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Abstract:

To treat acne more efficiently, we have synthesized ceria/silica nanoparticles with improved physico-
chemical and biological properties to enhance topical delivery of isotretinoin. Two types of nanopar-
ticles were synthesized by the sol—gel and co-precipitation methodologies, namely silica containing
10% ceria (SC2 10%) and ceria (C2). SC2 10% and C2 were incorporated with isotretinoin (diluted
in dimethylsulfoxide) at a 1:1 (m/m) ratio for 24 h, to give SC2 10%-ISO and C2-ISO, respectively.
The nanoparticles had high elemental purity and polydispersity index lower than 0.7. SC2 10%
comprised spherical nanoparticles measuring around 300 nm, whereas C2 consisted of agglomerated
nanocrystallites with mean diameter ranging from 303 to 515 nm. SC2 10% and C2 had negative
(-33.0 mV) and positive (+30.7 mV) zeta potential, respectively. The ISO immobilization efficiency
was 11% for SC2 10%-ISO and 16% for C2-ISO, as revealed by indirect quantification by HPLC.
An in-vitro drug release study showed that C2-ISO released 16 ug of ISO within 48 h. The cell vi-
ability results obtained in HaCat cell culture showed that ISO kept nanoparticle cytotoxicity low,
as revealed by XTT assays. Minimum inhibitory concentration assays demonstrated that both SC2
10%-1SO and C2-ISO inhibited Cutibacterium acnes growth, indicating combined action of the drug
and nanoparticle matrix. Therefore, ceria-based nanoparticles proved a promising alternative for
transporting ISO and promoting its controlled and targeted release: the nanoparticles were chemi-
cally stable, presented suitable dispersion characteristics, and inhibited bacterial growth.
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INTRODUCTION

Acne vulgaris, a multifactorial skin condition affecting
great part of the human population, commonly occurs
during adolescence or even adulthood. Acneic skin
is characterized by oily skin and may present with
lesions such as comedones, papules, pustules, nodules,
and/or cysts. These lesions develop and evolve with
proliferation of bacteria, mainly Cutibacterium acnes
(previously known as Propionibacterium acnes), which
cause inflammatory processes of different severity
depending on individual factors, immunological
response, and antibody production. The type of lesion
and degree of inflammation determine how severe the
condition is, and more serious cases may require more
elaborate treatment. Grade 1 acne is characterized
by the presence of non-inflammatory comedones
(blackheads and whiteheads) only. The emergence
of comedones along with inflammation leads to acne
being classified into different grades, depending on
whether papules (reddish bumps - “internal pimples”)
and pustules (presence of pus - “pimples”) appear or
more severe presentations like nodule-cystic lesions
arise (Latter et al., 2019; Patel et al., 2020).

Although various acne treatments are available, many
patients do not respond to them, especially in the case
of severe acne. Isotretinoin (13-cis-retinoic acid, Figure
1a), a synthetic isomer of tretinoin (retinoic acid -
the oxidized form of vitamin A, Figure 1b), is usually
employed in the oral treatment of severe acne. In

milder cases, isotretinoin can be topically applied. This
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drug is also used to treat other skin disorders, including
rosacea, as well as some forms of neoplastic diseases
(Machine et al., 2016; Khalil et al., 2020).

Even though the currently available formulations
of isotretinoin as a gel or cream prevent this
retinoid from exerting toxicity on vital organs,
issues like skin irritation, scaling, and erythema may
arise. Furthermore, isotretinoin presents intrinsic
physicochemical challenges including instability if
exposed to air, light, or heat (lole et al., 2005; Patel et
al., 2011).

To minimize side effects and to improve the topical
delivery of anti-acne drugs, nanoparticle systems acting
as transporters have been investigated for the targeted
delivery of drugs to the pilosebaceous unit, the acne
epicenter. These systems stabilize the drug, protect the
skin, and reduce side effects. Moreover, these systems
allow drugs to be administered at the target tissue
in a controlled manner—systems with suitable size
facilitate drug penetration into the capillary follicles
and provide ideal drug concentration for prolonged
time, optimizing therapeutics. Liposomes, niosomes,
lipidic and polymeric nanoparticles, nanoemulsions,
nanocrystals, nanospheres, quantum dots, inorganic
nanoparticles (e.g., silica and calcium phosphate), and
solid dispersions have been studied as nanocarriers
(Vyas et al., 2014; Chamundesswari et al., 2019; Patel et
al., 2020; Gasemiyeh et al., 2020; Roberts et al., 2021).

The approach represents a significant advance over

the limitations of conventional acne treatments by
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Figure 1: (a) Isotretinoin; (b) Tretinoin.
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combining the anti-inflammatory and antioxidant
propertiesofnanoparticleswiththeclinicalrepositioning
of ISO. The choice of drug and immobilization strategy
are in line with current biomedical demands, especially
with regard to improving bioavailability, reducing
adverse effects, and enabling targeted and non-invasive
application, resulting in greater patient compliance
with treatment and fewer adverse effects. Therefore,
the proposed product has innovative merit and may
present a relevant differential in the dermatological
therapy scenario.

To reduce the toxicity of isotretinoin and to optimize
its therapeutic effects, cerium oxide nanoparticles (or
nanoceria) combined with spherical silica nanoparticles
have emerged as promising matrixes for carrying this
drug. These matrixes offer numerous advantages;
for example, they are easy to prepare, present good
chemical and thermal stability, are biocompatible,
are effectively dispersed in aqueous solution, display
antibacterial activity, may act against C. acnes, exhibit
anti-inflammatory and antioxidant properties, and
strongly absorb UV light, providing the drug with
photoprotection.

MATERIALS AND METHODS

Preparation  of
containing 10% ceria

silica  nanoparticles

Silica nanoparticles containing ceria were prepared
by the non-hydrolytic sol-gel process in ammoniacal
medium (Stober); the adapted methodology described
by Azevedo (2014) was followed. Briefly, 1.14 mL of
tetraethylorthosilicate alkoxide (TEOS) was mixed
with 2.70 mL of deionized water, 15.27 mL of isopropyl
alcohol, and 7.88 mL of ammonium hydroxide. Cerium
nitrate hexahydrate (0.1 mol L%, 5.0 mL) was also added
at a 10% molar ratio in relation to TEOS. The mixture
was magnetically stirred at 60 °C for 4 h, centrifuged at
4000 rpm for 15 min, washed with ethanol three times,
and dried at 100 °C. The resulting sample was labeled
SC2 10%.

Preparation of ceria nanoparticles

Ceria nanoparticles were prepared by the sol-gel
methodology involving chemical co-precipitation with

ammonium hydroxide; the methodology adapted from
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Periyat et al. (2011), was followed. Initially, a 0.1 mol L
cerium nitrate hexahydrate solution was magnetically
stirred for 30 min. Then, concentrated ammonium
hydroxide (30% purity) was added dropwise until pH =10
was achieved. The resulting solution was continuously

stirred at room temperature for 2 h.

The resulting precipitate was collected after
centrifugation at 4000 rpm for 15 min, washed, and
dried at 100 °C for 12 h. After drying, the yellow solid
was dispersed in 100 mL of 0.1 mol L urea solution with
pH adjusted to 2.0 by dropwise addition of 3.5 mL of 0.1
mol L' hydrochloric acid. The mixture was stirred for 2
h. The resulting solid was separated by centrifugation at
4000 rpm for 15 min, washed with ethanol, and dried at
100 °C. The final sample was labeled C2. The simplified
mechanism for the formation of ceria nanoparticles is

presented in Equation 1.

Ce3+ M}CQ(OHL —A>Ce02 ~ NPs (1)

nucleagio

Isotretinoin immobilization on the inorganic
matrixes SC2 10% and C2

Isotretinoin (ISO) was provided through a collaboration
with the Laboratory of Innovation in Nanostructured
Systems and Topical Administration, led by Prof.
Dr. Renata Fonseca Vianna Lopez of the Faculty of
Pharmaceutical Sciences of Ribeirdo Preto - University
of Sao Paulo (FCFRP-USP).

ISO was immobilized on an inorganic matrix (SC2 10%
or C2) by using the solid matrix dried at 100 °C, so that
-OH groups remaining after hydrolysis and condensation
could act as drug binding sites. The methodology
adapted from Zhao et al. (2017) and Sadhukhan et al.
(2019), based on an inorganic matrix/drug 1:1 (m/m)
ratio, was followed.

ISO immobilization on SC2 10% or C2 was carried out
for 24 h. To this end, a 1 mg mLISO stock solution was
prepared by solubilizing 200 mg of ISO in 200 mL of
dimethylsulfoxide (DMSO) and stored in the dark. In a
round-bottom flask, 100 mL of 1 mg mL*ISO solution
was suspended with 100 mg of SC2 10% or C2. The
suspension was sonicated for 20 min with a frequency

of 40 kHz and power of 100 W and then magnetically
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stirred at room temperature for 24 h, protected from
light. After that, the mixture was centrifuged at 4000
rpm for 15 min. The supernatant was collected, and the
immobilization efficiency was indirectly determined by
HPLC. The final sample containing immobilized 1SO (SC2
10%-1SO or C2-IS0O), as powder, was dried in a vacuum-

drying oven at 60 °C for 24 h.
Physicochemical characterizations

1. Isotretinoin quantification by HPLC coupled to a
photodiode array detector: Chromatographic analyses
were conducted by using a Shim-pack VP-ODS column
(250 mm x 4.6 mm internal diameter, 5-um particles;
Shimadzu). The isocratic mode was employed, and
elution was accomplished by using 80% acetonitrile and
20% water containing 0.1% acetic acid at a flow rate of 1.0
mL min, The column temperature was kept at 40 °C. The
injected volume was 20.0 yL. ISO was detected at a fixed
wavelength of 357 nm. The analyses were conducted at
the Laboratory of Natural Products of the University of
Franca.

2. Immobilization efficiency: The immobilization
efficiency (IE %) was determined by quantifying the
initial ISO concentration in the stock solution and the
free ISO concentration in the supernatant obtained after
the colloidal suspension of SC2 10%-I1SO or C2-ISO was
centrifuged. To quantify ISO in the stock solution, 250 uL
of the solution was transferred to a dark flask, to which
750 UL of methanol (HPLC grade) was added. To quantify
free 1SO, 0.5 mL of the supernatant remaining after 1SO
immobilization on SC2 10% or C2 was filtered through
a 0.45-um-pore cellulose acetate membrane, and 250 pL
of the filtrate was transferred to a dark flask and mixed
with 750 uL of methanol. The resulting solutions were
analyzed by HPLC. IE% was calculated by using Equation
2:

9= (1 )1
where:
[1S0],.,,, . total isotretinoin concentration in the stock
solution;

[1S0] free isotretinoin concentration in the

supernatant -

supernatant remaining after isotretinoin immobilization
on SC2 10% or C2.

and

3. Zeta potential, hydrodynamic diameter,
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polydispersity The distribution,
polydispersity index (PdI) of SC2 10%, SC2 10%-1SO, C2,
and C2-ISO were evaluated by dynamic light scattering

index: size, and

(DLS) on a Nano ZS apparatus operating at 25 °C with
scattering angle of 90°. The analyses were conducted by
using a 1 mg mL" dispersion of the sample in aqueous
solution. The zeta potential was determined by laser
doppler electrophoresis on this same apparatus. For
the analyses, a 1 mg mL" dispersion of the sample in a
1 mmol L' KCI electrolyte solution was employed. The
analyses were performed in triplicate at the Laboratory
of Innovation in Nanostructured Systems and Topical
Administration of FCFRP-USP.

4. X-Ray diffraction: X-Ray diffraction (XRD) analyses
were conducted on a Rigaku Geigerflex D/Max-c
diffractometer operating with CuKa radiation (» =
1.5405 A) at room temperature. The diffractograms
were recorded for 20 ranging from 4 to 80 °, increment
of 0.04°, every 10 s. The analyses were carried out at the

University of Franca.

5. Infrared absorption spectroscopy: The samples were
analyzed by diffuse reflectance infrared absorption
spectroscopy (FTIR) on a Perkin Elmer Frontier
spectrophotometer; the spectra were recorded from
400 to 4000 cm™* by using KBr pellets. The analyses were
carried out at the University of Franca.

6. UV-Vis absorption spectroscopy: The samples were
analyzed on an HP 8453 UV-Vis spectrophotometer
operating between 190 and 600 nm. To this end, 1.0 mg
of the sample and 2 mL of ethanol were placed in quartz
cuvettes with optical path length of 2 mm, and the
suspension was sonicated for 30 min. Then, the spectrum
was recorded. Pure ISO in ethanol at 31.25 ug mL" was
also prepared and analyzed for reference. The analyses

were carried out at the University of Franca.

7. Scanning electron microscopy: The samples were
deposited on carbon-based adhesive tape, fixed on
aluminum stubs, and coated with a thin Au/Pd powder
layer in a QUORUM SC7620 Sputter Coater for 120 s.
Morphological analyses were conducted on a TESCAN
(model VEGA 3 SBH) electron microscope operating with
a tungsten filament at 30 kV, resolution of 3.0 nm, and
secondary electron (SE) and backscattering electron
(BSE) detectors. The amount of sample was sufficient to
fill the adhesive tape area, which was approximately 0.5
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cm? Sputtering and the morphological analyses were

carried out at the University of Franca.

Energy dispersive spectroscopy (EDS) was used to
investigate the elemental chemical composition of the
samples. For this purpose, a JEOL electron microscope
(model JSM-6610LV) with 4.0-nm resolution (30 kV) was
employed in the Low Vacuum mode. The samples were
deposited on carbon-based adhesive tape and fixed on
aluminum stubs, without coating. The analyses were
carried out at the Laboratory of Electron Microscopy
of the Department of Cell and Molecular Biology of
Ribeirdo Preto Medical School - University of Sdo Paulo.

8. In-vitro release study: The in-vitro release study
was conducted at the Laboratory of Innovation in
Nanostructured Systems and Topical Administration of
FCFRP-USP. The amount of released ISO was assessed
on a Shimadzu UV-1800 UV-Vis spectrophotometer. A
calibration curve was constructed from a 500 ug mL™*
ISO stock solution in phosphate buffered saline (PBS)/
ethanol (7:3 v/v). Then, PBS/ethanol (7:3 v/v) was used
to prepare ten dilutions from the ISO stock solution, to
obtain ISO concentrations of 40, 20, 10, 8, 6, 4, 2, 1, 0.8,
and 0.6 ug mL". The amount of released ISO was assessed
on a Shimadzu UV-1800 UV-Vis spectrophotometer. A
calibration curve was constructed from a 500 pg mL™*
ISO stock solution in phosphate buffered saline (PBS)/
ethanol (7:3 v/v). Then, PBS/ethanol (7:3 v/v) was used
to prepare ten dilutions from the ISO stock solution, to
obtain ISO concentrations of 40, 20, 10, 8, 6,4, 2,1,0.8,and
0.6 ug mL, The PBS buffer was prepared by dissolving
40.0 g of NaCl, 1.0 g of KCl, 10.8 g of Na,HPO,.7H,0, and
1.0 g of KH,PO, in 500 mL of water and diluted to 150
mmol L. Ethanol was used to solubilize 1SO. Absorbance
was read at 340 nm. All the points of the calibration
curve were prepared and analyzed in triplicate (n = 3).
Linearity was determined from the linear regression
equation (A = ax * b) and correlation coefficient (R?).
The limits of detection and quantification (LOD and
LOQ, respectively) were determined on the basis of the
standard deviation of the response (o) and the slope of
the analytical curve (S); the equations LOD = 3.3 5/S and
LOQ =10 /S were used.

The specificity of the method was assessed by
comparative analyses between the supernatant of SC2
10% or C2 incorporated with ISO or not. Measurements

@2025 Azevedo CB, et al.
were carried out in triplicate. For this purpose, an
SC2 10%, SC2 10%-1SO, C2, or C2-ISO suspension was
prepared by adding 2 mg of the sample to 2 mL of PBS/
ethanol (7:3), which was followed by sonication for 1 h.
The suspension was allowed to rest in contact with the
supernatant for 24 h, protected from light. Next, the
suspension was centrifuged at 10,000 rpm for 10 min
on a Thermo Fisher Scientific Heraeus Megafuge 16R
centrifuge. The supernatant was filtered through 0.45-
um cellulose acetate filter and analyzed on a Shimadzu
UV-2550 UV-Vis spectrophotometer operating from 200
to 600 nm.

ISOrelease from C2-ISOwasstudied in vitro by following
the protocol described by Ogungimi, Chahud and Lopez
(2021). Dialysis membranes consisting of cellulose
acetate (12-14 kDa, Fisherbrand, Fisher Scientific, EUA)
were employed in vertical Franz diffusion cells. The
membranes were successively washed with boiling
Mili-Q water and remained submerged in Mili-Q water

at room temperature until they were used.

In the release system, the membranes were placed
between the donor and receptor compartments of the
Franz diffusion cells, which had an effective area of 1.2
cm? and volume of 5 mL. The receptor compartment
was filled with PBS/ethanol (7:3 v/v) at pH 7.4, which
simulated normal physiological conditions. As for the
donor compartment, 2 mg of C2-1SO, containing 320 ug
of IS0, in 2 mL of PBS/ethanol (7:3 v/v) was sonicated
for 30 min and added to the compartment.

The control consisted of 160 pug mL* ISO solution in
PBS/ethanol (7:3 v/v). The diffusion cells were kept
under constant stirring at room temperature, protected
from light. After certain times (1, 2, 3, 6, 12, 24, and 48
h), 1 mL of the receptor medium was withdrawn for
quantification purposes and immediately substituted
with an equal volume of standard PBS/ethanol (7:3 v/v).
The released ISO concentration was analyzed by UV-Vis
absorption spectroscopy at 340 nm. Each preparation
was studied in triplicate, and the results are expressed
as the mean of the triplicate. The release profile is
graphically represented by the percentage of released
ISO (%) as a function of time (h).

In this study, the drug release process was investigated

by using the Zero-Order, First-Order, Higuchi, and
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Korsmeyer-Peppas mathematical models (Brushi et al.,
2015;Mendes et al., 2019). To determine the model better
adjusted to the in-vitro release data, the correlation
coefficient (R?) was evaluated, so that the value closest
to 1 was achieved.

9. Biocompatibility

9.1.Cell viability assessment: A human keratinocyte cell
line (HaCat) was employed to evaluate the cytotoxicity
of SC2 10%, SC2 10%-1SO, C2, C2-1S0, and free ISO. The
cells were cultivated in Dulbecco’s Modified Eagle
Medium (DMEM; Sigma-Aldrich) supplemented with
10% fetal bovine serum (Nutricell), antibiotics (0.01 mg
mL" streptomycin and 0.005 mg mL" penicillin; Sigma-
Aldrich), and 2.38 mg mL* Hepes (Sigma-Aldrich) at
37 °C under 5% CO,. The assays were conducted at the
Laboratory of Mutagenesis of the University of Franca.

Cell viability was assessed by an in-vitro toxicology
colorimetric assay - Kit XTT (Roche Diagnostics); the
manufacturer’s guidelines were followed. To perform
the assays, HaCat cell suspensions were seeded in 96-
well plates at 1.5 x 10* cells/well. After 25 h, the cells
were exposed to concentrations of the tested samples
ranging from 39.06 to 5000 ug mL'in culture medium.
Wells containing the negative (untreated cells), solvent
(1% DMSO; Sigma-Aldrich), or positive (25% DMSO)
control were included.

After incubation at 36.5 °C for 24 h, the culture medium
was removed, and the cells were washed with 100 uL of
PBS (to remove the tested sample) and exposed to 50
uL of Ham’s Nutrient Mixture F10 (HAM-F10) culture

@2025 Azevedo CB, et al.
medium without phenol red (Sigma-Aldrich). Then, 25
uL of XTT (sodium 3’-{1-[phenylamino)-carbonyl]-3,4-
tetrazolium}-bis(4-methoxy-6-nitro) benzenesulfonic
acid hydrate) was added to each well.

The microplates were incubated at 36.5 °C for 17 h. The
absorbance of the samples was determined by using a
microplate reader (ELISA - Asys - UVM 340/MikroWin
2000). Absorbance was read at 450 nm; the reference
wavelength was 620 nm. Non-linear regression analyses
were carried out by using the GraphPad Prism software
to calculate the concentration of the sample that
inhibited cell viability by 50% (IC, , or half the maximum
inhibitory concentration). Figure 2 illustrates the XTT
cell viability assay system.

10. Antibacterial activity

10.1.Minimum inhibitory concentration: The Minimum
Inhibitory Concentration (MIC) is defined as the lowest
concentration of an antimicrobial agent that can inhibit
bacterial growth. To determine MIC for SC2 10%, SC2
10%-1S0, C2, C2-1S0, and free ISO against the anaerobic
bacterium investigated in this study, the microdilution
method recommended by the Clinical and Laboratory
Standards Institute (CLSI, 2007), was employed with the
modifications described below.

SC2 10%, SC2 10%-1SO, C2, C2-ISO, or free ISO was
dispersed in DMSO (Merck’) and diluted in Schaedler
(Difco’) broth supplemented with 5 mg mL! hemin
(Sigma’) and 1 mg mL'menadione (Sigma’). Next, twelve
concentrations of each dispersion varying from 0.98 to
2000 ug mL* were tested in 96-well microplates.

i P |
7"':;"{:" = ik '-./ —\
1x10¢ cells/well Samples:39.06-5000ugmL? x77  Elisaassay
HaCat Exposurefor 24 h 450/620 nm

Figure 2: XTT cell viability assay system
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The bacterium used in this study was obtained from
the American Type Culture Collection (ATCC-USA) -
Cutibacterium acnes ATCC 11827. The inoculum was
adjusted so that a bacterial concentration of 1 x 10° CFU
mL" would be achieved.

The anaerobic bacterium was incubated with the
tested sample at 37 'C for 72 h in 80% N,, 10% CO,, and
10% H, in an anaerobic chamber (Don Whitley Scientific,
Bradford, U.K.). After incubation, 30 uL of aqueous
resazurin solution at 0.02 % (Sigma’) was added to the
wells, to reveal bacterial growth (Alfenas et al., 2011).
The colors blue and pink represent absence and presence
of bacterial growth, respectively. DMSO at 5% (v/v) was
employed as negative control, and gentamicin (0.0115
to 5.9 ug mL™) was used as positive control. An inoculum
control was included to monitor bacterial growth. The
assays were performed in triplicate at the Laboratory
of Antimicrobial Assays at the Federal University of
Uberlandia. Figure 3 shows the MIC assay system.

RESULTS AND DISCUSSION

Isotretinoin quantification by HPLC coupled
to a photodiode array detector: The proposed

method was selective and linear within the ISO
concentration range (20 to 400 vg mL?) and presented
suitable regression coefficient (R? = 0.9943). The LOD
and LOQ were 2.0182 and 6.1157 pg mL™, respectively,
indicating that the method was sensitive and adequate

for quantifying 1SO in all the assays.
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Zeta potential, hydrodynamic diameter,
polydispersity index, and immobilization
efficiency:

It is important to analyze the hydrodynamic diameter
distribution (HdD) and zeta potential (ZP) when applying
matrixes to carry ISO for topical use. In their reviews,
Patel et al. (2020) and Roberts et al. (2021) discussed that
an efficient system for topical drug delivery during acne
treatment should direct the drug-containing particles
to a pilosebaceous unit given that most acne is located
on the face, which contains a large quantity of pilous
follicles. Furthermore, the concentration of C. acnes, a
bacterium playing a crucial role in acne pathogenesis,
is high in the sebaceous glands located in this region.
Roberts et al. (2021) also highlighted that nanometric
particle size, between 300 and 600 nm, would be ideal
for the particle to permeate and be retained in the
follicle. The smaller the particle, the more efficient its
skin permeation and pharmacological action, which
should result in fewer side effects on non-target tissues.

Surface charge is another factor that influences the
application of nanoparticles in drug delivery. Skin,
which hasnegative ZP, effectively interacts with cationic
nanoparticles, that is, nanoparticles with positive ZP. In
turn, surface charge improves interaction between the
nanoparticle matrix and the stratum corneum as well
as pilosebaceous units, to increase the residence time in

the target tissue (Wu et al., 2010; Ogunjimi et al., 2021).
Measuring particle size by DLS helps to evaluate the

Table 1: Hydrodynamic diameter (HdD), polydispersity index (PdI), zeta potential (ZP), and immobilization efficiency (IE) of
SC2 10%, SC2 10%-1S0, C2, and C2-ISO, presented as the mean + SD of triplicate analyses.

Sample HdD (nm)
SC2 10% 303 22
SC2 10%-1SO 388 £8.61

C2 515+16.7
C2-ISO 409 +4.7

PdI ZP (mV) IE (%)
0.138 £ 0.05 -33.0£0.58 -
0.343 £ 0.04 -22.6 +0.21 11+1.41
0.638 £ 0.14 +30.7 £ 0.06 -
0.320 + 0.06 +27.7 £ 0.57 16 +0.59
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particle HdD in solution. Meanwhile, PdI, a dimensionless
value ranging from 0 to 1, is used to measure the particle
distribution uniformity. PdI closer to zero indicates
more homogeneous and better distributed particles,
whereas PdI above 0.7 indicates broad particle size
distribution (Rego, 2019).

[E%, obtained by using HPLC to quantify the free
drug concentration in the supernatant remaining after
the drug was immobilized on the nanoparticle matrix,
shows the rate of association between the matrix and
ISO. Table 1 lists HAD, Pdl, ZP, and IE% of SC2 10%,
SC2 10%-1SO, C2, and C2-ISO, expressed as the mean +
standard deviation of triplicate analyses.

On the basis of Table 1, SC2 10%, SC2 10%-1SO, C2, and
C2-1SO had nanometric HAD ranging from 303 to 515
nm. Their PdI was below 0.64, indicating that particle
size distribution was homogeneous. SC2 10% and C2
exhibited anionic and cationic character, respectively,
which was maintained after ISO was immobilized on
them.

SC210% had HAD of 303 nm and PdI of 0.138, so particle
size distribution was highly homogeneous. ZP was
negative: -33.0 mV. ZP module above 30 mV suggests
that a suspension has electrical stability due to repulsive
forces between the particles, so that aggregation is
avoided (Ogunjimi, 2018).

After ISO was immobilized on SC2 10%, the ZP module
decreased from -33.0 to -22.6 mV. This indicates
that the drug and the nanoparticle matrix interact
electrostatically (Schaffazick et al., 2003). In turn, HdD

@2025 Azevedo CB, et al.
and PdI increased to 388 nm and 0.343, respectively.

C2 had HdB of 515 nm and PdI of 0.638, so particle size
distribution was less homogeneous compared to SC2
10%. C2 presented positive ZP, +30.7 mV, attributed to
the methodology used in its synthesis, during which
HCl was employed to reduce the pH to 2.0 and hence
prevent particles from agglomerating. This acidification
step was only carried out in the case of C2. According
to Firmino et al. (2017), the nanoparticle is protonated
under acidic pH, providing C2 with positive charge and
thus cationic character.

After 1SO was immobilized on C2, ZP varied from
+30.7 to +27.7 mV. This indicates that the drug and the
nanoparticle matrix were associated. Meanwhile, HdD
was 409 nm, and PdI improved to 0.320.

The IE results show that 11% and 16% ISO was
immobilized on SC2 10% and C2, respectively. In a
study on drug carriers based on mesoporous silica
nanoparticles, Guo et al. (2021) also identified low IE for
hydrophobic drugs immobilized on the nanoparticles.
The fact that ISO is a lipophilic drug accounts for our
findings. In addition, Guo et al. (2021) reported that IE
is influenced by ZP of the nanoparticle matrix and drug.
The authors observed that nanoparticles and drugs with
opposite charges have increased IE, as observed here for
C2-1S0 (IE = 16%).

When Braz et al. (2016) incorporated indometacin, an
anti-inflammatory drug, into mesoporous silica, IE was
7%. Cytotoxicity tests conducted on normal fibroblast
cells (GM0479A) indicated that the incorporated drug

Table 2: Vibrational modes of ISO, SC2 10%, SC 10%-1SO, C2, and C2-ISO.

Vibrations ISO SC2 SC210% Cc2 Cc2
(cm?) -10% -ISO (cm?) -ISO
(cm?)  (cm?) (cm?)
3 (Si-0-5i) - 476 466 - -
v(Ce-0) - - - 411-632  411-
632
v(Si-OH) - 954 951 - -
v, (5i-0-5i) - 1106 1106 - -
v(C-0) 1350 - 1317 - 1332
v(C=0) 1673 - 1664 - 1628
v_(C-H) 2927 - 3000 - 2928
v(0-H) - 3242 3249 3423 3268
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was less toxic than the free drug. Therefore, low IE may
be beneficial when it comes to delivering a sufficient

and non-toxic drug dose at the target tissue.

Together, our findings show that both SC2 10% and
C2 have suitable size for application as nanocarriers.
Besides that, all the nanoparticle dispersions present
high ZP, which benefits stability. That 1SO is indeed
associated with the nanoparticle matrix was evident
from the fact that ZP changed after immobilization.

C2 having positive ZP may have led to a higher affinity
between this nanoparticle matrix and the skin surface.
This is advantageous because skin interacts more

favorably with cationic particles.

3.3. X-ray diffractometry. The XRD patterns of SC2 10%
and C2 helped to investigate the structure of isolated
ceria and ceria interacting with silica. Figure 4 shows
the XRD patterns of SC2 10%, C2, and ceria standard
(JCPDS 1-800) dried at 100 °C.

The XRD pattern of C2 was consistent with the fluorite
cubic structure, typical of ceria (Figure 4, black line),
as evidenced by the Bragg peaks at 20 = 28, 33, 47, 56,
59, 69, and 76°.These peaks correspond to the Miller
indices (111), (200), (220), (311), (222), (400), and (331),
respectively, and attest to the crystalline purity of C2.
Features of other phases were not evident (Kargar et al.,
2015; Fereydouni et al., 2018; Nourmohammadi et al.,
2018; Sharmila et al., 2019).

We calculated the mean crystallite size by using the
Scherrer equation (Equation 3):

KA
D(nm) = B cost 3)
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where:
D = crystallite size (nm);
R = full width at half height of the most intense
diffraction peak;
© = Bragg angle;
K =

crystallite shape. In this case, we adopted a value of 0.9,

Scherrer constant, whose value depends on

which corresponds to the spherical crystallite shape.

The crystallites had mean diameter of 11 nm. The
XRD pattern of SC2 10% dried at 100 °C displayed halos
typical of amorphous silica and a broad peak at 20 = 22°
(Zhang et al., 2022). The absence of XRD diffraction peaks
suggests that ceria remained dispersed in the silica
matrix during the sol-gel synthesis, so that crystalline
CeO, was not formed.

Infrared absorption spectroscopy

The FTIR spectra helped to evaluate the chemical
properties of free ISO and its interactions with SC2 10%
and C2. Table 2 summarizes the vibrational modes of
IS0, SC2 10%, SC2 10%-1S0, C2, and C2-1SO.

ISO bears five conjugated double bonds and a -COOH
group in its end. Its FTIR spectrum displayed absorption
bands in the regions of interest. The band at 2927 cm™
corresponds to aliphatic -CH bond stretching, whereas
the bands at 1673 and 1599 cm™ are due to carboxylic
acid C=0 and C=C bond stretching, respectively. The
intense band at 1250 cm™ refers to -OH group stretching
vibration (Zhao et al., 2017; Khalil et al., 2020).

On the basis of Table 2, the FTIR spectrum of SC2
10% displayed the typical bands of silica [33], i.e., the

Table 3: Minimum inhibitory concentration (MIC) of C2, C2-1SO, SC2 10%, SC2 10%-1SO0, or free ISO, in pg mL, against

Cutibacterium acnes.

Sample Cutibacterium acnes
ATCC 11827

SC2 10% 500

SC2 10%-1SO 7.8
C2 1000

C2-ISO 7.8

Free ISO 3.9
Gentamicin (control) 0.37

Samples solubilized in DMSO
Sample concentrations varied from 0.98 to 2000 yug mL™*

Gentamicin concentrations varied from 0.0115 to 5.9 ug mL*
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Figure 3: Minimum Inhibitory Concentration (MIC) assay system: (a) Incubation, sample, positive control, and inoculum

preparation; (b) incubation and data interpretation.

v, (8i-0-5i), v (Si-0-5i), and §(Si-0-Si) vibrational modes
emerged at 1106, 800, and 476 cm, respectively. Besides
that, absorption bands related to (Si-OH) silanol groups
appeared at 3642 and 954 cm?, indicating that these
groups were not totally condensed. The presence of
adsorbed water on the surface was clear from the
emergence of a broad band with maximum absorption
around 3242 cm’, as well as a band around 1627 cm
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1, corresponding to the v(0-H) vibrational mode of
water molecules (bound through H) and water §(0H)
angular deformation, respectively. The small bands in
the regions of 1400 and 2983 cm™ can be attributed to
symmetric and asymmetric deformation of C-H bonds
and indicate the presence of organic matter (Khalil et
al., 2005; Azevedo et al., 2015; Braz et al., 2016; Pawlaczyk
etal., 2019).
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Figure 4: X-ray diffraction pattern of SC2 10% (green), C2 (red), and the ceria standard (black), dried at 100 °C.

Comparison between the vibrational modes of free ISO
and SC2 10%-ISO shows that the FTIR spectrum of the
latter sample displayed the characteristic absorption
bands of silica, as well as three less intense bands
around 317, 1414, and 1664 cm, ascribed to C-0 and C-H
bond stretching of ISO C=0, respectively. Although the
IE calculated by HPLC was low, the drug was detected in
SC2 10%. (Viossat et al., 2005; Zhao et al., 2017; Matos,
2021).

As for the FTIR spectrum of C2, the band due to Ce-O
bond stretching arose between 411 and 632 ¢cm™ and
peaked at 428 cm™. The broad bands at 3320 and 1637
cm™ can be assigned to residual water and Ce-OH groups,
respectively (Fereydouni et al., 2018).

Concerning the FTIR spectrum of C2-ISO, it contained
bands typical of CeO, as well as bands indicating
the presence of organic matter. This shows that 1SO
interacted with C2. More specifically, the bands emerged
at 1332, 1408, 1564, and 2928 cm™. The band due to free

SC2 10%
cz
Standard CeO

ops

2 8 (Degrees)

Figure 5: UV-Vis spectra of SC2 10% (black) and C2 (red).

carboxylic acid v(C=0) stretching at 1673 cm™ in the
FTIR spectrum of free ISO shifted to lower wavenumber
in the FTIR spectrum of C2-ISO and was unfolded into
two new bands, at 1564 and 1332 cm?, referring to
(CO0") asymmetric and symmetric stretching (Yap et
al., 2005; Zhao et al., 2017). According to Viossat et al.
(2005), this unfolding occurs after carboxylate forms
a complex with metal centers. The absorption bands
due to asymmetric and symmetric (C-H) stretching
appeared at 2928 and 1408 cm™, while the broad band
corresponding to hydration water peaked at 3320 cm™.
These results indicate that ISO and C2 interact in C2-1SO
(Yap et al., 2005; Viossat et al., 2005; Zhao et al., 2017).

UV-Vis absorption spectroscopy

UV-Vis absorption spectroscopy helped to characterize
SC2-10% and C2 and to detect ISO in the nanoparticle
matrixes. Figure 5 shows the UV-Vis spectra of SC2-10%
and C2.

Absorbance (aLl.)

T T T
200 200 500 0o
Wavelength (nm}

Figure 6: UV-Vis spectra of free I1SO (black), SC2 10%-
ISO (red), and C2-1SO (green).
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According to the literature Barrie et al.(1990) and
Bensalem et al. (1995), the bands at 233 and 297 nm
are due to Ce* interconfigurational 4f-5d transitions
and were previously observed in the UV-Vis spectrum
of alumina doped with ceria. The UV-Vis spectrum of
C2 displayed a broad band between 250-350 nm, which
peaked at 233 and 297 nm, suggesting the presence of
Ce™.

The SC2 10% UV-Vis spectrum evidenced a shift
toward the red, attributed to 0 — Ce* charge transfer.
This shift suggests the presence of two species, Ce* and
Ce* (zaki et al., 2017; Sharmila et al., 2019; Sandrini et
al., 2023). These two oxidation states of cerium (III and
IV) generate structural defects with oxygen vacancies,
which leads to absorption at various wavelengths and
broadens the absorption band (Eduardo et al., 2021; Gao
et al., 2021).

sewmacisoow |
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The Figure 6 shows the UV-Vis spectra of I1SO, SC2

10%-1S0, and C2-1SO. SC2 10%-1SO and C2-ISO at 500 ug

mL"! were suspended in ethanol and sonicated for 30
min before the spectra were recorded.

The UV-Vis spectrum of free ISO displayed an intense
band at 356 nm, which corresponds to the = — n*
transition in the conjugated polyene structure of ISO.
This agrees with the wavelength identified for ISO by
HPLC (Machine et al., 2016; Zhao et al., 2017).

The absorption bands at 325 and 339 nm in the UV-
Vis spectra of SC2 10%-1SO and ISO-C2, respectively,
can be attributed to interactions between ISO and the
nanoparticle matrix (Chinnu et al., 2013; Luo et al., 2020).
Confirming the shifts in the carbonyl peaks observed in
the corresponding FTIR spectra. This suggests that I1SO
coordination to the matrix surface did not affect the

Spectrum 8
o HEEEE
si |
Ce iy
Weight % 50%

Spectrum 7

Eogoo
H || ]|

jeight % 40%

Figure 7: SEM images and EDS spectra of (a) SC2 10% and (b) SC2 10%-ISO at 50,000 magnification.
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physicochemical stability of the nanoparticle matrix.

Research conducted by Zholobak et al. (2020) on ceria
nanocomposites with curcumin revealed that the ceria
nanoparticles reduce curcumin degradation in aqueous
solutions. This indicates that SC2 10% and C2 are
promising matrixes for drug transport, and that they
protect the drug structure.

Scanning electron microscopy:

We investigated the morphology and chemical
composition of SC2 10% and C2 by SEM before and after
ISO incorporation. Figure 7 (a and b) shows the scanning
electron microscopy (SEM) images and EDS spectra of
SC2 10% and SC2 10%-1S0.

The SEM images recorded before and after ISO was
incorporated into SC2 10% did not reveal considerable
morphological alterations. Dense, agglomerated
spherical particles measuring around 300 nm were
formed. This size is compatible with the HdD of the
nanoparticles (Table 1). Indeed, we had expected that
the synthesis methodology would provide spherical

particles, as described by Azevedo et al. (2015).

The EDS spectra revealed that silicon and oxygen were
the main components of the nanoparticles. Cerium at
10%, added during the synthesis, was also present. The
peak due to carbon could be due to the organic molecule
ISO or the carbon tape used in the sample holder. Figure
8 (a and b) shows the SEM images and EDS spectra of C2
and C2-ISO.

The SEM images of C2 showed that nanoparticle
agglomerates emerged. The particles were irregular,
and their size was in the order of micrometers. On
the basis of the Scherrer equation, the crystallite
size was estimated as 11 nm. This suggests that ceria

nanoparticles tend to agglomerate.

The EDS spectra identified that cerium and oxygen
were the main components of the nanoparticles, which
indicated matrix purity. The peak due to carbon could
be due to the organic molecule ISO or the carbon tape

used in the sample holder.

Cell viability

In-vitro cell viability and cytotoxicity assays involving
culturedcellsarewidelyemployedtotestthe cytotoxicity

of chemical products and to screen drugs. The principle
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underlying the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide) and XTT assays is to
measure a biochemical marker (tetrazolium salt) with
a specific color. This is possible because the reduction
reaction provoked by the metabolic activity of cell
membrane mitochondria generates a colored formazan
product (Aslanturk, 2018). The main difference between
the MTT and XTT assays is that the former produces
a purple formazan that is insoluble in water, whereas
the latter generates orange formazan crystals that are
soluble in the culture medium. The XTT assay requires
fewer steps, so it is more advantageous than the MTT
assay. The intensity of the orange color emitted by the
formazan salt is measured on a spectrophotometer or
ELISA reader. The more intense the orange color, the
greater the number of viable cells in the well (Aslanturk,
2018; Rajeshkumar et al., 2018). Figure 9 presents the
viability cell plot obtained during the XTT colorimetric
assay conducted for HaCat cells exposed to SC2 10%, SC2
10%-1S0, C2, C2-ISO, or free ISO concentrations varying
from 39.06 to 5000 ug mL™,

HaCat cells treated with free ISO concentrations
varying from 153.3 to 5000 ug mL* for 24 h presented
reduced cell viability. Interestingly, HaCat cells treated
with the highest SC2-10% and C2 concentrations also
had 15% lower cell viability. However, C2, C2-1SO, SC2
10%, SC2 10%-1SO, or ISO at the tested concentrations
were not notably cytotoxic. Nourmohammadi et al. [29]
also synthesized ceria nanoparticles with satisfactory
cell viability concerning the WEHI 164 cell line, as
revealed by the MTT colorimetric assay. Thus, these
nanoparticles can potentially be applied in numerous

biomedical areas.

Cytotoxicity remained low after ISO was incorporated
into the nanoparticle matrixes, irrespective of the drug-
matrix concentration. Considering that 1250 ug of C2-
ISO and SC2-1SO contain 200 pg (IE% = 16%) and 135.5
ug (IE% = 11%) of 1SO, respectively, the presence of
the nanoparticle matrix reduced ISO toxicity probably
because the drug was sustainably released in the
medium at a non-cytotoxic dosage. Therefore, on the
basis of the XTT colorimetric assay involving HaCat
cells, the nanoparticles prepared herein are excellent

candidates for biological use.
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Figure 9: Cell viability in culture medium of HaCat treated with C2, C2-ISO, SC2 10%, SC2 10%-ISO, or free
ISO at different concentrations (39.06—5000 pg mL™") for 24 h.
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Antibacterial effect of the nanoparticles

containing isotretinoin or not

1 Minimum inhibitory  concentration:  MIC
determination helped to study the antibacterial
effect of C2, C2-1SO, SC2 10%, SC2 10%-1SO, or ISO at
concentrations ranging from 0.98 to 2000 ug mL* against
C. acnes ATCC 11827, a Gram-positive and anaerobic

bacterium. Table 3 lists the results.

Free 1SO displayed antibacterial activity (MIC = 3.9 ug
mL?0, whereas gentamicin provided MIC of 0.37 ug mL-
1. SC2 10% and C2 at 500 and 1000 ug mL™?, respectively,
without the drug, inhibited bacterial growth.

In a review about the biomedical applications of ceria
nanoparticles, Rajeshkumar et al. (2018) reported that
nanoceria can inhibit the action of aerobic bacteria,
(NCIM-2242).

Inhibition occurred for nanoceria concentrations

including Pseudomonas aeruginosa
ranging between 500 and 1000 pug mL" during the agar
well diffusion method (well technique) and between
200 and 400 pg mL* during the broth dilution method.
According to the authors, the mechanism underlying
the antibacterial activity involves reactive oxygen
species (ROS).

Studies have described the antibacterial action of
ceria nanoparticles and cerium-based nanomaterials
(composites or doped materials), mostly against
Escherichia coli and Staphylococcus aureus (Wang et
al., 2018; Pop et al., 2020; Latif et al., 2021).

Regarding C. acnes, SC2 10% had higher antibacterial
activity than C2. According to Firmino et al. (2017),
the mechanisms underlying the antibacterial action of
ceria are unclear, but the most accepted mechanisms
involve contact of the nanoparticle matrix with the
bacterial cell membrane and oxidative stress. For the
matrix to interact with the bacterial cell membrane, the
nanoparticle charge must be opposite the surface charge
of the bacterial cell, to favor electrostatic interactions.
Bacteria generally have negative surface charge (Frade
et al., 2018). Oxidative stress stems from alternated
oxidation states (Ce**/Ce*), to generate ROS. The lower
the Ce*'/Ce* ratio, the higher the antibacterial activity.
Other factors affecting the antibacterial activity of
nanoparticle matrixes include particle size, surface
area, morphology, ZP, pH, and particle aggregation

@2025 Azevedo CB, et al.
(Firmino et al., 2017).

Although SC2 10% nanoparticles bear negative charge
(negative ZP), they measure around 300 nm, present
good dispersion, are spherical, and thus have larger
surface area. These factors may have favored the

antibacterial action of SC2 10% compared to C2.

After 1SO was incorporated into SC2 10% or C2, MIC
decreased to 7.8 ug mLin both cases, which indicated
that the antibacterial activity improved, that is, the
combined action of ISO and the nanoparticle matrix
decreased MIC against C. acnes. Besides that, SC2 10%
and C2 reduced the ISO cytotoxicity, as revealed by
the cell viability assays. Therefore, incorporated 1SO
displayed antibacterial activity without affecting cell
viability.

Overall, it is evident that nanoparticles are an
important vehicle for targeted delivery of ISO and
derivatives. 1SO incorporated into nanoparticles has
good biological properties and fewer adverse effects
than free 1SO. In conclusion, SC2 10% and C2 proved
promising for such application, but C2 has greater drug
stabilization ability, being more interesting for drug

delivery purposes.

CONCLUSIONS

A challenging and relevant research field is to obtain
nanoparticles that can prevent direct contact of
isotretinoin (ISO) with the skin. In this way, ISO delivery
can be directed toward the target site while side effects
are reduced and topical treatment of acne vulgaris is
improved. Here, we have shown that the synthesis of
silica and ceria nanoparticles (SC2 10%) by the sol-
gel methodology in ammoniacal medium and of ceria
nanoparticles (C2) by the sol-gel methodology and co-
precipitation is satisfactory. The synthesis provided
highly pure nanoparticles with suitable particle size
(between 300 and 500 nm), polydispersity index, and
electrical properties for the intended application, as
revealed by hydrodynamic diameter, zeta potential,
scanning electron microscopy (SEM), energy dispersive
spectroscopy, and X-ray diffraction analyses. The
SEM images showed that SC2 10% consist of spherical
nanoparticles, and that C2 comprise nanoparticle

agglomerates.

ISO immobilization on SC2 10% or C2 was quantified by
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HPLC. The adopted method was adequate and allowed
the immobilization efficiency (IE) to be quantified by
analyzing the 1SO concentration in the supernatant of
the colloidal solution remaining after immobilization.
The different IE% determined for SC2 10% (11%) and
C2 (16%) are related to nanoparticle charge and I1SO
lipophilicity. ISO has higher affinity for cationic C2.
Despite low IE, C2 provide sustained ISO delivery (16 ug)
within 48 h.

UV-Visand infrared spectroscopy attested to successful
ISO immobilization on C2. C2 stabilize the drug, while
SC2 10% oxidize ISO.

The infrared band assignments for SC2 10%-I1SO and
C2-1SO confirmed the immobilization efficiency. The
zeta potential values showed that C2 interact more
strongly with ISO, as judged from the better-defined
infrared bands verified for ISO immobilized on C2.

The cell viability results obtained during the XTT
assays involving HaCat showed that SC2 10% and C2
are biocompatible and reduce 1SO cytotoxicity. Even
after 1SO degradation was detected for SC2 10%-ISO,
the antibacterial activity of immobilized 1SO proved
satisfactory and showed that combining the properties
of the drug and SC2 10% or C2 improves the antibacterial
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activity of ISO as verified by the minimum inhibitory
concentration assays. Thus, in the future, SC2 10% could
be tested in combination with other drugs.

Tosumup, the nanoparticles matrixes developed herein
are promising for the advance of drug nanocarriers.
Nanoceria stands out as a potential ISO carrier, paving

the way for more efficient acne treatment.
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