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Review Paper Abstract:

Received: Drug nanocrystals, nano-sized delivery systems consisting of drug and stabilizers only, may be a valuable
20 January 2025 tool in the treatment of cutaneous infections, which remain a serious public health problem worldwide.
Revised: This review aimed to compile scientific information published over the past 10 years on the topical use of
14 April 2025 . . . . .

Accepted: nanocrystals for the treatment of cutaneous infections caused by fungi or bacteria (14 selected articles). Most
5 May 20'25 articles synthesized nanocrystals py a top—dowp method, mainly the bead milhling techniqge. After synthesis,
Published online: nanocrystals were typically lyophilized and/or incorporated into a pharmaceutical formulation. The most used
10 May 2025 techniques for nanocrystal characterization were dynamic light scattering (particle size and polydispersity),
Published in issue: electron microscopy (ultrastructural morphology) and high-performance liquid chromatography (solubility,
17 May 2025 dissolution, and drug release). A temperature of 4 °C was deemed optimal for storage. Several articles
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found that nanocrystals improved drug skin permeation and/or skin retention. Four articles conducted
tests with fungi, nine articles with bacteria, and one article with fungi and bacteria, either in vitro or in
vivo. In general, microbiological tests confirmed the greater effectiveness of nanocrystal formulations over
conventional systems. The findings of this review demonstrate the potential of nanocrystals as safe and
promising alternatives for the topical treatment of cutaneous infections caused by fungi or bacteria.
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1. Introduction such as high patient compliance, low incidence of systemic

side effects, reduced drug interactions, absence of first-pass

Skin infections represent a serious public health problem
worldwide. Invasion of the skin by microorganisms (fungi,
bacteria, or viruses) induces a local inflammatory response
manifested by pain, erythema, edema, and sensitivity to pal-
pation and heat. Systemic symptoms such as fever, chills,
and malaise can also be observed. The severity of skin in-
fections depends on how deeply microorganisms reach into
skin layers. The resulting lesions can be papular, nodular,
ulcerative, or blistering, and may develop a purulent appear-
ance over time [1].

In general, topical therapy is the preferred initial approach
for treating cutaneous infections. However, it is challeng-
ing to effectively deliver active principles to the various
layers of the skin [2]. Nevertheless, topical administra-
tion is associated with several advantageous characteristics,

metabolism, and high drug concentrations at the site of ap-
plication [3, 4].

Nanotechnology serves as a valuable tool in developing
potent and effective topical treatments of skin infections.
Several types of nanoparticles have been successfully used
for this purpose, including polymeric nanoparticles [5-7],
lipid nanoparticles [8, 9], vesicular nanoparticles [10, 11],
metal nanoparticles [12, 13] and, more recently, nanocrys-
tals [14].

Nanocrystals are particles with a size between 100 and 1000
nm. They consist of drug and stabilizing agents, such as
surfactants and/or polymers, which are distributed along the
crystal surface. Nanocrystals are known for their high sur-
face area, which increases the saturation solubility and the
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drug dissolution, therefore increasing bioavailability of hy-
drophobic drugs via several administration routes [15, 16].
Nanocrystals technology can be applied in cutaneous drug
delivery, as it may increase drug loading capacity, promote
passive diffusion, enhance skin adhesion and facilitate pen-
etration into the skin tissue [16]. The physicochemical
properties altered by the nano-crystallization process - such
as increased drug kinetic solubility and surface area - play a
key role in promoting enhanced interaction with the stratum
corneum [16, 17]. Additionally, nanocrystals require min-
imal amounts of excipients and vehicles and present low
toxicity, ease of preparation and scale-up, and low produc-
tion cost [2—4, 18].

Especially considering skin infections, a high dose of an-
tibacterial agent is needed at the site of infection, which
is difficult to achieve with conventional topical medica-
tions. Those treatments are frequently long-lasting and/or
with high dosages [17]. In this context, topically applied
nanocrystals can enhance the delivery of the drugs to the
infected tissue and prolong drug release [14], potentially
decreasing the frequency of applications, the needed dosage,
the chances of recurrence and the side effects.

In view of the foregoing, this study compiled scientific in-
formation published over the past 10 years on the use of
nanocrystals for the treatment of skin infections caused
by fungi or bacteria, with the aim of synthesizing and dis-
cussing the main results of these studies. To the best of
our knowledge, despite the reviews that are available on
the application of nanocrystals in dermatologic diseases
[14, 16, 17, 19], this is the first review article focusing ex-
clusively on skin infections and drug nanocrystals.

2. Composition and techniques for
nanocrystal synthesis and formulation

Table 1 presents the materials and methods used in the se-
lected studies to synthesize nanocrystals and nanocrystal
formulations. Of the 14 selected articles, nine developed
nanocrystals containing antibacterial compounds, four de-
veloped nanocrystals containing antifungal compounds, and
one developed nanocrystal containing antibacterial and an-
tifungal drug (chloroxine) [30]. Only one study used a
natural substance as antimicrobial (kaempferol, a flavonoid)
[28], whereas the other 13 articles focused on drugs with a
long history of use in the treatment of skin infections. Drug
concentrations in nanocrystals ranged from 0.003% to 10%
[4,20-27, 29-32].

One of the key principles for obtaining nanocrystals is that
the active substance must be poorly soluble in the medium
[18]. Nanocrystals contain only the drug and stabilizing
agents, such as surfactants and/or polymers. Stabilizers
enhance the physical stability of the formulation by forming
an interfacial barrier that prevents particle aggregation and
crystal clustering during storage [2, 33]. Several studies ex-
plored the application of different stabilizers and chose the
most suitable for in-depth analysis. Non-ionic surfactants,
such as polysorbate 80, are preferable for preparing topical
formulations of nanocrystals [2, 26, 32].

The methods used for nanocrystal synthesis in the selected
articles are illustrated in figure 1. The top-down methods
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involve the reduction of particle size from coarse suspen-
sions to nanometric particles, using high energy input. The
main techniques used for this purpose are media milling and
high-pressure homogenization [34], which are the preferred
methods of nanocrystal production in the pharmaceutical
industry [34, 35]. Advantages of media milling include
the reduction of size in a reproductible manner, while dis-
advantages include long operation time and possibility of
contamination from the beads. Regarding high-pressure
homogenization, advantages include ease of scale up, while
disadvantages include the need of a complex equipment
[16]. Of the selected articles, five used media milling tech-
niques for nanocrystal synthesis [4, 20, 21, 27, 29]. Of
note, Permana and co-workers (2020) and Anjani and co-
workers (2022) used the small-scale method developed by
Romero and co-workers (2018), with some modifications
[27, 29, 36]. Two articles used high-pressure homogeniza-
tion [24, 25]. Azelaic acid nanocrystals were developed
by media milling and high-pressure homogenization, and
average sizes were 200 nm and 500 nm, respectively [32].
On the other side, bottom-up methods are based on con-
trolled nanoprecipitation from a drug solution, and present
advantages such as simple instrumentalization, low energy
and low heat generation [34]. The major drawback of this
approach is the frequent use (and need for removal) of or-
ganic solvents [34]. Of the selected articles, six used a
bottom-up method (nanoprecipitation) for nanocrystal syn-
thesis [22, 23, 26, 28, 30, 31].

Nanocrystals are usually obtained as a liquid aqueous sus-
pension. The suspension is then subjected to drying to
increase the stability of nanocrystals and reduce problems
associated with liquid samples [37]. Of the selected articles,
almost half (6 articles) used freeze-drying as post-synthesis
treatment [22, 26, 28, 29, 31, 32]. In one study, nanocrys-
tals were left to dry at room temperature [23].

Different vehicles can be used for the topical release of
nanocrystals. For nanocrystals to be effectively incorporated
into a pharmaceutical formulation, they must be present
at a concentration greater than their solubility; otherwise,
they would be solubilized by the medium. Additionally,
no, or minimal aggregation should be observed [2]. Of
the selected articles, six incorporated nanocrystals into gels
[4, 20, 21, 23-25], two into creams [26, 31], two into mi-
croneedles [27, 29], and one into films [28]. By a previ-
ous study on hesperidin nanocrystals, it was observed that
cream and oleogel were more suitable for the incorporation
of lipophilic substances in the form of nanocrystals, consid-
ering the influence of the vehicle on the skin penetration of
the drug [38].

3. Physicochemical properties of nanocrystals

Table 2 shows the physicochemical characteristics of
nanocrystals and the main results of the cited research. All
studies conducted particle size determination assays, and
dynamic light scattering was applied in 13 articles, and one
article used the laser diffraction technique to evaluate parti-
cle size [26]. A wide range of diameters was reported (from
< 100 to 580 nm); however, most nanocrystals fell within
the 200 — 300 nm range. The polydispersity index (PDI),
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Table 1. Drugs, materials, and methods used for the synthesis of nanocrystals for the treatment of skin infections.
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Post-synthesis

Drug anc'1 Stabilizer Method treatment/pharmaceutical Reference
concentration .
formulation
0.1% silver sulfadiazine Chitosan Wet bead milling Chitosan hydrogel [20]
Polysorbate 80
1% miconazole and poloxamer Wet bead milling Hydroxypropyl cellulose gel [21]
407
Nanoprecipitation
1% fusidic acid Poloxamer 188 followed by Lyophilization [22]
sonication
Vitamin E Nanoprecipitation Drying at room
0.5% luliconazole TPGS and followed by temperature/carbopol [23]
HPMC sonication hydrogel
10% silver sulfadiazine Poloxamer 407 ngh—prt?ssu.r © Thermoresponsive hydrogel [24], [25]
homogenization
2% clotrimazole Polysorbate 80 Wet bead milling Carbopol hydrogel [4]
2% fusidic acid PVA 4-88 Nanoprecipitation followed Lyophilization/cream [26]
by high-speed homogenization
2% itraconazole Pluronic® F127 Wet bead milling Microneedles [27]
Kaempferol Sodium dodecyl sulphate Nanopremplta.tlor.l followed Lyoph1llzatloq/polyhydroxybutyrate 28]
(dosage not informed) by sonication chitosan film
0.003% metronidazole Soluplus® Wet bead milling Lyophilization/microneedles [29]
0.01% chloroxine Brij 700 Nanoprecipitation Not reported [30]
Nanoprecipitation
1% mupirocin PVA and K-P188 followed by high-speed Lyophilization/cream [31]
homogenization

5% azelaic acid Polysorbate 80 Wet bead milling and high- Lyophilization [32]

pressure homogenization

which indicates formulation homogeneity, ranged from 0.09
to 0.39. It is important to note that no studies reported
PDI values greater than 0.4, possibly indicating narrow size
distributions [21]. In addition to dynamic light scattering,
other techniques can be used to characterize nanocrystals
(figure 2).

The zeta potential represents the electrostatic charge of
the particle surface. Particles can be classified as highly
unstable (0 — 10 mV), relatively stable (10 — 20 mV),
moderately stable (20 — 30 mV), and highly stable (30
or greater) according to their zeta potential [2]. Among the
selected articles, seven reported zeta potential values (|11]
to |39] mV), as measured by electrophoretic mobility [21-
23, 26, 28, 30, 31]. Zeta potential determination was per-

formed in purified water in most cases and in conductivity-
adjusted water (50 pS/cm and pH 5.5) [21]. Itis important to
mention that not only electrostatic, but also the steric effect
can play an important role in the stabilization of nanocrys-
tals [21].

Analytical methods (UV or HPLC-UV) were applied for the
measurement of drug content, solubility, and drug release.
Several articles reported an increase in the saturation solu-
bility of nanocrystal samples, usually compared with that
of a coarse powder [4, 22, 23, 26, 31] or coarse suspension
[4, 26, 31]. Eight articles evaluated the drug release pro-
file of nanocrystals [4, 20, 24, 26-29, 31]. In these studies,
the drug release rate of semisolid nanocrystal formulations
was higher than that of commercial formulations, probably
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Nanocrystals

A A drug solution is added 1o a
non-salvent phase, causing
precipitation.

Particle size is reduced by
grinding in a liquid
medium using beads.

c Particle size is reduced by
passing through a narrow
nozzle, with high pressure.

Figure 1. Methods commonly used for nanocrystal synthesis. (A) Nanoprecipitation; (B) Small-scale bead milling; (C) High-pressure homogenization.

because of their enhanced solubility and faster dissolution
[4, 20, 24, 26, 31].

Electron microscopy allows evaluating the morphology and
characteristics of nanoparticles, in addition to predicting
the behavior, stability, and efficiency of particles [39]. Thir-
teen articles used electron microscopy (either scanning or
transmission electron microscopy) to investigate nanocrys-
tal morphology [4, 20, 22-32]. Pyo and co-workers (2017)
used light microscopy to investigate the presence of micro-
crystals and potential aggregates in nanocrystal formula-
tions [21].

Other techniques to evaluate nanocrystals include differ-
ential scanning calorimetry (DSC) and X-ray diffraction
(XRD), used to determine melting and crystallization behav-
ior [2, 4, 22, 23, 26, 29, 31, 32]. Fourier transform infrared
spectroscopy (FTIR) can be used to determine interactions
between nanocrystal components and chemical changes dur-
ing formulation [4, 22, 23].

Eight articles studied the storage stability of nanocrystals
[4, 20-24, 26, 31]. Several authors concluded that the best
storage temperature was 4 °C [21, 22, 26, 31]. The ad-
sorbed stabilizer may not function properly when subjected
to temperature stress [31]. Freeze-drying nanocrystals may
enhance stability in terms of particle size and size distri-
bution [22, 26]. Gao and co-workers (2016) observed that

incorporation of genipin nanocrystals into chitosan hydro-
gels prevented an increase in particle size [20].

4. Skin permeation/penetration of drugs from
nanocrystals

Drug molecules can follow three routes to penetrate the skin:
the intracellular or transcellular route (through keratinocytes
of the stratum corneum), the intercellular pathway (across
spaces between cells), and the follicular pathway [40]. Fig-
ure 3 depicts the routes of skin penetration of drugs when
applied in the form of nanocrystals. Penetration can occur
through the skin (via intra- or transcellular routes), due to
high passive diffusion resulting from increased saturation
solubility and concentration gradient, and through hair fol-
licles, forming a drug reservoir that can easily reach even
deeper skin layers [2, 15]. It is important to consider that
such scenario considers the intact skin and nanocrystals
larger than 100 nm in diameter. However, when the skin has
its barrier impaired or when the nanocrystals present diame-
ters smaller than 100 nm, the nanoparticles may be able to
reach viable skin layers, which can lead to an even higher
increase in the drug skin penetration/permeation [17, 41].

Nine of the selected articles performed ex vivo penetration
or permeation studies. In most of these studies, nanocrystals
were previously incorporated into the final pharmaceutical
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Table 2. Physicochemical properties of nanocrystals for the treatment of skin infections.

Drug and Average diameter . . Zeta potential - N
concentration (nm) Polydispersity index (PDI) mVv) Stability Reference
0.1% silver sulfadiazine 290 0.240 t0 0.250 Not reported 42 days at room temperature 120]
(hydrogel)
90 days at 4 °C (higher
stability for poloxamer 407
. 346 (polysorbate 80); 0.39 (polysorbate 80); 39 (polysorbate 80); L
)
1% miconazole 355 (poloxamer 407)  0.36 (poloxamer 407) 21 (poloxamer 407) nanocrystals, chlorhexidine (21]
digluconate minimized
crystal growth)
90 days at 4 °C and room
1% fusidic acid 265 0.158 -16.9 temperature (wet and [22]
lyophilized formulations)

0.5% luliconazole 263 0.093 -18.36 7 days at 2 °C [23]
10% silver sulfadiazine About 250 About 0.250 Not reported 6 months at 4 °C [24]
10% silver sulfadiazine 292 0.288 Not reported 6 months at 4 °C (according to Liu et al.,[24]) [25]

2% clotrimazole 264 0.211 Not reported Not reported [4]

FUT N . 30 days at room
2% fusidic acid 138 1.3 (span value) 11.6 temperature and 4 °C [26]
2% itraconazole 352 0.37 Not reported Not reported [27]
Kaempferol
(dosage ot reported) 145 0.243 -31 Not reported [28]
0.003% metronidazole 46.7 0.09 Not reported Not reported [29]
0.01% chloroxine 580 Not reported -18.9 Not reported [30]
L 69.7 (PVA); -15.1 (PVA); 90 days at room .
19% mupirocin 74.9 (K-P188) 0.22 -12.6 (K-P188) temperature and 4 °C citeu30
Particle size remained
5% Azelaic Acid 246 and 500 0.32 and 0.25 Not reported unchanged after 24 h [32]

of preparation

form. The results indicated that the use of nanocrystals
increased drug retention in the skin, as compared with non-
nanometric control formulations [4, 21, 23, 26]. The studies
also reported lower permeation to the receptor compartment
[4, 23], which can lead to lower systemic drug absorption.
This might have occurred because of the increased satura-
tion solubility, dissolution rate, and skin adhesion (increas-
ing contact time) provided by nanocrystals. Furthermore,
nanocrystals can be distributed across hair follicles [23, 26].
An increase in skin retention and penetration may improve
drug effectiveness, as it reduces the number of daily appli-
cations, improves the local effect, and decreases systemic
action and cytotoxicity [2, 26, 31].

Najm and co-workers (2022) suggested that drug skin per-
meation and retention are dependent on nanocrystal particle
size. Smaller particles can lead to enhanced skin perme-
ation and reduced skin retention [31]. Pyo and co-workers

(2018) confirmed the effect of the surfactant in the drug
skin penetration from nanocrystals [21]. Permana and co-
workers (2020) observed that the use of microneedles as
the final pharmaceutical form for itraconazole nanocrystals
improved drug penetration into the epidermis and dermis
compared with a needle-free patch containing nanocrystals
and a nanocrystal cream [27]. It has been previously demon-
strated that the excipients, the skin hydration as well as the
vehicle selected for the incorporation of nanocrystals, can
greatly influence skin penetration [38].

Ji and co-workers (2024) evaluated the penetration of aze-
laic acid in the skin and hair follicles [32]. The nanocrystals
(200 and 500 nm) exhibited a higher ability for penetration
into the hair follicles, compared to the coarse suspension
and the commercial product, in a way that the 500 nm
nanocrystals exhibited the highest follicular penetration ca-
pacity [32]. The authors suggested that this enhancement

2008-8868[https://dx.doi.org/10.57647/j.ijnd.2025.1604.25]
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DSC

DLS/EM

TEM/SEM )

Figure 2. Techniques commonly used for nanocrystal characterization. DLS = dynamic light scattering; EM = electrophoretic mobility; FTIR =
Fourier-transform infrared spectroscopy; DSC = differential scanning calorimetry; TEM = transmission electron microscopy; SEM = scanning electron
microscopy; HPLC = high-performance liquid chromatography.

may be attributed to particle size, as particles in the range of  skin layers. The influence of radiofrequency and ultrasound
400 — 700 nm tend to accumulate within the follicles [32].  in combination with nanocrystals on the hair follicular pen-
Regarding the stratum corneum, no differences were ob-  etration of azelaic acid was also evaluated. When using
served, and the azelaic acid was not quantified in the other ~ ultrasound, the authors observed a considerable increase in

e Drug nanocrystal

* Dissolved dmg Factors affecting drug skin penetration
from nanocrystals:

oot o0 ?®

* Drug characteristics

* Drug concentration

+ Nanocrystal size

+ Period of contact

+ Excipients used

* Vehicle for nanocrystals incorporation
+ Skin anatomical site and condition

Figure 3. Penetration routes of drugs from nanocrystals and factors affecting drug penetration. (A) Intra- or transcellular routes; (B) Follicular penetration.
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the ability of azelaic acid to penetrate the hair follicles [32].

5. In vitrolin vivo studies with bacteria and
fungi

The in vitro and in vivo studies are described in Table 3.
In vitro tests were conducted in all selected articles. The
assays comprised the inhibition zone test and minimum in-
hibitory concentration (MIC) determination. Six articles
used rat or mouse infection models [4, 20, 22, 24, 26, 31],
one used a rabbit acne model [32], and one article utilized

IIND16 (2025) -162525 7/12

an ex vivo infection model on porcine skin [27].

Among the selected articles, five conducted tests with
fungi, including Candida albicans [4, 21, 23, 27, 30] and
Malassezia spp. [30]. The authors observed that nanocrys-
tal formulations promoted an increase in the inhibition zone
compared with drug dispersions [4, 21, 23] and commercial
formulations [4, 21]. Furthermore, the tested formulations
had a lower MIC on fungi than the control drug dispersion
[27]. The results of time-kill assays demonstrated that the
killing rate of C. albicans by itraconazole nanocrystals is

Table 3. Microbiological assays performed for nanocrystals for skin infections.

colr?crl:]rgltf;(iion Microorganisms

Staphylococcus aureus,
Escherichia coli, and

Pseudomonas aeruginosa

0.1% silver sulfadiazine

1% miconazole Candida albicans

Staphylococcus aureus and

1% fusidic acid o .
methicillin-resistant S. aureus

0.5% luliconazole C. albicans

S. aureus, E. coli,

10% silver sulfadiazine ,
and P. aeruginosa

S. aureus, E. coli,

10% silver sulfadiazine ,
and P. aeruginosa

2% clotrimazole C. albicans

S. aureus and

2% fusidic acid Staphylococcus epidermidis

In vitro test Ex vivo

Lo Reference
and in vivo tests

In vivo excision and cutaneous

2% itraconazole

Kaempferol
(dosage not reported)

0.003% metronidazole

C. albicans

S. aureus, Enterococcus faecalis,
P. aeruginosa, Acinetobacter
baumannii, Bacillus subtilis,

Klebsiella aeruginosa, and E. coli

Bacteroides fragilis

A. baumannii, Bordetella bronchiseptica,
Corynebacterium pseudodiphtheriticum,
Cronobacter sakazakii, Enterobacter

cloacae, Klebsiella oxytoca, Klebsiella pneumoniae,

0.01% chloroxine Moraxella catarrhalis, P. aeruginosa,
Shigella flexneri, S. aureus,
S. epidermidis, Serratia marcescens,
C. albicans, Malassezia furfur,

and Malassezia pachydermatis

1% mupirocin S. aureus

Inhibition zone burn wound mouse model (201
Inhibition zone Not reported [21]
In vivo skin-
MIC infected mice (221
Inhibition zone Not reported [23]
MIC, MBC, and
inhibition zone Not reported (241
MIC, MBC, and In vivo wound healing
. Lo [25]
inhibition zone studies in mice
Inhibition zone In v angfungal [4]
activity 1n rats
Inhibition zone, In vivo rat excision 26]
MIC, and MBC wound infection model
MIC, MFC, and time- Ex vivo fungal infection
. . . [27]
kill assay model on porcine skin
MIC, inhibition zone, and
bacterial viability Not reported 28]
Inhibition zone Not reported [29]
MIC, MBC and MFC Not reported [30]
Inhibition zone, In vivo wound healing assay (31]

MIC, and MBC

in a rat burn wound model

MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; MFC, minimum fungicidal concentration.
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concentration dependent [27].

Using an ex vivo test (fungal infection model on porcine
skin), Permana and co-workers (2020) concluded that the
combination of two delivery systems (microneedles and
nanocrystals) could enhance the skin penetrability of the
drug, decreasing the killing time and reducing fungal bur-
den compared with the needle-free itraconazole patch and
the commercial cream [27]. Patel and co-workers (2019)
induced C. albicans infection in albino Wister rat skin
and observed that, after 12 days of treatment, clotrimazole
nanocrystals afforded a notable reduction in the cutaneous
bioburden of fungal infection; these results were achieved
faster than with a commercial formulation [4]. This was the
only article that evaluated antifungal activity in vivo.

Ten of the 14 selected articles carried out tests with bacteria.
Almost all studies used Staphylococcus aureus [20, 22, 24—
26, 28, 30, 31]. Nanocrystal formulations increased the inhi-
bition zone compared with fusidic acid [26] and mupirocin
[31] commercial formulations and compared with the bulk
form of silver sulfadiazine [25]. Some authors observed a
decrease in MIC values with the use of nanocrystal formu-
lations in comparison with coarse powder [22, 24, 25, 28].
On the other side, azelaic acid nanocrystals were evaluated
regarding their in vitro antibacterial effect against Cutibac-
terium acnes, in comparison with different antibacterial
solutions [32]. The MIC of the azelaic acid nanocrystal was
the lowest among all the experimental groups tested (Pionin,
Punica Granatum, Rhodiola Rosea), which was probably
related to the reduction in the intracellular pH caused by the
active substance [32].

Six of the ten studies with bacteria conducted in vivo tests
[20, 22, 25, 26, 31, 32], being two with silver sulfadiazine
and two with fusidic acid. Gao and co-workers (2016)
observed that a hydrogel formulation containing silver sul-
fadiazine nanocrystals promoted greater wound contraction
(burn wound) than hydrogels containing bulk powder and
silver sulfadiazine commercial cream [20]. More recently,
Liu and co-workers (2023) infected mice with S. aureus
to evaluate the wound healing rate of silver sulfadiazine
nanocrystals with thermosensitive hydrogel [25]. The study
demonstrated that the developed formulation resulted in
faster healing than the commercial cream, with a significant
reduction in bacterial load [25]. A patent has been described
with the drug silver sulfadiazine in the form of nanocrystals,
which was nano-crystallized by ball milling. The nanocrys-
tals presented, at a concentration of 0.5%, the same efficacy
of a 1% silver sulfadiazine conventional cream [17].
Omolo and co-workers (2018) administered an intrader-
mal injection of S. aureus Rosenbach (ATCC BAA-1683)
(MRSA) to cause infection within the dermal layer of the an-
imal’s skin, without systemic infection. The authors found
that the fusidic acid nanocrystal formulation was more ef-
ficient than the fusidic acid DMSO solution [22]. Ahmed
and co-workers (2020) infected an animal wound with topi-
cal application of 15 pL of S. aureus (ATCC29737) to the
dermis, without causing systemic infection. The authors
reported that the cream containing lyophilized fusidic acid
nanocrystals improved the distribution of the active ingre-
dient in the infected wound, resulting in more effective

Felix Duarte et al.

therapy in comparison with the commercial formulation
[26].

Najm and co-workers (2022) infected a burn wound with
S. aureus, and the mupirocin nanocrystal cream exhibited
greater efficacy than the commercial ointment, showing
rapid and complete healing [31]. Ji and co-workers (2024)
evaluated the azelaic acid nanocrystals efficacy in a compos-
ite acne model induced by intradermal injection of Cutibac-
terium acnes and topical application of 30% oleic acid.
The diameter of the acne was significantly decreased in
the nanocrystals group compared to the commercial formu-
lation of azelaic acid [32]. Also, the nanocrystals group
presented the lowest color difference between acne area and
surrounding area. There was a recovery of the thickness of
the epidermis to a healthy state when acne was treated with
nanocrystals. The authors concluded that the azelaic acid
nanocrystals presented a greater therapeutic effect on acne,
mainly due to hair follicle-targeting and anti-inflammatory
and antibacterial effects [32].

It is important to note that none of the selected articles eval-
uated antibiofilm activity of nanocrystals. However, biofilm
formation in skin infections should be considered, as it can
compromise treatment efficacy and contribute to therapeutic
resistance [42]. This represents a relevant gap in literature
and suggests the need for futures studies to investigate the
potential of nanocrystals in disrupting established biofilms
or preventing their formation.

6. Effect mechanism of nanocrystals in skin
injections

In general, the microbiological tests conducted by the au-
thors in this review confirmed the greater effectiveness of
nanocrystal formulations over conventional systems, regard-
ing skin infections. Although in vitro tests are interesting
for comparing different substances or different delivery sys-
tems, it is important to mention that 7 articles (50%), were
able to prove the higher efficacy of nanocrystals in animal
models.

Nanocrystals present unique properties that may be associ-
ated with enhanced antimicrobial activity in skin infections,
including increased bioadhesion, increased skin penetration,
ability to penetrate hair follicles, increased saturation solu-
bility and drug diffusion, and ability to penetrate microbial
membranes (figure 4).

Several studies emphasize the reduced particle size as a key
factor contributing to the increased activity [4, 20, 22, 24,
26, 27, 30-32]. Particle size reduction leads to an increase
in surface area, promoting stronger interactions with mi-
croorganisms [17]. This greater contact area facilitates the
adhesion of nanocrystals to the microbial surfaces, which
may result in disruption of membrane integrity and inter-
ference with vital cellular functions Furthermore, improved
solubility leads to increased drug diffusion and penetration
through microbial membranes [43].

The bio-adhesive properties of nanocrystals lead to pro-
longed adhesion to biological surfaces and increase the drug
concentration at the site of action, enhancing the contact
time with microorganisms and contributing to a sustained
antimicrobial activity [17]. Moreover, nanocrystals demon-
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Figure 4. Nanocrystals properties that may be associated with enhanced antimicrobial activity in skin infections.

strate a superior ability to incorporate higher drug concen-
trations compared to other nanoparticles [16]. This results
from the fact that, in nanocrystals, the drug itself forms
the matrix of the system, requiring only the addition of a
stabilizing agent, such as surfactants [16]. The increase in
drug concentration may also contribute to enhanced antimi-
crobial activity, as higher concentrations promote a greater
diffusion gradient [16], facilitating the penetration of the
active compound in microbial membranes and thereby en-
hancing its action at the site of infection.

According to Parveen and co-workers (2023), topical
nanocrystals can provide drug delivery for both instant re-
lease and controlled release [14]. Because of this, they
hold great potential for use in topical treatments, as these
nanoparticles are capable of modulating drug penetrating,
for both deep and superficial skin layers [14, 17]. Nanocrys-
tals can also enhance chemical and photostability of the
drugs, which indirectly leads to higher efficacy, and to re-
duce systemic toxicity [14].

7. Safety considerations of nanocrystals

Six articles performed cytocompatibility tests, three of
which used a fibroblast cell lineage [20, 24, 29] and three
of which used other cell lineages [22, 30, 32]. In two arti-
cles, nanocrystals cytotoxicity was not observed [22, 29].
Anjani and co-workers (2022) evaluated the biocompatibil-
ity of metronidazole nanocrystals against fibroblast cells
(3T3L1) using MTT assay and cell proliferation assays, and
the authors conclude that the developed nanocrystals were
biocompatible with minimal cytotoxicity [29]. In the same
way, Omolo and co-workers evaluated the cytotoxicity of
fusidic acid nanocrystals using an MTT assay, and the devel-

oped formulation showed 75% cell viability for epithelial
cell line (A549) and human embryonic kidney cell (HEK
293) [22].

On the other hand, formulations containing sulfadiazine
nanocrystals promoted lower cell viability than the coarse
powder [20, 24]. The authors reported that this result might
be due to the higher interaction between fibroblasts and
silver sulfadiazine, induced by the high surface-to-volume
ratio of nanocrystals. As particle size decreases, the surface-
to-volume ratio increases, which enhances the reactivity
of the nanocrystals and their interaction with biological
systems. A higher surface area facilitates adhesion and pen-
etration through cellular membranes, which may result in
cellular damage and reduced viability [17] It is important
to mention that nanocrystals ranging from 100 to 1000 nm
are generally biodegradable and present lower toxicity [17].
In contrast, nanocrystals smaller than 100 nm may have
the ability to enter cells through endocytosis mechanism,
increasing their toxic potential and further reducing cell vi-
ability in in vitro models [17]. Furthermore, the higher con-
centration of dissolved drug enhanced its solubility [20, 24].
Trousil and co-workers (2022) used human skin epithelium
A431 and human skin keratinocyte HaCaT cell lines and
reported a risk of cytotoxicity with chloroxine nanocrystals.
Nevertheless, it was argued that nanocrystals are not ex-
pected to interact directly with viable cells, because of the
presence of the stratum corneum layer [30]. Macrophages
(RAW 264.7) were evaluated regarding compatibility with
azelaic acid nanocrystals, since the formulation was in-
tended to have anti-inflammatory activity [32]. A decrease
in cellular viability was only observed for the highest con-
centration of nanocrystals (0.5%) [32].
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The skin irritation potential of the chloroxine nanocrystal
formulation was tested in vivo on mice for 7 days, with
no erythema formation. Histopathological examination
of the skin revealed normal morphology, with absence of
pathological processes in skin layers, skin appendages, and
muscle tissue, indicating acceptable tolerance of chlorhex-
idine nanocrystals by mice [30]. Similarly, Kumar and
co-workers (2019) performed an irritation test in albino
Wistar rats to observe the irritation potential of lulicona-
zole nanocrystal hydrogel. After 48 h, the formulation did
not cause erythema, resulted in poor edema scores, and af-
forded a mean skin irritation score of 0.33 (slight redness
in mouse). These findings demonstrate the non-irritating
nature of the gel for human skin application [23]. Patel and
co-workers (2019) conducted a skin irritation test in albino
Wistar rats to evaluate the irritation potential of the clotri-
mazole nanogel [4]. The erythema score of the marketed
formulation was higher, whereas the edema score of the
clotrimazole nanogel was insignificant at all points. Such
good results might have been due to the use of a stabilizing
agent with minimal potential for irritation [4].

Ji and co-workers (2024) conducted a skin irritation test us-
ing abdominal skin of New Zealand white rabbits, in order
to evaluate azelaic acid nanocrystals [32]. The optimized
formulation with ultrasound did not show irritant reaction
(erythema and edema), resulting in an irritation score of
0. In contrast, the commercial product produced mild ery-
thema with an irritation score of around 0.2 [32]. These
findings indicate that the developed nanocrystals formula-
tion, when combined with ultrasound, offers improved skin
safety compared to the commercial product [32].

Liu and co-workers (2023) used the modulated Karber
method to determine the median lethal dose (LDsg) of a
gel containing silver sulfadiazine nanocrystals [25]. The
results confirmed the safety of the formulation, given that
the LDs( was considerably higher (252.1 mg/kg) than the
doses applied for in vivo burn wound treatment (40 — 50
mg/kg) [25]. Overall, the results show that nanocrystal
formulations are compatible with skin applications.

8. Limitations and future perspective

The low number of articles found on the topic is a limitation
of this review, however, this finding is in line with the fact
that the use of drug nanocrystals in dermatological applica-
tions is relatively recent, being previously centered on oral
drug administration [2]. Another limitation is the fact that 6
articles (almost half of the selected ones), performed only in
vitro antimicrobial tests, directly applying the nanocrystals
to bacteria or fungi in cultures. Antibiofilm activity was not
evaluated in any of the articles. Regarding safety data, only
5 articles used animal models. No tests in humans were
found for efficacy or safety evaluation.

The nanocrystals technology is considered a breakthrough
technology for cutaneous application. The outcomes of
the reviewed articles indicate that the drug nanocrystals are
promising for skin infections treatment. The fact that drug
nanocrystals are already on the market regarding oral and
parenteral routes proves the feasibility of the technology.
Future directions indicate for the necessity of more pre-
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clinical and clinical trials in this area, in order for cutaneous
formulations containing antimicrobial drug nanocrystals to
reach the population.

9. Conclusion

This literature review evaluated and discussed the main
results of topical nanocrystal formulations for the treatment
of skin infections caused by bacteria and fungi. Most
of the active substances tested in the cited studies are
commonly used for the treatment of skin infections.
However, in the form of nanocrystals, the formulations
achieve more effective penetration into skin layers, with
enhanced antimicrobial activity and better performance
in wound contraction or acne treatment. The safety
of nanocrystal formulations for skin application is
suggested. The limited number of publications on the
topic, coupled with the positive results, suggests the
existence of a vast field with potential for exploration. The
use of drug nanocrystals is a promising strategy to im-
prove the efficiency of topical treatments for skin infections.
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