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Abstract: This study was aimed at preparing and characterizing solid lipid nanoparticles loading
rutin (RT-SLNs) for the treatment of oxidative stress-induced diseases. Phospholipon 80H® as a solid
lipid and Polysorbate 80 as surfactant were used for the SLNs preparation, using the solvent emulsifi-
cation/diffusion method. We obtained spherical RT-SLNs with low sizes, ranging from 40 to 60 nm
(hydrodynamic radius) for the SLNs prepared starting from 2% and 5% (w/w) theoretical amount.
All prepared formulations showed negative zeta-potential values. RT was efficiently encapsulated
within SLNs, obtaining high encapsulation efficiency and drug content percentages, particularly
for SLNs prepared with a 5% theoretical amount of RT. In vitro release profiles and analysis of the
obtained data applying different kinetic models revealed Fickian diffusion as the main mechanism
of RT release from the SLNs. The morphology of RT-SLNs was characterized by scanning electron
microscopy (SEM), whereas the interactions between RT and the lipid matrix were investigated
by Raman spectroscopy, evidencing spectral modifications of characteristic bands of RT due to
the establishment of new interactions. Finally, antioxidant activity assay on human glioblastoma
astrocytoma (U373) culture cells showed a dose-dependent activity for RT-SLNs, particularly at the
highest assayed dose (50 µM), whereas the free drug showed the lesser activity.

Keywords: rutin; solid lipid nanoparticles; Raman spectroscopy; SEM; antioxidant assay; U373
culture cells

1. Introduction

In recent years, various drug delivery systems have been developed with the aim
of overcoming the limitations that represent the failure of conventional pharmaceutical
dosage forms, such as the poor solubility of the drug in biological fluids or the insuf-
ficient plasmatic concentration of drug due to poor absorption, rapid metabolism, and
elimination. Among them, colloidal systems formed by polymeric or lipidic substances,
such as nanoparticles, nanoemulsions, and liposomes, have aroused most of the interest
in pharmaceutical technology [1,2]. In particular, in the early 1990s, Müller [3], Gasco [4],
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and Westesen [5] focused the attention on a new class of colloidal particles composed of
lipids, i.e., solid lipid nanoparticles (SLNs), presenting a dimensional range between 50
and 1000 nm.

If compared to traditional colloidal carriers, SLNs exhibit great potential as suitable
drug delivery systems [6–9] thanks to their low toxicity, large surface area, prolonged
drug release, superior cellular uptake, as well as capability to improve solubility and the
bioavailability of drugs [10,11]. Furthermore, the hydrophobic nature of lipids makes these
systems excellent carriers especially for lipophilic drugs. Finally, compared to polymeric
nanoparticles, SLNs have the advantage of being biocompatible and biodegradable [12–17].

As seen by the increasing number of published papers [18–25], the use of natural
active ingredients is becoming the focus of much interest in nutraceutical, cosmetic, phar-
maceutical, and medical research. The main reason is their antioxidant, anti-inflammatory,
anti-mutagenic anti-cancer, anti-Alzheimer, anti-arthritic, and anti-diabetic activity, which
makes them indispensable components in numerous applications. In particular, flavonoids
as antioxidant agents, free radical scavengers, and singlet oxygen quenchers have been, and
still are, widely investigated [26–30]. Among them, rutin (3,3’,4’,5,7-pentahydroxyflavone-
3-rhamnoglucoside, RT), is present in many medicinal herbs, fruits, vegetables, and other
plants and is considered beneficial due to its potential protective role for multiple diseases
related to oxidative stress [31–33]. Despite having high antioxidant activities tested in vitro
on different culture cells [34], RT shows in vivo low bioavailability [35] probably related
to its chemical structure. It seems that glycosilation in the C3 position plays an important
role in reducing bioavailability [36]. Furthermore, the low water solubility of RT should
be considered [35]. To overcome these problems, different delivery systems for RT were
studied [37], such as complexation with β-cyclodextrin [38] or phospholipids [39], encap-
sulation into polymeric nanoparticles [40,41], or nanoemulsions [42]. In this way, high
anti-inflammatory, anti-cancer, and antioxidant activities were observed through different
methods of administration [43–45]. Furthermore, delivery systems can be designed to
improve the biodistribution of RT in the brain for the treatment of neurodegenerative
diseases induced by oxidative stress [46]. These systems could be administered intranasally,
representing the nose, through the olfactory and trigeminal nerves, a direct access to the
brain, so bypassing the blood–brain barrier [47].

Surface charge and particle sizes of SLNs are crucial in nose-to-brain targeting [48].
In particular, the transport through the human olfactory axons can be affected by particle
sizes. These last ones have a typical diameter of 100–700 nm [49], which in turn suggests
that only particles within such dimensions will be able to be transferred along this pathway.
However, nanoparticles of very small sizes (20 nm) could produce damage effects on
excised porcine olfactory epithelium [50].

In this study, we realized SLNs formulations loading RT (RT-SLNs) intended for the
treatment of neurodegenerative diseases induced by oxidative stress through intranasal
administration. RT-SLNs were prepared by a solvent emulsification/diffusion method
using Phospholipon 80H® as solid lipid and Polysorbate 80 as surfactant. They were
characterized as far as morphology and technological properties (sizes, zeta potential, and
encapsulation parameters) are concerned. In addition, Raman investigation was performed
in order to get deeper information on the interactions involved in the formation of RT-SLNs.
Release profiles of RT from SLNs were evaluated at pH 7.4, and different kinetic models
were applied to the obtained data in order to evaluate the rate and mechanism of RT release.
Finally, antioxidant activity of the RT-SLNs, in comparison with free RT, was performed
in vitro on human glioblastoma astrocytoma (U373) cells.

2. Results and Discussion
2.1. Technological Characterization of RT-SLNs and In Vitro RT Release Study

Four RT-SLNs samples with different theoretical amount of RT (2%, 5%, 8%, and
10%, w/w) were prepared, and their size (hydrodynamic radius, RH), polydispersity index
(PDI), and zeta potential (ζ) were determined. As shown in Table 1, all formulations were
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obtained with very high yields (%) and all are in the nanometric range, even if the sizes
increased as the theoretical amount of the drug increases. This could be attributed to the
increase in the drug content present in the emulsion nanodroplets. As a matter of fact, since
only a fixed amount of drug can be incorporated in a given amount of lipid, the increase of
initial drug concentration requires an increase in the quantity of lipid in the nanodroplets,
which will give rise to larger SLNs. Furthermore, a further increase in the amount of drug
could cause an increase in the viscosity of the dispersed phase, resulting in the formation
of larger particles [51,52].

Table 1. Hydrodynamic radius, (RH), polydispersity index (PDI), zeta potential (ζ), yield (%),
encapsulation parameters (encapsulation efficiency percentage (E.E. (%)), drug content percentage
(D.C. (%))) of solid lipid nanoparticles loading rutin (RT-SLNs) prepared using different theoretical
amount of RT. n.d. = not detected.

RT (%) RH (nm) PDI (%) ζ (mV) Yield (%) E.E. (%) ±
S.D.

D.C. (%) ±
S.D.

2 40 ± 0.5 <30 −23 ± 0.05 96 ± 5 97 ± 2 1.9 ± 0.5
5 60 ± 0.3 <30 −21 ± 0.03 95 ± 3 98 ± 1 4.6 ± 0.3
8 80 ± 2.0 >30 −21 ± 0.08 92 ± 6 n.d. n.d.

10 170 ± 4.4 >30 −20 ± 0.06 90 ± 2 n.d. n.d.

Formulations prepared with 8% and 10% theoretical amount of RT exhibited also clus-
ters of nanoaggregates, showing low homogeneity. Optimum sizes of 40 and 60 nm were
observed for the samples prepared starting from 2% and 5% of RT theoretical amount, re-
spectively. Both formulations exhibited slightly negative ζ values, thus requiring the freeze-
dried process to guarantee the physical stability of the nanoparticles. The re-dispersion
of the RT-SLNs freeze-dried powder did not produce significant changes of sizes and ζ

values nor particles aggregation (data not shown), making these formulations suitable for
the proposed therapeutical objective. Considering their low sizes and high homogeneity,
the encapsulation parameters were determined for these formulations only.

The encapsulation efficiency (E.E. (%)) was indirectly determined on the pellets ob-
tained from the first centrifugation of the colloidal suspensions. During the preparation
of RT-SLNs, the evaporation of the organic solvent caused the precipitation of large, not
interacting aggregates of the excess of lipid, and of the excess of drug not encapsulated into
the nanocarriers. They were separated from SLNs colloidal suspensions by centrifugation.
By treating the obtained pellets with cold ethanol, RT only was solubilized, whereas the
lipids remain undissolved. After that, the alcoholic solutions were filtered and analyzed by
UV-Vis spectrophotometer.

As shown in Table 1, high E.E. (%) values were obtained for both formulations,
demonstrating the affinity of RT with the used lipid. By increasing the drug concentration
from 2% to 5%, the drug content percentage (D.C. (%)) was enhanced.

Based on the good values obtained for the encapsulation parameters and the small
particles size with the absence of clusters, the sample prepared starting from 5% theoretical
amount of RT was selected as optimum formulation for a successive in vitro release study,
whose results are reported in Figure 1. The drug release of RT from SLNs was investigated
by the dialysis of RT-SLNs suspensions using a mixture of phosphate buffer solution (PBS,
pH 7.4) and ethanol (15%) as dialysis medium. In this way, the solubilization of RT in
the dialysis medium was insured, and sink conditions were maintained. As can be seen
from an inspection of the figure, free RT quantitatively passes the membrane within 24 h.
RT-SLNs showed an appealing release profile, being able to produce a sustained release
of the drug over 72 h. The very low burst effect (about 12%) observed in the first 3 h
of the experiment evidenced a low amount of drug on the SLNs surface, suggesting a
homogeneous distribution of RT within the lipid matrix. This occurrence, together with the
presence of interactions between RT and SLNs, as demonstrated by Raman spectroscopy,
could justify the prolonged release of RT from SLNs [53].
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Figure 1. In vitro release profiles of free RT (blue squares) and RT-SLNs (red circles). 

As mentioned in the Materials and Methods section, the release data were treated 

according to zero-order, first-order, Higuchi, and Korsmeyer–Peppas equation models 

[54]. The release kinetics and the mechanism of RT release from SLNs were evaluated, and 

the corresponding parameters are reported in Table 2. The transport exponent (n), calcu-

lated from the Korsmayer–Peppas model, describes the mechanism according to which 

the drug loaded into a matrix is released [54]. 

Table 2. Regression coefficient (R2), rate constant (Ki, i = 0 for zero-order, 1 for first-order, and H 

for Higuchi model, respectively), and transport exponent (n) of Korsmeyer–Peppas model, as ob-

tained from release data of RT from SLNs. 

Zero-Order Model First-Order Model Higuchi Model 
Korsmayer–Peppas 

Model 

R2 
K0 

(h−1) 
R2 

K1 

(h−1) 
R2 

KH 

(h−1/2) 
R2 N 

0.8224 0.5227 0.8656 0.0077 0.9344 5.0548 0.8837 0.4282 

The model that best fitted with the release data of RT was the Higuchi model, as 

indicated by the highest value of the regression coefficient (R2). Based on this model, the 

release process of RT from the insoluble matrix of SLNs [55,56] depends on the square 

root of time, according to a Fickian diffusion [57]. In particular, a value of the exponent n 

equal to 0.43 is obtained in the case of a Fickian diffusion release mechanism for spherical 

systems [58]. 

2.2. Scanning Electron Microscopy (SEM) 

In Figure 2a,b, the SEM images of RT-SLNs (5% theoretical amount) at different mag-

nifications (as visible by different markers) are reported. The presence of the SLNs is 

clearly visible as white nanoparticles.  

Figure 1. In vitro release profiles of free RT (blue squares) and RT-SLNs (red circles).

As mentioned in the Materials and Methods section, the release data were treated
according to zero-order, first-order, Higuchi, and Korsmeyer–Peppas equation models [54].
The release kinetics and the mechanism of RT release from SLNs were evaluated, and the
corresponding parameters are reported in Table 2. The transport exponent (n), calculated
from the Korsmayer–Peppas model, describes the mechanism according to which the drug
loaded into a matrix is released [54].

Table 2. Regression coefficient (R2), rate constant (Ki, i = 0 for zero-order, 1 for first-order, and H for
Higuchi model, respectively), and transport exponent (n) of Korsmeyer–Peppas model, as obtained
from release data of RT from SLNs.

Zero-Order Model First-Order Model Higuchi Model Korsmayer–Peppas
Model

R2 K0
(h−1) R2 K1

(h−1) R2 KH
(h−1/2) R2 N

0.8224 0.5227 0.8656 0.0077 0.9344 5.0548 0.8837 0.4282

The model that best fitted with the release data of RT was the Higuchi model, as
indicated by the highest value of the regression coefficient (R2). Based on this model, the
release process of RT from the insoluble matrix of SLNs [55,56] depends on the square
root of time, according to a Fickian diffusion [57]. In particular, a value of the exponent n
equal to 0.43 is obtained in the case of a Fickian diffusion release mechanism for spherical
systems [58].

2.2. Scanning Electron Microscopy (SEM)

In Figure 2a,b, the SEM images of RT-SLNs (5% theoretical amount) at different
magnifications (as visible by different markers) are reported. The presence of the SLNs is
clearly visible as white nanoparticles.
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Figure 2. SEM images of RT-SLNs at different magnification (a,b), together with the Gaussian
distribution of the radius peaked at 25 ± 10 nm (c).

The solid-state surface morphology in the SEM images showed a three-dimensional
network of spherical SLNs with nanometric size and smooth surface.

By SEM analyses, the radius of nanoparticles was quantified, as described in the
Materials and Methods section. We found a radius distribution in size from 10 to 60 nm
but clearly peaked at an average of about 25 ± 10 nm (considering the ± σ of the Gaussian
distribution).

It is worth noting that the radius of nanoparticles reported in Figure 2 appears sig-
nificantly different with respect to RH as obtained by dynamic light scattering (DLS). This
discrepancy can be justified taking into account the different factors that should be con-
sidered when sizes of nanoparticles are determined by different techniques, such as SEM
and DLS. First of all, it is worth remarking that the hydrodynamic radius, as obtained
by DLS, is an “apparent” radius (conversely to the radius as directly measured by SEM),
which reflects the apparent size adopted by the solvated molecule. On the other side, SEM
measures sizes of freeze-dried powders whose diameters may be affected by shrinking
during sample drying. In addition, considering the negative charge density revealed for
our RT-SLNs particles, that should increase the hydration of the particles, a difference
between RH and radius obtained by SEM images is expected. Finally, if compared to SEM,
DLS probes a larger number of particles that is several orders of magnitude greater, so
achieving better statistics.

2.3. Raman Spectroscopy

Raman investigation was performed in order to get deeper information on the interac-
tions involved in the formation of RT-SLNs, based on the significant spectral modifications
induced on the characteristic vibrational bands of free RT when loaded in SLNs [59,60].

The experimental Raman spectrum of RT is reported in Figure 3a. Since the spectrum,
as can be seen, is very composite, only some of the main bands will be discussed.
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Figure 3. Experimental Raman spectrum of RT (a) and SLNs (b).

In particular, the peak at ≈656 cm−1 can be associated with deformation vibrations of
the benzene, heterocyclic, and mannopyranoside rings. The peak at ≈996 cm−1 is ascribed
to C-C stretching vibrations of the mannopyranoside and glucopyranoside rings. Going on,
the peak at ≈1297 cm−1 is due to C–O and C–C stretching vibrations of the heterocyclic
ring, the one at ≈1364 cm−1 can be mainly ascribed to C–O stretching vibrations of the
dihydroxyphenyl ring, while the one at ≈1420 cm−1 can be mainly ascribed to C–C
stretching vibrations of the benzene ring and the heterocyclic ring. The peak at ≈1556 cm−1

is due to C=C stretching vibrations of the benzene and dihydroxyphenyl rings, the one
at ≈1611 cm−1 is due to C=C stretching vibrations of the benzene, heterocyclic, and
dihydroxyphenyl rings and, finally, the peak at ≈1657 cm−1 is associated with the C=O
stretching vibrations of the heterocyclic ring.

Figure 3b shows the experimental Raman spectrum of SLNs, together with the main
vibrational features, detected at ≈904 cm−1 (CH3 rocking), ≈1056 cm−1 (C–C asymmet-
ric stretching), ≈1125 cm−1 (C-C symmetric stretching), ≈1316 cm−1 (CH2 twisting),
≈1455 cm−1 (CH2 scissoring), ≈1697 cm−1 (C=O stretching), ≈2845 cm−1 (CH2 symmetric
stretching), and ≈2949 cm−1 (CH2 asymmetric stretching).

We decided to focus our attention on the spectral regions extending from 1500 to
1710 cm−1 and from 1220 to 1330 cm−1 that, being free of vibrational contributions coming
from SLNs, allow directly highlighting any changes in the vibrational bands of the RT as a
consequence of the entrapment of the drug in the nanoparticles.

Figure 4 depicts the experimental Raman spectra, in the 1500–1710 cm−1 (a) and
1220–1330 cm−1 (b) ranges respectively, for RT, SLNs, and RT-SLNs systems.
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1330 cm−1 (b) intervals, for RT (black line), SLNs (red line), and RT-SLNs (green line) systems. The
negligible contribution of SLNs to the vibrational profile, in the investigated spectral range, is well
evident.

From the inspection of Figure 4a, a change in the relative intensities of the peaks
that contribute to the band between ≈1530 cm−1 and ≈1590 cm−1, associated with C=C
stretching vibrations of the benzene and dihydroxyphenyl rings of RT, is first of all revealed
when the drug is encapsulated in the SLNs. A slight shift toward lower wavenumbers
of the band centered at ≈1611 cm−1, associated with C=C stretching vibrations of the
benzene, heterocyclic, and dihydroxyphenyl rings of RT, is also observed. Going on, the
band at ≈1657 cm−1 of RT, corresponding to the C=O stretching vibration the heterocyclic
ring, exhibits an evident shift toward the low wavenumbers (the center-frequency of the
band moves to ≈1651 cm−1), as well as a clear change in shape when RT is encapsulated
in SLNs.

The above-discussed spectral changes provide experimental evidence of the activation
of drug–nanoparticle interactions involving, in particular, the aforementioned functional
groups. In particular, the marked shift toward low wavenumbers of the C=O stretching
band highlights a weakening of the carbonyl bond, suggesting an electrostatic environment
of the C=O group that is more intense than the one experienced by the same group in the
case of the pure drug. Therefore, this allows us to hypothesize, in agreement with previous
studies on similar systems [61], a more intense association due to the establishment of new
interactions.

Finally, interesting changes were also revealed in the lower frequency region, from
1220 to 1330 cm−1 (Figure 4b). It is clearly evident, as can be seen from the figure, a shift
toward low wavenumbers of ≈5 cm−1 of the C–O and C–C stretching vibration band
of the heterocyclic ring of RT, centered at ≈1297 cm−1 for the pure drug, after the drug
encapsulation in SLNs. This spectral modification suggests, in analogy with what was
observed for the C=O band, the involvement of the C–O and C–C functional groups in the
formation of drug–nanoparticle interactions, together with a more structured environment
that surrounds these groups, which contributes to weakening their dipole moment.
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2.4. Biological Anti-Oxidant Assay

For in vitro test, the U373 cell line was used to test the anti-oxidant effect of RT in
free form and, above all, to evaluate the ability of SLNs to improve the biological activity
of the drug. As reported by other authors [62,63], RT is safety on U373 cells at low
concentrations, but it shows anti-tumoral effects at high concentration. For this reason,
before proceeding with lactic hydrogenase (LDH) assay to evaluate the anti-oxidant effects,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) tests were carried out
in order to evaluate the most suitable concentrations of RT to be used in order to maintain
the anti-oxidant activity, preserving at the same time the cellular vitality. For this purpose,
increased concentrations of free RT were tested, and the cytotoxic effects of free drug in
terms of cell viability (%) were reported in Figure 5a. The treated cells began to suffer
in the presence of high concentrations of RT and at the longest times tested, as already
demonstrated [62,63]. In particular, a significant reduction (p < 0.05) of cell viability was
recorded at 100 µM of free RT and after 72 h of exposure.
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Figure 5. Effects on U373 cell viability of 24 h, 48 h, and 72 h treatment with different concentrations of free RT (a), DMSO
(b), and blank SLNs (c). Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) test, and the results are presented as the mean of three different experiments ± standard deviation (S.D.). The error
bar, if not shown, was within the symbol.

Since RT is a drug characterized by a very low solubility in water, for in vitro test,
it was solubilized in dimethyl sulfoxide (DMSO). For this reason, it has been necessary
to test the effect of solvent on cell viability and, therefore, U373 cells were treated with
the same volumes of DMSO that was used to solubilize RT at increased concentrations.
As can be seen from Figure 5b, when the cells are treated with DMSO alone at the same
concentrations used for the in vitro tests with RT, they suffer a significant reduction in
viability (p < 0.05) already after 48 h of treatment and at lower concentration (0.1% v/v
DMSO). We considered these results interesting, since RT seems to reduce the cytotoxic
effects induced by DMSO. Blank SLNs revealed no influence on U373 cells viability, as
reported in Figure 5c. It is noteworthy that the blank SLNs concentrations reported in the
figure correspond to the amount of RT-SLNs necessary to reach the selected concentration
of RT in free form.

Based on these in vitro results, we decided to use 50 µM as a maximum concentration
of RT in free form and as RT-SLNs for subsequent LDH assay.

To induce an oxidant stress, U373 cells were treated with hydrogen peroxide (H2O2)
at 700 µM and for 1 h. This concentration and this incubation time were chosen based
on the MTT test previously carried out on U373 cells in the presence of different H2O2
concentrations (300 µM–1 mM) for several incubation times (1, 2, and 3 h) (data not shown).

As reported in Figure 6, the cells treatment with H2O2 caused a strong release of
LDH (about 35%) with respect to untreated cells. The treatment of cells with free drug
(0.1, 1, 10 µM) leads to a reduction of LDH release, with respect to oxidation control, so
demonstrating the ability of RT to protect cells from the oxidizing effect of H2O2. The
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highest tested concentration of RT (50 µM) showed a reduced protective effect on U373 cells,
which was probably because this concentration is close to the minimum RT concentration
able to induce a cytotoxic effect, as demonstrated by MTT tests. As shown in Figure 6, the
presence of SLNs permitted obtaining a reduction of LDH release, with respect to the same
concentration of free drug. This occurrence testifies that the encapsulation of drug within
SLNs allows enhancing the anti-oxidant activity of RT at all tested concentrations. This
effect is particularly evident when cells are pre-treated with 10 and 50 µM of RT-SLNs.
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Figure 6. Anti-oxidant effect of RT and RT-SLNs on U373 cells expressed as LDH release reduction.
Cells were treated with increased concentration of RT and RT-SLNs for 24 h and then incubated with
H2O2 (700 µM) for 1 h. Results are presented as the mean of three different experiments ± S.D. The
error bar, if not shown, was within the bar. The data obtained for RT-SLNs are statistically significant
with respect to the same concentration of free RT (* p < 0.05), while the data obtained for RT and
RT-SLNs are statistically significant with respect to oxidation control (@ p < 0.05; @@ p < 0.001).

This effect could be due to an unspecified kiss-and-run mechanism, as described by
Hofmann et al. [64], in which the contact of nanoparticles with the cells produces the
transfer of the drug from nanocarrier to cell membranes, increasing permeation. We should
also consider the probable transport of RT inside the cells by means of a facilitated diffusion
mediated by the GLUT2 transporter, as demonstrated by Zhang et al. [65]. The GLUT2
transporter is present in U373 cells, even if less expressed than GLUT1 [66]. The gradual
release of RT from SLNs could avoid the saturation of the transporter, so facilitating its
activity. Finally, an internalization of RT-SLNs by the cells could not be excluded [67,68].
If this is the case, the drug could be gradually released from the SLNs directly into the
cytoplasm, and it does not need permeation through cell membranes to show its protective
effects. In this sense, future studies are planned to confirm this hypothesis. On the other
hand, no statistically significant anti-oxidant effects of empty SLN have been shown
(Figure S1 Supplementary Material).

3. Materials and Methods
3.1. Materials

Phospholipon® 80H is a Phospholipid GmbH (Cologne) product. Rutin hydrate (MW
610,2, RT), minimum 95%, Tween 80, trehalose from Saccharomyces Cerevisiae ≥ 99%,
3-[4,5-dimethylthiazol-2-yl]-3,5-diphenyltetrazolium bromide (MTT) dye test (TLC pu-
rity ≥97.5%), sodium dimethyl sulfoxide (DMSO) and phosphate buffer solution (PBS,



Molecules 2021, 26, 1039 10 of 16

pH 7.4) were purchased from Sigma Aldrich (Milan, Italy). Ethanol HPLC grade is a
Merck® product. Acetone HPLC grade was purchased from J.T. Baker®. Dulbecco’s
modified Eagle’s medium (DMEM), heat-inactivated fetal bovine serum (FBS), penicillin
(100 UI/mL)/streptomycin (100 µg/mL) solution, amphotericin B (250 µg/mL), glutamine,
and trypsin/ethylenediaminetetraacetic acid (EDTA) (1×) solution were obtained from
GIBCO (Invitrogen Corporation, Giuliano Milanese, Milano, Italy). Human glioblastoma
astrocytoma cells (U373) were purchased from ATCC (American Type Culture Collection)
retailer LGC Standards S.r.l. (Sesto San Giovanni, Milano, Italy). The Pierce lactic de-
hydrogenase (LDH) cytotoxicity assay kit was obtained from Thermo Fisher-Scientific
(Waltham, MA, USA). The water used throughout the study was double-distilled, then
filtered through 0.2 µm polytetrafluoroethylene (PTFE) filters (Millipore). Dialysis bags
were Spectra/Por® Dialysis Membrane (MWCO: 8000, Spectrum Laboratories, Inc., Rancho
Dominguez, CA, USA).

3.2. Preparation of Blank SLNs and RT-SLNs

The blank SLNs were prepared by a solvent emulsification/diffusion method, as
reported in the literature [25], by using the following phases: (i) aqueous phase, constituted
by 22.5 mL water containing 365 mg Tween 80; (ii) a lipid phase, constituted by 100 mg
Phospholipon® 80H solubilized in 2.5 mL of 2:1 ratio ethanol/acetone mixture (v/v). Both
solutions were heated at temperatures slightly higher than 60 ◦C. The lipid phase was
added dropwise in the aqueous phase, during high-speed homogenization, using Ultra-
Turrax T 25 (IKA-Werke, Staufen, Germany), at 11,000 rpm for 7 min. The homogenized
suspension underwent ultrasonication (Bandelin Sonorex® RK 514, Berlin, Germany) for
5 min to reduce the size of SLNs. Then, it was allowed to cool to room temperature under
magnetic stirring (300 rpm) for 24 h to permit the evaporation of organic solvent and then
centrifuged for 20 minutes at 5000 rpm (Heraeus Megafuge 16 centrifuge) to remove the
lipid that did not interact. The supernatant was collected, added to 5% (w/v) trehalose as
cryoprotectant and then freeze-dried (−53 ◦C, 43 mTorr) for 48 h (VirTis Gardiner, USA
BenchTop K Series Freeze Dryers).

To prepare RT-SLNs, different concentrations of RT (2%, 5%, 8%, and 10%, w/w)
were dissolved in the heated lipid under continuous magnetic stirring; then, the same
preparation procedure described for blank SLNs was performed. After centrifugation for
20 min at 5000 rpm, the pellets containing the lipid and excess RT were collected and used
for indirect determination of RT encapsulated into SLNs. The supernatant was added to
5% (w/v) trehalose as cryoprotectant and then freeze-dried for 48h.

3.3. Technological Characterization of RT-SLNs

Particle size (i.e., hydrodynamics radius, RH) and polydispersity index (PDI) of the
RT-SLNs were determined by dynamic light scattering (DLS) technique using Zetamaster
(Malvern software, submicron particles analyzer). Furthermore, zeta potential (ζ) was
measured using ZetaPals Bookhaven Instruments Corporation.

The freeze-dried RT-SLNs were weighed and the yield percentage (yield (%)) was
calculated using the following formula:

Yield (%) = (actual weight/theoretical weight) × 100. (1)

The entrapment efficiency percentage (E.E. (%)) and drug loading percentage (D.C.
(%)) were indirectly determined on the pellets obtained after centrifugation at 5000 rpm
of RT-SLNs dispersion. The pellets were added to cold ethanol (5 mL) that solubilized
only RT. As Phospholipon® 80H is soluble only in hot ethanol (~ 60 ◦C), it remained as a
solid. The suspensions were filtered through 0.45 µm PTFE filters (Millipore®), the filtrates
containing RT were collected and analyzed by UV-Vis spectroscopy (FullTech Instruments,
Rome, mod. PG T80) at 259 nm, at 25.0 ± 0.1 ◦C, using 10.00 mm quartz cells (Hellma), to
determine the amount of RT outside the SLNs. This procedure was repeated four times,
until no active ingredient was detected, so guaranteeing the complete recovery of RT. The
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difference between the amount of initial RT and the free drug in the pellets represents the
amount of drug loaded in the SLNs.

E.E. (%) and D.C. (%) were respectively calculated according to the following equa-
tions:

E.E. (%) = [(RT initially added−free RT outside SLNs)/RT initially added] × 100 (2)

D.C. (%) = [(RT initially added−free RT outside SLNs)/recovered SLNs] × 100. (3)

3.4. In Vitro RT Release

The in vitro release study of RT from the SLNs was carried out by dialysis at 37 ± 0.5 ◦C
by Telesystem 15.40 thermostated bath with a Telemodul 40 C control unit, in phosphate
buffer solution (PBS, pH 7.4) and ethanol (15%). The dialysis bags were wet in PBS (pH 7.4)
for 24 h before use.

Freeze-dried RT-SLNs samples (21 mg) were redispersed in 6 mL of PBS (pH 7.4);
then, they were poured into the dialysis bag and placed under magnetic stirring (100 rpm,
37.0 ± 0.5 ◦C) into a beaker containing the dialysis medium (100 mL). At specific time
intervals (30 min, 1, 3, 24, 48, and 72 h), the dialysis medium was removed and replenished
with fresh PBS to maintain the original volume. All the collected volumes were evaporated
under vacuum at 25.0 ± 0.1 ◦C, and the residues were solubilized in ethanol (2 mL) and
analyzed by UV-vis spectroscopy at 259 nm. The experiments were done in triplicate and
expressed as mean value ± S.D. The studies were conducted by comparing free RT.

The release data were treated according different kinetic models, i.e., zero-order
(cumulative percentage of released drug vs. time), first-order (log cumulative percentage
of remaining drug vs. time), Higuchi (cumulative percentage of released drug vs. square
root of time), and Korsmayer–Peppas equations (log cumulative percentage of released
drug vs. log time) [54].

3.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) characterization was performed by a Zeiss (Ger-
many) Supra 25 Scanning Electron Microscope with a Schottky field emission gun. The
acceleration voltage can be varied in the 0.1–30 kV range. RT-SLNs were analyzed in plan
view by using an acceleration voltage of 2 kV. The RT-SLNs were spanned on a conductive
substrate. The analysis was realized by using an in-lens detector.

Two different images at different magnifications were collected, as visible by different
markers reported in the images. The acquired images were further analyzed by the software
ImageJ obtaining the particle count and their dimension through the contrast difference
in a binary converted image. The statistical analysis was further performed by Matlab
(MathWorks, Inc., Natick, MA, USA).

3.6. Raman Spectroscopy

Raman measurements were performed by using a DXR-Smart Raman Spectrome-
ter (Thermo Fisher Scientific). The experimental set-up was equipped with a Universal
Platform Sampling (UPS) accessory. The spectra were acquired using an He-Ne laser
source operating at 785 nm, with a power output of 24.0 mW and a full range grating of
400 lines/mm; all the spectra were recorded over the wavenumber range of 50–3300 cm−1,
with a resolution of 1.9 cm−1.

The 180-degree sampling accessory was used to carry out the measurements, and two
different sample holders were used. In particular, for SLNs and RT-SLNs, which originally
appeared already in the form of freeze-dried pellets, a special sample holder was used;
instead, RT and Phospholipon® 80H, originally in the form of powders, and Tween 80, in
the form of a viscous liquid, were allocated inside dedicated cuvettes.

In order to maximize the signal-to-noise ratio (S/R), 64 sample frames with an expo-
sure time of 10 s, for a total acquisition time of 64 s per spectrum, were set before each
acquisition.
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3.7. Biological Assay
3.7.1. Cell Cultures

Human glioblastoma astrocytoma (U373) cells were incubated using suitable plas-
tic culture dishes (100 mm × 20 mm) in a Guaire® TS Autoflow Codue Water-Jacketed
incubator at 37 ◦C (5% CO2), in the presence of Dulbecco’s Modified Eagle Medium
(DMEM) supplied by penicillin (100 UI/mL), streptomycin (100 µg/mL), amphotericin B
(250 µg/mL), and fetal bovine serum (FBS) (10% v/v). The culture medium was replaced
with fresh DMEM every 48 h. When ≈80% confluence of cells was reached, trypsin (2 mL)
was used for cell detaching. The detached cells were collected into a centrifuge tube con-
taining 4 mL of the fresh culture medium and centrifuged at room temperature for 5 min at
1200 rpm with an Eppendorf Centrifuge 5810. The obtained pellet was re-suspended with
fresh medium, and cells were used for subsequent in vitro studies.

3.7.2. Evaluation of In Vitro Cytotoxic Activity by MTT Assay

The U373 cells were placed in a 96-well plastic culture plate at a fixed density of
8000 cells/0.2 mL in triplicate. After 24 h of incubation time at 37 ◦C and 5% CO2, the cul-
ture medium was replaced with fresh DMEM medium, containing different concentration
(0.1, 1, 50, 100 µM) of free RT, or blank SLN, or DMSO, followed by re-incubation for 24,
48, and 72 h. Eight wells for each plate were used as control with untreated U373 cells.
After incubation time, 10 µL of MTT (5 mg/mL dissolved in PBS solution) were placed in
each well; after 3 h of incubation, supernatants were removed and DMSO/ethanol solution
(1:1 v/v, 100 µL) was added to each well to solubilize the colored formazan crystals. The
cell viability (%) was determined by an ELISA microplate reader (xMark™ Microplate Ab-
sorbance Spectrophotometer, Bio-Rad, Italy) at λabs = 570 nm and λem = 670 nm, according
to the following equation:

Cell Viability (%) = AbsT/AbsC × 100 (4)

where AbsT and AbsC represent the absorbance of treated and untreated (control) cells, re-
spectively. The results were reported as the mean value of three different experiments ± S.D.

3.7.3. Determination of LDH Release for Anti-Oxidant Activity Evaluation

The anti-oxidant activity of free RT and RT-SLNs was evaluated by means of LDH
assay, which is a method for the detection of membrane alteration and cell disruption [59].
The U373 cells were placed in 96-well plates and treated for 24 h with increased RT
concentration (0.1, 1, 10, and 50 µM) in free form and loaded in SLNs; then, the cells
were incubated with hydrogen peroxide (700 µM) for 1 h. The anti-oxidant activity of
compounds was evaluated in terms of LDH release using a Pierce LDH cytotoxicity assay
kit and following its specific protocol. LDH release was analyzed by spectrophotometer
(xMark™ Microplate Absorbance Spectrophotometer, Bio-Rad, Milan, Italy) in the cultured
medium at λabs = 680 nm and λabs = 490 nm. The results were reported as the mean value
of three different experiments ± S.D.

3.7.4. Statistical Analysis

One-way ANOVA testing was carried out to determine statistical significance. A
Bonferroni t-test was used to validate the ANOVA test, and p < 0.05 was considered as
statistically significant.

4. Conclusions

Rutin-loaded SLNs were formulated using a solvent emulsification–diffusion followed
by sonication technique; then, they were characterized for particle size, zeta potential, drug
entrapment, in vitro RT release, surface morphology, drug–nanoparticle interactions, and
in vitro cytotoxic and anti-oxidant activity. DLS gave a mean size of particles in the range
of 40–170 nm, and a zeta potential between −23 and −20 mV.
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High E.E. (%) and D.C. (%) values were obtained. In vitro RT release studies demon-
strated a sustained release of drug (about 50%) within 72 h. Data analysis allowed us to
hypothesize Fickian diffusion as the main release mechanism.

Morphological examination of RT-SLNs by SEM revealed spherical nanoparticles with
a smoothed surface. Raman spectroscopy furnished evidence of new drug–nanoparticle
interactions, involving the C=C groups of the benzene, heterocyclic, and dihydroxyphenyl
rings, as well as the C=O group of the heterocyclic ring of RT.

RT-SLNs are shown to be safe for U373 cells and to produce a potent protective
anti-oxidant effect at 50 µM of dose.

It is finally worth remarking that since RT is an herbal supplement, results on its
efficacy can be contradictory, and many still unanswered questions remain. In the light
of this, other biological experiments on different cell lines, as well as in vivo studies, are
planned in order to support the obtained results.

Supplementary Materials: The following are available online. Figure S1: Anti-oxidant effect of
empty SLN on U373 cells expressed as LDH release reduction. Cells were treated with increased
concentration of empty SLN for 24 h, then incubated with H2O2 (700 µM) for 1 h. Noteworthy, the
empty SLNs concentrations reported in the figure correspond to the amount of RT-SLNs necessary
to reach the selected concentration of RT in free form. Results are presented as the mean of three
different experiments ± S.D. The error bar, if not shown, was within the bar. The data obtained for
empty SLN are not statistically significant with respect to the oxidation control.

Author Contributions: Conceptualization, V.V., C.A.V. and R.S.; methodology, V.V., V.C., D.M., G.A.,
A.I., D.P., C.A.V. and R.S.; validation, V.V., V.C., D.M., G.A., A.I., D.P., S.T., C.A.V. and R.S.; formal
analysis, F.D.G., M.C.C., G.P. and B.T.; investigation, F.D.G., M.C.C., G.P. and B.T.; data curation,
F.D.G., M.C.C., G.P. and B.T.; writing—original draft preparation, F.D.G., V.V., C.A.V. and R.S.;
writing—review and editing, V.V., C.A.V. and R.S.; visualization, V.V., V.C., D.M., G.A., A.I., D.P., S.T.,
C.A.V. and R.S.; supervision, V.V., V.C., D.M., G.A., A.I., D.P., S.T., C.A.V. and R.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are contained within the article and
supplementary material.

Acknowledgments: We thank Norberto Micali for the fruitful discussions and support.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References
1. Rizvi, S.A.; Saleh, A.M. Applications of nanoparticle systems in drug delivery technology. Saudi Pharm. J. 2018, 26, 64–70.

[CrossRef] [PubMed]
2. Park, K. Controlled drug delivery systems: Past forward and future back. J. Control. Release 2014, 190, 3–8. [CrossRef]
3. Schwarz, C.; Mehnert, M.; Lucks, J.S.; Müller, R.H. Solid lipid nanoparticles (SLN) for controlled drug delivery. I. Production,

characterization and sterilization. J. Control. Release 1994, 30, 83–96. [CrossRef]
4. Morel, S.; Ugazio, E.; Cavalli, R.; Gasco, M.R. Thymopentin in solid lipid nanoparticles. Int. J. Pharm. 1996, 132, 259–261.

[CrossRef]
5. Siekmann, B.; Westesen, K. P234 solid lipid nanoparticles stabilized by tyloxapol. Eur. J. Pharm. Sci. 1994, 2, 177. [CrossRef]
6. Mehnert, W.; Mäder, K. Solid lipid nanoparticles: Production, characterization and applications. Adv. Drug Deliv. Rev. 2012, 64,

83–101. [CrossRef]
7. Manjunath, K.; Reddy, J.S.; Venkateswarlu, V. Solid lipid nanoparticles as drug delivery systems. Methods Find. Exp. Clin.

Pharmacol. 2005, 27, 127–144. [CrossRef]
8. Ekambaram, P.; Sathali, A.; Priyanka, K. Solid lipid nanoparticles: A review. Sci. Rev. Chem. Commun. 2012, 2, 80–102.
9. Wilczewska, A.Z.; Niemirowicz, K.; Markiewicz, K.H.; Car, H. Nanoparticles as drug delivery systems. Pharmacol. Rep. 2012, 64,

1020–1037. [CrossRef]
10. Hu, L.D.; Tang, X.; Cui, F.D. Solid lipid nanoparticles (SLNs) to improve oral bioavailability of poorly soluble drugs. J. Pharm.

Pharmacol. 2004, 56, 1527–1535. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jsps.2017.10.012
http://www.ncbi.nlm.nih.gov/pubmed/29379334
http://doi.org/10.1016/j.jconrel.2014.03.054
http://doi.org/10.1016/0168-3659(94)90047-7
http://doi.org/10.1016/0378-5173(95)04388-8
http://doi.org/10.1016/0928-0987(94)90407-3
http://doi.org/10.1016/j.addr.2012.09.021
http://doi.org/10.1358/mf.2005.27.2.876286
http://doi.org/10.1016/S1734-1140(12)70901-5
http://doi.org/10.1211/0022357044959
http://www.ncbi.nlm.nih.gov/pubmed/15563759


Molecules 2021, 26, 1039 14 of 16

11. Gonçalves, L.M.; Maestrelli, F.; Di Cesare Mannelli, L.; Ghelardini, C.; Almeida, A.J.; Mura, P. Development of solid lipid
nanoparticles as carriers for improving oral bioavailability of glibenclamide. Eur. J. Pharm. Biopharm. 2016, 102, 41–50. [CrossRef]

12. Müller, R.H.; Peters, K. Nanosuspensions for the formulation of poorly soluble drugs. I. Preparation by a size-reduction technique.
Int. J. Pharm. 1998, 160, 229–237. [CrossRef]

13. Wasutrasawat, P.; Al-Obaidi, H.; Gaisford, S.; Lawrence, M.J.; Warisnoicharoen, W. Drug solubilisation in lipid nanoparticles
containing high melting point triglycerides. Eur. J. Pharm. Biopharm. 2013, 85, 365–371. [CrossRef]

14. Gastaldi, L.; Battaglia, L.; Peira, E.; Chirio, D.; Muntoni, E.; Solazzi, I.; Gallarate, M.; Dosio, F. Solid lipid nanoparticles as vehicles
of drugs to the brain: Current state of the art. Eur. J. Pharm. Biopharm. 2014, 87, 433–444. [CrossRef] [PubMed]

15. Rajabi, M.; Mousa, S.A. Lipid nanoparticles and their application in nanomedicine. Curr. Pharm. Biotechnol. 2016, 17, 662–672.
[CrossRef] [PubMed]

16. Geszke-Moritz, M.; Moritz, M. Solid lipid nanoparticles as attractive drug vehicles: Composition, properties and therapeutic
strategies. Mater. Sci. Eng. C 2016, 68, 982–994. [CrossRef]

17. Kalepu, S.; Manthina, M.; Padavala, V. Oral lipid-based drug delivery systems–an overview. Acta Pharm. Sin. B 2013, 3, 361–372.
[CrossRef]

18. Paolino, D.; Cosco, D.; Cilurzo, F.; Fresta, M. Innovative drug delivery systems for the administration of natural compounds.
Curr. Bioact. Compd. 2007, 3, 262–277. [CrossRef]

19. Chih-Hung, L.; Chun-Han, C.; Zih-Chan, L.; Jia-You, F. Recent advances in oral delivery of drugs and bioactive natural products
using solid lipid nanoparticles as the carriers. J. Food Drug Anal. 2017, 25, 219–234.

20. Xue, M.; Yang, M.X.; Zhang, W.; Li, X.M.; Gao, D.H.; Ou, Z.M.; Li, Z.P.; Liu, S.H.; Li, X.J.; Yang, S.Y. Characterization,
pharmacokinetics, and hypoglycemic effect of berberine loaded solid lipid nanoparticles. Int. J. Nanomed. 2013, 8, 4677–4687.
[CrossRef]

21. Aditya, N.P.; Sanghoon, K. Solid lipid nanoparticles (SLNs): Delivery vehicles for food bioactives. RSC Adv. 2015, 39, 30902–30911.
[CrossRef]

22. Hongyu, J.; Jingling, T.; Mengting, L.; Jinmei, R.; Nannan, Z.; Linhua, W. Curcumin-loaded solid lipid nanoparticles with Brij78
and TPGS improved in vivo oral bioavailability and in situ intestinal absorption of curcumin. Drug Deliv. 2016, 23, 459–470.

23. Aguiar, J.; Estevinho, B.N.; Santos, L. Microencapsulation of natural antioxidants for food application. The specific case of coffee
antioxidants–A review. Trends Food Sci. Technol. 2016, 58, 21–39. [CrossRef]

24. Yang, S.; Liu, L.; Han, J.; Tang, Y. Encapsulating plant ingredients for dermocosmetic application: An updated review of delivery
systems and characterization techniques. Int. J. Cosmet. Sci. 2020, 42, 16–28. [CrossRef]

25. Madureira, A.R.; Campos, D.A.; Fonte, P.; Nunes, S.; Reis, F.; Gomes, A.M.; Sarmento, B.; Pintado, M.M. Characterization of solid
lipid nanoparticles produced with carnauba wax for rosmarinic acid oral delivery. RSC Adv. 2015, 29, 22665–22673. [CrossRef]

26. Liang, D.; Zhang, Y.; Wub, Z.; Chen, Y.J.; Yang, X.; Sun, M.; Ni, R.; Bian, J.; Huang, D. A near infrared singlet oxygen probe and its
applications in in vivo imaging and measurement of singlet oxygen quenching activity of flavonoids. Sens. Actuat. B Chem. 2018,
266, 645–654. [CrossRef]

27. Pronin, D.; Krishnakumar, S.; Rychlik, M.; Wu, H.; Huang, D. Development of a Fluorescent Probe for Measurement of Singlet
Oxygen Scavenging Activity of Flavonoids. J. Agric. Food Chem. 2019, 67, 10726–10733. [CrossRef]

28. Crupi, V.; Majolino, D.; Paciaroni, A.; Stancanelli, R.; Venuti, V. Influence of the "Host-Guest" Interactions on the Mobility of
Genistein/beta-Cyclodextrin Inclusion Complex. J. Phys. Chem. B 2009, 113, 11032–11038. [CrossRef]

29. Stancanelli, R.; Venuti, V.; Arigò, A.; Calabrò, M.L.; Cannavà, C.; Crupi, V.; Majolino, D.; Tommasini, S.; Ventura, C.A. Isoflavone
aglycons-sulfobutyl ether-β-cyclodextrin inclusion complexes: In solution and solid state studies. J. Incl. Phenom. Macrocycl.
Chem. 2015, 83, 27–36. [CrossRef]

30. Venuti, V.; Corsaro, C.; Stancanelli, R.; Paciaroni, A.; Crupi, V.; Tommasini, S.; Ventura, C.A.; Majolino, D. Analysis of the thermal
fluctuations in inclusion complexes of genistein with β-cyclodextrin derivatives. Chem. Phys. 2019, 516, 125–131. [CrossRef]

31. Ganeshpurkar, A.; Saluja, A.K. The Pharmacological Potential of Rutin. Saudi Pharm. J. 2017, 25, 149–164. [CrossRef]
32. Javed, H.; Khan, M.M.; Ahmad, A.; Vaibhav, K.; Ahmad, M.E.; Khan, A.; Ashafaq, M.; Islam, F.; Siddiqui, M.S.; Safhi, M.M.;

et al. Rutin Prevents Cognitive Impairments by Ameliorating Oxidative Stress and Neuroinflammation in Rat Model of Sporadic
Dementia of Alzheimer Type. Neuroscience 2012, 210, 340–352. [CrossRef] [PubMed]

33. Calabrò, M.L.; Tommasini, S.; Donato, P.; Stancanelli, R.; Raneri, D.; Catania, S.; Costa, C.; Villari, V.; Ficarra, P.; Ficarra, R. The
rutin/beta-cyclodextrin interactions in fully aqueous solution: Spectroscopic studies and biological assays. J. Pharm. Biomed. Anal.
2005, 36, 1019–1027. [CrossRef] [PubMed]

34. Yang, J.; Guo, J.; Yuan, J. In vitro antioxidant properties of rutin. LWT Food Sci. Technol. 2008, 41, 1060–1066. [CrossRef]
35. Gullón, B.; Lú-Chau, T.A.; Moreira, M.T.; Lema, J.M.; Eibes, G. Rutin: A review on extraction, identification and purification

methods, biological activities and approaches to enhance its bioavailability. Trends Food Sci. Technol. 2017, 67, 220–235. [CrossRef]
36. Zeng, Y.; Song, J.; Zhang, M.; Wang, H.; Zhang, Y.; Suo, H. Comparison of In Vitro and In Vivo Antioxidant Activities of Six

Flavonoids with Similar Structures. Antioxidants 2020, 9, 732. [CrossRef] [PubMed]
37. Sharma, S.; Ali, A.; Ali, J.; Sahni, J.K.; Baboota, S. Rutin: Therapeutic potential and recent advances in drug delivery. Expert Opin.

Investig. Drugs 2013, 22, 1063–1079. [CrossRef]

http://doi.org/10.1016/j.ejpb.2016.02.012
http://doi.org/10.1016/S0378-5173(97)00311-6
http://doi.org/10.1016/j.ejpb.2013.04.020
http://doi.org/10.1016/j.ejpb.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24833004
http://doi.org/10.2174/1389201017666160415155457
http://www.ncbi.nlm.nih.gov/pubmed/27087491
http://doi.org/10.1016/j.msec.2016.05.119
http://doi.org/10.1016/j.apsb.2013.10.001
http://doi.org/10.2174/157340707783220301
http://doi.org/10.2147/IJN.S51262
http://doi.org/10.1039/C4RA17127F
http://doi.org/10.1016/j.tifs.2016.10.012
http://doi.org/10.1111/ics.12592
http://doi.org/10.1039/C4RA15802D
http://doi.org/10.1016/j.snb.2018.03.024
http://doi.org/10.1021/acs.jafc.9b04025
http://doi.org/10.1021/jp810546h
http://doi.org/10.1007/s10847-015-0535-6
http://doi.org/10.1016/j.chemphys.2018.09.003
http://doi.org/10.1016/j.jsps.2016.04.025
http://doi.org/10.1016/j.neuroscience.2012.02.046
http://www.ncbi.nlm.nih.gov/pubmed/22441036
http://doi.org/10.1016/j.jpba.2004.09.018
http://www.ncbi.nlm.nih.gov/pubmed/15620528
http://doi.org/10.1016/j.lwt.2007.06.010
http://doi.org/10.1016/j.tifs.2017.07.008
http://doi.org/10.3390/antiox9080732
http://www.ncbi.nlm.nih.gov/pubmed/32796543
http://doi.org/10.1517/13543784.2013.805744


Molecules 2021, 26, 1039 15 of 16

38. Paczkowska, M.; Mizera, M.; Piotrowska, H.; Szymanowska-Powałowska, D.; Lewandowska, K.; Goscianska, J.; Pietrzak, R.;
Bednarski, W.; Majka, Z.; Cielecka-Piontek, J. Complex of Rutin with β-Cyclodextrin as Potential Delivery System. PLoS ONE
2015, 10, e0120858. [CrossRef] [PubMed]

39. Vu, H.T.H.; Hook, S.M.; Siqueira, S.D.; Müllertz, A.; Rades, T.; McDowell, A. Are phytosomes a superior nanodelivery system for
the antioxidant rutin? Int. J. Pharm. 2018, 548, 82–91. [CrossRef]

40. Queiroz de Arruda, I.N.; Pereira, V.A., Jr.; Stefani, R. Application of chitosan matrix for delivery of rutin. J. Iran Chem. Soc. 2017,
14, 561–566. [CrossRef]

41. Pedrozo, R.C.; Antônio, E.; Khalil, N.M.; Mainardes, R.M. Bovine serum albumin-based nanoparticles containing the flavonoid
rutin produced by nano spray drying. Braz. J. Pharm. Sci. 2020, 56, e17692. [CrossRef]

42. Ahmad, M.; Sahabjada, J.A.; Hussain, A.; Badaruddeen, M.A.; Mishra, A. Development of a new rutin nanoemulsion and its
application on prostate carcinoma PC3 cell line. Excli. J. 2017, 31, 810–823.

43. Kalita, B.; Das, M. Rutin-phospholipid complex in polymer matrix for long-term delivery of rutin via skin for the treatment of
inflammatory diseases. Artif. Cells Nanomed. Biotechnol. 2018, 46, 41–56. [CrossRef]

44. Soni, H.; Malik, J.; Singhai, A.K.; Sharma, S. Antimicrobial and Antiinflammatory Activity of the Hydrogels Containing Rutin
Delivery. Asian J. Chem. 2013, 25, 8371–8373. [CrossRef]

45. Ravi, G.S.; Charyulu, R.N.; Dubey, A.; Prabhu, P.; Hebbar, S.; Mathias, A.C. Nano-lipid Complex of Rutin: Development,
Characterisation and In Vivo Investigation of Hepatoprotective, Antioxidant Activity and Bioavailability Study in Rats. AAPS
PharmSciTech. 2018, 19, 3631–3649. [CrossRef]

46. Ishak, R.A.H.; Mostafa, N.M.; Kamel, A.O. Stealth lipid polymer hybrid nanoparticles loaded with rutin for effective brain
delivery–comparative study with the gold standard (Tween 80): Optimization, characterization and biodistribution. Drug Deliv.
2017, 24, 1874–1890. [CrossRef] [PubMed]

47. Wang, Z.; Xiong, G.; Tsang, W.C.; Schätzlein, A.G.; Uchegbu, I.F. Nose-to-Brain Delivery. J. Pharmacol. Exp. Ther. 2019, 370,
593–601. [CrossRef]

48. Bonaccorso, A.; Musumeci, T.; Serapide, M.F.; Pellitteri, R.; Uchegbu, I.F.; Puglisi, G. Nose to brain delivery in rats: Effect of
surface charge of rhodamine B labeled nanocarriers on brain subregion localization. Colloids Surf. B Biointerfaces 2017, 154,
297–306. [CrossRef]

49. Morrison, E.E.; Costanzo, R.M. Morphology of olfactory epithelium in humans and other vertebrates. Microsc. Res. Tech. 1992, 23,
49–61. [CrossRef]

50. Mistry, A.; Stolnik, S.; Illum, L. Nose-to-Brain Delivery: Investigation of the Transport of Nanoparticles with Different Surface
Characteristics and Sizes in Excised Porcine Olfactory Epithelium. Mol. Pharm. 2015, 12, 2755–2766. [CrossRef]

51. Kumar, R.; Singh, A.; Garg, N.; Siril, P.F. Solid lipid nanoparticles for the controlled delivery of poorly water soluble non-steroidal
anti-inflammatory drugs. Ultrason. Sonochem. 2018, 40, 686–696. [CrossRef] [PubMed]

52. Kumar, S.; Randhawa, J.K. Solid lipid nanoparticles of stearic acid for the drug delivery of paliperidone. RSC Adv. 2015, 5,
68743–68750. [CrossRef]

53. Zur Mühlen, A.; Schwarz, C.; Mehnert, W. Solid lipid nanoparticles (SLN) for controlled drug delivery-Drug release and release
mechanism. Eur. J. Pharm. Biopharm. 1998, 45, 149–155. [CrossRef]

54. Costa, P.; Lobo, J.M.S. Modeling and comparison of dissolution profiles. Eur. J. Pharm. Sci. 2001, 13, 123–133. [CrossRef]
55. Higuchi, T. Mechanism of sustained action medication. Theoretical analysis of rate of release of solid drugs dispersed in solid

matrices. J. Pharm. Sci. 1963, 52, 1145–1149. [CrossRef] [PubMed]
56. Siepmann, J.; Siepmann, F. Mathematical modeling of drug release from lipid dosage forms. Int. J. Pharm. 2011, 418, 42–53.

[CrossRef] [PubMed]
57. Siepmann, J.; Peppas, N.A. Higuchi equation: Derivation, applications, use and misuse. Int. J. Pharm. 2011, 418, 6–12. [CrossRef]
58. Weng, J.; Tong, H.H.Y.; Chow, S.F. In Vitro Release Study of the Polymeric Drug Nanoparticles: Development and Validation of a

Novel Method. Pharmaceutics 2020, 12, 732. [CrossRef]
59. Venuti, V.; Crupi, V.; Fazio, B.; Majolino, D.; Acri, G.; Testagrossa, B.; Stancanelli, R.; De Gaetano, F.; Gagliardi, A.; Paolino,

D.; et al. Physicochemical characterization and antioxidant activity evaluation of idebenone/hydroxypropyl-β-cyclodextrin
inclusion complex. Biomolecules 2019, 9, 531. [CrossRef]

60. Venuti, V.; Stancanelli, R.; Acri, G.; Crupi, V.; Paladini, G.; Testagrossa, B.; Tommasini, S.; Ventura, C.A.; Majolino, D. “Host-guest”
interactions in Captisol®/Coumestrol inclusion complex: UV-vis, FTIR-ATR and Raman studies. J. Mol. Struct. 2017, 1146,
512–521. [CrossRef]

61. Crupi, V.; Majolino, D.; Mele, A.; Rossi, B.; Trotta, F.; Venuti, V. Modelling the interplay between covalent and physical interactions
in cyclodextrin-based hydrogels: Effect of water confinement. Soft Matter 2013, 9, 6457–6464. [CrossRef]

62. da Silva, A.B.; Cerqueira Coelho, P.L.; das Neves Oliveira, M.; Oliveira, J.L.; Oliveira Amparo, J.A.; da Silva, K.C.; Soares, J.R.P.;
Pitanga, B.P.S.; dos Santos Souza, C.; de Faria Lopes, G.P.; et al. The flavonoid rutin and its aglycone quercetin modulate the
microglia inflammatory profile improving antiglioma activity. Brain Behav. Immun. 2020, 85, 170–185. [CrossRef]

63. Santos, B.L.; Oliveira, M.N.; Coelho, P.L.C.; Pitanga, B.P.S.; da Silva, A.B.; Adelita, T.; Silva, V.D.A.; de Costa, M.F.D.; El-Bachá,
R.S.; Tardy, M.; et al. Flavonoids suppress human glioblastoma cell growth by inhibiting cell metabolism, migration, and by
regulating extracellular matrix proteins and metalloproteinases expression. Chem. Biol. Interact. 2015, 242, 123–138. [CrossRef]

http://doi.org/10.1371/journal.pone.0120858
http://www.ncbi.nlm.nih.gov/pubmed/25822535
http://doi.org/10.1016/j.ijpharm.2018.06.042
http://doi.org/10.1007/s13738-016-1004-x
http://doi.org/10.1590/s2175-97902019000317692
http://doi.org/10.1080/21691401.2017.1411931
http://doi.org/10.14233/ajchem.2013.14912
http://doi.org/10.1208/s12249-018-1195-9
http://doi.org/10.1080/10717544.2017.1410263
http://www.ncbi.nlm.nih.gov/pubmed/29191047
http://doi.org/10.1124/jpet.119.258152
http://doi.org/10.1016/j.colsurfb.2017.03.035
http://doi.org/10.1002/jemt.1070230105
http://doi.org/10.1021/acs.molpharmaceut.5b00088
http://doi.org/10.1016/j.ultsonch.2017.08.018
http://www.ncbi.nlm.nih.gov/pubmed/28946474
http://doi.org/10.1039/C5RA10642G
http://doi.org/10.1016/S0939-6411(97)00150-1
http://doi.org/10.1016/S0928-0987(01)00095-1
http://doi.org/10.1002/jps.2600521210
http://www.ncbi.nlm.nih.gov/pubmed/14088963
http://doi.org/10.1016/j.ijpharm.2011.07.015
http://www.ncbi.nlm.nih.gov/pubmed/21802501
http://doi.org/10.1016/j.ijpharm.2011.03.051
http://doi.org/10.3390/pharmaceutics12080732
http://doi.org/10.3390/biom9100531
http://doi.org/10.1016/j.molstruc.2017.06.054
http://doi.org/10.1039/c3sm50827g
http://doi.org/10.1016/j.bbi.2019.05.003
http://doi.org/10.1016/j.cbi.2015.07.014


Molecules 2021, 26, 1039 16 of 16

64. Hofmann, D.; Messerschmidt, C.; Bannwarth, M.B.; Landfester, K.; Mailänder, V. Drug delivery without nanoparticle uptake:
Delivery by a kiss-and-run mechanism on the cell membrane. Chem. Commun. 2014, 50, 1369–1371. [CrossRef]

65. Zhang, H.; Hassan, Y.I.; Liu, R.; Mats, L.; Yang, C.; Liu, C.; Tsao, R. Molecular Mechanisms Underlying the Absorption of
Aglycone and Glycosidic Flavonoids in a Caco-2 BBe1 Cell Model. ACS Omega 2020, 5, 10782–10793. [CrossRef] [PubMed]

66. Mannerström, M.; Tähti, H. Modulation of glucose uptake in glial and neuronal cell lines by selected neurological drugs. Toxicol.
Lett. 2004, 151, 87–97. [CrossRef] [PubMed]

67. Martins, S.; Costa-Lima, S.; Carneiro, T.; Cordeiro-da-Silva, A.; Souto, E.B.; Ferreira, D.C. Solid lipid nanoparticles as intracellular
drug transporters: An investigation of the uptake mechanism and pathway. Int. J. Pharm. 2012, 430, 216–227. [CrossRef]

68. Yuan, H.; Miao, J.; Du, Y.Z.; You, J.; Hu, F.Q.; Zeng, S. Cellular uptake of solid lipid nanoparticles and cytotoxicity of encapsulated
paclitaxel in A549 cancer cells. Int. J. Pharm. 2008, 348, 137–145. [CrossRef]

http://doi.org/10.1039/C3CC48130A
http://doi.org/10.1021/acsomega.0c00379
http://www.ncbi.nlm.nih.gov/pubmed/32455198
http://doi.org/10.1016/j.toxlet.2004.01.029
http://www.ncbi.nlm.nih.gov/pubmed/15177644
http://doi.org/10.1016/j.ijpharm.2012.03.032
http://doi.org/10.1016/j.ijpharm.2007.07.012

	Introduction 
	Results and Discussion 
	Technological Characterization of RT-SLNs and In Vitro RT Release Study 
	Scanning Electron Microscopy (SEM) 
	Raman Spectroscopy 
	Biological Anti-Oxidant Assay 

	Materials and Methods 
	Materials 
	Preparation of Blank SLNs and RT-SLNs 
	Technological Characterization of RT-SLNs 
	In Vitro RT Release 
	Scanning Electron Microscopy 
	Raman Spectroscopy 
	Biological Assay 
	Cell Cultures 
	Evaluation of In Vitro Cytotoxic Activity by MTT Assay 
	Determination of LDH Release for Anti-Oxidant Activity Evaluation 
	Statistical Analysis 


	Conclusions 
	References

