University of
< Reading

Production and properties of quercetin-
loaded liposomes and their influence on
the properties of galactomannan-based
films

Article
Published Version
Creative Commons: Attribution 4.0 (CC-BY)

Open Access

de Albuquerque, P. B. S. ORCID: https://orcid.org/0000-0002-
6310-1365, de Souza, M. P. ORCID: https://orcid.org/0000-
0002-8629-143X, Bourbon, A. I. ORCID:
https://orcid.org/0000-0002-5845-7359, Cerqueira, M. A.
ORCID: https://orcid.org/0000-0001-6614-3942, Pastrana, L.
ORCID: https://orcid.org/0000-0002-6637-3462, Jauregi, P.
ORCID: https://orcid.org/0000-0003-4438-191X, Teixeira, J. A.
ORCID: https://orcid.org/0000-0002-4918-3704 and das
Gracas Carneiro-da-Cunha, M. (2023) Production and
properties of quercetin-loaded liposomes and their influence
on the properties of galactomannan-based films. Applied
Nano, 4 (2). pp. 159-177. ISSN 2673-3501 doi:
https://doi.org/10.3390/applnano4020009 Available at
https://centaur.reading.ac.uk/112286/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.3390/applnano4020009

Publisher: MDPI AG


http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf

University of
< Reading

All outputs in CentAUR are protected by Intellectual Property Rights law,
including copyright law. Copyright and IPR is retained by the creators or other
copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.

www.reading.ac.uk/centaur

CentAUR

Central Archive at the University of Reading

Reading’s research outputs online


http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence

applied nano

Article

Production and Properties of Quercetin-Loaded Liposomes and
Their Influence on the Properties of Galactomannan-Based Films

Priscilla Barbosa Sales de Albuquerque
, Lorenzo Pastrana

Miguel A. Cerqueira °

1,2,3,%
5

40, Ana Isabel Bourbon 5@,

2

, Marthyna Pessoa de Souza
, Paula Jauregi ¢14(0), José A. Teixeira

and Maria das Gracas Carneiro-da-Cunha -7

check for
updates

Citation: de Albuquerque, P.B.S.; de
Souza, M.P; Bourbon, A .L; Cerqueira,
M.A; Pastrana, L.; Jauregi, P.;
Teixeira, J.A.; das Gragas
Carneiro-da-Cunha, M. Production
and Properties of Quercetin-Loaded
Liposomes and Their Influence on the
Properties of Galactomannan-Based
Films. Appl. Nano 2023, 4, 159-177.
https:/ /doi.org/10.3390/
applnano4020009

Academic Editors: Hongbo Gu,
Zilong Deng, Donglu Fang,
Xianhu Liu, Kai Sun and Hu Liu

Received: 2 March 2023
Revised: 19 April 2023

Accepted: 26 May 2023
Published: 31 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laboratério de Imunopatologia Keizo Asami, Universidade Federal de Pernambuco, Campus Universitario,
s/n, Cidade Universitaria, Recife 50670-901, PE, Brazil

Center of Biological Engineering, Universidade do Minho, Campus de Gualtar, 4710-057 Braga, Portugal
Department of Medicine, Universidade de Pernambuco—UPE, R. Cap. Pedro Rodrigues,

Garanhuns 55294-902, PE, Brazil

Centro de Saude e Tecnologia Rural, Universidade Federal de Campina Grande, Av. Universitaria s/n,
Patos 58700-970, PB, Brazil

International Iberian Nanotechnology Laboratory, Av. Mestre José Veiga s/n, 4715-330 Braga, Portugal
Department of Food and Nutritional Sciences, University of Reading, Harry Nursten Building,

Reading RG6 6DZ, UK

Departamento de Bioquimica, Universidade Federal de Pernambuco, Av. Prof. Moraes Rego, s/n, Cidade
Universitaria, Recife 50670-420, PE, Brazil

Correspondence: priscilla.albuquerque@upe.br; Tel.: +55-87-37618210

t Current address: Ikerbasque, Basque Foundation for Science, Bilbao 48013, Spain.

1 Current address: AZTI, Food Research, Basque Research and Technology Alliance (BRTA), Parque Tecnldgico
de Bizkaia, Astondo Bidea, Edificio 609, 48160 Derio, Spain.

Abstract: The objective of this work was to prepare different concentrations of liposomes based on
lecithin containing quercetin, and evaluate their effect on the properties of galactomannan films
obtained from Cassia grandis seeds. Quercetin-loaded lecithin liposomes (QT-LL) were obtained by
the ethanol injection method by incorporating quercetin in different concentrations in a previously
prepared suspension of lecithin liposomes in water. Following characterization of QT-LLs by zeta
potential and dynamic light scattering, QT-LL with 75 pg quercetin/mL suspension was incorporated
at different concentrations in galactomannan films. The films obtained were characterized for color,
solubility, moisture content (MC), water vapor permeability (WVP), scanning electron microscopy
(SEM), X-ray diffraction (XRD), and Fourier-transform infrared (FTIR) spectroscopy. The size of
lecithin liposomes with no quercetin was statistically than those containing quercetin above 50 p1g/mL.
All the QT-LLs presented a low polydispersity index, even considering their significant differences
and similar values for zeta potential. The films displayed a rough surface and the galactomannan
structure was confirmed by FTIR. Additionally, the amorphous nature of the polysaccharide was
observed by XRD. The films were luminous, with a predominant yellow tendency and low opacity.
The incorporation of QT-LL in galactomannan films did not lead to statistical differences for solubility
and MC, while significant differences were observed for WVP. Galactomannan films were shown to
be a promising structure for the incorporation of lecithin liposomes loaded with quercetin, pointing
at promising applications for different applications.

Keywords: bioactive compounds; biopolymers; heath applications; encapsulation; polysaccharides

1. Introduction

Natural or synthetic polymers are molecules whose chains are long enough to produce
different scaffolds, such as films, membranes, and coatings. The preparation of films from
biodegradable polymers has attracted the interest of the scientific community in recent
years, mainly due to the importance given to the replacement of synthetic polymers. Films
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developed from polysaccharides act as excellent barriers to oxygen due to the packing of
molecules, forming a structural network ordered through hydrogen bonds with potential
for many applications; however, their hygroscopic characteristics can reduce this potential
and should be studied [1].

Galactomannans are polysaccharides mainly found as an energy reserve in leguminous
seeds, being composed of a central core of (1—4)-linked D-mannopyranose units to which
(1—+6)-linked D-galactopyranose units are attached. They are an essential hydrophilic
material with a variety of properties, such as low- or non-toxicity, biodegradability, film
forming capacity, and ready availability. The galactomannan obtained from the seeds of
Cassia grandis collected in the northeast of Brazil was extensively characterized [2] and used
for the production of films containing different concentrations of bioactive compounds [3].
Subsequently, the same galactomannan was reported to show the ability to accelerate the
stages of wound healing and improve the remodeling of the extracellular matrix of topical
wounds produced on rats [4].

Quercetin, chemically named as 3,3,4’,5'-7-pentahydroxy flavone, is one of the most
abundant flavonoids in plants. Despite the wide spectrum of its pharmacological properties,
the use of quercetin in the pharmaceutical field is limited due to its low aqueous solubility
and instability in physiological medium, resulting in poor bioavailability and permeability,
in addition to instability, thus hindering its absorption through the skin. One way to
circumvent these problems is to entrap/adsorb the quercetin into nanocarriers because of
their ability to encapsulate hydrophobic and hydrophilic moieties [5].

The first-developed closed bilayer systems are called liposomes, which were also the
first nanomedicines to enter the market and be applied to human patients [6]. Regarding
their structure, liposomes are colloidal systems formed by the self-assembly of amphiphilic
lipid molecules in solution; their polar head and long-chain hydrocarbon tail provide
a unique configuration that is capable of encapsulating both hydrophilic and lipophilic
molecules [7]. Because of this, they have found applications, for example, as antitumor [8,9]
and anti-ischemic stroke neuroprotective [10] agents, in the management of psoriasis [11],
as vaccines to combat COVID-19 [6], and also as an approach to improve quercetin delivery
to the skin [12].

The most common methods for preparing liposomes require organic solvents, for
example, ethanol and diethyl ether, complex multistage processes, and high energy costs.
Despite the utilization of methods such as thin-film hydration, reverse-phase evaporation,
and freeze-drying in industry, the technique extensively used in scaled-up manufacturing
was the ethanol injection method followed by extrusion [13]. In the ethanol injection
method, phospholipids are dissolved in ethanol and rapidly injected into water to produce
liposomes; this leads to the formation of encapsulated vesicles without an external energy
source [14].

Lecithin, a mixture of phospholipids of vegetable origin comprised mainly of phos-
phatidylcholine and phosphatidyl-ethanolamine, is considered a safe and biocompatible
excipient for humans. It is commonly used in many formulations [15-17]; for example,
Lecinova®, Lipoid S45, and Lipoid S75 are soybean-derived types of lecithin widely used
in the development of liposomes as they are easily available and less expensive than the
pure phospholipids [18]. More specifically, Lipoid 545 was recently used for the production
of liposomes, by ethanol injection or otherwise, and suggested for different applications:
the development of an innovative antifibrotic pirfenidone-loaded lecithin core nanocap-
sule [19]; the production of melatonin-loaded lecithin-chitosan nanoparticles as wound-
healing agents in diabetic rats [20]; and the encapsulation of eugenol by spray-drying in
lecithin and maltodextrin matrices for food applications [21]. However, to the best of our
knowledge, no work has described the ethanol injection method for the development of
quercetin-loaded liposomes.

Considering the above, the technological development of a simple, quickly-prepared,
and nanometric vesicle of lecithin emerges as a promising strategy to deliver quercetin. In
addition, the galactomannan from C. grandis could be considered an efficient support to
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immobilize the liposome for a prolonged period of time; due to the inherent characteristics
of the polysaccharide and the ability to promote the controlled delivery of quercetin from
the film, interesting applications can be suggested for the system. During this work,
quercetin was incorporated in lecithin liposomes and characterized by particle size and
zeta potential measurements, in addition to encapsulation efficiency and loading. The best
nanometric formulation was incorporated in galactomannan films and the film ’s properties
were evaluated. Moisture content, solubility, water vapor permeability, water contact angle,
color, FTIR, XRD, and SEM were performed on the films, aiming at the development of a
matrix valuable for medicine and biology, especially in the nanopharmacology field.

2. Materials and Methods
2.1. Materials

Soya lecithin, type Lipoid S45 (fat free soybean lecithin with 45% phosphatidylcholine,
agglomerates), was kindly provided by Lipoid (Ludwigshafen, Germany), and ethanol
(99.8%) and quercetin >95% were purchased from Sigma-Aldrich (Steinheim, Germany).
The pods of C. grandis were collected in Pernambuco state, Brazil, in the city of Recife
(8°02'50.0" S 34°57’00.1" W). Acetone (PA) and sodium chloride were obtained from Vetec
Fine Chemicals Ltd. (Rio de Janeiro, Brazil). The solvents used were of analytical grade
and all other reagents were purchased from Sigma-Aldrich (Steinheim, Germany).

2.2. Development of the Liposomes

Liposomes were produced by the ethanol injection method. An amount of 2 mL
of an ethanolic solution of Lipoid 545 (25 mg/mL) was injected, drop by drop, during
2 min, into 23 mL of distilled water under magnetic stirring (600 rpm). The suspension
was left in magnetic stirring for 8 min and then submitted to a vigorous shaking on
a Vortex mixer (Thermo Fisher Scientific, Langenselbold, Germany) for 2 min at room
temperature (20 & 2 °C). The developed system was called LL (lecithin liposome). The
incorporation of quercetin at different concentrations (0-150 pg/mL) was performed by
prior dissolution in the ethanolic solution of Lipoid S45 and subsequent addition into
distilled water as described above. Finally, quercetin-loaded lecithin liposomes (QT-LLs)
were named as described.

Quercetin Diluted into the Ethanolic

Sample Solution of Lipoid S45 [ug/mL]
QT-LL O 0

QT-LL 25 25

QT-LL 50 50

QT-LL75 &

QT-LL 100 100

QT-LL 125 125

QT-LL 150 150

2.3. Quercetin Encapsulation Efficiency and Loading

The quercetin encapsulation efficiency [EE (%)] and loading [LC (%)] were conducted
according to the modified procedures previously described by Souza et al. [22]. A sample of
QT-LL was measured with a microplate reader (GENios, TECAN, Ménnedorf, Switzerland)
at 373 nm, in order to obtain the total content of quercetin. The same volume of the QT-LL
sample was ultracentrifuged at 180,000 x g over 30 min and 4 °C (Micro-Ultracentrifuge
Sorvall MTX 150, Thermo Fisher Scientific, Langenselbold, Germany), and the supernatant
was accurately taken and measured with a microplate reader under the same conditions
to obtain the amount of free quercetin. Then, the content of quercetin loaded into each
QT-LL was calculated by subtracting the total content of quercetin and the amount of free
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quercetin. The encapsulation efficiency of quercetin [Equation (1)] and quercetin-loading
(Equation (2)) were calculated by the following equations:

EE (0/0) = [(Wtotal - Wfree)/wtotal] x 100, (1)

LC (%) = [Wiotat — Weree)/ Wrehicle] x 100, ()

where Wi, is the amount of quercetin loaded into each QT-LL; Wi, is the total content
of quercetin into the QT-LL; and Wyehicle is the liposome vehicle weight.

2.4. Physicochemical Characterization of the Liposomes

The hydrodynamic diameter (average size) and polydispersity index (PDI) of the
liposomes were determined by dynamic light scattering (Zetasizer Nano ZS, Malvern
Instruments, Malvern, UK). The samples were analyzed in a folded capillary cell. Detection
of the scattered light was carried out at 173° (NIBS = non-invasive backscatter detection)
and temperature of 25 °C. The zeta potential was measured by laser Doppler micro-
electrophoresis using the same Zetasizer ZS Nano. The samples were filtered with 0.45 um
syringe filter (Minisart® High Flow, Sartorius, Gloucestershire, UK) to eliminate eventual
particles above 450 nm and compared to the samples without filtering. At least five
replicates were performed for each sample and the results were given as mean + standard
deviation of the obtained values.

2.5. Antioxidant Activity Assays

To performe the ferric reducing antioxidant power (FRAP), the method based on
Benzie and Strain [23] was carried out with some modifications. Briefly, 10 pL of free
quercetin and QT-LLs were mixed with 290 uL of FRAP reagent, which was freshly prepared
by mixing 2,4,6-tris (1-pyridyl)-5-triazine 10 mM in 40 mM HCl with 20 mM FeClj solution
and 0.3 M acetate buffer (pH 3.6) in the proportion of 1:1:10 (v/v/v). The mixture containing
each sample and the FRAP reagent was then incubated at 37 °C for 15 min and the
absorbance determined at 593 nm (Microplate reader, Bio-Rad Laboratories, Hercules,
CA, USA). The calibration curve was prepared with ascorbic acid (AA) and expressed as
equivalent of AA/uL of each sample. All determinations were performed in triplicate and
expressed as mean =+ standard deviation.

The antioxidant capacity of QT-LLs was also determined using the ABTS (2,2'- azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) method according to Torres et al. [24]. Free
quercetin and QT-LLs were added to the ABTSe+ solution and the decrease in absorbance
was measured at 734 nm after 15 min in the dark. The calibration curve was prepared
with Trolox and the ability to eliminate ABTS radicals (%) was calculated (Equation (3))
according to the formula:

ABTS radical elimination capacity (%) = [(Ap — Ag)/Ag] x 100 3)

where Ap is the blank absorbance of Trolox and Ag is the absorbance of each sample. All deter-
minations were performed in triplicate and the results expressed as mean =+ standard deviation.

2.6. Film Characterization
2.6.1. Film Preparation

The galactomannan contained in C. grandis seeds was obtained according to Albu-
querque et al. [2], while the film forming solutions (FFSs) were prepared in accordance
with the methodology described by Albuquerque et al. [3]. The FFS was prepared with
0.8% (w/v) of galactomannan and 0.2% (v/v) of glycerol under magnetic stirring (500 rpm)
for 12 h, at room temperature. QT-LL 75 was chosen to be immobilized at different con-
centrations [0-0.5% (v/v)] in the FFSs (please see Section 3.1, Liposomes’ physicochemical
characterization, for further explanation). The immobilization was made under magnetic
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stirring (500 rpm) for 2 h, at room temperature, and the obtained samples were named
according to the respective amount (%, v/v) of QT-LL 75 added: A (0%), B (0.1%), C (0.2%),
D (0.3%), E (0.4%), and F (0.5%). The samples were cast (15 mL) onto 90 mm diameter
polystyrene Petri dishes and then dried in an oven at 33 °C for 24 h. Finally, the films were
maintained at 20 °C and 54% relative humidity (RH) until further characterization.

2.6.2. Film Thickness

Film thickness was measured with a digital micrometer (No. 293-561, Mitutoyo,
Nagoia, Japan). Five different randomly chosen points were performed on each film in
order to obtain the values to be used in the calculations of water vapor permeability (WVP).

2.6.3. Scanning Electron Microscopy

The films” Scanning Electron Microscopy (SEM) surface scans were performed on a
scanning electron microscope (Quanta FEG 650, FEI Company, ThermoFisher Scientific,
Hillsboro, OR, USA) with an accelerating voltage of 5 kV under vacuum conditions. Before
analysis, all samples were mounted on aluminum stubs using carbon adhesive tape and
sputter-coated with gold and then shredded.

2.6.4. Fourier-Transform Infrared (FTIR) Spectroscopy

The films (A-F) were characterized by FTIR on a Bruker FT-IR VERTEX 80/80 v
(Boston, MA, USA) in Attenuated Total Reflectance mode (ATR) with a platinum crystal ac-
cessory between 400 and 4000 cm !, a resolution of 4 cm~! and 16 scans. Data analysis was
performed with GraphPad Prism 5.00.288 (GraphPad Software, Inc., San Diego, CA, USA).

2.6.5. X-ray Patterns

An X-ray diffraction system (Malvern Panalytical Ltd., Malvern, UK) was used to
evaluate the crystallographic structure. PANanalytical X'Pert HighScore Plus was the
software used to gather data and analyze peak diffractions. Background noise was also
measured. The powder sample was added to the glass slide through an adhesive glue
and put on the sample holder for detection. The XRD diffractograms were acquired at
room temperature; angular scans from 5° to 50° (20) were performed with a Cu source
X-ray tube (° = 1.54056 A) at 45 kV and 40 mA. For each sample, one measurement was
performed. To determine the films’ crystallinity, the total diffracted area and the area under
the crystallinity peaks were evaluated by integration after correcting the data for absorption.
The ratio of the crystalline area to the total area was taken as the relative crystallinity.

2.6.6. Color and Opacity

Color and opacity were determined using a digital colorimeter (Konica Minolta, model
Chroma Meter CR-400, Osaka, Japan) calibrated at illuminant C with a white standard.
L* (L* = 0 (black) and L* = 100 (white)), a* (—a* = greenness and +a* = redness), and b*
(—b* =blueness and +b* = yellowness) were the analyzed parameters, which are the ones
recommended by the International Commission on Illumination. The film’s opacity (Y)
was calculated as the ratio between the opacity of each sample on the black standard (Yb)
and the opacity of each sample on the white standard (Yw). Five measurements were
determined at random Yb and Yw and an average of them was used for calculations. The
experiment was performed in triplicate and the results were expressed as a percentage and
determined through Equation (4):

Y (%) = (Yb/Yw) x 100, (4)

2.6.7. Moisture Content

MC was determined gravimetrically by drying the films at 105 °C in an oven with
forced air circulation for 24 h. The results were expressed as the percentage of water
removed from the initial mass sample. The experiments were performed in triplicate.
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2.6.8. Solubility

The measurement of solubility was determined according to Albuquerque et al. [3].
Triplicates of each film were cut with a circular mold of 2 cm diameter and dried at 105 °C
in an oven for 24 h until constant weight (W1). The films were placed in cups with 50 mL
of distilled water, sealed over with parafilm and homogenized at 60 rpm for 24 h. The
non-soluble part of each film was dried at 105 °C for 24 h and weighted again (W2). The
solubility of the film samples was expressed as a percentage and calculated as follows
(Equation (5)):

Solubility (S %) = [(W1 — W2)/W1] x 100, ®)

2.6.9. Water Vapor Permeability (WVP)

WVP was determined gravimetrically based on ASTM E96-92. The film was sealed
on top of a permeation cell containing distilled water (100% RH; 2337 Pa vapor pressure
at 20 °C), and placed in a desiccator at 20 °C and 0% RH (0 Pa water vapor pressure)
containing silica. The cells were weighed at intervals of 2 h for 10 h. Steady-state and
uniform water-pressure conditions were assured by maintaining constant air circulation
outside the test cell by using a miniature fan inside the desiccator. The slope of weight
loss versus time was obtained by linear regression. Three replicates were obtained for
each sample.

2.6.10. Contact Angle

Initially, the degree of hydrophilicity of the liposomes was measured by the sessile
drop method in a face contact angle meter (OCA 20, Dataphysics, Filderstadt, Germany).
The methodology was based on Mahaling and Katti [25] with some modifications. An
amount of 1 mL of the liposome suspension was dropped on a glass slide to form a particle
thin film and allowed to dry at room temperature in a desiccator. An amount of 500 uL
of sterile water was dropped on the slides containing dried liposomes using a syringe
(Hamilton, Domat/Ems, Switzerland) with a needle of 0.75 mm of diameter. Measurements
were made in less than 5 s. Thirty replicates of contact angle measurements were obtained
at 24.0 (£0.2) °C and ~65% RH, then calculated using the inbuilt software of the instrument.
After that, contact angles for galactomannan-based films with different concentrations
[0-0.5% (v/v)] of QT-LLs were evaluated as described above, in addition to a further
measurement at 30 s to evaluate the pattern of hydrophobicity of the films.

2.7. Statistical Analyses

Statistical analyses were performed using Analysis of Variance (ANOVA) and linear
regression analysis. The Tukey test (x = 0.05) was used to determine any significance of
differences between specific means (GraphPad Prism 5.00.288, GraphPad Software, Inc.,
San Diego, CA, USA).

3. Results and Discussion
3.1. Liposomes’ Physicochemical Characterization

Table 1 presents the average size, PDI, and zeta potential of the produced QT-LLs.
Regarding the results of average size, it can be noted that QT-LL 0 (control) presents
statistically lower values (p < 0.05) when compared with those containing quercetin con-
centrations above 50 ng/mlL, while for QT-LL 25 no difference (p > 0.05) was observed.
In addition, increasing quercetin concentrations above 100 ug/mL led to higher values
of average size. The results related to PDI showed that all samples presented a low PDI
(£0.29) even considering their significant differences. All QT-LLs presented zeta potential
values around —45 mV with no statistical differences; regarding these values, it is possible
to say that the encapsulation of quercetin does not influence the surface of the liposomes.
LLs 0, 25, 50, and 75 were homogeneous; however, QT-LLs 100, 125, and 150 showed signs
of instability (precipitation): QT-LL 100 and 125 after 72 h, and QT-LL 150 after 48 h of
observation (Figure 1).
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Table 1. Average size, polydispersity (PDI), and zeta potential for QT-LLs with different concentra-
tions of quercetin (ug/mL).

Sample Average Size (nm) PDI Zeta Potential (mV)
QT-LL O 94.26 +0.823 ¢ 0.27 + 0.004 b4 —4498 +£0.982
QT-LL 25 93.85 +4.343 ¢ 0.28 +0.012 <4 —46.85 +£10.922
QT-LL 50 100.2 + 0.567 4 0.23 £0.009 @ —50.83 +10.852
QT-LL 75 100.5 + 4.569 4 0.27 + 0.0124 ¢4 —48.14 £ 5642
QT-LL 100 104.1 + 4.214 0.28 £ 0.007 ¢ —46.76 £1.85%
QT-LL 125 114.0 + 1.045® 0.27 4 0.006 4 —47.104+£2592
QT-LL 150 131.8 +3.4692 0.26 4 0.005 ° —45.30+0.59?

a-d Different superscript letters in the same column indicate a statistically significant difference (p < 0.05).

QT-LL25 QT-LL50 QT-LL75 QT-LL100 QT-LL 125 QT-LL 150

Freshly
prepared

After48h

Figure 1. Images of QT-LLs with different concentrations of quercetin (j1g/mL), freshly prepared and
after 48 h of production.

It is known that smaller particles present a higher exposed surface area which can lead
to a faster release of encapsulated drugs; however, smaller particles also have an increased
risk of aggregation during storage. In view of this, it is important to produce liposomes
with adequate size (<200 nm) and low values of PDI, thus reaching maximum stability by a
good control of particles’ size. It is also important to mention that the reproducibility of
parameters such as stability and release is directly connected to a low PDI (<0.4), since
a high PDI means that there is no uniformity in the size distribution of the sample [21].
In relation to the zeta potential parameter, results around + 45 mV of surface charge can
positively influence its stability through electrostatic repulsion among the liposomes. In the
present study, the negative charge demonstrated by zeta potential could be associated to
the phosphate groups of the mixture of phospholipids composing the lecithin (Lipoid 545).

This behavior was also reported by Gibis, Vogt, and Weiss [26] for 1% (w/v) lecithin
liposomes, which had negative surface charges regardless of the exposure to different
pH values; the magnitude of surface charges decreased from —21.8 at pH 3 to —57.7 at
pH 11. More recently, Talon et al. [21] also reported a zeta potential value of —45.7 mV for
liposomes based on lecithin and maldodextrin. This charge was inverted when chitosan
was incorporated into the system, leading to a zeta potential of +61.5 mV. Our zeta potential
results were not influenced by the amount of quercetin loaded in lecithin liposomes, How-
ever, a different pattern was observed for average size values; increasing the concentration
of quercetin resulted in decreased stability of QT-LLs.

3.2. Antioxidant Activity Assays

Antioxidant activity is a key parameter of the antioxidant capacity of a compound; in
this sense, its measure aids the understanding of the functional property of a compound,
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whether free-exposed or encapsulated, for example, in nanocarrier systems [24]. The
antioxidant activity of QT-LLs was determined in comparison to the free quercetin samples
by FRAP and ABTS methods (Table 2).

Table 2. ABTS and FRAP results for QT-LNps with different concentrations of quercetin (ug/mL)
and the same concentrations for free quercetin.

Concentration ABTS (%) FRAP (AA/uL)

of Quercetin QT-LL Free Quercetin QT-LL Free Quercetin
25 —4.20 + 5.09 10.76 £ 0.33 41.61 £11.93 165.71 +12.23
50 6.53 +£ 11.31 25.97 + 3.63 100.90 + 12.06 502.58 + 6.82
75 28.05 + 0.18 36.03 + 0.18 312.59 + 13.67 1023.47 + 12.04
100 35.88 +2.75 42.34 +1.18 476.37 £+ 24.88 2281.29 4+ 15.56
125 42.53 +2.99 47.68 + 0.84 731.81 + 38.18 2579.89 4+ 9.78
150 55.49 + 3.07 52.87 +1.09 812.70 + 49.80 2933.27 4+ 35.19

In relation to FRAP results, free quercetin was more effective in reducing Fe3* to
Fe?" in comparison to QT-LLs (p < 0.05), achieving values around four-fold higher than
the reducing power of the liposomes for all of the tested concentrations. For ABTS re-
sults, the antioxidant capacities of QT-LLs 25 and 50 could be disregarded because of
the low percentage when compared to free quercetin at the same concentrations. When
comparing the % inhibition of quercetin at 75 ug/mL concentration between free quercetin
(36.03 4= 0.18%) and QT-LL 75 (28.05 £ 0.18%), there was a decrease in this difference, and
the antioxidant capacity of the liposome presented a value 1.2 times lower than the other.
The results of antioxidant capacity for both free quercetin and QT-LLs containing quercetin
above 100 ug/mL of concentration were quite similar. For example, QT-LL 150 showed an
antioxidant capacity of 55.49 £ 3.07%, while free quercetin at 150 pug/mL concentration
was 48.21 £ 3.68%. Regarding the differences in the antioxidant activities between free
quercetin and QT-LLs, it is important to mention, again, our simple and quickly-prepared
method of production, in which QT-LLs 75-150 reached values of antioxidant capacity
very close to those of free quercetin. Additionally, higher antioxidant capacities for QT-LLs
75-150 could be explained by an improvement in the dissolution pattern of quercetin in the
aqueous medium as the concentration of encapsulated quercetin increases [21].

Greater antioxidant activities of free molecules were also observed, for example, by
Taloén et al. [21] working with the encapsulation of eugenol by spray-drying in lecithin and
maltodextrin matrices. Pure eugenol showed the best antioxidant activity when compared
to emulsions based on lecithin as wall material, with or without oleic acid as a carrier agent,
and chitosan as a coating. It is important to mention that the ethanol injection method
used here is faster and simpler than other methods reported in the scientific literature:
magnetic stirring (<1000 rpm) and approximately 20 min can produce liposomes with
small particle sizes and good monodispersed properties. The lower antioxidant activities of
QT-LLs than free quercetin could be due to the partial oxidation of the compound during
this simple process.

3.3. Quercetin Encapsulation Efficiency (EE %) and Loading Content (LC %)

EE % and LC % of the compound depends on its solubility in the matrix [27]. Figure 2A
shows that EE % of quercetin into liposomes presented better values for concentrations
above 75 pug/mL, while Figure 2B demonstrates that LC% for QT-LLs from 0 to 75 pg/mL
of quercetin were quite similar. QT-LLs containing quercetin above 100 ug/mL of con-
centration resulted in improved LC%. The encapsulation efficiency of quercetin in other
nanocarrier systems reached higher values than the presented ones; for example, EE %
of quercetin into lecithin/chitosan nanoparticles presented values higher than 95% for
concentrations varying from 50 to 100 ug/mL [5], while EE % of quercetin in cholesterol
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liposomes coated with chitosan and sodium tripolyphosphate was 91 £ 1% [28]. This dif-
ference may be related to the structure of the mentioned systems. Regarding the results for
lecithin/chitosan nanoparticles, the association of both molecules was strongly influenced
by its hydrophobic nature; consequently, a larger amount of quercetin was inserted into
the lipid nuclei of the nanoparticles and only a small amount of quercetin was lost in the
aqueous phase during the preparation process. In relation to cholesterol liposomes, the free
quercetin could be embedded in the three-dimensional polyelectrolyte shell of chitosan
during the coating and cross-linking process.
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Figure 2. Influence of quercetin concentration (nug/mL) in the encapsulation efficiency (A) and
loading (B) of the liposomes (LLs). All determinations were performed in triplicate, the error bars are
standard deviation, and different letters represent statistical significance (p < 0.05).

Concerning the results of our simple and fast-prepared liposome composed only with
lecithin, the system presents stability even in the absence of a coating. This is expected,
since the ethanol injection method produces single bilayered liposomes with a smaller
particle size and good monodispersion without sonication, extrusion or homogenization by
Rotor Stator [5]. Another advantage of liposomes produced by the ethanol injection method
is that they function as transfection delivery vectors. Because of this, we believe that the
delivery of quercetin from liposomes can be suggested for future research, especially in
relation to the nanopharmacology field.

In view of the information already demonstrated in Section 3.1 about formulations
containing more than 75 pg/mL of quercetin showing signs of instability, the liposome
with 75 ug/mL of quercetin (QT-LL 75) was chosen for further analyses.

3.4. Films’ Characterization

Regarding the information already mentioned in Sections 3.1 and 3.3, all of the anal-
yses in this very section were conducted by using QT-LL 75 immobilized at different
concentrations [0-0.5% (v/v)] in galactomannan-based films.

3.4.1. Scanning Electron Microscopy (SEM)

SEM allows the visualization of the surface morphology of QT-LL 75 and the films;
additionally, the distribution of the immobilized QT-LL 75 at different concentrations could
be observed in the microstructure of each film matrix.

It is possible to observe in Figure 3 that QT-LL 75 presents an irregular spherical shape,
while all of the film’s surface is rough; in addition, the roughness is increased by increasing
the concentration of immobilized QT-LL 75 from 0 to 0.5% (v/v). We hypothesize that
QT-LL 75 is immobilized on the surface of the films, embedded between the chains of the
galactomannan, and the higher concentrations of the immobilized liposome influenced the
voluminous appearance of the films. Indeed, the presence of QT-LL 75 could be visualized
even immobilized in different concentrations. Despite the absence of QT-LL 75 in the
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control film (sample A), a few granules are evident which could be related to contaminating
residues remaining from the galactomannan extraction.

Figure 3. SEM images showing QT-LL 75 and the surface structure of galactomannan-based films
containing QT-LL 75 at 0% (A), 0.1% (B), 0.2% (C), 0.3% (D), 0.4% (E), and 0.5% (F) concentration (v/v).

Regarding other research dealing with nanocarriers and polymeric films, many differ-
ences about the immobilized compounds into the microstructure of the films have been
reported. For instance, working with lactoferrin, bioactive peptides, and phytosterols,
Albuquerque et al. [3] reported that the immobilization of these bioactive compounds in
galactomannan films derived from C. grandis led to films with roughness on their sur-
face. Gonzalez et al. [29] developed nanofibers obtained from soybean hulls and pods
and used these low-cost agro-industrial by-products as nano-reinforcers of soy protein
films; they observed that the surface for the film with the highest number of nanofibers
was rougher when compared with the films without them. Bionanocomposite films of
konjac glucomannan were prepared by Wu et al. [30] as immobilization matrices for chi-
tosan/gallic acid nanoparticles. Again, the authors observed that the films’ surface became
less homogeneous with visible microcracks or discontinuous void when higher amounts of
nanoparticles were incorporated into the matrix.
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3.4.2. Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR was used for the evaluation of possible chemical interactions and modifications
in the structure of galactomannan-based films containing QT-LL 75 at different concentra-
tions (Figure 4).
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Figure 4. FTIR spectra of the galactomannan-based films containing QT-LL 75 at 0% (A), 0.1%
(B), 0.2% (C), 0.3% (D), 0.4% (E), and 0.5% (F) concentration (v/v).

All spectra were quite similar to each other; indeed, the superposition of the spectra
confirms that the immobilization of QT-LL 75 in different concentrations did not alter
the structure of the films. The absorption peaks associated to the assigned regions are
in agreement with those reported by Albuquerque et al. [2] working for the first time
with the C. grandis galactomannan. Region 1 is related to absorption peaks between
3500-3100 cm !, which is characteristic of a carbohydrate ring and represents hydroxyl
stretching vibration of polysaccharides and water involved in hydrogen bonding. Region
2 is comprised of absorptions between 3000-2800 cm ™! and represents the stretching
vibration of the methylene group (C-H) [31]. Region 3 arose from the bending vibration
of water molecules, while region 4 contains bands between 1376 and 1378 cm ! related to
symmetrical deformations of the CH, and COH groups [32]. Region 5 is associated with
absorption peaks of 1021-1023 cm ™! that are consistent with C—H vibrations [33]. Regions
6 and 7 indicate absorption peaks at 870-874 cm ! and 810-812 cm ! that are associated
with the presence of anomeric o and 3 configurations and glycosidic linkages, attributed to
3-D-mannopyranose units and o-D-galactopyranose units, respectively [2,3,34,35].

The literature reports quercetin showing FTIR bands and typical molecular peaks
around 1380 cm™~! (COH), 1610 cm™! (CC), 1264 cm™! (COC), 1662 cm™! (CO), and
3403 cm ™! (OH stretch). The recorded spectra showed no characteristic peaks of quercetin,
which may be indicative of quercetin encapsulation in lecithin-liposomes [22,27]. In relation
to lecithin, the strong peaks reported by the literature are 1737 and 1245 cm !, which are
associated to CO and PO stretching vibrations; again, they were not shown in the recorded
spectra. This phenomenon revealed that quercetin might be associated with lecithin by
hydrogen bonding or hydrophobic effects [36] and does not influence the structure of the
films. Even considering this information, it is important to mention that the presence of
QT-LL 75 slightly shifted the peak of hydrogen bonds for B-F films (region 1), implying
that soft hydrogen bonding was generated among quercetin-loaded lecithin liposomes and
the film matrix.

3.4.3. X-ray Patterns

In this study, all of the films (A—F) presented a broad peak around 20 = 20°, characteris-
tic of amorphous structures (Figure 5). The degree of crystallinity (%), or crystallinity index,
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was calculated by considering the total diffracted area and the area under the crystallinity
peaks; after integration and correction of the data for absorption, the ratio of the crystalline
area to the total area was obtained and considered as the crystallinity index (%). The ob-
tained values for A, B, C, D, E, and F were 0.71, 2.37, 1.89, 2.33, 6.79, and 1.41%, respectively.
These results are similar to those obtained by Albuquerque et al. [2] in the first study about
the galactomannan obtained from the seeds of C. grandis collected in Pernambuco, Brazil.
Other studies also showed low overall crystallinity for polysaccharide characterization
by XRD; for example, water-soluble polysaccharides from potato peel [37] and chickpea
flour [38].

Intensity(a.u.)
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Figure 5. XRD patterns of the galactomannan-based films containing QT-LL 75 at 0% (A), 0.1%
(B), 0.2% (C), 0.3% (D), 0.4% (E), and 0.5% (F) concentration (v/v).

The scientific literature reports the XRD pattern for lecithin as peak around 26 = 20°,
suggesting its amorphous characteristic [39,40]. In our case, it is not possible to claim a
superimposition of the individual patterns of galactomannan and lecithin due to the low
crystallinity of both of them. Concerning the crystallinity pattern expected for quercetin,
one can suggest that weak interactions occur between quercetin and the film matrix. The
absence of peaks corresponding to pure quercetin indicates that the flavonoid mainly exists
dispersed in a non-crystalline state within the film matrix [41], which is in agreement with
the results already mentioned by SEM and FTIR.

3.4.4. Color and Opacity

Color and opacity are important features for the acceptance of products by the pharma-
ceutical or food industry. Therefore, the measurement of the color of products potentially
valuable for the industry is an important point of the physical characterization. Table 3
presents the color parameters and opacity of the films with immobilized QT-LL 75 at differ-
ent concentrations. All of the films were strongly luminous, represented by L* coordinate
values, with a tendency to yellowness, represented by b* coordinates; for those parameters,
the films did not present statistically significant differences among them and were quite
similar to the films produced with the C. grandis galactomannan with immobilized bioactive
compounds [3]. Similar values of the L* coordinate (around 96.4) were reported for films
based on Delonix regia galactomannan with different molecular weights and interaction
with k-Carrageenan [31]; however, our films showed a greater yellowness when compared
to b* values around 2.43 and 4.39, respectively, for the galactomannan films and those com-
posed of galactomannan and k-carrageenan. The film produced with the galactomannan
obtained from Gleditsia triacanthos was less bright (as represented by L* of 78.20 4= 0.39) and
almost twice as yellow (represented by b* of 14.55 4= 0.60) as all of our films. Blended films
composed of this galactomannan and soy protein led to a reduction in L* and an increase in
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the b* parameters, which may be associated with the natural color of the solutions prepared
from the yellowish powder extract of G. triacanthos, and also related to Maillard reactions
between the components [42].

Table 3. Color parameters L (luminosity), a* (—a* = greenness and +a* = redness), b* (—b* = blueness
and +b* = yellowness), and Y (opacity) for (A) the control film and the films (B-F) with different
concentrations of QT-LL 75 (values expressed as average + standard deviation).

Film QT-LL75 L* a* b* Y
(v/v)
A 0 956240400 OPE006 o054 0e1a 123040520
B 0.1% 9566+ 0220 OPEOOL g0t 0090 1250+ 0260
C 0.2% 0577+ 0220 O0FEOOL o044 0330 124940240
D 0.3% 9501 +1.092 039+£004> 81742082 1211 +0362
E 0.4% 9605+ 0312 0270033 746+0998 1227 + 0292
F 0.5% 9584+ 0422 02540042 725+0367 1262+ 0142

a7¢ Different superscript letters in the same column indicate a statistically significant difference (p < 0.05).

Regarding the a* parameter, values close to zero demonstrate that films tend to a
green color besides its slight tendency to redness; also, the presence of QT-LL 75 at 0.5%
(F) decreased (p < 0.05) the red appearance of the film when compared to the control film.
These results are in agreement with those reporting the immobilization of quercetin in a
chitosan-based film [43]. A tendency to greenness was also reported for the galactoman-
nan film from G. triacanthos (represented by a* of 1.29 &+ 0.09) [42], and Tara gum films
with (a* around —2.18) or not incorporated chitosan (a* of —1.29 &+ 0.09) and chitosan
nanoparticles (a* around —2.23) [44].

All studied films presented low opacity values, with no significant differences between
them. In comparison with Y results for films based on D. regia galactomannan with different
molecular weights (around 9.97) [33], our films we shown to be opaquer (around 12.39)
besides their evident transparency. On the other hand, the film molded with the galac-
tomannan extracted from G. triacanthos [42] presented incomparable transparency with Y
18-fold lower than our films.

3.5. Film Thickness, Moisture Content (MC), Solubility (S %), Water Vapor Permeability (WVP),
and Contact Angle (CA)

The moisture-binding abilities of films can affect significantly their physical and barrier
properties; thus knowledge of the content and affinity of the film matrix to water is a key
parameter when choosing a film for specific applications. Table 4 shows the values of
thickness, moisture content (MC), solubility (S %), and water vapor permeability (WVP) of
the control film and the films with QT-LL 75 immobilized in different concentrations (B-F).

The incorporation of different concentrations of QT-LL 75 in galactomannan-based
films did not lead to statistical differences (p > 0.05) for thickness, MC, and S %; in addition,
these values were similar to those reported by [3] working with similar galactomannan-
based films. Other authors have reported values of thickness and discussed its importance
in the characterization of galactomannan films or blends containing galactomannans. For
example, films based on D. regia galactomannan with different molecular weight and
interaction with k-carrageenan presented values of thickness between 37 and 59 um [31],
while the galactomannan extracted from G. triacanthos and its combination with soy protein
isolates showed thickness of 76 &+ 8 and 106 & 3 um, respectively [42]. Therefore, variations
in thickness values could be observed when molecular interactions occur between the
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components of the blend, and also caused by acid solvents used in the preparation of the
components [45].

Modifications in the MC can affect the physicochemical and thermomechanical prop-
erties of the films; the addition of glycerol is one of the main modifiers, which is explained
by its hydrophilic nature and the attraction of water into the polymer matrix, thus creating
more mobile regions with greater inter-chain distances in the polymer matrix [44,46]. Our
results showed that the films” MC were around 22% and the addition of QT-LL 75 did
not influence this parameter; however, a different behavior was observed for the same
galactomannan film incorporating 0.2% of lactoferrin (15.67 & 5.51%) [3]. According to the
authors, the decreased MC values could be associated with the fact that lactoferrin presents
both hydrophilic and hydrophobic parts in its conformation; the higher concentration of
lactoferrin into the film may reduce the availability of hydroxyl groups to interact with
water, resulting in decreased MC values. Tara gum (TG) films and nanocomposites, in
this case chitosan nanoparticles incorporated in TG films, also presented lower values of
MG, respectively, 14 and 13%. The authors explained that the nanocomposites presented a
more compact matrix, which allowed them to occupy more free volume into the polymeric
structure, thus reducing MC values [44]. Other works reported MC values similar to the
ones of this work; for example, 31.01 & 0.80% for chitosan-based films, 21-7% for chitosan
films incorporated with different amounts of black soybean seed coat extract [47], and
14-7% for chitosan films neutralized with citrate and acetate buffers, added or not with
glycerol [45].

Table 4. Thickness, solubility (S), moisture content (MC), and water vapour permeability (WVP) for
(A) the control film and the films (B-F) with different concentrations of QT-LL 75 (values expressed
as average I standard deviation).

Film QT-LL75@/v)  Thickness (mm) S (%) MC (%) (g_r’,‘fﬁni},‘},;il)
A 0 0.046 + 0.004 2 77.0£8.042 170+1.02 7.27 £0.802
B 0.1% 0.051 +0.0012 68.0 +£10.02 19.0+202 8.07 £ 0.63 @€
C 0.2% 0.058 + 0.002 2 77.0+4.072 220+3.02 10.44 4+ 0.48 b<
D 0.3% 0.056 + 0.008 2 75.0 +2.0° 270+50° 1141+ 1.05"
E 0.4% 0.051 + 0.0022 54.0 £22.02 28.04+9.02 9.72 + (.57 abc
F 0.5% 0.054 + 0.008 @ 73.0+13.0° 23.0+2.02 9.94 4 1.46 b

2= Different superscript letters in the same column indicate a statistically significant difference (p < 0.05).

The values of the films’ solubility were approximately 70% and this was not influenced
by the addition of QT-LL 75 in different concentrations. This great solubility behavior
was also observed for films produced with D. regia galactomannan with different molec-
ular weights (between 69 and 76%) [31]. In this same work, the galactomannan was
blended with k-carrageenan and all of the obtained films presented 100% solubility, which
was considered to be a result of the k-carrageenan sulphate functional groups which can
form hydrogen bonds with water molecules helping to disrupt the film and increasing
its solubility. The solubility of Tara gum films was 24% and different when compared to
our results; and the addition of chitosan and chitosan nanoparticles (both at 15% w/w
content) significantly decreased the films’ solubility (%) to 10.37 &+ 2.31 and 6.16 + 1.17,
respectively [44]. The quercetin-loaded lecithin liposomes used in this work have average
sizes ranging from 93 to 131 nm, different from the chitosan nanostructures used in the
above-mentioned work (180.25 nm). The average size, in addition to the strong interac-
tion between chitosan nanoparticles and Tara gum chains, may have influenced the Tara
gum film structure, justifying the differences obtained for S % when compared to our
galactomannan-based films.
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WVP values ranged from 7.27 £ 0.80 (A) to 11.41 4 1.05 x 107 (D) g/(h-m-Pa). The
presence of QT-LL 75 at 0.2% (C), 0.3% (D), and 0.5% (F) significantly increased (p < 0.05)
the WVP results, leading to values up to 1.9-fold higher than the galactomannan-based
film without liposome (A). On the other hand, the WVP values of B and E films were
similar to the control film. According to Antoniou et al. [48], the hydrophilic pattern and
the water attracted into the film contribute to create regions of higher water mobility, with
greater inter-chain distances in the galactomannan film. In view of this, it is possible to
consider that these WVP results are in agreement with those of MC and S, confirming
the hydrophilicity of all of the films. Indeed, the differences in WVP values of films C, D,
and F can be associated with the irregular surface of the film, as reported by SEM results
(Section 3.4.1). Since the liposomes are immobilized on the surface of the films, the free
spaces release a passage of water vapor through the chains of the galactomannan; thus, we
hypothesize that the increase in WVP values occurs due to a lower compression of the film
matrix, resulting in a modified diffusivity.

The water vapor pattern demonstrated by our films was also reported by other au-
thors working with galactomannans; for instance, WVP values for films produced with
the C. grandis galactomannan and different bioactive molecules ranged from 5.60 £ 0.39 to
22.43 +0.21 x 107 g/(h-m-Pa) [3], while those for films produced with D. regia galactoman-
nan with different molecular weights varied between 7.55 and 12.70 x 10~ g/(s.m.Pa) [31].
Easy water-vapor permeation was demonstrated for Tara gum films and associated with
the high glycerol concentration used in the film-forming solution [44]; however, when
chitosan and chitosan nanostructures were added to the galactomannan-based films, they
decreased WVP values in a different manner than what was demonstrated for our films
with incorporated quercetin-loaded lecithin liposomes. According to the authors of the
above-mentioned study, the chitosan nanoparticles have a greater ability to occupy the
empty spaces of the porous film matrix, thus creating a more compact structure in the
films and impairing the permeation of water, which is associated with decreased WVP
results. Similar decreases in WVP values were reported when chitosan film incorporated
different amounts of black soybean seed coat extract [47], carvacrol extract [49], and apple
polyphenol [50]; in this case, reduced WVP values could be related to the compact and
dense networks formed through intermolecular interactions between the immobilized
molecules and chitosan chains.

The determination of the contact angle (CA) is a simple way to evaluate the degree
of hydrophobicity of a material layered on a surface or immobilized on a ready surface.
Commonly, CA values lower than 90° are related to hydrophilic materials [3,51]. CA for
all of the films (A-F) was measured at 5 s and additionally 30 s in order to understand
the pattern of hydrophobicity of the films over time. The results demonstrate that all
of the films were essentially hydrophobic with no statistical differences between them,
including when analyzed over time (Table 5). The distribution of QT-LL 75 on the surface
of the films was quite homogeneous and did not statistically influence CA values, as
confirmed by S% and MC results (Table 4). The C. grandis galactomannan film reported by
Albuquerque et al. [3] presented a lower CA, being considered more hydrophilic than any
of the films in this study. Considering that the same source of galactomannan was used
in both studies, it is possible to predict that different procedure conditions, the period of
study, and environmental conditions could have influenced the final films. However, as
mentioned by the authors, this difference can be useful for specific applications, since the
relatively hydrophobic pattern of the film allows the graduated delivery of immobilized
compounds by helping them to remain in the film until the complete solubilization of
the matrix.

Other works evaluated the hydrophobic character of films produced by polymers
from different sources. For example, nanofibers obtained from low-cost agro-industrial by-
products (soybean hulls and pods) were used as reinforcers of soy protein films. The authors
performed an extensive characterization and reported a reduction in the hydrophilicity of
the reinforced films’ surface, as revealed by higher CA values; they also suggested that
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it occurred due to the interactions between components and attributed this effect to the
properties of the nanomaterials [29]. The film-forming properties of the galactomannan
fraction extracted from G. triacanthos and its ability to improve the properties of soy protein
films were also evaluated [42]. The results revealed that the galactomannan film had a more
hydrophobic surface when compared to the pure soy protein film; however, a synergic
effect was achieved by the combination of both components, probably derived from their
interactions. In addition, the correlation of WVP with the contact angle was inferred,
and they reported that the more hydrophobic surface led to a smaller WVDP, as noted in
our work.

Table 5. Contact angle (CA) for (A) the control film and the films (B-F) with different concentrations
of QT-LL 75 (values expressed as average + standard deviation) at 5 and 2 seconds.

Sample CAat5s CAat30s
A 113.5+9.572 1115+ 2612
B 1142 £593° 119.1 £ 34772
C 108.3 +4.36¢ 1122 +3.042
D 1082 +3.98% 1142 +6.022
E 112.8 £7.03 % 115.6 £ 6222
F 113.8 +4.81¢ 117.1 +3.782

2 The same superscript letter in the same column indicates no statistical difference (p > 0.05).

Considering the above-mentioned results, it is possible to state that quercetin has
been successfully encapsulated in lecithin liposomes by a simple technique were we used
a low concentration of lecithin (Lipoid 545 at 25 mg/mL), which was injected, drop by
drop, during only 2 min, in 23 mL of distilled water under magnetic stirring (600 rpm).
This suspension was left in magnetic stirring for a further 8 min and then submitted to
a vigorous shaking on a simple mixer for 2 min at room temperature. Other references
also used ethanol injection and similar phospholipids; however, significant differences in
technique could be seen:

(1) Higher concentration of phospholipids, for example, the 60 mg/mL of Lecinova®

Lipoid S75 used for the development of liposomes by Gil et al. [18];

(2) Other reagents and sophisticated equipment, as mentioned by AbouSamra, Elgohary,
and Mansy [19] on the development of pirfenidone-loaded lecithin core nanocapsules,
which included Span 60, Tween 80, and chloroform, in addition to a homogenizer that
reached more than 20,000 rpm;

(3) Longer experimental period, for example the stirring overnight of the suspensions
containing whey lecithin, maltodextrin, eugenol, oleic acid, and chitosan; these suspen-
sions also required a high-pressure homogenizer for complete homogenization [21].

or

4. Conclusions

Quercetin was successfully encapsulated in lecithin liposomes using a simple and fast
technique based on the ethanol injection method. From a pharmaceutical point of view, the
results obtained in this study are valuable for the design and fabrication of liposomes as a
delivery system for quercetin. Additionally, galactomannan-based films from C. grandis
proved to be a promising structure for the immobilization of quercetin-loaded lecithin lipo-
somes, thus prolonging the availability of quercetin and its biological activities. Therefore,
the knowledge derived from this investigation could facilitate the encapsulation, protection,
and delivery of quercetin in products suggested for the nanopharmacology field, including
personalized dosage forms for skincare. However, further delivery studies, and also in vitro
and in vivo evaluations, are necessary to understand transdermal delivery regarding drug
permeation, drug loading, and stability of quercetin-loaded lecithin liposomes.
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