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Drug nanocrystals, composed solely of active substance and stabilizer, have recently been proposed for cutaneous
applications, including the management of skin fungal infections, which are often difficult to treat. Clioquinol
nanocrystals suspensions were obtained using two preparation methods (small-scale wet bead milling or probe
sonication), varying drug concentrations (1 or 0.1%), surfactants (poloxamer 407 or polysorbate 80), and bead sizes (0.8
and 0.3 mm). Both techniques were able of decreasing particle size, however the wet bead milling was selected as the
most promising method. The drug concentration and the type of surfactant also considerably impacted the process. The
selected nanocrystal suspension (bead milling, 1% drug, 1% polysorbate 80, 0.3 mm beads) exhibited an average particle
size of approximately 300 nm (polydispersity index of 0.254), a zeta potential of —7.6 mV, a pH value of 5.4, a drug
content of about 97% (relative to 10 mg/mL), and a nanocrystallization efficiency of approximately 96%. The nanocrystal
suspension showed stability for 90 days at room temperature. Overall, the results indicate that clioquinol nanocrystals are
possible to be obtained by small-scale wet bead milling and present suitable nanometric features, being considered a

promising alternative as cutaneous antifungal therapy.
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Introduction

The incidence of fungal infections is increasing all over
the world (1), and it is estimated that approximately one
billion people are affected by this kind of infection
(2,3). In most cases, fungal infections are not
considered a severe health issue; however,
immunocompromised patients may have a higher
chance of complications (2,3).

Dermatophytic fungi, non-dermatophytic fungi, and
yeasts can cause dermatomycosis. Dermatophytes,
which are responsible for 20-25% of reported fungal
infections worldwide (4), are divided into three genera:
Epidermophyton, Trichophyton and Microsporum (5,6).
These fungi target keratinized structures such as hair,
nails, and skin (4). The pathophysiology of these
infections involves initial adherence to the stratum
corneum (SC) facilitated by the fibrils on the cell walls
of the fungal spores, subsequently leading to invasion
into underlying layers (7). Besides dermatophytes, fungi
of the genus Fusarium spp. (F. solani, F. oxysporum
and F. moniliforme) can cause recalcitrant skin
infections (8). Recalcitrant infections, which are hard to
treat infections, involve relapses, recurrence,
reinfection, persistent infection, or chronic infection,
potentially leading to microbiological resistance (9).
Antifungal drugs are substances that act against
infections caused by fungi. Superficial infections are
commonly treated with topical antifungal agents, and
the choice of the drug is determined by the site and
extent of the infection (10). Topical treatment avoids
adverse effects and drug interactions that can happen
when drugs are orally administered. The efficacy of

topical treatment using antifungal drugs is dependent on
skin penetration, which is limited by the skin barrier.
The skin presents low permeability to drugs due to the
cohesion of the epidermal cells and the lipids of the SC
(11). In this way, topical treatments often have low
efficacy and require long treatment periods, which
shows the need to search for new molecules and
advanced formulations (12).

Several strategies are being studied to improve the drug
efficacy of topical antifungal treatments, including the
use of nanotechnology by means of nanoemulsions
(13), polymeric nanoparticles (5,14), inorganic
nanoparticles (15), liposomes (16), lipid nanoparticles
(17) and nanocrystals (18-21). Drug nanocrystals are
nano-sized delivery systems which consist of drug and
stabilizers only (22). Nanocrystals can increase the
bioavailability of drugs through oral use. Recently, this
type of nanoparticles has also been proposed for
cutaneous application, aiming to enhance cutaneous
penetration of water-insoluble drugs (18,21-24).
Miconazole nitrate nanocrystals have been developed
and have proven to be more effective and capable of
increasing skin penetration compared to non-
nanostructured miconazole nitrate formulations (21).
Permana and co-workers (2020) developed itraconazole
nanocrystals and combined them with dissolving
microneedles for the treatment of candidiasis,
evaluating the ex vivo permeation in porcine skin (18).
The combination of itraconazole nanocrystals and
dissolving microneedles improved drug penetration in
ex vivo infection models (18).

Clioquinol (5-chloro-7-iodo-8-quinolinol) is a substance
with a broad spectrum and efficacy in the treatment of
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skin mycoses (25). Clioquinol can inhibit hyphal
growth, and its mechanisms of action may be associated
with damage to the fungal cell wall, leading to altered
membrane permeability (26). It is commercially
available in cream form, usually at 1 or 3%, alone or
combined with other substances (27). Despite its
therapeutic ~ potential,  conventional clioquinol
formulations present important limitations that may
compromise their clinical efficacy. These limitations
are mainly associated with its high lipophilicity and
extremely low aqueous solubility (less than 0.01
mg/mL), which can restrict drug dissolution and reduce
its availability at the site of action (28). In addition,
topical formulations may present limited drug
penetration through the stratum corneum, the main
barrier of the skin. In this context, the development of
nanometric drug delivery systems is an interesting
strategy to overcome these limitations. Our research
group developed, previously, a lipid-based clioquinol
nanocarrier for the treatment of dermatomycosis, with
enhanced antifungal activity against nine fungal strains
tested (five yeasts and four dermatophytes) (29). It was
observed that the increase in antifungal activity may
result from the enhanced solubility of clioquinol within
the nanometric system (29). The number of articles
available in the literature on clioguinol nanoparticles
are limited, highlighting the innovation of such an
approach.

Therefore, the aim of the present study was to develop
and characterize clioquinol nanocrystals, and to
evaluate the effect of the nanocrystallization technique
and parameters on the nanocrystals” properties.

Experimental section
Materials

Polysorbate 80 and methanol were obtained from
Dinamica Quimica Contemporanea LTDA (ldaiatuba,
Brazil). Poloxamer 407 and clioquinol were purchased
from CHEMPECS Comércio e Representacdes (S&o
Paulo, Brazil) and Sigma Aldrich Brasil (Cajamar,
Brazil) respectively. Yittria-stabilized zirconium oxide
beads 0.8 and 0.3 mm were purchased from CWL
Esferas and SO Esferas, respectively (Sdo Paulo,
Brazil).

Determination of the most suitable size reduction
method and drug concentration

The nanocrystals were initially obtained using two top-
down techniques: small-scale wet bead milling (NCM)
and probe sonication (NCS; QR350W, Eco-Sonics,
Indaiatuba, SP, Brazil) (30,31) (Figure 1). These two
techniques, which are described in the literature to
produce nanocrystals, were selected due to their low
cost, ease of execution and scaling up, and no need for
organic solvent (32). For both techniques, the drug
concentration (clioquinol) varied from 0.1 to 1.0%, as
shown in table 1, while maintaining the surfactant
(poloxamer 407) concentration at 1%. Before

undergoing size reduction techniques, a drug dispersion
in an aqueous surfactant solution (Crystals = CR) was
obtained by simple dispersion of clioquinol into an
aqueous surfactant solution, which was stirred
(magnetic stirring) for 10 minutes.

Small scale wet
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Figure 1. Techniques used for obtaining clioquinol
nanocrystals (small-scale wet bead milling and probe
sonication).

Table 1. Developed clioquinol nanocrystals formulations.

CR=crystals; NCM= nanocrystals obtained by milling, NCS =

nanocrystals obtained by sonication, NA= not applicable
Formulation % Particle size reduction

Clioquinol technique
CRO0.1 0.1 NA
CR1 1 NA
NCMO0.1 0.1 Wet bead milling
NCM1 1 Wet bead milling
NCS0.1 0.1 Probe Sonication
NCS1 1 Probe Sonication

To obtain the nanocrystals by wet bead milling (NCM),
a small-scale milling process was used, as reported by
Romero and co-workers (2016) with modifications (31).
1.3 g of 0.8 mm or 0.3 mm yttria-stabilized zirconium
oxide beads were weighed and placed into an amber
glass vial (5 mL capacity). Into the vial, 3.0 mL of the
drug dispersion were added along with three magnetic
stirring bars. It was then stirred on a magnetic stirrer
plate (FISATOM 752A) for 24 hours, at room
temperature. To obtain nanocrystals using a probe
sonication (NCS), the drug dispersion was brought into
contact with the equipment’s probe tip and immersed in
an ice bath to prevent overheating of the formulation.
The dispersion was sonicated for 30 minutes, with
intervals of 5 minutes between each cycle of 5 minutes.
The most promising technique and the percentage of
drug to obtain the nanocrystals were determined based
on macroscopic aspect, crystal presence under optical
microscopy, and nanoparticle size measured by
dynamic light scattering.

Impact of surfactant variation and bead milling size
in the wet bead milling technique
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To reduce the particle size, the impact of the type of
surfactant was evaluated. Therefore, poloxamer 407
(the first surfactant tested) was replaced for polysorbate
80. In the same way, 0.8 mm beads were changed for
0.3 mm beads. The optimal parameters were determined
based on particle size and polydispersity index
(dynamic light scattering). It is well known that these
two factors (surfactant type and bead size) can directly
influence particle size of nanocrystals (32).

Characterization of the developed clioquinol
nanocrystals

The most suitable nanocrystal suspension (NC-CL) was
characterized, in triplicate of batches, regarding its
average particle diameter and particle size distribution
by dynamic light scattering using Zetasizer® Nano ZS
equipment (Malvern Instruments, Worcestershire, UK).
This technique allows the determination of the
hydrodynamic radius of a hypothetical solid particle by
scattering light with the same intensity as the particles
under investigation while diffusing in the dispersion
(33). The samples were diluted (1:100; v/v) in a
saturated solution of clioguinol (previously obtained
and filtered with 0.45 pm filter), to ensure no
dissolution of the nanocrystals during the analysis (34).
The same equipment was used to measure the zeta
potential by electrophoretic mobility. The samples were
diluted (1:100; v/v) in a 10 mM NaCl solution,
previously filtered with a 0.45 um filter, according to
ASTM guidelines (35). The determination of particle
diameter, particle size distribution and zeta potential
were performed at 25°C. The pH measurements were
conducted directly using MQuant® pH measurement
strips (Acilit Ph 0-6, MERCK), considering the sample
limitation of each batch (2.5mL). The suspensions were
analyzed using an optical microscope (Olympus CX31)
to determine the presence or absence of micrometer-
sized particles. To evaluate the morphology of
nanocrystals, scanning electron microscopy (SEM) was
applied (Zeiss EVO MA-10, Zeiss) (18). For the
analysis, stubs were used, and a carbon tape was
applied in each of them, followed by adding a drop of
the formulations (undiluted or diluted with purified
water (1:100)) to be analyzed. After 48 hours of drying
at 25°C, the samples were gold-coated and analyzed.

Clioquinol quantification and method validation

To determine the drug content and nanocrystallization
efficiency, a UV-Vis spectrophotometer (UV-2600 UV-
VIS spectrophotometer, Shimadzu, Japan) was used
(29). The measurements were performed in quartz
cuvettes with a chamber volume of 3.5 mL, uncovered,
at a wavelength of 254 nm (29). The analytical method
was validated according to guidelines Q2 (R1) of the
International Conference on Harmonization (ICH) (36).
A drug stock solution (1 mg/mL) was prepared in
methanol. Linearity, specificity, precision (intraday and
interday), and accuracy were evaluated. Regarding

linearity, three calibration curves (ranging from 2 to 8
pg/mL) were obtained. The specificity was evaluated
by analyzing a surfactant solution at the wavelength
used (254 nm), as the nanocrystals consist solely of
clioquinol and polysorbate 80. For intraday precision,
six solutions of 4 pg/mL were evaluated on the same
day with the same experimental conditions, and, for
interday precision, three solutions of 4 pg/mL were
prepared on three different days, with a total of nine
samples. The precision results were evaluated in terms
of relative standard deviation (RSD). The accuracy was
determined by adding 50 pL of polysorbate 80 solution
(1 mg/mL) to the diluted clioquinol stock solution (2, 4,
and 8 pg/mL). Analyses were performed in triplicate on
the same day. The accuracy results were evaluated in
terms of the percentage recovered and its RSD.

Drug content was evaluated by diluting a sample of the
nanocrystals in methanol, followed by 10 minutes in an
ultrasound bath at 25°C, and analyzed for drug
quantification by UV-Vis spectrophotometry. The
drug’s nanocrystallization efficiency was determined
after centrifuging 100 pL of the nanocrystals for 10
minutes (Smart Personal Centrifuge, Gandhinaga,
India) at 25°C. An aliquot of the supernatant, which
contained only the solubilized form of the drug, was
diluted 1:100 using methanol and then analyzed for
drug quantification by UV-Vis spectrophotometry.
Nanocrystallization  efficiency was obtained by
subtracting the soluble drug concentration from the total
drug concentration (the drug content) as described in
Equation (1).

Nanocrystallization ef ficiency (%) =
Total Drug Concentration—Soluble Concentration
g *100 (1)

Total Drug Concentration
Stability of clioquinol nanocrystals

For the stability study, the formulations were stored at
room temperature (25°C, BOD incubator, Cienlab®,
Brazil) on amber glass flasks and reanalyzed after 30
and 90 days of storage, regarding particle size and
polydispersity index, zeta potential, drug content, and
nanocrystallization efficiency.

Statistical Analysis

Statistical analysis was performed using one-way and
two-way analysis of variance (ANOVA) followed by
Tukey’s test using GraphPad Prism® 8.01 (San Diego,
CA, USA).

Results and Discussion
Development of clioquinol nanocrystals formulation

The developed suspensions, as well as the drug
concentrations, and the techniques used for obtaining
nanocrystals, are described in Table 1. Similarly, the
techniques for obtaining the nanocrystals is illustrated
in Figure 1. The nanocrystals suspensions exhibited an
opaque appearance, with a lower percentage of the drug
leading to a more translucent formulation (NCMO0.1 and
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NCSO0.1). The formulations obtained through wet bead
milling (NCMO0.1 and NCM1) exhibited a
greenish/yellowish color, while the formulations
obtained with probe sonication (NCS0.1 and NCS1)
appeared white/slightly yellow. The difference in color
among formulations may be attributed to particle size
differences, a phenomenon observed in certain
materials (38). Upon standing for 10 minutes,
precipitation occurred in all samples.

The two different techniques that were selected to
develop the clioquinol nanocrystals were chosen due to
their low cost, ease of execution, and no need of organic
solvents, as well as being well-described in the
literature for the production of nanocrystals (32). The
ultrasound technique (probe sonication) is an efficient
method to break drug particles into smaller particles
through the vibration of acoustic waves (39). This
technique is easily operated in the laboratory and highly
reproducible (32). Various factors affect the size of
nanocrystals, including the cavitation depth, horn
immersion depth, horn length, and ultrasound treatment
(32,39). Limitations of the ultrasound technique include
difficulty in scalability, and the fact that very high
ultrasound energy increases collisions, agglomerations,
and sizes of particles (32,40).

On the other hand, the wet milling process uses
mechanical attrition to wet particles by using an
aqueous solution of surfactants or stabilizers and
shearing as well as ground via using milling balls in a
milling container (32). Furthermore, the technique
could be scalable. Antifungal nanocrystals are well
described in the literature by wet milling process
(18,21,41). The limitations of the wet milling process
include a decrease in drug crystallinity, a long period of
operation, a high energy input, and the possible
contamination from erosion of milling pearls or balls
(32,42).

Concerning the determination of the particle sizes by
dynamic light scattering, it was not possible to obtain
measurements  for the samples before the
nanocrystallization (CR) and for the ones obtained
through probe sonication (NCS), indicating a
considerable micrometric population within these
samples. The formulations obtained through wet bead
milling presented an average particle size of around 600
nm (NCMO0.1 = 601 nm, NCM1 = 557 nm), with high
polydispersity index (PDI) values (0.33 for NCMO0.1
and 0.42 for NCM1). Therefore, the wet bead milling
technique was considered more promising in the
development of clioquinol nanocrystals. However,
further improvement was considered necessary.

In the study described by Romero and co-workers
(2016), it was observed that the final particle size
obtained by the same technique (small scale bead
milling) varies depending on the drug used and the
milling period (31). The smallest particle size obtained
varied from 49 nm to 294 nm for the different drugs and
milling periods (31). Additionally, the milling time
varied for each drug, and it was also observed that after

a certain period of milling, the nanocrystals began to
aggregate, increasing their size (31).

Considering the probable presence of a micrometer-
sized population, indicated by the high PDI values, the
nanocrystals were examined using an optical
microscope to verify the presence or absence of
micrometer-sized particles, as can be seen in Figure 2.
From the images obtained, it was possible to notice that
both techniques were effective in reducing the size of
the drug crystals. However, an undesirable micrometer-
sized population persists in all samples. Through the
comparison of images, it was confirmed that the wet
bead milling technique was more effective in reducing
particle size than the probe sonication, regardless of
drug concentration, which was already observed with
dynamic  light scattering analysis.  Therefore,
considering the high drug concentration, NCM1
appeared to be the most promising for the continuation
of the studies.

In view of the need to improve the formulation, the
impact of surfactant exchange was also evaluated. It
was possible to reduce the size of the nanocrystals as
well as the PDI by switching from poloxamer 407 to
polysorbate 80. The particle size of the nanocrystals
decreased from 557 nm (PDI 0.42) to 276 nm (PDI
0.283), using 0.8 mm yttria-stabilized zirconium oxide
beads. The choice of the surfactant is an important step
in the nanocrystal’s development as the surfactant plays
a crucial role in the particle size. Drug nanocrystals are
formed from a solid core surrounded by a stabilizer
layer, and typical stabilizers are amphiphilic surfactants
or polymers (43). The nanocrystals formation creates
high energy surfaces, which can turn to aggregation and
Ostwald ripening if stabilization is not efficient.
Surfactants are a crucial component in nanocrystals
production, and they are amphiphilic molecules
characterized by a hydrophilic head group (ionic or
non-ionic) and a hydrophobic tail (44). The success of
the stabilizer is highly dependent on the drug, meaning
that the drug and the stabilizer must exhibit a certain
degree of affinity (43).

Poloxamers are synthetic polymers composed of two
polyoxyethylene (PEO) parts and one
polyoxypropylene (PPO) moiety arranged in a basic
PEO-PPO-PEO architecture (45), and they have been
explored and applied in the nanocrystals production
(21,46,47). Poloxamer 407 has been shown to
effectively stabilize nanoparticles. However, its
stabilizing efficiency can vary depending on the
specific formulation and conditions (44). On the other
hand, polysorbates are nonionic surfactants with 1-3
fatty acids attached to polyethoxylated sorbitan (45).
Polysorbate 80 is highly effective in the production of
nanocrystals due to its amphiphilic structure, which
allows it to adsorb onto nanoparticles surfaces, reducing
interfacial tension and preventing aggregation.
Poloxamer 407 and polysorbate 80 could be effective
stabilizers for nanocrystals, influencing particle size and
stabilization; however, other formulation parameters
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can also affect the nanocrystals properties, such as the
active substance used.
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Figure 2. Optical microscopy images (magnification of 40X) of suspensions obtained with probe sonication (NCS) and wet bead
milling (NCM), with 1% (1) and 0.1% (0.1) clioquinol. Clioquinol crystals before nanocrystallization (CR) are also shown. All
formulations were obtained with poloxamer 407 and, for wet bead milling, 0.8 mm Yttria-stabilized zirconium oxide beads were

applied.

The impact of the surfactant on the particle size was
studied by other authors (20,21,48). Anjani and co-
workers (2022) evaluated the influence of five
surfactants (Lutrol® F108, pluronic®F88 Pastille, poly
(vinyl alcohol)-PVA, Soluplus®, and Tween®80) in the
particle size of metronidazole nanocrystals (20). The
surfactants Tween®80, Lutrol®F108, and Pluronic®F88
Pastille resulted in very similar drug particle sizes (20).
The surfactant Soluplus® resulted in a drug particle
smaller than 100 nm (20). The authors attributed the
reduction in the drug particle size to the combination of
physical attrition due to media-milling along with the
enhancement in the drug solubilizing effect of
Soluplus® (20). Pyo and co-workers (2017) also
evaluated the influence of six surfactants (poloxamer
188, poloxamer 407, Planctare®810UP,
Planctare®2000UP, Tween®80, and Miranol®Ultra C32)
in the particle size of miconazole nitrate nanocrystals
(21). The surfactants poloxamer 407 and Tween® 80
were able to produce miconazole nitrate nanocrystals
with suitable particle size (around 300 nm) and PDI
(around 0,3) (21).

The influence of reducing the size of milling beads
(from 0.8 mm to 0.3 mm, considering the use of
polysorbate 80 surfactant) was also analyzed, resulting
in nanocrystals with a size of 305 nm and PDI of 0.251.
The size of the beads is an important factor in reducing
the crystals to the nanometric scale. Romero and co-
workers (2016) affirm that the particle size of
nanocrystals decreases with the use of smaller-sized
beads (31). Narayan and co-workers (2017) also
evaluated the impact of the milling time and the use of

smaller beads, and the authors concluded that particle
size was decreased with longer milling time (from 1 to
4h) and smaller milling beads (from 15 to 5 mm) (49).
The size reduction in wet milling depends on the
number and intensity of collisions between the drug
particles, and the milling beads the higher collision
frequencies are due to their increased surface area-to-
volume ratio (42). As smaller beads move faster, their
ability to break down crystals into smaller particles
becomes more efficient (31). In the present study, no
reduction in the average particle size was observed
when using smaller beads; however, a lower PDI was
achieved. The lower the PDI, the more uniform the
particle size distribution, while higher values suggest a
broader range of sizes (33).

Therefore, the 1% clioquinol nanocrystals formulation
obtained by wet bead milling using 0.3 mm beads and
polysorbate 80 (1%) as a surfactant was determined to
be the most suitable formulation, and such suspension
was obtained in triplicate of batches for further
characterization.

Clioquinol  quantification/determination ~ method
validation

The UV-VIS spectrophotometric  method was
considered specific for quantifying clioquinol in the
nanocrystal suspension, as the polysorbate 80 solution
did not show absorbance at the wavelength of 254 nm.
The method demonstrated linearity with an R-value of
0.9996 and showed repeatability and intermediate
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precision with RDS values of 2.87% and 2.93%,
respectively. The accuracy was considered adequate for
the methodology with an RSD of 2.39%. These values
are in accordance with those stipulated by ICH (36).

Characterization and stability of the developed
clioquinol nanocrystals

The results for particle size, size distribution, zeta
potential, pH, drug content, and nanocrystallization
efficiency evaluated right after obtainment and for 90
days under storage are shown in Table 2.

Table 2. Characterization of the selected clioquinol
nanocrystals suspension (NC-CL).

Evaluated Day 0 Day 30 Day 90
Parameters
Z average (nm) 307 £ 327 £ 331+
2.5 17.8 10.9
PDI 0254+ 0.266+ 0.256 +
0.02 0.02 0.02
Zeta potential (mv)  -7.6 % 5.6+ -6.8+%
2.0 0.9 6.8
pH 54+ 5.2+ 58+
0.3 0.2 0.3
Drug content (%) 97.3% 95.6 £ 100.1
6.4 9.3 7.9
Nanocrystallization 96.1+  96.83 % 975+
Efficiency (%) 1.2 0.7 1.9

The macroscopic aspect of CR-CL (before the wet
milling process, clioquinol crystals) and NC-CL
(clioguinol nanocrystals) are shown in Figure 3.

As described before, the NC-CL exhibited a
greenish/yellowish color, whereas before milling (CR-
CL), the suspension exhibited a more whitish
coloration. The particle size of the nanocrystals was
around 300 nm, with an adequate monomodal size
distribution (PDI around 0.25) as demonstrated in
Figure 4. In contrast, the particle size of a lipid-based
nanocarrier containing clioquinol developed by Berlitz
and co-workers (2023) was approximately 91 nm, with
a particle size distribution of 0.102 (29). Nevertheless,
it is important to note that this is a different type of
nanometric system. The literature reports variable
particle sizes and size distributions for antifungal
nanocrystals (18,19,21,41). Pyo and co-workers (2017)
and Permana and co-workers (2020) developed
miconazole nitrate and itraconazole nanocrystals,
respectively, using a similar wet bead milling
technique, obtaining nanocrystals with analogous
particle sizes (346 and 352 nm) but higher size
distributions (0.39 and 0.37) compared to the present
study (18,21). Patel and co-workers (2019) developed
clotrimazole nanocrystals using media milling
technique for the treatment of cutaneous candidiasis
achieving a similar particle size (264 nm) and size
distribution (0.211) (41).

| CLIOQUINOL CRYSTALS ] CLIOQUINOL NANOCRYSTALS |

CR-CL

>l

NC-CL

Figure 3. Macroscopic aspect, optical microscopy and
Scanning Electron Microscopy before (Crystals) and after
(Nanocrystals) wet bead milling. A: Macroscopic aspect of
Clioquinol Crystals (CR-CL); B: Optical Microscopy of
Clioquinol Crystals 40X (CR-CL); C: Scanning Electron
Microscopy of CR-CL 10,000x; D: Scanning Electron
Microscopy of CR-CL 60,000x; E: Macroscopic aspect of
Clioquinol Nanocrystals (NC-CL); F: Optical Microscopy of
Clioquinol Nanocrystals 40X (NC-CL); G: Scanning Electron
Microscopy of NC-CL 60,000x; H: : Scanning Electron
Microscopy of NC-CL (diluted 1:100 in purified water)
60,000x.
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Figure 4. Particle size distribution of clioquinol nanocrystals
(NC-CL) obtained by dynamic light scattering.

The zeta potential was around -7 mV. The nanocrystals
were developed using polysorbate 80, a non-ionic
surfactant, which likely resulted in low zeta potential
values due to the presence of a constant hydrophobic
group in its composition (50,51). In systems stabilized
with non-ionic surfactants, low zeta potential values are
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expected, and colloidal stability is primarily governed
by steric rather than electrostatic mechanisms (41).
Berlitz and co-workers (2023) also used a non-ionic
surfactant (poloxamer 407) to produce the lipid-based
nanocarrier and obtained a low zeta potential (around -9
mV) (29). Campos and co-workers developed a
clioguinol-loaded P(MMA-co-AA) nanoparticle with a
zeta potential value of -58 mV (52). The negative value
of the zeta potential is due to the use of an anionic
surfactant (sodium dodecyl sulfate (SDS)), and values
greater than 50 mV, in module function, indicates that
the particle stabilization is primarily due to charge
repulsion (52). The authors affirm that the surface
charge of the nanoparticles was predominantly
attributed to the surfactant (sodium dodecyl sulfate)
(52).

The pH value of NC-CL was around 5, an adequate
value for skin application since pH values between 4.1
and 5.8 are considered ideal for topical application (53).
The drug content was 97.3% of the theoretical content
(10 mg/mL), and the nanocrystallization efficiency was
high (96%), indicating that almost 100% of the drug is
nanocrystallized. Therefore, around 4% of the drug
content (0.38 mg/mL) is solubilized in the aqueous
medium, probably due to the presence of polysorbate
80, considering the clioquinol aqueous solubility is less
than 0.01 mg/mL according to Padmanabhan, Becue
and Smith (1990) (28).

The stability was evaluated during 90 days at room
temperature (25°C), and there was no statistical
difference in any of the evaluated data, demonstrating
that NC-CL is stable for at least 90 days at the
temperature condition analyzed. Although the zeta
potential values were relatively low, which is expected
due to the use of a non-ionic surfactant, the high
stability of the clioquinol nanocrystals suggests that
steric stabilization plays a predominant role in
maintaining formulation stability. The presence of
polysorbate 80 likely promotes the formation of an
adsorbed layer around the nanocrystals, preventing
aggregation and crystal growth over time (50).

Pyo and co-workers (2017) evaluated the stability of
miconazole nitrate nanocrystals during 90 days at 4°C,
25 °C and 40°C (21). The authors determined that
nanocrystals stored in the fridge (4°C) were more stable
than those stored at 25°C or 40°C, preventing crystal
aggregation and consequently maintaining particle size
(21). The process of nanonization creates particles with
higher surface area, which, if not properly stabilized
using an appropriate surfactant, tend to aggregate owing
to Ostwald ripening (41). An ideal surfactant should
have adequate affinity towards the surface of the drug
particles to stabilize the drug (41). Polysorbate 80
enhances the wettability of the particles and forms a
thin adsorption layer around the hydrophobic drug,
aiding in the dispersion of aggregates formed during
milling through steric stabilization (41). Therefore,
polysorbate 80 was considered an appropriate
surfactant, as there was no increase in particle size over
90 days at room temperature. Thus, refrigeration was

not considered necessary for NC-CL. The stability
results obtained in our study stand out compared to
those described in the literature, as no statistically
significant changes were observed in the parameters
analyzed after a 90-day storage period at room
temperature.

Microscopic techniques are among the most popular
characterization approaches, facilitating the evaluation
of surface morphology and microstructure of various
micro or nano vehicles (54). Optical and scanning
electron microscopy were employed to assess particle
size reduction and morphology of NC-CL. Comparisons
of the images obtained from optical microscopy
indicate that the chosen technique was effective in
reducing the size of the drug crystals into nanocrystals,
as shown in Figure 3 (B and F), with no micrometer-
sized particles observed in the nanosuspension. Pyo and
co-workers (2019) also used optical microscopy to
evaluate the presence of crystals or nanocrystal
agglomeration in developed nanocrystal formulations
(21).

The morphology of NC-CL was evaluated and
identified using scanning electron microscopy (SEM) as
shown in Figure 3. The SEM analysis reveals a great
reduction in the particle size of the crystals when
comparing CR-CL (C and D) with NC-CL (G and H).
The nanocrystals were evaluated with (Figure 3H) and
without dilution in purified water (Figure 3G). In Figure
3G, the nanocrystals appear clustered together, while in
Figure 3H, after dilution, they are dispersed into
individual units. SEM imagens reveal that CR-CL
exhibited a morphology like that observed under optical
microscopy (thin and elongated, as shown in Figure 3C
and 3D). However, upon size reduction, the
nanocrystals displayed a more rounded morphology
(Figure 3G and H). Yao and co-workers and Permana
and co-workers (2021) also evaluated the morphology
of azoxystrobin and itraconazole, respectively, using
SEM (18,55).

Conclusions

This  study successfully  developed clioquinol
nanocrystals (10 mg/mL) using small-scale wet bead
milling.  The  nanocrystals  showed  suitable
physicochemical stability for up to 90 days at room
temperature, with high drug content and efficient
nanocrystallization. The findings indicate that the
developed nanosystem is a promising strategy for
improving the delivery of clioquinol. However, further
studies, including antifungal activity assays are
necessary to confirm its therapeutic potential for the
topical treatment of skin fungal infections.
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