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A simple low-energy method was used to obtain polymeric nanoparticles containing silk fibroin (SF), fatty

butyl esters (oily phase) and the flavonoid naringenin. Experimental planning (Box—Behnken) was applied

to investigate the optimal conditions for three factors (variation of the concentrations of SF, naringenin

and fatty butyl ester) at three levels, with evaluation of particle size, polydispersity index (PDI) and zeta

potential (ZP) as responses. The results showed that the polymeric particle was formed with sizes of
179.6 to 633.9 nm, PDI of 0.33 to 0.77 and ZP of —60.4 to —38.8 mV. The best responses under the
optimized conditions (Nari—-SF 9 and 15) were characterized through transmission electron microscopy
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(TEM), Fourier-transform infrared (FT-IR), visible ultraviolet (UV-vis) and fluorescence, which confirmed

that coated nanoparticles had been obtained. It was shown that the nanoformulation had excellent

DOI: 10.1039/d3ra02374e

rsc.li/rsc-advances

1 Introduction

Over recent years, biopolymers have gained prominence in
research through presenting advantageous alternatives to
synthetic polymers.! Among the biopolymers most studied, silk
fibroin (SF) stands out. This is a protein that can also be
extracted from the cocoon of Bombyx mori, among other insect
species. Currently, there is interest in the use of SF for
production of biomaterials used in different fields of
knowledge,*” especially medicine and pharmaceuticals, for
development of promising formulations that can act as carriers
of substrates with low solubility in aqueous systems.*®

SF has already been seen to have several advantages, such as
high biocompatibility, capacity for self-assembly, resistance to
thermal and microbial degradation, lack of toxicity in both in
vitro and in vivo models, facilitation of drug carriage through
sustained release and action as a surfactant for elaboration of
nanostructured formulations.®*® The molecular characteristics
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stability, the bioavailability of naringenin had been improved through use of the biopolymer and high
inhibition of the enzyme lipoxygenase had been achieved in vitro.

of SF include a diameter of about 10 to 25 mm and presence of
three structural proteins and a glycoprotein (P25) with amphi-
philic nature. Its hydrophobic region is responsible for creating
a B-antiparallel crystalline structure.*™*

These characteristics have shown silk fibroin to be an
emerging subject for studies on drug delivery."">

Different methods for obtaining nanostructured formula-
tions from silk fibroin solution have been developed.**** These
have included the following: (A) direct mixture, in which
nanoparticles (NPs) are added to the protein solution. There is
a tendency to aggregation, and the solution needs to undergo
mechanical agitation or ultrasonic dispersion in order to ach-
ieve uniform distribution of NPs, films, nanofibers, scaffolds or
hydrogels may be formed;* (B) in situ synthesis. This is another
method commonly used for formation of NPs using SF, which is
used as “molds” for NP synthesis. SF is placed in the solution
containing the substrate of interest and formation of NPs is
achieved through the high intrinsic reducing capacity of the SF
material, thus grafting or coating functional groups to the
material; (C) the recently developed method of feeding silk-
worm. This method is less commonly used, and it consists of
obtaining natural fibers composed of SF-NPs through directly
feeding the animals with feed containing nanomaterials such as
metallic or carbon-based NPs.'®

Naringenin (2,3-di-hydro-5,7-dihydroxy-2-(4-hydroxyphenyl)-
4H-1-benzopyran-4-one) is one of the flavonoids with greatest
natural occurrence. It can be found mainly in citrus fruits,
tomatoes and figs."” Naringenin has benefits for human health,
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like other polyphenols, through antioxidant and anti-
inflammatory action,'® and it acts towards modulation of the
transcription factor NF-kB." In addition, naringenin is able to
regulate several cell signalling pathways that are directly
involved in the pathogenesis of obesity and metabolic
syndrome,*® through anti-LDL cholesterol, antidiabetic,”* anti-
cancer,”” promising anti-SARS-COV-22 (ref. 23) and hep-
atoprotective activity.** This flavonoid has been the subject of
extensive studies aimed at development of nanostructured
pharmaceutical formulations for investigation of biological
activity.>*’

In this context, lipoxygenase (LOX) is a versatile enzyme
involved in synthesis of eicosanoids via metabolism of arach-
idonic acid (AA). This especially generates leukotrienes,?® which
are involved in various stages of the inflammatory response,
such as chemotaxis, vasoconstriction, bronchospasm and
increased vascular permeability.>® Thus, it is highly important
to develop and refine drugs or formulations with the capacity to
inhibit LOX, particularly from natural products with low toxicity
and high viability.

Therefore, a nanostructured formulation from silk fibroin
and alkyl butyl esters (in the oily phase) containing the flavo-
noid naringenin was developed through a new methodology,
with factor planning and application in anti-LOX activity. This
was shown to have great pharmacological potential.

2 Materials and methods
2.1 Solvents and reagents

Naringenin (98%) was purchased from Sigma-Aldrich (Sdo
Paulo, Brazil). The other reagents, ie. sodium carbonate
(99.5%) and calcium chloride (99%), were purchased from
Vetec® and Alphatec®, respectively. The solvents ethanol (99%),
isopropyl (99.5%) and dimethylsulfoxide (98%) were acquired
from Quimex®. Silkworm cocoons were acquired from Bratac,
Brazil.
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Fig. 1 Preparation of naringenin-silk fibroin nanoformulation.
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2.2 Preparation of the silk fibroin solution

The silk fibroin solution was prepared based on the method
developed by Ferreira et al. 2014.%%*' Silkworm cocoon material
(3.0 g) was degummed in a boiling with 500 mL of a Na,COj3
solution (2% w/v) for 30 min, to remove sericin. The resultant
fibers were filtered and washed with distilled water (3 x 500
mL), and dried at room temperature. The silk fibers were then
dissolved in a ternary solution (50 mL) of H,O : EtOH : CaCl, (8 :
2:1 molar proportions) at 85 °C, until total dissolution. This
mixture was then dialyzed (cellulose tube with an exclusion
limit of 16 kDa, from Viskase, Brazil) for 3 days at room
temperature, and the water was changed every 24 hours. The
fibroin solution was centrifuged (6000 rpm for 10 min) to
remove impurities and larger particles. The concentration of the
silk fibroin solution was adjusted to 2% (w/v).

2.3 Preparation of Nari-SF nanostructure formulation

The nanostructured nanoformulation was prepared as follows.
A naringenin stock solution (50 mg mL™") in DMSO was firstly
prepared. Next, 50 uL, mL ™" of a 1:1 mixture of alcohols (iso-
propyl : ethanol) was added to the naringenin solution at the
desired concentration, followed by vortex agitation (5 min). In
the next step, the silk fibroin solution was added, followed by
vortex agitation (5 min). Fatty acid butyl ester (FABE) was then
added at the concentrations determined, followed by vortex
agitation up to 5 min. The procedure was completed through
magnetic agitation of the formulations for 30 min, and then
water was injected until the planned volume had been
completed (Fig. 1).

2.4 Experimental design

A three-level three-factor Box-Behnken design (BBD) was
applied for optimization of the Nari-SF production process,
using the statistical package Design-Expert® Software (version
11, Stat-Ease Inc., Minneapolis, MN, USA). For this purpose, we
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Table 1 Input factors and their levels in the Box—Behnken design
Levels

Factors -1 0 +1

Naringenin concentration (mg mL™*, X;) 0.5 1.0 1.5

Silk fibroin solution (% w/v, X,) 5.0 5.5 6.0

FABE concentration (g mL ™", X;) 0.01 0.02 0.03

selected three input factors or critical process parameters
(CPPs), namely: the naringenin concentration (mg mL™"), the
ester concentration (extracted from Brazil nut oil) and the silk
fibroin concentration in its solution (%). These input factors
were set at three levels, i.e. low, middle and high values, indi-
cated conventionally as —1, 0 and +1, respectively. The design
included five repetitions of the central point, and thus consisted
of a total of 15 experiments.**** The responses measured, which
were named the critical quality attributes (CQAs), were the
particle size (Y3), polydispersity index (PDI) (Y,) and zeta
potential (ZP) (Y3) (Table 1).

For each CQA, the influence of the input factors and their
interactions in the responses could be described through the
following nonlinear quadratic model generated by the design:

2 2 2
Y =80+ B1x; + Boxz + Baxz + B1x1” + Borxy” + B33x3” + Broxixp +
Bi3xixz + Bazxpx3 (1)

where: Yis the predicted response; (3, is a model constant; (4, 8,
and (; are the linear coefficients; (4, 05, and (33 are the
quadratic coefficients; (8,5, 613 and (,3 are the interaction
coefficients; and x,, x, and x; are independent variables.

2.5 Particle size and polydispersity index (PDI)

The Nari-SF solution was characterized through dynamic light
scattering using a Zetasizer Nano ZS (Malvern Panalytical,
Malvern, UK), by applying noninvasive back-scatter (scattering
angle 173°) at a temperature of 25 °C. The Nari-SF solution was
diluted (1 : 100) with ultrapure water before measurements were
made. The average particle size (Z-average) and polydispersity
index (PDI) obtained through cumulative analysis on the scat-
tering data in the instrument software were measured in trip-
licate, and the results were expressed as means and standard
deviations.***®

2.6 Zeta potential

The zeta potential, which represented the surface electrostatic
charge on the particles, was determined in terms of electro-
phoretic mobility (Zetasizer Nano ZS, Malvern Panalytical,
Malvern, UK). The samples were diluted in NaCl at 10 mM (1:
500). The Helmholtz-Smoluchowski equation was used to
calculate the zeta potential, through the instrument
software.****

2.7 Determination of pH

A digital pH meter (pH Pro LineLab®) was used to measure the
pH of the nanoemulsions. All the measurements were carried

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

out at room temperature (28 °C), in triplicate, and were
expressed as means and standard deviations (mean =+ SD).

2.8 Determination of entrapment efficiency (EE)

The EE% of the Nari-SF solution was determined based on the
free (unencapsulated) naringenin content in the dispersion
medium, as described by Pinto et al. (2018),* with some adap-
tations. Hexane (2 mL) was added to an aliquot (2 mL) of the
formulation and this mixture was magnetically stirred at
150 rpm for 15 min, and then centrifuged at 3000 rpm for
10 min. The supernatant was collected and evaporated under
low pressure to remove the solvent. The naringenin residue was
resuspended in 2 mL of ethanol and quantified, as described by
Vale et al. (2022)* in a visible ultraviolet (UV-vis) spectrometer
(PerkinElmer®) at the wavelength 290 nm, using the following
calibration curve: y = 0.4971x + 0.3036 (R* = 0.9975). The EE%
was calculated from the following equation:

M
EE% = — % 100
M,
where Mg, is the real content of bixin in the nanoparticles; and
M, is the theoretical amount of bixin in the formulation
(theoretical load).

2.9 Nanoparticle morphology

Transmission electron microscopy (TEM) analysis on the Nari-
SF (naringenin-silk fibroin nanoformulation) produced was
carried out using a JEM 400-FS microscope (JEOL Ltd., Tokyo,
Japan), operated at 80 kV. For sample preparation, a drop of the
suspension was deposited on formvar/carbon-coated copper
grids (300 mesh, Electron Microscopy Sciences, Holfield, PA,
USA). After 60 s, the excess was gently dried with filter paper and
the grid was stained using a drop of 2% w/v of uranyl acetate
solution (Sigma Aldrich, St. Louis, MO, USA) for 120 s. The
staining solution was gently eliminated with filter paper and the
grid was rapidly dipped in particle-free ultrapure water to
further eliminate loosely bound material and excess staining.
The images were processed using the Digital Micrograph soft-
ware (Gatan Inc., Pleasanton, CA, USA).

2.10 In vitro drug release

In vitro release of Nari-SF was performed using the dialysis bag
method, with modifications.*® The experiment was performed
at 37 °C using phosphate buffer (pH 7.4) as the release medium.
The dialysis bag (MWCO 12 000 to 14 000 Da, Sigma-Aldrich, St.
Louis, MO, USA) containing 2 mL of the Nari-SF 9 and Nari-SF
15 samples was placed in contact with 100 mL of release
medium, thus ensuring sinking conditions, under moderate
magnetic stirring. 2 mL of the release medium was removed and
replaced with the same volume of fresh medium at pre-
determined times (0, 1, 2, 3, 4, 5, 6, 7, 8 and 24 h) for analysis.
The concentrations of the released naringenin from the
samples were obtained at 311 nm using a spectrophotometer
(PerkinElmer Lambda 35 UV-Vis, Canada). The data were ana-
lysed using mathematical modelling (KinetDS software, version
3.0, Krakow, Poland) in order to gain a better understanding of

RSC Adv, 2023, 13, 23063-23075 | 23065
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the ester release behaviour of the nanoparticles. The model that
best described the release profile was selected based on the
correlation coefficient (7).

2.11 Stability test

The nanostructure formulations (entries 9 and 15, Table 2) were
evaluated over a 28 day period under two different conditions
(32 £2°C and 5 + 2 °C) to determine the most favourable and
the best storage conditions. At pre-established times (0, 7, 15
and 30 days), the formulations were evaluated in terms of
particle size, PDI, zeta potential and pH. They were also evalu-
ated at 40 & 2 °C for 48 h to assess their behaviour under heat
stress: for example, under heating from exposure to sunlight.

2.12 Infrared spectroscopy analysis

Fourier-transform infrared (FT-IR) spectra of oils and esters
were obtained using a spectrometer (Spectrum Two FT, Perki-
nElmer Inc., Waltham, MA, USA) with a diamond-attenuated
total reflectance (ATR) accessory and deuterated triglycine
sulphate (DTGS) detector. This had a spectral range from 350 to

4000 cm ™!, with a resolution of 0.5 cm ™.

2.13 Fluorescence analysis

The fluorescence spectrum of each sample was obtained using
a fluorescence spectrophotometer (F-7000 Fluorescence Spec-
trophotometer; Hitachi). Nari-SF solution at different concen-
trations of naringenin (0.25, 0.5, 1.0 and 1.5 mg mL ') and SF
solution were placed in a quartz cuvette with path length of
1 cm. The fluorescence was recorded over an excitation wave-
length range of 300-500 nm. Excitation of the sample was
carried out using a 310 nm diode laser as a light source. The
photomultiplier voltage was 400 V. The entire experiment was
conducted at the ambient temperature, i.e. 25 £+ 1 °C.**

Table 2 Experimental results from the Box—Behnken design
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2.14 Lipoxygenase inhibition test

The lipoxygenase inhibition activity was assessed in accordance
with the method used by Ksiksi et al.,** with some adaptations.
Briefly, a mixture of sodium borate buffer (1 mL, 0.1 M, pH 8.8),
lipoxygenase soybean (10 uL, final concentration 8.000 U mL ™)
and test substances [Nari-SF 9 (1.5 mg mL ') and Nari-SF 15
(1.0 mg mL™")] (10 pL) was incubated in a 1 mL cuvette at room
temperature for 15 minutes. The reaction was started by adding
linoleic acid substrate (10 uL, 51 mM). Absence of the resulting
mixture was assessed at 234 nm (PerkinElmer Lambda 35,
Brazil) over a three-minute period (three times). LOX inhibition
was assessed using the following equation:

AlfAZ
—X

1

Lipoxygenase inhibitory activity (%) = 100
where 4; and 4, represent the absorbance in the absence and
presence of sample, respectively.

2.15 Statistical analysis

The data were expressed as means =+ standard error of the mean
(SEM). One-way analysis of variance (ANOVA) was used, fol-
lowed by Tukey's post hoc method. Statistical calculation was
done using the software GraphPad Prism 9, Statistic Release 7
and Design Expert 13. Statistical significance was taken to be
indicated when p = 0.05.

3 Results and discussion
3.1 Naringenin-silk fibroin nanoformulation (Nari-SF)

Drug delivery mechanisms not only protect and/or stabilize the
active biocompound but also help in the therapeutic response
at low frequencies of administration and in reducing the
toxicity levels.*** In this regard, the silk protein extracted from
the silkworm cocoon (Bombyx mori) stands out through

Naringenin (mg Silk fibroin

Experiment mL ™) (%) FABE (g mL™") Size (nm) PDI¢ Zeta potential (mV)
1 1.5 6.0 0.02 448.8 + 27.9 0.7 £ 0.1 —44.0 £ 0.4
2 1.0 6.0 0.03 387.6 £17.2 0.6 + 0.1 —55.9 £ 3.1
3 1.0 5.5 0.02 261.2 £ 5.8 0.5 + 0.1 —40.1 £ 0.7
4 0.5 5.5 0.03 3194 £9.9 0.7 £ 0.0 —41.9 £ 0.7
5 1.0 5.0 0.01 237.3 £15.8 0.4 £ 0.0 —40.8 £ 1.2
6 0.5 5.0 0.02 323.0 £ 29.1 0.6 + 0.1 —60.4 + 2.6
7 1.5 5.5 0.01 269.4 + 18.8 0.4 £ 0.0 —36.5 £ 1.0
8 1.0 5.0 0.03 498.3 £ 21.3 0.8 £ 0.1 —47.8 £0.3
9° 1.5 5.5 0.03 179.6 £ 4.5 0.3 £ 0.0 —43.3 £ 0.7
10 1.5 5.0 0.02 519.3 £ 47.6 0.7 £ 0.1 —47.3£1.4
11 0.5 5.5 0.01 431.4 £+ 30.1 0.6 £ 0.1 —43.1 £ 1.2
12 1.0 5.5 0.01 327.3 £30.3 0.5 £+ 0.0 —38.8£0.9
13 1.0 5.5 0.02 244.0 £+ 31.9 0.4 £ 0.1 —41.2 £ 0.8
14 0.5 6.0 0.02 633.9 £ 27.1 0.8 £ 0.1 —41.5 £ 0.9
15? 1.0 5.5 0.02 226.4 £ 9.2 0.4 £ 0.0 —42.0 £ 0.7

“ Polydispersity index (PDI < 0.1 highly monodisperse particles; 0.1-0.4 slightly polydisperse; =0.4 highly polydisperse samples). ” Experiments 9
and 15 were selected for the next study, regarding encapsulation efficiency, sustained release rate, transmission microscopy, stability test, infrared
and fluorescence evaluations and inhibition of lipoxygenase (LOX) enzyme.
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promoting substitution or reduction of the use of synthetic
surfactant agents.** Moreover, it increases the bioavailability of
naringenin in the medium, reduces toxic effects, is biodegrad-
able, has low cost and has an easy handling process.**

In this study, we used fatty acid butyl esters (FABE) as an oily
phase, obtained through the transesterification reaction of
triglycerides from Brazil nut oil. According to Marinho et al.
2022,"* FABE obtained from Astrocaryum murumuru Mart.
improves the physical-chemical properties and stability of the
nanostructure from silk fibroin, in relation to temperature and
storage time, compared with ethyl or propyl esters.

3.2 Experimental design

A Box-Behnken design (BBD) was applied to evaluate the
interactions and the quadratic effects of formulation parame-
ters selected at different levels for three responses: particle size
(nm), polydispersity index and zeta potential (mV). Table 2
summarizes the experimental results from the Box-Behnken
project. A BBD is a model that as closely as possible describes
the effects of factors and their levels on the critical attributes of
a product.*

The significance of the regression coefficients was evaluated
through their p value (<0.05) calculated by means of ANOVA. P-
values less than 0.05 were considered to be an indication of
significant factor contribution. The model fit was evaluated by
using the coefficient of determination (R).

Experimental planning (EP) is an important statistical tool
for development and evaluation of the parameters and quality
of pharmaceutical formulations. It has been used for various
types of formulation, such as tablets, sprays, syrups, ointments
and others.*® Recent studies have shown the research efficiency
of EP with regard to innovative discoveries, better factor
conditions and achievement of novel results for nanostructured
systems.** Nevertheless, formulations containing silk fibroin
remain little evaluated through application of this statistical
method.

All nanoformulations obtained through combinations of
different concentrations of SF, naringenin and FABE were
found to have a homogeneous milky appearance, without the
presence of precipitates, and were found to be relatively
uniform and perennial.

According to the analyses, the particle size ranged from
633.9 nm (experiment 14) to 179.6 nm (experiment 9), PDI from

(A)

Intensity (%)

10 100 1000

Size (d.nm)
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0.33 (experiment 9) to 0.77 (experiment 14) and ZP from —60.4
(experiment 6) to —36.5 (experiment 7). The results were analyzed
taking into account the crossing of the levels used in each
experiment (Table 1).

From the BBD quadratic polynomial model, a Pareto graph
and response surface could be generated for all variables, with
the aim of understanding the factor-response relationship and
optimal conditions.** The vertical line of the Pareto graph
represents the boundary between significant and non-
significant effects with 5% error risk.** The silk fibroin was
the factor that had the most significant influence on the 95%
confidence level in the experimental model studied (Fig. 2-4).

The coefficient of determination was R> = 0.9211 for the
particle size analysis. This indicated that 17.16% of the total
variation was not explained by the model.

The smallest particle sizes were obtained in experiments 9
and 15, with sizes of 179.6 £ 4.50 nm and 226.4 + 9.23 nm,
respectively. The levels used in these experiments revealed that
the smallest particles obtained through the experimental
planning were found through combining naringenin concen-
tration at 1.5 mg mL ™" (+1), fibroin solution at 5.5% (0) and
FABE at 0.03 g mL " (+1) (Table 2). It is worth mentioning that
higher or lower values of the fibroin content resulted in an
increase in particle size to 633.9 nm, but this remained classi-
fied on the nanoparticle scale.*

According to the PDI values (Fig. 4) generated through factor
planning, the coefficient of determination was R*> = 0.8565. This
indicated that 17.52% of the total variation was not explained by
the model. The best responses obtained again dame from
experiments 9 (0.33 £ 0.01) and 15 (0.36 & 0.04), under the same
experimental conditions as presented above. The PDI values
obtained in the experimental planning ranged from 0.33 to
0.77, thus demonstrating the homogeneity of the nanoparticles
in the system. It should be noted that good nanostructured
polydispersion depends on PDI values > 0.4.**¢ Increased silk
fibroin content and diminished naringenin concentration both
gave rise to substantial increases in PDI. Correlation of SF
concentrations with lower concentrations of the active agent
(0.5 mg mL™") was unfavorable for polydispersion. This could
be explained by an excess of SF in the aqueous system, thereby
leading to formation of micelles.

Lastly, the zeta potential (ZP) presented a coefficient of
determination of R* = 0.9855, which indicated that only 2.89%

(B)
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400000

Total counts

200000

0
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Fig. 2 Particle size distribution (A) and zeta potential (B) of Nari—SF 15 (Table 2, experiment 15).
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Fig. 3 Particle size response. Pareto plot (A) and three-dimensional response surface plots showing the effects of (B) the concentrations of
naringenin and silk fibroin, (C) the concentrations of naringenin and ester (FABE) and (D) the concentrations of silk fibroin and ester (FABE).

of the total variation was not explained by the model (Fig. 5).
The best results were from experiments 7 (—36.5 £ 1.04 mV) and
12 (—38.8 + 0.87 mV), in which the experimental conditions
were expressed as the variables of naringenin = 1.5 mg mL ™"
(+1), silk fibroin solution = 5.5% (0) and FABE = 0.01 g mL "
(—1). However, experiments 9 and 15, which were selected in the
factor planning, also presented excellent ZP results: —43.3 £
0.68 and —42.0 + 0.68.

ZP is an important parameter for properly assessing and
characterizing a colloidal system. The stability of nano-
structured systems can be classified through ZP evaluation as
highly stable (£0-10 mV), relatively stable (£10-20 mV),
moderately stable (£20-30 mV) or again as highly stable (+30
mV). However, elucidation of the stability of a nanoformulation
also depends on assessing other parameters.*

The Nari-SF nanoformulations showed ZP ranging from
—60.4 to —36.5 mV in the experimental planning. This variation
was due to the different concentrations of silk fibroin used,
such that reduction of the SF concentration led to a greater
negative value for ZP. According to the literature, ZP values that

23068 | RSC Adv, 2023, 13, 23063-23075

correlated with SF solutions or nanostructured form ranged
from —47 to —17 m.**** The high negative values found in Nari-
SF indicated the existence of high repulsive force between the
particles, which would impede the process of agglomerations of
polymeric chains.*

After using the experimental planning to determine the best
conditions for preparing the nanoformulations, we designed
a series of evaluations on Nari-SF 9 and Nari-SF 15. These
included assessments on the efficiency of encapsulation (% EE)
and morphology of the nanoparticles; release tests; stability
tests; analyses on UV-vis, infrared and fluorescence; and
assessment of inhibition of the enzyme lipoxygenase (LOX). The
characteristics of the polymeric nanostructures could thus be
elucidated through these steps.

3.3 Nanoparticle morphology

From TEM analysis on the Nari-SF sample (Fig. 6), it could be
seen that the nanostructured formulation consisted of globular
particles with a homogeneous spherical nucleus. We suggest
that the formation of polymeric fibroin nanoparticles is with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nuclei formed by naringenin and esters, this hypothesis is
raised because the fibroin of silk has amphiphilic properties
and the residues of Ser, which have free hydroxyl groups, align
in the hydrophilic phase, while the residues of alanine project
to the hydrophobic phase.*

3.4 UV-vis, FT-IR and fluorescent spectroscopy analysis

UV-vis analysis, which is a commonly used technique for
measuring protein materials, showed that the SF solution had
a maximum absorption peak at 275, due to the presence of
aromatic amino acids in the silk fibroin,** whereas the flavonoid
solution presented maximum absorption at 289 nm. The Nari-
SF nanostructure solution had a maximum absorption peak at
290 nm (Fig. 7B). The various functional groups present in the
silk protein, such as amines, alcohols, phenols, thiols and
carboxylic acids, contributed to the interaction sites between
naringenin and the oily phase. The UV-vis spectrum observed in
the Nari-SF solution indicated that there was an interaction by
a percentage of unencapsulated naringenin that was probably

© 2023 The Author(s). Published by the Royal Society of Chemistry

adsorbed in the external wall of the silk fibroin, with a small
change in polarity that probably occurred through hydrogen
bonding.>?

The FT-IR analyses were performed using the main compo-
nents of the nanoformulation that was developed: naringenin,
silk fibroin solution as a control and the Nari-SF 9 nano-
formulation. Fig. 7A shows the spectrum of free naringenin, in
which the absorption bands at 1597, 1520 and 1456 cm™ " are
characteristic for aromatic bending and stretching. Wang et al.
(2022)** explained that the major characteristic peaks of nar-
ingenin located at 1200-1400 cm™ ', 1630 cm™ " and 3296 cm ™"
were attributable to ~-OH phenolic bending, -C=0 stretching
and broad phenolic ~-OH of the naringenin molecule, respec-
tively. The same bands were observed in the present study. The
nanoparticle spectrum showed bands similar to those of silk
fibroin, although there was a band at 1012 cm™ " that differed
from silk fibroin, probably due to interaction with the flavonoid.
The characteristic band for ~OH appeared at 3364 cm ™, in the
naringenin formulations. The band at 1012 cm ™' suggests the

RSC Adv, 2023, 13, 23063-23075 | 23069
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existence of intermolecular interaction, such as the hydrogen
bonding present between fibroin and naringenin,* or alterna-
tively, it may have been due to the presence of naringenin,
adsorbed onto the surface of the nanoparticle. In either case,
the hypotheses lead to the conclusion that naringenin is
encapsulated and fibroin covers the exterior of the
nanoparticle.**>

The protein structure of silk fibroin can show a fluorescence
excitation signal, which can be attributed to residues of the
amino acids present, such as tyrosine and phenylalanine.* The
fluorescence profile of Nari-SF was monitored using different
flavonoid concentrations. Nari-SF nanoparticles showed char-
acteristic fluorescence at 390 nm when excited at 300 nm
(Fig. 7C and D), which can be attributed mainly to intrinsic
fluorescence from tyrosine residues found in the hydrophobic
cavities of the protein.*® The naringenin solution presents
absence of fluorescence excitation signal in this region. When
naringenin was added, the maximum emission peak of the

23070 | RSC Adv, 2023, 13, 23063-23075

nanoparticles decreased, thus indicating formation of interac-
tions between the amino acid residues of the protein and the
hydrophilic flavonoid groups, thereby resulting in a decline in
fluorescence.*

3.5 Encapsulation efficiency (EE)

The percentage encapsulation efficiency (% EE) of Nari-SF 9
and Nari-SF 15 was determined from the equation of the line
generated by the standard curve. The results showed that the
rate of encapsulation through the method developed was
remarkably high, with 94.41 £+ 0.13% for Nari-SF 9 and 93.44 £+
0.08% for Nari-SF 15. This showed the efficiency of the method,
with the components used. There was no statistical difference
between the nanoformulations in relation to encapsulation,
thus leading to the conclusion that the relationships between
flavonoid concentrations were proportional with regard to the
fibroin of the seed, with the mixture of esters.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Transmission electronic microscopy analysis on the Nari—SF 15
nanoparticles, and magnification.

The lipid matrix formed by the FABE mix from Brazil nut oil
was sufficient to solubilize the flavonoids and encapsulate them
with silk fibroin.? It is likely that the residual unencapsulated
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naringenin was adsorbed into the outer wall of the polymer.*>” In
addition, the negative burden of the SF combined with the
cationic load of naringenin contributed to high EE. This was as
efficient as in other forms of encapsulation,®* thus increasing
the bioaccessibility of naringenin® and can facilitate the
specific drug release in the targeted cells via microenviron-
mental stimuli.

3.6 Stability test

A stability test was performed on the nanoformulations Nari-SF
9 and Nari-SF 15 for 15 days. Particle size, polydispersity index
(PDI), ZP and pH were evaluated during this period. The
samples were stored at room temperature (25 °C) and under
refrigeration (+4 °C), as described in Table 3.

When the Nari-SF 9 was stored at room temperature, the
particles already showed a significant change in size on the 7%
day, to 517.6 £ 175.4 nm, and then remained practically
unchanged until the 15" day, with a size of 501.5 + 67.30 nm
(Table 3). Nari-SF 15 was seen to be more stable from the 1% day
(247.5 + 8.60 nm) to the 7" day (303.4 + 24.42 nm) when stored
at 25 °C, but on the 15™ day a significant change in size was
observed, to 810.2 & 206.8 nm (Table 3). On the other hand, the
two nanoformulations showed similar profiles of gradual
increases in size when the nanoparticles were stored at 4 °C
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Fig. 7 FT-IR spectrum analysis (A); UV-vis spectrum (B); and fluorescence spectra (C and D).
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Table 3 Stability test on Nari—SF 9 and Nari—SF 15 at different temperatures (25 and 4 °C) for 15 days

Nari-SF 9 Nari-SF 15
Time (days) Size (nm) PDI Zeta (mV) pH Size (nm) PDI Zeta (mV) pH
Storage at 25 °C
0 183.8 £ 4.0 0.3 £ 0.0 —43.8 £ 0.0 4.6 +0.1 247.5 £ 8.60 0.4 £ 0.0 —43.4 £ 0.1 4.5 +£ 0.0
7 517.6 £ 2.0 0.5 £ 0.2 —43.1 £1.7 5.1 £ 0.0 303.4 £ 24.42 0.7 £0.1 —45.3 £ 0.7 5.0 £ 0.0
15 501.5 £ 6.8 0.6 = 0.0 —43.9 £ 0.0 4.8+ 0.0 810.2 £ 206.8 0.7 £ 0.0 —46.5 £ 1.7 44 +0.1
Storage at 4 °C
0 190.7 £ 0.8 0.3 £ 0.0 —42.3 £ 0.0 4.62 £+ 0.2 226.4 £ 6.2 0.3 £ 0.0 —43.5 £ 0.1 4.4 £ 0.0
7 304.3 £ 30.4 0.6 £ 0.1 —43.2 £ 1.6 4.68 £ 0.1 279.5 + 21.0 0.3 £ 0.1 —45.6 = 1.0 5.2 £ 0.1
15 701.1 £ 243 0.7 £ 0.1 —41.4 £ 2.8 4.55 + 0.1 617.9 £+ 146 0.7 £ 0.0 —383=£7.2 4.5 £ 0.0

(Table 3). The observed increase in particle size may have been
be influenced by the process of adsorption of protein dispersed
in the middle of the surface of the nanoparticles.*

The PDI values for Nari-SF 9 showed a slight increase from
the 1% to the 15™ day (0.33 + 0.02 to 0.54 + 0.03, respectively),
while Nari-SF 15 showed greater variation of PDI values, from
0.41 £ 0.01 on the 1°° day to 0.70 + 0.01 on the 15™ day of
observation when stored at 25 °C (Table 3). There were signifi-
cant changes between the 7 and 15™ day for both samples
(Nari-SF 9 and Nari-SF 15). From these results, we concluded
that the increase in the polydispersion index of the polymeric
nanostructure of Nari-SF over the 15 day period did not depend
on temperature.

The ZP remained without significant changes, ranging from
—43.9 to —38.6 mV for Nari-SF 15, at 25 °C (Table 3). Changes in
particle size were maintained until the end of the experiment,
especially on the 15™ day (810.2 nm). In relation to the PDI,
there were also significant changes, such that the value
remained >0.4 on the 30™ day. The pH of the samples changed
from 4.54 to 4.68, but this was not a significant alteration (Table
3).

Good stability of nanoparticles and fibroin of seeds in water
has been noted,** even in the presence of acid pH and
temperature variations. The results indicate that the surface
properties of SF nanoparticles, such as high electrostatic
repulsion, substantially the stability of the
nanoparticles.®

improve

3.7 Invitro drug release

A dissolution experiment was carried over a 24 h period in order
to evaluate the in vitro release profile of Nari-SF 9 and Nari-SF
15 (Fig. 8). Naringenin solution (1.0 mg mL™") was used as
a control to evaluate the barrier diffusion of naringenin,
determined by the dialysis membrane. The results showed that
over the first 4 hours of the analyses, about 13.84 and 21.67% of
the naringenin was released in the nanoformulations. Thus,
over this time period, there was rapid release of naringenin,
with high inclination of the curve. It is likely that the naringenin
released over the first 4 hours was the portion that had been
unencapsulated or that had been adsorbed on the surface of the
nanoparticle. Over the entire 24 h period, the naringenin release
rate was 37.32 £ 1.27% and 35.79 £ 2.4% for Nari-SF 15 and

23072 | RSC Adv, 2023, 13, 23063-23075

Nari-SF 9, respectively. However, the naringenin solution was
diffused in a higher percentage to the release medium (>50%).
We concluded that the modulation of naringenin release rates
in the nanostructures every hour occurred in a continuously
increasing manner. The best-fitting model for the release profile
for Nari-SF 9 (R* 0.9997) and 15 (R® 0.9985) was Korsmeyer—
Peppas (with lag), which generally describes the release of drugs
in polymeric systems in which several mechanisms are
involved.®® After the first 4 hours, the inclination of the curve
diminishes and tends to become more horizontal, thus showing
a decrease in the speed of drug release. Polymeric systems
generally have the ability to exhibit this behavior, given that
drug release can be controlled through erosion of the polymers
and diffusion of the drug. In addition, because of the slow
degradability of SF protein in the body and the low molecular
weight of naringenin (272.257 g mol '), drug release can be
controlled mainly through its diffusion, in relation to the model
for Nari-SF 9 and Nari-SF 15.%** Drug release is explained by
various mathematical models, using KinetDS software drugs in
polymeric systems. This model suggests that naringenin is
released from the polymeric matrix by an anomalous diffusion,
in which the diffusion curves are very similar to a Fickian
process, however, it reaches release equilibrium more quickly.
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Fig. 8 Release profile of naringenin from Nari—SF 9 and Nari—SF 15
using dialysis bag (n = 3, + SD).
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3.8 Lipoxygenase (LOX) inhibition assay

The inhibition of lipoxygenase is shown in Fig. 9. The nano-
formulation Nari-SF 9 showed high capacity to inhibit the LOX
enzyme (90.21 + 3.91%). However, the inhibition obtained
through use of dexamethasone as a positive control was 94.13 +
1.67%. Nari-SF 15 also presented anti-LOX activity (58.24 +
16.39%). The difference in activity between the nano-
formulations 9 and 15 was probably due to the effect of their
concentrations (Nari-SF 9 at 1.5 mg mL ™' and Nari-SF 15 at
1.0 mg mL "), thus showing that there was a dose-response
trend between them.

The results reported suggest that Nari-SF has a potentially
high anti-LOX effect, with IC;, of 7.35 pg mL~*. This may be
related to the polyphenolic content of naringenin and its
increased bioavailability through nanostructures formed with
fibroin. This effect is substantially better than that of non-
nanostructured formulations (ICs, — 66.75 pg mL™').%
Absence of biopolymer (SF) and nanometric particles in the
formulation were shown to significantly decrease the anti-LOX
effect (43.05 £ 22.89%) in naringenin solution, in comparison
with Nari-SF 9, prepared with the same flavonoid concentration
in solution (1.5 mg mL™%).

The LOX enzyme plays an important role in the inflamma-
tory response. Together with increased levels of reactive oxygen
species, it can cause inflammation, thus stimulating the
production of cytokines and consequently LOX. In addition,
LOX is directly involved in the biosynthesis of arachidonic acid
in leukotrienes. Hence, LOX inhibition can lower the presence
of leukotrienes, thereby producing an anti-inflammatory
effect.®® This enzyme is involved in the pathogenesis of several
diseases such as ulcerative colitis, atherosclerosis, asthma,
rheumatoid arthritis and various types of cancer.*® Flavonoids
have an anti-inflammatory effect through inhibiting various
enzymes, including LOX, mainly due to the presence of the OH
group in the structure.”

The formation of SF nanoparticles significantly increased
the bioavailability of naringenin, thus reaching levels of inhi-
bition of the LOX enzyme similar to that of dexamethasone,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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which is a commercially available anti-inflammatory drug
commonly used for treating rheumatoid arthritis, allergies and
asthma.®® Among them, fibroin is an FDA-approved polymer
that has been popularly used in numerous medical
applications.*

4 Conclusions

Silk fibroin was efficiently applied as a surfactant for develop-
ment of polymeric nanoparticles with naringenin, through
a simple low-energy process. By means of experimental plan-
ning, it was possible to optimize the conditions for better
results with regard to particle size, PDI and ZP, thus resulting in
a predictive mathematical model. Silk fibroin was a parameter
that significantly influenced the responses relating to formation
of polymeric nanoparticles. The best polymeric nanoparticles
(Nari-SF 9 and 15) were characterized by using TEM, UV-vis, FT-
IR and fluorescence. The percentage encapsulation was above
90%, thus showing the efficiency of the method. Sustained
release of naringenin occurred gradually and continuously. In
addition, high anti-LOX activity was shown in vitro (90.21 +
3.91%), which may be promising for future studies using in vivo
models.
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