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Abstract

Purpose This study presents the development of supramolecular nanosystems for the topical administration of rutin (RU),
focusing on B-cyclodextrin (Cy) complexes and their inclusion in liposomes (CyL) in a 4:1 molar ratio.

Methods The supramolecular nanosystems were obtained by the “thin film hydration” method, and characterized in terms of
size, morphology, encapsulation efficiency, antioxidant activity and skin safety, by DLS, transmission electron microscopy,
UV spectrometry, DPPH radical liberation assay and patch test, respectively. Rutin release kinetics was determined by Franz
cell experiments.

Results The resulting CyL loaded with RU formed stable, homogeneous vesicular dispersions, maintaining color, size, and
polydispersity over 30 days, with rutin content consistently above 90%. Antioxidant activity, assessed by FRAP and DPPH
assays, was significantly enhanced when RU was encapsulated in Cy and delivered via liposomes. In vitro diffusion studies
using Franz cells revealed that CyL formulations provided a controlled release profile for RU, characterized by an initial
increase followed by a plateau, suggesting vesicle-mediated release modulation. To improve topical applicability, CyL and
Cy formulations were gelled with carbopol or xanthan gum, resulting in pseudoplastic, non-Newtonian gels. Gels containing
CyL exhibited reduced spreadability and increased adhesiveness, supporting effective skin application. Patch tests on healthy
volunteers confirmed good skin tolerability of all formulations.

Conclusions These findings demonstrate that the combination of cyclodextrin complexation and liposomal encapsulation,
followed by gelation, offers a promising dual strategy to enhance the topical delivery and antioxidant efficacy of rutin.
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Introduction

The skin represents the main barrier against environmental
harmful agents of different origins, but also one of the entry
routes of toxic substances into the body [1, 2]. Therefore, it
represents the most vulnerable target to anomalous expo-
sure to external stressors such as ozone (O;), air pollutants
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and ultraviolet (UV) light [3, 4]. The main mechanism
underlying the damaging effect of environmental insults on
the skin is the generation of oxidative stress that reduces its
antioxidant capacity [3]. The alteration of the skin barrier
function may be responsible for the onset of skin diseases,
including erythema, edema, dermatitis, psoriasis, photoag-
ing and cancer [3].

Currently, the use of naturally derived ingredients for the
development of cosmetic and dermatological products is a
prerogative for companies in the sector. Plants have always
been considered the primary source of natural active sub-
stances that can be used in the health sector. Natural com-
pounds have been shown to act as potent anti-cancer agents
by triggering apoptosis and inhibiting tumor cell prolifera-
tion and metastasis [5]. In this context, polyphenolic com-
pounds, and in particular flavonoids, play a significant role
due to their important antioxidant and anti-inflammatory
activity, after topical application. Among these, the flavonol
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glycoside rutin (RU) is attracting considerable interest as a
therapeutic agent in various pharmaceutical or cosmeceuti-
cal formulations [6, 7]. In particular, RU was found to be
effective in counteracting skin lesions induced by environ-
mental stressors [8, 9]. Furthermore, due to its structural
similarity to organic UV filters and its strong antioxidant
activity, RU has been shown to be effective against damage
induced by UV radiation [9-11], providing an improvement
in the sun protection factor (SPF) [12, 13]. In addition, RU
can reduce skin photoaging by strengthening the density
and elasticity of the skin [8, 14]. Recent studies have inves-
tigated the possible use of RU in the treatment of skin car-
cinomas, such as melanoma, even if they offer preliminary
information on its pro-apoptotic effect in vitro on murine
and human melanoma cells [15], leaving the antitumor
effect still to be clarified.

However, one of the main drawbacks of RU is the poor
solubility in water and bioavailability, so in recent decades,
delivery systems have been widely studied [16, 17], with the
aim of increasing the efficacy of the drug and also the con-
tact time with the site of action, thus trying to improve its
absorption and control the release [18—20]. Based on these
considerations, the present study aims to design supramo-
lecular systems for the delivery of RU, suitable for topi-
cal application. Given the difficulties of solubilizing RU,
different systems are investigated and compared, namely
cyclodextrins and liposomes. Precisely, in this study,
B-cyclodextrin (Cy), is used and the inclusion complex
containing rutin (Cy/RU) was incorporated in liposomal
systems leading to the formation of liposomes loaded with
rutin/B-cyclodextrin complex, RUCyL. This strategy lever-
ages the improved solubility, stability, and bioavailability of
the active ingredient in a formulation conferred by cyclo-
dextrin complexation, alongside the vesicular structure of
liposomes can incur a controlled release and prolonged sta-
bility of the drug. Furthermore, the present study also aims
to evaluate the performance of the produced nanosystems,
after increasing their viscosity by means of a pair of thick-
ening agents, to improve their topical application.

Materials and Methods
Materials

Rutin (RU), hydroxypropyl-p-cyclodextrin (Cy), choles-
terol (CH), phosphatidylcholine (PC), xanthan gum (XG)
and carbopol (CRP) were from Sigma-Aldrich (St Louis,
MO, USA). All other materials and solvents were from
Merck Serono S.p.A. (Rome, Italy).
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Preparation and Characterization of Cy/RU and
RUCyL

The complexes of Cy and RU (Cy/RU) were prepared in
water at the 4:1 molar ratio. Notably, after weighing Cy and
RU using an analytical balance (ACCULAB, Sartorius AG,
Gottingen, Germany), they were dispersed by swirling and
sonication in an ultrasonic bath (Branson 2510, Cinisello
Balsamo, Italy) for 15 min and left in an orbital shaker for
24 h [21].

RUCyL were prepared by the “thin film hydration”
method followed by ultrasonication (Branson 2510, Cinise-
llo Balsamo, Italy) [22]. Precisely, a mixture of PC and
CH (4:1 mol/mol) in methylene chloride: methanol (1:1
v/v) was poured into a round-bottom flask and evaporated
under reduced pressure conditions (p = 60 bar) in a Buchi
Rotavapor R-200 (Cornaredo, Italy). The formed thin lipid
film was then hydrated by swirling (VELP scientifica s.r.l.,
Usmate Velate, Italy) with the aqueous complex Cy/RU and
ultrasonicated for 30 min in a Branson 2510 bath (Cinisello
Balsamo, Milan, Italy).

The morphology of RUCyL was investigated using a
Cryogenic Transmission Electron Microscope (Cryo-TEM)
(Zeiss EM 922 Omega TEM, Gatan Inc., Pleasanton, CA,
USA) equipped with a cryo holder CT3500 [23]. Specimens
were visualized using doses of approximately 1000-2000 e/
nm?2 at 200 kV at a sample temperature of below — 175 °C,
and the obtained images were recorded by a CCD camera
and processed with GMS 1.4 software (Gatan Inc., Pleasan-
ton, CA, USA).

RUCyL size measurements, performed on aqueous
diluted fractions (1:10 by volume), were conducted with a
Zetasizer Nano S90 (Malvern Instr., Malvern, UK) equipped
with a 5 mW helium-neon laser with a wavelength output
of 633 nm. Measurements, conducted at 25 °C, 90° angle
and run time around 180 s [24], allowed the obtaining of
a dimensional distribution graph, as well as the Z-Average
and PdI values of the vesicular formulations [25].

Determination of Rutin Content

A UV-VIS-NIR Spectrometer Lambda 19 spectrophotom-
eter (Perkin Elmer, Beaconsfield, UK) equipped with quartz
cuvettes with an optical path of 1 cm, and the Windows-
based software application UV WinLab (Perkin Elmer, Bea-
consfield, UK) was employed to determine the content of
RU in the produced formulations. Specifically, the external
standard method was selected as the quantitative analytical
determination. Therefore, the mean values of at least 3 sam-
ples of each scalar dilution of RU in ethanol, ranging from
40 pg/ml to 2.5 pg/ml, were used to obtain the calibration
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curve. Each concentration was analyzed at wavelength A, .,
=360 nm (R% = 0.9999) [26].

The encapsulation efficiency (EE) in RUCyL, expressed
as RU content, was determined one day after production on
a 300 pl sample of the formulation obtained after ultracen-
trifugation conducted at 8000 rpm for 20 min on a Spec-
trafuge™ 24D Digital Microcentrifuge (Woodbridge, NJ,
USA) by means of a Microcon centrifugal filter unit YM-10
membrane (NMWCO 10 kDa, Sigma-Aldrich, St. Louis,
MO, USA). 100 pl of the retentate ultracentrifuged sample
was diluted with methanol (1:10, v/v) and subjected to mag-
netic stirring for 30 min before UV quantification of RU.
The encapsulation parameter was calculated using Eq. (1).

EE = RU/Tgy x 100 (1)

where RU is the amount of rutin determined by UV, and
Try 1s the total RU amount weighed to prepare the formula-
tion. The RU estimation was carried out as described above
using the calibration curve as a reference.

In Vitro Diffusion Experiments

RU diffusion was evaluated using Franz cells associated
with a nylon membrane. Briefly, membranes were hydrated
in distilled water at room temperature for 1 h before mount-
ing on Franz diffusion cells (LGA, Berkeley, CA) with a 1
cm diameter orifice (0.78 cm? exposition area). The receiv-
ing phase, consisting of PBS 73mM (5§ ml) at pH 7.4, was
magnetically stirred at 300 rpm and maintained at 32 + 1 °C
during the experiments [27]. 1 ml of each formulation was
poured in contact with the membrane surface in the donor
chamber and 300 ul of the receiving phase were withdrawn
at predetermined time points for RU content UV analysis.
The removed receiving phase volume was replaced with an
equivalent amount of PBS. The estimated mean values +
standard deviations of diffused RU, measured in four differ-
ent experiments, were expressed as pg/cm? and plotted as a
function of time.

The kinetic parameters were determined by linear regres-
sion analysis of the in vitro diffusion experimental data
according to the best mathematical models expressing
the kinetic release profile, namely zero-order (cumulative
amount of drug released over time), first order (logarithmic
cumulative amount of drug remained over time), Higuchi
(cumulative amount of drug released over the square root of
time) and Korsmeyer-Peppas equations (logarithmic frac-
tional drug released over logarithm of time). The regression
coefficient (R?) and the release exponent (n) were deter-
mined, allowing the prediction of the mathematical model.

Antioxidant Activity

To rapidly assess the antioxidant capacity, the DPPH radi-
cal liberation assay [28] was used. This assay estimates the
hydrogen-donating capacity of an antioxidant to convert the
stable free radical DPPH into 1,1-diphenyl-2-picrylhydra-
zyl, which is accompanied by a deep purple to light yellow
colorimetric reaction, which can be assessed by measuring
the percentage reduction in absorbance of the solution at
517 nm after the reaction of the radical with the test prod-
ucts. The percentage scavenging capacity of the radical was
obtained by applying Eq. (2), as follows:

DPPH radical scavenging capacity (%) = [1 — (A1/A0)] x 100 2)

where AQ is the absorbance of the control (without the
antioxidant molecule, AM), and A1 is the absorbance in the
presence of AM. AM (both in solution and in cyclodextrins)
at different concentrations (0.750 mL) was added to a meth-
anol solution of DPPH (1.5 mL). The absorbance at 517 nm
was obtained with a UV-Vis spectrophotometer (ONDA
UV-31 SCAN Spectrophotometer) as previously described
[29]. The ICs, values obtained (ng/mL) were derived from
calibration straight lines and are the mean + standard devia-
tion of at least three independent experiments.

The quantitative FRAP assay measures the plasma fer-
ric ion-reducing capacity, as it is based on the reduction of
ferric ions (Fe*") to ferrous ions (Fe*") under acidic condi-
tions in the presence of 2,4,6-tripyridyl-s-triazine (TPTZ)
[30]. Indeed, the presence of an AM allows the reduction
of the Fe**~TPTZ complex to the ferrous form, resulting
in an intense blue coloration measured at 593 nm (absorp-
tion maximum wavelength). Trolox was employed to per-
form the calibration curves; therefore, the FRAP antioxidant
activity is given as pmol Trolox equivalent/g of compounds.

Gel Preparation and Characterization

To obtain thickened formulations, XG and CRP were added
to the selected RU-containing Cy and CyL formulations.
In particular, XG (0.5%, w/w) was added to the formula-
tion, then manually mixed and planetary stirred overnight
to achieve complete dispersion [31]. On the other hand,
CRP (0.5%, w/w) viscosified formulations were prepared
by magnetic stirring at 50 °C, planetary stirring overnight,
followed by triethanolamine addition.

The viscosity of the thickened formulations was mea-
sured by means of a Brookfield, Helipath Stand rotational
viscometer (Brookfield Engineering Laboratories, Massa-
chusetts, USA). It is known that the determination of viscos-
ity of a formulation depends on the properties of the system
under examination, the type of viscometer, the impeller
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used, the rotation speed, the temperature, the volume ana-
lyzed and the dimensions of the container. For the measure,
50 ml of gel were placed in a beaker and tested at a tempera-
ture of 25 °C. A cylindrical impeller was immersed inside,
and the viscosity was measured at different speeds between
1 and 100 rpm [31].

The spreading capacity of gels was evaluated 24 h after
gel preparation at 32 = 1 °C [32]. Notably, 100 mg of the
thickened formulation were poured on a 3 cm diameter Petri
dish and pressed by means of a 10 g mass onto a glass dish.
The time taken for the gel to completely fill the capsule was
then evaluated. The spreadability test was repeated three
times, and the mean values =+ standard deviations were cal-
culated using Eq. (3).

S=mx1/t (3)

where S stands for gel spreadability, m for the weight (g)
onto the dish top, 1 for the dish diameter (cm), and t for the
time (s) taken by the gel to completely fill the dish diameter
[32].

The in vitro leakage of gels was determined on rectan-
gular agar slides obtained from dissolving agar (1.5% w/w)
in citrate buffer (pH 5.5) followed by stirring at 95 °C until
complete solubilization, cooling and cutting agar slides
homogeneous in dimensions.

30 mg of gel were placed on one side of the agar slide
inserted into a Petri dish positioned vertically at 90° and
maintained at 32+ 1 °C. After placing the gel on top of the
slide, the time spent by the gel to flow down the slide was
measured. Gel loss, expressed as the travel time of the gel
on the plate, was repeated three times and the mean values +
standard deviations were determined.

Patch Test

To assess the effect of the produced formulations on intact
human skin, an in vivo irritation test was conducted in
agreement with the protocols for skin compatibility test-
ing of potentially cutaneous irritant cosmetic ingredients on
human volunteers [33-35]. Specifically, those volunteers
suffering from dermatitis (a), skin allergic reactions (b) or
undergoing treatment with all the types of anti-inflamma-
tory drugs (a) were excluded from the study. 20 healthy vol-
unteers of both sexes were subjected to an occlusive patch
test after giving their written consent to the experiment. A
Finn Chamber® (Bracco, Milano, Italy) made of aluminum
and loaded with 10 mg of the formulation, was applied onto
the forearm or back skin; then the skin was protected with
self-adhesive tape. The formulations were left in contact
with the skin for 48 h, then the patch was removed, and the
skin was cleansed 15 min and 24 h after removal. Therefore,
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the irritative reactions were expressed as a percentage of
the total number of reactions occurring in volunteers after
assessing and classifying the erythematous and/or edema-
tous reactions as mild, clearly visible, or moderate/severe
erythema.

Statistical Analysis

GraphPad Prism 10 (Version 10.3.1 (464), GraphPad Soft-
ware Inc., La Jolla, CA, USA) was used to perform the sta-
tistical analysis. For each of the variables tested, an analysis
of variance (2-way ANOVA), followed by Tukey’s post hoc
test, was assessed. The data are expressed as the mean=SD
of triplicate determinations obtained in three independent
experiments, and a p value<0.05 was considered statisti-
cally significant.

Results and Discussion

Preparation and Characterization of Cy/RU and
RUCyL

Cy/RU and RUCyL were prepared and characterized as
described in the Materials and Methods section. Particu-
larly, the complex Cy/RU (4:1 mol/mol) was prepared in
water leading to a limpid, yellowish and transparent solu-
tion [21], whereas RUCyL supramolecular dispersion (25
mg/ml final content of lipids) was obtained by the “thin
layer evaporation” method followed by sonication, leading
to yellowish milky suspensions.

Morphological analysis of liposomes containing
B-cyclodextrin (CyL) and RUCyL based on cryo-TEM,
highlighted the prevalent presence of unilamellar vesicles
not influenced in terms of size or lamellarity by the pres-
ence of rutin (Fig. 1); while regarding the dimensions and
size distributions of CyL and RUCyL, the TEM images cor-
roborates with the data obtained by photon correlation spec-
troscopy (PCS) indicating that the presence of RU induced
an increase in both the vesicles size and the polydispersity
index values (Table 1).

Drug Loading and Formulation Stability

The content of RU in the considered supramolecular sys-
tems, namely Cy and CyL was evaluated after production
and over time up to 30 days after production.

Precisely, from data reported in Fig. 2 it is evident that
the RU entrapment efficiency in both Cy/RU and RUCyL
reaches 90% of the total amount of RU used for the prepa-
rations, which is comparable to values reported for similar
cyclodextrin-based systems [20, 36, 37] and equivalent to
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Fig. 1 Cryo-TEM images of CyL (a) and RUCyL (b). The bars represent 100 nm

Table 1 Dimensional parameters of CyL and RUCyL after production,
expressed as Z-average (nm) and Polydispersity index. Data are the
mean of 3 batches+s.d

Formulation Z-average (nm) Polidispersity Index
CyL 349.23+8.07 0.189+0.08
RUCyL 427.76+9.10 0.234+0.07

or better than previously described vesicular formulations
for polyphenols [38—40]. Nevertheless, after RUCyL centri-
fuged filtration, it is shown that RU is mainly associated (at
least 65% of the total RU content) to the lipidic fraction of
the supramolecular system CyL.

The stability of RU content within RUCyL showed the
overtime maintenance of percentages higher than 95% (see
Fig. 3).

Regarding the dimensional stability of the produced sys-
tems, verified on day 1, 14 and 30 days after preparation,
it was evidenced that the size of RUCyL is almost stable
over time, with a slight reduction of a few nanometers. On
the other hand, PdI values (close to 0.2) indicated the pres-
ence of heterogeneous populations especially at day 1 and
14 (Fig. 3).

In Vitro Studies
Antioxidant Activity
The radical scavenging ability of the encapsulated RU has

been evaluated after inclusion in Cy and CyL and compared
to that of the corresponding amount of RU solubilized in

ethanol, to assess the efficiency of the Cy-based systems and
to preserve RU effect. Precisely, two different assays were
employed in order to get information on the antioxidant
activity in terms of both radical removal (“2,2-diphenyl-
1-picrylhydrazyl, DPPH) and ferric-ion reduction power
(FRAP). The first one allows for the measurements of
the reducing activity of antioxidant molecules against the
DPPH radical by a colorimetric reaction.

The IC5, DPPH values shown in Table 2 suggest that the
antioxidant potential of RU was enhanced after complex-
ation with Cy. Indeed, the ICy, values of RU in both Cy
and CyL decreased in a statistically significant manner com-
pared to RU in solution (p=0.0271 and p=0.0057 respec-
tively). This increase in antioxidant activity of RU could be
attributed to the improved solubility of the drug due to the
delivery system.

Similarly, FRAP results showed increased activity in
both Cy and CyL compared to the solution, with extreme
and highly statistically significant changes, respectively
(»<0.0001 and p=0.0054).

Therefore, the antioxidant activity, as measured by
DPPH and FRAP assays, showed a statistically significant
enhancement compared to RU in solution, in line with or
exceeding results from similar delivery systems described
in the literature [12, 41, 42].

When comparing the two formulations, Cy/RU and
RUCYyL, the DPPH assay revealed no statistically signifi-
cant difference (p=0.0817), indicating only a trend in favor
of RUCyL. In contrast, the FRAP assay showed a marked
difference between the two formulations, which was found
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Fig. 2 RU entrapment efficiency in Cy/RU (green), RUCyL (blue), RUCyL lipid fraction (blue stripes) and RUCyL aqueous fraction (light-blue
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Fig. 3 Dimensional (a) and drug content (b) stability of RUCyL (blue)
over time. Dimensional parameters are expressed as average diameter
(histograms) and polydispersity index (diamonds). As a comparison,

to be very statistically significant (p=0.0075), suggesting a
higher reducing capacity of the Cy/RU system compared to
RUCyL.

Indeed, the DPPH assay, which mainly reflects radi-
cal scavenging ability through hydrogen atom or electron
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RU content (%)

1 14 30
Time (d)

the dimensional stability of empty CyL (grey) (panel a) and the content
of rutin within the Cy/RU complex (green) (panel b) during time are
reported. Values are the mean of 3 batches+s.d

transfer mechanisms, showed no statistically significant
difference between the two formulations. Conversely, the
FRAP assay, based exclusively on electron-transfer reac-
tions and strongly influenced by the accessibility of redox-
active groups, revealed a markedly higher reducing power
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Table 2 Antioxidant activity of the produced formulations compared
with ethanolic solution of Rutin, as determined by DPPH and FRAP

assays
Formulation ~DPPH ICs, (ug/ml)+s.d.  FRAP umol TE!/g+s.d.
RU/EtOH 10.33+£0.98 2296.32+110.97
Cy/RU 7.80+0.63 3413.02+175.23
RUCyL 6.70+0.53 2754.67+21.56

! TE=equivalent Trolox®

for Cy/RU. These results suggest that the different supramo-
lecular organization of RU within Cy and CyL systems may
differentially affect the availability of functional groups
involved in electron donation, leading to assay-dependent
antioxidant responses.

Viscosity, Spreadability and Leakage Behavior

The consistency of a formulation is an important property
for topical application and viscosity plays a fundamental
role in controlling the permeation of the applied drug. To
confer to the Cy-containing formulations an adequate vis-
cosity for cutaneous administration, xanthan gum (XG) and
carbopol (CRP) were selected after a preliminary screening
(data not shown) and added to the RU-containing Cy and
CyL formulations as described in the Materials and Methods
section. Specifically, XG was added to the formulation, then
manually mixed and planetary stirred overnight to favor
its complete dispersion [31]; CRP thickened formulations
were prepared by magnetic and planetary stirring followed
by addition of triethanolamine. Afterwards, a rotational vis-
cometer was employed to measure the rheological behavior
of the thickened formulations.

The viscosity curves of the different analyzed prepara-
tions (Fig. 4a), show a similar profile. In particular, the vis-
cosity value varies with the velocity gradient indicating a
typical non-Newtonian fluid behavior. Indeed, in all cases,
the measure of the fluid’s resistance to its flow (i.e., viscos-
ity) decreases as the shear stress increases. This behavior,
called “shear thinning”, is typical of pseudoplastic fluids

a b

14000

and characterizes gelled systems with polymers at certain
concentrations.

Spreadability is also an important parameter for formula-
tions intended for topical application as it influences patient
compliance and certain technological aspects such as extru-
sion from the package and uniform application on the skin
[31].

The spreadability test was conducted in triplicate on
the thickened formulations, and the mean value and stan-
dard deviation were calculated (Fig. 4b). Fluid systems
are known to exhibit high spreadability due to their rapid
spreading time. From the analysis of results summarized
in Fig. 4b, it is possible to observe that the spreadability
value of thickened RUCyL is lower than thickened Cy/RU.
Therefore, Cy/RU thickened formulations take less time
to distribute to the application site, confirming the results
obtained with the viscosity test.

The leakage test enables us to make some considerations
about the ability of the gel to adhere to the skin surface. For
the thickened systems, the test is performed in triplicate, and
the results reported in Fig. 4c are the mean value+standard
deviation. In addition, the data are expressed in terms of the
space occupied in 1 min of time. It is possible to observe
that the Cy/RU system occupies a larger space of the plate,
while the RUCyL system remains in situ for a longer time.
This result agrees with the above described spreadability
and viscosity data.

In Vitro Diffusion Experiments

The study on the diffusion of rutin was conducted using the
Franz cells associated with a nylon membrane to evaluate
the influence of the delivery system on the release of RU.
The method is described in the Methods section, and phos-
phate buffer solution (PBS) 73mM pH 7.4 was used as the
receiving phase.

Figure 5 shows the diffusion profile of RU from the pro-
duced formulations. The formulations in aqueous dispersion
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Fig.4 Viscosity (a), spreadability (b) and leakage (¢) characteristics of Cy/RU (green) and RUCyL (blue) after addition of xanthan gum (XG, dark

color) and carbopol (CRP, light color) to the formulations
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Fig.5 Invitro release profiles of rutin from Cy/RU (green) and RUCyL
(blue) in water dispersion (a) or in gel (b) namely xanthan gum (XG,
circle) or carbopol (CRP, triangles). PBS was used as the receiving
phase. Data are the mean of four unrelated experiments+s.d., with Cy/

(Fig. 5a) showed flux values, obtained by dividing the cal-
culated concentration by the membrane area through which
the drug diffuses (0.78 cm?), significantly higher in the case
of Cy/RU with respect to RUCyL. This result suggests that
the inclusion of Cy/RU in liposomal formulation allows the
controlled release of the drug over time (p<0.0001). More-
over, the diffusion profiles of the formulations in aqueous
dispersion resulted as significantly higher than those of
the thickened systems (p<0.0001), due to the viscosity of
the system being inversely proportional to the release rate.
Figure 5b highlights that the diffusion profiles of the two
thickened RUCyL systems are similar and range from 49
to 55 pg/cm?. This behavior could probably be due to the
use of one polymer over another that does not influence the
release of RU, which is instead controlled by the presence of
vesicles. As regards the thickened complexes, the profile is
different. The flux of Cy/RU-CRP is higher than that of Cy/
RU-XG, probably due to the chemical structure of xanthan
gum, or the sol-gel state of the polymer. It is known that
each polymer has a characteristic transition temperature; in
the sol state, the polymer chains are free and independent
from each other and therefore they have a high mobility,
while in the gel state they are more ordered and less free
to move. Since this study was conducted at a temperature
of 32 °C, this likely affected the sol/gel composition of the
polymer, inducing a higher fraction of the sol state and con-
sequently influencing the diffusion of rutin. Based on these
considerations, further in-depth investigation is needed to
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RU vs. RUCyL, RUCyL vs. RUCYL-XG, RUCyL vs. RUCyL-CRP,
Cy/RU vs. Cy/RU-XG, Cy/RU vs. Cy/RU-CRP, p<0.0001 by 2-way
ANOVA followed by Tukey’s post hoc comparison test

Table 3 Kinetic parameters (R? and 7 values) of rutin diffused from the
different formulations

Formulation R?

Zero-order  First-order Higuchi Korsmeyer-

Peppas (n)
Cy/RU 0.8962 0.9300 0.9586 0.9667
(0.46)
Cy/RU-XG  0.8817 0.8869 0.9552 0.9701
(0.53)
Cy/RU-CRP  0.8622 0.8698 0.9443 0.9619
(0.50)
RUCyL 0.8861 0.8899 0.9482 0.9710
(0.30)
RUCyL-XG 0.9542 0.9584 0.9941 0.9983
(0.41)
RUCyL-CRP 0.8840 0.8892 0.9584 0.9759
(0.42)

identify the optimal viscosity agent to obtain a formulation
intended for a most effective topical application.

To further evaluate which type of mechanism governs
the rutin diffusion from the Cy complexes and liposomes
in aqueous or thickened form, the released data obtained
by Franz cells experiments were plotted into different
mathematical models. The resulting values of R? reported
in Table 3, reveals that all the formulations followed
Korsmeyer-Peppas release kinetic model, suggesting the
diffusion-based mechanism, quite similar to Higuchi pro-
file, and the suitability of the formulations for transdermal
effect. Moreover, in order to clarify process involved, the
analysis of the release exponents, i.e. n values obtained by
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Fig. 6 In vivo irritative reactions on 20 healthy volunteers acquired by patch test of Cy/RU (green) and RUCyL (blue) dispersed in xanthan gum

(dark color) or carbopol (light color)

Korsmeyer-Peppas equation fitting, confirm that the mecha-
nism of drug transport is diffusion-controlled indicating
that the drug exhibits a fickian diffusion in all formula-
tions, according to the type of delivery system. In details,
concerning n values of Cy complexes, they are all around
0.5, slightly higher when viscosized, in accordance with
literature findings [20, 43]. This result indicates that the
drug release depends on the concentration gradient, and it
is related to the time it takes to exit the internal Cy cavity.
The presence of XG and CRP does not affect the release
mechanism of RU from the Cy complex, but it optimizes
the viscosity in the semisolid form for skin application. The
same statement can be described for liposomes formula-
tions. All n exponents are lower than 0.43, that represents
the reference value of fickian limit for spherical geometry
such as liposomes [44, 45], confirming that the drug fol-
lows a fickian diffusion. Also in this case, the increase in
viscosity obtained by XG or CRP preserves the diffusion
mechanism of RU, improving the technological formulation
and patient compliance.

In Vivo Patch Test

A patch test was performed to evaluate the safety of the pro-
duced Cy/RU and RUCyL formulations for potential admin-
istration onto the skin. Precisely, the potential irritation
caused by applying the formulation onto the skin has been
evaluated on 20 healthy volunteers and the results expressed
as a percentage of irritative reactions (Fig. 6). It was found

that both the gel preparations after 48 h of application under
occlusive conditions can be classified as non-irritant and,
therefore, are considered safe. Based on the results, both gel
preparations can be classified as non-irritant after 48 h of
application under occlusive conditions and so considered
safe. The suitability of these systems for topical application
was confirmed by the absence of irritative reactions in 95%
of cases and negligible reactions in the remaining 5%.

Conclusion

This research study enabled the design and characteriza-
tion of RU-loaded supramolecular nanosystems based on
the use of Cy complexes formulated alone or included in
liposomes (CyL). From the comparison of the performances
of the two different supramolecular systems, it was found
that both formulations maintain their physico-chemical sta-
bility in terms of color, size, rutin content, and antioxidant
activity over time. However, the antioxidant assays demon-
strated a greater activity when rutin is encapsulated within
CyL. Comparative in vitro studies on drug diffusion sug-
gested an improved delivery of RU, possibly controlled by
the vesicular system; in contrast, the increase in viscosity
of the formulations obtained by the addition CRP or XG
showed a lower spreadability and greater adhesiveness,
ensuring effective skin application. On the other hand, the
patch tests demonstrated an optimal tolerance by the skin of
both formulations. Based on these results, the produced Cy/
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RU and RUCyL formulations may represent an interesting
starting point for the topical application of natural antioxi-
dant molecules.

In summary, the dual encapsulation of rutin through
cyclodextrin complexation and liposomal delivery, com-
bined with gelation, offers a synergistic approach that
enhances topical release and antioxidant efficacy. This strat-
egy addresses the limitations of RU solubility and stabil-
ity, ensuring improved skin retention and controlled release,
and represents a promising platform for the development
of advanced dermal formulations. The main difference
between the RUCyL here proposed and previously pub-
lished rutin-loaded liposomes or cyclodextrin gels lies in the
higher encapsulation efficiency and improved stability of
the carried drug as compared to the other systems. For topi-
cal skin application, the use of RUCyL systems combines
the advantages of increased stability of the encapsulated
active ingredient with the lipid composition of the vesicle,
which would allow for more efficient interaction with the
stratum corneum, improving the treatment of dermatologi-
cal conditions. This, as shown in the literature, is not always
achieved with loading on sole liposomes or cyclodextrins
[21, 46-49]. While the present manuscript represents a
preliminary technological study focused on formulation
development, future experiments will employ in vitro (e.g.,
keratinocytes) and ex vivo models (e.g., skin explants) to
better elucidate the behavior of the different formulations in
terms of cutaneous permeability as well as their biological
effects and modulation of pathways involved in cutaneous
inflammation and antioxidant responses.
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