 N·s), likely reflecting ionic interactions 
between alginate and mucin. In contrast, Extract-based films (EP1, EP2) 
demonstrated lower mucoadhesive properties, with EP2 showing the lowest 
work of adhesion (–0.25 ± 0.008 N·s). This reduction may be attributed to 
polyphenols interfering with hydrogen bonding between the polymers and 
mucin. Nevertheless, visual observations indicated that all films hydrated 
rapidly and adhered well to the glass surface, suggesting that surface swelling 
facilitated attachment even in samples with weaker mucoadhesive properties.

Film disintegration time also reflected the influence of polymer compo-
sition. EP2 dissolved the fastest (5 min), consistent with PVA’s rapid 
hydration. NP1 and NP2 disintegrated within 15–20 min, whereas EP1 
exhibited the longest disintegration time (35 min), suggesting slower alginate 
erosion and a more prolonged release profile. Physical characterisation of 
buccal films is presented in Article 5. 

2.9. In vitro release from different formulations

NR release was assessed from spray-dried microcapsules, dual liposomal 
powders, and buccal films in SGF (pH 1.2), SIF (pH 6.8), and artificial saliva 
(pH 6.8). This allowed comparison of each system’s efficiency and release 
profile under simulated gastric, intestinal, and oral conditions. Spray-dried 
microcapsules of pure NR exhibited the highest release in SGF, reaching 
274.26 ± 2.15 µg/mL after 30 min; however, this represented only 6% of 
the theoretical drug loading (163.8 mg). The rapid saturation was followed 
by recrystallisation, reflecting poor solubility of crystalline NR in acidic 
media. In contrast, the dual liposomal powders of NR remained stable at 
55.36 ± 0.44 µg/mL after 30 min, then increased to 55.87 ± 0.33 µg/mL at 
90 min. This study indicates a diffusion-limited process controlled by the 
lipid bilayer and carbohydrate matrix, representing 59–60% of its aqueous 
solubility (93.3 µg/mL). The Extract-based systems showed different results: 
130.67 ± 3.21 µg/ml after 30 min and 135.71 ± 2.16 µg/ml after 90 min, 
corresponding to almost complete release of the theoretical amount of  
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4.53 mg (94–98%). The dual liposomal powders of GE showed the lowest 
absolute NR levels (9.87–10.85 µg/ml), accounting for 32–36% of the 
limiting dose (0.94 mg), indicating effective retention of active ingredients 
during gastric emptying. In the intestinal phase, the release patterns changed.  
NR–based microcapsule concentrations declined from the gastric peak 
to 208.53 ± 1.95 µg/mL at 120 min, with a modest recovery to 220.82 ±  
1.65 µg/mL at 180 min, indicating precipitation–redissolution dynamics at 
neutral pH. 

Extract–based microcapsules maintained high values of 148.35 ± 2.37 
µg/mL at 120 min and 146.88 ± 2.01 µg/mL at 180 min, indicating stable 
diffusion without strong pH dependence. Dual liposomal powders of NR 
showed a slight increase, reaching 56.89 ± 0.68 µg/mL at 120 min and 
stabilising at 52.07 ± 0.55 µg/mL at 180 min, consistent with pH-dependent 
liposome destabilisation and controlled diffusion. Dual liposomal powders 
of GE released 11.24 ± 0.41 µg/mL at 120 min and 9.94 ± 0.36 µg/mL at 
180 min, showing delayed but sustained intestinal release compared with 
SGF.

Buccal films offered an alternative route for release. NP2 (PVA–HPMC, 
NR) achieved the highest release (72.13 ± 2.85 µg/mL at 10 min; 69.97 ± 
3.01 µg/mL at 30 min), corresponding to 41% dissolution efficiency. NP1 
(ALG–HPMC, NR) showed slightly lower values (63.99 ± 2.64 µg/mL at 
10–30 min), reflecting slower hydration of alginate gels and diffusion- 
limited transport (38% efficiency). EP1 (ALG–HPMC, GE) released 27.08 ± 
1.42 µg/mL after 30 min (40% efficiency), with the longest dissolution time 
(35 min). EP2 (PVA–HPMC, GE) exhibited faster disintegration (5 min), but 
due to lower initial loading, release was limited to 18.45 ± 1.05 µg/mL at 
30 min (27% efficiency). 

In comparison, single encapsulation yielded higher initial release but 
exhibited low solubility efficiency. Dual encapsulation, by contrast, slowed 
release in SGF while improving stability in SIF. Additionally, buccal films 
enabled rapid salivary release, with the polymer type substantially affecting 
both the release rate and adhesion. Each system displayed complementary 
benefits: powders appeared more suitable for intestinal delivery, whereas 
buccal films offered fast oromucosal administration. 

In vitro release from different formulations is presented in Article 5. 
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3. DISCUSSION

In this study, grapefruit peel was selected as a rich source of bioactive 
compounds because it is among the most widely consumed citrus fruits globally, 
yet nearly half of its mass is discarded during juice production [48,49]. These 
by–products, mainly peel and segment membranes, remain underutilised 
and contribute to environmental pollution [50]. At the same time, they are 
abundant in biologically active components, including phenolics, pectins, 
essential oils, and flavonoids, particularly naringin (NR) and its aglycone 
naringenin (NAR) [15,51]. Both NR and NAR exhibit well-documented 
antioxidant, anti-inflammatory, and potential anticancer properties, making 
them valuable in pharmaceutical and nutraceutical applications [13,20,29,52–
58]. Therefore, increasing the utilisation of grapefruit processing waste aligns 
with current trends in sustainable biorecycling and presents an opportunity to 
transform waste into value-added products.

One of the main challenges in utilising citrus by–products is the development 
of efficient, environmentally sustainable extraction methods. Conventional 
solvent-based extraction is often limited by high solvent consumption, 
extended processing times, and the risk of degrading thermolabile compounds 
[49,59–61]. To address these limitations, this study compared several 
extraction techniques, including ultrasound-assisted extraction (UAE), heat–
reflux extraction, and their combinations. Optimisation parameters included 
solvent composition, extraction time, temperature, and hydrolysis conditions. 
Based on previous findings with other plant matrices, ultrasonic cavitation 
and controlled thermal input were expected to promote cellular disruption 
and enhance mass transfer, thereby improving the recovery of flavonoid 
compounds [22,62,63]. 

These results are consistent with those of Jeyaraj et al., who reported 
that NR is most abundant in albedo and segment membranes. However, low 
amounts or no NAR are found in flavedo membranes [8,64]. The choice of 
raw material is an essential factor for maximising flavonoid yield [21].

In the current study, ultrasound-assisted extraction (UAE) alone was not 
more effective than heat–reflux or combined extraction. However, prolonged 
ultrasound treatment (30 min vs 10 min) improved the extraction of both NR 
and NAR, suggesting that prolonged cavitation promotes solvent diffusion 
into plant tissues. This trend has also been reported by Tundis et al. and Kadam 
et al., who observed that longer sonication times increased the extraction of 
phenolic compounds and flavonoids due to enhanced cell wall disruption 
[65,66]. However, excessively long processing times or high energy levels 
may pose a risk of compound degradation [67,68]. Extraction at 50 °C 
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was more efficient than at lower temperatures, supporting the hypothesis 
that gentle heating enhances solubility and accelerates diffusion without 
significant degradation. These results further support previous observations 
by Brglez Mojzer et al., who demonstrated that moderate heating enhances the 
extraction of thermolabile antioxidants while preserving their activity [67].

The ethanol concentration also had a moderate impact on flavanone 
recovery. Ultrasound-assisted extraction with 70% ethanol yielded higher 
levels of NR and NAR than extraction with 50% ethanol. This observation 
aligns with data from Muti et al. and Zulkifli et al., who demonstrated that 
70% ethanol provides the optimal polarity balance for extracting flavanone 
glycosides and phenolic compounds from citrus matrices [69–71]. However, 
when ultrasound was combined with heat reflux, yields were comparable at 
both concentrations. This indicates that heating compensates for the lower 
ethanol strength. From a sustainability perspective, using 50% ethanol reduces 
environmental impact and cost without sacrificing efficiency. 

Combining extraction with acidic, alkaline, or thermal hydrolysis 
significantly affected the flavanone profile of grapefruit peel extracts.

Acid hydrolysis was particularly effective in promoting NAR formation, 
especially in segment membranes, where NAR was otherwise undetectable. 
In the present study, acid hydrolysis promoted the conversion of glycosides 
into aglycones, increasing aglycone yields. Comparable observations were 
reported by Kazlauskaitė et al. in studies on legume isoflavones, in which 
acid hydrolysis facilitated cleavage of glycosidic bonds [72]. In contrast, 
alkaline hydrolysis enhanced NR recovery in the albedo but was less effective 
in promoting aglycone formation, likely due to stabilisation of glycosidic 
structures under alkaline conditions, consistent with observations reported by 
Sant et al [22].

Thermal hydrolysis was the most effective in increasing NR content 
(20–25%) in all grapefruit tissues and stimulated NAR release in segment 
membranes. This is consistent with the results of Ghasemi et al. [69], who 
reported improved flavonoid recovery and transformation following moderate 
heat treatment during extraction from plant matrices. These results indicate 
that hydrolysis conditions significantly impact flavanone composition, which 
directly affects bioavailability, and should be considered when developing 
dietary supplement formulations. The appropriate choice of hydrolysis 
method can also contribute to more environmentally friendly processing, 
reducing the need for harsh solvents and improving the availability of the 
target compound.

The use of excipients improved flavanone solubility and stability during 
extraction. Magnesium aluminometasilicate showed a selective effect. At 1% 
concentration, it consistently increased NAR levels in segment membranes. 
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However, it reduced NR recovery by approximately 15% compared to control 
samples.

This suggests that the excipient stabilises aglycones more effectively than 
glycosides. Previous studies by Kazlauskaitė et al. and Matulytė et al. also 
demonstrated that magnesium aluminometasilicate can act as a carrier with 
preferential affinity for specific phytochemicals. Such selectivity is likely 
influenced by the physicochemical properties of the compounds, particularly 
polarity and molecular size [23,73].

Cyclodextrins (CDs) had a more substantial effect on flavanone recovery 
than other excipients. All three types tested: α-, β-, and γ-CD, improved 
the extraction results. However, their efficiency varied with cavity size and 
molecular compatibility.

α-CD slightly increased naringin levels but had a minimal effect on NAR. 
γ-CD, with the largest cavities, showed broader stabilisation but was less 
effective overall. β-CD consistently gave the best results. It increased both 
NAR and NAR yields by more than three times compared to extracts without 
excipients.

This effect is likely due to the optimal cavity size of β-CD, which fits well 
with the aromatic ring of flavanones. As a result, stable inclusion complexes 
can form. These complexes improve flavonoid solubility and protect them 
from oxidative and hydrolytic degradation. The positive effect of CDs was 
also evident in total phenolic content (TPC) and total flavonoid content 
(TFC). Extracts prepared with β-CD contained several times more phenolics 
and flavonoids compared to controls, particularly in albedo and segmental 
membranes.

In the present study, cyclodextrins enhanced the recovery of phenolic 
compounds during extraction. Previous studies have also demonstrated that 
cyclodextrins can increase isoflavone yields from Trifolium pratense L. 
extracts and improve the solubility and antioxidant stability of phenolics from 
Aspalathus linearis. These effects are attributed to cyclodextrins’ ability to 
form inclusion complexes with phenolic molecules, which remain associated 
in the extract and thereby improve their solubility and stability in aqueous 
systems [25,74–76].

The findings of this work indicate that the addition of β- and γ-cyclo-
dextrins significantly enhanced the recovery of flavanones compared with 
control extracts (p < 0.05). Moreover, the use of CDs enabled higher yields 
even at reduced solvent concentrations. They can be adapted to achieve 
different goals. Magnesium aluminometasilicate can be used when a higher 
aglycone content is required.  The CDs are more suitable for stabilising 
glycosides or ensuring solubility in aqueous formulations.
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The antioxidant activity of grapefruit extracts strongly depended on both 
the extraction method and the use of excipients. Chemical antioxidant assays 
(ABTS, DPPH, and FRAP) showed that extracts obtained with β-cyclodextrin 
exhibited the highest antioxidant capacity, in some cases exceeding that of 
control extracts by more than 50%. This increase is likely related to improved 
solubility and stability of flavanones due to inclusion complex formation 
with β-cyclodextrin rather than to any intrinsic antioxidant activity of the 
cyclodextrin itself [77,78].

In vivo experiments also confirmed the antioxidant potential of grapefruit 
extracts. This part of the study compared the antioxidant effects of grapefruit 
peel extract (GE) with pure NR in an aluminium chloride (AlCl₃)–induced 
oxidative stress mouse model. Oxidative stress was assessed by measuring 
reduced glutathione (GSH), malondialdehyde (MDA), and the enzymatic 
antioxidants catalase (CAT) and glutathione reductase (GR) in blood, liver, 
and brain tissues.

In the blood, NR significantly increased GSH levels, especially when 
co-administered with AlCl₃. GSH concentrations were more than twice as 
high as in the control. Grapefruit extract also elevated GSH, but to a lesser 
extent. However, MDA levels were lowest in the GE + AlCl₃ group, with 
50% reduction relative to the AlCl₃ group. This suggests that the extract 
offers stronger protection against lipid peroxidation. The results indicate 
complementary effects: NR mainly enhanced endogenous GSH synthesis, 
while the extract directly protected lipid membranes.

In the brain, NR again significantly restored GSH levels, which were more 
than 3-fold higher than in the AlCl₃ group. This confirms its role in stimulating 
antioxidant defences. Meanwhile, E reduced MDA levels more effectively, 
with a 40% decrease compared to the control group. This contributes to 
better membrane protection in neuronal tissue. Regarding CAT activity, NR 
maintained levels close to control levels, whereas GE was less effective. These 
results suggest that NR more strongly supports brain enzymatic antioxidant 
systems.

In the liver, the pattern was reversed. Grapefruit extract significantly 
increased CAT activity, exceeding control values by more than 50%. This 
indicates activation of adaptive enzymatic defence. In contrast, NR combined 
with AlCl₃ was more effective in elevating GSH levels, supporting its 
hepatoprotective potential [79]. 

The in vivo data demonstrate a complementary antioxidant profile: 
grapefruit peel extract is more effective at reducing oxidative lipid damage. 
At the same time, pure NR has more potent effects on glutathione metabolism 
and enzymatic antioxidant defences. This highlights the importance of whole 
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extracts rather than isolated compounds, as the synergistic presence of 
polyphenols, vitamin C, and organic acids. 

Microencapsulation was performed to improve the technological and 
functional properties of grapefruit peel extracts. Given the limited solubility 
and stability of NR and NAR, both spray-drying and freeze-drying were 
applied using different wall materials (MD, SKM, β-CDs, CH, and CMC), 
to evaluate their impact on powder characteristics, encapsulation efficiency, 
and dissolution.

 The drying method significantly affected the process yield. Spray drying 
yielded 48%–53%, with the highest at 160 °C (M3, 52.95%). Increasing 
the inlet temperature to 170 °C reduced the yield to 48%, most likely due 
to phenolic compound degradation and the formation of a surface crust that 
hindered solvent evaporation. Higher inlet temperatures may accelerate 
moisture removal but can also promote the degradation of heat-sensitive 
bioactive compounds. Comparable observations were reported by Nguyen et 
al., who noted yield losses at higher spray-drying temperatures during citrus 
extract processing [80]. In contrast, freeze drying produced significantly higher 
yields (69.7–79.2%), indicating greater retention of extract mass under mild 
processing conditions. This effect may be attributed to the low-temperature 
environment, which minimises degradation of heat-sensitive compounds and 
prevents the loss of volatile substances. Consistent observations were reported 
by Da Silva Junior et al., who found greater flavonoid retention in Spondias 
purpurea peel extract after freeze-drying than after spray-drying [30]. 

Moisture content showed a comparable trend. Spray-dried powders 
exhibited moisture contents ranging from 5.3% to 7.6%, with lower values 
observed at higher inlet temperatures and in formulations containing β-CD 
in the wall matrix. Samples MBC2 and MBC3 exhibited residual moisture 
levels below 5.5%, whereas in β-CD–free systems, the values exceeded 7%. 
Freeze-dried samples showed comparable moisture contents (4.7–5.8%), 
although with slightly greater variability.

The reduced moisture content in β-CD formulations may be attributed to 
cyclodextrins’ ability to promote closer molecular packing and the formation 
of less porous structures. Comparable observations were reported by Ćujić 
Nikolić et al., who found that cyclodextrin-based encapsulation systems, 
either alone or in combination with other carriers, exhibited significantly 
lower moisture content than systems using conventional carriers such as 
whey protein or maltodextrin [81].

The composition of the wall material significantly influenced wettability. 
Spray-dried powders containing the highest levels of CMC and β-cyclodextrin 
(β-CD) exhibited the longest wetting times (>1400 s). This effect may be 
attributed to the formation of more structured and less permeable particle 
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surfaces promoted by β-CD. Freeze-dried powders generally hydrated more 
rapidly, with L2 exhibiting the shortest wetting time, despite its composition 
being similar to L1, suggesting that the ratio of wall components was more 
important than their total concentration. Comparable observations were 
reported by Shi Li et al. in lyophilised polyphenol systems, where porous 
structures facilitated faster water penetration [82].

The flowability, measured by the Carr index and Hausner ratio, is 
statistically significantly dependent on the wall material. The Hausner 
ratio of the spray–dried powders ranged from 1.438 to 1.636, with MBC1 
exhibiting the weakest flow due to the high content of β-CD and CMC. The 
inclusion of maltodextrin improved its flowability by reducing stickiness and 
particle cohesion, consistent with reports by Sidlagatta et al. on its use as a 
flow-improving carrier [83]. Freeze–dried powders exhibited slightly higher 
compressibility indices (30–34%) and Hausner ratios below 1.52, indicating 
acceptable flowability. 

Solubility values reflected both wall material composition and drying 
method. Spray-dried capsules showed solubility from 30% (MBC1) to 66% 
(MBC4), while lyophilised powders ranged from 31% (L1) to 62% (L2). 
Higher MD levels enhanced solubility, whereas β-CD and CMC decreased it, 
possibly by forming less water-dispersible matrices. This is consistent with 
the previous findings of Xiao et al., who showed that maltodextrin enhances 
solubility by reducing particle aggregation and by forming a porous matrix 
that facilitates water dispersion [30,84].

Encapsulation efficiency (EE%) ranged from 76.7% to 91.4%, with 
the highest values observed in spray-dried β-CD–containing formulations 
(MBC3). While β-CD provided strong protective effects through inclusion 
complex formation, excessive amounts of β-CD or CMC slightly reduced EE, 
likely due to weaker binding with polyphenols. Freeze-dried samples showed 
slightly lower EE (76.8–88.6%) but retained higher overall phenolic content, 
indicating less degradation during drying. Comparable results were reported 
by Zhao et al. for the encapsulation of citrus flavonoids, with spray–drying 
yielding higher EE but freeze–drying better preserving phenolic integrity 
[85]. 

SEM analysis highlighted distinct surface structures. Spray-dried capsules 
were mainly spherical or semi-spherical, with smooth or wrinkled surfaces 
depending on wall composition. SK–rich formulations (e.g., MBC4) had 
smoother morphologies, whereas β-CD–rich capsules displayed more wrinkled 
surfaces. Lyophilised samples exhibited porous, lamellar structures with 
irregularly shaped particles. These structural differences explain functional 
variations: porous freeze–dried particles favoured hydration and solubility, 
while smoother spray–dried capsules improved encapsulation efficiency and 
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stability. Such correlations between morphology and function have also been 
noted in studies of phenolic microencapsulation [86].

To further enhance the solubility and bioavailability of flavanones, 
lipid–based carriers (liposomes) were developed that incorporated either 
the grapefruit extract (GE) or pure naringin (NR). Physicochemical charac-
terisation confirmed that both liposome types were within the nanoscale 
range (94 –102 nm) and exhibited polydispersity indices below 0.4, 
indicating suitability for oral delivery. Increasing the lipid-to-core ratio 
from 1:1 to 2:1 (EL2 vs. EL1) resulted in smaller vesicles, more compact 
bilayers, and narrower particle-size distributions. These findings align with 
previous research on citrus- and quercetin-based liposomes, in which higher 
phospholipid concentrations have been shown to promote vesicle stability 
and homogeneity [87,88]. 

Zeta potential values ranged from –10.4 mV to –25.8 mV, with more 
negative values observed in lipid-rich formulations (NL2). In general, 
ζ-potential values exceeding ±20 mV is considered indicative of improved 
colloidal stability due to stronger electrostatic repulsion between particles. 
Accordingly, the higher surface charge observed in NL2 may enhance 
electrostatic repulsion, thereby preventing particle aggregation and improving 
dispersion stability [89]. Previous studies have reported comparable findings 
for rutin- and hesperidin-loaded liposomes, where increasing the phospholipid 
content enhanced colloidal stability and improved encapsulation efficiency 
[90,91]. Based on these properties, EL2 and NL2 were selected for spray 
drying and subsequent double encapsulation.

To ensure liposome stability, extend shelf life, and increase their applicability 
in formulations, liposomal emulsions were converted into powders via spray 
drying using wall materials such as β-CD, MD, and CMC. Spray drying is less 
expensive and less time– and energy–intensive than freeze drying, making it a 
suitable strategy for drying liposomal dispersions [92].

 A comparative study was conducted between spray–dried powders 
without liposomes and those encapsulated in liposomes, as well as between 
formulations prepared with pure NR and those obtained from grapefruit peel 
extract (GE).

Spray–drying powder yields of 36–43%, with GE–based powders 43.00 ±  
2.15 % and 41.05 ± 1.60% (ES, ELS, respectively) performing better than 
pure NR powders 36.70 ± 1.83% and 38.15 ± 1.91% (NS, NLS, respectively). 
Lower yields of liposomal powders may result from differences in formulation 
and drying behaviour, consistent with the findings of Panizzon et al. [93].

The residual moisture content remained below 6%, ensuring long–term 
stability. However, lipid–based NR had the highest moisture (5.58%), 
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suggesting that crystalline NR interfered with water removal when combined 
with lipids. 

Encapsulation efficiency (EE) clearly differentiated the systems. The 
highest EE (99.4%) was achieved for the double-encapsulated GE formu-
lation, compared with 81% for the spray-dried NR system. These results 
indicate that liposomal bilayers significantly improve flavonoid retention 
by incorporating the compounds within both the aqueous core and the lipid 
 bilayer. Comparable protective effects of liposomal microencapsulation have 
been reported in previous studies, in which nanoliposomes prepared using 
a pH-driven method successfully encapsulated poorly soluble polyphenols 
such as NR and NAR, thereby improving their aqueous solubility and  
protecting them from degradation during processing and storage [37]. 
In addition, Hussein et al. demonstrated that liposomal encapsulation of 
ketoprofen combined with higher carbohydrate carrier concentrations im-
proved encapsulation efficiency and stability after spray drying [94].

Absolute solubility was highest for NR (306 µg/mL), where NR was 
present in crystalline form within a carbohydrate-based microcapsule. 
In contrast, liposomal powders (GE, NR) exhibited significantly lower  
apparent solubility (17–93 µg/mL) because the lipid bilayer impeded imme-
diate dissolution. However, the dissolution efficiency (DE%) relative to the 
actual NR content was significantly higher in liposomal formulations. Lipid–
based NR reached 42.7%, and lipid–based GE achieved 55.3%. In compa-
rison, NR single microcapsules showed only 5.6% DE. This was observed 
even though the liposomal powders contained 5 times less NR (10 mg/mL) 
than the non-liposomal powders (50 mg/mL). 

SEM images confirmed that spray-dried particles were mostly spherical 
(5–10 µm). Non-liposomal GE and NR powders showed irregular wrinkling 
and indentations typical of rapid moisture loss. By contrast, liposomal GE 
and NR displayed smoother, more uniform surfaces, suggesting that lipids 
stabilised the droplet films during atomisation and drying. 

Buccal films were developed as an alternative drug delivery route to 
overcome gastrointestinal degradation and the limited solubility of flavanones. 
Films prepared from HPMC–alginate (E1, NR1) and HPMC–PVA (E2, 
NR2) matrices exhibited distinct physicochemical and functional properties, 
confirming the significant influence of both polymer composition and the 
type of incorporated flavanone. Pure NR films (NP1, NP2) exhibited the 
highest dissolution efficiency in artificial saliva, reaching 37.5% and 40.9%, 
respectively. By comparison, extract–loaded films (E1 and E2) released 
significantly less NR, with lower DE (40.2% and 26.6%, respectively). 
The dissolution time further differed depending on the polymer used: GE-
based films with ALG–HPMC dissolved the slowest (35 min), indicating the 
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formation of a dense alginate gel that limits diffusion, while GE-based films 
with PVA–HPMC disintegrated quickly (5 min), due to the higher hydration 
capacity of PVA and rapid erosion. Pure NR films showed intermediate values 
(15–20 min). Comparable effects of polymer type on dissolution kinetics 
have been described by Maslii et al., who compared alginate-, CMC-, HEC-,  
HPC-, and PVA-based films and demonstrated that alginate–containing 
matrices dissolved more slowly due to gel formation, whereas PVA–based 
systems hydrated and eroded faster, in line with the present findings [95].

 GE-based films (EP1, EP2) exhibited higher moisture content (13.5–
15.2%) compared with pure NR films (11.5%). This effect was attributed to 
the presence of hygroscopic sugars and polyphenols in the grapefruit peel 
extract. Comparable observations have been reported for other polymer 
films containing extract. For example, chitosan films incorporating Aloe 
vera extract showed higher moisture content than pure chitosan films due 
to the hydrophilic polysaccharides present in the extract. Likewise, pectin–
propolis films and starch–gelatin films containing green tea extract exhibited 
higher moisture contents than their extract-free counterparts. In all these 
cases, the presence of complex plant-derived components, such as sugars and 
polyphenols, increased the hygroscopicity of the film matrix [96–98]. 

NR films exhibited the strongest mucoadhesive properties. The highest 
peak adhesion force and work of adhesion were observed for NR films (NP2: 
0.09 ± 0.01 N and 0.47 ± 0.11 N·s; NP1: 0.08 ± 0.01 N and 0.46 ± 0.10 N·s), 
highlighting the strong contribution of PVA and alginate to mucoadhesion 
through hydrogen bonding and ionic interactions with mucin. In contrast, 
GE-loaded films exhibited lower work of adhesion (EP1: –0.53 ± 0.12 N·s; 
EP2: –0.25 ± 0.01 N·s), suggesting that extract components may interfere 
with optimal polymer–mucin interactions.

 However, visual observations revealed that all films hydrated quickly and 
adhered well to glass, indicating that surface swelling facilitated attachment, 
even in samples with weaker mucoadhesive properties.

 Grapefruit extract-based films were darker (yellow-brown) due to 
flavonoids and phenolic pigments, while NR films were more transparent, 
with NP1 being nearly colourless.

In vitro release studies demonstrated that the delivery strategy strongly 
influenced NR solubility and release efficiency. Spray-dried microcapsules 
showed high initial release but low dissolution efficiency due to 
recrystallisation. Dual encapsulation with liposomes significantly improved 
stability in gastric conditions. It provided sustained intestinal release, while 
buccal films enabled rapid release in saliva, with the polymer composition 
(alginate vs. PVA) influencing both the release rate and mucoadhesion [47].
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4. SUMMARY OF THE CONCLUSIONS

1.	 Combined ultrasound-assisted extraction and hydrolysis proved to be 
the most effective strategy for flavanone recovery from grapefruit peel. 
The combined approach enabled similar extraction yields to be obtained 
using a lower ethanol concentration, indicating that the process can be 
optimised by reducing solvent strength.

2.	 Excipients significantly influenced flavanone recovery, stability, and 
antioxidant activity. β-Cyclodextrin increased the yield of both naringin 
and naringenin more than threefold and enhanced antioxidant capacity, 
whereas magnesium aluminometasilicate showed selective stabilisation 
of the aglycone form.

3.	 In vivo experiments demonstrated different antioxidant mechanisms 
of pure naringin and grapefruit peel extract. Naringin significantly 
increased glutathione levels and maintained enzymatic antioxidant 
defence, whereas the grapefruit extract more effectively reduced lipid 
peroxidation, suggesting a synergistic effect of multiple phytochemicals.

4.	 Microencapsulation method and wall material composition significantly 
affected flavanone stability and powder properties. Freeze-dried 
powders exhibited higher yield and better preservation of bioactive 
compounds, while spray-dried systems showed higher encapsulation 
efficiency and more uniform particle morphology.

5.	 Liposomal systems improved the solubility, stability, and controlled 
release of flavanones. Increasing the lipid-to-core ratio reduced particle 
size and enhanced colloidal stability, while double encapsulation 
prolonged naringin release and increased dissolution efficiency 
compared with non-encapsulated compounds.

6.	 Mucoadhesive buccal films based on PVA–HPMC and alginate–HPMC 
matrices proved suitable for rapid naringin delivery through the oral 
mucosa. Polymer composition significantly influenced dissolution 
behaviour, release kinetics, and mucoadhesive properties, thereby 
enabling modulation of the delivery system to achieve the desired 
therapeutic effect.
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SUMMARY IN LITHUANIAN

Įvadas

Augalinės kilmės bioaktyvūs junginiai jau šimtmečius naudojami me-
dicinoje dėl struktūrinės įvairovės ir plataus biologinio poveikio spektro. 
Kitaip nei sintetinės molekulės, daugelis fitocheminių junginių geriau dera  
biologiškai, mažiau toksiški, geba veikti keletą biologinių taikinių vienu metu 
[1–4]. Pastaraisiais metais daug dėmesio skiriama tvarumui. Ieškoma būdų, 
kaip panaudoti maisto pramonės atliekas vertingoms medžiagoms išgauti. Pa-
saulio mastu vaisiai ir daržovės sudaro didžiausią maisto atliekų dalį – apie 
1,3 mlrd. tonų per metus [5–7]. Apie 20 proc. vaisių prarandama juos perdir-
bant, kartu pašalinami ir naudingi bioaktyvūs junginiai [8–10].

Vienas tokių pavyzdžių yra greipfrutų vaisiai (lot. Citrus × aurantium f. 
aurantium) priklausantys rūtininių Rutaceae šeimai. Tyrimai rodo, kad citru-
sinių vaisių žievelių ir sulčių ekstraktai bei iš jų izoliuoti biologiškai aktyvūs 
komponentai pasižymi plačiu biologinio aktyvumo spektru, apimančiu anti-
oksidacinį, antimikrobinį, kardiovaskulinę sistemą apsaugantį, priešvėžinį ir 
antidiabetinį veikimą [11–13]. Šis biologinis aktyvumas siejamas su didele 
citrusiniuose vaisiuose aptinkamų fitocheminių junginių įvairove, įskaitant 
fenolinius junginius, kumarinus, limonoidus, karotinoidus ir eterinius aliejus.

Pagrindiniai flavanonai, randami greipfrutų žievėje, yra naringinas (NR) ir 
narirutinas (N7R). Naringinas yra flavanono naringenino (NAR) glikozidas, 
kuriame aglikonas susijungęs su disacharidu rutinoze (α-L-ramnozil-D-gliu-
koze), todėl jis dar vadinamas naringenin-7-O-rutinozidu. Narirutinas taip 
pat priklauso flavanonų 7-O-glikozidams. Virškinimo metu glikozidinė dalis 
hidrolizuojama, išlaisvinant aglikoną naringeniną, kuris yra lipofiliškesnis ir 
lengviau prasiskverbia per biologines membranas [14–17].

Nepaisant vertingų farmakologinių savybių, NR ir NAR praktinis taiky-
mas yra ribotas. Pagrindinės priežastys – prastas tirpumas vandeninėje ter-
pėje ir menkas biologinis pasisavinimas. NR taip pat žinomas kaip fermento  
CYP3A4 inhibitorius, o tai lemia galimą sąveiką su vaistiniais preparatais. 
Pagal Bioprieinamumo klasifikavimo sistemą (BCS), NR priskiriamas IV 
klasei. Šiai klasei būdingas žemas tirpumas ir silpna žarnyno absorbcija. Nu-
statyta, kad geriamoji NR absorbcija siekia mažiau nei 5 proc. [17,18]. Fla-
vanonai dažniausiai pasisavinami plonajame žarnyne. Todėl skiriamas didelis 
dėmesys technologijoms, kurios leidžia apsaugoti junginius nuo skrandžio 
rūgščių ir virškinimo fermentų poveikio [19,20].

Nors šie junginiai sulaukia didelio mokslinio susidomėjimo, šiuo metu vis 
dar trūksta duomenų apie tai, kaip įvairūs ekstrahavimo metodai, hidrolizės 
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sąlygos bei pagalbinės medžiagos veikia flavanonų išeigą, tirpumą ir stabilu-
mą. Šiame darbe siekiama prisidėti užpildant šią tyrimų spragą.

Siekiant padidinti ekstrakcijos veiksmingumą ir pagerinti biologiškai ak-
tyvių junginių išgavimo galimybes, pastaraisiais metais vis dažniau taikomi 
įvairūs technologiniai sprendimai, įskaitant kombinuotus ekstrakcijos meto-
dus. Nustatyta, kad hidrolizės derinimas su ultragarso poveikiu gali reikš-
mingai padidinti aktyvių junginių išeigą, kai kuriais atvejais net iki 44 proc., 
palyginti su tradicinėmis ekstrakcijos sąlygomis [21,22].

Mokslinėje literatūroje vis dažniau akcentuojama pagalbinių medžiagų, 
tokių kaip (α-, β-, γ-) ciklodekstrinai (CD) arba magnio aliuminio metasilika-
tas, svarba, didinant flavanonų išsiskyrimą iš augalinės žaliavos, bei gerinant 
jų fizines ir chemines savybes. Tyrimų duomenimis, šios medžiagos statistiš-
kai reikšmingai padidina flavanonų išeigą, tirpumą ir stabilumą, sudarydamos 
kompleksus su jų molekulėmis ir taip apsaugodamos nuo oksidacinio skili-
mo, šviesos poveikio bei nepalankių pH pokyčių [23].

Nustatyta, kad magnio aliuminio metasilikatas gali stabilizuoti izoflavo-
nus ir skatinti jų išsiskyrimą iš augalinės žaliavos [24,25].  α-, β- ir γ-CD pasi-
žymi kūgine molekuline struktūra su hidrofobine vidine ertme ir hidrofiliniu 
išoriniu paviršiumi, todėl gali sudaryti inkluzinius kompleksus su hidrofobi-
nėmis flavanonų dalimis per silpnas nekovalentines sąveikas ir taip pagerinti 
jų tirpumą vandeninėje terpėje. Kai kurių tyrimų duomenimis, ciklodekstrinų 
taikymas ekstrakcijos metu, naudojant raudonųjų dobilų (Trifolium pratense 
L.) ir pipirinių mėtų (Mentha × piperita L.) žaliavą, lėmė didesnį biologiškai 
aktyvių junginių kiekį galutiniuose ekstraktuose [24–26].

Vertinant flavanonų praktinį pritaikomumą, vien tik jų išgavimo ir stabilu-
mo didinimo nepakanka – būtina įvertinti ir jų biologinį aktyvumą, ypač po-
veikį antioksidacinėms organizmo sistemoms. In vitro tyrimai suteikia reikš-
mingų įžvalgų apie flavanonų antioksidacinį potencialą, tačiau neatskleidžia 
sudėtingų biologinių sąveikų, vykstančių gyvuose organizmuose. Dėl šios 
priežasties būtini in vivo tyrimai, leidžiantys įvertinti flavanonų poveikį en-
dogeninėms antioksidacinėms sistemoms. 

Literatūros duomenys rodo, kad NR mažina lipidų peroksidaciją ir didina 
pagrindinių antioksidacinių fermentų – katalazės (CAT), superoksido dismu-
tazės (SOD) ir glutationo reduktazės (GR) – aktyvumą [20,27,28]. Atsižvel-
giant į tai, kad greipfrutų ekstraktuose aptinkama ir kitų biologiškai aktyvių 
junginių, įskaitant flavonoidus, fenolines rūgštis ir pektinus, tikėtina, jog jų 
sinerginis poveikis gali papildomai prisidėti prie bendro antioksidacinio akty-
vumo [12,29]. Tačiau iki šiol tik pavieniai autoriai yra nagrinėję šį aspektą, o 
tiesioginių in vivo palyginamųjų tyrimų, kuriuose būtų lyginamas gryno NR 
ir viso greipfrutų žievelių ekstrakto biologinis poveikis, nėra atlikta, todėl jų 
santykinis biologinis veiksmingumas išlieka nepakankamai ištirtas. 
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Atsižvelgiant į flavanonų biologinį aktyvumą bei jų ribotą tirpumą ir žemą 
biologinį prieinamumą, vis didesnis dėmesys skiriamas pažangioms techno-
logijoms, galinčioms pagerinti šių junginių farmakokinetines savybes. Viena 
perspektyviausių priemonių – mikrokapsuliavimo technologijos, leidžiančios 
apsaugoti bioaktyvias medžiagas nuo nepalankių aplinkos veiksnių, pagerinti 
jų tirpumą, kontroliuoti veikliųjų junginių išsiskyrimą, padidinti jų stabilu-
mą. Mikrokapsuliacijos technologija pasitelkiant purškiamojo ir sublimaci-
nio džiovinimo metodus  plačiai taikoma flavonoidų ekstraktams formuluoti. 
Purškiamojo džiovinimo metodu gauti milteliai dažniausiai pasižymi aukštu 
inkapsuliacijos veiksmingumu, mažesniu drėgmės kiekiu ir geru stabilumu, 
o tai svarbu užtikrinant ilgesnį produkto tinkamumo laiką bei jo praktinį pri-
taikymą [30–32]. 

Literatūros duomenys rodo, kad sublimacinio džiovinimo metu naudo-
jant skirtingas pagalbines medžiagas, pavyzdžiui, lieso pieno miltelius, na-
trio kazeinatą ar β-ciklodekstriną, galima žymiai pagerinti ekstraktų tirpumą 
[32,33]. Kito tyrimo metu Kazlauskaitė ir kolegos nustatė, kad sublimacinio 
džiovinimo būdu gautų mikrokapsulių išeiga siekė apie 85 proc., ir pasižymė-
jo aukštesniu bendru fenolinių junginių kiekiu bei didesniu antioksidaciniu 
aktyvumu. O purškiamojo džiovinimo metu gautų miltelių išeiga tesiekė 45 
proc. [34,35].

Kita strategiškai reikšminga technologija – lipidinių nano–nešiklių pritai-
kymas. Fosfolipidinių dvisluoksnių sudaryti lipidiniai nano–nešikliai geba 
apsaugoti hidrofobinius flavanonus nuo rūgštinės ir fermentinės degradacijos 
skrandyje bei pagerinti jų absorbciją plonajame žarnyne [36,37]. 

Nagrinėti tyrimai rodo, kad veikliųjų medžiagų įterpimas į liposomas lai-
komas vienu būdų pagerinti veikliosios medžiagos tirpumą ir kontroliuojamą 
išsiskyrimą. Pavyzdžiui, eksperimentuose su žaliosios arbatos ekstraktu na-
noliposomos padidino medžiagos stabilumą ir užtikrino lėtesnį išsiskyrimą in 
vitro sąlygomis [38]. Kitame tyrime buvo sukurta naringino liposomų sistema 
su polimeriniais nešikliais (sacharozės acetato izobutiratu), kuri ląstelių kul-
tūrose ir gyvūnų modeliuose skatino kaulinio audinio formavimąsi, išlaikyda-
ma ilgalaikį veikliosios medžiagos išsiskyrimą [39].

Nors liposominiai nano–nešikliai veiksmingi gerinant biologiškai aktyvių 
junginių savybes, jiems dažnai būdingi ir reikšmingi trūkumai, daugiausia 
susiję su ribotu stabilumu biologinėse matricose bei ilgalaikio laikymo metu. 
Pagrindinės su stabilumu susijusios problemos apima cheminį ir fizikinį ne-
stabilumą bei mikrobiologinės taršos riziką.

Cheminio ir fizikinio stabilumo problemas galima spręsti liposomas kon-
vertuojant į sausas formas, taikant purškiamojo arba sublimacinio (liofilizaci-
jos) džiovinimo metodus [40]. Moksliniai tyrimai parodė, kad purškiamuoju 
būdu džiovintos liposomos padidino vitamino C biologinį prieinamumą 30 
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proc., o liofilizuotos naringenino nanodalelės pasižymėjo didesniu stabilumu 
ir ilgesniu kontroliuojamo išsiskyrimo laikotarpiu [41,42].

Dviguba inkapsuliacija, kurios metu derinami du apsauginiai sluoksniai 
arba technologiniai etapai, laikoma vienu pažangiausių būdų stabilumui ir 
veikliųjų medžiagų kontroliuojamam išsiskyrimui užtikrinti. Literatūroje ap-
rašyta vos keletas atvejų, nors ši strategija nebuvo taikyta NR, tyrimai su 
kitomis bioaktyviosiomis medžiagomis rodo reikšmingą potencialą [43].

Žandinės plėvelės (angl. buccal films) yra alternatyvi veikliųjų medžiagų 
tiekimo forma, padedanti apeiti pirmojo kepenų metabolizmo etapą ir suma-
žinti fermentinės degradacijos virškinamajame trakte riziką, taip padidinant 
biologinį pasisavinimą [44]. Plėvelių fizikinės ir cheminės savybės, tokios 
kaip tirpimo greitis, mechaninis stiprumas ir veikliosios medžiagos atpalai-
davimo kinetika, reikšmingai priklauso nuo pagalbinių medžiagų parinkimo 
formulėse. Polimerų pasirinkimas turi esminės reikšmės tiek technologinei 
preparato kokybei, tiek jo funkciniam veiksmingumui. Jawadi ir kt. bei Sa-
bra ir kt. tyrimuose nustatyta, kad žandinės plėvelės, sudarytos iš polivinilo 
alkoholio (PVA) ir hidroksipropilmetilceliuliozės (HPMC), pasižymi greitu 
tirpimu imituojamoje seilių terpėje ir stipriu sukibimu su burnos gleivine, taip 
užtikrinant greitą veikliosios medžiagos pasisavinimą [45,46]. Tokios savy-
bės ypač svarbios junginiams, kuriems būdingas mažas biologinis pasisavini-
mas vartojant per os.

Šio tyrimo metu sistemiškai įvertinti flavanonų ekstrakcijos metodai ir 
parametrai, nagrinėtas pagalbinių medžiagų poveikis flavanonų išeigai, tir-
pumui, stabilumui ir in vitro antioksidaciniam aktyvumui. In vivo sąlygomis 
palygintas greipfrutų žievelių ekstrakto ir gryno naringino (NR) antioksida-
cinis aktyvumas.

Suformuluotos skirtingos dozavimo formos – mikrokapsulės, liposomos 
ir žandinės plėvelės. In vitro eksperimentais įvertintas šių formų stabilumas, 
tirpumas ir veikliųjų medžiagų išsiskyrimo charakteristikos. Remiantis gau-
tais rezultatais, atrinktos veiksmingiausios taikytos technologijos ir formulės.

Disertacijos tikslas – įvertinti liposominių ir mikrokapsuliuotų modifi-
kuoto atpalaidavimo formų įtaką naringino ir naringenino tirpumui bei nusta-
tyti technologinių parametrų įtaką skirtingais metodais gautų mikrokapsulių 
kokybei ir veikliųjų medžiagų tirpimui in vitro.

Uždaviniai
1.	 Išanalizuoti ir palyginti skirtingus ekstrakcijos metodus, įvertinti jų įta-

ką NR ir NAR išeigai iš greipfrutų apyvaisio skirtingų dalių bei įvertinti 
gautų ekstraktų antioksidacinį aktyvumą.

2.	 Nustatyti pagalbinių medžiagų įtaką flavanonų išeigai, stabilumui ir an-
tioksidaciniam aktyvumui in vitro sąlygomis.
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3.	 Įvertinti gryno NR ir greipfrutų žievelių ekstrakto antioksidacinį akty-
vumą in vivo tyrimuose pelių modelyje, stebint oksidacinio streso žy-
menis bei palyginti biologinį poveikį audiniuose ir kraujyje 

4.	 Įvertinti technologinių veiksnių įtaką formuojant mikrokapsuliuotas 
formas, įvertinti jų įkapsuliavimo veiksmingumą, fizikines–chemines 
savybes ir stabilumą.

5.	 Palyginti purškiamuoju būdu džiovintų mikrokapsulių, liposominių 
miltelių ir mukoadhezinių plėvelių tirpumo bei veikliosios medžiagos 
išsiskyrimo profilius imituotomis virškinamojo trakto ir seilių sąlygo-
mis, siekiant įvertinti šių dozavimo formų tinkamumą flavanonų tirpu-
mui, stabilumui ir tikslingam atpalaidavimui gerinti.

Hipotezės
1.	 Kombinuotų ekstrakcijos metodų taikymas padidins NR ir NAR išeigą, 

palyginti su tradiciniais ekstrakcijos metodais.
2.	 Pagalbinių medžiagų (magnio aliuminio metasilikato ir ciklodekstrinų) 

įtraukimas į ekstrakcijos procesą pagerins flavanonų išeigą, stabilumą 
ir antioksidacinį aktyvumą.

3.	 Greipfrutų žievelių ekstraktai veiksmingiau mažins oksidacinį stresą 
nei grynas NR dėl kelių fitocheminių junginių sinerginio poveikio.

4.	 Mikrokapsuliavimo technologijų pritaikymas pagerins biologiškai ak-
tyvių junginių stabilumą.

5.	 Pasirinktos formulavimo sistemos padidins NR ir NAR tirpumą bei leis 
veiksmingai atpalaiduoti tiriamus junginius.

Mokslinis naujumas ir praktinė reikšmė

Atsižvelgiant į didėjantį agropramoninių atliekų kiekį ir tvarumo siekius, 
taip pat augantį susidomėjimą natūralios kilmės biologiškai aktyviais jungi-
niais, ši disertacija orientuota kompleksiškai išgauti, stabilizuoti ir technolo-
giškai pritaikyti flavanonus (NR ir NAR) iš greipfruto žievelių, kurios dažnai 
laikomos maisto pramonės šalutiniu produktu.

Greipfrutų žievelių ekstraktų sudėtis buvo išsamiai ištirta taikant efekty-
viosios skysčių chromatografijos metodiką, kuri leido identifikuoti ir kieky-
biškai nustatyti tiriamuosius flavanonus – NR ir NAR. Papildomai spektrofo-
tometriniais metodais įvertintas bendras fenolinių junginių, flavonoidų kiekis 
ir antioksidacinis aktyvumas. Tyrimo metu taikyti įvairūs flavanonų išgavimo 
metodai, paremti hidrolizės procesais ir pagalbinių medžiagų taikymu. Rezul-
tatai atskleidė, kad tokių junginių kaip magnio aliuminio metasilikato bei (α-, 
β-, γ-) ciklodekstrinų įtraukimas žymiai pagerino fenolinių junginių ir flava-
nonų išeigas ir sustiprino antioksidacinį ekstraktų aktyvumą. Tokios metodi-
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kos padeda spręsti žemo flavanonų tirpumo problemą, kartu išlaikant aplinkai 
draugišką ir ekonomišką procesą, atitinkantį žaliosios chemijos principus.

Šiame darbe pirmą kartą atliktas tiesioginis gryno NR ir viso greipfrutų 
žievelių ekstrakto (GE) palyginimas in vivo modelyje su pelėmis. Rezulta-
tai parodė, kad NR daugiausia skatino endogeninių antioksidacinių fermentų 
(CAT, SOD ir GR) aktyvumą, o visas greipfrutų žievelių ekstraktas veiksmin-
giau mažino lipidų peroksidacijos lygį. Tokiu būdu buvo užpildyta esminė 
tyrimų spraga, nes iki šiol tokio sisteminio palyginimo literatūroje nebuvo 
atlikta.

Mikrokapsulių gamybai buvo taikyti du metodai – purškiamojo džiovi-
nimo ir sublimacijos (liofilizacijos) metodai. Apvalkalo struktūrai formuoti 
naudoti maltodekstrinas, β-ciklodekstrinai ir karboksimetilceliuliozė, kurie 
užtikrino mikrokapsulių formavimąsi bei kontroliuojamą veikliųjų junginių 
atpalaidavimą. Visos gautos mikrokapsulės atitiko kokybės reikalavimus, ta-
čiau purškiamojo džiovinimo būdu paruoštos formulės pasižymėjo geresniais 
technologiniais parametrais, todėl laikytinos tolimesniems tyrimams.

Liposominiams nano nešikliams formuoti naudojamas etanolio injekcijos 
ir ultragarsinio apdorojimo metodas. Siekiant padidinti šių nešiklių fizikinį ir 
cheminį stabilumą ilgalaikio laikymo sąlygomis, liposomos buvo konvertuo-
tos į sausą miltelių formą taikant purškiamojo džiovinimo metodą. Papildo-
mai liposomos buvo įterptos į matricą, sudarytą iš MD, β-CD ir CMC. Tokia 
dvigubos inkapsuliacijos sistema padėjo reikšmingai pagerinti liposomų sta-
bilumą ir kontroliuoti NR bei NAR atpalaidavimo profilį.

Atlikta palyginamoji in vitro atpalaidavimo analizė tarp skirtingų farmaci-
nių formų: mikrokapsulių, gautų purškiamojo džiovinimo metodu; dvigubai 
inkapsuliuotų sistemų, kuriose liposominiai nešikliai buvo įterpti į polisacha-
ridinę matricą; ir mukoadhezinių burnos gleivinei skirtų plėvelių. Kiekviena 
šių formų buvo suformuota tiek su grynu naringinu (NR), tiek su greipfrutų 
žievelių ekstraktu, turinčiu natūralų kompleksą. Tai suteikė galimybę ne tik 
įvertinti formuluočių poveikį tirpumui ir atpalaidavimo kinetikai, bet ir tie-
siogiai palyginti dviejų skirtingos kilmės veikliųjų medžiagų (gryno jungi-
nio ir augalinio ekstrakto) išsiskyrimo charakteristikas. Gauti rezultatai leido 
įvertinti technologinių sprendimų ir žaliavos kilmės įtaką flavanonų tirpumui 
ir išsiskyrimo charakteristikoms in vitro.

Tyrimo objektas ir metodai

Švieži greipfrutų vaisiai buvo surinkti 2021–2022 m. iš vietinės prekybos 
vietos Mastaičiuose (Kauno r.), vaisių kilmės šalis – Italija (regionas nenu-
rodytas). Vaisiai buvo atskirti į išorinį žievelės sluoksnį – egzokarpį, vidi-
nį sluoksnį – mezokarpį ir endokarpinę segmentinę pertvarą. Žaliava buvo 
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susmulkinta elektriniu smulkintuvu („Bosch“, Vokietija) ir užšaldyta –18 ± 
0,9 °C temperatūroje iki ekstrakcijos.

2023–2025 m. greipfrutų žievelės ir segmentinės pertvaros, kaip pramo-
ninės kilmės šalutiniai produktai, buvo surinktos iš vietinių kavinių Kaune. 
Žaliava buvo džiovinama 60 ± 5 °C temperatūroje iki pastovios masės, suma-
lama ir laikoma sandariuose induose sausoje ir tamsioje aplinkoje. Drėgmės 
kiekis nustatytas drėgmės analizatoriumi (KERN MLB, Vokietija) ir siekė 
4,58 ± 0,15 proc.

Tyrime taikyti skirtingi ekstrahavimo metodai: ultragarsinė ekstrakcija su 
homogenizatoriumi, ultragarsinė ekstrakcija vandens vonelėje bei terminė 
ekstrakcija su kondensatoriumi. Vertinta ekstrahavimo parametrų (tempera-
tūros, trukmės, galios, tirpiklio koncentracijos) įtaka flavanonų išeigai. Ana-
lizuota šarminės, rūgštinės bei terminės hidrolizės įtaka NR ir NAR išsiskyri-
mui. Taip pat įvertinta pagalbinių medžiagų (magnio aliuminio metasilikato, 
α-, β-, γ-ciklodekstrinų) įtaka ekstraktų stabilumui, išeigai ir antioksidaciniam 
aktyvumui.

Tiriamųjų junginių kiekiui nustatyti taikytas efektyviosios skysčių chro-
matografijos (ESC) metodas. Bendras fenolinių junginių bei flavonoidų kie-
kis įvertintas spektrofotometriniais metodais.

Antioksidacinės savybės vertintos in vitro taikant standartizuotus testus: 
ABTS (λ = 734 nm), DPPH (λ = 517 nm) ir FRAP (λ = 593 nm). 

In vivo tyrime naudotas pelių modelis, kuriuo vertintas gryno NR ir viso 
greipfrutų ekstrakto antioksidacinis poveikis. Buvo analizuojami oksidacinio 
streso žymenys: sumažinto glutationo (GSH) kiekis (λ = 412 nm), malondial-
dehido (MDA) koncentracija (λ = 535/520 nm), fermentų – katalazės (CAT) 
ir glutationo reduktazės (GR) – aktyvumas (λ = 410 ir 340 nm) pelių krau-
jyje, kepenyse bei smegenyse. Gyvūnų tyrimas buvo patvirtintas Valstybinės 
maisto ir veterinarijos tarnybos (leidimo Nr. G2-275).

Mikrokapsulių gamybai taikyti purškiamojo džiovinimo ir liofilizacijos 
(sublimacinio džiovinimo) metodai, naudojant įvairias apvalkalą formuo-
jančios medžiagas ir jų koncentracijas: maltodekstriną, liesą pieną, β-ciklo-
dekstriną, chitozaną bei karboksimetilceliuliozę (CMC). Kokybiniai para- 
metrai įvertinti pagal Europos farmakopėjos metodikas: miltelių birumo tan-
kis (Hausner‘io) koeficientas, kūgio kampas, drėgmės kiekis, drėkinamumas, 
morfologija, proceso išeiga (Y, proc.), tirpumas bei bendras ir paviršinis fe-
nolinių junginių kiekis.

Lipidinių nešiklių gamyba atlikta etanolio injekcijos metodu, taikant zon-
do tipo ultragarsinį poveikį (5 ciklai po 1 min. įjungta / 1 min. išjungta, 16 ± 5 
proc. galia). Nešiklių sudėčiai naudotas Lipoid S100 (fosfatidilcholinas) ir 
cholesterolis, kurie buvo ištirpinti etanolyje kartu su greipfrutų ekstraktu arba 
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grynu NR tirpalu ir įšvirkšti į vandeninę terpę maišant. Tyrime naudoti lipidų 
ir šerdies masės santykiai (1:1 ir 2:1).

Lipidinių nešiklių fizikinės – cheminės savybės nustatytos naudojant di-
naminės šviesos sklaidos (DLS) metodą („Nano ZS 3600“, JK). Nustatytas 
vidutinio dalelių dydžio ir polidispersiškumo indeksas (PDI). Lipidinių neši-
klių paviršiaus ζ (dzeta)  potencialas nustatytas taikant ζ (dzeta)  režimą. Li-
posomų struktūriniam vientisumui išsaugoti jos buvo konvertuotos į miltelių 
formą taikant purškiamojo džiovinimo metodą ir derinant su pagalbinėmis 
medžiagomis (MD,  β-CD ir CMC).

Žandinės plėvelės buvo pagamintos tirpinimo-liejimo būdu, naudojant 
HPMC (12 proc.), PVA ar natrio alginatą (2 proc.) ir glicerolį (4 proc.). Plėve-
lės džiovintos 40 °C temperatūroje. Mechaninės savybės įvertintos tekstūros 
analizatoriumi (TA.XT Plus), fizikinės–cheminės savybės nustatytos matuo-
jant drėgmę, tirpimą ir ištirpimo laiką.

In vitro atpalaidavimo tyrimai atlikti naudojant „Sotax AT7“ išmaniąją 
sistemą, imituojančią burnos (dirbtinės seilės), skrandžio (SGF, pH 1,2) ir 
žarnyno (SIF, pH 6,8) sąlygas. Tyrimo metu buvo lyginamas NR atpalaidavi-
mas iš įvairių farmacinių formų: mikrokapsulių, liposomų bei žandinių plė-
velių, naudojant tiek gryną NR, tiek greipfrutų žievelių ekstraktą kaip šaltinį. 
Kiekybinis NR įvertinimas atliktas efektyviosios skysčių chromatografijos 
(ESC) metodu.

Eksperimentiniai duomenys iš 1–5 straipsnių buvo analizuojami ir vizu-
alizuojami naudojant „IBM SPSS Statistics 20.0“, „Microsoft Excel 2021“ 
ir „GraphPad Prism 8“ programas. Visi eksperimentai atlikti ne mažiau kaip 
trimis pakartojimais, o rezultatai pateikiami kaip vidurkis ± standartinis nuo-
krypis (SD).

Skirtumai tarp grupių vertinti taikant neparametrinius statistinius testus: 
Friedmano testą su Wilcoxono rangų ženklų testu pakartotiniams matavi-
mams bei Mann–Whitney U testą dviejų nepriklausomų grupių palyginimui. 
Koreliacija ir regresija nustatyta naudojant Spearmano ranginės koreliacijos 
koeficientą.

In vivo eksperimentuose skirtumai tarp septynių grupių analizuoti taikant 
vienfaktorinę dispersinę analizę (ANOVA) su Tukey post hoc testu. Statistiš-
kai reikšmingais laikyti skirtumai, kai p < 0,05. Naudotos medžiagos ir taiky-
ti metodai išsamiai aprašyti su šiuo darbu susijusiuose moksliniuose straips-
niuose (1–5).

Diskusija ir rezultatų apžvalga

Greipfrutų vaisiai yra vieni populiariausių citrusinių vaisių pasaulyje, ta-
čiau beveik pusė jų biomasės tampa atliekomis po sulčių gamybos [46,47]. 
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Šios atliekos (žievelės ir segmentinės pertvaros) ne tik kelia aplinkosaugos 
problemų, bet ir yra turtingas fenolinių junginių, flavonoidų, pektinų bei ete-
rinių aliejų šaltinis [15,48,49]. Didžiausios reikšmės turi flavanonai – narin-
ginas (NR) ir jo aglikonas naringeninas (NAR), pasižymintys antioksidaci-
nėmis, priešuždegiminėmis ir priešvėžinėmis savybėmis [13,20,29,50–56]. 
Todėl veiksmingai išgauti šiuos junginius iš greipfrutų perdirbimo atliekų 
aktualu tiek farmacijos, tiek maisto pramonės srityse.

Vienas šio tyrimo tikslų buvo optimizuoti ekstrakcijos parametrus, taikant 
eksperimentinę technologinę optimizavimo strategiją, pagrįstą kombinuotu 
ekstrakcijos metodu su rūgštine, šarmine ir termine hidrolize. Optimizavimo 
metu buvo vertinama žaliavos apdorojimo trukmės, tirpiklio tipo, hidrolizės 
sąlygų bei skirtingų ekstrakcijos metodų (ultragarsinės ekstrakcijos, virinimo 
tirpiklio virimo temperatūroje su grįžtamuoju kondensatoriumi) ir jų derinių 
– įtaka tikslinių junginių išeigai. Ekstrakcija buvo taikyta tiek iš šviežios ža-
liavos atskirų dalių (egzokarpio, mezokarpio ir segmentinių pertvarų), tiek 
iš džiovintų greipfrutų žievelių, susidarančių kaip sulčių gamybos šalutinis 
produktas.

Ultragarsinės ekstrakcijos metu buvo nustatyti statistiškai reikšmingi skir-
tumai (p < 0,05) tarp atskirų greipfrutų vaisiaus dalių: mezokario dalyje NR 
koncentracija siekė 17,45 ± 0,87 mg/g, egzokarpio dalyje – 8,12 ± 0,41 mg/g, 
o segmentinėse pertvarose – tik 4,31 ± 0,96 mg/g. Taip pat fiksuotas statis-
tiškai reikšmingas skirtumas (p < 0,05) tarp NAR išeigos mezokarpio dalyje 
(4,63 ± 0,23 µg/g), lyginant su kitomis dalimis, kuriose NAR kiekiai buvo že-
miau aptikimo ribos. Panaši flavanonų pasiskirstymo tendencija skirtingose 
greipfrutų audinių dalyse aprašyta ir kituose tyrimuose. Pavyzdžiui, Jeyaraj 
ir kt. nustatė, kad didesnės NR koncentracijos dažniausiai aptinkamos mezo-
karpio audiniuose ir segmentinėse pertvarose [8,62–66].

Tiriant etanolio koncentracijos (50 proc. ir 70 proc. (v/v)) poveikį nustaty-
ta, kad kai kuriuose mėginiuose 70 proc. (v/v) etanolis statistiškai reikšmingai 
padidino tiriamų junginių koncentraciją. Pavyzdžiui, egzokarpio mėginiuose 
NR kiekis padidėjo nuo 14,79 ± 0,73 mg/g (7-A) iki 17,39 ± 1.10 mg/g (9-A). 
Mezokarpio dalyje NAR koncentracija padidėjo nuo 3,36 ± 0,16 µg/g (7-A) 
iki 4,57 ± 0,22 µg/g (9-A) (p < 0,05). Tikėtina, kad didesnė etanolio kon-
centracija pagerino mažiau polinių flavanonų tirpumą, todėl padidėjo jų eks-
trakcijos efektyvumas. Ši variacija nebuvo vienoda visoms tirtoms vaisiaus 
dalims, kas rodo, kad ekstrakcijos efektyvumą gali lemti ir audinių struktūra 
bei junginių pasiskirstymas skirtinguose greipfrutų audiniuose. Gauti rezul-
tatai iš esmės sutampa su kitų autorių pateiktais duomenimis, rodančiais, kad 
didesnė etanolio koncentracija gali padidinti fenolinių junginių ir flavonoidų 
ekstrakcijos efektyvumą [64,65]. Tačiau šiame tyrime gauti duomenys papil-
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do informaciją apie šio poveikio pasireiškimą skirtingose greipfrutų vaisiaus 
dalyse.

Virinimas tirpiklio virimo temperatūroje su grįžtamuoju kondensatoriumi 
statistiškai reikšmingai (p < 0,05) padidino NAR išeigą, ypač segmentinėse 
pertvarose, kur ji siekė 35,80 ± 1,77 µg/g. Segmentinėse pertvarose NAR 
kiekis padidėjo beveik dešimt kartų, palyginti su mėginiais, kurie nebuvo vei-
kiami šilumos. Tikėtina, kad aukšta temperatūra skatino glikozidinių jungčių 
hidrolizę, dėl kurios glikozidinė NR forma buvo paverčiama į aglikoną NAR, 
taip pat pagerino tirpiklio skvarbą į augalinius audinius ir padidino fenolinių 
junginių tirpumą bei difuziją. Literatūros duomenys taip pat rodo, kad pa-
didinta temperatūra gali skatinti flavonoidų glikozidų hidrolizę ir aglikonų 
susidarymą ekstrakcijos metu [66,67].

Rūgštinė, šarminė ir terminė hidrolizė statistiškai reikšmingai (p < 0,05) 
padidino flavanonų išeigą, palyginti su kontroliniais ekstraktais. Didžiausias 
poveikis nustatytas taikant terminę hidrolizę: NR kiekis mezokarpio dalyje 
padidėjo nuo 17,39 ± 0,87 mg/g iki 25,05 ± 1,25 mg/g, o segmentinėse per-
tvarose – nuo 5,26 ± 0,26 mg/g iki 11,07 ± 0,55 mg/g. Segmentinėje dalyje 
NAR nebuvo aptiktas be terminės hidrolizės, tačiau po terminio apdorojimo 
jo kiekis statistiškai reikšmingai (p < 0,05) padidėjo iki 4,21 ± 0,21 µg/g. 
Tokie rezultatai gali būti siejami su flavanonų glikozidų hidrolize ir agliko-
nų susidarymu esant padidintai temperatūrai, kas aprašyta ir ankstesniuose 
tyrimuose [68]. Taikant kombinuotą ekstrakcijos metodą (ultragarsinę eks-
trakciją su terminiu apdorojimu), abiejų flavanonų koncentracijos buvo pa-
našios naudojant 70 proc. ir 50 proc. (v/v) etanolį. Tai rodo, kad kombinuoti 
ekstrakcijos metodai gali užtikrinti panašų flavanonų išgavimo efektyvumą ir 
naudojant mažesnės koncentracijos tirpiklį, taip sumažinant tirpiklio poreikį 
neprarandant ekstrakcijos veiksmingumo, kaip nurodoma ir kituose tyrimuo-
se [69].

Rūgštinė hidrolizė sudarė sąlygas vidutiniam NAR kiekiui susidaryti, o 
šarminė hidrolizė labiau skatino glikozidų skilimą, tačiau aglikonų išeiga iš-
liko ribota. Tai gali būti susiję su flavonoidų glikozidų stabilumo skirtumais 
skirtingose pH terpėse. Literatūroje taip pat nurodoma, kad flavonoidų gliko-
zidų hidrolizė priklauso nuo aplinkos pH ir temperatūros, kurios gali skatinti 
aglikonų susidarymą [70].

Iš džiovintos greipfrutų žaliavos didžiausios flavanonų išeigos buvo gau-
tos taikant kombinuotą ultragarsu asistuotą ekstrakciją kartu su terminiu ap-
dorojimu. NR koncentracija siekė  49,13 ± 2,46 mg/g ir 51,94 ± 2,60 mg/g 
(50 proc. ir 70 proc. etanolį v/v,) ir statistiškai reikšmingai (p < 0,05) virši-
jo vien tik ultragarsu atliktos ekstrakcijos rezultatus (42,00 ± 2,10 mg/g ir  
40,36 ± 2,00 mg/g). NAR koncentracija siekė 64,22 ± 3,21 µg/g. 
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Tačiau džiovintos žaliavos mėginių rezultatų variacija leidžia daryti prie-
laidą, kad tam tikrą įtaką galėjo turėti žaliavos biologinė įvairovė, vaisių bran-
dos laipsnis ar sezoniškumas, nors žaliavos džiovinimo ir laikymo sąlygos 
buvo standartizuotos. Visais atvejais žaliava buvo džiovinama vienodomis 
sąlygomis (60 ± 5 °C temperatūroje iki pastovios masės), sumalama vienodu 
būdu ir laikoma sandariuose induose sausoje bei tamsioje aplinkoje. Tai gali 
būti susiję su tuo, kad naudota žaliava buvo gauta kaip sulčių gamybos šalu-
tinis produktas, todėl jos cheminė sudėtis galėjo kisti priklausomai nuo vaisių 
kilmės, brandos laipsnio, laikymo ar perdirbimo sąlygų. Literatūroje taip pat 
nurodoma, kad citrusinių vaisių bioaktyvių junginių kiekio svyravimus gali 
lemti biologiniai ir aplinkos veiksniai [48].

Pagalbinių medžiagų naudojimas ekstrakcijos metu pagerino flavanonų 
tirpumą ir stabilumą. Magnio aliuminio metasilikatas pasižymėjo selektyviu 
poveikiu: padidino NAR kiekį segmentinėse pertvarose, tačiau sumažino NR 
išeigą maždaug 15 proc., lyginant su kontroliniais mėginiais (p < 0,05). Šis 
poveikis leidžia teigti, kad ši medžiaga veiksmingiau stabilizuoja aglikonus 
nei glikozidus. Kitų autorių tyrimuose taip pat nustatyta, kad magnio aliumi-
nio metasilikatas gali veikti kaip nešiklis ir padidinti tam tikrų fitocheminių 
junginių išsiskyrimą iš augalinės žaliavos. Manoma, kad jo sąveika su jungi-
niais gali priklausyti nuo jų poliarumo ir molekulinio dydžio [23,72].

Ciklodekstrinai (CD) turėjo skirtingą poveikį flavanonų išeigai. α-CD ir 
γ-CD flavanonų išeigos statistiškai reikšmingai nepakeitė (p > 0,05), tuo tar-
pu β-CD reikšmingai padidino tiek NR, tiek NAR koncentraciją (p < 0,05). 
Segmentinių pertvarų mėginiuose NR koncentracija padidėjo nuo 7,8 ± 0,39 
iki 58,06 ± 2,9 mg/g, o NAR – nuo 65,84 ± 3,39 iki 91,19 ± 4,55 µg/g. Toks 
β-CD poveikis gali būti siejamas su jo gebėjimu sudaryti stabiliausius in-
kluzinius kompleksus su flavanonų molekulėmis, nes β-CD ertmės dydis 
laikomas optimaliai pritaikytu daugeliui flavonoidų struktūrų. Tokie kom-
pleksai gali pagerinti flavonoidų tirpumą ir stabilumą. Literatūroje taip pat 
nurodoma, kad ciklodekstrinai gali didinti fitocheminių junginių tirpumą ir 
stabilumą augaliniuose ekstraktuose, pavyzdžiui, padidinti izoflavonų išeigą 
iš Trifolium pratense L. ekstraktų bei pagerinti fenolinių junginių tirpumą ir  
antioksidacinį stabilumą Aspalathus linearis (Burm.f.) ekstraktuose [25,73–
75].

Teigiamas CD poveikis buvo akivaizdus ir vertinant bendrą fenolinių jun-
ginių kiekį (TPC) bei bendrą flavonoidų kiekį (TFC): TPC ir TFC padidėjo 
daugiau kaip du kartus, ypač mėginiuose iš mezokarpio ir segmentinės per-
tvaros (p < 0,05).

Naudojant β-CD, mėginiuose iš egzokarpinės  dalies antioksidacinis akty-
vumas (DPPH metodu) padidėjo nuo 517,14 ± 25,86 iki 630,76 ± 31,54 µmo-
l/g TE (p < 0,05). ABTS metodu aktyvumo padidėjimas – nuo 8,97 ± 0,45 iki 
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18,61 ± 0,93 µg TE/g (p < 0,05). Greipfrutų sultyse β-CD įtaka buvo mažiau 
ryškesnė (18,61 ± 0,93 iki 20,56 ± 1,03 µg TE/g), tačiau pokytis taip pat 
buvo statistiškai reikšmingas (p < 0,05). Didžiausias redukcinis aktyvumas 
(FRAP metodu) buvo nustatytas greipfrutų sultyse (12336 ± 616,8 µmol/g 
TE) ir egzokarpio dalyje (8969 ± 448,5 µmol/g TE). Literatūroje nurodoma, 
kad ciklodekstrinai gali sudaryti inkluzinius kompleksus su flavonoidais ir 
taip pagerinti jų tirpumą bei stabilumą. Vis dėlto šio tyrimo rezultatai rodo, 
kad β-CD poveikis antioksidaciniam aktyvumui gali skirtis priklausomai 
nuo žaliavos tipo ir flavanonų sudėties ekstraktuose [76,77]. Mažesnis β-CD 
poveikis greipfrutų sultyse gali būti susijęs su skirtinga bioaktyvių junginių 
sudėtimi, nes žievelės ekstraktuose paprastai aptinkama didesnė flavanonų 
koncentracija.

In vivo tyrimų dalyje buvo lyginamas greipfrutų žievelės ekstrakto ir gry-
no NR poveikis pelėms, kurioms oksidacinis stresas buvo sukeltas aliuminio 
chloridu (AlCl₃). Oksidacinis stresas buvo vertinamas matuojant redukuoto 
glutationo (GSH), malondialdehido (MDA) ir fermentinių antioksidantų – 
katalazės (CAT) bei glutationo reduktazės (GR) – aktyvumą kraujyje, kepe-
nyse ir smegenyse.

Kraujyje NR statistiškai reikšmingai (p < 0,05) padidino GSH kiekį, ypač 
vartojant kartu su AlCl₃. GSH koncentracija buvo daugiau nei dvigubai dides-
nė, palyginti su kontroline grupe. Greipfrutų ekstraktas (GE) taip pat padidi-
no GSH kiekį, tačiau šis padidėjimas buvo mažesnis nei NR grupėje. MDA 
koncentracija buvo mažiausia E + AlCl₃ grupėje ir statistiškai reikšmingai 
(p < 0,05) sumažėjo beveik 50 proc., palyginti su AlCl₃ grupe, o tai rodo sti-
presnį GE apsauginį poveikį nuo lipidų peroksidacijos. Gauti rezultatai rodo 
skirtingą veikimo mechanizmą: NR labiau skatino endogeninio GSH kiekio 
padidėjimą, o GE veiksmingiau slopino lipidų peroksidacijos procesus.

Smegenų audinyje NR statistiškai reikšmingai (p < 0,05) padidino GSH 
koncentraciją, pasiekdamas daugiau nei tris kartus didesnį lygį nei AlCl₃ gru-
pėje, kas rodo jo gebėjimą aktyvinti endogenines antioksidacines sistemas. 
Tuo tarpu greipfrutų ekstraktas veiksmingiau sumažino MDA kiekį – nusta-
tytas apie 40 proc. statistiškai reikšmingas (p < 0,05) sumažėjimas, palyginti 
su AlCl₃ grupe. Vertinant katalazės (CAT) aktyvumą, grynas NR išlaikė reikš-
mes, artimas kontrolinės grupės lygiui, o GE poveikis buvo mažiau ryškus. 
Šie rezultatai leidžia daryti prielaidą, kad grynas NR labiau palaiko fermenti-
nių antioksidacinių sistemų aktyvumą smegenų audinyje. 

Kepenyse stebėtas priešingas modelis. Greipfrutų ekstraktas statistiškai 
reikšmingai (p < 0,05) padidino CAT aktyvumą, daugiau nei 50 proc. viršy-
damas kontrolinės grupės reikšmes, kas rodo adaptacinės fermentinės anti-
oksidacinės gynybos aktyvaciją. Tuo tarpu grynas NR, vartojamas kartu su 
AlCl₃, reikšmingiau padidino GSH koncentraciją (p < 0,05), kas gali rodyti 
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stipresnį jo poveikį hepatocitų redokso pusiausvyros palaikymui. Literatūroje 
taip pat nurodoma, kad flavonoidai gali moduliuoti kepenų antioksidacines 
sistemas tiek aktyvindami fermentinius mechanizmus, tokius kaip katalazė, 
tiek didindami nefermentinių antioksidantų, įskaitant glutationą, kiekį [78].

In vivo duomenys parodė skirtingą antioksidacinį profilį: greipfrutų žieve-
lių ekstraktas veiksmingiau sumažino oksidacinį lipidų pažeidimą. Pastebėta, 
kad grynas naringinas stipriai padidino GSH koncentraciją, kas rodo ryškią 
glutationo metabolizmo aktyvaciją. Manoma, kad šis poveikis gali būti susi-
jęs su NR gebėjimu moduliuoti Nrf2 faktoriaus signalinį kelią, kuris reguliuo-
ja pagrindinių antioksidacinių fermentų ir glutationo sintezėje dalyvaujančių 
fermentų ekspresiją. Staigus šios sistemos aktyvinimas gali būti siejamas su 
kompensaciniu atsaku į oksidacinį stresą arba su tiesioginiu flavonoidų povei-
kiu redokso reguliacijos mechanizmams. Tačiau pernelyg intensyvi antioksi-
dacinių sistemų aktyvacija gali sutrikdyti fiziologinę redokso pusiausvyrą, 
nes pernelyg didelis antioksidantų aktyvumas gali slopinti ląstelių signalinius 
procesus, kuriuose reaktyviosios deguonies formos veikia kaip svarbūs signa-
liniai mediatoriai. Tokie duomenys rodo, kad izoliuotų flavonoidų poveikis 
gali būti stipresnis ir labiau nukreiptas į specifinius antioksidacinius kelius 
nei kompleksinių augalinių ekstraktų, kuriuose skirtingi bioaktyvūs kompo-
nentai gali veikti sinergiškai ir palaikyti subalansuotą antioksidacinį atsaką 
[13,56].

Siekiant pagerinti greipfrutų žievelių ekstraktų technologines ir funkcines 
savybes, buvo atliktas jų įkapsuliavimas taikant purškiamojo ir sublimacinio 
(liofilizacinio) džiovinimo metodus. Mikrokapsulių apvalkalui suformuoti 
naudoti įvairūs pagalbiniai komponentai (MD, SK, β-CD ir CMC). Įvertintas 
šių medžiagų poveikis gautų miltelių išeigai, likutiniam drėgmės kiekiui, su-
drėkimo laikui, byrėjimui, tirpumui, įkapsuliavimo veiksmingumui bei mor-
fologinėms savybėms.

Džiovinimo metodas reikšmingai paveikė galutinę produkto išeigą ir bio-
logiškai aktyvių junginių išsaugojimą. Purškiamojo džiovinimo metu išeiga 
siekė 48–53 proc., o didžiausia vertė nustatyta esant 160 °C įėjimo tempera-
tūrai (M3 formulė – 52,95 proc.). Temperatūrai padidėjus iki 170 °C, išeiga 
sumažėjo iki 48 proc., greičiausiai dėl fenolinių junginių terminės degradaci-
jos ir paviršiaus plutelės susidarymo, ribojančio tirpiklio išgaravimą. Litera-
tūroje taip pat nurodoma, kad didesnės purškiamojo džiovinimo temperatūros 
gali skatinti bioaktyviųjų junginių degradaciją citrusinių vaisių ekstraktuose, 
ypač viršijus 180 °C ribą [78].

Liofilizuoti mėginiai pasižymėjo statistiškai reikšmingai (p < 0,05) dides-
ne išeiga 69,7–79,2 proc., o tai rodo, kad ekstrakto masė išsaugojama veiks-
mingiau ir švelnesnėmis proceso sąlygomis. Literatūroje taip pat nurodoma, 
kad liofilizavimas dažnai leidžia išsaugoti didesnį sausųjų medžiagų kiekį au-
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galiniuose ekstraktuose. Pavyzdžiui, Da Silva Júnior ir kt. nustatė, kad liofi-
lizuojant Spondias purpurea (ciriguelos) žievelės ekstraktą gaunama didesnė 
bendroji sausųjų medžiagų išeiga nei taikant purškiamojo džiovinimo metodą 
[30].

Drėgmės kiekis purškiamojo džiovinimo metu gautuose milteliuose kito 
nuo 5,3 iki 7,6 proc., mažiausios reikšmės nustatytos β-CD turinčiuose 
mėginiuose (pvz., MBC2 ir MBC3 < 5,5 proc., palyginti su sistemomis be 
β-CD, > 7 proc.; p < 0,05). Liofilizuotuose mėginiuose drėgmės kiekis siekė  
4,7–5,8 proc. Mažesnis drėgmės kiekis β-CD turinčiuose mėginiuose gali 
būti siejamas su ciklodekstrinų gebėjimu sudaryti inkluzinius kompleksus su 
bioaktyviais junginiais ir taip modifikuoti susidarančių dalelių struktūrą bei 
vandens absorbcines savybes. Literatūroje taip pat nurodoma, kad ciklodeks-
trinai gali prisidėti prie stabilesnių mikroenkapsuliuotų sistemų susidarymo 
ir pagerinti bioaktyviųjų junginių stabilumą džiovintuose ekstraktuose [79].

Purškiamojo džiovinimo metu gautos kapsulės, turinčios didesnę β-CD 
koncentraciją, pasižymėjo ilgesniu sudrėkimo laiku (>1400 s), kas gali būti 
siejama su mažiau laidžios dalelių struktūros formavimusi. Liofilizuoti mėgi-
niai sudrėko greičiau; trumpiausias sudrėkimo laikas nustatytas L2 mėginyje, 
nors jo sudėtis buvo panaši į L1, kas rodo, kad svarbus ne tik bendras kom-
ponentų kiekis, bet ir jų tarpusavio santykis. Literatūroje taip pat nurodoma, 
kad liofilizacijos metu susidariusi porėta struktūra gali palengvinti vandens 
įsiskverbimą į daleles [80,81].

Miltelių birumo savybės, vertintos pagal Carr indeksą ir Hausner santy-
kį, priklausė nuo apvalkalą formuojančių  medžiagų sudėties. Purškiamuo-
ju džiovinimu gautų miltelių Hausner santykis svyravo nuo 1,438 iki 1,636, 
o prasčiausias birumas nustatytas MBC1 mėginyje, kuriame naudota di-
džiausia β-CD ir CMC koncentracija. MD įtraukimas statistiškai reikšmin-
gai (p < 0,05) pagerino miltelių tekamumą, tikėtina dėl sumažėjusio dalelių 
lipnumo ir agregacijos. Liofilizuoti mėginiai pasižymėjo geresnėmis birumo 
savybėmis (Carr indeksas 30–34 proc.; Hausner santykis < 1,52).

Mikrokapsulių tirpumas priklausė nuo apvalkalą formuojančių medžiagų 
sudėties ir taikyto džiovinimo metodo. Purškiamuoju džiovinimu gautų kap-
sulių tirpumas siekė 30–66 proc., o liofilizuotų – 31–62 proc. Didesnė MD 
koncentracija padidino tirpumą, tikėtina dėl geresnės dalelių dispergacijos ir 
mažesnės agregacijos. Tuo tarpu β-CD ir CMC turinčiose sistemose tirpumas 
buvo mažesnis, kas gali būti siejama su tankesnės struktūros formavimusi ir 
ribota vandens difuzija. Literatūroje taip pat nurodoma, kad MD gali page-
rinti mikrokapsulių tirpumą ir dalelių pasiskirstymą, nes mažina dalelių suli-
pimą ir palengvina vandens difuziją į matricą, kaip parodė Xiao ir kt. tyrimas 
[30,83].
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Įkapsuliavimo efektyvumas (EE) svyravo nuo 76,7 iki 91,4 proc., o di-
džiausia vertė nustatyta purškiamuoju džiovinimu gautame β-CD turinčiame 
mėginyje (MBC3). Didesnis EE gali būti siejamas su β-CD gebėjimu stabili-
zuoti flavanonus ir sumažinti jų degradaciją džiovinimo metu. Vis dėlto mė-
giniuose, kuriuose β-CD ar CMC koncentracija buvo didesnė, EE sumažėjo, 
nors šie pokyčiai ne visais atvejais buvo statistiškai reikšmingi (p > 0,05), kas 
gali rodyti ribotą komponentų suderinamumą sistemoje. Zhao ir kt. tyrimuose 
taip pat nurodoma, kad ciklodekstrinai gali prisidėti prie flavonoidų stabi-
lumo didinimo mikroenkapsuliuotose sistemose, tačiau šio poveikio mastas 
priklauso nuo pagalbinių medžiagų sudėties ir jų tarpusavio suderinamumo 
[83–84].

Liofilizuotų mėginių EE buvo mažesnis (76,8–88,6 proc.), tačiau jie iš-
saugojo daugiau bendrojo fenolinių junginių kiekio. Tai rodo, kad švelnesnės 
liofilizacijos sąlygos veiksmingiau apsaugo bioaktyviąsias medžiagas nuo 
skaidymosi, ypač jautrias oksidacijai ar termodegradacijai. Tokia tendencija 
atitinka literatūroje aprašytus rezultatus, pabrėžiančius liofilizacijos prana-
šumus išsaugant antioksidacinius komponentus įvairių augalinės kilmės eks-
traktų įkapsuliavimo metu [32–35]. 

Skenuojančios elektroninės mikroskopijos (SEM) analizė atskleidė ryš-
kius morfologinius skirtumus tarp skirtingais būdais gautų mikrokapsulių. 
Purškiamojo džiovinimo metu suformuotos dalelės buvo sferinės arba pusiau 
sferinės formos, o jų paviršiaus struktūra priklausė nuo naudojamų apvalkalą 
formuojančių medžiagų. Mėginiai, turintys daug lieso pieno miltelių (pvz., 
MBC4), pasižymėjo lygesniu ir tolygesniu paviršiumi, o β-CD turintys mė-
giniai dažniau sudarė labiau raukšlėtus paviršius. Tai siejama su β-CD ge-
bėjimu formuoti tankesnes struktūras, kurios džiovinimo metu gali sukelti 
paviršiaus susitraukimų ir deformacijų.

Priešingai, liofilizacijos metu gautos mikrokapsulės pasižymėjo netaisyk- 
linga, porėta ir sluoksniuota struktūra. Toks morfologinis vaizdas atspindi bū-
dingus liofilizacijos proceso bruožus – švelnų vandens šalinimą per sublima-
ciją, kuris nesukelia greito išorinio paviršiaus kietėjimo, bet sudaro erdvę tra-
pios tekstūros matricai. Nors liofilizuotų mikrokapsulių porėta struktūra gali 
palengvinti tirpimą, purškiamuoju džiovinimu gautos kapsulės pasižymėjo 
vienodesne morfologija ir geresnėmis technologinėmis savybėmis, todėl šis 
metodas buvo pasirinktas tolesniems tyrimams.

Siekiant pagerinti flavanonų tirpumą ir biologinį pasisavinimą, papildomai 
buvo suformuoti lipidiniai nešikliai – liposomos, į kurių sudėtį buvo įtrauktas 
greipfrutų ekstraktas arba grynas NR. Liposomų fizikinė ir cheminė charak-
teristika parodė, kad visos sistemos buvo nanoskalės ribose (94–102 nm), o 
polidispersijos indeksai nesiekė PDI < 0,4. Tai rodo gerą jų tinkamumą geria-
majam vartojimui. Padidinus lipidų ir veikliosios medžiagos santykį nuo 1:1 
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iki 2:1 (EL2 vs. EL1), sumažėjo pūslelių dydis, susiformavo kompaktiškesni 
dvisluoksniai, siauriau pasiskirstė dalelių dydžiai. Kitų tyrimų, nagrinėjančių 
kvercetino ir kitų citrusiniuose vaisiuose randamų bioaktyviųjų junginių lipo-
somas, duomenimis, didesnė fosfolipidų koncentracija yra susijusi su padidė-
jusiu liposomų stabilumu ir homogeniškumu [86,87].

Paviršiaus ζ (dzeta) potencialo reikšmės kito nuo –10,4 iki –25,8 mV, o 
didesnė neigiama paviršiaus įkrova siejama su geresniu koloidiniu stabilumu, 
nes tai padeda apsaugoti daleles nuo agregacijos elektrostatinio atstūmimo 
jėgų pagalba [87–90]. Remiantis šiais parametrais, stabiliausiomis buvo pasi-
rinktos EL2 ir NL2 formulės.

Siekiant išsaugoti struktūrinį liposomų vientisumą ir padidinti veikliųjų 
medžiagų stabilumą, buvo pasitelktas dvigubo įkapsuliavimo principas – fla-
vanonai pirmiausia buvo įkapsuliuoti į liposomų dvisluoksnę membraną, o 
vėliau liposominis tirpalas buvo paverstas milteliais naudojant purškiamojo 
džiovinimo metodą su β-CD, MD ir CMC apvalkalą formuojančiomis me-
džiagomis. Šio tyrimo metu, buvo įvertinta miltelių išeiga, drėgmės kiekis ir 
įkapsuliavimo efektyvumas, siekiant įvertinti šių sistemų tinkamumą prakti-
niam taikymui.

Purškiamuoju džiovinimu gautų miltelių išeiga svyravo nuo 36 iki 43 proc. 
Didesnė išeiga nustatyta greipfrutų ekstrakto pagrindu paruoštuose mėgi-
niuose (43,0 ± 2,15 proc. ir 41,05 ± 1,60 proc.), o mažesnė – gryno NR siste-
mose (36,70 ± 1,83 proc. ir 38,15 ± 1,91 proc.) (p < 0,05). Įtraukus lipidinius 
nešiklius, išeiga šiek tiek sumažėjo, kas gali būti siejama su sudėtingesne 
lašelių atomizacija ir lipidinių dalelių adhezija prie purškiamojo džiovinimo 
kameros sienelių [91].

Likutinis drėgmės kiekis visuose mėginiuose neviršijo 6 proc., kas lai-
koma tinkama riba džiovintų miltelių stabilumui užtikrinti, nors didžiausia 
vertė nustatyta lipidinėse NR sistemose (5,58 proc.). Įkapsuliavimo veiks-
mingumas buvo didžiausias liposominėse sistemose su greipfrutų ekstraktu 
(99,4 proc.), palyginti su neliposominėmis sistemomis (81–91 proc.), kas gali 
būti siejama su fosfolipidinio dvi sluoksnio gebėjimu apsaugoti bioaktyvius 
junginius nuo degradacijos [37,92].

Liposomų stabilizuojantis poveikis bioaktyviems junginiams aprašytas ir 
kituose tyrimuose, kuriuose nanoliposomos sėkmingai įkapsuliavo hidrofobi-
nius polifenolius, tokius kaip naringinas ir naringeninas [37]. Taip pat nusta-
tyta, kad angliavandenių nešikliai gali didinti įkapsuliavimo veiksmingumą ir 
stabilumą purškiamuoju džiovinimu gautose sistemose [93].

Absoliutus tirpumas buvo didžiausias gryno NR ne liposominėse mikro-
kapsulėse (306 µg/mL), tačiau jų tirpumo veiksmingumas tesiekė 5,6 proc. 
Liposominiai milteliai (NLS, ELS) pasižymėjo daug mažesniu absoliučiu 
tirpumu (17–93 µg/mL), bet kelis kartus didesniu tirpumo veiksmingumu 
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(42,7–55,3 proc.). SEM analizė parodė, kad purškiant gautos liposominės 
kapsulės buvo lygesnio paviršiaus ir vienodesnės, palyginti su ne liposomi-
niais mėginiais, kurių paviršius buvo labiau raukšlėtas ir netolygus.

Žandinės burnos plėvelės buvo sukurtos kaip alternatyvus peroralinis vei-
kliųjų medžiagų tiekimo būdas, siekiant išvengti flavanonų skilimo virški-
namajame trakte. Iš HPMC – alginato (EP1, NP1) ir HPMC – PVA (EP2, 
NP2) matricų sukurtos plėvelės parodė akivaizdžius fizikinių–cheminių ir 
funkcinių savybių skirtumus, patvirtinančius reikšmingą polimero tipo ir vei-
kliosios medžiagos šaltinio įtaką. Gryno NR plėvelės (NP1, NP2) pasižymė-
jo didžiausiu atpalaidavimu dirbtinėse seilėse: jų tirpumo efektyvumas (DE) 
atitinkamai siekė 37,5 proc. ir 40,9 proc. Priešingai, ekstrakto pagrindu su-
kurtose plėvelėse (E1 ir E2) naringino atpalaidavimas buvo žymiai mažesnis, 
o tirpumo efektyvumas atitinkamai sudarė 40,2 proc. ir 26,6 proc. Tirpimo 
trukmė taip pat skyrėsi priklausomai nuo naudoto polimero: EP1 (alginatas 
– HPMC) plėvelės tirpo lėčiausiai (35 min) dėl tankaus alginato gelio for-
mavimosi, kuris riboja difuziją, o EP2 (PVA–HPMC) plėvelės greičiau suiro 
(5 min) dėl didesnio polimero gebėjimo prisijungti vandenį ir spartesnio iri-
mo. Gryno NR plėvelės pasižymėjo vidutine tirpimo trukme (15–20 min). 
Panašų polimero tipo poveikį tirpimo kinetikai aprašė ir Maslii su bendraau-
toriais, kurie, lygindami alginato, CMC, HEC, HPC ir PVA pagrindu sukurtas 
plėveles, nustatė, jog alginato turinčios matricos tirpo lėčiau dėl gelio forma-
vimosi, o PVA pagrindu sukurtos sistemos greičiau suiro, tai sutampa su šio 
tyrimo rezultatais [93].

Tyrimai parodė, kad ekstrakto pagrindu sukurtos plėvelės (EP1, EP2) turė-
jo didesnį drėgmės kiekį (13,5–15,2 proc.), palyginti su gryno NR plėvelėmis 
(11,5 proc.). Šis skirtumas siejamas su higroskopinių cukrų ir polifenolių, 
esančių greipfrutų žievelių ekstrakte, buvimu. Literatūroje taip pat nurodoma, 
kad chitozano plėvelės, papildytos Aloe vera ekstraktu, pasižymi didesniu 
drėgmės kiekiu nei grynos chitozano plėvelės dėl ekstrakte esančių polisa-
charidų hidrofiliškumo. Padidėjęs drėgmės kiekis taip pat nustatytas pekti-
no–propolio ir krakmolo–želatinos plėvelėse, papildytose žaliosios arbatos 
ekstraktu, palyginti su atitinkamomis kontrolinėmis (be ekstrakto) plėvelėmis 
[94–96]. Tokiais atvejais augalinės kilmės komponentai, tokie kaip cukrūs ir 
polifenoliai, gali padidinti plėvelės matricos higroskopiškumą.

Didžiausias gleivinės sukibimo stiprumas (mukoadhezinis stiprumas) buvo 
nustatytas NP2 (0,09 N, 0,47 N·s) ir NP1 (0,08 N, 0,46 N·s) mėginiuose, tai 
patvirtina stiprų PVA ir alginato indėlį į mukoadheziją per vandenilinius ry-
šius ir jonines sąveikas su mucinu. Ekstraktu prisotintos plėvelės pasižymėjo 
mažesne adhezijos energija (EP1: 0,53 N·s; EP2: 0,25 N·s), tai rodo, jog eks-
trakto komponentai galėjo trikdyti optimaliai polimero ir mucino sąveikai. 
Vis dėlto vizualiniai stebėjimai parodė, kad visos plėvelės pasižymėjo greitu 
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drėkimu ir geru sukibimu su stikliniu paviršiumi, o tai rodo, kad paviršiaus 
brinkimas skatino prisitvirtinimą net ir mažesnio sukibimo atvejais. Nustaty-
ta, kad ekstrakto pagrindu sukurtos plėvelės buvo tamsesnės (geltonai rudos) 
dėl flavonoidų ir fenolinių pigmentų, o NR plėvelės buvo skaidresnės.

In vitro atpalaidavimo tyrimai parodė, kad pasirinkta veikliųjų medžia-
gų tiekimo sistema turėjo reikšmingos įtakos NR tirpumui ir atpalaidavimo 
veiksmingumui. Purškiamojo džiovinimo metodu gautos mikrokapsulės pa-
sižymėjo dideliu pradiniu NR atpalaidavimu rūgščioje terpėje (SGF. pH 1,2) 
– 274,26 ± 2,15 µg/mL po 30 min, tačiau šis kiekis sudarė tik apie 6 proc. te-
orinio veikliosios medžiagos kiekio (163,8 mg). Tolesnį atpalaidavimą ribojo 
rekristalizacijos procesai, rodantys prastą NR tirpumą rūgštinėje aplinkoje.

Dvigubai įkapsuliuotas NR pasižymėjo žymiai mažesniu atpalaidavimu 
po 30 min (55,36 ± 0,44 µg/ml), tačiau koncentracija išliko stabili net ir po 
90 min (55,87 ± 0,33 µg/ml). Tokia dinamika rodo, kad veikliosios medžia-
gos išsiskyrimą ribojo difuzija, kuri buvo reguliuojama lipidinės dvisluoks-
nės membranos ir angliavandenių matricos. 

Ekstrakto pagrindu sukurtos mikrokapsulės pasižymėjo kitokiu atpalaida-
vimo pobūdžiu: po 30 min NR koncentracija siekė 130,67 ± 3,21 µg/ml, po 
90 min – 135,71 ± 2,16 µg/ml, o tai atitiko beveik visą teorinį veikliosios me-
džiagos kiekį (4,53 mg, t. y. 94–98 proc.). Dvigubai įkapsuliuotas greipfrutų 
ekstraktas pasižymėjo žemiausiu absoliučiu atpalaidavimo lygiu (9,87–10,85 
µg/ml), tačiau šis kiekis atitiko 32–36 proc. teorinio kiekio (0,94 mg).

Perėjus į žarnyno sąlygas (SIF, pH ~6,8), buvo pastebėtas atpalaidavimo 
profilio pokytis. Gryno NR formulėse, NR koncentracija po pradinio piko 
sumažėjo iki 208,53 ± 1,95 µg/ml (po 120 min), bet vėliau vėl padidėjo iki 
220,82 ± 1,65 µg/ml (po 180 min), tai rodo, kad neutralioje terpėje įvyksta 
tirpumo pusiausvyra tarp nusodinimo ir pakartotinio ištirpimo procesų.

GE mikrokapsulėse,  NR koncentracijos žarnyno terpėje išliko stabilios 
(148,35 ± 2,37 µg/mL po 120 min ir 146,88 ± 2,01 µg/mL po 180 min). Šie 
duomenys rodo, kad NR atpalaidavimas vyko pastoviu difuzijos būdu, beveik 
nepriklausomu nuo pH pokyčių.

Dvigubai įkapsuliuotos sistemos (NR ir GE) pasižymėjo lėtesniu ir stabi-
lesniu NR atpalaidavimu žarnyno terpėje. NR formulėse – NR koncentracija 
po 120 min. siekė 56,89 ± 0,68 µg/ml ir stabilizavosi ties 52,07 ± 0,55 µg/
ml po 180 min., o GE sistemose išliko dar mažesnė (11,24 ± 0,41 ir 9,94 ± 
0,36 µg/ml). Tai rodo, kad dviguba įkapsuliacija moduliuoja NR išsiskyrimo 
kinetiką ir užtikrina labiau kontroliuojamą atpalaidavimą.

Žandinės burnos plėvelės buvo tiriamos kaip alternatyvus NR tiekimo 
būdas, siekiant apeiti virškinamojo trakto fermentinį skaidymą. Gryno NR 
plėvelė (PVA – HPMC) pasižymėjo didžiausiu atpalaidavimu: 72,13 ± 2,85 
µg/ml (po 10 min) ir 69,97 ± 3,01 µg/ml (po 30 min). Ištirpusio NR kiekis 
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sudarė  41 proc. nuo įkapsuliuoto kiekio; (alginatas – HPMC) atpalaidavo 
63,99 ± 2,64 µg/ml (38 proc.), kas siejama su lėtesniu alginato išbrinkimu 
ir ribota difuzija. Ekstrakto pagrindu sukurtos plėvelės (alginatas – HPMC) 
atpalaidavo 27,08 ± 1,42 µg/ml (40 proc.), tačiau pasižymėjo ilgiausia ištir-
pimo trukme (35 min); (PVA – HPMC) suiro per trumpiausią laiką (5 min), 
tačiau dėl mažesnės pradinės NR įkrovos atpalaidavo tik 18,45 ± 1,05 µg/ml 
(27 proc.) [98].

Apibendrinant galima teigti, kad purškiamuoju džiovinimu gautos mikro-
kapsulės užtikrina greitą pradinį NR išsiskyrimą, tačiau pasižymi ribotu tir-
pumo veiksmingumu. Dvigubas įkapsuliavimas lėtina atpalaidavimą rūgščio-
je terpėje ir padidina stabilumą žarnyno sąlygomis. Žandinės burnos plėvelės 
leidžia pasiekti greitą vietinį veikliosios medžiagos tiekimą, o polimero tipas 
reikšmingai veikia tiek tirpimo kinetiką, tiek adhezines savybes.

Išvados

1.	 Ultragarsinė ekstrakcija derinama su terminę hidrolizė buvo veiksmin-
giausia flavanonų išgavimo strategija iš greipfrutų žievelių. Nustatyta, 
kad taikant kombinuotą metodą galima pasiekti panašią flavanonų išei-
gą naudojant mažesnės koncentracijos etanolį, todėl ekstrakcijos proce-
sas gali būti optimizuotas sumažinant tirpiklio koncentraciją.

2.	 Pagalbinių medžiagų (β-, α-, γ- CD ir magnio aluminio metasilikato) 
taikymas ekstrakcijos metu turėjo statistiškai reikšmingą poveikį flava-
nonų išeigai, stabilumui bei antioksidaciniam aktyvumui. β-CD padidi-
no tiek NR, tiek NAR išeigą daugiau nei tris kartus (p < 0,05) ir susti-
prino bendrą antioksidacinį aktyvumą. Magnio aluminio metasilikatas 
selektyviai stabilizavo aglikoninę formą (NAR), tačiau sumažino NR 
išeigą (15 proc.). 

3.	 In vivo tyrimai parodė skirtingus antioksidacinio veikimo mechaniz-
mus. Grynas naringinas reikšmingai padidino glutationo kiekį ir palai-
kė fermentinių antioksidacinių sistemų aktyvumą, o greipfrutų žievelių 
ekstraktas veiksmingiau mažino lipidų peroksidaciją, kas rodo kom-
pleksinių fitocheminių junginių sinerginį poveikį.

4.	 Mikroenkapsuliavimo metodai ir apvalkalą formuojančių medžiagų 
parinkimas turėjo statistiškai reikšmingos įtakos flavanonų stabilumui 
ir miltelių technologinėms savybėms. Liofilizacijos būdu gauti milte-
liai pasižymėjo didesne išeiga (69,7–79,2 proc.), o purškiamojo džio-
vinimo metu pasiektas didžiausias įkapsuliavimo veiksmingumas (iki 
91,4 proc.). SEM analizė patvirtino, kad purškiamojo džiovinimo me-
todu gauti milteliai turėjo tolygesnę, sferinę morfologiją.
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5.	 Liposominės sistemos pagerino flavanonų (NR ir NAR) tirpumą, sta-
bilumą ir atpalaidavimo kontrolę. Padidinus lipidų ir veikliosios me-
džiagos santykį nuo 1:1 iki 2:1 sumažėjo dalelių dydis (iki 94 nm) ir 
padidėjo sistemos stabilumas. Dviguba įkapsuliacija pailgino NR išsis-
kyrimą žarnyno terpėje ir reikšmingai padidino tirpumo veiksmingumą, 
palyginti su neinkapsuliuotu NR.

6.	 Žandinės burnos plėvelės (PVA–HPMC ir alginato–HPMC matricose) 
pasirodė tinkamos greitam naringino tiekimui per burnos gleivinę, apei-
nant virškinimo traktą. Gryno NR plėvelės pasižymėjo didžiausiu atpa-
laidavimo kiekiu, o ekstrakto pagrindu sukurtos plėvelės – ilgesne tirpi-
mo trukme ir didesniu drėgmės kiekiu. Nustatyta, kad polimerų sudėtis 
reikšmingai lemia plėvelių tirpimo kinetiką ir mukoadhezinį stiprumą.
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as Adsorbent
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* Correspondence: jurga.bernatoniene@lsmuni.lt; Tel.: +370-6006-3349

Abstract: While flavanones exist in a variety of chemical forms, their favorable health effects are most
prominent in their free form—aglycones. Their concentrations in grapefruit (Citrus × paradisi L.)
extracts vary according to the extraction and hydrolysis methods used. The primary aim of this
work was to maximize the yields of naringin and naringenin from various parts of fresh grape-
fruit fruits (flavedo, albedo, and segmental) using different extraction and hydrolysis methods. In
addition, we aimed to evaluate the excipient—magnesium aluminometasilicate—and determine
its influence on the qualitative composition of grapefruit extracts. Extracts were obtained by heat
reflux extraction (HRE), ultrasound-assisted extraction with an ultrasonic homogenizer (UAE*), and
ultrasound-assisted extraction with a bath (UAE). Ultrasound-assisted extraction using a bath (UAE)
was modulated using acidic, thermal, and alkaline hydrolysis. The highest yield of naringin 8A
(17.45 ± 0.872 mg/g) was obtained from an albedo sample under optimal conditions using ultrasound-
assisted extraction; a high yield of naringenin 23-SHR (35.80 ± 1.79 µg/g) was produced using the
heat reflux method from the segmental part. Meanwhile, ultrasonic combined with thermal hydrolysis
significantly increased flavanone extraction from the albedo and segmental parts: naringin from sample
9-A (from 17.45 ± 0.872 mg/g to 25.05 ± 1.25 mg/g) and naringenin from sample 15-S (from 0 to
4.21 ± 0.55 µg/g). Additionally, magnesium aluminometasilicate demonstrated significant increases
of naringenin from all treated grapefruit parts. To our knowledge, this is the first report of magnesium
aluminometasilicate used as an adsorbent in flavanone extractions.

Keywords: Citrus × paradisi L.; grapefruit; flavanones; glycosides; aglycones; extractions; excipient;
magnesium aluminometasilicate; adsorbent

1. Introduction

Citrus × paradisi L. is an essential member of the Citrus genus in the Rutaceae family.
Grapefruit is a delicious fruit used in the juice and food industry. However, around half of
all fruit waste is discarded as a waste product, even though it includes a huge number of
biologically active components with distinct health benefits. Therefore, numerous studies
have been conducted to extract and identify biologically active components present in
various citrus fruits to understand the relationship between their presence in diet and
health benefits and reduced risk of disease [1,2]. Citrus peels contain significant amounts of
vitamin C, fiber, pectin, essential oils, and polyphenols. Therefore, they have high potential
for use as value-adding products, particularly in the biotechnology and pharmaceutical
industries [3,4].
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Previous research has found that flavonoid types in citrus fruits varied between species
and cultivars (Durand-Hulak et al., 2015), as did their contents and distribution in different
fruit tissues (Antonio Cano et al., 2007) (p. 64, [5]) and [6].

Citrus peels are rich in phenolic components and essential flavonoids, which are widely
studied and positively affect human health [7–9]. The main bioflavonoids in citrus fruits,
flavanones narirutin, naringin, and aglycon naringenin, display high biological activity
and antioxidant, anti-inflammatory, metabolic, antivirus, neuroprotective, and antitumor
effects [10–12]. There is considerable evidence of how naringenin works synergistically
with anticancer drugs, especially in resistant cancer forms. Therefore, the development of
new pharmaceutical forms will significantly impact cancer treatment [11]. Other essential
and beneficial flavonoids are hesperidin, rutin, diosmin, didymin, and quercetin.

Flavanones in citrus fruits are in glycoside or aglycone forms [13]. Of the aglycone
forms, the essential flavanones are naringenin and hesperetin. Glycosides are divided into
two types: neohesperidosides (e.g., naringin), which have a bitter taste, and rutinosides
(e.g., hesperidin, narirutin, and didymin) (Figure 1) [14,15]. The characteristic flavor of
citrus fruits is caused by flavanones, usually diglycosides. The molecular structures of
flavonoids are provided in Figure 1.
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Natural flavanone glycosides, such as naringin, are not easily absorbed in intestinal
absorptive cells because of their large hydrophilic structures—this reduces the expected
effects of flavanones. As a result, the conjugated flavanones are inactive compounds but
become active in aglycone form (naringenin). This bioflavonoid can be obtained from
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naringin hydrolysis with naringinase when the glucose molecule is removed from the
structure [16].

Naringin is hydrolyzed into rhamnose and prunin by the naringinase exhibiting
α-l-rhamnosidase activity, and then β-D-glucosidase catalyzes the hydrolysis of prunin to
glucose and naringenin [17]. Hydrolysis of naringin to naringenin is shown in Figure 2.
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Conventional extraction methods are based on the use of chemical solvents and the
heating of the sample to maximize the solubility of active substances and accelerate their
transfer. The extraction yield depends on various factors, including the type, concentra-
tion, and amount of the solvent used; its treatment time; and temperature. According
to Sarah Luisa Rodriguez De Luna, 2020, the extraction time is a parameter that needs
to be optimized in each experiment [18]. An increase in temperature may increase the
release of flavonoids, but it also depends on the properties of the solvent used. The most
appropriate extraction technique depends on the type of plant, so the defined selection cri-
teria must be followed [19]. Different extraction methods, such as maceration, percolation,
heat refluxing, Soxhlet extraction, supercritical extraction, microwave-assisted extraction,
ultrasound-assisted extraction, and others, are the most commonly used methods for bioac-
tive compound recovery from natural materials [20–22]. All these methods have their own
advantages and disadvantages. However, maceration, percolation, continuous stirring, and
Soxhlet extraction come with big disadvantages, such as long extraction times, complicated
extraction operations, inflated costs, hazardous flammable liquid organic solvents, and
large amounts of extraction solvents.

Meanwhile, green and sustainable extraction techniques, such as supercritical CO2
extraction method or ultrasound-assisted extraction, are environmentally friendly, safe, and
non-toxic and are promising alternatives to conventional extraction methods [21,23,24].

Ultrasound-assisted extraction is widely used to extract biologically active com-
pounds such as flavonoids, anthocyanins, and phenolic acids. According to Londono
Londono et al. (2010), ultrasound-assisted extraction demonstrated a higher efficiency of
flavonoid extraction from citrus peels in 60 min using methanol as a solvent than Soxhlet
extraction with a more extensive solvent selection [22]. The biological activity of phenolic
compounds is strongly dependent on the conditions of ultrasound-assisted extraction,
such as temperature, type of solvent, and extraction time [21]. Cavitation is the primary
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action mechanism of ultrasound-assisted methods, causing cellular disruption, high solvent
penetration, and particle size reduction.

Transformation of flavanone glycosides to aglycone can be achieved using an extrac-
tion method combined with hydrolysis. Chemical (using bases and acids) or thermal (high
temperatures) hydrolysis can increase aglycon content [25,26].

The previous research demonstrated that magnesium aluminometasilicate can work
as an adsorbent to increase the solubility of bioflavonoids in extracts [27,28].

Indeed, this study aimed to maximize the yields of naringin and naringenin from
various parts of fresh grapefruit fruits using different extraction and hydrolysis methods,
as well as to evaluate how magnesium aluminometasilicate affects the qualitative content
of grapefruit extracts.

2. Materials and Methods
2.1. Materials

The grapefruit fruits (Citrus × paradisi L., variety Star Ruby, Italy, region—unknown)
were collected from the local market in Mastaičiai, Kaunas district, Lithuania. The fruit
were separated into the flavedo, albedo, and segmental parts, then chopped up with a food
processor and frozen in a freezer (−18 ± 0.9 ◦C) until extraction. The parts of the fruit used
in this study are shown in Figure 3.
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Figure 3. Fresh Flavedo (A), fresh Albedo (B), fresh Segmental (C), and frozen Juice (D) of Citrus ×
paradisi L.

Magnesium aluminometasilicate (Neusilin® US2, Fuji Chemical Industries Co., Ltd.,
Toyoma, Japan) was used as excipient. Ethanol 96% (Vilniaus degtine, Vilnius, Lithuania)
was used as a solvent for extraction.

2.2. Methods

Three different extraction techniques were used. In the first experiment, extracts were
obtained by heat reflux extraction (Section 2.2.1), ultrasound-assisted extraction with an
ultrasonic homogenizer (Section 2.2.3), and ultrasound-assisted extraction with a bath
(Section 2.2.2). In the second experiment, the same methods and conditions were used
with magnesium aluminometasilicate (Neusilin®), and in the third experiment, ultrasound-
assisted extraction with a bath was modulated with acidic, thermal, and alkaline hydrolysis.
The operational conditions for each extraction method are shown in Table 1.
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Table 1. Operational conditions of the different extraction methods.

Extract ID Extraction
Temp. ◦C

Extraction Time,
min

Material:Solvent
Ratio (g/mL) Solvent Excipient Hydrolysis

Methods

HRE—Heat-Reflux Extraction

21-FHR
Ethanol 70% (v/v) Magnesium

aluminometasilicate

-
22-AHR 100 ± 2 60 1:10 -
23-SHR -

UAE—Ultrasound-Assisted Extraction Bath

1-F 50 ± 2 20 1:10 Ethanol 50% (v/v)

Magnesium
aluminometasilicate

-
2-F 50 ± 2 30 1:10 Ethanol 50% (v/v) -
3-F 50 ± 2 20 1:10 Ethanol 70% (v/v) AC*/AL*/T*
4-F 50 ± 2 30 1:10 Ethanol 70% (v/v) -
5-F 70 ± 2 30 1:10 Ethanol 50% (v/v) -
6-F 70 ± 2 30 1:10 Ethanol 70% (v/v) -
7-A 50 ± 2 20 1:10 Ethanol 50% (v/v) -
8-A 50 ± 2 30 1:10 Ethanol 50% (v/v) -
9-A 50 ± 2 20 1:10 Ethanol 70% (v/v) AC*/AL*/T*

10-A 50 ± 2 30 1:10 Ethanol 70% (v/v) -
11-A 70 ± 2 30 1:10 Ethanol 50% (v/v) -
12-A 70 ± 2 30 1:10 Ethanol 70% (v/v) -
13-S 50 ± 2 20 1:10 Ethanol 50% (v/v) -
14-S 50 ± 2 30 1:10 Ethanol 50% (v/v) -
15-S 50 ± 2 20 1:10 Ethanol 70% (v/v) AC*/AL*/T*
16-S 50 ± 2 30 1:10 Ethanol 70% (v/v) -
17-S 70 ± 2 30 1:10 Ethanol 50% (v/v) -
18-S 70 ± 2 20 1:10 Ethanol 70% (v/v) -

UAE*—Ultrasound-Assisted Extraction Using an Ultrasonic Homogenizer

27-SUX1 from 33.2 to 40 ± 2 1 1:5 Ethanol 70% (v/v) - -
28-SUX2 from 33.2 to 40 ± 2 3 1:5 Ethanol 70% (v/v) - -
29-SUX3 from 33.2 to 40 ± 2 5 1:5 Ethanol 70% (v/v) - -
30-FUX1 from 33.2 to 40 ± 2 1 1:5 Ethanol 70% (v/v) - -
31-FUX2 from 33.2 to 40 ± 2 3 1:5 Ethanol 70% (v/v) - -
32-FUX3 from 33.2 to 40 ± 2 5 1:5 Ethanol 70% (v/v) - -
33-AUX1 from 33.2 to 40 ± 2 1 1:5 Ethanol 70% (v/v) - -
34-AUX2 from 33.2 to 40 ± 2 3 1:5 Ethanol 70% (v/v) - -
35-AUX3 from 33.2 to 40 ± 2 5 1:5 Ethanol 70% (v/v) - -

UAE—ultrasound-assisted extraction bath, UAE*—ultrasound-assisted extraction using an ultrasonic homoge-
nizer; HRE—heat reflux extraction. AC*—acidic hydrolysis, AL*—alkaline hydrolysis, T*—thermal hydrolysis.

HPLC-grade and analytical-grade reagents were used: hydrochloric acid, sodium
hydroxide, methanol, acetonitrile (Sigma Aldrich, Hamburg, Germany); standards of
naringin and naringenin (Sigma Aldrich, Steinheim, Germany); and ethanol (96%) (Vilniaus
Degtine, Vilnius, Lithuania).

2.2.1. Heat Reflux Extraction (HRE)

The frozen, raw material was defrosted at room temperature and allowed to warm
up to 25 ± 2 ◦C. A sample of 1 ± 0.05 g of defrosted grapefruit (flavedo, albedo, or segmental
parts) was mixed with the solvent (70% ethanol (v/v)) at 1:10 ratio in a 250 mL round-
bottom flask and refluxed in a sand bath at 100 ± 2 ◦C for one hour. The mixture was left to
cool down at room temperature, and then centrifuged with Sigma 3-18K centrifuge (Sigma,
Osterode am Harz, Germany) for 10 min at RCP 1789× g, followed by the decantation of
the supernatant. The extracts were filtered through PVDF syringe filters (pore size 0.22 µm,
Frisenette, Knebel, Denmark) prior to HPLC (high-performance liquid chromatography)
analysis. All the extraction conditions are displayed in Table 1.

2.2.2. Ultrasound-Assisted Extraction Bath (UAE)

Ultrasonic extraction was performed using an ultrasonic bath (Cambridge, UK, Grant
Instruments ™ XUB12 Digital) (frequency of 38 kHz). A sample of 1 ± 0.05 g of defrosted
flavedo, albedo, or segmental parts was macerated with the 50% or 70% ethanol solvent (v/v)
at a ratio of 1:10, and extraction time (10 or 30 min), with the processing temperature of
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50 ± 2 ◦C or 70 ± 2 ◦C (the temperature was regulated automatically by the ultrasonic
bath). The mixture was allowed to cool down at room temperature (20 ± 5 ◦C) and then
centrifuged with Sigma 3-18K centrifuge (Sigma, Osterode am Harz, Germany) for 10 min
at RCP 1789× g, followed by the decantation of the supernatant. Next, the extracts were
filtered through PVDF syringe filters (pore size 0.22 µm, Frisenette, Knebel, Denmark)
before analyzing with HPLC (high-performance liquid chromatography). All the extraction
conditions are displayed in Table 1.

2.2.3. Ultrasound-Assisted Extraction Using an Ultrasonic Homogenizer (UAE*)

Ultrasound-assisted extraction was performed using an UP-250 ultrasonic homoge-
nizer (frequency range 19–25 kHz, 250 W, probes amplitude 35 µm). Firstly, 5 ± 0.25 g of
samples (albedo, flavedo, or segmental parts) were defrosted at room temperature before being
mixed with the 70% ethanol solvent (v/v) at a 1:5 ratio in a 100 mL chemical beaker and
extracted for 1, 3, and 5 min at a temperature of from 33.2 to 40 ± 2 ◦C. Next, the mixture
was centrifuged with Sigma 3-18K centrifuge at room temperature (25 ± 5 ◦C) (Sigma,
Osterode am Harz, Germany) for 10 min at RCF 3382× g, followed by the decantation of
the supernatant. Then, the extracts were filtered through PVDF syringe filters (pore size
0.22 µm, Frisenette, Knebel, Denmark) before analyzing with HPLC (high-performance
liquid chromatography). All the extraction conditions are displayed in Table 1.

2.2.4. The Use of Magnesium Aluminometasilicate in the Preparation of Extracts

Samples were modified with magnesium aluminometasilicate. The extracts were
made under the same conditions as previously listed (Sections 2.2.1 and 2.2.2). Again, 50%
or 70% ethanol (v/v) or purification water was used as the solvent at a ratio of 1:10, and
the excipient was added to the extraction mixture. The excipient concentration was 1%
(w/v). Magnesium aluminometasilicate (g) was based on ethanol quantity. The samples
were centrifuged for 10 min at RCF 1789× g, followed by decantation of the supernatant,
and then the extracts were filtered through PVDF syringe filters (pore size 0.22 µm) before
HPLC analysis. Sample preparation conditions are listed in Table 1.

2.3. Hydrolysis and Neutralization
2.3.1. Acidic Hydrolysis and Neutralization Using Albedo, Flavedo, and Segmental Parts

The applied modified acidic hydrolysis method was based on Keun Young Min et al.’s
2014 studies [29]. Firstly, the extracts were made under the previously listed conditions
(Section 2.2.2). Then, 70% ethanol (v/v) was used as a solvent (ratio of 1:10), and the pH
was adjusted with 2 M HCl to pH 2.5. After that, the extracts were sonicated using the
UAE method at 50 ± 2 ◦C for 20 min. Next, the hydrolyzed extracts were allowed to cool
down to 25 ± 2 ◦C and adjusted to pH 8 by adding an aqueous solution of 2 M NaOH
while stirring. Finally, the neutralized extracts were centrifuged for 10 min at RCF 1789× g
and filtered through PVDF syringe filters (pore size 0.22 µm) before HPLC analysis.

2.3.2. Thermal Hydrolysis Using Albedo, Flavedo, and Segmental Parts

Firstly, we used an ultrasonic bath (frequency of 38 kHz) (Cambridge, UK, Grant
Instruments ™ XUB12 Digital) to macerate 1 ± 0.05 g of flavedo, albedo, or segmental parts in
10 mL of 70% v/v ethanol solvent for a duration of 20 min at a temperature of 50 ± 2 ◦C
(the temperature was regulated automatically by the ultrasonic bath). Thermal hydrolysis
was completed by transferring the extract to a 250 mL round-bottom flask and refluxing in
a sand bath at 100 ± 2 ◦C for 1 h. After cooling, the mixture was centrifuged for 10 min at
1789× g using a Sigma 3-18K centrifuge (Sigma, Osterode am Harz, Germany), followed by
decantation of the supernatant. Before HPLC analysis, the extracts were filtered through
PVDF syringe filters (pore size 0.22 m, Frisenette, Knebel, Denmark). The parameters of
sample preparation are listed in Table 1.
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2.3.3. Alkaline Hydrolysis and Neutralization Using Albedo, Flavedo, and Segmental Parts

The applied modified alkaline hydrolysis method was based on Liuting Zhu’s 2020
studies. Firstly, 1 ± 0.05 g of raw material was macerated with 70% ethanol (v/v) (ratio of
1:10). Next, the pH was adjusted with 2 M NaOH to pH 10 (measured with Thermo Scientific
Orion Versa Star™, an advanced electrochemistry meter). Next, the extracts were sonicated
using the UAE method at 50 ± 2 ◦C for 20 min (Section 2.2.2). Finally, the neutralized
extracts were centrifuged for 10 min at RCF 1789× g, followed by decantation of the
supernatant. Before HPLC analysis, the extracts were filtered through PVDF syringe filters
(pore size 0.22 m, Frisenette, Knebel, Denmark). The parameters of sample preparation are
listed in Table 1.

2.4. Hydro Distillation (HD)

Essential oil was extracted from the grapefruit peels (flavedo and albedo parts) using a
hydro distillation technique. The procedure was as follows. Firstly, 44.5 ± 0.5 g of peels
was placed in a round-bottom flask with 500 mL of distilled water and connected to a
Clevenger’s distillation unit. Then, the essential oil was extracted by hydro distillation for
120 min. Next, the obtained essential oil, which was collected in a Clevenger’s receiver,
was separated. Finally, the essential oil was stored in a glass bottle refrigerated at −4 ◦C
until we determined the yield. Each extraction was performed three times under the same
conditions. The yield of oil from the grapefruit peels’ flavedo and albedo parts (Y) obtained
in each extraction was calculated by the formula:

Y (%) = Volume of essential oil (mL)/Amount of row material (g) × 100% (1)

2.5. HPLC–PDA Conditions

A Waters 2695 liquid chromatography with a photodiode array detector (Waters 996,
200–400 nm wavelength range) was used in the study. In addition, a chromatographic
column ACE C18 (250 mm × 4.6 mm) with a sorbent particle size of 5 µm was used to
separate the biologically active compounds.

The following are the procedure details of HPLC method. The tested compounds were
separated using gradient elution. Then, 10 µL of each extract was injected and analyzed
at 280 nm. Eluent A: acetonitrile; eluent B: water at a rate of 1 mL/min. Gradient elution:
0.0 min, 10% A; 5 min, 20% A; 25 min, 40% A; 30 min, 100% A; 35 min, 100% A; 36 min, 10%
A. The temperature of the column was 25 ◦C. The peaks were identified by comparing their
UV-vis spectra and retention times to those of authentic reference standards. The samples
were analyzed twice. The chromatograms of naringenin and naringin standards are shown
in Figure 4.
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The quantification and validation followed the methodical revision of natural products
presented by Wolfender (2009) [30]. Standard stock solutions of primary concentrations
of 100 µg/mL for naringin and naringenin were freshly prepared in 70% methanol, and
calibration curves constructed using 6 different standard solution concentrations. Three
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injections per concentration were performed to determine linearity. Naringin and narin-
genin were plotted against the known concentrations of their associated standard solutions
to establish calibration equations. A linear regression equation was calculated by the
least-squares method. The regression coefficients of all calibration curves were R2 > 0.999,
confirming the linearity of the concentration ranges.

The method sensitivity was evaluated by determining the limit of detection (LOD)
and quantitation (LOQ). LOD and LOQ were calculated as the concentrations that gave
signal-to-noise ratios of 3 to 10, respectively.

A standard mixture of naringin and naringenin was used for intra-day and inter-day
precision testing. The method precision was demonstrated by performing five replicate
non-consecutive injections of the usual mix on the same day on four different days. The
results are reported in terms of RSD. In this study, standards (naringin and naringenin)
were analyzed, and their retention time and spectra were compared with the prepared
extracts. The linearity was determined by estimating the correlation coefficient R2 of the
calibration curve (Figure 5) (naringin R2 = 0.99992, naringenin R2 = 0.99992), and the peak
areas were used for quantification, Table 2. The linearity range of naringin was 1.166 to
33.343 µg/mL, and naringenin was 0.472 to 15.125 µg/mL. The results were expressed as
µg/g and mg/g dry weight (DW) of naringenin and naringin, respectively.

Figure 5. Naringin and naringenin calibration curves.
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Table 2. The linearities of calibration curves of flavanones.

Component Calibration Equation Coefficient of
Determination R2

Coefficient of
Correlation R LOD* µg/mL LOQ** µg/mL

Naringin Y = 25.500x + 6720 0.999923 0.99996 0.146 0.583
Naringenin ±Y = 33.300x + 3570 0.999924 0.99996 0.118 0.430

LOD*—limit of detection; LOQ**—limit of quantification.

2.6. Statistical Analysis

The data are presented as the mean and standard deviation (SD). Statistical analysis
was performed with SPSS 20.0 (IBM Corporation, Armonk, NY, USA). One-way ANOVA
was used to analyze the differences between extractions. In addition, post hoc comparisons
of the means were conducted according to Tukey’s HSD test. The means of the compared
samples were considered significantly different when p < 0.05.

3. Results and Discussion

The extracts from fresh fruit materials were obtained using the UAE, HER, and UAE*
methods (Table 1). Two different ethanol concentrations (50% and 70% v/v) were used for
the extraction. Some of the samples were modified with magnesium aluminometasilicate.

The yield of naringin and naringenin was determined using HPLC-PDA.

3.1. Flavanone Determination in Citrus × paradisi L. Extracts

Naringin was obtained from all extracts of different parts (flavedo, albedo, and segmental)
of fresh Citrus × paradisi L. fruit. The yields of naringin and naringenin obtained using
different extraction methods are shown in Table 3.

Using the UAE extraction method, the highest yield of naringin was obtained from
the albedo fraction using 50% ethanol (v/v) as a solvent with ultrasonic time of 30 min at
50 ± 2 ◦C, resulting in 8-A (17.45 ± 0.87 mg/g). In contrast, the lowest amount of naringin
was obtained from the segmental part using 50% ethanol (v/v) with ultrasonic time of 30 min
at 50 ± 2◦C—17-S (4.31 ± 0.96 mg/g) (p < 0.05). Meanwhile, naringenin was found only in
albedo, and its highest concentration was detected using 70% ethanol (v/v) for 30 min at
50 ± 2 ◦C, 12-A (4.63 ± 0.23 µg/g).

When the effect of ethanol concentration (50% or 70% (v/v)) was analyzed, it was
discovered that 70% (v/v) ethanol produced better results in some cases. For example, sam-
ples taken from flavedo parts had increased naringin from 7-A (14.79 ± 0.73 mg/g) to 9-A
(17.39 ± 1.10 mg/g), and the albedo part had increased naringenin from 7-A (3.36 ± 0.16 µg/g)
to 9-A (4.57 ± 0.22 µg/g) (50% and 70% (v/v) ethanol, respectively) (p < 0.05).

The differences between samples 7-A and 8-A (shown in Table 3 with 50% (v/v) ethanol
showed that an increase in the sonication time statistically significantly increased flavanone
yield from the flavedo part, 14.79 ± 0.73 mg/g to 17.45 ± 0.87 mg/g and 3.36 ± 0.168 µg/g
to 3.55 ± 0.17 µg/g (naringin and naringenin, respectively).

When compared to the UAE method, the HRE extraction method produced a sig-
nificant yield, with naringenin qualitatively doubled in extracts from the albedo 22-AHR
(12.60 ± 0.63 µg/g) and segmental parts 23-SHR (35.80 ± 1.77 µg/g).

In the case of the UAE* method, the maximum yield was obtained when naringenin
was released from the segmental part using 70% (v/v) ethanol in a temperature range of
33.5 to 40 ± 2 ◦C; the highest amount of naringenin detected was from the sample 28-SUX2
(7.40 ± 0.37 µg/g).

Unfortunately, the supercritical CO2 extraction method from fresh fruit flavedo did
not produce statistically meaningful results (total amount of extract 0.79 ± 0.039 g/100 g)
(p > 0.05). However, given that the findings were not statistically significant, they are not
included in Table 3.
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Table 3. Yields of flavanones recovered using different extraction methods.

Extraction Methods Extract ID * Naringin mg/g Naringenin µg/g

Ultrasound-assisted
extraction bath

1-F 5.41 ± 0.27 d -
2-F 5.38 ± 0.267 -
3-F 5.59 ± 0.279 d -
4-F 6.08 ± 0.304 -
5-F 7.18 ± 0.359 -
6-F 4.82 ± 0.241 b -
7-A 14.79 ± 0.739 d 3.36 ± 0.168 d,b

8-A 17.45 ± 0.872 3.55 ± 0.1775 b

9-A 17.39 ± 0.869 d 4.57 ± 0.228 d,b

10-A 16.46 ± 0.823 4.63 ± 0.231 b

11-A 16.08 ± 0.820 3.53 ± 0.176 b

12-A 15.86 ± 0.793 4.34 ± 0.207 b

13-S 5.91 ± 0.295 b,d,e - b,e

14-S 5.06 ± 0.253 b,e - b,e

15-S 5.26 ± 0.263 d,b,e - b,e

16-S 5.40 ± 0.27 b,e - b,e

17-S 4.31 ± 0.215 b,e - b,e

18-S 5.65 ± 0.282 b,e - b,e

Heat reflux
extraction

21-FHR 5.16 ± 0.258 a -
22-AHR 14.17 ± 0.708 a 12.60 ± 0.63
23-SHR 6.68 ± 0.334 35.80 ± 1.79

Ultrasound-assisted
extraction using an
ultrasonic homogenizer

27-SUX1 5.15 ± 0.257 a,b 4.39 ± 0.219
28-SUX2 6.38 ± 0.319 b 7.40 ± 0.37
29-SUX3 5.56 ± 0.279 a,b 5.88 ± 0.294
30-FUX1 0.96 ± 0.048 a,b -
31-FUX2 1.05 ± 0.0525 a,b -
32-FUX3 0.98 ± 0.049 a,b -
33-AUX1 5.75 ± 0.287 a,b - a,b

34-AUX2 6.67 ± 0.333 a,b - a,b

35-AUX3 6.13 ± 0.306 a,b - a,b

* The meanings of the abbreviations are presented in Table 1. d p < 0.05 when UAE with 50% ethanol (v/v) were
compared with UAE with 70% ethanol (v/v). a p < 0.05 vs. ultrasound-assisted extraction bath; b p < 0.05 vs. heat
reflux extraction; e p < 0.05 vs. ultrasound-assisted extraction using an ultrasonic homogenizer.

3.1.1. Flavanones Extraction Using the UAE Method with Acidic, Alkaline, and
Thermal Hydrolysis

The extracted sample was prepared using the UAE method with acidic, alkaline,
and thermal hydrolysis and 70% (v/v) ethanol as a solvent (Sections 2.3.1–2.3.3). Using
UAE with thermal hydrolysis, naringin yields were increased from all parts, for example,
from the flavedo part (from 5.59 ± 0.279 mg/g to 6.25 ± 0.312 mg/g), doubled yield from
the albedo part (from 17.39 ± 0.869 mg/g to 25.05 ±1.25 mg/g), and from the segmental
part (from 5.26 ± 0.263 mg/g to 11.07 ± 0.55 mg/g) (Table 4). The highest amount
of aglycon naringenin was obtained from the segmental part using thermal and acidic
hydrolysis: 0–1.12 ± 0.056 µg/g–4.21 ± 0.21 µg/g (UAE without hydrolysis, acidic, and
thermal hydrolysis, respectively) (p < 0.05 when compared to extraction without hydrolysis).
Statistically significant results are shown in Figure 6.

Wenbin Chen et al. (2017) demonstrated that the complete hydrolysis of the flavonoid
glycosides was achieved only by refluxing at 80 ± 2 ◦C [31]. This tendency was also
observed in this study using thermal hydrolysis.
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Table 4. Yields of flavanones recovered using UAE extraction methods with and without hydrolysis.

Naringin mg/g Naringenin µg/g

Extract ID ** No
Hydrolysis AC * AK * T * No

Hydrolysis AC * AK * T *

3-F 5.59 ± 0.279 a 2.14 ± 0.10 3.36 ± 0.168 6.25 ± 0.312 a - - - -
9-A 17.39 ± 0.869 a 11.39 ± 0.56 12.59 ± 0.629 25.05 ± 1.25 a 4.57 ± 0.249 1.78 ± 0.089 - 1.87 ± 0.09
15-S 5.26 ± 0.263 a 6.39 ± 0.319 5.13 ± 0.256 11.07 ± 0.55 a 0 a 1.12 ± 0.065 - 4.21 ± 0.21 a

* The meanings of the abbreviations are in Table 1. ** The meanings of the abbreviations are in Table 1. a p < 0.05
when compared to extraction without hydrolysis.
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Figure 6. Comparison of the extraction yields of naringin and naringenin obtained with and without
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3.1.2. Flavanone Extraction Using an Excipient as Adsorbent 1% Magnesium
Aluminometasilicate

Using excipients as adsorbent may improve the solubility of certain active substances
in drugs that have poor water solubility [27,32]. Therefore, in this study, we decided to
use excipients during extractions to determine whether they could increase the yields
of flavanones. The used heat reflux extraction and ultrasound-assisted extraction bath
methods obtained most flavanones (Section 2.2.4). These extraction conditions using
additional compounds were applied to improve the solubility of flavanones.

The use of magnesium aluminometasilicate during extraction significantly affected the
release of naringenin in all samples. There was a statistically significant improvement in
naringenin self-efficacy in the HRE from the flavedo (samples 21-FHR—2.92 ± 0.503 µg/g).
There was also a statistically significant increase of naringenin yield in samples from segmen-
tal parts using the UAE method: 13-S (4.07 ± 0.203 µg/g); 14-S (5.11 ± 0.257 µg/g); 15-S
(2.66 ± 0.133 µg/g); 16-S (2.83 ± 0.141 µg/g); 17-S (6.78 ± 0.34 µg/g); 18-S (3.75 ± 0.19 µg/g).
The operational conditions for each extraction method are shown in Table 1. The quantita-
tive yield of flavanone glycosides and aglycone using magnesium aluminometasilicate are
shown in Figures 7 and 8.
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Using the UAE technique (50 ± 2 ◦C, 30 min sonication time, and the solvent of
purified water with 1% magnesium aluminometasilicate), naringenin was detected in
samples from the flavedo part, with a yield of 2.38 ± 0.119 µg/g. However, given that the
findings were not statistically significant, they are not included in Table 3.

4. Conclusions

The results indicated that the highest yields of naringin can be obtained using an
ultrasound-assisted extraction bath with optimal conditions (50% of ethanol v/v as a
solvent, sonication time 30 min at 50 ± 2 C◦) from the albedo part 8-A (17.45 ± 0.872 mg/g);
meanwhile, the highest yield of naringenin was obtained by heat reflux extraction method
from the segmental part with 70% of ethanol (v/v) 23-SHR (35.80 ± 1.79 µg/g). Significant
results of naringenin yield in terms of ultrasound-assisted extraction using an ultrasonic
homogenizer were obtained using extracts from the segmental part—in a short time (3 min),
the quantity of naringenin increased up to 28-SUX2 (7.40 ± 0.37 µg/g) compared with UAE
method (Table 3).

The solvent, extraction time, and temperature influenced the recovery of flavanones
from fruit materials. The high temperatures could increase active compound quantities,
so using the UAE method combined with thermal hydrolysis, the amount of naringin
in the segmental and albedo portions was at least doubled: 15-S (11.07 ± 0.55 mg/g); 9-A
(25.05 ± 1.25 mg/g). The acidic and thermal hydrolysis influenced the amount of aglycon
naringenin from the segmental part and demonstrated better quantification when compared
with extraction without hydrolysis, (0 µg/g–1.12 ± 0.056 µg/g–4.21 ± 0.21 µg/g) (Table 4).

The magnesium aluminometasilicate, which was used as an adsorbent to increase
flavanone yields from different fruits parts, increased the amount of naringenin in all
samples from the flavedo, albedo, and segmental parts, using 50% or 70% of ethanol (v/v).
Meanwhile, when purified water was used as the solvent, naringenin was detected in
a small amount from the flavedo part (2.38 ± 0.119 µg/g). Thus, we could achieve the
same quantity of aglycone with a lower concentration of solvent (ethanol) when using
additional adsorbent magnesium aluminometasilicate. However, the quantity of naringin
was reduced by 15% in extracts from different parts of the fruits (Figure 7).

After reviewing the studies, we found that flavanone solubility may be increased in
the aqueous solvent or a lower concentration of ethanol by adding additional agents, such
as cyclodextrin, to improve the release and stability of the active compounds.

The majority of the active compounds were extracted from the Citrus × paradisi L.
albedo and segmental parts using the UAE and HRE methods, so these parts are a promising
material for further research and can be used to develop novel pharmaceutical products.
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Abstract: Citrus fruits have been the subject of extensive research over the years due to their im-
pressive antioxidant properties, the health benefits of flavanones, and their potential use in the
prevention and treatment of chronic diseases. Grapefruit have been shown in studies to improve
overall health, with numerous potential benefits, including improved heart health, reduced risk of
certain cancers, improved digestive health, and improved immune system function. The development
of cyclodextrin complexes is an exciting approach to increasing the content of flavanones such as
naringin and naringenin in the extraction medium while improving the profile of beneficial phenolic
compounds and the antioxidant profile. This research aims to optimize the extraction conditions
of the flavanones naringin and naringenin with additional compounds to increase their yield from
different parts of grapefruit (Citrus × paradisi L.) fruits, such as albedo and segmental membranes.
In addition, the total content of phenolic compounds, flavonoids, and the antioxidant activity of
ethanolic extracts produced conventionally and with -cyclodextrin was examined and compared.
In addition, antioxidant activity was measured using the radical scavenging activity assay (ABTS),
radical scavenging activity assay (DPPH), and ferric reducing antioxidant power (FRAP) methods.
The yield of naringin increased from 10.53 ± 0.52 mg/g to 45.56 ± 5.06 mg/g to 51.11 ± 7.63 mg/g
of the segmental membrane when cyclodextrins (α, β-CD) were used; naringenin increased from
65.85 ± 10.96 µg/g to 91.19 ± 15.19 µg/g of the segmental membrane when cyclodextrins (α, β-CD)
were used. Furthermore, the results showed that cyclodextrin-assisted extraction had a significant
impact in significantly increasing the yield of flavanones from grapefruit. In addition, the process was
more efficient and less expensive, resulting in higher yields of flavanones with a lower concentration
of ethanol and effort. This shows that cyclodextrin-assisted extraction is an excellent method for
extracting valuable compounds from grapefruit.

Keywords: Citrus × paradisi L.; grapefruit; flavanones; aglycones; excipients; cyclodextrins; extrac-
tions; antioxidant

1. Introduction

Natural bioactive compounds are in demand as humans become more health con-
scious, especially regarding a balanced diet. Epidemiological studies have shown that
consumers of polyphenolic compounds are less susceptible to chronic diseases [1,2]. From
this perspective, the fruits of Citrus × paradisi L. are rich in physiologically active compo-
nents such as phenolic compounds, vitamins, carotenoid pigments, and fiber [3]. Grapefruit
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(Citrus × paradisi L.) is one of the world’s most popular fruits. In Eastern medicine, it is
used as an appetite stimulant, antidiarrheal, emetic, and expectorant to treat flatulence,
scurvy, acne, and eczema [4]. In addition, recent studies have shown that extracts of citrus
peels and juices, as well as the biologically active components isolated from them, have
a wide range of beneficial effects on living organisms, including antioxidant, antimicro-
bial, cardiovascular, anticancer, and antidiabetic activity (Figure 1) [5–9]. Due to the great
pharmacological potential of citrus fruits, flavonoids and phenolic chemicals are the most
studied biologically active molecules in the pharmaceutical field.
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Two of the most important flavanones in grapefruit fruits are naringin and narirutin [10].
Naringenin (5,7,4′-trihydroxy flavanone), a polyphenolic flavonoid, is an aglycone deriva-
tive of hydrogenated flavone [11]. The bacteria of the gut microbiome convert naringin into
active naringenin [12]. This flavonoid molecule is an essential part of the human diet and
responsible for our foods’ color and bitter–sour taste.

The anticancer, antiproliferative, and antitumor effects of naringenin are based on its
DNA repair ability [13,14]. It has inhibited breast, liver, prostate, melanoma, and spinal cord
glioblastoma cells. Naringenin also influences the intrinsic (mitochondrial) and extrinsic
(receptor) apoptotic pathways. The effect of naringenin on apoptosis inhibits proliferation
and angiogenesis [15].

Naringenin reduces leukocyte accumulation by inhibiting macrophages’ chemotaxis
molecules, which draw leukocytes to inflammation [14,16]. In addition, it activates NF-E2–
related factor 2 (Nrf2), an anti-inflammatory factor, in macrophages which is another way
it influences. It can also reduce pro-inflammatory cytokines such as IL-33, TNF-, IL-1, and
IL-6, suppressing nuclear factor-κB (NF-kB) activation [17], boosting antioxidant ability,
and reducing superoxide anions and other reactive oxygen species (ROS) [18].

Antidiabetic activity: Studies conducted in vitro and in vivo show that naringenin
is essential in preventing and treating insulin resistance and type 2 diabetes [6]. This
bioflavonoid can reduce the amount of glucose absorbed by the intestinal brush and the
amount of sugar stored in the kidneys [19]. In addition, naringenin improves glucose
uptake and utilization and contributes to glucose reabsorption by muscle and adipose
tissue. According to the research, naringenin stimulates the growth of pancreatic cells,
which has a beneficial effect. These cells have enhanced glucose-sensing abilities because of
their training. It has been hypothesized that naringenin causes pancreatic cells to be more
sensitive to the effects of glucose and has a pro-apoptotic effect on these cells [12].

Naringenin reduces inflammation caused by phenyl-β-benzoquinone, acetic acid,
formalin, capsaicin, carrageenan, and superoxide anions [20]. This bioflavonoid also
possesses antinociceptive and analgesic properties in vivo. Naringenin also regulates
transient receptor potential (TRP) channels in nociceptors. Hence, it helps in analgesia [21].

Antibiotic resistance is a global problem. Bacteria are resistant to all groups of an-
tibiotics [22]. The use of antibiotics in the food, veterinary, and medical industries has
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raised this concern. Overprescribing antibiotics to asymptomatic patients, the COVID-19
pandemic, and broad-spectrum antibiotics have worsened this situation. Acinetobacter
Baumann, vancomycin-resistant Enterococcus faecalis, methicillin-resistant Staphylococcus
aureus, and beta-lactam-resistant Klebsiella pneumonia result from overuse. Naringenin
kills Gram-positive bacteria, including S. aureus and MRSA [23,24]. However, only a few
clinical studies are using this bioflavonoid as an antibiotic. Unfortunately, neither the US
nor the EU databases have registered any clinical trials, so these results are unavailable.
Pharmacological safety is shown at 900 mg [25].

Flavanones are also liver protective. Naringenin reduces hyperglycemia, hyperlipi-
demia, and gluconeogenesis [26], reduces triglyceride formation, and significantly reduces
low-density lipoproteins (LDL) and triglycerides in diabetic mice. Furthermore, based
on articles, naringenin increased high-density lipoproteins (HDL) levels in Wistar albino
rats [19,27].

Antioxidant activity in the traditional sense is identified by the hydroxy substituents
(OH) on their molecules showing a high reactivity towards reactive oxygen species (ROS)
and reactive nitrogen species (RNS) [5,22,28]. Because of this, the ability of a given molecule
to function as an antioxidant increases when that molecule contains OH radicals; in the
case of naringenin, there are three of these residues. After this, OH donates its hydrogen to
free radicals (R), eventually stabilizing naringenin by resonance. Ring B is an essential part
of the typical structure of flavonoids. This is because when hydroxyl groups are present in
the ring, flavonoids can stabilize hydroxyl (OH), peroxyl (ROO), and peroxynitrite (ONOO)
radicals, thereby forming relatively stable flavonoid radicals (Figure 2) [29,30].
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Figure 2. Naringenin: the relationship between antioxidant activity and structure. In red: Hydroxyl
substituents (OH) react highly against reactive oxygen and nitrogen species. In blue: 5,7-m-dihydroxy
arrangement in the A-ring stabilizes the structure after donating electrons to free radicals. In yellow:
The association between 5-OH and 4-oxo substituents contributes to the chelation of compounds
such as heavy metals.

UV spectrophotometry is the most common method for measuring phenolic com-
pounds, flavonoids, and phenolic acids [31]. They measure the absorption of the reaction
mixture in the visible spectrum. These methods are fast, simple, and reliable but lack chro-
matographic selectivity. Colorimetric techniques are used to quantify phenolic compounds
based on their abundance and the complexity of the plant matrix [32]. One of these methods
is that of Folin–Ciocalteu, which uses a specific reagent composed of several chemicals
(sodium molybdate, sodium tungstate, etc.) [33]. The method is based on electron transfer
reactions. However, the method requires a reference substance (in this case, gallic acid) to
measure the total phenolic content of the extract.

Next, the method with aluminum chloride (AlCl3) is used to test the total amount of
flavonoids. These forms chelate complexes of aluminum and flavonoids [34]. DPPH (2,2-
diphenyl1-picrylhydrazyl), ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid),



100

Nutrients 2023, 15, 1276 4 of 21

and FRAP (Ferric Reducing Antioxidant Power) are spectrophotometric techniques for the
preliminary testing of the antioxidant activity of plant extracts [35,36].

ABTS uses ABTS•+, a stable blue-green radical with a maximum absorbance of 734 nm.
Before use, allow the ABTS solution and potassium persulfate (K2S2O8) to react in the dark
at room temperature for 12–16 h to generate the ABTS radical cation. Next, this ion reacts
with phenolic chemicals to change the blue color to greenish or colorless. Data are Trolox
equivalents [34].

The FRAP method is comparable to the ABTS and DPPH methods; however, the
reaction is carried out in an acidic medium. The effectiveness of the antioxidant in reducing
Fe (III) in an acidic solution is the focus of this approach [35].

Pharmacologically active chemicals usually contain excipients. Excipients help in the
formulation of drugs, and they increase drug stability, dosage uniformity, and bioavail-
ability [36]. Cyclodextrins are composed of a ring of glucose molecules linked in a specific
arrangement. The structure creates a cavity within the molecule, which can be used to
bind to other molecules. This property makes cyclodextrins useful for drug delivery, as
they can bind to drugs and deliver them to the desired location in the body. Additionally,
cyclodextrins have a high degree of solubility in water, which makes them useful for water
purification applications.

Another property of cyclodextrins is their ability to form complexes with other
molecules. This property makes them useful for food processing applications, as they
can be used to bind to food additives and other compounds to improve their stability and
shelf life. Additionally, cyclodextrins can be used to bind to flavors and aromas, which can
be used to enhance the flavor and aroma of food products.

Cyclodextrins (CDs) form inclusion complexes in aqueous solutions, making them
suitable for assisted extraction. Lipophilic guest molecules or fragments reside within
these inclusion complexes [37], so complexation can increase flavanone solubility and
antioxidant properties [38]. In addition, CDs decrease the taste of naringin generations
and decrease their interaction with intestinal CYP3A4 metabolized drugs [39]. The most
common types of cyclodextrins are α-CD, β-CD, and γ-CD, which contain six, seven, and
eight glucopyranose units, respectively (Figure 3).
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The exterior of these molecules is hydrophilic, which helps CDs interact favorably
with water. Furthermore, the hydrophobic cavity of these molecules can accommodate a
variety of guest molecules, including polar compounds (alcohols, acids, amines, and small
inorganic anions) and nonpolar compounds (aliphatic and aromatic hydrocarbons) [40,41].
Figure 4 shows a graphical representation of the structure of CDs.

Recently, CDs have been used to separate polyphenols, including phenolic acid and
flavonoids, from various natural sources. For example, Li Cui et al. (2012) found that β-CD
inclusion complexation increased the solubility of naringin in water, which accelerated en-
zyme hydrolysis to form naringenin [42,43]. In addition, the inclusion complex foundation
protects CDs from oxidation and decay [44].
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Based on these assessments, it becomes clear why there is so much interest in conduct-
ing additional in-depth studies on treated grapefruit peel as a natural, economical, and
accessible antioxidant source.

The purpose of this research is twofold: (I) to describe and optimize the extraction
conditions of the flavanones naringin and naringenin with additional compounds to in-
crease their yield from different parts of the grapefruit fruit, such as albedo and segmental
membranes; and (II) to describe and quantify the flavonoid profiles and antioxidant activity
of processed grapefruit peel and juice. Both objectives are addressed in this study.

2. Materials and Methods
2.1. Material

The grapefruit’s segmental membranes and skins were gathered for secondary raw
materials when the juice was extracted from grapefruit (Citrus × paradisi L., variety Star
Ruby, Italy, unknown place). After being diced up in a food processor, these components
were frozen at −18 ± 0.9 ◦C until extraction. Figure 5 depicts the fruit slices that were
utilized in this investigation.
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Standards of naringin, naringenin, and narirutin were obtained from Sigma Aldrich in
Steinheim, Germany. Hydrochloric acid, sodium hydroxide, acetic acid, methanol, acetoni-
trile, Trolox, α-, β-, and γ-CDs were obtained from Sigma Aldrich in HH, DE. Ethanol (96%)
was obtained from Vilniaus Degtine in Vilniaus, LT. GFL2004 was used to manufacture
filtered water (Burgwedelis, DE). The following reagents were also utilized: aluminum
chloride, hexamethylenetetramine, acetic acid, 2,20-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), potassium persulfate, ferrous
sulfate heptahydrate, saline phosphate buffer, and hydrogen peroxide from Sigma Aldrich
(Schnelldorf, Germany); disodium hydrogen phosphate obtained from Merck (Darmstadt,
Germany); 2,2-diphenyl1-picrylhydrazyl radical (DPPH).

2.2. Methods
2.2.1. Extracts’ Preparation

Control sample: a control batch was performed based on previous studies using a
combined extraction method with 50 and 70% ethanol (v/v). The extraction process used in
this study is shown in Figure 6 [45].
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Test sample: The extracts were made under the same conditions. The 50% or 70% ethanol
(v/v) was employed as the solvent (10 mL), and the additional substances (0.1 ± 0.105 g of
α-, β-, γ-CDs) were added with plant material (1 ± 0.05 g). After centrifuging the materials
for 10 min at 1789× g, the supernatant was discarded by decantation. The extracts were
then filtered using PVDF syringe filters with a pore size of 0.22 m, and an HPLC analysis
was used to determine the total quantity of flavanones. A list of samples prepared in the
UAE with thermal hydrolysis and excipients is given in Table 1.

Table 1. Extract ID and preparation condition.

Extract ID * Extraction Method Solvent (Ethanol v/v) Excipient
(Cyclodextrins CD)

AT1 (control sample)

UAE combined with
thermal hydrolysis

50%
AT2 (control sample) 70%
ST1 (control sample) 50%
ST2 (control sample) 70%

AA1 50% α

AA2 70% α

SA1 50% α

SA2 70% α

AB1 50% β

AB2 70% β

SB1 50% β

SB2 70% β

AG1 50% γ

AG2 70% γ

SG1 50% γ

SG2 70% γ

* First letter demonstrated fruit parts (A-albedo; S-segmental membrane); second letter (T-control sample, A-α-CD,
B-β-CD, G-γ-CD); numbers (1–50% solvent v/v, 2–70% solvent v/v).
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2.2.2. HPLC–PDA Conditions

Waters 2695 liquid chromatography with a photodiode array detector was used (Wa-
ters 996, 200–400 nm wavelength range). We used an ACE C18 chromatography column
(250 mm × 4.6 mm) with a sorbent particle size of 5 µm to separate physiologically active
substances. The process details of the HPLC method were as follows. Gradient elution was
used to separate the tested substances. Each extract was injected in a volume of 10 L and
measured at 280 nm. Eluent A: acetonitrile at a rate of 1 mL/min; Eluent B: water. 0.0 min,
10% A; 5 min, 20% A; 25 min, 40% A; 30 min, 100% A; 35 min, 100% A; 36 min, 10% A. The
temperature of the column was set at 25 ◦C. Peaks were found by comparing the UV-Vis
spectra of each peak to valid reference standards and measuring their retention times. The
samples were subjected to two different analyses. The chromatograms of the standards for
naringenin, naringin, and narirutin are shown in Figure 7.
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The Methodological Review of Natural Products by Wolfender (2009) [29,46] was used
for quantification and validation. Standard stock solutions with primary concentrations of
100 µg/mL of naringin, narirutin, and naringenin were prepared in 70% methanol, and
calibration curves were constructed using six standard solution concentrations. Three
injections per concentration were performed to determine linearity. To construct calibration
equations, naringin, naringenin, and narirutin were plotted against known concentrations
of the respective standard solutions. The least squares approach was used to calculate
a linear regression equation. The regression coefficients of all calibration curves were
R2 > 0.999, confirming the linearity of the concentration ranges.

The sensitivity of the approach was determined by determining the limit of detection
(LOD) and the quantification (LOQ). The concentrations that produced a signal-to-noise
ratio of 3 and 10, respectively, were used to determine LOD and LOQ.

A standard mixture of naringin, naringenin, and narirutin was used during the in-
traday and inter-day precision testing. Five repeated non-consecutive injections of the
regular combination on the same day on four different days proved the method’s accuracy.
Relative standard deviation (RSD) is used to describe the results. The retention times
and spectra of standards (naringin, naringenin, and narirutin) were compared to those
prepared in extracts in this work. Linearity was determined by calculating the correlation
coefficient R2 of the calibration curve (naringin R2 = 0.99992, naringenin R2 = 0.99992,
narirutin R2 = 0.99999) and the peak areas were used for quantification. The linearity range
of naringin was 1.166 to 33.34 µg/mL, 0.472 to 15.12 µg/mL for naringenin, and 1.2757 to
80.5 µg/mL for narirutin. The concentrations of naringenin, naringin, and narirutin were
expressed as µg/g, mg/g, and mg/g dry weight (DW), respectively (Table 2).
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Table 2. The linearities of calibration curves of flavanones.

Component Calibration Equation Coefficient of
Determination R2 Correlation Coefficient LOD µg/mL LOQ µg/mL

Naringin Y = 25.50x + 6720 0.99992 0.99996 0.146 0.583
Naringenin ±Y = 33.30x + 3570 0.99992 0.99996 0.118 0.430
Narirutin Y = 18.60x + 8100 0.99999 0.99999 0.281 0.5032

LOD—limit of detection; LOQ—limit of quantification.

2.3. Statistical Data Analysis

SSPS version 20.0 (IBM Corporation, Armonk, NY, USA) was used to analyze the data.
Data are presented as mean and standard deviation (SD). All quantitative data were per-
formed in triplicate. The Friedman and Wilcoxon tests were used to make the comparisons
that should be made between the three different metrics. In addition, Spearman’s test was
used to determine correlation and regression coefficients. At the end, a comparison was
made between the two groups using the Mann–Whitney U test. Results were considered
statistically significant (p < 0.05).

2.4. Preparation of Extracts for Total Phenolic, Flavonoid, and Antioxidant Activity

We used a modification of this ultrasound-assisted extraction method to adapt it for
our application to determine the total phenolic, flavonoid amount, and antioxidant activity.
An ultrasound-assisted extraction method (UP-250; frequency range: 19–25 kHz, 250 W,
probe amplitude: 35 µm) was used to prepare the extraction from grapefruit waste product
and fresh juice. Control sample: the total content of phenols, flavonoids, DPPH, ABTS, and
FRAP was determined using the flavedo, albedo, segmental membrane. A total of 10 g of
plant material was poured with a solvent (50% ethanol v/v) and treated with an ultrasonic
bath at 50 ± 5 ◦C for 30 min. The tested sample was produced under the same conditions
but with additional excipients (0.1 g ± 0.01 g β-CDs) (Figure 8). A fresh juice tested sample
was created; 10 mL of fresh juice and 0.1 g ± 0.01 g of β-cyclodextrins were added and
treated for 30 min at 50 ± 5 ◦C using an ultrasound bath.
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2.4.1. Analysis of Total Phenolic Content

A spectrophotometric analysis method determined the total amount of phenolic com-
pounds in Citrus × paradisi L. The extract was mixed with the Folin-Ciocalteu phenol
reagent, 2 mL of 7% sodium carbonate (Na2CO3) was added, and the mixture was kept in a
dark place for 60 min. A gallic acid calibration curve y = 12.069x; R2 = 0.9978 was used to
create the calibration curve. The data were given in milligrams of gallic acid equivalent per
gram of dry weight (mg GAE/g DW) [47].
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2.4.2. Total Flavonoid Content Evaluation

The colorimetric aluminum chloride technique was modified to determine the total
flavonoid concentration of the extracts [48]. First, 0.2 mL of the extract was combined with
2 mL of 96% (v/v) ethanol, 0.1 mL of 30% acetic acid, 0.3 mL of 10% aluminum chloride
(AlCl3), and 0.4 mL of 5% hexamethylenetetramine solutions. After 30 min of incubation,
the absorbance of the reaction mixture was measured at 475 nm using a spectrophotometer
(Shimadzu UV-1800; Kyoto, Japan). Then, the total flavonoid content was determined using
a calibration curve (y = 5.0867x; R2 = 0.9985). The result was computed using the following
procedure and expressed as mg of rutin equivalent per gram of dry weight (RE/g DW):

TFC = C × Ve × F/m,

where

TFC–total flavonoid content; mg RE/g DW;
C–concentration of standards used mg/L;
Ve–the volume of solvent used;
F–dilution coefficient of the sample; m–a mass of the sample, g.

2.5. Antioxidant Activity
2.5.1. Radical-Scavenging Assay (ABTS)

ABTS (2,2′-Azino-bis-(3-ethylbenzthiazoline-6-sulonic acid) was oxidized using potas-
sium persulfate to generate the ABTS•+ radical. It showed absorption maxima at wave-
lengths 645, 734, and 815 nm. A 7 mM (ABTS) aqueous solution was created and stored in
the dark for 12 to 16 h to generate a dark solution containing the radical cation. Before usage,
the ABTS radical cation was diluted with water, and its initial absorbance at 734 nm was
measured using a spectrophotometer to be about 0.70 ± 0.01. To assess radical scavenging
activity, 2.0 mL of the ABTS working standard was combined with 200 µL in a test cuvette.
Using Trolox, the calibration curve was created (y = 0.0001728x; R2 = 0.9832). Results were
reported regarding the Trolox equivalent per gram of dry weight (TE per g DW) [49].

2.5.2. Radical Scavenging Assay (DPPH)

The free radical scavenging activity of the extract was carried out with slight mod-
ifications. For the first step, 10 µL of each ethanolic solution was mixed with 3 mL of
2,2-diphenyl-1-picrylhydrazyl (DPPH) solution. Then, the reaction mixture was incubated
in the dark at room temperature for 1 h, and the absorbance at 517 nm was measured
using a spectrophotometer (Shimadzu UV-1800; Kyoto, Japan). The calibration curve was
obtained with Trolox (y = 0.00623x; R2 = 0.9923). The results were expressed as Trolox
equivalent per gram dry weight (TE/g DW) [50].

2.5.3. Ferric Reducing Antioxidant Power (FRAP)

The FRAP test was performed by combining 0.3 M of acetate buffer with a pH of
3.6, 10 mM of a solution containing 2,4,6-tripiridil-s-triazino, 40 mM of hydrochloric acid,
and 20 mM of a solution containing ferric (III) chloride (10:1:1). After that, 10 µL of the
sample was combined with 3 mL of the FRAP reagent, and the resulting mixture was well
combined. After 30 min incubation, using a spectrophotometer, the level of absorption was
determined to be 593 nm (Shimadzu UV-1800; Kyoto, Japan). Ferrous sulfate was used
to obtain the calibration curve, which had the following equation: y = 0.00010x + 0.0646;
R2 = 0.9915 [51].

3. Results and Discussion

The flavanones most prevalent in grapefruit fruit are glycosides, specifically naringin
and narirutin. On the other hand, naringenin (in the form of aglycone) is not very soluble in
water; as a result, the majority of the extracts that were tested either had very low amounts
of aglycone or only traces of it [42]. Consequently, one of the essential tasks is to increase
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the amount of naringenin in the extracts and to do so in the simplest, most viable way. We
selected the most optimal extraction conditions based on the previous research methods
and used the conjugated extraction method. Using only ultrasound extraction method
(UAE) without thermal hydrolysis showed poor results compared with thermal hydrolysis.
Thermal hydrolysis is necessary to obtain a higher yield of naringenin (Table 3).

Table 3. Yields of flavanones from control samples using ultrasound extraction method modified
with thermal hydrolysis. Results are means ± SD (n = 3).

Extract ID Naringin mg/g Narirutin mg/g Naringenin µg/g

AT1 * 13.97 ± 0.698 2.24 ± 0.12 23.58 ± 1.17
AT2 * 14.07 ± 0.70 2.36 ± 0.18 25.06 ± 1.25
ST1 * 10.53 ± 0.526 2.34 ± 0.17 65.84 ± 3.29
ST2 * 7.8 ± 0.39 1.95 ± 0.09 67.59 ± 3.37

* Extract ID are provided in Table 1. The highest amount of naringin and narirutin was determined from the albedo
part 13.97 ± 0.698 mg/g, 14.07 ± 0.71 mg/g (50 and 70% ethanol v/v), and 2.24 ± 0.12 mg/g, 2.36 ± 0.12 mg/g
(50 and 70% ethanol v/v), respectively. Meanwhile, naringenin’s highest quantity was detected from the segmental
membrane—67.59 ± 2.81 µg/g using 70% of ethanol v/v.

First, the control extraction with the α, β, and γ-CDs was performed using the con-
jugated extraction method described in Section 2.2.1 and compared to the test extraction
(prepared under the same conditions). Table 3 illustrates the findings that were obtained
from the control extraction.

3.1. The Quantity of Flavanones Using the Additional Substances α-, β-, γ-Cyclodextrins

The structure of cyclodextrins (CD) can explain the increased yield of flavanones
in the extracts from plant material. Additionally, the CD encapsulation can change the
physicochemical features, such as water solubility and the substance’s stability [36].

CDs can protect chemically unstable drug molecules from environmental factors,
reducing or preventing drug hydrolysis, oxidation, and enzymatic degradation. One
common application is reducing bitterness in citrus fruit juice by forming a naringin-β-
CD complex [38]. The research of Pereira et al. in 2021 revealed that by using inclusion
complexes, an impressive conversion rate from naringin to naringenin could be achieved,
reaching up to 98.7% and 56.2%. On top of this remarkable success, β-CD has been noted
as having a positive effect on water solubility; therefore, enzymatic hydrolysis of naringin
will likely improve significantly [44].

Based on previous studies, we picked the albedo and segmental membrane parts
for our investigation. The most significant quantities of naringenin were detected using
combination extraction methods (ultrasonic extraction method with thermal hydrolysis).

Due to its polarity for flavonoids, research shows that methanol, among other organic
solvents, is exceptionally capable of extraction. Because of this, efforts are being undertaken
to find non-toxic and entirely biodegradable alternatives, such as ethanol, that can produce
the same or similar outcomes without harming the environment [52,53].

The primary goal was to improve the flavanone yield in the extract; an organic
solvent was chosen as a co-solvent with CDs because aglycones are more hydrophobic
than hydrophilic chemicals and have limited solubility in water. As a result, once the
combination with CD degrades, flavanone deposits might develop in water. This procedure
may be avoided by using an organic solvent.

In control, the maximum level of naringenin was detected in the part of the segmental
membrane using 70% ethanol (67.59 ± 3.37 µg/g). By using cyclodextrins, this amount
could be increased by more than 34%. Comparing α, β, and γ-cyclodextrins, a statis-
tically significant increase was observed in the AA1 sample (α-CDS, 50% ethanol v/v)
43.44 ± 2.17 µg/g compared to AT1 (23.58 ± 1.17 µg/g), AB1 (16.21 ± 0.81 µg/g), AG1
(0.84 ± 0.042 µg/g), and SA1 (91.19 ± 4.55 µg/g) compared to ST1 (65.84 ± 3.29 µg/g) and
SB1 (0.45 ± 0.02 µg/g).
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The results of our samples concluded that the combination of naringenin and α-CD
with the smallest cavity size provided a higher yield of the aglycone compared to other
cyclodextrins. Statistical analysis indicated that this significant increase was remarkable
(p < 0.05).

According to the results of our research, 50% ethanol generated a higher concentra-
tion of naringenin than 70% (v/v) ethanol using α-CD: (AA1) 43.44 ± 2.17 µg/g–(AA2)
28.77 ± 1.44 µg/g from albedo, and (SA1) 91.19 ± 4.55 µg/g–(SA2) 86.69 ± 4.33 µg/g from
segmental membrane parts, (50% and 70%, respectively). In addition, control samples AT1,
AT2, and ST1 and ST2 were compared to test samples using α, β, and γ-CDs yielding statis-
tically significant findings for naringenin using α-CD. The quantitative yield of naringenin
using excipients (1%) is shown in Figure 9.
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Figure 9. The quantitative yield of naringenin using excipients (1%). First letter demonstrated fruit
parts (A—lbedo; S—segmental membrane); second letter (T—control sample; A—α-CD; B—β-CD;
G—γ-CD); numbers (1–50% solvent v/v; 2–70% solvent v/v). AA1 p < 0.05 vs. AT1; AA2 p < 0.05 vs.
AT2; SA1 p < 0.05 vs. ST1; SA2 p < 0.05 vs. ST2; AA1 p < 0.05 vs. AA2; AB2 p < 0.05 vs. AB1. * Results
are means ± SD (n = 3).

Both naringin and narirutin are examples of hydrophobic polyphenols with a low
water solubility of 38 and 500 µg/mL, respectively, at room temperature [54]. In addition,
these polyphenols are inherently polar due to at least one sugar moiety in their molecular
structures [55]. They are unable to form a stable complex with α-CD because they have
the lowest affinity for it. In contrast to the findings obtained with control samples, extracts
obtained with α-CD in this investigation showed statistically significant improvement
(Figure 10) (p < 0.05). The results of flavanones showed in Table 4.

Based on the literature and previous research, our study chose 50 or 70% ethanol
v/v. The extraction with water did not show any meaningful results, even after adding
additional substances. Meanwhile, using 50% ethanol and α-CD significantly increased
the amount of aglycones from the albedo and segmental membrane parts by an average
of 1.6 and 1.05. Naringin from the albedo part (18.87 ± 0.94 mg/g–11.58 ± 0.58 mg/g,
50–70%, respectively) and narirutin in the sample from the albedo part 3.33 ± 0.16 mg/g–
2.25 ± 0.11 mg/g, 50–70%, respectively.
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Table 4. Flavanone concentrations retrieved from samples using CDs.

Extract ID * Naringin mg/g Narirutin mg/g Naringenin µg/g

AT1 13.99 2.24 23.58
ST1 10.53 2.34 65.84
AA1 18.87 3.33 43.44
SA1 46.53 0.70 91.19
AB1 6.87 1.74 16.21
SB1 51.11 0.81 0.45
AG1 5.99 1.79 0.84
SG1 7.52 2.29 0
AT2 14.07 2.36 24.06
ST2 7.80 1.95 67.59
AA2 11.58 2.25 28.77
SA2 49.72 0.80 86.69
AB2 8.75 1.74 23.80
SB2 58.08 0.98 0.20
AG2 10.59 2.13 0
SG2 6.76 2.15 0.45

The quantitative yield of naringin, naringenin, and narirutin using (1%) additional components α-, β-, γ-CDs.
Results are means ± SD (n = 3). Naringin–AA1 p < 0.05 AT1; SB1 p < 0.05 SA1, ST1; SB2 p < 0.05 SA2; AA1 p < 0.05
AA2; SB2 p < 0.05 SB1; narirutin–AA1 p < 0.05 AT1; naringenin–AA1 p < 0.05 AT1; SA1 p < 0.05 ST1; AA2 p < 0.05
AT2; SA1 p < 0.05 SA2. * Extract ID are provided in Table 1.

The results of this study demonstrate that the quantity of flavanone in the extracts
examined was significantly elevated when α and β cyclodextrins were used as compared
to extracts used as controls. This study also showed that CDs increased flavanone yield
while requiring a lower solvent concentration. Figure 11 displays the quantitative yield of
naringin and naringenin when using excipients at a concentration of 1%.
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Figure 11. The quantitative yield of naringin and naringenin using excipients (1%). Sample codes
are provided in Table 1. Results are means ± SD (n = 3). Naringin *: AA1 p < 0.05 vs. AT1 *; SA1
* p < 0.05 vs. ST1 *; SB1 * p < 0.05 vs. ST1 *; SB1 * p < 0.05 vs. SA1 *; AA2 p < 0.05 vs. AB2; SB2
* p < 0.05 vs. ST2 *; SB2 * p < 0.05 vs. SA2 *; SB2 * p < 0.05 vs. SB1 *; SA2 * p < 0.05 vs. SA1 *. Narirutin
**: AA1 ** p < 0.05 vs. AT1 **; SG1 ** p < 0.05 vs. ST1 **; SG2 ** p < 0.05 vs. ST2 **.

The amount of naringin increased statistically significantly in the test sample with
β-CDs, AA1, SA1, SA2, and SB2 compared to the control group AT1, ST1 AT2, and ST2. In
addition, when comparing the test samples, higher amounts of naringin were found in the
segmental membrane with β-CD using solvent 70% ethanol v/v (SB2) 58.08 ± 2.90 mg/g
versus SB1 (50% ethanol v/v) 51.11 ± 2.55 mg/g.
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The amount of narirutin was increased by α-CD in the albedo part, compared to the
control sample (3.33 ± 0.16 mg/g vs. 2.24 ± 0.12 mg/g) and slightly increased by γ-CD in
the segmental membrane 2.15 ± 0.11 mg/g). For naringin, the best results were obtained
with β-CD from segmental membrane, using solvent 70% ethanol v/v.

3.2. Total Phenolic and Flavonoid Content Determination

It was evaluated how many total phenolic and flavonoids were determined using
the ultrasound assistant extraction method (control sample) versus conjunction with 1%
β-cyclodextrins (CDs) (tested sample), as described in Section 2.4.

Many medicinal plant species exhibit interspecific chemical diversity, which is im-
portant to study and evaluate. Chemical diversity studies provide information on the
active ingredient’s composition across species, varieties, and plant parts. Because of this,
using UV–visible light spectrophotometry, pilot tests were carried out to measure the
total content of phenolic compounds and flavonoids from various parts of Citrus × par-
adisi L. fruits. According to the findings of the tests, the total phenolic content var-
ied from 2.48 ± 0.124 mg GAE/g DW (flavedo), 3.58 ± 0.17 mg GAE/g DW (albedo),
2.56 ± 0.12 mg GAE/g DW (segmental membrane), and 2.89 ± 0.14 mg GAE/g DW (juice).
Most samples prepared with excipients contained more total phenolic compounds than
control samples (p < 0.05).

This finding is significant because it shows that excipients can enhance the number
of phenolic compounds found in a sample and shows promise for future pharmacology
developments. Furthermore, the fact that these results have been statistically significant
at p ≤ 0.05 reinforces their credibility. Using β-CDs, the highest amount was found in the
albedo part and increased from 3.58 ± 0.17 to 18.42 ± 0.92 mg GAE/g DW; the segmental
membrane increased from 2.56 ± 0.128 to 17.8 ± 0.89 mg GAE/g DW. The total phenolic
TPC content in grapefruit ethanol extract is shown in Figure 12.
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Figure 12. The total phenolic content TPC in grapefruit ethanolic extract with and without β-CDs. A,
B, C, D—ultrasound extraction method (UAE), a, b, c, d—ultrasound extraction method (UAE) + β-
CDs. The result is the mean value (n = 3) a, b, c, d p < 0.05 vs. A, B, C, D.

According to Gorinsten et al., total phenolic content (TPC) content was signifi-
cantly higher in fresh grapefruit peel (155 ± 10.3 mg/100 g) than in peeled grapefruits
(135 ± 10.1 mg/100 g) [56]. The difference in total flavonoid content across studies might
be attributed to differences in variety, location, or analytical methodologies [34]. Xi et al. ob-
served that the total phenolic content varied by variety and fruit portion, varying from 3.17
to 4.63 mg/g GAE FW in the peel, 2.43 to 3.46 mg/g FW in the pulp, 0.29 to 0.52 mg/g FW
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in the juice, and 2.12 to 3.36 mg/g FW in the seeds [57]. According to the findings of the
studies, the concentration of phenolic compounds present in albedo is higher than that
found in any of the other portions of the fruit. This disparity may be attributable to the
distinct parts of the fruit having a unique phenolic compound profile and a unique quantity
of phenolic compounds. In addition, the solvent used to extract the substance, the method
used to remove it, and the quality of the raw material might all contribute to the variations.

The concentration of flavonoids varies depending on the plant’s development stage
since they are the most abundant group of chemicals found in plants and substantially
influence the plant when growing. The majority of flavonoids, also known as flavanone
glycosides, are only found in citrus trees. Other types of plants have very few of these
compounds. Grapefruit contains several flavonoid glycosides, the most important of which
are naringin, hesperidin, and narirutin [34,52].

Flavonoids are abundant in various parts of the fruit, resulting in significant differences
between fruit types. Another study found that fruit parts and cultures had different total
flavonoid levels. For example, the peel has values between 5.12 mg and 8.30 mg per gram
fresh weight; the pulp can range from 3.86 to 5.38 mg/g, from 0.26 to 0.44 mg/g in juice,
from 3.16 to 9.27 mg/g in whole fruits and from 18, 61 to 25.33 mg/g in seeds. As a result,
seeds contained more flavonoids than juices (5496 times as much as the juice) [57].

Nurcholis et al. investigated the effects of extraction procedures and durations on total
flavonoid and phenolic contents (TFCs and TPCs) in a solvent such as methanol. According
to the researchers, different extraction procedures and durations significantly influenced
the TFCs, TPCs, and antioxidant activities of Java cardamom fruit methanol extracts [58].

Using the aluminum chloride technique, the flavonoid content of grapefruit fruit was
analyzed, and the findings are presented in Figure 13. The TFC ranged from 1.26 ± 0.08 to
4.91 ± 0.24 mg RE/g DW. Flavedo extracts had the highest flavonoid levels (2.52 ± 0.13 mg
RE/g DW). The total flavonoid content ranged from 1.78 ± 0.09 to 4.66 ± 0.23 mg RE/g
DW using β-CDs using 50% ethanol (v/v) as a solvent. When comparing grapefruit extracts
made under the same conditions but with an additional excipient, the total flavonoid
content increases by 2.516 ± 0.1278 mg RE/g DW to 4.66 ± 1.26 mg RE/g DW in the
flavedo parts. Meanwhile, using AlCl3 to determine the total flavonoids reduces the
number of flavonoids from 4.91 ± 0.24 mg RE/g DW to 1.887 ± 0.094 mg RE/g DW in
fresh juice.
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CDs. A, B, C, D—ultrasound extraction method (UAE), a, b, c, d—ultrasound extraction method
(UAE) + β-CDs. The result is the mean value (n = 3) a, b, c, d p < 0.05 vs. A, B, C, D.
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3.3. Antioxidant Activity

After researching the total phenolic and flavonoid content of Citrus × paradisi L., the
next step is to investigate and evaluate the antioxidant activity of the various parts of
the fruit. The findings will be useful in evaluating and standardizing the quality of raw
materials and their products. Furthermore, they will make it possible to anticipate the
antioxidant activity of grapefruit extracts derived from various parts of the fruit when
tested in vivo [59]. The antioxidant capacity of plant extracts can be affected by a wide
variety of factors, including the extraction process, the solvent used, the kind of fruit, and
the stage of ripeness at which the fruit was harvested [60]. Consequently, we decided to
assess the number of antioxidants present in grapefruit using different methods (radical
scavenging, antioxidant activity, and reducing power) [61].

Cyclodextrins, for example, can assist overcome the disadvantages of antioxidants
in functional foods. In addition, cyclodextrins are also used as anti-browning agents to
prevent the enzymatic browning of food. Finally, research shows that cyclodextrins act as
secondary antioxidants and help typical antioxidants resist enzymatic browning.

Based on the literature review, the antioxidant capacity in the flavedo, albedo, segmen-
tal membrane, and fresh juice was determined. Extracts were extracted using ultrasound
(as described in Section 2.4) (control test) and compared to extracts with the addition
of β-cyclodextrins (test sample). To this end, the variation in antioxidant capacity was
determined by assessing the effect of cyclodextrin on antioxidant capacity.

Figure 14 depicts the results of calculations made with DPPH to determine the radical-
scavenging activity of grapefruit fruit in its various areas. After determining the antioxidant
activity by the DPPH method, it was observed that the fresh juice and flavedo parts of the
studied fruit neutralized the DPPH radical the most. The order of action was juice >
flavedo > segmental membrane > albedo (1429.25 ± 71.01 µmol/g > 517.14 ± 25.86 µmol/g
> 500.27 ± 22.54 µmol/g > 368.50 ± 15.42 µmol/g). β-CD was only slightly increased
by DPPH radical inhibition in flavedo extracts from 517.14 ± 25.86 µmol TE/g DW to
630.76 ± 31.54 µmol TE/g DW. However, the CDs reduced the antioxidant activity in
segmental membranes and juice.
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Figure 14. DPPH radical scavenging activity (DPPH) of ethanolic extracts with excipients and control
sample (DPPH). Results are mean values (n = 3). A, B, C, D—ultrasound extraction method (UAE), a,
b, c, d—ultrasound extraction method (UAE) + β-CDs. a, b p < 0.05 vs. A, B; a p < 0.05 b, c; D p < 0.05
A, B, C; d p < 0.05 a, b, c.
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The ABTS radical cation decolorization test is a method used to measure the antioxi-
dant activity level of a substance. A solution of ABTS (2,2′-azino-bis (3-ethylbenzthiazoline-
6-sulfonic acid)) and potassium persulfate is used. When these two compounds are mixed,
they form a stable radical cation that can be used to measure the antioxidant activity of a
substance. The radical cation ABTS is blue and can be decolorized by antioxidants. The
extent of discoloration is proportional to the antioxidant activity of the substance to be
tested [62].

The free radical scavenging activity of Citrus × paradisi L. extract varied considerably:
from 4.36 ± 0.218 µg TE/g to 18.61 ± 0.93 µg TE/g. The highest ABTS radical-cation
binding activity was observed in fresh grapefruit juice at 18.61 ± 0.93 µg TE/g.

In this study, all test samples developed using CDs had significantly increased antioxidant
activity than the control samples. In the sample with flavedo (from 8.97 ± 0.448 µg TE/g to
18.61 ± 0.93 µg TE/g) and fresh juice (from 18.61 ± 0.93 µg TE/g to 20.56 ± 1.028 µg TE/g),
the highest binding of the ABTS radical showed (Figure 15). Conversely, the segmental
membrane had the lowest antioxidant activity (4.36 ± 0.218 µg TE/g).
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A compound’s ability to reduce other substances might be a valuable signal of its
prospective antioxidant action. Combinations with reducing power imply that they are
electron donors and can decrease the oxidized intermediates produced during the process
of lipid peroxidation, functioning as both primary and secondary antioxidants [63].

It was discovered by Gupta et al., who investigated two distinct harvests of pomelo
fruit, that the flavedo of the fruit had the highest antioxidant capacity and FRAP activity.
On the other hand, the albedo of the fruit was found to have the highest accumulation
of naringin. These findings were based on the findings that the flavedo of the fruit had
the highest antioxidant capacity and FRAP activity. On the other hand, pomelo juice
showed the most increased DPPH free-radical scavenging activity and the highest tannin
concentration [59].

The results of a FRAP experiment that was conducted on various grapefruit compo-
nents may be found in Figure 16. Compared to their capacity to scavenge free radicals, the
ability of some samples to reduce iron ions (Fe3+) to iron ions (Fe2+) was significantly more
impressive. Applying β-CD resulted in a one- to two-fold increase in the ethanol samples’
reduction power. In this investigation, the outcomes of the test samples (which had β-CDs)
were noticeably superior to those of the control samples (devoid of β-CD).
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The spectrophotometric FRAP method determined that fresh grapefruit juice and
extracts from the flavedo showed the highest reducing activity among the tested extracts,
and the lowest reducing activity was found in the segmental membrane. The use of β-
cyclodextrins showed statistically significant results in all tested extracts. In some samples,
the reductive activity doubled; for example, the sample from flavedo parts increased
reduction from 10.44 ± 0.522 µg TE/g to 20.44 ± 1.02 µg TE/g. Figure 16 depicts the FRAP
assay of ethanolic grapefruit extracts with and without excipients.

According to the findings of our research, the segmental membrane extract was the
sample that possessed the least amount of antioxidant potential, as indicated by its TE
values of 500.27 ± 25.89 µmol/g, 4359.57 ± 24.89 µmol/g, and 7136.00 ± 304.87 µmol/g
for DPPH, ABTS, and FRAP, respectively. These numbers are expressed as standard
errors. On the other hand, the fresh juice exhibited the highest level of antioxidant ac-
tivity; the results for DPPH, ABTS, and FRAP were as follows: 1429.25 ± 90.86 µmol/g,
18152.01 ± 698.72 µmol/g, and 12336 ± 616.8 µmol/g, respectively. In addition, the extract
from the flavedo part of the grapefruit showed significant results for both DPPH and ABTS
(TE 517.14 ± 25.15 and 8969.91 ± 448.50 µmol/g, respectively), and the extracts from the
albedo part showed strong FRAP reducing activity (TE 10169.33 ± 508.46 µmol/g).

4. Conclusions

In summary, waste derived from grapefruit can be recycled in the manufacture of fu-
ture pharmaceutical and medical consumables. Therefore, the extraction of natural products
and the research of natural goods and their possible uses are attracting increasing attention.
However, to achieve the main goal, such as achieving higher yields of bioactive chemicals
from natural sources in less time, new and safe, economically feasible, environmentally
friendly extraction processes must first be created.

Cyclodextrins are a type of carbohydrate molecule that exhibit various unique proper-
ties that make them useful for various applications. These properties include their ability
to form complexes with other molecules, their high solubility in water, and their ability to
bind to drugs and other compounds. As a result, cyclodextrins have a variety of uses in
the medical, food processing, and water purification industries and are essential tools in
improving the safety and effectiveness of these industries.
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The results of this study demonstrate that the quantity of flavanone in the extracts
examined was significantly elevated when α and β cyclodextrins were used as compared
to extracts used as controls. This study also showed that CDs increased flavanone yield
while requiring a lower solvent concentration. The highest yield of naringenin was found
in SA1, 91.19 ± 2.93 µg/g, prepared with α-CD and 50% ethanol v/v, and for naringin
58.68 ± 2.93 mg/g, prepared with β-CD and 70% ethanol v/v. The highest narirutin
amount was observed in AA1 3.33 ± 0.166 mg/g using α-CD in 50% ethanol v/v. In
contrast, γ-CD did not provide a statistically significant outcome in this investigation. In
the culinary, nutraceutical, and medicinal industries, increasing the naturally occurring
flavanone aglycones in fruit materials may generate new potential for utilizing these
beneficial chemicals in various applications.

Grapefruit contains many nutrients and biologically active compounds. The results
show that grapefruit’s albedo parts and segmental membranes have the highest total
content of phenols, naringin, and naringenin. Grapefruit (Citrus × paradisi L.) extracts from
the fresh juice and flavedo parts have greater levels of antiradical activity. These findings
will be beneficial for processing grapefruit and creating products because there is a lack
of literature on the phytochemical and taste qualities. According to the findings of this
study, discarded fruit parts possess varied qualities and can also be employed to produce
high-quality nutritional supplements and medicines.
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Abstract: Citrus fruits, mainly grapefruit (Citrus x paradisi L.), are rich in bioactive com-
pounds with potential antioxidant properties. This study investigated the antioxidant
effects of naringin (NR) and ethanolic Citrus x paradisi L. peel (E) in reducing aluminum
chloride (AlCl3)-induced oxidative stress in mice. Quantitative analysis using HPLC identi-
fied optimal extraction conditions, combination ultrasound and reflux extraction (UH50),
resulting in high concentrations of naringin (49.13 mg/g) and naringenin (63.99 µg/g).
Mice were treated with NR and E to evaluate their effects on key markers of oxidative
stress: reduced glutathione (GSH), malondialdehyde (MDA), and catalase (CAT). The E
effectively reduced MDA levels in blood, brain, and liver tissues, with a more substantial
effect on controlling lipid peroxidation. In contrast, NR was more effective in restoring GSH
levels and CAT activity, suggesting a broader enhancement of antioxidant defense. These
findings provide information about specific mechanisms of NR and E and their therapeutic
potential in managing oxidative stress and developing products with synergistic efficacy.

Keywords: oxidative stress; naringin; naringenin; grapefruit extract; antioxidant biomarkers;
GSH; MDA; CAT; aluminum chloride; Citrus x paradisi L.

1. Introduction
Oxidative stress is an influential factor contributing to the development of chronic

diseases, such as cardiovascular diseases, diabetes, neurodegenerative disorders, and
cancer. This condition occurs when the balance between reactive oxygen species (ROS)
production and antioxidant defenses is disrupted, damaging essential biomolecules such as
lipids, proteins, and nucleic acids [1,2]. Research for effective strategies to reduce oxidative
stress has become an essential area of study, focusing on natural antioxidants. For example,
curcumin, a bioactive compound derived from turmeric, has shown significant promise in
reducing malondialdehyde (MDA) levels and restoring glutathione (GSH) concentrations
in oxidative stress models [3]. Similarly, stevia leaf extracts demonstrated the ability to
reduce oxidative damage by enhancing enzymatic defenses [4]. These findings provide
a comparative basis for evaluating the antioxidant properties of naringin and grapefruit
extract, highlighting the need for targeted approaches to modulate oxidative stress.
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1.1. Naringin and Its Pharmacological Effects

Citrus fruits, mainly grapefruit (Citrus x paradisi L.), are well known for their high
content of bioactive compounds, such as flavonoids, vitamins, and minerals [5]. Grapefruit
extract, derived from the fruit’s pulp and peel, contains a variety of flavonoids, with
naringin being one of the most well known.

Regarding the growing interest in both naringin and grapefruit extract, no direct
studies have been identified that compare their effects in vivo, particularly regarding their
ability to modulate oxidative stress. While several studies have explored their individual
antioxidant properties, a side-by-side comparison in controlled in vivo models remains
unexplored, highlighting a gap in current research.

Naringin (4′,5,7-trihydroxyflavanone-7-rhamnoglucoside), as illustrated in Figure 1,
belongs to the flavanone class of flavonoids and is mainly found in citrus fruits like
lemons, oranges, mandarins, and grapefruits. This essential compound is known for its
potent antioxidant, anti-inflammatory, cardioprotective, and anticancer properties [6–9].
Naringin’s ability to neutralize free radicals and its low toxicity make it a promising
candidate for reducing cellular damage caused by oxidative stress [10].
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1.2. Free Radicals

Free radicals are molecules that contain one or more unpaired electrons in their outer
shell, causing them to be highly reactive and unstable. Free radicals are generally short-
lived and often originate from oxygen and nitrogen [11]. These elements form highly
reactive molecules known as reactive oxygen species (ROS) and reactive nitrogen species
(RNS). ROS include superoxide anion radicals (O2

−•), reactive hydroxyl radicals (OH•),
hydroperoxyl radicals (HO2•), as well as other compounds like hydrogen peroxide
(H2O2), hypochlorous acid (HOCl), and singlet oxygen (Figure 2) [12]. These molecules
capture electrons from nearby molecules to stabilize themselves, which turns the nearby
molecules into free radicals and initiates a chain reaction that can cause significant
damage to cells and tissue. Free radicals can be generated in the body through enzymatic
and non-enzymatic reactions (endogenous sources) or introduced from external sources
(exogenous) such as pollution, smoking, and radiation [13]. Reactive oxygen species
(ROS), including superoxide anions (O2

−), hydroxyl radicals (OH−), and nitrogen-based
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radicals like nitric oxide (NO), are particularly harmful when their production exceeds
the body’s antioxidant defenses [14]. Figure 2 demonstrates the structure of free radicals.
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1.3. Oxidative Stress

Oxidative stress is a form of biochemical imbalance where the formation of free radicals
overwhelms the body’s antioxidant defense systems [15]. This imbalance damages cells
and tissues by modifying essential biomolecules, including lipids, proteins, and nucleic
acids. This oxidative stress is associated not only with xenobiotic toxicity but also with
various conditions such as ischemia–reperfusion injury, vascular endothelium, deep injury,
organ dysfunction, shock, inflammation, sepsis, diabetic retinopathy, cancer, cognitive
impairment, cataract, pathophysiology and heart disease [16]. In addition, oxidative
stress accelerates ageing by promoting tissue and organ dysfunction, highlighting its
wide-ranging effects on health—Figure 3.
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1.4. Oxidative Stress Markers

Reactive oxygen species (ROS) are compounds that are difficult to measure when
assessing oxidative stress, primarily due to their short half-life, making them impractical
as biomarkers [20]. However, ROS interacting with specific biological molecules leaves a
unique chemical “fingerprint”. Biomarkers derived in this way can be used to evaluate
oxidative damage or the effects of antioxidants, including therapeutic substances. ROS
interacts with their surroundings in vivo as highly reactive substances, triggering and
stimulating various endogenous mechanisms. They also react with many molecules,
leaving fingerprints as reference points for specific assessments [24].

Therefore, oxidative stress biomarkers are molecules that change in response to ox-
idative damage, allowing us to understand the level of stress and the effectiveness of
antioxidant protection [25]. One example of an oxidative stress marker is malondialdehyde
(MDA), a marker of lipid peroxidation. Lipids are sensitive to oxidation due to the double
bonds in their molecular structure, which are reactive and less stable [26]. MDA can react
with cellular components such as proteins, DNA, and lipids, causing cellular damage
and dysfunction. The presence of MDA in cells and tissues is often used as an indicator
of oxidative stress because it reflects the degree of lipid peroxidation and ROS-induced
damage. Measurement of MDA levels can be used as a biomarker of oxidative stress and
lipid peroxidation in clinical and experimental settings [27]. In addition, MDA can also
be used as a therapeutic target to reduce the harmful effects of ROS, as antioxidants and
other agents that reduce ROS production or scavenge free radicals can reduce MDA levels
and reduce oxidative stress [28]. Figure 4 illustrates the involvement of reactive oxygen
species (ROS) and lipoxygenase activity in lipid peroxidation, leading to the formation of
malondialdehyde (MDA) as a biomarker of oxidative stress.
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Figure 4. The involvement of reactive oxygen species (ROS) and lipoxygenase activity in lipid
peroxidation and the formation of MDA involving free circulating MDA or covalently bound to
proteins, nucleic acids, or lipoproteins during oxidative damage MDA is shown as a biomarker of
oxidative stress linked with lipid oxidation [29,30].

Lipid peroxidation is a key process contributing to cellular damage during oxida-
tive stress, significantly influencing the development of various diseases, including neu-
rodegenerative and cardiovascular conditions [31]. Figure 5 illustrates the three stages
of lipid peroxidation—initiation, propagation, and termination—and how ROS initiate
chain reactions leading to lipid radicals, propagating oxidative damage until neutralized
by antioxidants.
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Figure 5. The three stages of lipid peroxidation, a critical oxidative process affecting polyunsaturated
fatty acids (PUFAs) in biological membranes. During the initiation phase, reactive oxygen species
(ROS), such as hydroxyl radicals (•OH) or peroxyl radicals (ROO•), abstract a hydrogen atom
from the methylene group (-CH2-) in PUFAs, generating lipid radicals (L•). In the propagation
phase, these lipid radicals react with molecular oxygen (O2), forming lipid peroxyl radicals (LOO•),
propagating further chain reactions and amplifying oxidative damage. The termination phase
involves neutralizing these radicals with antioxidants or forming non-radical products, halting the
chain reaction [32–34].

Other markers include glutathione S-transferase (GST), superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GR), as well as
oxidized glutathione (GSSG) and reduced glutathione (GSH) [30,35,36]. During oxidative
stress, (GST) levels may increase due to an activated antioxidant defense mechanism, as
GST and reduced glutathione neutralize ROS [37]. An increase in (SOD) levels is also
observed, which may be a compensatory mechanism by the body to protect itself from
oxidative stress, as this enzyme is involved in breaking down superoxide anions. During
oxidative stress, the activity of (CAT), as well as the levels of (GSH) and (GPx), diminish
due to the insufficient availability of these enzymes to neutralize reactive oxygen species
(ROS) effectively. Consequently, oxidized glutathione (GSSG) and glutathione reductase
(GR) levels also decrease due to the intensified synthesis of ROS caused by oxidative
stress [16,38].

The (GSH) is a thiol compound, an endogenous intracellular antioxidant that ensues
naturally in the body. It is a tripeptide comprising the well-known amino acids glycine,
cysteine, and glutamic acid (Figure 6). One of its fundamental properties is its sensitivity
to hydrogen peroxide due to the SH group in its structure, making it more reactive than
catalase [39].
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Figure 6. The figure illustrates the structural difference between reduced glutathione (GSH) and
oxidized glutathione (GSSG). The reduced form (GSH) on the left consists of three amino acids:
glutamic acid (highlighted by the purple square), cysteine, and glycine (highlighted by the blue
square). The key feature is the thiol (–SH) group on the cysteine, which is marked by the yellow
arrow and plays a crucial role in redox reactions. On the right, in the oxidized form (GSSG),
two glutathione molecules are linked by a disulfide bond (S–S) between the sulfur atoms of the
cysteine residues, indicated by the blue square. This bond replaces the free thiol groups in the
reduced form, representing oxidative stress conditions.Glutathione exists in reduced glutathione
(GSH) and oxidized glutathione (GSSG). The enzyme glutathione peroxidase catalyzes the
conversion from GSH to GSSG, while the reverse process—from GSSG to GSH—is facilitated
by glutathione reductase, using NADPH [38]. During oxidative stress, intracellular GSSG
accumulates, leading to a decrease in the GSH/GSSG ratio. This ratio can indicate oxidative
stress levels in tissues [40].

1.5. Antioxidants and Their Effects

Antioxidants have been and still constitute an exciting subject of investigation in the
scientific world as their importance towards general human health and well-being has
become apparent. Naturally occurring compounds, such as antioxidants, are crucial in
eliminating free radicals, which would otherwise damage the cells and result in many other
diseases, including cancer [41].

Antioxidants can be classified into enzymatic and non-enzymatic types. Enzy-
matic antioxidants function through biochemical reactions that neutralize (ROS), while
non-enzymatic antioxidants directly scavenge free radicals or prevent their forma-
tion [42]. Also, their classification is based on their solubility factor in hydrophilic and
lipophilic antioxidants. Hydrophilic antioxidants primarily act in the cell cytoplasm and
blood plasma, while lipophilic antioxidants protect cell membranes by preventing lipid
peroxidation [43,44]—Figure 7.

This study aims to evaluate the effects of grapefruit ethanolic extract (E) and naringin
(NR) on biomarkers of antioxidant activity in the organs and blood of mice. It was hy-
pothesized that the mechanisms by which E and NR reduce oxidative stress may differ.
Grapefruit extract is expected to be more effective than naringin in reducing oxidative
stress markers.
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2. Results and Discussion
2.1. Quantitative Analysis of Phenolic Compounds and Selection of Extraction Sample

Before starting the in vivo study, the phenolic compounds naringin and naringenin
were quantitatively analyzed on dried plant material using the HPLC method. The extrac-
tion process was carried out as described in the Materials and Methods Section 3.2, and the
results are presented in Table 1.

Table 1. Quantification of naringin and naringenin in Citrus x paradisi L. peel extracts using dif-
ferent extraction methods and ethanol concentrations. The sample ID represents the extraction
method and ethanol concentration used. U—ultrasonic extraction, UH—combines ultrasonic and
reflux extraction—the numbers correspond to ethanol concentrations: 50 for 50% ethanol and 70 for
70% ethanol.

Sample ID Naringin (mg/g) Naringenin (µg/g)

U50 42.04 ± 2.1 56.81 ± 2.84
U70 40.36 ± 2.02 49.76 ± 2.49

UH50 49.13 ± 2.46 63.99 ± 3.17
UH70 51.94 ± 2.6 64.22 ± 3.21

The results demonstrated that ethanol concentration has a minor impact on the extrac-
tion efficiency. Instead, combining ultrasonic and reflux extraction plays a more significant
role in achieving higher flavonoid yields. Similar findings were obtained from previous
studies examining different parts of the citrus peel [45].

The UH70 sample had the highest naringin concentration (51.94 ± 2.6 mg/g), followed
by UH50 (49.13 ± 2.46 mg/g). Both U50 and U70 samples yielded lower concentrations
(42.04 ± 2.1 mg/g and 40.36 ± 2.02 mg/g, respectively), demonstrating the added benefit
of combining ultrasonic and reflux extraction.

Similarly, the UH70 sample achieved the highest naringenin yield (64.22 ± 3.21 µg/g),
with UH50 following closely (63.39 ± 3.17 µg/g).

Lower naringenin levels were found in U50 (56.81 ± 2.84 µg/g) and U70
(49.76 ± 2.49 µg/g), further showing the advantages of the combined extraction method.
Meanwhile, UH70 provided slightly higher yields. However, its ethanol concentration
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(70%) required more extensive dilution to achieve 10% for in vivo studies, which may
introduce variability.

The UH50 sample was selected for in vivo experiments due to its higher flavonoid
content and ease of dilution, which allowed it to reach a 10% ethanol concentration for the
in vivo studies. In the prepared 10% solution of the UH50 sample, the naringin concentra-
tion was calculated to be approximately 4.91 mg/mL and naringenin 6.339 µg/mL.

2.2. Result of GSH and MDA in Mouse Blood

The changes in (GSH) levels observed in our study show the impact of (AlCl3) on
oxidative stress and the protective effects of naringin and ethanol grapefruit extract treat-
ments. The concentrations of GSH in the blood of control and experimental mice are given
in Figure 8.
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Figure 8. The concentration of GSH in mouse blood. * Indicates a statistically significant difference
between the control group and the treated group with E and NR (p ≤ 0.05); ** indicates a statistically
significant difference between the Al group and the treated group with the E + Al and NR + Al groups
(p ≤ 0.05).

The reduced GSH levels in the NR-treated group (602.83 µmol/g) suggest that naringin
was actively neutralize (ROS), resulting in depleted GSH reserves.

Conversely, the significant (p ≥ 005) increase in GSH levels in the NR + AlCl3
(1735.46 µmol/g protein) and E + AlCl3 (1377.26 µmol/g protein) groups highlights the
protective effects of treatments. It can lead to their ability to stimulate GSH synthesis or
moderate ROS levels, accordingly, preventing GSH depletion. Meanwhile, the higher GSH
levels in the NR + AlCl3 group compared to the E + AlCl3 group suggest that naringin
might substantially enhance the body’s natural antioxidant systems by activating GSH
synthesis pathways.

NR and E demonstrated their efficacy in modulating GSH levels under oxidative
stress conditions. However, GSH levels generally decrease during oxidative stress, so a
compensatory mechanism is likely activated. Such observations are consistent with the
results analyzed in the literature, highlighting the antioxidant properties of naringin and
citrus peel extracts under oxidative stress conditions [46].

The (MDA) is a biomarker that assesses lipid peroxidation and indicates oxidative
stress. Increased MDA levels, as shown in the AlCl3 group, indicate increased oxidative
stress, which can damage cell membranes, proteins, and DNA. This study observed changes
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in MDA concentration caused by exposure to AlCl3 and ethanol and the protective effect of
treatment with naringin and extract (Figure 9).
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Figure 9. Demonstrates the concentration of MDA in mouse blood. * Indicates a statistically significant
difference (p ≤ 0.05) between the ethanolic and treated groups; ** indicates a statistically significant
difference (p ≤ 0.05) between the AlCl3 and treated groups.

MDA levels in the control group (193.05 µmol/g protein) indicate the initial oxidative
state under physiological conditions.

Ethanol (351.59 µmol/g protein) significantly increased MDA levels compared to the
control group, indicating ethanol’s pro-oxidative effect that enhances lipid peroxidation.
This highlights the importance of controlling ethanol concentration in experimental designs
to avoid misleading results.

The level of MDA in the AlCl3 group (241.32 µmol/g protein) was increased compared
to the control group, indicating AlCl3-induced oxidative damage.

Treatment with the E alone (121.88 µmol/g protein) reduced MDA levels compared to
the control group, indicating its antioxidant effect and ability to alleviate oxidative stress.

The observed decrease in MDA level (110.78 µmol/g protein) in the E + AlCl3 group
indicates the ethanol extract’s protective effect against AlCl3-induced oxidative damage.

The level of MDA in the NR group (194.13 µmol/g of protein) was similar to
that in the control group, but compared to the ethanol group, it showed a statistically
significant decrease.

The average MDA level (163.59 µmol/g protein) decreased in the NR + AlCl3 group,
but compared to the E + AlCl3 group, the extract’s effect on lipid peroxidation was higher.
The results indicate that E substantially reduces lipid peroxidation more than NR, as
evidenced by the lower MDA levels in the E + AlCl3 group.

2.3. Result of GSH, MDA and CAT in Mouse Brain

In the control group (0.005 µmol/g protein), GSH levels showed baseline antioxidant
capacity in healthy brain tissues. Ethanol-treated mice (0.004 µmol/g protein) exhibited
reduced GSH levels compared to the control, indicating ethanol-induced oxidative stress
and depletion of cellular antioxidant reserves. The AlCl3 (0.0023 µmol/g protein) caused
a higher decrease in GSH levels, confirming the severe oxidative stress caused by AlCl3,
which disrupts redox homeostasis. The results are presented in Figure 10.
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Treatment with the E alone (0.0086 µmol/g protein) significantly increased GSH levels
compared to the control, indicating that the E enhances antioxidant capacity and promotes
GSH synthesis under normal conditions. However, in the E + AlCl3 group (0.0026 µmol/g
protein), GSH levels showed only a slight increase compared to AlCl3 alone, suggesting that
the E provided limited protection against oxidative stress caused by AlCl3. In contrast, the
NR-treated group (0.0095 µmol/g protein) significantly increased GSH levels, indicating
its ability to enhance antioxidant capacity under normal conditions. Meanwhile, in the
NR + AlCl3 group (0.0193 µmol/g protein), GSH levels were significantly restored, reaching
the control levels, suggesting that NR neutralized oxidative stress and strongly promoted
GSH synthesis.

MDA, a marker of lipid peroxidation, reflects the extent of oxidative damage. In the
control group (77.01 µmol/g protein), MDA levels represent baseline oxidative conditions
with minimal lipid peroxidation. The ethanol-treated group (104.07 µmol/g protein)
increased MDA levels, highlighting ethanol’s role in generating ROS and promoting lipid
peroxidation. Similarly, the AlCl3 group increase (87.66 µmol/g protein) MDA level in
mice brains indicated oxidative stress. The results are presented in Figure 11.
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The combination of the E and AlCl3 (56.21 µmol/g protein) significantly lowered MDA
levels, showing that the E effectively neutralized oxidative stress caused by AlCl3. The
NR-treated group (70.51 µmol/g protein) showed reduced MDA levels compared to the
control, reflecting naringin’s preventive role against oxidative damage. In the NR + AlCl3
group (60.61 µmol/g protein), naringin reduced MDA levels, demonstrating its strong
ability to mitigate lipid peroxidation and oxidative damage under AlCl3 exposure. In this
case, E has a significantly more potent effect on the MDA level than NR.

CAT is an essential antioxidant enzyme detoxing hydrogen peroxide, protecting
cells from oxidative damage. The control group (73.11 U/mg protein) indicates regular
CAT activity, reflecting strong enzymatic antioxidant defenses. CAT activity decreased
significantly in the ethanol-treated group (24.24 U/mg protein), indicating that ethanol
impairs enzymatic antioxidant defenses. Similarly, AlCl3 (22.69 U/mg protein) reduced
CAT activity, confirming that AlCl3 suppresses antioxidant enzymes to increase oxidative
stress. The results are presented in Figure 12.
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However, in the E + AlCl3 group (29.01 U/mg protein), CAT activity showed only a
slight increase, indicating limited protection against AlCl3-induced oxidative stress, but
did not reach a control group. The NR-treated group (72.15 U/mg protein) maintained
CAT activity at near control levels, highlighting its ability to sustain enzymatic antioxidant
defenses under normal conditions. In the NR + AlCl3 group (63.44 U/mg protein), CAT
activity was significantly restored, compared with the Al group, but did not reach the
control group (73.11 U/mg protein).

The E showed a stronger ability to reduce MDA levels, demonstrating its effectiveness
in preventing lipid peroxidation under the oxidative stress caused by AlCl3. Meanwhile,
NR significantly increases GSH levels and restores CAT activity.

2.4. Result of GSH, MDA and CAT in Mouse Liver

The effects of treatments on reduced (GSH), (MDA), and (CAT) activity in the liver
are shown in Figures 13–15. During cervical dissection, notable physical changes were
observed in the livers of AlCl3-treated mice. These livers appeared enlarged, had irregular
edges, and, in some cases, adhered to surrounding organs, indicating pathological changes
likely caused by AlCl3-induced oxidative stress and toxicity.
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In the control group (0.1 µmol/g protein), baseline GSH levels show standard antioxi-
dant capacity. The ethanol-treated group (0.18 µmol/g protein) showed a slight increase
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in GSH, likely due to a compensatory response to oxidative stress caused by ethanol
metabolism. The AlCl3 group have the highest GSH levels (0.3 µmol/g protein), possibly
reflecting an acute cellular response to counteract AlCl3-induced oxidative stress.

The E group (0.23 µmol/g protein) increases on average GSH levels, suggesting its
role in enhancing antioxidant defenses under normal conditions. However, in the extract
(E) + AlCl3 group (0.1 µmol/g protein), GSH levels dropped to control levels, indicating
that the E provided limited protection against AlCl3-induced oxidative stress in the liver.
In contrast, the NR group (0.14 µmol/g protein) slightly increased GSH levels compared
to the control. In comparison, the NR + AlCl3 group (0.31 µmol/g protein) significantly
restored GSH levels, indicating NR capacity to stimulate GSH synthesis and neutralize
AlCl3 toxicity.

The MDA control group (93.03 µmol/g protein) demonstrated baseline lipid perox-
idation levels. The ethanol-treated group (93.25 µmol/g protein) showed similar MDA
levels, indicating that ethanol did not significantly increase lipid peroxidation in the liver.
However, the AlCl3 group (99.69 µmol/g protein) increase MDA levels, confirming AlCl3-
induced oxidative stress and membrane lipid damage.

Treatment with the E alone (76.81 µmol/g protein) significantly reduced MDA levels,
demonstrating its protective effect in lipid peroxidation under normal conditions. The
E + AlCl3 group (47.52 µmol/g protein) decreases MDA levels compared to the AlCl3
group, highlighting the E strong antioxidative properties against AlCl3-induced lipid
damage. Similarly, the NR group (67.41 µmol/g protein) reduced MDA levels compared
to the control, indicating its preventive effect on oxidative damage. The NR + AlCl3
group (51.13 µmol/g protein) decreased MDA levels, demonstrating that NR effectively
counteracts AlCl3-induced lipid peroxidation.

The control group (379.21 U/mg protein) displayed baseline CAT activity and enzy-
matic defense mechanisms. The ethanol-treated group (488.83 µmol/g protein) and AlCl3
group (489.75 U/mg protein) showed higher CAT activity, likely reflecting an adaptive
response to increased ROS production.

The E group (585.57 U/mg protein) demonstrates the highest CAT activity, suggesting
that the E strongly enhances enzymatic antioxidant defenses under normal conditions.
However, in the E + AlCl3 group (98.04 U/mg protein), CAT activity dropped significantly
compared to the AlCl3 group, indicating that the E had limited efficacy in restoring CAT
activity under oxidative stress. The NR group (492.32 U/mg protein) maintained CAT
activity, demonstrating NR’s ability to support enzymatic defenses under normal conditions.
In the NR + AlCl3 group (132.33 U/mg protein), CAT activity improved significantly
compared to the E + AlCl3 group, indicating that NR provided better protection and
restoration of enzymatic activity under oxidative stress.

Our findings on the effects of NR and E on oxidative stress markers GSH, MDA, and
CAT are in close agreement with other studies using plant-derived antioxidants. These
comparisons demonstrate natural extracts’ unique properties and mechanisms in reducing
oxidative stress.

M. Papaefthimiou et al. demonstrated that Stevia leaf extracts significantly reduced
MDA levels while restoring GSH concentrations and antioxidant enzyme activity in experi-
mental rat models [4]. It is similar to our findings that E effectively reduced MDA levels
in liver and brain tissues, demonstrating its potential to limit lipid peroxidation under
oxidative stress

G. M. Iova et al. found that curcumin and rutin restored GSH and reduced MDA
levels in rats with experimentally induced oxidative stress [3]. Similarly, in our study, NR
restored GSH levels, particularly in the brain and liver, highlighting its strong ability to
counteract oxidative damage.
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The findings from the Origanum onites L. study align closely with our research, as both
demonstrate the effectiveness of plant-based antioxidants in reducing oxidative stress. In
the O. onites study, the essential oil effectively reduced MDA levels, similar to the firm
lipid peroxidation control observed with E in our study. Meanwhile, O. onites extract
remarkably restored GSH levels and enhanced enzymatic protection, which parallels the
effects of NR in our findings. Both studies highlight these antioxidants’ complementary
and tissue-specific roles in protecting against oxidative damage [47].

Sadauskienė et al. highlighted the ability of natural extracts to enhance GSH levels and
restore CAT activity in liver and brain tissues under oxidative stress conditions [48]. It is
consistent with our results, where NR effectively restored GSH and CAT activity, especially
in the brain and liver, indicating its broad-spectrum antioxidant capacity.

The results of our study are strongly aligned with findings from another plant-based
antioxidant research. While ethanolic grapefruit extract reduced lipid peroxidation (MDA)
in the liver and brain, naringin showed broader antioxidant effects by restoring GSH levels
and CAT activity. Future studies could explore their synergistic application to optimize
therapeutic strategies related to oxidative stress.

3. Materials and Methods
3.1. Material

Naringin (NR) (≥95% purity)—Sigma Aldrich (Steinheim, Germany); ethanol
(96%)—Vilniaus Degtinė (Vilnius, Lithuania); AlCl3 (aluminum chloride)—Sigma Aldrich
(Steinheim, Germany); GSH (reduced glutathione)—Sigma Aldrich (Steinheim, Germany);
MDA (malondialdehyde)—Sigma Aldrich (Steinheim, Germany); TBA (thiobarbituric acid),
tris-HCl (tris-hydrochloride), DTNB (5,5-dithiobis-(2-nitrobenzoic acid) were supplied by
Serva, Heidelberg, Germany; TCA (trichloroacetic acid)—Merck (Darmstadt, Germany).

Analytical balance—Kern ABT 120-4M (Kern & Sohn GmbH, Balingen, Germany)
max 120 g, min 10 mg, e = 1 mg, d = 0.1 mg; ultrasonic bath—Grant Instruments™
XUB12 Digital Bath (Grant Instruments Ltd., Shepreth, UK); Memmert UN 55 Labora-
tory Oven (Memmert GmbH + Co. KG, Büchenbach, Germany); centrifuge Sigma 3-18K,
(Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany); HPLC System—Waters
2695 Liquid Chromatography (Waters Corporation, Milford, MA, USA) with photodiode ar-
ray detector (Waters 996, wavelength range 200–400 nm); chromatographic column—ACE
C18 (250 mm × 4.6 mm, 5 µm particle size) (Advanced Chromatography Technologies
Ltd., Aberdeen, UK); spectrophotometer—PerkinElmer Lambda 25 UV/Vis Spectrometer
(PerkinElmer, Shelton, CT, USA).

3.2. Preparation of Naringin Solution for In Vivo Studies

Based on the scientific literature, a 500 mg/kg naringin concentration was selected
to evaluate its antioxidant effects in an AlCl3-induced oxidative stress mouse model. This
dosage was chosen based on previous in vivo studies demonstrating its efficacy in miti-
gating oxidative stress and restoring antioxidant defense biomarkers [49,50]. To prepare
100 mL of solution, 5 g of naringin powder was dissolved in a 10% ethanol solution. The
low ethanol concentration (10%) was chosen to minimize potential effects on the mice.
The final naringin solution concentration was 50 mg/mL, and it was stored at ±4 ◦C until
use [51,52].

3.3. Preparation and Extraction of Flavonoids from Citrus x paradisi L. Peels

Citrus x paradisi L. peels, a commonly discarded plant material, were dried at 60 ◦C for
8 h in the Department of Drug Technology and Social Pharmacy, Lithuanian University of
Health Sciences, using a Memmert UN 55 Laboratory Oven (Memmert GmbH + Co. KG,
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Büchenbach, Germany). The dried peels were then ground to a fine powder. Flavonoid
extraction was conducted following methodologies shown in previous studies, with a
detailed schematic of the process presented in Figure 16 [45,53].

Antioxidants 2025, 14, x FOR PEER REVIEW 15 of 25 
 

mm × 4.6 mm, 5 µm particle size) (Advanced Chromatography Technologies Ltd., Aber-
deen, Scotland, UK); spectrophotometer—PerkinElmer Lambda 25 UV/Vis Spectrometer 
(PerkinElmer, Shelton, CT, USA). 

3.2. Preparation of Naringin Solution for In Vivo Studies 

Based on the scientic literature, a 500 mg/kg naringin concentration was selected to 
evaluate its antioxidant effects in an AlCl3-induced oxidative stress mouse model. This 
dosage was chosen based on previous in vivo studies demonstrating its efficacy in miti-
gating oxidative stress and restoring antioxidant defense biomarkers [49,50]. To prepare 
100 mL of solution, 5 g of naringin powder was dissolved in a 10% ethanol solution. The 
low ethanol concentration (10%) was chosen to minimize potential effects on the mice. The 
nal naringin solution concentration was 50 mg/mL, and it was stored at ±4 °C until use 
[51,52]. 

3.3. Preparation and Extraction of Flavonoids from Citrus x paradisi L. Peels 

Citrus x paradisi L. peels, a commonly discarded plant material, were dried at 60 °C 
for 8 h in the Department of Drug Technology and Social Pharmacy, Lithuanian Univer-
sity of Health Sciences, using a Memmert UN 55 Laboratory Oven (Memmert GmbH + 
Co. KG, Büchenbach, Germany). The dried peels were then ground to a ne powder. Fla-
vonoid extraction was conducted following methodologies shown in previous studies, 
with a detailed schematic of the process presented in Figure 16 [45,53]. 

For the extraction, ethanol solutions at concentrations of 50% and 70% (v/v) were used 
with a ratio of 1:10. Two extraction processes were evaluated. In the rst process, ultra-
sonic extraction was performed using a Grant Instruments™ XUB12 Digital bath (Grant 
Instruments Ltd., Shepreth, UK), operating at 38 kHz for 20 min under controlled condi-
tions of 50 ± 2 °C. The second step involved transferring the ultrasonically treated mixture 
to a reux system for an additional 60 min extraction at 100 ± 2 °C temperature. 

The extract was allowed to cool to room temperature and centrifuged with Sigma 3-
18K centrifuge at room temperature (25 ± 5 °C) (Sigma Laborzentrifugen GmbH, Osterode 
am Harz, Germany) at 1789× g for 10 min to separate the solid residue from the liquid 
extract. The supernatant was ltered through a 0.22 µm PVDF membrane to remove re-
sidual particles. The samples were further analyzed, and their quantities were evaluated 
using HPLC. 

 
Figure 16. The sample ID represents the extraction method and ethanol concentration used. U
indicates ultrasonic extraction, while UH combines ultrasonic and reflux extraction—the numbers
correspond to ethanol concentrations: 50 for 50% ethanol and 70 for 70% ethanol.

For the extraction, ethanol solutions at concentrations of 50% and 70% (v/v) were
used with a ratio of 1:10. Two extraction processes were evaluated. In the first process,
ultrasonic extraction was performed using a Grant Instruments™ XUB12 Digital bath
(Grant Instruments Ltd., Shepreth, UK), operating at 38 kHz for 20 min under controlled
conditions of 50 ± 2 ◦C. The second step involved transferring the ultrasonically treated
mixture to a reflux system for an additional 60 min extraction at 100 ± 2 ◦C temperature.

The extract was allowed to cool to room temperature and centrifuged with Sigma
3-18K centrifuge at room temperature (25 ± 5 ◦C) (Sigma Laborzentrifugen GmbH, Os-
terode am Harz, Germany) at 1789× g for 10 min to separate the solid residue from the
liquid extract. The supernatant was filtered through a 0.22 µm PVDF membrane to remove
residual particles. The samples were further analyzed, and their quantities were evaluated
using HPLC.

3.4. Chromatographic Analysis of Citrus x paradisi L. Peels Ethanolic Extract: HLPC Analysis for
Phenolic Compounds

A Waters 2695 liquid chromatography with a photodiode array detector (Waters 996,
200–400 nm wavelength range) was used in this study. In addition, a chromatographic
column ACE C18 (250 mm × 4.6 mm) (Advanced Chromatography Technologies Ltd.,
Aberdeen, UK) with a sorbent particle size of 5 µm was used to separate the biologically
active compounds. The following are the details of the procedure for the HPLC method.
The HPLC analysis was performed to separate and quantify biologically active compounds
in the ethanolic extract of Citrus x paradisi L. peels, including naringin and naringenin. The
gradient elution method was applied to these extracts to achieve optimal separation of
the target flavonoids. Then, 10 µL of each extract was injected and analyzed at 280 nm.
Eluent A: acetonitrile; eluent B: water at a 1 mL/min rate. Gradient elution:10% of A from
0 to 5 min, from 5 to 25 min 20%, from 25 to 30 min 40%, from 30 to 35 min 100%, 35 min
100%, 36 min 10%. The temperature of the column was 25 ◦C. The peaks were identified
by comparing their UV–vis spectra and retention times to those of authentic reference
standards. Each extract was analyzed in duplicate as a technical repetition to confirm the
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reproducibility of the HPLC method. Naringin and naringenin were used as reference
standards for calibration, retention time identification, and quantification validation.

The quantification and validation followed the methodical revision of natural products
presented by Wolfender (2009) [54]. Standard stock solutions of 100 µg/mL primary concen-
trations for naringin and naringenin were prepared in 70% methanol, and calibration curves
were constructed using 6 different standard solution concentrations (Naringin: 1.166, 3.499,
8.332, 16.666, 25.000, and 33.343 µg/mL; Naringenin: 0.472, 1.889, 3.774, 7.547, 11.386, and
15.125 µg/mL). Three injections per concentration were performed to determine linearity.
Naringin and naringenin were plotted against the known concentrations of their associated
standard solutions to establish calibration equations. A linear regression equation was
calculated using the least-squares method. The regression coefficients of all calibration
curves were R2 > 0.999, confirming the linearity of the concentration ranges. The method
sensitivity was evaluated by determining the limit of detection (LOD)and quantitation
(LOQ) Table 2. LOD and LOQ were calculated as the concentrations that gave signal-to-
noise ratios of 3 to 10, respectively. A standard mixture of naringin and naringenin was
used for intra-day and inter-day precision testing. The method precision was demonstrated
by performing five replication-consecutive injections of the usual mix on the same day on
four different days. The results are reported in terms of RSD. This study analyzed standards
(naringin and naringenin), and their retention time and spectra were compared with the
prepared extracts. The linearity was determined by estimating the correlation coefficient ‘R2’
of the calibration curve (Figure 17) (naringin ‘R2’ = 0.999923, naringenin ‘R2’ = 0.999924),
and the peak areas were used for quantification, Table 2. The linearity range of naringin
was 1.166 to 33.343 µg/mL, and naringenin was 0.472 to 15.125 µg/mL. The results were
expressed as µg/g and mg/g dry weight (DW) of naringenin and naringin, respectively.

Table 2. The linearities of calibration curves of flavanones.

Component Calibration Equation Coefficient of
Determination ‘R2’

Coefficient of
Correlation R

LOD *
µg/mL

LOQ **
µg/mL

Naringin Y = 25.500x + 6720 0.999923 0.99996 0.146 0.583
Naringenin ±Y = 33.300x + 3570 0.999924 0.99996 0.118 0.430

LOD *—limit of detection; LOQ **—limit of quantification.
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3.5. Animal Model

Experiments were performed with 4- to 6-week-old Balb C white laboratory mice
weighing 20–25 g. All experiments were performed according to the Republic of Lithuania
Law on the Care, Keeping, and Use of Animals (License of State Veterinary Service for
Working with Laboratory Animals Nr. G2-275). Although this study observed ethical
guidelines for animal research, further studies are needed to confirm the findings of clinical
trials in humans, given species-specific differences in oxidative stress responses.
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The mice were housed under standard laboratory conditions, maintained at a temper-
ature of 22 ± 2 ◦C, with 55 ± 5% relative humidity, and a 12-h light-dark cycle. They had
constant access to feed and water throughout the experiment. The diet consisted of Ab
“Kauno Grūdai” Visaverčiai pašarai triušiams KG NATURE, a GMO-free complete feed
formulated to provide balanced nutrition. The animals were supplied with filtered tap
water, free from chemical additives.

This study involved 7 groups housed in separate cages containing 5 mice per group.
The ethanolic Citrus x paradisi L. peel extract, and naringin solution (50 mg/mL body weight)
was administered intragastrically for 21 days. The experimental design is illustrated in
Figure 18.
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The control 1 group received NaCl 0.9% (the saline solution) for 21 days.
The control 2 group received 10% ethanol solution for 21 days.
The control 3 group AlCl3 group (dissolved in saline) was injected intraperitoneally at

7.5 mg of Al3+/kg body weight (0.15 LD50) in the AlCl3 for 21 days.
The 4th group received ethanolic Citrus x paradisi L. peel extract intragastrical for

21 days.
The 5th group received ethanolic naringin 50 mg/mL solution intragastrical for

21 days.
The 6th group in which AlCl3 (7.5 mg Al3+/kg body weight) was administered in-

traperitoneally, followed by an intragastric administration of naringin solution (50 mg/mL)
after a 20 min interval for 21 days.

The 7th group was treated with AlCl3 intraperitoneally at the exact dosage, followed
by intragastric administration of ethanolic Citrus x paradisi L. extract after a 20 min interval
for 21 days.

This study involves collecting data on the body weight of mice in each group and
monitoring changes in body mass continuously over 21 days. AlCl3 solution was selected
to induce oxidative stress due to its ability to indirectly promote ROS (reactive oxygen
species) production via the Fenton reaction [55]. This reaction generates highly reactive
hydroxyl radicals. The AlCl3 solution was prepared by dissolving AlCl3 in 0.9% sodium
chloride. The concentration of the Al solution for the mice was determined based on
scientific literature and calibrated according to the median lethal dose (LD50) of Al, which
is 7.5 mg (0.15 LD50) per kilogram of body weight [56].

The AlCl3 solution was administered to the mice intraperitoneally using a 1 mL insulin
syringe. The ethanolic Citrus x paradisi L. peel extracts and naringin solution were delivered
orally to the stomach using a specialized 1 mL syringe equipped with a probe designed
for laboratory mice. The dosage of the test solutions was adjusted according to the body
weight of the mice and any changes in their weight observed throughout this study.

After the 21-day study period, laboratory mice were weighed and euthanized via
cervical dislocation followed by decapitation. This procedure complied with the European
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Convention for the Protection of Vertebrate Animals used for Experimental and Other
Scientific Purposes [57]. Blood samples were collected into heparin-treated tubes to prevent
coagulation. Blood analyses were performed immediately on the same day to ensure
reliable results.

The organs of the laboratory mice, including the liver and brain, were carefully
prepared for further analysis. They were rinsed with physiological saline to remove residual
blood and placed in Petri dishes. The organs were frozen at −40 ◦C to preserve their
integrity until subsequent experiments. Weighed organs were homogenized in 9 volumes
of cold 1.15% KCl solution relative to the organ weight, resulting in a 10% homogenate.
The homogenate was then centrifuged at 15,000× g for 15 min.

3.6. Determination of GSH Concentration in Laboratory Mice Blood

The reduced glutathione (GSH) concentration in laboratory mice blood was deter-
mined using the method described by Sedlak and Lindsay [58]. This method relies on a
reduction reaction in which GSH reacts with Ellman’s reagent DTNG (5,5′-dithiobis-(2-
nitrobenzoic acid). GSH and DTNB form a yellow-colored complex in an alkaline medium
during this reaction.

To determine GSH concentration, 200 µL of blood was mixed with 1.8 mL deionized
water and 2 mL of 0.6 M HClO4. The prepared mixture was centrifuged at 3000 rpm for
10 min. After centrifugation, 1 mL of the supernatant was mixed with 3 mL of 0.4 M
Tris–HCl buffer solution (pH 9.2) and 50 µL of Ellman’s reagent solution. The same
procedure was followed to prepare the control solution, except that 1 mL of deionized
water was used instead of the supernatant. The color intensity of the reaction mixture was
measured spectrophotometrically at a wavelength of 412 nm. The GSH concentration in
the blood was expressed in µmol/L and calculated using the appropriate formula [59].

Cµ
mol

L
= A × 1488.9705 × V0 (1)

C—GSH concentration in µmol/L; A—absorbance of the supernatant at 412 nm
wavelength; 1488.9705—coefficient; V0—volume of the supernatant in ml.

3.7. Determination of MDA Concentration in Laboratory Mice Blood

The concentration of MDA in laboratory mice blood was determined using the method
described by Seliutina and Selutin, which is based on the reaction between MDA and TBR
(thiobarbituric acid) [60]. During the reaction, MDA reacts with TBR to form MDA-TBR2

complexes, which exhibit a pink color and quantify MDA concentration in erythrocytes [47].
For the determination of MDA concentration, both test and control mixtures were

prepared. The test mixtures comprised 2 mL of deionized water, 100 µL of mouse blood,
1 mL of 10% trichloroacetic acid, and 2 mL of 0.5% thiobarbituric acid solution. 2 mL of
deionized water was used instead of the 0.5% TBR solution for the control mixtures. The
mixtures were stirred with a glass rod and incubated in a water bath for 30 min. After
incubation, the samples were cooled in an ice bath.

Once cooled, the samples were centrifuged at 3000 rpm for 15 min. The upper,
transparent layer of the centrifuged mixture was analyzed using a spectrophotometer to
measure absorbance at a wavelength of 540 nm. The MDA concentration in mice blood
was calculated using the following formula, with results expressed in µmol/L:

c = E × 1250 (2)

where c MDA concentration in the blood (µmol/L); E—absorbance of the test sample at
540 nm; 1250—coefficient.
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3.8. Determination of GSH Concentration in Laboratory Mouse Organs

The concentration of GSH was measured following the method outlined by
Sadauskiene et al. [48,61]. Mouse liver or brain tissues were homogenized in 5%
trichloroacetic acid at a ratio of six volumes of the solution to one of tissue weight. The
homogenate was then centrifuged at 10,000× g for 7 min.

The supernatant was reacted with DTNB (Ellman’s reagent, 5,5-dithiobis (2-nitrobenzoic
acid)). Each reaction mixture (3 mL) was prepared by combining 2 mL of 0.6 mM DTNB in
0.2 M sodium phosphate buffer (pH 8.0), 0.2 mL of the supernatant, and 0.8 mL of 0.2 M
phosphate buffer. The resulting compound exhibited maximum light absorption at 412 nm.
GSH content was calculated and expressed as µmol/g of fresh tissue weight.

Cµmol/g =
A × 3×Vgal

2.72 × w
(3)

C—GSH concentration in tissues (µmol/g); A—absorbance value of the test sample;
3—coefficient; Vgal—volume of the supernatant; 2.72—coefficient; w—tissue weight.

3.9. GR Activity Assay

The method for determining glutathione reductase (GR) activity is based on measuring
the decrease in absorbance at 340 nm due to NADP+ oxidation during the reduction in
oxidized glutathione (GSSG) catalyzed by GR.

The reaction mixture (2 mL, excluding sample volume) contains 0.05 M phosphate
buffer (pH 7.8), 1 mM EDTA, 0.16 mM NADP+, and 0.8 mM oxidized glutathione. The
reaction is initiated by adding 20 µL of the sample, and the absorbance is measured at
340 nm at 0 min (E0) and 3.5 min (Ea) [62].

GR activity is calculated using the formula:

A =
(E0 − Ea)

(T × Vtotal × P)
× 1

6.22 × C
(4)

T—reaction time (min), Vtotal is cuvette volume (2 mL), P—dilution factor, 6.22—extinction
coefficient for glutathione (cm−1 mM−1), and C—protein concentration (mg/mL).

3.10. Determination of MDA Concentration in Laboratory Mouse Organs

The final product of lipid peroxidation, (MDA), reacts with TBA (thiobarbituric acid)
to form a colored complex, which can be quantified spectrophotometrically. The results
are expressed as µmol/g of wet tissue weight [61]. Brain or liver tissues were excised
and homogenized in a 9-fold volume (relative to tissue weight) of cold 1.15% potassium
chloride (KCl) solution to produce a 10% homogenate.

To 0.5 mL of the homogenate, 3 mL of 1% phosphoric acid (H3PO4) and 1 mL of 0.6%
TBA solution were added. The mixture was heated in a boiling water bath for 45 min to
facilitate the reaction. After cooling, 4 mL of n-butanol was added to the sample, and the
mixture was thoroughly mixed. The butanol phase was separated by centrifugation, and
the absorbance of the supernatant was measured spectrophotometrically at 535 nm and
520 nm. This method enables accurate quantification of MDA as formula.

Cµmol/g =
∆O.V. × 100, 000

133
(5)

C—MDA concentration in tissues (µmol/g); ∆O.V.—difference in absorbance at
520 nm and 535 nm wavelengths; 100,000 and 133—coefficients.
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3.11. (CAT) Activity Assay

Catalase activity in brain and liver homogenates was measured using the method
described by Sadauskiene et al. [62]. This assay relies on the catalase decomposition of hy-
drogen peroxide (H2O2). The reaction mixture consisted of 50 mM Tris-HCl buffer (pH 7.4)
containing 18 mM H2O2 (buffer-substrate mixture) and 100 µL of tissue homogenate. The
mixture was incubated at 37 ◦C for 180 s to allow the enzymatic reaction to occur.

The reaction was terminated by adding 2.0 mL of 4.5% ammonium molybdate, which
forms a yellow complex with residual hydrogen peroxide. The absorbance of this complex
was measured at 410 nm using a spectrophotometer (PerkinElmer Lambda 25 UV/Vis
Spectrometer (PerkinElmer, Shelton, CT, USA). A blank control was prepared by incubating
the buffer-substrate mixture for 180 s, adding ammonium molybdate and 100 µL of the
tissue homogenate.

The catalase activity was expressed as units per mg of protein (U/mg protein).
One unit of CAT (U) corresponds to the decomposition of 1 µmol of H2O2 per minute
under the assay conditions. This method provides a reliable measure of CAT activity in
tissue samples.

A =
(EK − EB)× 12 × 103 × 4.1 × 106

22.2 × 106 × t
(6)

A—CAT activity (U/mL); EK—mean absorbance of the control sample at 410 nm wave-
length; EB—mean absorbance of the test sample at 410 nm wavelength; 12 × 103—dilution
factor; 4.1 × 106—conversion coefficient to µmol; 22.2 × 106—molar extinction coefficient
of H2O2; t—incubation time (3 min).

3.12. Statistical Analysis

The statistical analysis evaluated the effects of naringin, and grapefruit extract on
oxidative stress markers (GSH, MDA, and CAT) in mice’s blood, liver, and brain, comparing
the treatment groups to control groups. Data were expressed as the mean ± SD (standard
error of the mean). Statistical significance was determined using one-way analysis of
difference (ANOVA) and the unpaired Student t-test. The value of p < 0.05 was considered
statistically significant (SPSS version 20.0, IBM, Armonk, NY, USA).

4. Conclusions
This study demonstrates the effectiveness of combining ultrasound and reflux extrac-

tion (UH) methods (as example by the UH50 sample) to achieve higher yields of naringin
and naringenin from Citrus x paradisi L. Our in vivo findings show different mechanisms
through which grapefruit extract and naringin mitigate oxidative stress E significantly
reduced lipid peroxidation, as evidenced by a marked decrease in (MDA) levels in the
blood (Al group 241.32 µmol/g protein, E + AL group 110.78 µmol/g protein), respec-
tively; in the liver (Al group 76.81 µmol/g protein, E + AL group 47.52 µmol/g protein),
respectively; in the brain (Al group 87.66 µmol/g protein, E + AL group 56.21 µmol/g
protein), respectively. Meanwhile, NR significantly impacted the antioxidant defense sys-
tem by restoring (GSH) levels: in the blood (Al group 1080.33 µmol/g protein, E + AL
group 1735.46 µmol/g protein), respectively; in the brain (Al group 0.0023 µmol/g protein,
E + AL group 0.0193 µmol/g protein) respectively; in the liver (Al group 0.3 µmol/g pro-
tein, E + AL group 0.31 µmol/g protein) respectively, and (CAT) activity: in the brain (Al
group 23.69 U/mg protein, E + AL group 63.44 U/mg protein) respectively; in the liver (Al
group 489.75 U/mg protein, E + AL group 132.33 U/mg protein) respectively.

The hypothesis that E surpasses NR in reducing oxidative stress markers was only
partially confirmed. However, E demonstrated excellent control over lipid oxidative
damage, and NR proved more effective in restoring key antioxidant biomarkers, particularly
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under aluminum chloride (AlCl3)-induced oxidative stress. These findings suggest that
combining E and NR may offer synergistic benefits, improving protection against oxidative
damage through complementary pathways.

This research highlights the potential of grapefruit-derived bioactive compounds and
lays the foundation for exploring combined therapeutic strategies to manage oxidative
stress in future studies.
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Abstract: Spray-drying and freeze-drying are indispensable techniques for microencapsulating bio-
logically active compounds, crucial for enhancing their bioavailability and stability while protecting
them from environmental degradation. This study evaluates the effectiveness of these methods in
encapsulating Citrus x paradisi L. (grapefruit) peel extract, focusing on sustainable recovery from
waste peels. Key objectives included identifying optimal wall materials and assessing each encapsu-
lation technique’s impact on microencapsulation. The investigation highlighted that the choice of
wall material composition significantly affects the microencapsulation’s efficiency and morphological
characteristics. A wall material mixture of 17 g maltodextrin, 0.5 g carboxymethylcellulose, and
2.5 g β-cyclodextrin was optimal for spray drying. This combination resulted in a sample with a
wettability time of 1170 (s), a high encapsulation efficiency of 91.41%, a solubility of 60.21%, and a
low moisture content of 5.1 ± 0.255%. These properties indicate that spray-drying, particularly with
this specific wall material composition, offers a durable structure and can be conducive to prolonged
release. Conversely, varying the precise compositions used in the freeze-drying process yielded
different results: quick wettability at 132.6 (s), a solubility profile of 61.58%, a moisture content of
5.07%, and a high encapsulation efficiency of 78.38%. The use of the lyophilization technique with
this latter wall material formula resulted in a more porous structure, which may facilitate a more
immediate release of encapsulated compounds and lower encapsulation efficiency.

Keywords: encapsulation; spray-drying; freeze-drying; Citrus x paradisi L. peels

1. Introduction

Phenolic compounds such as flavanones naringin and naringenin are abundant bioac-
tive components in Citrus x paradisi L (grapefruit) [1]. These compounds have attracted
the scientific community’s attention due to their unique health-promoting properties and
diverse biological activities [2,3]. However, limited solubility, bioavailability, and stability
often hinder their practical application in the pharmaceutical and food industries [4,5].

Microencapsulation technology is used in various industries, including food, cos-
metics, and pharmaceuticals, to protect, isolate, and control the release of bioactive sub-
stances [6]. Microcapsules are particles of an outer shell enclosing an inner core containing
the active ingredient (Table 1). The particle size of microcapsules can vary from 0.2 to
5000 µm, depending on the materials and processing methods used [7,8]. Methods such
as spray drying, cooling, extrusion coating, liquid layer coating, liposome entrapment,
lyophilization, coacervation, centrifugal suspension separation, crystallization, and inclu-
sion complexation can produce microcapsules [9].
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Table 1. Encapsulation coating materials and their applications [10–14].

Microencapsulation Materials Material Examples Common Use

Polysaccharides

Dextrines (maltodextrin, cyclodextrins),
Ethylcellulose, Methylcellulose,
Hydroxypropyl methylcellulose,

Carboxymethylcellulose, Carrageenan

Food, Pharmaceuticals, Nutraceuticals

Proteins Gelatin, Casein, Whey protein, Skim milk,
Egg white Food, Pharmaceuticals, Nutraceuticals

Lipids Waxes (beeswax, carnauba wax), Animal
sources, Fats, and Plant sources Food, Pharmaceuticals, Nutraceuticals

Synthetics Poly-lactic-co-glycolic acid (PLGA) Target drug delivery, Bioengineering

Spray-drying is widely used for converting liquid extracts into powder form [15].
It is practical and universal and can preserve phenolic compounds’ stability, solubility,
and controlled-release characteristics [16]. Spray-drying also allows for the creation of
microcapsules with different particle sizes, which can be customized to meet specific usage
and formulation requirements, storage conditions, and desired shelf life [17–19].

Before spray-drying, it is essential to emulsify the liquid extracts. Emulsification
significantly influences the encapsulation efficiency, powder attributes, and stored materials’
stability [20,21] (Figure 1).
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Figure 1. This schematic illustrates the encapsulation process, where a shell is formed around particles
during the spray-drying procedure.

The stability of the emulsions, critical for effective microencapsulation, largely depends
on the pH level. The acidic conditions (pH 3.0–6.0) are optimal for stabilizing grapefruit
extracts rich in flavonoids and ascorbic acid; the latter is particularly vulnerable to degrada-
tion at higher pH levels [22]. Excipients such as β-cyclodextrin and carboxymethylcellulose
enhance the solubility and stability of these bioactive compounds under acidic conditions,
playing pivotal roles in maintaining the integrity of the emulsion [10,23].

Freeze-drying–lyophilization is a method of dehydration that delicately removes
the solvent from a sample through sublimation during the primary drying phase and
desorption during the secondary drying phase [24]. The process comprises three stages.
The first is sample freezing; in this phase, the sample is frozen quickly to solidify the
solvent and maintain the material’s structural integrity. This step is crucial in stabilizing
the sample in a fixed geometry, which helps retain the sample’s physical structure during
drying. During the primary drying (sublimation) phase, the solid solvent (such as water)
transitions directly from the solid phase (ice) to the vapor phase under a high vacuum
without passing through the liquid phase [25]. This phase is responsible for most of the
solvent removal, and controlled heat is applied cautiously to provide the energy required
for sublimation while preserving the integrity of the temperature-sensitive materials. In
the secondary drying (desorption) phase, residual solvent, usually bound to the product,
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is removed by desorption (Figure 2). The temperature is raised above the primary drying
levels to break the intermolecular forces holding the solvent molecules, helping to release
them from the sample matrix. This phase ensures the complete removal of water, resulting
in a dry product with an extended shelf life [26,27].
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Figure 2. An overview of the three stages involved in the freeze-drying process.

Freeze-drying is widely recognized as the best method for encapsulating sensitive
bioactive compounds due to its gentle dehydration process, one which does not expose
substances to high temperatures, unlike spray-drying [24]. This technique, known for its
simplicity and quick reconstitution capabilities, is particularly effective for encapsulating
products like vaccines and antibodies that require rapid administration [25].

Recent advancements in material science, such as the development of novel scaffold
fabrication methods like those proposed by Ilaria Silvestro et al., incorporate techniques like
thermally induced phase separation enhanced by freeze-gelation and photo cross-linking.
These innovative methods avoid chemical cross-linkers and allow precise control over
porosity, which is crucial for applications in tissue engineering. Claire M. Brougham et al.
further demonstrate the potential of freeze-drying in creating complex scaffold geometries
for biomedical applications, showcasing a novel method to produce a collagen-based, heart
valve-shaped scaffold with controlled porosity. These cutting-edge techniques are at the
forefront of our research, promising exciting new possibilities in microencapsulation [28,29].

This study aims to deepen the understanding of wall material selection for encapsulat-
ing bioactive compounds in grapefruit extract using both spray-drying and freeze-drying
methods. By evaluating the roles of skim milk, maltodextrin, carboxymethylcellulose, and
β-cyclodextrin as encapsulating agents, this investigation seeks to guide effective strategies
for microencapsulation, focusing on the enhancement of powder quality and encapsulation
efficiency Figure 3.
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Figure 3. Converting grapefruit peels (Citrus x paradisi. L) into different pharmaceutical forms. The
process starts with preparing the raw material by drying and chopping it, and then extracting the
active compounds naringin and naringenin. Next, the emulsion is processed into powders using
freeze-drying and spray-drying techniques.
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2. Materials and Methods
2.1. Citrus x paradisi.L Extracts Preparation

For these studies, we utilized the residual peels of Citrus x paradisi L., which are
typically discarded post-juice-extraction. These peels were dried and ground into powder
using a coffee grinder. The powdered peels underwent ultrasonic extraction in a Grant
Instruments™ XUB12 Digital bath at 38 kHz with a 50% ethanol solution in a 1:10 ratio for
30 min at 50 ± 2 ◦C. After cooling to room temperature, the mixture was centrifuged at
1789× g for 10 min. The supernatant was filtered through a 0.22 µm PVDF filter for further
microencapsulation.

2.2. Formulation of Emulsion for Spray-Drying and Freeze-Drying Processes

The wall material for spray- and freeze-drying comprised varying concentrations of
maltodextrin, skim milk, beta-cyclodextrin, chitosan, and carboxymethylcellulose (CMC).
The wall material, forming a 20% (w/v) concentration, was initially dissolved in purified
water. Subsequently, all solutions were stirred using a magnetic stirrer (MSH-20A, Witeg,
Wertheim, Germany) for 30 min at 25 ◦C. The solutions containing dissolved encapsulants
were combined with a 50 mL ethanolic extract from Citrus x paradisi L. The resulting
emulsion was stirred for another 30 min at 25 ◦C. Directly following this process, the
resultant emulsion was used for microencapsulation purposes.

2.3. Parameters for Spray-Drying Process

Spray-drying was carried out using a Buchi B-291 Mini Spray-Dryer (BÜCHI Labortech-
nik AG, Flawil, Switzerland) under varying experimental conditions. These included inlet
temperatures of 90, 120, and 160 ◦C, outlet temperatures ranging from 25 to 80 ◦C, a spray
flow feed rate of 30 mL/min, and air pressure in the 8-bar range. The resulting spray-dried
powders were collected and stored in a refrigerator at +4–7 ◦C to prevent avoidable changes
in material properties.

2.4. Freeze-Drying Procedure

The prepared mixtures were initially subjected to freezing using a FORMA™ 88,000
Series laboratory freezer (Therma Scientific, Waltham, MA, USA) at a temperature of
−80 ◦C for 24 h. Later, the frozen samples underwent lyophilization in a LyoQuest Telstar
laboratory freeze-dryer (Wertheim, Germany) operating at −50 ◦C and 0.05 bar for 24 h.
The resultant powders were collected, securely sealed in foil bags, and stored in a desiccator
to ensure preservation and stability until further analysis.

2.5. Characterizations of the Microcapsules

The powders produced by spray-drying and freeze-drying were analyzed in detail,
including moisture content, wettability, solubility, bulk and tapped volumes, product yield,
encapsulation efficiency, and morphology.

2.5.1. Determination of Moisture Content

The moisture content of the powder is determined by oven-drying the sample at 105 ◦C
until it reaches a constant weight. The heating rate is approximately 0.11 ◦C per minute.
The weight loss observed during this process, quantified as a percentage, accurately reflects
the product’s moisture content [30]. These tests were performed in triplicate, and results
were reported as the mean ± (n = 3).

2.5.2. Wettability Analysis of Spray-Dried and Freeze-Dried Powders

Wettability for both spray-dried powder and freeze-dried powder was evaluated using
methods adapted from Zhang et al. [31] and Wang et al. [32], respectively. In each test,
1 g of the sampler was added to 100 mL of water at room temperature, and the time until
complete dissolution or disappearance from the water’s surface was recorded. These tests
were performed in triplicate, and results were reported as the mean ± (n = 3).
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2.5.3. SEM Analysis of Microcapsules: Morphological Evaluation

The morphological properties of the microcapsules, as formulated using various wall
materials and processed at 160 ◦C, were examined using scanning electron microscopy
(SEM). Tiny quantities of the spray-dried powders were adhered to the surface of double-
sided tape attached to stubs. The Hitachi TM 3000 scanning electron microscope, sourced
from Tokyo, Japan, was employed to capture photomicrographs at magnifications ranging
from 100× to 5000× under an accelerating voltage of 5 kV.

2.5.4. Assessment of Process Yield (Y%)

For this study, the yield of each production process was calculated based on the
amount of solid material initially introduced into the equipment compared to the quantity
of powder collected after the process. The yield percentage was determined using the
following adapted equation, Equation (1):

Yield (%) =
Weight o f Powder Collected

Weight o f Solids Fed into Equipment
× 100 (1)

2.5.5. Measurement of Bulk and Tapped Volumes for Spray-Dried and
Freeze-Dried Powders

The evaluations of bulk (V0) and tapped volumes (Vtapped) of both spray-dried and
freeze-dried powders were conducted using the SVM 102 Erweka (Germany) density tester,
following the protocols outlined in the Pharmacopeia (Ph. Eur., USP). These collected
volume measurements were then applied to calculate each powder variant’s Carr index (2)
and Hausner ratio (3). The tapped volume was determined after performing 750 tappings.
These tests were performed in triplicate, and results were reported as the mean ± (n = 3).

CarrIndex =
100 × (V0 − Vtapped)

V0
(2)

HausnerRatio =
V0

Vtapped
(3)

2.5.6. Solubility Assessments

The solubility of the samples was assessed using a modification of the method de-
scribed in [33]. A 0.5 g sample was mixed with 12.5 mL of distilled water and stirred with a
magnetic stirrer at 350 rpm at 25 ◦C for 30 min. The solution was centrifuged at 3500× g for
10 min at the same temperature. A 10 mL portion of the supernatant was dried overnight
at 105 ± 5 ◦C. The weight difference determined the solubility percentage (%). These tests
were performed in triplicate, and results were reported as the mean ± (n = 3).

Solubility (%) =
Residue a f ter drying

Theoretical residue a f ter drying
× 100 (4)

Theoreticalresidue =
W (supernatant to be dried) + W (microcapsules)

W (microcapsules)− W (puri f ied water)
× 100 (5)

2.5.7. Quantification of Total and Surface Phenolic Content in Powdered Samples

To find the total phenolic content (TPC) and surface phenolic content (SPC) of the
powdered samples, an assay was made following a modified version of the method de-
scribed in Pudziuvelyte et al. [6,25]. For the TPC determination, a 100 mg sample of the
test powder was dissolved in a 1 mL solution of ethanol, acetic acid, and water, as mixed in
a volume ratio of 20:8:42, respectively. This mixture was stirred for 2 min with a magnetic
stirrer and then subjected to an ultrasonic bath for 20 min at 30 ◦C. After sonication, the
mixture was filtered through a microfilter with a 0.45 µm pore size. A quantity of 100 µL of
the filtered sample was mixed with 2.5 mL of Folin–Ciocalteu reagent and left in a dark
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place for 5 min. Following this incubation, 2 mL of a 7.5% Na2CO3 solution was added to
the mixture, which was then thoroughly mixed and left in the dark for an additional hour
at 25 ◦C. The TPC was quantified by measuring the absorbance at 760 nm using a UV/VIS
1800 Shimadzu spectrophotometer, with results expressed in mg of gallic-acid-equivalent
per gram of powder.

To assess the SPC, another 100 mg sample of the test powder was mixed with 10 mL
of ethanol–methanol solution in a 1:1 volume ratio and filtered similarly.

The encapsulation efficiency TPC EE% (7) and SPC% (6) were calculated using the
following specific formulas:

SPC % =
sur f ace phenolic compounds

total phenolic compounds
× 100 (6)

TPC EE (%) = 100 − SPC (%) (7)

3. Results and Discussion
3.1. Influences of Different Conditions of Microencapsulation on the Physicochemical Properties

A study was conducted, beginning with the creation of an extract from Citrus x paradisi.
L fruit peels using 50% v/v ethanol. The extract was used to make encapsulated powders.
The process involved drying and grinding the peels, followed by extraction, centrifugation,
and filtration. (Section 2). The resulting flavanone extracts were used for encapsulation.

First, the properties of spray-dried powders were determined using a consistent
composition of 10% skim milk and 10% maltodextrin to establish optimal conditions
for microencapsulation. Four samples (M1, M2, M3, and M7) were prepared under this
formulation, and the effects of temperature on the yield and moisture content of the
powders were evaluated. The results are summarized in Table 2, illustrating the variations
in yield percentages and moisture levels under different conditions.

Table 2. Spray-drying conditions and microencapsulation results for Citrus x paradisi. L phenolics
using maltodextrin (MD) 10% and skim milk (SK) 10% as wall materials (M1, M2, M3, and M7).

Inlet T (◦C) Outlet T (◦C) Flow Rate
(mL/min) Air Pressure Yield (%) Moisture

Content (%) Sample ID

90 25 30 8 bars 48.10 ± 2.40 7.60 ± 0.38 M1
120 65 30 8 bars 51.65 ± 2.58 6.57 ± 0.32 M2
160 80 30 8 bars 52.95 ± 2.64 5.97 ± 0.298 M3
170 116 30 8 bars 48.00 ± 2.40 5.31 ± 0.265 M7

The study found that the yield range extended from 48% to approximately 53%, while
the moisture content ranged from about 5.31% to 7.60%. The differences in yield and
moisture content were attributed to the various conditions employed during the spray-
drying process.

Based on these studies, the optimal conditions for obtaining the highest yield with the
lowest moisture content were an inlet temperature of 160 ◦C and an outlet temperature of
80 ◦C. The yield achieved under these conditions was approximately 52.95 ± 2.64%. The
moisture content was also the lowest, at about 5.97 ± 0.298%.

Meanwhile, when the inlet temperature was increased to 170 ◦C and the outlet temper-
ature to 116 ◦C, the yield decreased to 48.0 ± 2.4%, while evincing a slightly lower moisture
content of 5.31 ± 0.265%. This could be because of the increased temperature in the drying
process. Higher temperatures may lead to the degradation of phenolic compounds or the
formation of impermeable skin around the microcapsules, which can trap moisture and
reduce the yield.
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3.2. Impact of Wall Material Composition on the Physicochemical Characteristics of Microcapsules

During the initial phase of the study, different wall materials were selected for eval-
uation, including maltodextrin (MD), skim milk (SK), β-cyclodextrin (β-CD), and car-
boxymethylcellulose (CMC). These materials were used to understand the physical and
chemical properties of the resulting powders, in addition to the release characteristics of
the powders. The concentration of the encapsulating agents was set at 20%. The microen-
capsulation conditions were optimized based on the study’s parameters as reported in
Section 2.1.

Using different wall materials significantly impacts the parameters of the spray-drying
process. For example, experiments using samples MBC2 and MBC3, which had varying
amounts of MD, β-CD, and CMC under identical conditions, resulted in reduced quantities.
However, improvements in yield were observed by modifying the temperature and flow
rate. The temperature was decreased from 160 ◦C to 145 ◦C and the flow rate increased from
30 mL/min to 60 mL/min. These findings highlight the importance of both wall materials
and operational parameters in determining the efficiency and result of the spray-drying
process. The graph in Figure 4 illustrates how temperature and flow affect bulk quantities.
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It was observed that yield improvements occurred for two bulk compositions, MBC2
and MBC3, when the temperature was reduced and the flow rate increased. The yield of
MBC2 increased from 14.15% to 27.2%, while MBC3’s yield increased significantly, from
8.55% to 38.5%. This improvement is attributed to the lower temperature, which enhances
solubility and stability. At the same time, the higher flow rate promotes better mixing and
mass transfer. The specific composition of MBC3 was found to be more responsive to the
process changes, resulting in the most significant yield increase.

3.2.1. Examining Moisture Content and Wettability in Microcapsule Formulations

In a previous study, we determined suitable spray-drying parameters for micro-
capsules’ qualitative aspects. This study aims to examine how different wall materials,
processed with the same parameters, affect moisture content and wettability.

Figure 5 illustrates the variations in moisture content and wettability among different
microcapsule formulations that employ distinct combinations of encapsulating agents. For
instance, M3, which utilizes a balance of maltodextrin and skim milk, exhibited a moderate
moisture content of 5.97 ± 0.29%. MD is recognized for its ability to confer low moisture
content, which is advantageous for the stability of microcapsules over time, as supported
by references [34,35]. Our findings indicate that increased maltodextrin correlates with
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decreased moisture levels, as demonstrated by MBC2 and MBC3 (5.52 ± 0.276% and
5.1 ± 0.255%, respectively), under consistent spray-drying conditions.
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The integration of β-CD in formulations of MBC1, MBC2, and MBC3 seems to impact
the surface characteristics of the microcapsules, leading to increased wettability times as
the concentration of β-CD rises (Figure 5). This alteration may be due to the formation of
more-structured and less-permeable surfaces, which is attributed to the β-CD [36]. β-CD is
a cyclic oligosaccharide that can create complexes with various hydrophobic compounds
within its structure while its exterior remains hydrophilic. This means that the surface of
β-CD is predominantly hydrophilic, enhancing the wettability of microcapsules. However,
the hydrophilic/hydrophobic properties of β-CD can be altered when other components
are present in the composition of the microcapsules [37].

Carboxymethylcellulose (CMC), due to its hydrophilic properties, significantly influ-
ences the moisture content and wettability times of microcapsules, which are crucial for
controlled release mechanisms [38]. In the MBC series, we observe that the wettability
time decreases with decreasing CMC content: MBC1 (1.2% CMC) has a wettability time of
1461 s, MBC2 (0.9% CMC) 1347 s, and MBC3 (0.5% CMC) 1170 s.

Meanwhile, the sample MBC4 exhibited a lower moisture content and wettability time
(3.75 ± 0.018% and 915 s, respectively), suggesting a synergistic interaction between SK
and β-CD. This combination, involving the protein matrix and the encapsulating function
of β-CD, results in a less hygroscopic product, and one which is more rapidly wettable [37].

Samples L1, L2, and L3 showcase the benefits of lyophilization in producing mi-
crocapsules with lower moisture content (5.8 ± 0.29%, 4.74 ± 0.19%, and 5.07 ± 0.25%).
Freeze-drying typically produces a more porous structure that retains less moisture than
those produced with spray-drying [15]. The rapid wettability of L2 (despite having a
composition like L1) indicates that optimizing the ratio of MD to β-CD and CMC is crucial
for improving water uptake. It suggests that the specific proportions of these components
are critical to the microcapsules’ properties, beyond just the overall concentration of wall
materials. L3 displayed a moisture content comparable to MBC3 but lower wettability due
to the different drying methods.
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3.2.2. Impacts of Composition and Drying Methods on the Flowability of
Microencapsulated Powders

The compressibility index and Hausner ratio are essential for assessing the powder
characteristics of spray-dried and freeze-dried formulations. The compressibility index
reflects the ability of a powder to settle and the degree to which it can be compacted [39].
The powder flowability, characterized by the Carr index and Hausner ratio, ranged from
30.43% to 38.89% and 1.438 to 1.636, respectively ( Figure 6). Based on the European
Pharmacopoeia article Ph. Eur. 01/2010:20936, the flowability of the powders is classified
from ‘poor’ to ‘very, very poor’ based on these measurements.
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Figure 6. Assessment of compressibility (Carr index) and flowability (Hausner ratio) in spray-dried
and freeze-dried powders formulated with varied wall materials. M3 (MD 10%, SK 10%); MBC1
(MD 13%, β-CD 5.8%, CMC 1.2%); MBC2 (MD 15%, β-CD 4.1%, CMC 0.9%); MBC3 (MD 17%, β-CD
2.5%, CMC 0.5%); MBC4 (MD 10%, SK 9%, β-CD 1%). L1 (MD 13%, β-CD 5.8%, CMC 1.2%); L2 (MD
15%, β-CD 4.1%, CMC 0.9%); L3 MBC3 (MD 17%, β-CD 2.5%, CMC 0.5%). M indicates the spray-dry
method, and the L–lyophilization method is used.

Mainly, the MBC1 sample exhibits a Hausner ratio of 1.636, one of the highest, indicat-
ing lower flowability. This is possibly due to its higher β-CD and CMC content, substances
that tend to enhance cross-linking, which could diminish flow.

Conversely, incorporating more maltodextrins tends to lower the cohesiveness, thereby
improving flow. This is demonstrated by the MBC3 sample, which has an increased MD
content and reflects this principle.

SK is part of the microencapsulation process, as evidenced by samples like M3 and
MBC4 (1.5–1.545 and 31.47% and 30.11%). The proteins in SK can enhance the integrity of
the powder through protein–protein interactions, which may reflect increased compress-
ibility indices and Hausner ratios, suggesting a reduction in flow. Nevertheless, statistical
analyses have not found significant differences between groups of samples, suggesting that
skim milk’s inclusion does not significantly impact flowability or compressibility when
compared to the influence of other components.

The preparation method also plays a significant role in these properties. Although
spray-drying typically results in more uniform and spherical particles, which should
theoretically improve flow compared to the irregular particles from lyophilization, the
composition’s influence is more pronounced than that of the drying technique. However,
interestingly, lyophilized samples have shown better compressibility indices and Hausner
ratios in cases where the compositions are similar, such as with MBC1 and L1.
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3.2.3. Optimization of Solubility and Release Profiles in Microencapsulated
Phenolic Compounds

During our research, we observed significant variations in the solubility of different
samples, indicating that the choices of composition and preparation method significantly
impact their solubility. The samples were prepared using lyophilization (L1, L2, and L3)
and spray-drying (M3, MBC1, MBC2, MBC3, and MBC4). Figure 7 displays the solubility
percentages of microencapsulated formulations using spray-drying and lyophilization
methods with different wall materials.
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Samples prepared using the lyophilization method showed an increasing tendency
towards increased solubility with a decrease in β-CD and CMC content and an increase in
MD content. The solubility ranged from 31.47 ± 1.57% for L1 to 61.58 ± 3.079% for L3. We
suggest that MD, a polysaccharide, can increase the solubility of samples, while β-CD and
CMC may decrease it [40].

A similar tendency can be observed for samples prepared using the spray-dry method.
Solubility increased with the decrease in β-CD and CMC content and an increase in MD
content. The solubility ranged from 30.11 ± 1.50% for MBC1 to 65.68 ± 3.35% for MBC4.

Lyophilization produces formulations with a more porous structure, which could lead
to faster release rates [15]. Nonetheless, our data indicate that with a careful selection of
wall materials, even lyophilized samples can achieve a degree of solubility suitable for
controlled release.

Spray-drying is known for producing denser particles, which should, in theory, con-
tribute to a slower release due to reduced solubility [35]. Based on our research data for
the spray-dried samples (marked as M), the MBC3 sample is the most suitable for pro-
ducing modified-release microcapsules to encapsulate grapefruit phenolic compounds.
This sample has a wettability time of 1170 s, indicating a potentially slower release rate,
which is desirable for sustained release. Additionally, its moisture content is 5.1% and it
has a high solubility of 67.05%. These factors make it beneficial for controlled release and
bioavailability.

In the lyophilized (freeze-dried) sample series (marked as L), the L2 sample appears
to be the most suitable choice. This sample has a relatively low moisture content of 4.74%,
suggesting improved stability. It also exhibits excellent flowability, with a Hausner ratio of
1.438, which is crucial for manufacturing processes. Furthermore, its solubility is relatively
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high at 60.21%, and with a wettability time of 144 s, it might provide a rapid initial release
while maintaining a controlled release profile.

3.2.4. The Impact of Wall Material Composition on the Encapsulation Efficiency of
Active Ingredients

In examining the M and L series’ encapsulation efficiency (EE%), sample MBC3 from
the M series achieves the highest encapsulation efficiency, at 91.41%. Figure 8 illustrates
the encapsulation efficiency percentages (TPC EE%) for various microencapsulated for-
mulations. M3 with equal parts MD and SK (both at 10%) shows a high EE% at 89.04,
suggesting that combining these two components at these specific ratios is conducive to
effective encapsulation. In comparison, MBC1 has the lowest value within this group, at
76.72%. These results indicate that the optimal ratio of maltodextrin, as observed in MBC3,
is crucial for enhancing encapsulation efficiency. EE% increases recorded with increasing
MD in the formulation M sample were 76.72% < 87.27% < 91.41%. MBC4, with a high
proportion of SK comparable to MD and a minimal amount of β-CD, shows an EE% of
83.97, which is lower than M3 but higher than MBC1. The presence of SK at a high level
seems beneficial but the impact is not as pronounced as that of a high MD content. L1 is
the highest for the L series, at 88.57%, with L2 at the lower end at 76.77%. However, the L
series overall exhibits lower encapsulation efficiencies than their MBC counterparts.
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Figure 8. Encapsulation efficiency of Citrus x paradisi. L phenolic compounds in various microen-
capsulation formulations. M3 (MD 10%, SK 10%); MBC1 (MD 13%, β-CD 5.8%, CMC 1.2%); MBC2
(MD 15%, β-CD 4.1%, CMC 0.9%); MBC3 (MD 17%, β-CD 2.5%, CMC 0.5%); MBC4 (MD 10%, SK 9%,
β-CD 1%). L1 (MD 13%, β-CD 5.8%, CMC 1.2%); L2 (MD 15%, β-CD 4.1%, CMC 0.9%); L3 MBC3
(MD 17%, β-CD 2.5%, CMC 0.5%).

3.2.5. Scanning Electron Microscopy of Spray-Dried and Freeze-Dried Powders

Figure 9 presents scanning electron microscope (SEM) images of various microen-
capsulated formulations identified as M3, MBC1, MBC2, MBC3, MBC4, L1, and L2. The
images show the surface morphology and particle size distribution of each sample at high
magnifications, providing insight into the physical characteristics of the microcapsules pro-
duced by different methods and with various wall materials. Each panel highlights unique
structural differences, from spherical and smooth to irregular and crumpled textures, which
are critical in understanding the encapsulation efficiencies and potential release behaviors
of the encapsulated compounds.
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4. Conclusions 

Figure 9. Microcapsules were observed using scanning electron microscopy (SEM) to capture their
morphology at 100×, 500×, 1000×, 3000×, and 5000× magnifications. M3 (MD 10%, SK 10%); MBC1
(MD 13%, β-CD 5.8%, CMC 1.2%); MBC2 (MD 15%, β-CD 4.1%, CMC 0.9%); MBC3 (MD 17%, β-CD
2.5%, CMC 0.5%); MBC4 (MD 10%, SK 9%, β-CD 1%). L1 (MD 13%, β-CD 5.8%, CMC 1.2%); L2 (MD
15%, β-CD 4.1%, CMC 0.9%).

SEM images of M3 show semi-spherical microcapsules with a wrinkled surface, likely
due to the combination of maltodextrin and skim milk. This texture could influence the
microcapsules’ release profile and surface area, potentially enhancing their interaction with
the environment. MBC1 (MD 13%, β-CD 5.8%, CMC 1.2%) combines smooth and wrinkled
particles with a softer surface due to the higher β-CD content. MBC2 (MD 15%, β-CD
4.1%, CMC 0.9%) shows fewer wrinkles and a more uniform surface with increased MD
and decreased β-CD and CMC content compared to MBC1. The MBC3 (MD 17%, β-CD
2.5%, CMC 0.5%) sample has the most uniform and smoothest surface morphology due
to the high MD content. MBC4 (MD 10%, SK 9%, β-CD 1%), with a high proportion of
skim milk, produces a unique texture, possibly showing a balance between smooth and
wrinkled surfaces.

L1 (MD 13%, β-CD 5.8%, CMC 1.2%) and L2 (MD 15%, β-CD 4.1%, CMC 0.9%)
samples were lyophilized, and they exhibited a more porous and irregular structure than
those associated with spray-drying. SEM images provide crucial information on how the
different wall material ratios influence the physical structure of the microcapsules, which in
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turn affects their functional properties. The micrographs reveal any agglomerations, cracks,
or inconsistencies within the microcapsules that could impact their effectiveness.

4. Conclusions

In this investigation, the ethanolic extract of Citrus x paradisi L. was subjected to
microencapsulation through spray drying and freeze-drying techniques, employing com-
binations of skim milk, maltodextrin, carboxymethylcellulose, and beta-cyclodextrin as
wall materials. The chosen matrix components were necessary for forming microparticles
and encapsulating the ethanolic extract, with each constituent playing a distinct role in the
microcapsules’ structural and release properties.

Maltodextrin (MD), as a polysaccharide, was essential in the microcapsule’s structural
formation, providing a protective matrix for the active compounds. Beta-cyclodextrin
(β-CD), a cyclic oligosaccharide, was used to enhance the solubility and stability of hy-
drophobic molecules by forming inclusion complexes. This characteristic of β-CD was
beneficial in improving the bioavailability of the active compounds. Carboxymethylcel-
lulose (CMC), with its hydrophilic properties, acted as a release modulator within the
microcapsules. The formation of hydrogels by CMC was essential in controlling the release
rate of the encapsulated actives in the intestinal tract.

The comparative analysis of spray-dried and freeze-dried samples showed notable
differences in morphologies and encapsulation efficiencies. In the spray-dried methodology,
sample ID MBC3 (MD 17%, β-CD 2.5%, CMC 0.5%) showed the best results. It was
characterized by its wettability time (1170 s), a higher encapsulation efficacy EE% (91.41%),
a better solubility (60.21%), and lower moisture content (5.1 ± 0.255%), which can be
attributed to the higher maltodextrin content, indicating a solid structure conducive to
prolonged release. Meanwhile, the freeze-dried sample ID L1 (MD 13%, β-CD 5.8%, CMC
1.2%) displayed a quick weldability (132.6 s), rapid solubility profile (61.58%), low moisture
content (5.07%) and high EE% (78.38%), which may result from the lyophilization process
and the wall material composition, which facilitated a more porous structure.

This research contributes to the field of pharmaceutical sciences by illustrating the
criticality analysis of wall material selection and process optimization in microencapsula-
tion. It highlights the necessity for a multidisciplinary approach which considers material
science and pharmacokinetics in order to develop advanced delivery systems for active
bioactive compounds.
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Abstract

Background/Objectives: Citrus × paradisi Macfad., Rutaceae. peel is a rich source of
naringin (NR), but its poor solubility and low bioavailability limit applications. This
study aimed to improve NR delivery by comparing microencapsulation, liposomal mi-
croencapsulation, and buccal films containing either pure NR or grapefruit peel extract.
Methods: Four spray-dried powder formulations—spray-dried NR (NS), liposomal NR
(NLS), spray-dried extract (ES), and liposomal extract (ELS)—were produced using mal-
todextrin, β-cyclodextrin, and HPMC as wall materials. Buccal films (EP1, EP2, NP1, NP2)
were prepared via solvent casting with HPMC, alginate (ALG), or polyvinyl alcohol (PVA).
All samples were evaluated for solubility, moisture content, mucoadhesion, and in vitro
release under simulated gastric, intestinal, and salivary conditions. Results: NR powders
had the highest absolute solubility (306.42 ± 10.34 µg/mL), whereas ELS showed the lowest
due to low loading. However, relative to theoretical NR content, ELS achieved the highest
dissolution efficiency (55.3%), followed by NLS (42.7%), outperforming NS (5.6%) and
ES (91.8%) in sustained release potential. Dual encapsulation (NLS, ELS) slowed gastric
release and maintained intestinal delivery, while non-liposomal powders released rapidly.
In buccal films, NP2 (NR + PVA) showed the highest release (69.97 ± 3.01 µg/mL; 40.9%
efficiency) and strongest mucoadhesion (0.47 N·s). Extract-based films had lower absolute
NR release but higher relative efficiency to content, likely due to co-extracted compounds
enhancing wettability and matrix erosion. Conclusions: Liposomal microencapsulation
improves relative dissolution efficiency and sustains intestinal release, while PVA-based
buccal films enhance both release and mucoadhesion. Polymer choice and active ingredient
composition are critical for optimising oral delivery of NR. These results demonstrate the
potential of the proposed systems in the pharmaceutical or dietary supplement field, espe-
cially in improving the oral delivery of poorly soluble flavonoids. A graphical summary is
included, visually summarising the main formulation strategies and results.

Keywords: naringin; grapefruit peel extract; liposomes; microencapsulation; buccal films;
dissolution; mucoadhesion
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1. Introduction
Grapefruit (Citrus × paradisi Macfad., Rutaceae) by-products have recently attracted

growing interest because of their high content of health-promoting phytochemicals. Among
these, naringin (NR) and its aglycone naringenin (NAR) are the most important compounds.
They are known for their antioxidant, anti-inflammatory, and anticancer properties [1–4].
Beyond naringin, grapefruit peel extract also contains flavonoid glycosides, organic acids,
and natural sugars, which exhibit additional antioxidant, antimicrobial, and permeability-
enhancing effects, potentially offering synergistic therapeutic or functional benefits in oral
delivery systems.

However, both molecules face a common challenge: they are poorly soluble in water
and have very low bioavailability in the human body. For example, naringin dissolves
only at approximately 38 µg/mL and exhibits less than 5% oral bioavailability, classifying
it as a BCS class IV [5–8]. These limitations reduce its effectiveness when used in foods,
nutraceuticals, or therapeutic applications.

Different encapsulation technologies are being explored to address these problems. Mi-
croencapsulation, typically carried out with carriers such as maltodextrin or β-cyclodextrin,
allows better stabilisation of NR and provides controlled release. In our previous work on
the encapsulation of C. paradisi peel extracts, we compared different carrier compositions.
We demonstrated that the combination of maltodextrin, β-cyclodextrin, and carboxymethyl-
cellulose provided the most favourable results, achieving high encapsulation efficiency
(>90%), improved solubility, and stable powder characteristics. These findings indicated
that polysaccharides and cyclic oligosaccharides act synergistically to stabilise flavonoids
and enhance their release properties [9]. Liposomes, which are vesicles formed from phos-
pholipid bilayers, can further increase solubility and protect hydrophobic molecules such
as NR [10–13]. Since liposomal dispersions in water are often unstable, they are commonly
converted into dry powders through lyophilisation or spray drying. A promising strategy is
dual encapsulation, where liposomes are trapped inside carbohydrate-based microcapsules
to reduce release in the acidic stomach environment while supporting prolonged release in
the intestine. Although this method has not yet been suggested, notable improvements in
solubility and stability have been observed when directly applied to naringin [14–16].

Another innovative delivery method is the use of buccal films. These thin, mucoad-
hesive formulations adhere to the buccal mucosa, allowing drugs to be absorbed directly
into the bloodstream and bypassing first-pass metabolism in the liver. Their swelling
properties and polymer composition have a significant impact on the rate of release of the
active compound. Studies have shown that selecting the polymer matrix can significantly
improve the release and absorption profiles [17,18].

Summarising these limitations, it becomes evident that a systematic comparison of
different encapsulation strategies is required. Therefore, this study compares three delivery
paths for C. paradisi. peel extract and pure NR: (i) microencapsulated powder, (ii) spray-
dried liposomal powder, and (iii) buccal films. All were evaluated in vitro for solubility,
stability, and release under simulated gastric (pH ~1.2), intestinal (pH ~6.8), and artificial
saliva (pH ~6.8) conditions.

2. Materials and Methods
Fresh grapefruit peels were collected post-juicing, dried at 60 ± 5 ◦C, ground, and

stored in a dry, dark place. Naringin (≥98% purity) was obtained from Sigma-Aldrich
(Buchs, Switzerland). Lipoid S100 and methanol (99%) were sourced from Lipoid GmbH
and Carl Roth GmbH, respectively (Germany). Ethanol (96%) was sourced from Vilniaus
Degtinė (Vilnius, Lithuania). Purified water was prepared using a Millipore system (Merck,
Rahway, NJ, USA). Hydroxypropyl methylcellulose (HPMC, Methocel E5 Premium LV)
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was obtained from Dow Chemical Co. (Midland, MI, USA). Sodium alginate (Protanal®

LF 10/60, ALG) was sourced from FMC BioPolymer (Philadelphia, PA, USA). Polyvinyl
alcohol (PVA) and glycerol (≥99.5%) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Additional reagents for artificial saliva, simulated gastric fluid (SGF), and simulated
intestinal fluid (SIF) were sourced from Sigma-Aldrich, Merck, and Farmalabor.

2.1. Preparation of Extract

Dried peel powder was mixed with 50%, 70%, or 90% ethanol (v/v) at a 1:10 (w/v)
ratio and subjected to ultrasonic-assisted extraction (38 kHz, 30 min, 50 ± 2 ◦C). Extracts
were cooled, centrifuged (1789× g, 10 min), filtered (0.22 µm PVDF membrane), and stored
for further use. The process is demonstrated in Figure 1. The ethanol concentrations
used for extraction (50%, 70%, and 90%) were based on our prior optimisation studies,
which evaluated the influence of solvent strength on flavonoid yield and formulation
compatibility [19,20].

Figure 1. Extraction procedure of bioactive compounds from C. paradisi peels, including drying,
ethanol extraction, ultrasonic treatment, centrifugation, and HPLC analysis.

Depending on the specific requirements of each formulation and the solubility proper-
ties of the active compounds, concentrations of 50%, 70%, and 90% ethanol were selected.
For liposomal formulations, 90% ethanol was used to ensure efficient dissolution of the
lipid components (Lipoid S100 and cholesterol) together with the active ingredients. For
spray-dried formulations, 50% ethanol was chosen due to its favourable interaction with
wall materials and its ability to form stable emulsions. For buccal film formulations, 70%
ethanol ensured an optimal balance between extract solubility and compatibility with
film-forming polymers, such as HPMC, ALG, and PVA, during the solvent casting process.

2.2. HPLC Methodology for the Quantification of Naringin and Naringenin

The study employed a Waters 2695 liquid chromatography system with a photodiode
array detector (Waters 996, wavelength range 200–400 nm) to analyse biologically active
compounds. The chromatographic separation was achieved using an ACE C18 column
(250 mm × 4.6 mm, 5 µm particle size) with a gradient elution method. A total of 10 µL of
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each extract was injected and analysed at a wavelength of 280 nm. A mixture of acetonitrile
(A) and water (B) was employed as the mobile phase, pumped at a constant flow of
1 mL/min: at 0.0 min, 10% A; at 5 min, 20% A; at 25 min, 40% A; at 30 min, 100% A; at
35 min, 100% A; and returning to 10% A at 36 min. The column temperature was maintained
at 25 ◦C. Peak identification was performed by comparing the UV-vis spectra and retention
times of the compounds to those of authentic reference standards (Figure 2). Each sample
was analysed in duplicate. A 100 µg/mL solution of naringin and naringenin was dissolved
in 70% methanol to serve as the reference standard. From this, a series of six concentrations
was prepared to generate calibration curves. Each concentration was injected three times
to assess linearity. The calibration equations for naringin and naringenin were derived
from plotting their peak areas against their respective concentrations, yielding regression
coefficients (R2) greater than 0.999, indicating excellent linearity. The method’s sensitivity
was assessed by determining the limit of detection (LOD) and limit of quantitation (LOQ),
calculated based on signal-to-noise ratios of 3 and 10, respectively. Intra-day and inter-day
precision were evaluated using a standard mixture of naringin and naringenin, with five
consecutive injections performed on the same day over four different days. Results were
expressed as relative standard deviation (RSD). The study confirmed the retention times
and spectra of naringin and naringenin against the prepared extracts. The linearity of the
calibration curves was established, with naringin exhibiting a linearity range of 1.166 to
33.343 µg/mL and naringenin from 0.472 to 15.125 µg/mL. Quantification results were
reported in µg/g and mg/g dry weight (DW) for naringenin and naringin, respectively [21].

(a) 

(b) 

Figure 2. (a). Chromatograms of standards detected by HPLC. Peaks identified: 1—naringin;
2—naringenin. (b). HPLC chromatogram of the C. paradisi peel extract obtained using ethanol as
extraction solvent at different concentrations: A—50%, B—70%, and C—90%. Peaks corresponding
to naringin—1 and naringenin—2 are indicated. All experiments were conducted in triplicate (n = 3).
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2.3. Preparation of C. paradisi Peel Extracts and Naringin-Loaded Liposomes

Liposomes were prepared by ethanol injections followed by probe sonication. Lipoid
S100 and cholesterol were dissolved in 10 mL of 90% ethanolic solution containing either
grapefruit peel extract or pure NR (10 mg/mL), then injected into the aqueous phase under
constant stirring.

Sonication (5 cycles, 1 min on/1 min off, 16 ± 5% power) produced nanoscale vesicles,
as represented in Figure 3. Formulations varied in lipid-to-core ratio (1:1 and 2:1) as
described in Table 1. Liposomes were prepared according to a modified procedure based
on the method reported by San Ang et al. [22].

Figure 3. Schematic representation of the liposome preparation process using lipid matrix, aqueous
phase injection, and ultrasonic homogenization.

Table 1. The composition of C. paradisi peel extract and NR-loaded liposome formulations.

Composition

Formulation ID * Lipoid S100 Cholesterol
Total Lipid Phase:

Extract or Naringin
Ratio

EL1 100 mg 10 mg 1:1
EL2 200 mg 20 mg 2:1
NL1 100 mg 10 mg 1:1
NL2 200 mg 20 mg 2:1

* EL: extract-loaded liposome; NL: NR-loaded liposome. All experiments were conducted in triplicate (n = 3).

2.4. Characterisation of Particle Size Distribution and Zeta Potential

The particle size and size distribution of the liposomal formulations were determined
using dynamic light scattering (DLS) with a Nano ZS 3600 system (Malvern Instruments,
Worcestershire, UK). Measurements provided both the mean hydrodynamic diameter and
the polydispersity index (PDI).

Zeta potential was measured on the same instrument in zeta mode. For these mea-
surements, the samples were placed in a dedicated cell equipped with electrodes, which
ensured the generation of a stable electric field and improved the precision of the readings.
The procedure followed the approach described by Németh et al. [23].
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2.5. Spray-Drying Microencapsulation of C. paradisi Peel Extracts and NR Samples

Spray-drying conditions and wall material ratios were chosen based on previously
optimised protocols developed in our earlier studies [9]. Based on our previous research,
four different samples were prepared for microencapsulation using spray-drying: (1) C.
paradisi. peel extract (ES), (2) pure NR solution (50 mg/mL) (NS), (3) liposomal C. paradisi
peel extract (ELS), and (4) liposomal NR solution (10 mg/mL) (NLS).

The encapsulation matrix was prepared by dissolving maltodextrin (MD, 15% w/v), β-
cyclodextrin (β-CD, 2.5% w/v), and carboxymethylcellulose sodium salt (HPMC, 0.5% w/v)
in purified water. After the complete dissolution, each active ingredient was homogenised
with the wall material solution to form stable emulsions.

Spray-drying was carried out using a BÜCHI B-291 Mini Spray-Dryer under the
following optimised conditions: inlet temperature of 150 ◦C, outlet temperature of 98 ◦C,
a flow rate set at 60%, aspiration at 100%, and a pump rate of 12%, as demonstrated in
Figure 4. The resulting spray-dried powders were carefully collected and stored at +4–7 ◦C
to preserve their stability and functional properties for further analysis [23,24].

Figure 4. Schematic illustration of the microencapsulation process of different samples using spray-
drying technology under optimised conditions. Sample ID: 1—ES, 2—NS, 3—ELS, 4—NLS.

2.6. SEM Analysis of Microcapsules: Morphological Evaluation

The surface morphology of spray-dried microcapsules was evaluated using a Hitachi
TM 3000 SEM (Tokyo, Japan) at 100×–6000× magnification and 5 kV accelerating voltage.
Samples were mounted on stubs using double-sided tape for imaging [25]. All experiments
were conducted in triplicate (n = 3)

2.7. Encapsulation Efficiency (EE)

Encapsulation efficiency (EE) of the liposomes was evaluated by centrifuging the
formulations at 10,000× g for 30 min. The supernatant containing the unencapsulated
active compounds was carefully extracted [26]. All experiments were conducted in triplicate
(n = 3).
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The supernatant was analysed using HPLC to quantify the concentration of unencap-
sulated active compounds. The EE of NR were calculated using the formulation:

EE (%) =
QT − QFREE

QT
× 100 (1)

QT represents the total active compound added (mg/g), QFREE denotes the non-
encapsulated fraction in the supernatant (mg/g), and EE (%) indicates the encapsulation
efficiency in the final powder.

2.8. Characterisation of Spray-Dried Powders
2.8.1. Yield Calculation

The powder yield obtained from the spray-drying process was calculated as the ratio
between the total mass of dry powder collected and the total amount of solid raw materials
initially present in the feed solution [27].

Yield (%) =
Total weight o f dry powdrer collected

Total weight o f row materials in f eed solution
× 100 (2)

2.8.2. Evaluation of Moisture Content in Spray-Dried Powders

Moisture content was determined using a Kern DBS60-3 moisture analyser (Kern
& Sohn GmbH, Balingen, Germany). Approximately 1.0 ± 0.05 g of each sample was
uniformly distributed on the weighing plate and analysed in triplicate. The mean value
was calculated and expressed as a percentage of moisture content [28]. All experiments
were conducted in triplicate (n = 3).

2.8.3. Aqueous Solubility Determination of the Spray-Dried Powders

The theoretical naringin content (mg) was calculated from the known concentration in
the formulation and the mass of the powder used (500 mg). The dissolved amount was
quantified using HPLC as described above.

The aqueous solubility of the spray-dried powders was determined following a modi-
fied equilibrium solubility method [22]. A total of 0.5 g of each powder was dispersed in
30 mL of distilled water in sealed vials. Samples were shaken at 25 ◦C for 24 h at 120 rpm
to reach equilibrium. After incubation, suspensions were centrifuged at 10,000 rpm for
10 min. The supernatants were collected and filtered through a 0.22 µm syringe filter.
The concentration of dissolved compounds was determined using HPLC and expressed
in µg/mL. All experiments were conducted in triplicate (n = 3).

2.8.4. In Vitro Release Study of NR from Microcapsules and Liposomal Powders

The in vitro release study of the active compound, NR, from microcapsules and lipo-
somal powder formulations was conducted using a Sotax AT7 Smart Dissolution System
(SOTAX AG, Aesch, Switzerland). The experimental protocol was based on the previously
reported methodology by Kazlauskaitė et al. [29], with minor modifications adapted for
the tested formulations. Simulated gastric fluid (SGF, pH 1.2) was prepared in accordance
with the European Pharmacopoeia by dissolving 2.0 g of NaCl, 3.2 g of pepsin, and 80 mL
of 1 M HCl in distilled water, adjusting the final volume to 1000 mL. Simulated intestinal
fluid (SIF) was prepared using 6.8 g of KH2PO4, 10 g of pancreatin, and 77.0 mL of 0.2 M
NaOH, followed by dilution with distilled water to a final volume of 1000 mL.

Samples were first incubated in SGF for 0–90 min, followed by transfer to SIF for an
additional 90–180 min, simulating gastrointestinal transit. Aliquots were collected every
30 min over a total release period of 0–180 min.
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All collected samples were filtered through a 0.45 µm membrane filter and subse-
quently analysed using high-performance liquid chromatography (HPLC) for the quanti-
tative detection of the flavanone naringin. All experiments were conducted in triplicate
(n = 3).

2.9. Preparation of Buccal Films

Buccal films were obtained via solvent casting. Formulations EP1 and EP2 contained
70% ethanolic grapefruit peel extract, while NP1 and NP2 contained pure NR (50 mg/mL
in 70% ethanol).

A 12% (w/v) HPMC solution was prepared using a 70:30 mixture of NR or extract
solution (in 70% ethanol) and purified water, ensuring complete polymer dispersion before
blending with secondary components. Separately, sodium alginate (2% w/v) for EP1 and
NP1, or PVA (2% w/v) for EP2 and NP2, was dissolved in glycerol (4% w/v). Solutions were
combined, homogenised, and cast using a ZUA 2000 film applicator (2 mm wet thickness)
onto glass plates. Films were dried at 40 ◦C for 2 h, cut into 3 cm × 2.5 cm strips, sealed in
foil pouches, and stored at 22 ± 2 ◦C [30,31]. The compositions of the prepared buccal film
formulations are summarised in Table 2. All processes are demonstrated in Figure 5.

Table 2. Composition of buccal film formulations.

Component EP1 EP2 NP1 NP2

(HPMC) 12% 12% 12% 12%
(ALG) 2% – 2% –
(PVA) – 2% – 2%

Glycerol 4% 4% 4% 4%
70% Ethanolic Peel

Extract/NR Solution 70% 70% 70% 70%

Purified Water 30% 30% 30% 30%
“–“ indicates that the component was not included in the formulation. Sample IDs: E1, E2, N1, N2. All experiments
were conducted in triplicate (n = 3).

 

Figure 5. Schematic representation of buccal film preparation using the solvent casting method with
naringin (NP1, NP2) or grapefruit peel extract (EP1, EP2), film-forming, drying, and cutting processes.
All experiments were conducted in triplicate (n = 3).
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2.9.1. Texture Analysis of Buccal Films

Film mechanical properties were measured using a TA.XT Plus texture analyser (Stable
Micro Systems Ltd., Godalming, UK), based on modified procedures from prior litera-
ture [32].

For mucoadhesion, 3 cm × 2.5 cm dry film samples were adhered to a fixed plastic
support to determine adhesive strength. A transparent plastic ring with a 1 cm central
opening (A/MUC mucoadhesive probe) was aligned over the sample, leaving an exposed
circular area. This area was hydrated with 100 µL of artificial saliva (pH 6.8) and allowed to
equilibrate for 15 s. A cylindrical P/0.5R probe (slightly smaller diameter than the opening)
was then lowered onto the moistened surface under a constant load of 5 N for 60 s. The
force required to detach the probe from the film (adhesive strength, in N) was measured.
Each test was performed three times under room temperature conditions. All experiments
were conducted in triplicate (n = 3).

2.9.2. Buccal Film Moisture Content Determination

Film moisture content (%) was determined by drying to constant weight at 105 ◦C in
an analyser (DBS 60-3, KERN & SOHN GmbH, Balingen, Germany), in triplicate [33,34].
All experiments were conducted in triplicate (n = 3).

2.9.3. In Vitro Release Profile of NR from Buccal Films

The dissolution of mucoadhesive polymeric films (n = 3) was tested in 25 mL of
artificial saliva (pH 6.8) at 37 ± 1 ◦C. Each 3 cm × 2.5 cm film was placed in a Berzelius
beaker under static conditions. The time to complete dissolution, with no visible residue,
was recorded using a method adapted from Y. Maslii et al. [34].

For NR release studies, 3 cm× 2.5 cm buccal films were placed in 25 mL of artificial saliva at
37 ◦C under constant stirring. The average film weights were as follows: EP1—108.17 mg, EP2—
163.27 mg, NP1—97.64 mg, and NP2—97.72 mg. Aliquots (1 mL) were withdrawn at 5, 10, 15,
and 30 min, stored, and analysed by HPLC. Artificial saliva was prepared by dissolving MgCl2
(100 mg/L), CaCl2·2H2O (220 mg/L), Na2HPO4·7H2O (1350 mg/L), KH2PO4 (680 mg/L), KCl
(750 mg/L), urea (600 mg/L), and NaCl (600 mg/L) in distilled water and adjusting pH to
6.8 [34,35]. All experiments were conducted in triplicate (n = 3).

2.10. Statistical Analysis

All data are presented as mean ± standard deviation (SD) from three independent
experiments. Statistical significance (p < 0.05) was assessed using one-way ANOVA, with
post hoc non-parametric tests (Friedman, Wilcoxon, Mann–Whitney U) where appropriate.
Correlation and regression were analysed using Spearman’s method. Analyses were
performed using SPSS v20, GraphPad Prism 8, and Excel 2021.

3. Results and Discussion
3.1. Evaluation of Flavonoid Content in Hydroalcoholic Peel Extracts of C. paradisi

Quantitative HPLC analysis confirmed that NR was the predominant flavonoid in all
hydroalcoholic extracts of C. paradisi peel, whereas NAR was only a minor component. The
highest NR concentration was obtained in the 50% EtOH extract (15.62 mg/g), followed
by the 90% extract (15.40 mg/g) and the 70% extract (14.58 mg/g). In contrast, NAR
levels were low and relatively stable (1.41–1.82 µg/g), confirming its limited abundance in
grapefruit peel.

These results indicate that solvent concentration in the tested range (50–90% ethanol)
did not markedly affect NR yield, as the differences between extracts were within a narrow
margin (<1.1 mg/g). Nevertheless, the slight superiority of the 50% EtOH extract suggests
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that moderate ethanol content may facilitate better solubilisation of glycosylated flavonoids
such as NR.

Importantly, variability between studies is evident: while our extracts contained
~14–16 mg/g naringin, our previous work reported up to 42.04 mg/g [19,20]. This discrep-
ancy is most likely due to natural differences in raw material (ripeness, harvest season, or
cultivation conditions) rather than methodological inconsistencies [36].

3.2. Characterisation of Liposomal Formulations: Particle Size, PDI, and Zeta Potential

The physicochemical properties of the liposomal formulations, including particle size,
polydispersity index (PDI), and zeta potential, are summarised in Table 3.

Table 3. Data are presented as mean ± standard deviation (n = 3). Letters (a, b, c) indicate statistically
significant differences within each column (p < 0.05). The formulation ID is listed in Table 1.

Formulation Size (nm) PDI Zeta Potential
(mV)

EL1 101.5 ± 5.08 a 0.362 ± 0.018 c −17.5 ± 0.88 b
EL2 93.93 ± 4.70 b 0.144 ± 0.007 a −20.3 ± 1.02 bc
NL1 98.57 ± 4.93 ab 0.225 ± 0.011 b −10.4 ± 0.52 a
NL2 96.96 ± 4.85 ab 0.151 ± 0.017 c −25.8 ± 1.29 c

The particle size of the liposomes ranged from 93.93 ± 4.70 nm to 101.5 ± 5.08 nm,
placing all formulations within the nanoscale range, which is favourable for biomedical
applications such as drug delivery [37]. EL2 had the smallest particle size (93.93 ± 4.70 nm),
which was significantly smaller than that of EL1 (101.5 ± 5.08 nm, p < 0.05). NL1 and
NL2 showed intermediate sizes with no statistically significant difference from the extract-
based systems EL1 or EL2. These findings suggest that the 2:1 lipid-to-core ratio promoted
smaller vesicle formation, consistent with previous reports that higher lipid concentrations
enhance bilayer stability and reduce vesicle size [38]. NL2 (96.96 ± 4.85 nm), which had the
same lipid composition as EL2 but contained naringin instead of extract, showed slightly
smaller particles than NL1 (98.57 ± 4.93 nm), further suggesting that lipid content—not the
encapsulated compound—was the main factor causing size reduction [39,40].

PDI values ranged from 0.144 to 0.362. EL2 had the lowest PDI (0.144 ± 0.007),
indicating a highly uniform particle size distribution. EL1 and NL1 had significantly higher
PDI values, suggesting greater heterogeneity. Higher lipid content in lipid nanoparticles
likely improves homogeneity by stabilising vesicle formation. This stabilisation is due
to the ability of lipids to interact with each other and with other components of lipid
nanoparticles, such as cholesterol, which promotes a more uniform structure and prevents
aggregation or phase separation [41].

Zeta potential ranged from −10.4 mV (NL1) to −25.8 mV (NL2). NL2 showed the most
negative value (−25.8 ± 1.29 mV), indicating superior electrostatic stability and reduced
risk of aggregation. NL1 had the least negative zeta potential (−10.4 ± 0.52 mV), while
EL1 and EL2 were intermediate. Similar correlations between increased lipid content and
more negative zeta potential have been found by Németh et al. [23], suggesting that higher
lipid levels enhance the surface charge density of the vesicles. Based on physicochemical
evaluation, EL2 and NL2 were selected for further studies. These size values (<120 nm) and
zeta potentials below −20 mV suggest good colloidal stability and favourable biological
behaviour, potentially enhancing mucosal permeation and systemic absorption after oral
administration [42,43].
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3.3. Characterisation of Spray-Dried Microcapsules and Spray-Dried Liposomes
3.3.1. Powder Yield, Moisture Content, and Encapsulation Efficiency

The spray-drying process produced powders with yields ranging from 36.7% to 43.0%
(Table 4).

Table 4. Powder yield, moisture content, encapsulation efficiency (EE%) and aqueous solubility
determination of different spray-dried formulations.

Sample ID Powder Yield (%) Moisture Content
(%)

Encapsulation
Efficiency (EE) (%)

Solubility NR
(µg/mL)

ES 43.00 ± 2.15 4.12 ± 0.206 90.91 ± 4.54 138.80 ± 4.25 *
ELS 41.05 ± 1.60 3.81 ± 0.19 99.36 ± 4.96 * 17.36 ± 1.01
NS 36.70 ± 1.83 4.21 ± 0.21 81.08 ± 4.05 306.42 ± 10.34 *

NLS 38.15 ± 1.91 5.58 ± 0.279 * 94.60 ± 4.73 * 93.32 ± 6.01
Data are presented as mean ± standard deviation (n = 3). * Columns indicate statistically significant differences
between groups (p < 0.05). Sample ID explanations: ES—Extract without liposomes (spray-dried); ELS—Extract-
loaded liposomal powder; NS—Naringin without liposomes (spray-dried); NLS—Naringin-loaded liposomal
powder.

Extract-based powders (ES, ELS) yielded higher amounts (41–43%) than NR-based
powders (NS, NLS; 36–38%, p < 0.05). This difference likely reflects the higher solid
content and greater compatibility of the natural extract with the carrier, which promotes
droplet stability and efficient solvent removal during the drying process. Similar effects
have been observed in studies comparing plant extracts with pure compounds in capsule
manufacturing processes [44]. Moreover, liposomal formulations (ELS and NLS) yielded
slightly lower results compared to non-liposomal formulations. This reduction is likely due
to the additional lipid phases, which can affect atomization and increase wall deposition
during the spray drying process. Similar observations have been reported in previous
studies, where lipid-rich formulations reduced powder recovery due to nozzle clogging and
increased wall deposition [45,46]. These findings align with reports that high fat content
can adversely affect the retention of bioactive compounds and the overall efficiency of
encapsulation processes [47].

Moisture content was below the 6% stability threshold for all samples [27]. NLS had
the highest residual moisture (5.58 ± 0.279%, p < 0.05). This result can be explained by the
interaction between crystalline NR and the lipid bilayer, which may prevent the complete
removal of bound water during the drying process. Cegledi et al. [48] published a similar
study on flavonoids and lipids, noting that a possible interaction between polyphenols and
lipids may increase the residual moisture content.

3.3.2. Encapsulation Efficiency

Encapsulation efficiency (EE) showed apparent differences between the tested systems,
ranging from 81.08% for the spray-dried NR sample (NS) to 99.36% for the extract-based
liposomal powder (ELS). In general, liposomal systems (ELS, NLS) performed better than
non-liposomal ones, supporting the well-known function of phospholipid bilayers in
retaining both hydrophilic and lipophilic compounds within the carrier. The exceptionally
high EE observed for ELS (99.36 ± 4.96%) suggests that the presence of multiple extract
components may stabilise the liposomal structure and enhance the retention of NR during
spray-drying. This result aligns with previous reports that complex plant matrices often
interact more strongly with carrier materials than single, pure compounds, leading to
improved entrapment and stability. The lower encapsulation efficiency observed for
crystalline NR could also be attributed to partial precipitation or phase separation during
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spray drying, as previously observed in similar flavonoid systems where crystalline nature
interfered with uniform entrapment [47,49,50].

3.3.3. Solubility and Dissolution Efficiency

The aqueous solubility of NR was evaluated by measuring the concentration of the
dissolved compound in 30 mL of distilled water from 500 mg of each spray-dried powder
formulation. The results are summarised in Table 4.

The literature reports a wide range of solubility data for NR, ranging from 30–40 µg/mL
under standard experimental conditions to a theoretical solubility of 0.5 g/L (500 µg/mL) at
20 ◦C and up to 1 mg/mL at 40 ◦C, confirming the significant influence of temperature [7].
The highest solubility was observed for the spray-dried pure NR formulation (NS), reach-
ing 306.42 ± 10.34 µg/mL, nearly tenfold higher than the reported reference value. The
extract-based microencapsulated powder (ES) also showed a significantly higher solubility
at 138.80 ± 4.25 µg/mL. The solubility of the liposomal naringin formulation (NLS) reached
93.32 ± 6.01 µg/mL, more than twice the solubility of pure crystalline naringin. Meanwhile,
liposomal grapefruit peel extract powder (ELS) had the lowest solubility among all tested
samples—17.36 ± 1.01 µg/mL.

The increasing solubility observed in NS, ES, and NLS formulations can be attributed
to the spray-drying process, combined with the use of appropriate carrier materials,
which enhance wettability, reduce particle crystallinity, and increase surface area. Mean-
while, the low solubility of the ELS formulation, despite its high encapsulation efficiency
(99.36 ± 4.96%), can be attributed to several factors. First, the initial amount of extract used
in the formulation was relatively low, resulting in a limited absolute NR content in the final
dried product (0.94 mg of theoretical NR in 500 mg of powder), as shown in Table 5. Second,
liposomal encapsulation may limit the release of NR due to entrapment in lipid bilayers,
especially when drug loading is low. Lastly, matrix entrapment and reduced wettability of
lipid-rich particles may delay the diffusion of NR [48,50].

Table 5. Theoretical and dissolved amounts of naringin (NR) and dissolution efficiency (%) of
different spray-dried formulations.

Sample ID Theoretical Amount of
NR (mg)

Dissolved Amount of NR
(mg)

Dissolution Efficiency DE
(%)

NS 163.82 ± 2.10 9.19 ± 0.31 * 5.6 ± 0.28
NLS 6.55 ± 0.22 2.80 ± 0.18 * 42.7 ± 2.13
ES 4.53 ± 0.15 4.16 ± 0.12 91.8 ± 4.59

ELS 0.94 ± 0.05 0.52 ± 0.03 55.3 ± 2.76
* The difference between the samples’ parameters is statistically significant at p * < 0.05.

Meanwhile, these findings suggest that while liposomal systems, such as NLS, are
valuable for enhancing NR stability and controlling its release, their apparent solubility may
be lower than that of non-liposomal powders. This finding is compatible with previous studies,
which have shown that liposomal carriers tend to slow down the initial dissolution phase
while providing benefits for sustained release and improved absorption in vivo [6,51–53].

3.3.4. Theoretical and Dissolved Amounts of NR

To ensure clarity, dissolution data were expressed both as absolute NR concentrations
and as dissolution efficiencies relative to the theoretical drug content. This approach enables a
more direct comparison of different formulations, highlighting the higher relative efficiency
of dual encapsulation (NLS, ELS) compared to single microencapsulation (NS, ES).

The spray-dried NR powder (NS) contained the highest theoretical amount of NR
(163.82 ± 2.10 mg), but released only 9.19 ± 0.31 mg, corresponding to a very low DE of 5.6%.
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This low percentage demonstrates the limitations of the solubility and slow dissolution
kinetics of crystalline NR, even after encapsulation with maltodextrin, β-cyclodextrin, and
HPMC. Similar limitations have been reported for flavonoids encapsulated in carbohydrate-
based matrices [51], where strong intermolecular hydrogen bonding, high crystallinity, and
limited wettability of the carrier system hinder complete dissolution.

In contrast, the NLS formulation with a much lower drug loading (6.55 ± 0.22 mg)
achieved a DE of 42.7 ± 2.13%, indicating more efficient release relative to the available con-
tent. This suggests that liposomal encapsulation can increase the relative release efficiency
even if the total amount of solute remains lower.

For the extract-based systems, ES achieved the highest DE among all tested samples
(91.8 ± 4.59%), releasing nearly all its naringin content (4.16 ± 0.12 mg of 4.53 ± 0.15 mg
theoretical). The presence of other phytochemicals and soluble matrix components in the
extract may have enhanced solubilisation, acting as natural surfactants and dissolution
promoters [49].

Interestingly, ELS, despite having the lowest absolute naringin loading (0.94 ± 0.05 mg),
achieved a DE of 55.3 ± 2.76%. While lower than ES, this still demonstrates that more
than half of the encapsulated naringin was released into the medium. This suggests that
lipid encapsulation, even in low-loading systems, can sustain and control the release rate,
reducing burst dissolution and potentially enhancing bioavailability in vivo [5,54].

Overall, the data indicate that while single-layer carbohydrate encapsulation (NS)
offers some protection to NR, it does not overcome its intrinsic solubility limitations.
Incorporating a lipid phase, as in NLS and ELS, markedly improves relative dissolution
efficiency, although achieving high solubility still requires optimising both drug loading
and release characteristics.

3.3.5. Scanning Electron Microscopy of Spray-Dried Powder

The surface morphology of the spray-dried formulations was examined by scanning
electron microscopy (SEM) at magnifications of ×1000 and ×6000 (Figure 6). All sam-
ples were prepared using an encapsulation matrix consisting of maltodextrin (15% w/v),
β-cyclodextrin (2.5% w/v), and hydroxypropyl methylcellulose (0.5% w/v). It ensures
comparable structural characteristics across the different formulations. The only varying
factor was the encapsulated core material: grapefruit peel extract (ES), pure naringin (NS),
and their respective liposomal forms (ELS and NLS).

Across all samples, particles displayed predominantly spherical to quasi-spherical
morphology, with sizes ranging approximately from 5 to 10 µm. The surfaces were generally
smooth but showed typical spray-drying artefacts such as shrinkage, surface indentations,
and wrinkles. This morphology is consistent with previously described spray-dried systems
that use carbohydrate-based encapsulation materials [54,55].

Liposomal formulations (ELS and NLS) showed more uniform, rounded, and in-
tact particle structures with fewer surface irregularities. This may be attributed to the
presence of liposomal carriers in the matrix, which may improve the structural cohesion
and film-forming properties of the droplets during drying. Similar improvements in par-
ticle integrity for lipid-containing spray-dried systems have been reported in previous
microencapsulation studies [55,56].

Overall, the SEM analysis confirmed that despite minor visual differences related to the
core material, all spray-dried samples maintained desirable morphological characteristics
suitable for stable dry powder delivery systems.
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Figure 6. (a) SEM images of spray-dried powders (ELS, ES, NLS, NS) at ×1000 magnification. (b) SEM
images of spray-dried powders (ELS, ES, NLS, NS) at ×6000 magnification. Quantitative image
analysis of SEM micrographs (×6000 magnification) revealed a predominant particle size range below
1 µm, with a mean equivalent diameter of 1.45 µm, supporting the uniformity and nanoscale nature
of the spray-dried formulations.

3.4. In Vitro Release Profile in Simulated Gastrointestinal Fluids

It was hypothesised that the application of a dual-encapsulation system consisting of
liposomal entrapment and microencapsulation using carbohydrate-based wall materials
would provide a modified and sustained release of naringin through simulated gastric (SGF,
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pH 1.2) and intestinal (SIF, pH ~6.8) fluids compared to single microencapsulation. In total,
500 mg of powder was used in each test, allowing for standardised comparisons between
different groups of formulations. Based on the formulation composition, the theoretical
NR content in a 500 mg sample was NS—163.82 mg, NLS—6.55 mg, ES—4.53 mg, and
ELS—0.94 mg. The result is demonstrated in Figure 7.

Figure 7. In vitro NR release from spray-dried formulations was evaluated in SGF (pH 1.2) and SIF
(pH ~6.8). Results are expressed as mean ± SD (n = 3).

3.4.1. NR Release in Gastric Phase (30–90 min)

The release of NR during the gastric phase varied significantly, indicating the influence
of the capsule on the kinetics of release. The non-liposomal formulation (NS) exhibited the
highest release, reaching 274.26 ± 2.15 µg/mL after 30 min and 260.07 ± 1.73 µg/mL after
90. Despite this high initial release, the overall dissolution efficiency remained low (~5–6%
of the theoretical drug content), likely due to rapid saturation of the medium followed by
crystal recrystallisation or acid-induced degradation. This behaviour aligns with earlier
findings that crystalline flavonoids display poor aqueous solubility and reduced stability
in acidic environments due to strong intermolecular hydrogen bonding and high crystal
lattice energy [41].

NLS (dual-encapsulated NR) released 55.36± 0.44µg/mL at 30 min and 55.87± 0.33µg/mL
at 90 min, corresponding to ~59–60% of its measured aqueous solubility (93.3 µg/mL). This
demonstrates that the lipid bilayer and carbohydrate shell act synergistically to limit drug diffu-
sion under acidic conditions, in agreement with previous studies that have shown rigidified
liposomal membranes reduce permeability in SGF [53].

For extract-based systems, ES showed rapid release (130.67 ± 3.21 µg/mL at 30 min;
135.71 ± 2.16 µg/mL at 90 min), corresponding to ~94–98% of theoretical content. The high
efficiency (91.8%) is likely facilitated by co-extracted polar compounds, such as flavonoid
glycosides and organic acids, acting as natural solubilising agents. In contrast, ELS (dual-
encapsulated extract) exhibited the lowest absolute release (9.87–10.85 µg/mL), yet this
represented ~32–36% of its theoretical loading, indicating that liposomal encapsulation
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successfully retained NR in the gastric phase, allowing for delayed release into the intesti-
nal stage.

3.4.2. NR Release in Intestinal Phase (120–180 min)

When the medium was changed to simulated intestinal fluid (SIF, pH 6.8), the release
of NLS slightly increased to 56.89 ± 0.68 µg/mL after 120 min and remained stable at
52.07 ± 0.55 µg/mL after 180 min. It shows a pH-dependent release pattern where liposome
destabilisation and capsule matrix hydration at neutral pH promote controlled diffusion.

NS, which excludes most of its content in SGF, showed lower concentrations in SIF
(208.53 ± 1.95 µg/mL at 120 min and 220.82 ± 1.65 µg/mL at 180 min). ELS showed a de-
layed but sustained release, reaching 11.24 ± 0.41 µg/mL at 120 min and 9.94 ± 0.36 µg/mL
at 180 min, confirming gut-mediated disintegration of the carbohydrate matrix. Despite the
low absolute concentration, this behaviour supports the concept of site-specific delivery. ES
peaked at 148.35 ± 2.37 µg/mL at 120 min, with a minor decline to 146.88 ± 2.01 µg/mL at
180 min, indicating passive diffusion without pH-triggered modulation.

These results confirm that dual-encapsulation systems (NLS, ELS) reduce early gastric
release and promote sustained intestinal delivery more effectively than single-encapsulation
systems (NS, ES). Similar dual-barrier effects—where a hydrophobic lipid bilayer protects
against gastric acid and a carbohydrate shell modulates hydration and erosion—have been
reported for other polyphenol delivery systems [56]. The synergistic effect of the double
capsule is likely due to the lipid bilayer acting as a hydrophobic barrier, limiting diffusion
in acidic environments. At the same time, the carbohydrate matrix inhibits hydration and
erosion, while promoting pH-dependent release and penetration into the intestine [57].

4. Physical Characterisation of Buccal Films
4.1. Visual Appearance of Buccal Films

Buccal films were successfully prepared using the solvent casting method, and four
formulations—EP1, EP2, NP1 and NP2—were developed based on different polymer com-
binations and active ingredients. Formulations EP1 and EP2 contained grapefruit peel
extract prepared with 70% ethanol, while NP1 and NP2 were based on a pure naringin
solution (50 mg/mL in 70% ethanol). The polymers used in all formulations were hydrox-
ypropyl methylcellulose (HPMC), EP1 and NP1, which contained sodium alginate (ALG),
and EP2 and NP2, which contained polyvinyl alcohol (PVA). All films contained glycerol
as a plasticiser.

Visual inspection (Figure 8) revealed that all prepared films were homogeneous,
smooth, and free from visible defects, such as air bubbles or cracks, indicating the proper
dispersion of the film-forming components. However, apparent differences in transparency
and colour were observed between the extract-based (EP1, EP2) and NR-based (NP1, NP2)
films. EP1 and EP2 appeared to be light yellow to light brown, which is due to the natural
pigmentation of the grapefruit extract, which contains flavonoids and other polyphenolic
compounds. It is noteworthy that the surface of EP2 was slightly more transparent and
uniform, most likely due to the clarifying properties of the PVA film.

In contrast, NP1 was almost colourless and the most transparent. At the same time,
NP2 had a faint yellow tint, possibly due to the interaction of PVA and naringin or due to
minor oxidative changes during drying.

These observations suggest that extract-based films typically exhibit higher pigmen-
tation and opacity, which may impact consumer perception and acceptability, while also
indicating the presence of multiple bioactive components compared to films containing
a single active compound. The choice of secondary polymer (ALG or PVA) also affected
the appearance and texture of the film. PVA-based films (EP2, NP2) showed higher visual
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smoothness and flexibility, likely due to the better film-forming properties of PVA [58].
Meanwhile, ALG-based films (EP1, NP1) were slightly matte and stiffer, which may affect
their mucoadhesive properties.

 

Figure 8. Visual appearance of buccal film samples. EP1 and EP2 (grapefruit peel extract), NP1 and
NP2 (pure naringin). EP1/NP1: HPMC + ALG; EP2/NP2: HPMC + PVA.

4.2. Solubility, Moisture Content, and Mucoadhesive Properties of Buccal Films

The in vitro dissolution performance and mucoadhesive behaviour of the developed
buccal films were evaluated using artificial saliva (pH 6.8) and texture analysis. Results are
presented in Table 6.

Table 6. In vitro dissolution results, moisture content, and mucoadhesive properties of buccal film
formulations (mean ± SD, n = 3). Dissolution efficiency is calculated relative to the theoretical
maximum drug content in each film.

Sample ID *
In Vitro

Dissolution Test
(µg/mL)

Dissolution
Efficiency (%)

Moisture
Content (%)

Peak Force
(Adhesiveness

N)

Work of
Adhesion (N·s)

EP1 27.08 ± 1.42 40.2 13.48 ± 0.45 0.02 ± 0.005 −0.53 ± 0.12
EP2 18.45 ± 1.05 26.6 15.25 ± 0.52 0.07 ± 0.01 −0.25 ± 0.008
NP1 63.99 ± 2.64 37.5 11.46 ± 0.40 0.08 ± 0.01 0.46 ± 0.10
NP2 69.97 ± 3.01 40.9 11.49 ± 0.42 0.09 ± 0.01 0.47 ± 0.11

* Sample ID codes and formulation compositions are listed in Table 2.

The highest release of naringin in artificial saliva was observed for NP2 (69.97± 3.01µg/mL)
and NP1 (63.99 ± 2.64 µg/mL), corresponding to dissolution efficiencies of 40.9% and 37.5%,
respectively. These results reflect the efficient matrix hydration and polymer swelling, especially
in PVA-based films, which promote faster wetting and better dispersion of molecules [59,60].

In contrast, extract-loaded films (EP1, EP2) released lower absolute amounts of NAR
(27.08 ± 1.42 µg/mL and 18.45 ± 1.05 µg/mL, respectively), but achieved moderate
dissolution efficiencies relative to their drug loading (40.2% and 26.6%, respectively).
Notably, EP1 (ALG-based) exceeded EP2, consistent with the literature, which indicates
that alginate matrices promote drug release at near-neutral pH through ion-exchange and
gradual erosion mechanisms [61,62].

Figure 9 presents these findings along with the complete dissolution time of the films,
defined as the time required for the entire buccal film to dissolve fully into artificial saliva.
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EP1 exhibited the longest dissolution time (~35 min), suggesting a slower matrix erosion
rate despite moderate drug release. EP2 shows the fastest dissolution (~5 min), likely due
to PVA’s rapid hydration and erosion properties. NP1 and NP2 dissolved more slowly, in
15 and 20 min, respectively, suggesting that variations in polymer structure and the way
films absorb water influence the breakdown rate.

Figure 9. Dissolution time of buccal film formulations (EP1, EP2, NP1, NP2) in artificial saliva (pH 6.8),
showing complete film disintegration time. Schematic diagrams illustrate the proposed release
mechanisms based on polymer composition and the type of active ingredient. NP2 (PVA–HPMC,
pure NR)—rapid hydration and diffusion; NP1 (ALG–HPMC, pure NR)—dense gel matrix restricting
diffusion; EP1 (ALG–HPMC, grapefruit peel extract)—improved wettability due to polyphenols,
organic acids, pectins, and essential oils; EP2 (PVA–HPMC, grapefruit peel extract)—faster erosion
facilitated by co-extracted components but with lower absolute release due to reduced NR loading.

Mucoadhesion testing showed that NP2 exhibited the highest adhesion force (0.09 N)
and work of adhesion (0.47 N·s), which can be attributed to PVA’s hydrophilicity and ability
to form hydrogen bonds with mucin. NP1 also exhibited good adhesion (0.46 N·s), likely
due to the ionic interactions of alginate with mucosal surfaces. In contrast, EP1 and EP2
had lower or negative work of adhesion values, suggesting that specific extract components
may interfere with optimal polymer–mucin interactions. This may be due to polyphenolic
or flavonoid compounds in the extract forming non-specific interactions with mucin or
the polymer chains, thus disrupting the formation of stable adhesive networks [60,63].
Additionally, extract constituents may increase interfacial tension or alter surface wettability,
reducing effective contact with mucosal surfaces [64]. Interestingly, visual inspection during
artificial saliva exposure revealed that all films softened rapidly upon contact with liquid
and adhered well to the glass test surface. This suggests that localised swelling and
hydration can still promote surface attachment, even when probe-measured mucoadhesion
is low.

Moisture content varied among formulations, with extract-based films (EP1, EP2)
having higher values (13.48–15.25%), likely due to the hygroscopic nature of sugars and
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polyphenols in the extract [65]. In comparison, NP1 and NP2 had lower moisture levels
(~11.5%), which showed better mechanical stability.

4.3. In Vitro Release Profile in Artificial Saliva

The release of NR from extract-based buccal films (EP1 and EP2) was assessed in
artificial saliva and is presented alongside pure compound films in Table 6 and Figure 10.
Dissolution assay evaluated by the actual maximum release of NR from fully dissolved
films (Table 6).

Figure 10. In vitro release profiles of naringin from buccal film formulations (EP1, EP2, NP1, NP2)
over 30 min in artificial saliva (pH 6.8). Error bars represent standard deviations (n = 3).

The NP2 formulation exhibited the highest cumulative release, reaching 65.1% within
30 min. These results support the findings of El Sharawy et al. (2017) [65,66] and El-
gharbawy et al. (2024) [67], who showed that polyvinyl alcohol (PVA) combined with
hydroxypropyl methylcellulose (HPMC) promotes rapid hydration and facilitates diffu-
sion of poorly soluble drugs (e.g., ibuprofen) by forming a highly conductive polymer
matrix [31].

The EP1 and EP2 films released approximately 59.4% and 52.1% of their total naringin
content, respectively, despite having substantially lower initial loading. This behaviour is
consistent with previous reports suggesting that polyphenols and co-extracted phytochem-
icals can enhance wettability, disrupt polymer–polymer interactions, and accelerate film
matrix erosion [68].

In contrast, NP1 showed the lowest release (14.1% in 30 min) despite containing the
highest drug content. This reduced release may be related to sodium alginate forming
a dense gel barrier in aqueous media, thereby limiting the diffusion of the drug. This
reduced release may be attributed to sodium alginate forming a dense gel matrix upon
hydration, which restricts drug diffusion, consistent with findings from recent studies
using alginate-based buccal systems [62,69].
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These findings confirm that both polymer selection (PVA vs. ALG) and the nature
of the active ingredient (pure compound vs. plant extract) have a significant influence
on buccal film productivity. Extract-based films, although showing lower mucoadhesive
properties, appear to be more suited for rapid-release applications. In contrast, PVA–
naringin films such as NP2 offer a favourable balance between release kinetics and adhesion.

5. Conclusions
In the present study, single microencapsulation of naringin with carbohydrate-based

wall materials substantially increased its aqueous solubility compared to the crystalline
form, reaching 306.42 µg/mL for the spray-dried powder. This value is markedly higher
than the ~30–40 µg/mL reported under standard conditions by Zhang et al. (2015) [70].
Dual encapsulation combining liposomal entrapment with microencapsulation also en-
hanced solubility relative to pure naringin; however, the values (e.g., 93.32 µg/mL for
NLS) were lower than those from single microencapsulation, as the liposomal barrier
slowed immediate dissolution while providing greater stability. Buccal films, particularly
the PVA–HPMC formulation (NP2), achieved dissolution efficiencies of 40.9% in artificial
saliva, consistent with the rapid hydration and diffusion.

Release studies demonstrated that dual encapsulation slowed NR release under gastric
conditions and sustained delivery in the intestinal phase, whereas single microencapsula-
tion promoted faster but less controlled release. Among buccal films, NP2 provided the
highest total release and mucoadhesive strength, highlighting the role of polymer selection
in optimising both drug availability and mucosal retention. Interestingly, grapefruit peel
extract-based formulations, despite lower absolute NR content, frequently showed higher
relative release efficiencies, likely due to the presence of co-extracted phytochemicals—such
as flavonoids, organic acids, and sugars—that improve wettability, matrix hydration, and
molecular diffusion.

These results support the initial hypotheses of the study: (i) the double capsule ef-
fectively limits release in the acidic gastric environment, supporting intestinal delivery,
(ii) PVA-based oral films outperform alginate-based films in terms of release and mucoad-
hesion, and (iii) grapefruit peel extract increases the relative release of NR compared to the
pure compound, likely due to synergistic co-components.

Meanwhile, in vitro findings suggest that dual-encapsulation systems may enhance
stability and site-specific release, supporting their potential for improved intestinal absorp-
tion and therapeutic efficacy in nutraceutical or pharmaceutical applications.

Although the in vitro results are promising, future in vivo investigations are needed
to evaluate the impact of enzymatic degradation, mucosal penetration efficiency, and
intestinal absorption mechanisms, which may influence the real-world applicability of
these delivery systems.
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