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Preface

Fighting microbial infections has become increasingly difficult due to the rapid emergence

of multi-drug resistance. Infectious diseases caused by microorganisms can range from acute,

short-term illnesses to chronic and long-lasting conditions. Intracellular pathogens, such as

those responsible for brucellosis, salmonellosis, and tuberculosis, target the body’s initial defense

mechanisms—macrophages and other non-professional phagocytes—where they continue to survive

and multiply. In contrast, extracellular pathogens, which cause conditions like pneumonia,

osteomyelitis, and scarlet fever, employ virulent strategies to evade immune defenses and reproduce

outside host cells.

Nanocarriers—ranging from polymer- and lipid-based systems, liposomes, micelles,

metal-based carriers, silica nanoparticles, fullerenes, dendrimers, zeolites, and quantum dots to

hydrogels and composites—have been investigated for their antimicrobial properties in various

infections, including those associated with biofilms. However, the selection of appropriate

nanocarriers for targeting intracellular versus extracellular pathogens requires careful design and

innovation. These carriers must be tailored to enhance specific microbial targeting, overcome

drug resistance, minimize toxicity, and disrupt biofilms while also expanding their potential for

theranostic applications and use in cosmeceuticals.

This reprint delves into the various polymeric and inorganic nanocarrier formulations developed

to enhance the effectiveness of drugs such as gentamicin and amphotericin. It also explores novel

strategies for managing skin health through microbiome-targeted therapies. Additionally, this

reprint presents original research regarding improving the antimicrobial activity of drug conjugates,

nanoparticle-based formulations, and nanosized materials for a range of applications, from dental

care to skincare.

We are pleased to present this reprint to the scientific community and anticipate that it will

foster continued advancements and innovations in the field of nanotechnology application for

microbial infection management. We sincerely thank all the contributors for their valuable expertise,

dedication, and commitment to furthering this critical area of research. Their contributions have been

instrumental in making this reprint possible, and we are confident that it will serve as an essential

reference for future studies and applications in the field.

Anisha D’Souza

Guest Editor
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Abstract: Amphotericin B is the oldest antifungal molecule which is still currently widely used in
clinical practice, in particular for the treatment of invasive diseases, even though it is not devoid of
side effects (particularly nephrotoxicity). Recently, its redox properties (i.e., both prooxidant and
antioxidant) have been highlighted in the literature as mechanisms involved in both its activity and
its toxicity. Interestingly, similar properties can be described for inorganic nanoparticles. In the first
part of the present review, the redox properties of Amphotericin B and inorganic nanoparticles are
discussed. Then, in the second part, inorganic nanoparticles as carriers of the drug are described.
A special emphasis is given to their combined redox properties acting either as a prooxidant or
as an antioxidant and their connection to the activity against pathogens (i.e., fungi, parasites, and
yeasts) and to their toxicity. In a majority of the published studies, inorganic nanoparticles carrying
Amphotericin B are described as having a synergistic activity directly related to the rupture of the
redox homeostasis of the pathogen. Due to the unique properties of inorganic nanoparticles (e.g.,
magnetism, intrinsic anti-infectious properties, stimuli-triggered responses, etc.), these nanomaterials
may represent a new generation of medicine that can synergistically enhance the antimicrobial
properties of Amphotericin B.

Keywords: redox properties; oxidative stress; Amphotericin B; antimicrobial; inorganic nanomaterials

1. Introduction

Amphotericin B (AmB) is the leading compound of the polyene macrolide family, so
named because of the numerous conjugated double bonds in a large macrolactone ring
(Figure 1). Its structure also contains a polyol domain and a deoxysugar mycosamine
group.

AmB is an old molecule as it was first discovered and extracted in the 1950s in
Venezuela from Streptomyces nodosus [1,2]. The molecule rapidly reached the market after
the FDA approved it in 1958 [2]. AmB is considered to have a broad spectrum of activity not
only on fungi (i.e., filamentous, molds, yeasts, etc.) but also on parasites (e.g., Leishmania).
Thus, AmB is efficient against different fungal genera/species: Candida spp., Aspergillus
spp., Histoplasma capsulatum, Coccidioides immitis, Blastomyces dermatitidis, Rhodotorula spp.,
Cryptococcus neoformans, Sporothrix schenkii, Fusarium spp., Cladosporium spp., Scytalidium
spp., and Zygomycetes. Conversely, the genera/species Candida lusitaniae, Candida auris,
Trichosporon spp., Geotrichum spp., Scedosporium spp., Fusarium spp., and Aspergillus terreus
are resistant or less sensitive to this molecule [3,4]. It should be noted that resistance to
polyenes still remains rare (i.e., compared to resistance to other antifungal drugs, such
as azoles). Furthermore, although several mechanisms of resistance to polyenes have
been described in the literature, the main mechanism of resistance remains associated
with a modification in the sterol composition at the level of the cell membrane or even a

Antibiotics 2023, 12, 1543. https://doi.org/10.3390/antibiotics12101543 https://www.mdpi.com/journal/antibiotics1
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depletion of ergosterol, attributable to gene-level mutations involved in its biosynthesis [5,6].
Noteworthily, it is more and more common to find conflicting data regarding the activity of
AmB against different fungal species/strains in the literature [4].
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The affinity of AmB for the ergosterol of the membranes of microorganisms gives it
its selective microbial activity. This selectivity is only slightly higher compared to that of
cholesterol from mammalian cell membranes, making its therapeutic efficacy very nar-
row [4–6]. Considering the structure of the compound, studies demonstrated that the
dimers forming AmB are toxic for eukaryotic cells. While the polyaggregated forms present
reduced resistance for host cells, they retain antiparasitic activity at the same time [7]. AmB
is mainly used in monotherapy, rarely as first-line, except for in the management of serious
systemic fungal infections. AmB can also be used in combination with other antifungals
such as flucytosine or fluconazole depending on particular clinical situations [8]. However,
treatment with AmB is not devoid of side effects, which occur in 25 to 90% of patients [3,9].
The reported symptoms range from infusion-related reactions up to anaphylaxis, which can
be prevented by drugs (e.g., corticoids, antihistamines, analgesics, etc.). Another serious
side effect is a significant risk of nephrotoxicity which limits its use [10]. The formulation
of AmB is an important topic of research with the aim to develop forms which improve its
therapeutic effect and lead to less nephrotoxicity [11,12]. All the formulations are based
on lipidic compounds mixed with AmB due to the amphiphilic nature of the antifungal.
The lipid formulations of AmB which have been developed are either AmB in a colloidal
dispersion, or AmB in a lipid complex or liposomal AmB. Thus, these three formulations
differ in their lipid composition and therefore in their physical and pharmacokinetic char-
acteristics, their efficacy, and their tolerance to efficacy [13]. Evidence has been shown that
self-assembled mixed micelles containing AmB based on a combination of lecithin with
polymers have reduced in vitro cytotoxicity and improved AmB solubility results with in-
creased parenteral and oral bioavailability in rats compared to Fungizone® [14]. Moreover,
the oral administration of AmB encapsulated in nanoparticles (N-palmitoyl-N-methyl-N,N-
dimethyl-N,N,N-trimethyl-6-O-glycol chitosan) has also showed high efficacy in mouse
models of candidiasis, aspergillosis or visceral leishmaniasis compared to AmBisome® ad-
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ministered parenterally [15]. Data have highlighted that using the lipid-based formulation
of AmB is more expensive than conventional micellar deoxycholate AmB, which is why
its use is limited in clinical practice [3,4]. This evidence has been discussed in numerous
bibliographic reviews presenting the various formulations of AmB. Table S1 summarizes
and compares the main content of these studies, and these will not be emphasized in
the present paper. The development of an orally active formulation of AmB capable of
reducing the systemic drug toxicity, avoiding infusion-related adverse events, improving
patient compliance, and reducing the costs associated with the intravenous administration
of commercial formulations of AmB is an urgent requirement. Up until now, in contrast
to lipid formulations, no inorganic nanoparticles, as an agent to carry AmB, have been
brought to clinical trials. However, they have unique specific properties (such as magnetic,
optical, redox, etc.) that can be added to those of AmB or beneficially influence those of
AmB synergistically. Moreover, there are many reports of the pre-clinical development of
such objects as carriers of AmB or for the development other anti-infectious strategies [16].
Inorganic nanoparticles are structured with a well-organized core made of metal or carbon
atoms surrounded by an organic corona (i.e., inorganic/organic core–shell particles). The
core can bring, depending on the material it is made with, magnetic or optical properties,
while the corona can be functionalized by drugs (e.g., AmB) or other molecules. They
represent ideal tools for the targeting and the recognition of the site of action (antibody,
aptamer, substrate for an enzyme, ligand for a receptor) [17]. They can be combined with
other properties (i.e., interact with radiation) to succeed in the development of nano-objects
dedicated for both therapy and diagnostics (i.e., theranostic) [17,18]. These nanoparticles
often exhibit redox properties. This is very interesting since it has now also been described
that AmB is characterized by both oxidant and reductive activities, usually known as a
Janus face. Indeed, Janus was a Roman god depicted with two faces; one looking ahead,
the other behind.

In this review, in the first step, the similarities between inorganic nanoparticles and
AmB will be emphasized according to their redox character. In the second step, the different
strategies to synthesize inorganic nanoparticles as AmB carriers will be discussed. A specific
emphasis will be given to the capacity of inorganic nanoparticles to enhance either the
prooxidant or the antioxidant effects of AmB. An explanation of the involved mechanisms
and the synergistic anti-infectious effects will be described, which represents the originality
of the present review.

2. Similarities in Redox Behaviors between Amphotericin B and
Inorganic Nanoparticles
2.1. Redox Properties of Amphotericin B
2.1.1. The Janus Face of Amphotericin B

AmB possesses a double role, either as a prooxidant or, in some publications, as an
antioxidant. The main mechanisms for this are illustrated in Figure 2. This redox role is
implied in the mechanism of anti-infectious action, as well as other (such as polyene-sterol:
ergosterol) interactions leading to membrane destabilization with pore formation and/or
surface adsorption and/or the formation of sterol aggregates (or “sponges”) outside the
cell membrane causing the loss of ions and the accumulation of reactive oxygen species
(ROS) [5,19,20].
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The prooxidant effect of AmB is quite significantly described in the literature. It
leads to both oxidative and nitrosative stresses through the expression of stress genes,
including an increase in the inducible form of nitric oxide synthase, the generation of ROS
and reactive nitrogen species (RNS), respectively, and the production of proinflammatory
cytokines [5,20,21]. Radicals originating from AmB itself were also identified using electron-
spin resonance (ESR) spectroscopy [24]. Oxidative and nitrosative stresses damage the
plasma membrane, the intracellular proteins, the mitochondria activity, and the nucleic
acids [5]. AmB has been shown to have the ability to trigger a common dependent cell
death pathway through oxidative damage in fungi such as Candida albicans, Saccharomyces
cerevisiae or Cryptococcus gattii via the production of ROS in a tricarboxylic acid cycle and
respiratory chain-dependent manner impacting, consequently, the inhibition of its DNA
repair systems [20,25–27].

It is worth underlining that the antioxidant property of AmB is less described in the
literature. The antioxidant effect may originate from the polyol part of the molecule [21]. It
was evidenced in vitro [22] and was also highlighted in rat aortic smooth muscle cells [23].
This dual behavior has already been described for other molecules such as retinol [28],
ascorbic acid [29] or Trolox [30]. As a function of the imposed conditions, a conversion
from one property of AmB to the other (i.e., pro- to anti-oxidant and vice versa) may occur.
The questions of how important the antioxidant phenomenon is, or how the equilibrium
between the prooxidant and antioxidant properties of AmB is balanced, for the activity
and/or toxicity of AmB, remain unsolved. These issues are extremely difficult to address
due to the intimate interdependence of this phenomenon.

2.1.2. Amphotericin B Activity, Resistance, and Toxicity, and Its Possible Modulation

The impact of both oxidative and nitrosative stresses are well-described for AmB
activity in fungi (i.e., filamentous, molds, yeasts, etc.) and parasites [5,26,31], as well as
for AmB-resistant pathogens [5,31–33]. These elements were deeply reviewed by Carolus
and coll. recently [5]. One less-studied aspect in the literature is the impact of oxidative
and nitrosative stresses on AmB-induced toxicity. These stresses are identified as actors
in the induced side effects of AmB in clinical settings, on kidney and liver [34–37]. Its
dose-dependent toxicity is caused by ROS (and maybe also by RNS, even if this is usually
less studied) and the oxidized forms of AmB.

Because of the consequences implied by oxidative and nitrosative stresses on AmB
activity, resistance, and toxicity, the modulation of redox status by the co-administration of
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other oxidants or antioxidants with AmB has been considered by researchers with the aim
of the enhancement of its anti-infectious property and/or limitations of its toxicity [5]. A
great variety of components were shown to enhance AmB activity when co-administered
with redox-potent molecules. For example, Kim and coll. showed that thymol enhances
AmB activity on Candida albicans and Candida krusei [38]. They also demonstrated that
dihydroxybenzaldehydes promote AmB activity against C. albicans, C. krusei, C. tropicalis,
and Cryptococcus neoformans [39]. One can also mention the effect of butylated hydrox-
yanisole, n-propylgallate, or nordihydroguaiaretic acid on C. albicans and C. parapsilosis [40],
and ascorbic acid on Aspergillus terreus [41]. The four involved mechanisms were (i) the
co-disruption of the redox signaling on the response capacity of pathogens [39], (ii) the
targeting of at least one common cellular component in the antioxidant system of the
organism [39], (iii) a prolonged duration of AmB activity via a stabilizing effect probably
preventing its auto-oxidation and stabilizing the polyene moiety of the molecule [39,40],
and (iv) a synergistic prooxidant effect, increasing the concentration of ROS, lowering
the minimal inhibitory concentration (MIC) and restoring the sensitive phenotype of a
AmB-resistant strain [41].

On the contrary, well-known antioxidants failed to induce any anti-infectious activity.
N-acetylcysteine (a precursor of glutathione) improved the survival of A. fumigatus in the
presence of AmB [42]. This molecule also showed a protective effect against ROS induced
by AmB in Aspergillus terreus [41]. Similarly, the addition of reduced glutathione or cysteine
revived the endospores of Coccidioides immitis previously treated with AmB by modulating
the redox potential of the medium [43]. In parallel, cysteine stopped the AmB-mediated
growth inhibition of C. albicans [44].

Several redox-balancing agents were also tested to counterbalance the toxicity induced
by AmB. For example, pre-treatment with diosmin hesperidin in Wistar rats followed
by AmB administration showed an antioxidant protective effect on the kidneys [36]. In
another study, the co-administration of vitamins A and E with AmB attenuated the side
effect of the antifungal on the kidneys and liver of Wistar rats. The combination of both
vitamins was more efficient than each vitamin alone [37]. Another antioxidant, caffeic acid
phenethyl ester, showed an effectiveness as an adjuvant agent for AmB nephrotoxicity in
rat models [34].

In addition, the mechanisms of AmB resistance of certain clinical isolates such as
the Candida haemulonii species complex (C. haemulonii, C. duobushaemulonii, C. haemulonii
var. vulnera) have been explored. Consequently, studies on the molecular composition
of the wall in this group of fungi revealed that the vast majority of the membrane sterols
were intermediates of the ergosterol pathway, and not ergosterol itself, highlighting the
absence of an AmB target and thus explaining (at least in part) the resistance pheno-
type [45]. These results were supported by the fact that the deletion of the genes encoding
ergosterol (ERG11 and ERG3 genes; encoding lanosterol 14-demethylase and C-5-sterin
desaturase, respectively) affect the resistance of C. lusitaniae and of Saccharomyces cerevisiae
strains [46–48]. Thus, a decrease in sterol (i.e., ergosterol) content causes a decrease in
the membrane permeability to the compound [45]. The majority of studies have shown
that AmB induces the formation of ROS as described above; however, this phenomenon
was slightly observed in the strains of the C. haemulonii species complex. Evidence has
determined that these fungal strains have undergone an alteration of the respiratory chain:
poor growth in unfermented carbon sources, low oxygen consumption, and an alteration
of mitochondrial membrane potential. These data explain the resistance presented in this
multi-resistant fungal complex with respect to AmB [45].

2.2. Redox Properties of Inorganic Nanoparticles

There are important similarities between the behaviors of AmB and inorganic nanopar-
ticles as they are both characterized by prooxidant and antioxidant properties. Inorganic
nanoparticles behave as redox-potent agents using an important variety of mechanisms
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which are depicted in Figure 3. For a detailed view of this chemistry, the reader is referred
to the following reviews [48–53].
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Nanoparticles interfere with the redox homeostasis of a medium via different path-
ways: either directly, e.g., by providing electrons for the direct self-conversion of an antioxi-
dant to a prooxidant molecule and vice versa [54], or indirectly, e.g., by the nanoparticle
degradation via dissolution [55] or upon radiation [56].

The redox properties of nanoparticles are highly dependent on the type of material that
they are made of (e.g., carbon, metal, metallic oxide, etc.) [48,50], the process by which they
were prepared [56], the shape and their isotropy/anisotropy [57], their capping in terms of
type/force of interaction, and the nature of the capped molecule [58,59]. The redox potential
of nanoparticles or their oxidative potential (prooxidant character) remains difficult to
assess because of the low concentrations of, for example, synthesized nanoparticles, possible
interference with the analytical method, and the relevance of the incubation medium [48,49].
In parallel to what was explained as the case for AmB, the redox properties of inorganic
nanoparticles are involved in their related activity in cells and in their induced toxicity,
even if this last point is a matter of debate in the literature [49]. The possible biological
impact of this double-faced redox property is observed on the cell wall and membrane,
on the proteins, and on the nucleic acids [60]. The overall response of the organism is
either a regulation of redox homeostasis via redox signaling or stress that can lead to
necrosis, apoptosis, autophagy, etc. [49]. This prooxidant effect has been used as a bacterial-
killing agent, which is now being explored for further use in antimicrobial medicine for
the treatment of infections due to multi-resistant bacteria [60]. Various studies have been
able to highlight the antibacterial activity of silver nanoparticles (AgNPs) [61–63]. These
metallic nanoparticles promote the induction of ROS leading to structural and metabolic
damage which ultimately leads to an antibacterial effect [64]. Of note, an extensive review
about the oxidative-stress-mediated antimicrobial properties of metal-based nanoparticles
has been recently published [60].

Some inorganic nanoparticles are functionalized by redox-potent molecules in order
to obtain synergy in their antioxidant activity. These tools are sometimes named “nanoan-
tioxidants” [65]. Many types of nanoparticles have been functionalized with different
antioxidants. The main results were a prolonged release of the antioxidant, an improved
biocompatibility, and a targeted delivery of the antioxidants with superior antioxidant
profiles [65].
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3. Inorganic Nanoparticles Carrying Amphotericin B
3.1. The State-of-the-Art of Lipidic Formulations of Amphotericin B on the Market or under
Clinical Trials

Due to its chemical structure, AmB is lipophilic, completely insoluble in water, spar-
ingly soluble in alcohol, and highly soluble in dimethylformamide or dimethylsulfox-
ide [66]. Even though the molecule presents two groups (carboxylic acid and primary
amine) associated with ionization constants (pKa), the molecule is globally neutral at phys-
iological pH as it is both positively and negatively charged. AmB is characterized by poor
oral permeability, besides a degradation occurring in the stomach. AmB is presented in its
classical formulation as micelles of sodium deoxycholate. These parameters may explain
why researchers focus on its formulation in so many works. The nanoparticle formulations
based on liposomes or lipids increase the therapeutic index of the molecule, decreasing
its toxicity, especially nephrotoxicity, while retaining the same efficacy [67–69]. Indeed,
lipid formulations of AmB limit nephrotoxicity, but tubule cells remain still vulnerable to
some forms of superimposed injury [70]. In 2020, Hnik and coll. tested a single dose of
an oral formulation based on liposomal amphotericin (iCo-019) on healthy people. The
objective of this study was to develop a molecule that is easy to administer, stable, and
non-toxic while maintaining effective pharmacological activity. The data of the randomized
controlled trial has demonstrated that the single dose of iCo-019 demonstrated a good
tolerance of the molecule and a reduction in its toxicity [71]. More precisely, an overview of
the formulations on the market or under clinical trial is presented in Table 1.

These formulations present an innovation, particularly in limiting nephrotoxicity,
which explains why they are reserved to treat people suffering from kidney diseases. The
products under clinical trial clearly open new opportunities in terms of administration
routes. However, from a redox point of view, they do not present any of these properties.

3.2. Inorganic Nanoparticles as Modulator of AmB Redox Properties
3.2.1. Strategies to Functionalize Inorganic Nanoparticles with Amphotericin B

Numerous nanoparticles were synthesized and functionalized to obtain particles
carrying AmB. Table 2 presents an overview of the published works.
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The nanoparticles were made of a metal or metallic oxide (e.g., silver, gold, iron, and
zinc), or they were based on carbon (with carbon quantum dots, graphene, nanotubes) or
on calcium phosphate, or on layered double hydroxides, or on silica, or even based on core–
shell particles (Pd@Ag nanoparticles) [75,83,100,101]. The synthesis of nanoparticles was
realized mainly via the bottom-up approach (using building blocks that further organize in
nanoparticles upon a trigger, e.g., reduction, irradiation, etc.). A majority of researchers
used chemical processes, while some research described the production of nanoparticles
(Ag, Au and iron oxide) via different methods: phytosynthesis using extracts of Isatis tincto-
ria, Maytenus royleanus [75], Cucumis melo L var makuwa, Prunus persica L. [85], using Chinese
cabbage or maize silky hair [102]; or using a green synthesis by Punica granatum [103];
or by biosynthesis using Acidophilic Acinetobacter P. columellifera subsp. Pallida [76]; or 14
Acinetobacter spp. isolates [77]. In addition, two studies used AmB to directly reduce the
Ag+ into Ag0 or Au3+ into Au0 with success, highlighting the antioxidant character of
AmB [78,83]. The strategies used to obtain nanoparticles carrying AmB are illustrated in
Figure 4.
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hydroxide; MNP: magnetic nanoparticles; CaPNP: calcium phosphate nanoparticles; SWCNT: single-
walled carbon nanotubes; MWCNT: multi-walled carbon nanotubes.

Common strategies were developed to carry the drug: they rely on adsorption, i.e., a
weak interaction between the silver core and mycosamine group or polyol group [78,104]
or between the nanoparticle and AmB; or conjugation, realized by a strong interaction,
e.g., covalence with the use of a spacer [84,88]; or entrapment or intercalation between
layers [105] within the nanoparticle and the simple co-incubation of nanoparticles and AmB.

In some studies, the authors took advantage of the unique properties of the inorganic
nanoparticles, besides their capacity to modulate the redox signaling of the organisms (see
Sections 3.2.2 and 3.2.3). For example, Ahmad and coll. demonstrated an increase in the
activity of their silver nanoparticles carrying AmB upon UV irradiation [73]. AgNP are
particularly studied because they have also been known for years for their anti-infectious
activity as explained above. In another study, carbon quantum dots were functionalized
by AmB and used as a new method for the specific detection of C. albicans for diagnostic
purposes [106]. Iron oxide nanoparticles are also interesting due to their response to a
magnetic field that can induce the generation of controlled non-invasive heat and effi-
cient drug delivery at the selected site [85]. Various designs of iron oxide nanoparticles
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(34–40 nm) coated with bovine serum albumin and targeted with AmB (AmB-IONP), were
formulated via a layer-by-layer approach, and tested for their antifungal activity. These
compounds showed improved antifungal activity efficacy against C. albicans and C. glabrata
clinical isolates [97]. There are numerous works developed in that sense (Table 2).

3.2.2. Inorganic Nanoparticles as Synergic Prooxidants

Among the published articles, a lot of studies highlight the combined or synergistic
redox properties of nanoparticles carrying AmB. Only a few papers concentrated on their ac-
tivity against pathogens without exploring the involved redox mechanisms. The proposed
redox mechanisms are represented in Figure 5. One can easily understand that oxidative
stress can be generated by nanoparticles and/or AmB and then self-sustained. It is very
difficult to determine the first actor due to the tight interconnectivity of the mechanisms.
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A synergistic effect was almost always highlighted when an oxidative stress was either
demonstrated or hypothesized. The effect is therefore superior to the one induced by
nanoparticles or AmB alone. Recently, the same phenomenon was observed with AmB and
gentamicin-loaded nanosheets/nanoneedles-based boron nitride films [107]. These films
exerted an anti-infectious activity against Neurospora crassa and antibiotic-resistant E. coli.
Another study using molecules other than AmB also showed the synergic effect of nanopar-
ticles carrying antibiotics explained by oxidative stress, for example, silver nanoparticles
combined with ampicillin, chloramphenicol, and kanamycin [108] or with neomycin or
gentamicin [109]. However, besides their redox properties, nanoparticles possess other ad-
vantages, since they can pass through physiological barriers and penetrate more easily into
pathogens due to their small size [77,110]. After entering into the cells, the nanoparticles
disrupt the membrane integrity which creates a passage for drugs across the cell membrane,
improving their action at the target site. This was shown for silver nanoparticles [77].
Amphotericin B-silver hybrid nanoparticles (AmB-Ag) have been reported to be a highly
effective form of this antibiotic to combat fungi. In a study analyzing the interaction of
AmB-Ag with C. albicans cells using molecular spectroscopy and imaging techniques, the
antifungal activity of the nanocomplex system of the disintegration of the cell membrane
was demonstrated, which occurs within a few minutes of treatment. This activity increases
considerably when the treatment is in the form of hybrid silver nanoparticles. Experimental

14



Antibiotics 2023, 12, 1543

results show that AmB-Ag can effectively cross the cell wall barrier and deliver antibiotic
molecules to cell membranes, thus activating oxidative stress [111].

Nevertheless, this prooxidant effect was sometimes the origin of a toxicity [112].
Researchers have demonstrated that the toxicity of silica nanoparticles carrying AmB was
more important than that of the unloaded silica nanoparticles on human fibroblasts and on
human endothelial cells. Moreover, the same authors have demonstrated that amphotericin
B-functionalized SiO2 NPs with an average size of 5 and 80 nm have antifungal activity
against several strains of Candida species [113]. This effectiveness was also demonstrated
when SiO2 NPs were immobilized using amphotericin B in the case of dental resins [114].
In another study, AmB macrocyclic polyene was used as a reducing agent and stabilizing
agent during the manufacture of Ag NPs. AmB-Ag nanoparticles (with an average size
of 4 nm) have an inhibitory effect on the growth of Aspergillus niger, Candida albicans, and
Fusarium culmorum. The authors attributed the high antifungal effectiveness of AmB-Ag
NPs to the synergistic effect between AmB and Ag+ ions [78].

ZnO-PEGylated AMB (ZnO-AmB-PEG) nanoparticles demonstrated their antifungal
effects on two strains of Candida spp. When comparing the results obtained by treatment
with ZnO-AmB NPs and free AMB against C. albicans and C. neoformans, it was determined
that ZnO-AmB-PEG NPs significantly reduced the growth of fungi. Additionally, the
toxicity was studied using in vitro blood hemolysis, in vivo nephrotoxicity. ZnO-AmB-
PEG significantly reduced leukocyte counts, creatinine, and blood urea nitrogen levels,
compared to AmB. The authors suggested that ZnO-AmB-PEG could be tested and used
clinically [115]. On the contrary, other works reported an absence of toxicity on the kidneys,
liver, and spleen of Golden Syrian hamsters [87], Swiss mice [91] and Balb/c mice [95]
as well as on red blood cells [79]. In the latter, this was explained by the association of
the functionalized nanoparticles with the circulating high-density (HDL) and low-density
lipoproteins (LDL). Toxicity issues related to inorganic nanoparticles are a long-running
story. Among others, the physicochemical parameters of nanoparticles, the material they
are made with, and their possible degradation products are key points to understand since
they may explain the observed phenomenon. It remains very difficult to express general
rules about this toxicity [61,116].

3.2.3. Inorganic Nanoparticles as Synergic Antioxidants

Two publications focused on the antioxidant activity of nanoparticles carrying
AmB [85,102]. In both, nanoparticles (made either of magnetite iron oxide or of gold)
were synthesized using plants: either the silky hair of corns or the outer leaves of Chinese
cabbage or other aqueous extracts of outer oriental melon peel and peach. It is likely
that the nanoparticle corona contained antioxidant biomolecules such as flavonoids and
polyphenols besides the activity of the metallic core of the nanoparticles. In the two works,
the authors highlighted a strong antioxidant property due to the scavenging of radicals (i.e.,
1,1-diphenyl-2-picrylhydrazyl, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) and
nitric oxide) and also a strong proteasome inhibition. It has already been described that the
antioxidant activity coming from the inorganic core of nanoparticles can be enhanced when
functionalized by other antioxidants such as reduced glutathione [117]. These nanoparti-
cles, when combined with AmB, proved to have synergic activity against Candida spp. The
level of antioxidant property was correlated to the antifungal activity.

The synergic antioxidant effect is less studied in the literature. The obtained antioxi-
dant effect may be linked to the corona of such nanoparticles that are based on extracts of
plants, which can bring an antioxidant activity by themselves. The synergistic aspect of the
nanoparticle combined with AmB is not totally obvious in these examples. Other studies
will certainly bring more robustness to this activity in the future.

4. Summary and Future Directions

Both AmB and inorganic nanoparticles exhibit a Janus face through their redox ac-
tivities. The first generation of formulations is already on the market and is based on
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lipids. In this review, a second generation of nanoparticles carrying AmB was reviewed
to highlight their capacity to behave as synergic prooxidants or antioxidants enhancing
the redox properties of the molecule, and, as a consequence, increasing the therapeutic
activity of AmB. Due to the unique properties of the inorganic nanoparticle, the pre-clinical
development of objects carrying AmB will certainly be dedicated to the development
of agents for theranostic (e.g., using light responsive nanoparticles) and/or for targeted
delivery (e.g., using magnetic nanoparticles with the application of a magnetic field on the
desired site). Indeed, one can easily imagine core corona nanoparticles (or even core multi-
corona nanoparticles) combining the different advantages of their materials. For example,
nanoparticles made with an iron oxide core for magnetic properties surrounded by a silver
corona for their anti-infectious properties and, used for both, and their capacity to respond
to UV-vis radiation to generate oxidative stress at the targeted site. The functionalization of
such objects via AmB would be of great potential for precision therapy.

The future steps for such objects to reach the clinical level remain challenging: re-
quiring proof of non-toxicity as well as non-immunogenicity (no adverse reaction, no
accumulation in organs, etc.), and of their benefit vs. other therapies, provided that the
industrial translation (e.g., scale-up, long-term stability) is feasible.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12101543/s1, Table S1. References [67,68,118–124] are
cited in the supplementary materials.
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Abstract: Currently available silver-based antiseptic wound dressings have limited patient effective-
ness. There exists a need for wound dressings that behave as comfortable degradable hydrogels
with a strong antibiotic potential. The objectives of this project were to investigate the combined
use of gallates (either epi gallo catechin gallate (EGCG), Tannic acid, or Quercetin) as both PVA
crosslinking agents and as potential synergistic antibiotics in combination with silver nanoparticles.
Crosslinking was assessed gravimetrically, silver and gallate release was measured using inductively
coupled plasma and HPLC methods, respectively. Synergy was measured using 96-well plate FICI
methods and in-gel antibacterial effects were measured using planktonic CFU assays. All gallates
crosslinked PVA with optimal extended swelling obtained using EGCG or Quercetin at 14% loadings
(100 mg in 500 mg PVA with glycerol). All three gallates were synergistic in combination with
silver nanoparticles against both gram-positive and -negative bacteria. In PVA hydrogel films, silver
nanoparticles with EGCG or Quercetin more effectively inhibited bacterial growth in CFU counts over
24 h as compared to films containing single agents. These biocompatible natural-product antibiotics,
EGCG or Quercetin, may play a dual role of providing stable PVA hydrogel films and a powerful
synergistic antibiotic effect in combination with silver nanoparticles.

Keywords: gallate; antibacterial; polyvinyl alcohol; synergy; silver nanoparticles

1. Introduction

The optimal features of a wound dressing are to provide an immediate anti-infective
environment in a long-lasting hydrogel that may be easily removed from the wound
by rinsing when required. Poly vinyl alcohol (PVA) has been extensively studied as a
potential wound dressing material since it is biocompatible and may be provided as a
drug-loaded, thin flexible film that quickly swells in water to form a hydrogel. The material
is inexpensive and is used in existing commercial medical orthopedic devices [1,2]. PVA is
generally available with high (99%) or low (under 90%) degrees of hydrolyzation which
renders the material almost insoluble and fully soluble, respectively. For wound dressing
applications, some control of the degradation rate of the PVA is preferred, leading many
workers to describe crosslinking methods to prevent PVA dissolution including the use
of borates [3], citric acid [4] or glutaraldehyde [5,6]. Our group previously investigated
heat crosslinking of PVA (88% hydrolyzed) in the presence of silver nitrate or the simple
ratio blending of 99% and sub 90% hydrolyzation level PVA polymers [7,8] to control
degradation. Such PVA films allow for reasonable control of swelling and degradation
while allowing the encapsulation and release of anti-infective silver salts or nanoparticles.

Silver is a well-established antibacterial agent used in numerous wound dressings.
Silver sulfadiazine creams (prescription or online orders) have been used topically for many
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years and silver containing dressing materials such as Acticoat tm (silver nanoparticles)
or Aquacel Ag tm are applied for longer-term treatment of wounds. Despite widespread
use globally, the efficacy of these wound dressings is limited [9,10]. The improved an-
tibacterial effect of nanoparticulate silver over ionic silver is now well established with
a mechanism of action that may be additive when used with other antibiotics, especially
in drug-resistant settings [11]. This additive or synergistic antibiotic effect against gram-
positive and -negative bacteria of silver nitrate or silver nanoparticles in combination with
existing antibiotics is well established [12–15]. Despite these known effects, there still
remains a need for dual-drug-loaded anti-infective wound dressings, especially as drug
resistant problems increase in clinics.

Gallate-containing molecules such as Tannic acid, Quercetin, and epigallocatechin gal-
late (EGCG) are polyphenols found in many plants and are known to have mild antibiotic
effects against both gram-positive and -negative bacteria with minimal inhibitory concen-
trations determined in this laboratory of the order of 100 µg/mL as compared to silver
nanoparticles at 2.5 µg/mL. The gallate-containing molecule Tannic acid, used for cen-
turies to stabilize collagen in hides to produce leather, has been shown to create extensive
hydrogen bonds with 99% hydrolyzed PVA to strengthen the polymer [16–18]. Similarly,
unpurified tea polyphenol extracts which contain gallates have also been used with PVA
in both a strengthening and antibacterial role [19–21]. Coincidentally, gallates (including
Tannic acid, tea polyphenols, Quercetin, and EGCG) may act as “green” reducing agents to
convert silver salts into stronger anti-infective silver nanoparticles [22–33]. This allows for
the green and inexpensive creation of silver nanoparticles within gallate-containing, PVA
cast films for a possible dual antibacterial drug composition for the treatment of wounds.

Although there is generally an improved antibiotic effect from using the dual-loaded
compositions (silver with Tannic acid [23,24], Quercetin [29,33], and a minor effect with
EGCG [34]), these previous studies usually show minor levels of inhibition and are compli-
cated by the absence of compositions with silver nanoparticles alone. Almost all “green”
synthesis studies do not allow for studies with silver nanoparticles alone since they are
made in situ with the gallates present. Furthermore, most workers report the gallates form
a stabilizing coating on the surface of the silver nanoparticles (e.g., Tannic acid [22,25],
Quercetin [27–30], and EGCG [31] which may inhibit the normal antibiotic effect of the
silver nanoparticles [26,31].

To overcome this problem of “green” synthesis gallate-capping of silver nanoparticles,
we have investigated the use of premanufactured silver nanoparticles (AGNP) incorporated
into gallate-containing PVA (88% hydrolyzed) cast films. By using fully water-soluble (88%
hydrolyzed) PVA, the possible controlled crosslinking and aqueous degradation of the
PVA films was explored. The antibacterial effects (against gram-positive and -negative
bacteria) of all agents (gallate alone, silver nanoparticles alone, or gallate with silver
nanoparticles) was measured using 96-well plate FICI synergy assays. Furthermore, for
PVA films containing agents, CFU counting methods following 24 h incubations of bacteria
with swollen films were used.

2. Materials and Methods

Poly (vinyl alcohol) (Selvol 540, 88 mole% hydrolyzed, Mw~150,000) was purchased
from Sekisui Specialty Chemical Company (Dallas, TX, USA). Silver nanoparticles (10 nm
Biopure-citrate) were purchased from Nanocomposix (San Diego, CA, USA). Tannic acid,
Quercetin, glycerol, and silver salts (>99.0%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Epigallocatechin-gallate (EGCG > 94%) was purchased as a product, Teavigo,
from DSM (Cambridge, ON, Canada). All solvents and other chemicals were purchased
from Fisher scientific. Deionized water was used in the preparation of all formulations.
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2.1. Manufacture of PVA Films
Film Preparation (Solvent-Cast PVA)

PVA solutions were prepared as a 2.5% w/w stock solution by slowly adding PVA
powder to rapidly stirred water, followed by continued stirring and heating to 95 ◦C
for approximately 60 min. When a clear solution had formed, the contents were cooled.
Solutions with silver nanoparticles were prepared by adding known volumes of the stock
solution to 20 mL volumes of PVA solution with or without glycerol (20% final concentration
to PVA). Films were cast in 60 mm × 15 mm disposable polystyrene Petri dishes. The
solutions in Petri dishes were left in a 37 ◦C oven overnight, in order for the water to
evaporate. All dried films were stored in a dark cupboard before evaluation. Films were
easily removed from Petri dishes with forceps after the rim coating on the vertical side of
the Petri dish was cracked.

PVA films contained 500 mg of PVA and 100 mg of glycerol (where applicable). EGCG
and Tannic acid films contained 0.04% Silver (to PVA) or 200 µg of silver, and Quercetin
films contained 0.02% silver (to PVA) or 100 µg of silver. Silver salt solutions were prepared
at 10 mg/mL concentrations in water and stored covered with aluminum foil in a dark
cupboard until required.

2.2. Swelling Determinations
Film Swelling Studies

Film sections weighing 50 mg were placed on moistened 0.45 um filter discs (S Pak
HA membrane 47 mm diameter, Millipore, Billerica, MA, USA) and weighed. The films
and filters were covered with approximately 0.5 mL of water. After set time periods, the
filter discs and adherent PVA-gallate gel were moved to a Millipore vacuum apparatus and
vacuum was applied to draw all excess water from the filter over approximately 5 s. This
was enough to remove all surface and loose water but not shrink the gels. The combined
PVA gel and filter were reweighed and then placed back in water. The weight gain (termed
swelling) was then calculated as a percentage of the original dry film weight.

2.3. Drug Release Studies and Characterization

Films (100 mg) containing EGCG, Tannic acid, or Quercetin along with silver nanopar-
ticles were placed in 10 mM Hepes buffer (pH 7.3) (5 mL) and all this buffer was removed
at regular intervals for silver analysis by Inductively Coupled Plasma (ICP Agilent, Santa
Clara, CA, USA) analysis and gallate analysis by HPLC analysis. The 5 mL of Hepes
buffer was then replaced with 5 mL of fresh buffer added to the films. Experiments were
performed using triplicate samples.

Silver calibration standards (10 to 2000 ng/mL) were run every 30 samples. The
ICP instrument displayed reproducible standard curves, over 75 sequential rounds of
silver analysis with detection limits as low as 10 ng/mL. Each release study was run in
triplicate for at least two weeks and the results plotted as the calculated percentage of silver
released as a function of time. A Waters Acquity HPLC system (Milford, MA, USA) with
Empower software version 1 and UV/VIS analysis was used for both Quercetin and EGCG
quantitation. For EGCG, the mobile phase was a gradient of acidified water (glacial acetic
acid 0.5%) and acetonitrile from 90:10 to 80:20 over 6 min followed by 6 more min with the
80:20 mobile phase and detection at 293 nm. For Quercetin, the mobile phase was isocratic
using 0.5% acetic acid and acetonitrile at a 65:35 ratio and detection at 375 nm.

2.4. Bacterial Studies

The bacteria used were Methicillin-resistant Staphylococcus aureus (MRSA (USA 300))
(gram-positive) and Escherichia coli (E. coli. K12) (gram-negative) and were grown in
lysogeny broth. These bacteria represent difficult-to-treat bacteria from the gram-positive
and -negative categories are the go-to standard bacteria used by most groups in the micro-
biological field.
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2.5. 96-Well Plate Checkerboard Assays

EGCG, Quercetin, or silver (expressed as the concentration of silver, not salt) were
serially diluted 2-fold (using silver along one axis and EGCG or Quercetin along the other)
across the 96-well plate. This was then followed by the addition of 100 uL of bacterial
culture with an OD600 of 0.0025 to all wells. Plates were then wrapped with foil and
incubated for 24 h at 37 ◦C. The turbidity in each well was then analyzed using a microplate
reader at OD600. Control lanes containing drugs alone and no bacteria were also run to
check for background interference.

2.6. Fractional Inhibitory Concentration Index (FICI) Determination

The FICI was calculated using values of the turbidity of the wells adjusted to back-
ground interference. The FICI of each agent (e.g., Silver or EGCG) was determined as
the minimal inhibitory concentration (MIC) of one agent divided by the MIC of the other
agent to the MIC of that agent alone. FICI was then computed as the sum of each agent’s
FIC. The FICI values were then interpreted as follows: FICI ≤ 0.5, synergy; FICI 0.5–≤0.75
partial synergy; FICI 0.75–≤1.0, additive effect; FICI >1.0–≤4.0, indifference; and FICI > 4.0,
antagonism as similarly described by others [35–37].

2.7. Colony Forming Unit, Kill-Curve Test

PVA films (12.5 mg) were placed in 20 mL flat-bottomed screw cap glass vials. Then,
1 mL of bacterial culture at OD600 of 0.005 in Lysogeny broth (LB) medium was added to the
film which then swelled. The vials were left in the dark at 37 ◦C for 24 h. Samples of 100 uL
were extracted from each tube at 24 h followed by 10-fold serial dilutions in small tubes.
Then, 10 uL of each dilution was taken and pipetted onto LB agar plates. These plates were
then incubated for 24 h at 37 ◦C. Colonies were counted using a low magnification optical
microscope and the counts presented in log CFU/mL.

2.8. Statistics

The students T test (unpaired) was used to determine significance with a p value of
less than 0.05.

3. Results

PVA films containing Tannic acid or EGCG at lower concentrations were generally
clear and strong. With the addition of glycerol, the films were very flexible but did not
break under pressure. Films containing Quercetin were only clear at low concentrations
(up to 100 mg in 500 mg PVA) but dried films were cloudy after that. The cloudiness in
films probably arose from the reducing solubility of Quercetin, EGCG, and Tannic acid in
the drying water cast film so that as the water evaporated, the agents precipitated. The final
composition of the major films (termed EGCG 75, EGCG 100, Quercetin 100, and Quercetin
200) is shown in Table 1.

Table 1. Composition of major films (weight %).

Title PVA % Gallate % AGNP % Glycerol %

EGCG 75 74 11 0.03 15

EGCG 100 71 14 0.03 14.3

Quercetin 100 71 14 0.014 14.3

Quercetin 200 63 25 0.012 12.5

3.1. Swelling Studies

PVA films with or without glycerol and just silver or no drugs dissolved almost
immediately and fully in less than two hours. Films were manufactured using 500 mg
of PVA (20 mL of 2.5% w/v) with various amounts of Tannic acid, EGCG, or Quercetin
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between 50 mg and 500 mg. All films were made with or without the plasticizing agent
glycerol. Swelling data (at 5 min, 1 day and 4 days) are shown for all films containing
glycerol in Table 2. Because these studies included 20 samples, only single samples were
used and measured over multiple time points. The experiments were repeated twice and
demonstrated the same concentration-dependent crosslinking effect of the gallates on PVA.

Table 2. Swelling data were collected for PVA films all with 20% glycerol, containing different
amounts of EGCG, tannic acid, or quercetin in an initial film with 500 mg of PVA. Films with EGCG
or tannic acid also had 0.04% silver nanoparticles and quercetin films had 0.02% silver nanoparticles.
The films were monitored over time, similar to Figures 1 and 2. PVA-only films dissolved in under
2 h. Tannic acid films, despite initial swelling, did not stay swollen for 24 h. EGCG at 75 and 100 mg
or quercetin at 100 or 200 mg (initially in 500 mg PVA films) which remained swollen for four days
were used for further studies.

Swelling Studies (%)

Incubation Time

500 mg PVA films with 20% glycerol (100 mg) and gallates 5 min 1 day 4 days

EGCG 50 mg 345 352 −54

EGCG 75 mg 286 370 91

EGCG 100 mg 271 220 260

EGCG 200 mg 112 152 216

EGCG 300 mg 84 92 88

EGCG 400 mg 114 120 126

EGCG 500 mg 90 92 94

Tannic 50 mg 151 180 35

Tannic 75 mg 147 82 57

Tannic 100 mg 147 74 27

Tannic 200 mg 135 45 35

Tannic 300 mg 154 59 55

Tannic 400 mg 159 69 79

Tannic 500 mg 179 70 76

Quercetin 50 mg 154 14 4

Quercetin 75 mg 798 256 170

Quercetin 100 mg 710 268 220

Quercetin 200 mg 404 402 400

Quercetin 300 mg 256 264 290

More detailed examples of the time courses of swelling for Tannic acid, EGCG, and
Quercetin (all 100 mg in 500 mg PVA) are shown in Figures 1 and 2.

Films containing Tannic acid swelled rapidly (15 min) to levels between 200 and 300%
which remained swollen for 3 to 4 h before slowly breaking down over 24 h. The was little
impact from the concentration of Tannic acid in the PVA or the inclusion of glycerol in these
swelling studies (Figure 1).

Swelling for EGCG-loaded PVA films was similarly largely unaffected by the inclusion
of glycerol and was more robust and long-lasting than that observed for Tannic acid. When
100 mg of EGCG in 500 mg PVA was used, swelling was stable at approximately 300% for
14 days (Figure 1). Using 50 mg of EGCG brought high initial levels of swelling that did
not last, and when 200 to 500 mg of EGCG was used, swelling levels were constant over
4 days at around 100% (Table 2).

26



Antibiotics 2024, 13, 312

Antibiotics 2024, 13, x FOR PEER REVIEW 5 of 16 
 

mg and 500 mg. All films were made with or without the plasticizing agent glycerol. Swell-
ing data (at 5 min, 1 day and 4 days) are shown for all films containing glycerol in Table 
2. Because these studies included 20 samples, only single samples were used and meas-
ured over multiple time points. The experiments were repeated twice and demonstrated 
the same concentration-dependent crosslinking effect of the gallates on PVA. 

More detailed examples of the time courses of swelling for Tannic acid, EGCG, and 
Quercetin (all 100 mg in 500 mg PVA) are shown in Figures 1 and 2. 

 
Figure 1. Swelling studies. PVA films (50 mg), with +/− 20% glycerol to PVA, and 0.04% silver nano-
particles, were tested for swelling in water. Initial films contained 100 mg EGCG in 500 mg PVA. 
Glycerol had no effect on swelling. Durable swelling was observed for EGCG, but only short-lived 
for tannic acid. 

 
Figure 2. Swelling studies. PVA films (50 mg) each with 20% glycerol to PVA were tested for swelling 
in water. These films also contained silver nanoparticles at 0.02% (w/w to PVA). The initial films were 
loaded with either 100 mg or 200 mg of quercetin in 500 mg of PVA. It was noted that the films 
loaded with 100 mg and 200 mg of quercetin showed durable swelling. 

-80

20

120

220

320

420

520

0 5 1 0 1 5

SW
EL

LI
N

G
%

TIME DAYS

EGCG

EGCG+GLYCEROL

TANNIC

TANNIC+GLYCEROL

0

100

200

300

400

500

600

700

800

0 1 2 3 4 5

SW
EL

LI
N

G
 %

TIME DAYS

QUERCETIN 
100+GLYCEROL

QUERCETIN 200 + 
GLYCEROL

Figure 1. Swelling studies. PVA films (50 mg), with +/− 20% glycerol to PVA, and 0.04% silver
nanoparticles, were tested for swelling in water. Initial films contained 100 mg EGCG in 500 mg PVA.
Glycerol had no effect on swelling. Durable swelling was observed for EGCG, but only short-lived
for tannic acid.
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Figure 2. Swelling studies. PVA films (50 mg) each with 20% glycerol to PVA were tested for swelling
in water. These films also contained silver nanoparticles at 0.02% (w/w to PVA). The initial films were
loaded with either 100 mg or 200 mg of quercetin in 500 mg of PVA. It was noted that the films loaded
with 100 mg and 200 mg of quercetin showed durable swelling.

For Quercetin, swelling levels were initially higher but soon dropped down to stabilize
in the 200 to 400% swelling range at 4 days (Table 2 and Figure 2). Quercetin could not be
loaded uniformly in PVA films at levels higher than 300 mg in 500 mg PVA.

3.2. Drug Release Studies

Release studies were performed with PVA films containing concentrations of EGCG at
75 mg or 100 mg or Quercetin at 100 mg or 200 mg (to 500 mg of PVA) containing glycerol
(20%) with or without silver nanoparticles. These films showed prolonged swelling times in
the swelling studies (Table 2). Tannic acid loaded films were not studied because swelling
did not prolong past 1 day. These films (EGCG 75 and 100 or Quercetin 100 and 200) were
considered the most clinically relevant and release studies were only performed at 37 ◦C,
also to match clinically relevant conditions.

EGCG released from films with a burst phase over one day followed by a more
sustained release over the next six days (Figure 3). All samples reached approximately
40% of encapsulated EGCG released by day 7. The 75 mg EGCG no-silver sample released
a little over 50% of drug but the release data were not significantly different to the other
samples. Interestingly, one residual film for the 75 mg EGCG no-silver sample was broken

27



Antibiotics 2024, 13, 312

down (polytron homogenizer with ethanol extraction) and showed 47% of the initially
loaded EGCG still present in agreement with the data in Figure 3.
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Figure 3. EGCG release from PVA films +/− silver nanoparticles (AGNP). Each film containing 75 or
100 mg of EGCG (to 500 mg of PVA in the initial film), along with 20% glycerol to PVA and 0.04%
silver nanoparticles to PVA.

Quercetin released from the PVA films in a similar profile to EGCG with a burst phase
over the first day followed by a slow release over the next six days. There was no significant
difference between samples. However, the amount of Quercetin released was much lower
than for EGCG films, reaching only six to ten percent release by 1 day and only minor (but
measurable) release after that time (Figure 4). One film loaded with Quercetin at 100 mg
(no silver) was broken down after 7 days and showed 94% remaining drug in approximate
agreement with released data showing less than 10% drug release.
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and 0.02% silver nanoparticles to PVA.

28



Antibiotics 2024, 13, 312

3.3. Silver Release Study

Silver released from the PVA films more rapidly than EGCG and Quercetin released
from the same films. For EGCG loaded films, silver nanoparticles released with a large burst
phase for the 100 mg EGCG films but a smaller burst phase for the 75 mg EGCG loaded
films (Figure 5). After five hours the release rate for both the 75 and 100 mg EGCG films was
steady and sustained, reaching full release for the 100 mg films (measured at over 100%)
at 7 days and 66% released for the 75 mg films. These release values were significantly
different on day 3 and day 7 but not on day 2. Silver released from Quercetin loaded films
without a burst phase but rather a steady release of approximately 55% by day 3 and a
minor but measurable release by day 7 (Figure 6). There was no significant difference in
release rates between the 100 mg and 200 mg (to 500 mg PVA) Quercetin-loaded films.
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Figure 5. Silver nanoparticles released from EGCG-loaded PVA films. All films contained 20%
glycerol and 0.04% silver nanoparticles. EGCG was loaded at either 75 mg (11% of PVA) or 100 mg
(14% of PVA) to 500 mg PVA.
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Figure 6. Silver nanoparticles released from Quercetin-loaded PVA films. All films contained 20%
glycerol and 0.02% silver nanoparticles. Quercetin was loaded at either 100 mg (14% of PVA) or
200 mg (24% of PVA).
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3.4. Fractional Inhibitory Concentration Index (FICI) Determinations

The minimal inhibitory concentrations (MIC) for EGCG, Tannic acid, and Quercetin
against MRSA and E. coli were in the range of 50 to 100 µg/mL as seen in Table 3. The MIC
for silver nanoparticles was much lower at 2.5 µg/mL. When placed in combination against
these bacteria, the FICI values for all combinations were less than 0.5 (range 0.14 to 0.43)
establishing that these combinations of antibiotics are synergistic. The same experiments
were run using silver nitrate in place of silver nanoparticles. The MIC of silver nitrate
against both bacteria was the same as for nanoparticles at 2.5 µg/mL. The FICI values
against MRSA were 0.5 (EGCG), 0.75 (Tannic acid), and 0.62 (Quercetin). For E. coli the FICI
values were 0.31 (EGCG), 0.56 (Tannic acid), and 0.56 (Quercetin). Therefore, silver nitrate
is fully synergistic with EGCG for both bacteria and partially synergistic for Tannic acid
and Quercetin (FICI of 0.75 or less).

Table 3. Final FICI scores (MIC mean combination) for gallate synergy with silver nanoparticles in
bacterial studies against gram-positive (MRSA) or gram-negative (E. coli) bacteria.

Gallate MRSA E. coli

MIC
Alone(µg/mL)

MIC (Mean)
Combination St. Dev. MIC

Alone(µg/mL)
MIC (Mean)

Combination St. Dev.

EGCG 50 0.35 0.16 100 0.3 0.22

Tannic acid 50 0.197 0.057 50 0.43 0.18

Quercetin 50 0.147 0.05 100 0.43 0.11

Silver nanoparticles 2.5 2.5

3.5. In-PVA Gel Antibacterial Testing

When PVA films were placed in a small volume of broth containing bacteria, they
swelled and formed robust gels, mimicking application to a wound with exudate. Films
containing EGCG or Quercetin at two concentrations with or without silver nanoparticles
along with control (no drug) or silver nanoparticles alone were compared for their ability to
inhibit bacterial growth at 24 h using either MRSA or E. coli. Experiments were performed
on three separate occasions, and all showed the same effect. The mean value of the three is
shown, but because of different initial inoculum counts, error bars are not included.

3.6. EGCG with MRSA

After 24 h, the untreated bacteria proliferated from approximately 106 CFU/mL to
approximately 1010 CFU/mL. All films containing agents inhibited such growth (Figure 7A).
The single agents alone (silver nanoparticles or EGCG) reduced bacterial growth to the
order of 108 to 5 × 106 CFU/mL, but the combinations of EGCG and silver nanoparticles
inhibited bacterial growth, restricting it below the original 106 CFU/mL level with the
higher EGCG loaded film killing all bacteria. The order of inhibition was EGCG100 +
AGNP > EGCG75 + AGNP > EGCG100 > EGCG75 > AGNP.
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Figure 7. CFU bacterial studies. (A) 12.5 mg films soaked in 1 mL MRSA broth for 24 h, then CFU
counted. All films contained 20% glycerol. Films contained EGCG at 75 mg or 100 mg (in 500 mg
PVA) +/− silver nanoparticles (AGNP) at 0.04%. Control films contained PVA alone. (B) 12.5 mg
films soaked in 1 mL E. coli broth for 24 h, then CFU counted. All films contained 20% glycerol. Films
contained EGCG at 75 mg or 100 mg (in 500 mg PVA) +/− silver nanoparticles (AGNP) at 0.04%.
Control films contained PVA alone. (C) 12.5 mg films soaked in 1 mL MRSA broth for 24 h, then CFU
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PVA) +/− silver nanoparticles (AGNP) at 0.02%. Control films contained PVA alone. (D) 12.5 mg
films soaked in 1 mL E. coli broth for 24 h, then CFU counted. All films contained 20% glycerol. Films
contained Quercetin at 100 mg or 200 mg (in 500 mg PVA) +/− silver nanoparticles (AGNP) at 0.02%.
Control films contained PVA alone.

3.7. EGCG with E. coli

E. coli proliferated from an initial inoculum of approximately 105 CFU/mL to
5 × 109 CFU/mL after 24 h (Figure 7B). Silver nanoparticles alone only produced mild inhi-
bition of this growth but both concentrations of EGCG-loaded films strongly inhibited the
proliferation of E. coli bacteria. The combination of EGCG and AGNP results in increased
inhibition of E. coli growth as compared to either agent alone.

3.8. Quercetin with MRSA

MRSA grew rapidly over 24 h from approximately 105 CFU/mL to approximately
108 CFU/mL (Figure 7C). Films loaded with either Quercetin (100) or AGNP alone inhibited
bacterial proliferation mildly, whereas the film loaded with the higher concentration of
Quercetin inhibited proliferation strongly. Both films containing combinations of Quercetin
and AGNP inhibited proliferation more than single agents alone. Indeed, the films loaded
with the high (200) loading of Quercetin killed all bacteria.

3.9. E. coli with Quercetin

After 24 h the bacteria grew from an initial approximate inoculum of 105/mL to
approximately 108 CFU/Ml (Figure 7D). The film loaded with the lower concentration of
Quercetin and the film with silver nanoparticles alone inhibited bacterial growth mildly.
Films loaded with combinations of silver nanoparticles and Quercetin inhibited bacterial
proliferation more than films loaded with each agent alone.

4. Discussion

Poly vinyl alcohol hydrogels may be suitable wound dressings because they are
comfortable, easy to remove, and may contain anti-infective drugs. However, PVA films
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manufactured using the 99% hydrolyzed PVA do not allow for any controlled degradation
since they are largely insoluble. We have previously developed crosslinked degradable
PVA films using the 88% hydrolyzed form by heat treatment in the presence of silver [7].
However, heat treatment complicates the manufacturing method, and may not be suitable
for certain drugs and only occurs with silver ions present.

In this study, the gallate containing compounds, EGCG, Tannic acid, and Quercetin
has been shown to allow for extensive crosslinking of PVA (88% hydrolyzed) as witnessed
by concentration-dependent inhibition of dissolution with certain concentrations providing
well-swollen (hydrogel) films (Figures 1 and 2 and Table 2). The crosslinking is likely due
to extensive hydrogen bonding between the gallate hydroxyl groups of tannic acid and
the PVA hydroxyl groups on PVA and has been noted by many previous studies using
99% hydrolyzed PVA [16–18]. These previous studies sought to further strengthen PVA
matrices rather than impacting dissolution in water. Similarly, tea polyphenols which
contain many varieties of gallate-catechins including EGCG as well as caffeine [19,26,38]
have been used to strengthen or impact the degradation of PVA films [19,20] via hydrogen
bonding processes. There are limited studies using EGCG or Quercetin as singular agents
directly in PVA films for mechanical or solubilization effects, although Quercetin has been
used in PVA in combination with boron [39,40] and used as an antioxidant in PVA for
food packaging [41]. The hydrogen bonding potential of Tannic acid and EGCG has been
previously noted around drug solubilization of hydrophobic drugs [42–44].

The crosslinking effect of Tannic acid was short-lived and never lasted more than 24
h, but both EGCG and Quercetin provided swollen PVA gels at 4 days or more (Table 2).
The reason for this less effective crosslinking by Tannic acid is unknown, but in terms of
hydroxyl content in relation to molecular weight, then the order is EGCG > Quercetin > Tannic
acid which may suggest an increased hydrogen bonding capacity of EGCG or Quercetin
over Tannic acid. However, these different hydroxyl ratios are small, and the more likely
influencing factor may the much larger molecular weight of Tannic acid (approximately
1700 dalton) as compared to EGCG (458) or Quercetin (302) so that steric effects may impact
H bonding potential with the PVA polymer chains. Following the swelling studies, it
was decided to use the EGCG (75) and EGCG (100) along with the Quercetin (100) and
Quercetin (200) variants in further studies (all containing glycerol) since they allowed for
swollen hydrogels with either partial or no degradation at four days (Table 2) for each
crosslinking agent.

EGCG released well from the EGCG (75) and EGCG (100) PVA films with approxi-
mately 40% of the loaded drug releasing by day 3 which might provide high local concen-
trations of the agent on wounds for the critical first few days (Figure 3). It is likely that
the unreleased fraction of the drug is more tightly bound in the PVA matrix. Quercetin
released more slowly than EGCG, releasing between 6 and 10% of the loaded drug in the
first three days. The minimal inhibitory concentrations of gallates against difficult-to-treat
bacteria like E. coli and MRSA is of the order of 50–100 µg/mL (Table 3). All these films
were cast in a 20 cm2 Petri dish so that if one-quarter of a film (5 cm2 with approximately
25 mg of gallate) was to be used for a small wound, then these rates of drug release would
provide a huge excess of antibacterial agents based on these release rates. For example, the
preferred care of diabetic wounds (which do have an average size of approximately 5 cm2)
is debridement with saline washing and then methods to keep the wound moist [45]. So, if
a 5 cm2 PVA-gallate film was placed on a wound with perhaps 1–2 mL of saline/exudate
present in the swollen film, then the local gallate concentration would be easily sufficient
as an anti-infective system.

Silver nanoparticles released more quickly from the PVA films than the gallates with
approximately 50–60% of loaded silver released by two days for any films (Figures 5 and 6).
These levels of drug release from a 5 cm2 film (approximately 25–50 µg of total silver
nanoparticles) placed on a wound with 2 mL of water/exudate might provide local con-
centrations of 6–12 µg/mL whereas the MIC of silver nanoparticles for E. coli and MRSA
is 2.5 µg/mL (Table 3). Again, these release profiles theoretically provide sufficient drug
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alone for the inhibition of bacterial growth. Clearly the simultaneous release of EGCG (or
Quercetin) with silver nanoparticles from these films should provide a huge excess of drug
for extended periods on moist wounds.

Numerous studies have explored the antibiotic potential of gallate compositions as
compared to compositions that also contain silver nanoparticles. These studies demon-
strated an increased antibiotic potential over compositions containing silver or gallates
alone [23,24,29,33,34]. However, these effects were not assessed by fractional inhibitory
concentration index methods for synergy. In fact, although the word “synergy” is used
frequently in this field, no studies measured FICI values and any reported increase in
inhibitory effects were frequently small or did not include silver-alone measurements. In
a study on wound closure, Kar et al. [44] demonstrated faster closure using EGCG with
silver nanoparticle patches as compared to single agent patches but showed no increased
inhibition in the growth of gram-positive or -negative bacteria using the combination
systems. Similarly, Xiong et al. [34] described improved wound healing using EGCG
plus silver nanoparticles over EGCG alone which was reported to arise from synergistic
antibacterial activity (against E. coli and Staph aureus), yet improved antibacterial activity
was less than 25% and silver alone was not measured. Badhwar et al. [33] demonstrated
improved diabetic wound closure using Quercetin in combination with silver nanoparticles
over each agent alone and mentioned synergistic effects against E. coli and Staph aureus, but
the increased inhibition of bacterial growth was only measured in agar plates with only
minor effects.

In this study, we have established strong antibacterial synergy among all three gallates
(EGCG, Tannic acid, and Quercetin) and silver nanoparticles (Table 3). Similar results were
found for the combined use of gallates with silver nitrate, whereby FICI values showed
synergy (EGCG) or partial synergy (Quercetin and Tannic acid). The FICI values for silver
nanoparticles were all well below 0.5 for both E. coli and MRSA.

These studies used the EGCG (75) and EGCG (100) or Quercetin (100) and Quercetin
(200) loaded films as they had been shown to release agents well over 24 h and to allow for
optimal crosslinked PVA hydrogel formation. These studies do not allow for determination
of synergy but offer a suitable method for comparing the antibiotic potential of the films
with individual agents or combinations of agents in a swollen aqueous setting like those
found in a wound. These studies established that at all loadings of EGCG, Quercetin, and
silver nanoparticles that the combined use of silver with EGCG or Quercetin provided
increased inhibition of bacterial growth than films with single agents (Figure 7A–D). These
data support the synergy findings established in the FICI studies (Table 2). All films
had some inhibitory capacity over control films (PVA–glycerol, no drug) establishing the
rationale for the use of PVA hydrogel films loaded with these drugs and especially with
combinations of silver and gallates.
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Abstract: The continuous rise in bacterial infections and antibiotic resistance is the driving force
behind the search for new antibacterial agents with novel modes of action. Antimicrobial peptides
(AMPs) have recently gained attention as promising antibiotic agents with the potential to treat drug-
resistant infections. Several AMPs have shown a lower propensity towards developing resistance
compared to conventional antibiotics. However, these peptides, especially acyldepsipeptides (ADEPs)
present with unfavorable pharmacokinetic properties, such as high toxicity and low bioavailability.
Different ways to improve these peptides to be drug-like molecules have been explored, and these
include using biocompatible nano-carriers. ADEP1 analogues (SC005-8) conjugated to gelatin-
capped Silver/Indium/Sulfide (AgInS2) quantum dots (QDs) improved the antibacterial activity
against Gram-negative (Escherichia coli and Pseudomonas aeruginosa), and Gram-positive (Bacillus
subtilis, Staphylococcus aureus and Methicillin-resistant Staphylococcus aureus) bacteria. The ADEP1
analogues exhibited minimum inhibition concentrations (MIC) between 63 and 500 µM, and minimum
bactericidal concentrations (MBC) values between 125 and 750 µM. The AgInS2-ADEP1 analogue
conjugates showed enhanced antibacterial activity as evident from the MIC and MBC values, i.e.,
1.6–25 µM and 6.3–100 µM, respectively. The AgInS2-ADEP1 analogue conjugates were non-toxic
against HEK-293 cells at concentrations that showed antibacterial activity. The findings reported
herein could be helpful in the development of antibacterial treatment strategies.

Keywords: acyldepsipeptides; antibacterial peptides; anionic peptides; palmitic acid; adamantane;
nanomaterials; nano-carriers; AgInS2 quantum dots

1. Introduction

In recent years, nanotechnology has attracted significant interest, especially in the phar-
maceutical industry. Nanomaterials have been explored as promising tools for biomedical
applications such as biosensors, drug delivery, and imaging, amongst others [1]. Nanoma-
terials are very small, usually ranging from 1 to 100 nm, and have a larger surface area.
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Importantly, nanomaterials can be easily functionalized by conjugating compounds of
interest [2]. Properties of nanomaterials such as size, chemical composition, shape, and
surface structure can significantly influence how they interact with other molecules. For
instance, the surface functionalization of core nanomaterials with various ligands can lead
to their use in different biological applications. Due to their small size, nanomaterials
can passively diffuse through cell membrane pores and ion channels via endocytosis. In
addition, active targeting can be achieved by attaching ligands to the nanomaterials to
facilitate internalization by specific cells [3]. Nanomaterials are therefore good drug deliv-
ery systems that can improve existing drugs to achieve desirable therapeutic efficacy. The
conjugation of pharmaceutically active compounds with poor pharmacokinetic properties
to nanomaterials has been shown to increase drug solubility, bioavailability, and decrease
enzyme susceptibility [4–6]. Nanomaterials can reduce toxicity and adverse side effects of
conventional drug molecules by increasing drug selectivity and improving permeability
across membranes, including the blood–brain barrier [7].

Nanomaterial have also been shown to play a pivotal role in enhancing the antimicro-
bial activity of antimicrobial peptides (AMPs) [8]. AMPs are promising antibiotic agents
with the potential to treat drug-resistant infections. Several AMPs have shown a lower
propensity towards developing resistance compared to conventional antibiotics [9]. How-
ever, these peptides, especially acyldepsipeptides (ADEPs) present with unfavourable
pharmacokinetic properties such as high toxicity and low bioavailability [10]. ADEPs
are a class of AMPs that target the bacterial ClpP protease and have great potential as
antibiotics. The ADEPs bind and dysregulate the bacterial caseinolytic protease (ClpP),
which is responsible for the overall bacterial cell protein homeostasis. Different ways to
improve ADEPs to be drug-like molecules have been explored; however, the interventions
compromise the antimicrobial potency of the peptides. In a recent study, ADEP1 analogues
showed poor antibacterial activity with a minimum inhibitory concentrations (MIC) of
≥63 µM against Gram-positive bacteria and ≥125 µM against Gram-negative bacterial
strains [11]. These analogues are derivatives of highly potent ADEP1 (ADEP A54556A).
The conjugation of such potential drug molecules to biocompatible nano-carriers, such as
quantum dots (QDs), would increase the desired biological activity.

QDs have gained traction in medicine as bio-imaging tools, drug delivery systems,
and in-sensor applications [12]. QDs used as nano-carriers of drugs have been reported to
improve bioavailability, biocompatibility, and the efficacy of drugs [13,14]. Conjugation of
doxorubicin to ZnO QDs for the treatment of lung cancer is one example that highlights
the effectiveness of using nanomaterials as drug delivery systems [15]. In this study,
gelatin-capped Silver/Indium/Sulfide (AgInS2) QDs were utilized as nano-carriers for
antimicrobial ADEP1 analogues, previously reported by Cobongela et al., [11]. AgInS2 QDs
are known I-III-VI semiconductors that also exhibit a long-term photoluminescence decay
lifetime [16]. Due to their remarkable photoluminescence properties and low cytotoxicity,
they have found use in bio-imaging and cell targeting [17–19]. AgInS2 QDs were conjugated
to ADEP1 analogues (Scheme 1) to improve their antibacterial efficacy.
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Scheme 1. Disulphide bond cyclized ADEP1 analogues. (A)—SC005 (Palmitic acid-FCPAAPC; D-form
amino acids); (B)—SC006 (Adamantane-FCPAAPC; D-form amino acids); (C)—SC007 (Adamantane-
FCPAAPC; L-form amino acids); (D)—SC008 (Palmitic acid-FCPAAPC; L-form amino acids) [11].

2. Results and Discussion
2.1. Characterization of AgInS2 QDs

The HR-TEM in Figure 1 confirmed a successful synthesis of gelatin-capped AgInS2
QDs. The micrograph shows that the AgInS2 QDs are evenly dispersed and spherical in
shape with a core size of 5.27 ± 1.68 nm. The elemental analysis of gelatin-capped AgInS2
QDs was performed using ED-XRF and confirmed the presence of Ag, In, and S; with their
percentage and ratio shown in Table 1. The gelatin on the surface of the QDs accounted for
the majority of the components of AgInS2 QDs.

Table 1. Elemental analysis of gelatin-capped AgInS2 QDs.

Elements Ag In S

% 0.8 1.6 14.4
Ratio 1 2 18
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Figure 1. TEM image and size distribution of gelatin-capped AgInS2 QDs.

2.2. Functionalization of AgInS2 QDs with ADEP1 Analogues

Gelatin-capped AgInS2 QDs were functionalized with ADEP1 analogues via EDC/sulfo-
NHS coupling chemistry, as demonstrated in Scheme 2. The carboxylic groups of the ADEP1
analogues were activated in the absence of the gelatin-capped AgInS2 QDs. The gelatin contains
an amine (NH3

+) which is readily available to form an amide bond with the activated COO−

end of the ADEP1 analogues. Treatment of the ADEP1 analogues with EDC/sulfo-NHS in
the presence of gelatin-capped AgInS2 QDs could potentially result in intramolecular coupling
between these carboxylic groups and the amine groups on the gelatin. The conjugation utilized
the gelatin lysine amino group on the surface of the AgInS2 QDs and the carboxylic group on the
C-terminal of the ADEP1 analogues to form an amide bond [20].
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Scheme 2. Conjugation of ADEP1 analogues to gelatin-capped AgInS2 QDs via EDC/sulfo-NHS
coupling-chemistry. R = peptide sequence.

The conjugation of SC005-8 ADEP1 analogues increased the size of the AgInS2 QDs
(Figure 2A–D). The size distribution of palmitic acid-containing (SC005 and SC008) con-
jugates changed to 11.6 and 12.3 nm, respectively, whereas the adamantane-containing
(SC006 and SC007) conjugates had average size of 6.9 and 7.7 nm, respectively. The increase
in the size distribution of the conjugates is an indication of changes on the surface of the
QDs. Other studies have also noted an increase in nanomaterial and QD size upon conjuga-
tion with biomolecules, such as peptides [21–23]. Optical properties were measured using
photoluminescence spectroscopy with emission wavelengths between 400 and 700 nm.
Luminescent QDs, such as AgInS2 QDs, have long-lived excited states; therefore, the excita-
tion wavelength was marginalized [24]. The gelatin-capped AgInS2 QDs had an emission
peak at 603 nm while the AgInS2 QD-ADEP1 analogue conjugates shifted the emission
to lower wavelengths. AgInS2 QDs conjugated to the pal-containing ADEP1 analogues
(i.e., SC005 and SC008) absorbed at 595 nm while ada-containing ADEP1 analogues (i.e.,
SC006 and SC007) absorbed at 599 nm (Figure 3). Conjugation added a coating on the
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surface of the AgInS2 QDs, this in turn shielded the surface of the QDs. In addition, the
shift in emission wavelength might be a result of increased size and the change in surface
properties of the AgInS2 QDs post conjugation.
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Figure 3. Photoluminescence properties of gelatin-capped AgInS2 QDs and AgInS2 QDs-ADEP1
analogue conjugates.
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The AgInS2 QDs-ADEP1 analogue conjugates were further characterized using zeta-
sizer and DLS to determine their surface charge and hydrodynamic size. Table 2 shows the
zeta potential values of the ADEP1 analogues before and after conjugation. The AgInS2
QDs had a zeta potential value of −3.69 ± 0.9 mV. The ADEP1 analogues also had negative
net charges ranging between −7.2 and −3.8 mV prior to conjugation. This confirmed the
anionic state of the ADEP1 analogues, which is a result of the carboxylic anion (COO−)
at physiological pH. Anionic peptides have a disadvantage in penetrating bacterial cells,
as they are made up of negatively charged polysaccharides, while cationic peptides have
been commended for their cell permeability capability [25]. ADEP1 analogues lack the
cationic advantage, which may lead to poor cell permeability and bioavailability. Therefore,
to mitigate the challenges of poor pharmacokinetic properties associated with ADEPs,
the analogues were conjugated to AgInS2 QDs. The DLS results showed an increased
diameter of AgInS2 QDs (36.7 ± 2.8) nm compared to the particle diameter measured by
TEM. The conjugation also led to an increased hydrodynamic diameter of the AgInS2 QDs
(Table 2), with palmitic acid-containing ADEP1 analogues being slightly bigger than the
adamantane-containing ADEP1 analogues. These results showed that the conjugation of
the ADEP1 analogues to AgInS2 QDs resulted in a positive net charge, which could enhance
the cell permeability properties of the peptides.

Table 2. Zeta potential values and hydrodynamic size of the ADEP1 analogues before and after
conjugation to AgInS2 QDs.

ADEP1 Analogue Zeta Potential (mV)
before Conjugation

Zeta Potential (mV)
after Conjugation

Hydrodynamic
Diameter (nm)

AgInS2 QDs −3.7 ± 0.9 - 36.7 ± 2.8

SC005 −7.2 ± 1.6 1.46 ± 0.02 49.6 ± 1.6
SC006 −3.8 ± 1.1 1.38 ± 0.06 44.2 ± 1.4
SC007 −3.9 ± 0.8 1.00 ± 0.15 44.4 ± 0.7
SC008 −6.9 ± 1.5 1.39 ± 0.09 50.3 ± 1.6

The FTIR spectra revealed the functional groups present on gelatin, the surface of the
AgInS2 QDs, ADEP1 analogues, and AgInS2 QDs-ADEP1 analogue conjugates (Figure 4).
There were similarities and shifts in the peaks of these molecules that suggested that gelatin
was part of the AgInS2 QDs, and that the ADEP1 analogues were successfully incorporated
in the AgInS2 QDs.

As shown in Table 3, gelatin showed broad associated N-Hstr absorption signals for
secondary (2◦) amine between 3700 and 3000, peaking at 3300 cm−1, small sharp peaks
at 2860 and 2920 cm−1 for symmetry and asymmetry saturated hydrocarbon (C-Hstr),
small multiplet signals between 1700 and 1000 cm−1 for C=Ostr (amide band I and II, 1625,
1525, respectively), 1450 and 1275 cm−1 for C-Nstr, 1050 cm−1 for C-Ostr and the absence
of peaks between 1000 and 500 cm−1. After the interaction of ADEP1 analogues with
AgInS2, a new peak appeared at 575 cm−1 with a shoulder at 675 cm−1, corresponding
to N-Hbend out-of-plane, implying complexation with the metal ions on the surface of the
QDs. The increase in the intensities of the amino (N-H) and carbonyl (C=O) groups and
a shift to a higher frequency (wavenumber) in AgInS2 QDs-ADEP1 analogue conjugates
further confirmed the complexation of the QDs with the ADEP1 analogues. Generally,
after conjugation of the ADEP1 analogues to the QDs, peak intensities of all functional
groups associated with AgInS2 QDs were reduced. The initial C-Hstr, C-Ostr, and N-Hbend
peaks of the ADEP analogues were also replaced with those of the AgInS2 QDs. All of this
information confirmed the coupling of the AgInS2 QDs with the ADEP1 analogues to form
the hybrid material.
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  Figure 4. FTIR analysis of functional groups involved in gelatin capping of AgInS2 QDs, and AgInS2

QDs conjuction with ADEP1 analogues. (A) SC005, (B) SC006, (C) SC007 and (D) SC008.

Table 3. FTIR data for gelatin, AgInS2 QDs and AgInS2 QDs-ADEP1 analogue conjugates.

Functional Groups Gelatin AgInS2-QDs ADEP1 Analogues AgInS2 QDs-ADEP1
Analogues

N-Hstr 3300 3300 3300 3300
C-Hstr 2920–2860 2960–2875 2920–2860 2960–2875

C=Ostr (Amide
band I, Amide

band II)
1625, 1525 1637, 1537 1625, 1525 1637, 1537

C-Nstr 1450, 1390 1450, 1400 1450 1450, 1400
C-Nstr 1275, 1390 1237, 1337 1237, 1337 1237, 1337
C-Ostr 1050 1090 1190 1090

N-Hbend
(out-of-plane) x 575, 675 700 575, 675

2.3. Antibacterial Activity of AgInS2 QDs-ADEP1 Analogue Conjugates

Following the successful synthesis of the gelatin-capped AgInS2 QDs and their subse-
quent conjugation to the ADEP1 analogues, the antibacterial activity of the conjugates was
tested against three Gram-positive (B. subtilis, S. aureus and Methicillin-resistant S. aureus)
and two Gram-negative (E. coli and P. aeruginosa) bacterial strains. The MICs and MBCs of
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the AgInS2 QDs-ADEP1 analogue conjugates were evaluated. On their own, the AgInS2
QDs did not show any antibacterial activity against the selected bacterial strains at the
tested concentrations. The ADEP1 analogues, as reported in [11], had MIC and MBC values
that were between 63 and 500 µM and 125 and 750 µM, respectively. However, upon
conjugation to the ADEP1 analogues, the antibacterial activity was significantly improved.
The MIC and MBC values of the AgInS2 QDs-ADEP1 analogue conjugates on the tested
strains ranged from 1.6 to 25 µM and 6.3 to 100 µM, respectively (Table 4).

Table 4. MIC and MBC values of the AgInS2 QD-ADEP1 analogue conjugates and ADEP1 analogues.

Treatments
B. subtilis S. aureus MRSA P. aeruginosa E. coli

MIC
µM

MBC
µM

MIC
µM

MBC
µM

MIC
µM

MBC
µM

MIC
µM

MBC
µM

MIC
µM

MBC
µM

QD-SC005
SC005

6.3
125

25.0
125

6.3
63

25.0
125

12.5
125

50.0
250

25.0
125

100.0
250

1.6
500

6.3
750

QD-SC006
SC006

6.3
250

25.0
250

6.3
63

25.0
125

12.5
250

50.0
250

25.0
125

100.0
250

1.6
500

6.3
750

QD-SC007
SC007

6.3
125

25.0
125

6.3
63

25.0
125

12.5
250

50.0
500

25.0
125

100.0
250

1.6
500

6.3
750

QD-SC008
SC008

6.3
125

25.0
125

6.3
63

25.0
125

12.5
250

50.0
500

25.0
125

100.0
250

1.6
500

6.3
750

Gentamicin 26.1 52.3 0.5 1.0 26.2 52.4 419 838 NT NT
Ampicillin NT NT NT NT NT NT NT NT 2862 5724

The most susceptible bacterium to the AgInS2 QD-ADEP1 analogue conjugates was
E. coli with an MIC of 1.6 µM, followed by B. subtilis and S. aureus with MIC values of
6.3 µM, MRSA at 12.5 µM and lastly, P. aeruginosa at 25 µM. These results showed that the
AgInS2 QD-ADEP1 analogue conjugates were effective against both Gram-positive and
Gram-negative bacteria. A study conducted by Cobongela et al. [11] reported that the Gram-
negative bacterial strains (E. coli and P. aeruginosa) showed resistance against the ADEP1
analogues with MIC and MBC values of 500 and 750 µM, respectively. These observations
were in line with previous studies, which reported a higher ADEP1 activity against Gram-
positive bacteria compared to Gram-negative bacteria [26]. These new findings showed
that conjugating the ADEP1 analogues to the AgInS2 QDs helped overcome the resistance
that was exhibited by E. coli against these peptides. Previous studies have discovered
that peptides conjugated to nanomaterials show increased activity due to a re-binding
mechanism to the target, which then increases the retention time of the peptide within the
target [27]. The re-binding or reassociation mechanisms of nano-conjugates is enhanced by
the slow dissociation rate of conjugates compared to free drug molecules. In addition, the
increased density of the conjugate compared to either the nanomaterial or peptide alone
exhibits increased binding affinity due to steric hindrance introduced upon binding to the
target [28,29].

2.4. Cytotoxicity Screening of AgInS2 QDs-ADEP1 Analogue Conjugates

The cytotoxicity of the AgInS2 QDs-ADEP1 analogue conjugates was evaluated on
HEK-293 cells using the MTS assay. The HEK-293 cells originate from the kidney, which
is one of the organs in the excretory or renal system and is responsible for the removal
of unwanted or toxic materials from the body [30]. Evaluating cytotoxicity is of utmost
importance, especially if the materials are to be used in biological applications. For this
assay, the HEK-293 cells were exposed to the AgInS2 QDs-ADEP1 analogue conjugates
(loaded with ~1.2–150 µM of ADEP1 analogues) for 72 h. The results presented in Figure 5A
show cell viability greater than 80% for all of the tested concentrations of the AgInS2 QDs
and AgInS2 QDs-ADEP1 analogue conjugates. In a study by Oluwafemu et al., a similar
trend in cell viability was observed when the similar QDs variant, AgInS2/ZnS core/shell,
were tested against baby hamster kidney cells [18]. The AgInS2 QDs used in the current
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study are regarded environmentally friendly as they are capped with gelatin, an animal
product that is also used in food.
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Figure 5. Effect of AgInS2 QD‐ADEP1 analogue conjugates (A) on HEK‐293 and (B) Caco‐2 cell via‐

bility. Cells treated with auranofin (C) were used as a positive control. 
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Figure 5. Effect of AgInS2 QD-ADEP1 analogue conjugates (A) on HEK-293 and (B) Caco-2 cell
viability. Cells treated with auranofin (C) were used as a positive control.

3. Materials and Methods
3.1. Materials

ADEP1 analogues (SC005-8) were synthesized in-house, as described by Cobongela
et al., [11]. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide
(sulfo-NHS), dimethyl sulfoxide (DMSO), thioglycolic acid (TGA), silver nitrate (AgNO3),
sodium sulfide (Na2S·xH2O), gelatin, Dulbecco’s Modified Eagle Medium (DMEM), phos-
phate, trypsin, penicillin-streptomycin, fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS dye), and try-
pan blue stain dye were all purchased from Sigma (St Louis, MO, USA). Bacillus subtilis
American Type Culture Collection (ATCC) 11774, Staphylococcus aureus ATCC 25,923 and
Methicillin-resistant Staphylococcus aureus (MRSA) ATCC 43300, and two Gram-negative
(Escherichia coli ATCC 33,876 and Pseudomonas aeruginosa ATCC 15,442 were purchased
from ATCC (Manassas, VA, USA). Human embryonic kidney 293 (HEK-293) cells were
purchased from Cellonex (Randburg, Gauteng Province, South Africa).

3.2. Synthesis of AgInS2 QDs

The AgInS2 QDs were synthesized using a procedure reported by May et al., 2019 [31],
with some modifications. In a typical synthesis, 0.25 mmol (0.0753 g) of In (NO3)3,
0.438 mmol TGA, 0.0625 mmol of silver nitrate, 0.2941 g of gelatin, and 0.406 mmol of
Na2S.9H20 were added to 100 mL of deionized water with stirring (Ag:In:S:gelatin:TGA
mole ratio of 1:4:6.5:16:7, respectively). The pH was adjusted to 6. The mixture was refluxed
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at 95 ◦C for 1 h to produce the gelatin-capped AgInS2 QDs. The QDs were precipitated
with ethanol and air dried.

3.3. Conjugation of AgInS2 QDs to ADEP1 Analogues

The ADEP1 analogues were synthesized using the Fmoc solid peptide synthesis
strategy, as previously described [11]. ADEP1 analogues (600 µM) dissolved in 5 mL of
dimethyl formamide were treated with EDC (0.75 µM) and sulfo-NHS (0.3 µM), and the
reaction was left shaking for 3 h at room temperature. Concurrently, 8 mg/mL of AgInS2
QDs were dissolved in 10 mL of boiling water. Upon cooling down, the AgInS2 QDs were
added to the ADEP1 analogues solution, and the reaction was left shaking for 3 h at room
temperature. The AgInS2-ADEP1 analogue conjugates were precipitated with ethanol and
lyophilized (LyoQuest, Telstar, Terrassa, Barcelona). The powder was re-suspended in
phosphate buffered saline (PBS; pH 7.4) to a final concentration of 4 mg/mL AgInS2-ADEP1
analogue conjugates with 200 µM ADEP1 analogues.

3.4. Characterization of QDs, AgInS2-ADEP1 Analogue Conjugates, and ADEP1 Analogues

A Spectro Xepos-05 energy-dispersive X-ray fluorescence (ED-XRF, Rigaku, TX, USA)
instrument was used to determine the Ag, In, and S concentrations in the gelatin-capped
AgInS2 QD powder. The core sizes of AgInS2 QDs and AgInS2-ADEP1 analogue conjugates
were analyzed by the high-resolution transmission electron microscope (HR-TEM, JEOL,
Tokyo, Japan). Fourier transform infrared spectroscopy (FTIR) spectra were recorded using
a Perkin Elmer Spectrum Two UATR-FTIR spectrometer (PerkinElmer, Buckinghamshire,
UK). The Hitachi F-2700FL spectrofluorophotometer (Hitachi, Tokyo, Japan) was used for
the fluorescence measurements. Malvern system 4700 zetasizer (Malvern, Great Malvern,
UK) together with a dynamic light scattering (DLS) technique were used to determine
the zeta potential and particle hydrodynamic size of the AgInS2 QDs and AgInS2-ADEP1
analogue conjugates using.

3.5. Antibacterial Activity of AgInS2-ADEP1 Analogue Conjugates

The MIC and MBC of the AgInS2-ADEP1 analogue conjugates against B. subtilis,
S. aureus, MRSA, P. aeruginosa and E. coli was determined using the broth microdilution
susceptibility assay, following a previously described protocol [11]. Briefly, overnight-
grown bacterial cultures were adjusted to approximately 1.5 × 108 CFU/mL in a sterile
Luria–Bertani broth. The concentration of ADEP1 on AgInS2-ADEP1 analogue conju-
gates was calculated based on the ADEP1 analogues calibration curve. AgInS2-ADEP1
analogue conjugates and ADEP1 analogues were diluted via 2-fold serial dilution with
broth containing a final concentration range of 0.8–100 µM and 15.6–2000 µM, respectively.
Gentamicin (concentration range between 0.007 and 6.7 mM) was used as a positive control
for B. subtilis, S. aureus, MRSA, and P. aeruginosa, while ampicillin (concentration range
between 0.18 and 6.7 mM) was used as a positive control for E. coli, and 5% DMSO was
used as a negative control. The 96-well plates were then incubated overnight at 37 ◦C.
The lowest concentration of the AgInS2-ADEP1 analogue conjugates and controls that
resulted in clear wells with no turbidity (i.e., no visible bacterial growth) was recorded
as the MIC. The bacterial culture from the MIC wells at concentrations of AgInS2-ADEP1
conjugates above the MIC were inoculated into Luria–Bertani agar plates and incubated
overnight at 37 ◦C. The MBC was determined as the lowest concentration resulting in
complete bacterial-growth inhibition.

3.6. Cytotoxicity Activity of AgInS2-ADEP1 Analogue Conjugates

The cytotoxicity of the AgInS2-ADEP1 analogue conjugates was assessed on HEK-293
cells (purchased from Cellonex (Randburg, Gauteng Province, South Africa)) using the MTS
cell proliferation assay, as previously reported [11]. The cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) consisting of 10% fetal bovine serum (FBS), 2% DMSO,
and 1% penicillin–streptomycin. The cells were seeded at 1 × 105 cells/mL into a 96-well

46



Antibiotics 2024, 13, 183

plate and incubated at 37 ◦C overnight in a humidified incubator at 5% CO2. The cells
were then treated with AgInS2-ADEP1 analogue conjugates to attain a final concentration
range of 1.2–150 µM. Auranofin was used as a positive control at a concentration range of
0.78–100 µM and DMSO (2%) was used as a negative control. After 72 h of treatment, the
metabolic activity of cells was determined by adding 10% of MTS dye. The percentage cell
viability was calculated using the equation below:

% cell viability =

(
OD of test sample

OD of control

)
× 100 (1)

4. Conclusions

In this study, gelatin-capped AgInS2 QDs were synthesized and conjugated to novel
ADEP1 analogues, with the aim of improving the antibacterial efficacy of these peptides.
The conjugation of the QDs to the peptides was confirmed using multiple techniques,
namely, zeta potential, PL, ED-XRF, and HR-TEM. Compared to the AgInS2 QDs, which did
not show any appreciable antibacterial activity, and the ADEP1 analogues, which presented
moderate activity, the AgInS2 QDs-ADEP1 analogue conjugates exhibited excellent antibac-
terial activity. The MIC values obtained for the AgInS2 QDs-ADEP1 analogue conjugates
were between 3- and 200-folds lower than those obtained for the ADEP1 analogues, while
the MBC values were between 5- and 13-folds lower. The MIC and MBC values showed that
the AgInS2 QDs-ADEP1 analogue conjugates were mostly potent against E. coli, followed
by B. subtilis and S. aureus. The AgInS2 QDs-ADEP1 analogue conjugates were non-toxic
to HEk-293 cells at concentrations higher than the MIC and MBC and can be considered
to be biocompatible. These findings suggest that the AgInS2 QDs-ADEP1 analogue con-
jugates could potentially be used as antibacterial agents without eliciting any significant
toxic effects against mammalian cells. The photoluminescence and fluorescent properties
of AgInS2 QDs will be exploited in future investigations to monitor ADEP1 analogues
targeting, delivery and response in real time, and further determine the antibacterial mode
of action of these ADEP1 analogues.
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Abstract: Iron oxide nanoparticles (IONPs) have many practical applications, ranging from envi-
ronmental protection to biomedicine. IONPs are being investigated due to their high potential for
antimicrobial activity and lack of toxicity to humans. However, the biological activity of IONPs is not
uniform and depends on the synthesis conditions, which affect the shape, size and surface modifica-
tion. The aim of this work is to synthesise IONPs using a mixed method, i.e., chemical co-precipitation
combined with biogenic surface modification, using extracts from spent hops (Humulus lupulus L.)
obtained as waste product from supercritical carbon dioxide hop extraction. Different extracts (water,
dimethyl sulfoxide (DMSO), 80% ethanol, acetone, water) were further evaluated for antioxidant
activity based on the silver nanoparticle antioxidant capacity (SNPAC), total phenolic content (TPC)
and total flavonoid content (TFC). The IONPs were characterised via UV-vis spectroscopy, scanning
electron microscopy (SEM), energy-dispersive spectrometry (EDS) and Fourier-transform infrared
(FT-IR) spectroscopy. Spent hop extracts showed a high number of flavonoid compounds. The
efficiency of the solvents used for the extraction can be classified as follows: DMSO > 80% ethanol
> acetone > water. FT-IR/ATR spectra revealed the involvement of flavonoids such as xanthohu-
mol and/or isoxanthohumol, bitter acids (i.e., humulones, lupulones) and proteins in the surface
modification of the IONPs. SEM images showed a granular, spherical structure of the IONPs with
diameters ranging from 81.16 to 142.5 nm. Surface modification with extracts generally weakened
the activity of the IONPs against the tested Gram-positive and Gram-negative bacteria and yeasts
by half. Only the modification of IONPs with DMSO extract improved their antibacterial properties
against Gram-positive bacteria (Staphylococcus epidermidis, Staphylococcus aureus, Micrococcus luteus,
Enterococcus faecalis, Bacillus cereus) from a MIC value of 2.5–10 mg/mL to 0.313–1.25 mg/mL.

Keywords: nanoparticles; iron oxide; Humulus lupulus L.; spent hops; antimicrobial effect

1. Introduction

There are many nanoparticles containing iron (Fe), including nano zero-valent iron
(NZVI), oxides, hydroxides and oxyhydroxides of iron (II) and iron (III), e.g., Fe(OH)3,
Fe(OH)2, ferrihydryt (Fe5HO8-4H2O), Fe3O4, FeO, five polymorphs of FeOOH and four
of Fe2O3 [1]. The most common iron oxides that occur naturally are magnetite (Fe3O4),
maghemite (γ-Fe2O3) and hematite (α-Fe2O3). Fe can also be present in nanomaterials in
the form of nanoalloys or core–shell nanoparticles [2,3].
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Depending on the type, iron nanoparticles (INPs) have found many different applica-
tions. Their electrical applications are mainly due to their high magnetism, good thermal
and electrical conductivity and high microwave adsorption capacity [4,5]. Due to their
catalytic activity and large surface area, they are used in catalytic reactions. As INPs are
non-toxic and have high dimensional stability, they have found many biomedical applica-
tions, such as magnetic resonance imaging, drug delivery and gene therapy [4,6]. Magnetic
and superparamagnetic iron oxide nanoparticles (IONPs) have been used for drug de-
livery in cancer treatments [7,8]. INPs have been used to remove organic and inorganic
pollutants from water, soil and sediments in the natural environment [9–11]. Examples
include the use of NZVI, which can destroy chlorinated organic hydrocarbons such as
trichloroethylene [12], trichloroethene (TCE) [13–15] and dibenzo-p-dioxin [11]; reduce
chlorinated ethanes [16]; and remove nitrites [17]. There is great interest in the possibility of
using iron oxide nanoparticles to remove pollutants from the environment, e.g., phenol [18],
oxyanions, including arsenite, arsenate, chromate, vanadate and phosphate, or remove
toxic metal ions, e.g., for the adsorption of lead (II) [19] and arsenic [20–26]. An example is
magnetic iron oxide modified with 1,4,7,10-tetraazacyclododecane (Fe3O4@SiO2-cyclen),
which is able to selectively sorb heavy metal ions Cd2+, Pb2+ and Cu2+ [27].

The preparation of INPs, like other nanomaterials, can be achieved through “top-
down methods”, in which the material is ground to nanosize [28–32], and “bottom-up
methods” [33], in which the synthesis involves the self-organisation of atoms into new
nuclei [31,34] as a result of aerosol, sol-gel processes, spinning, co-precipitation [35], min-
eralisation, sonochemical synthesis, microemulsion, etc. [4,34]. The use of a “bottom-up”
method requires the purification of the nanoparticles and their separation from the reaction
mixture [4,36].

NPs prepared using chemical and physical methods tend to form larger aggregates [37–41],
which requires the addition of stabilisers in the form of polymers (PEG, polyacrylic
acid, 4-butanediphosphonic acid and methoxyethoxyethoxyacetic acid (MEEA)) or sur-
factants [42]. Chitosan (CTS) is an example of a non-toxic, biocompatible, biodegradable
natural polymer that can be used to coat magnetic nanoparticles. It is a hydrophilic polymer
of a cationic nature that also has antibacterial properties [43–45].

Another possibility for bottom-up production is the so-called green synthesis, which
is an attractive alternative to the above-mentioned methods due to its simplicity, cheap-
ness and ecological safety using biological materials for the synthesis [34,46,47]. Green
synthesis involves mixing appropriate precursors, most commonly aqueous solutions of
iron salts (II) and (III), i.e., chlorides, sulphates (VI) and nitrates (V), in low concentrations
ranging from 0.01 to 0.1 M [4,34,46,48], with material derived from bacteria, fungi, algae
and plants [34,49,50]. The ecological synthesis of iron nanoparticles is preceded by the
preparation of extracts containing bioactive compounds. It is known that many natural
antioxidants and secondary metabolites, i.e., polyphenols, flavonoids, tannic acids, ter-
penoids, carboxylic acids, carotenoids, alkaloids, glycosides, vitamins and phenolic acids,
have the ability not only to reduce iron ions but also to stabilise nanoparticles by binding
to their surface [51–54].

The use of extracts has been described in the literature, such as the use of tea extract
(polyphenols) as both a reducing and stabilising agent [55]. Iron oxide nanoparticles syn-
thesised from clove and green coffee extracts showed a sorption capacity for divalent metal
ions Cd2+ and Ni2+ and a broad spectrum of antibacterial activity against Gram-positive
Staphylococcus aureus (S. aureus) and Gram-negative Escherichia coli (E. coli) bacteria [56].
Iron nanoparticles prepared from cloves had a MIC of 62.5 µg/mL against S. aureus and
125 against E. coli and were more effective against the tested pathogens than those prepared
from green coffee with MIC values of 125 and 150 µg/mL, respectively [56]. Experimental
studies have confirmed that superparamagnetic iron oxide nanoparticles obtained using
this co-precipitation method, in which CTS protects the surface, have excellent antibacte-
rial activity against the Gram-negative bacteria Pseudomonas aeruginosa (P. aeruginosa) and
E. coli [57]. Spinach leaf extract and banana peel have also been considered for the prepa-
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ration of iron nanoparticles [58]. The synthesised nanoparticles exhibited antimicrobial
activity against two foodborne bacteria, i.e., Bacillus subtilis (B. subtilis) and E. coli, while
remaining non-toxic against Drosophila melanogaster (D. melanogaster) in vivo.

In a study by Das et al. [59], Humulus lupulus extract was used for the first time for the
green synthesis of silver nanoparticles, which showed antibacterial and anticancer activity
with minimal genotoxicity and haemolysis.

Hops (Humulus lupulus L., Cannabaceae) are grown throughout the world as a raw
material for beer production. The biological properties of this plant are related to the
content of active compounds extracted from hop cones [60]. Hop cone extracts have an-
tioxidant [61], antimicrobial and anti-inflammatory properties, as well as antimutagenic,
antiallergic, neuroprotective and estrogenic properties [62,63]. The chemical compositions
of the extracts vary and depend mainly on the variety and the growing environment [64].
The most important components of extracts for the industry are polyphenols, essential
oils and alpha and beta acids. The phenolic fraction consists mainly of flavonoids, includ-
ing xanthohumol [63] with high antimicrobial and antioxidant potential [65,66]. Also, α
acids (humulones, i.e., cohumulone, humulone and adhumulone) and β-acids (lupulones,
i.e., colupulone, lupulone and adlupulone) have confirmed antimicrobial activity [63].
α-acids are isomerised at high temperature to iso-α-acids, which also have antibacterial
activity, mainly against Gram-positive bacteria [67,68]. Studies have confirmed the an-
tibacterial, antiviral, antifungal and antiparasitic properties of compounds found in female
cones and leaves [60,69,70]. Drug-resistant strains of Staphylococcus aureus, Trypanosoma
brucei and Leishmanis mexicana were found to be sensitive to xanthohumol and lupulone
administered in synergy with antibiotics [69,71].

Currently, the industrial production of hop extracts is carried out using the supercritical
CO2 method (30 MPa, 50 ◦C) [72,73]. In Poland, this method is used by the Institute of
Fertilisers in Puławy. The extracts are rich in soft and hard resins [74]. About 1000 tonnes of
hop waste are produced annually, containing substances that are poorly soluble in non-polar
supercritical CO2. Hops, therefore, contain valuable polar substances, i.e., proteins, amino
acids, mineral salts, vitamins, proteins, sugars, polyphenols including prenylflavonoids
(xanthohumol) and salts.

Spent hops left over from supercritical carbon dioxide extraction are treated as a source
of xanthohumol, which has anti-cancer and antioxidant properties. Spent hops are also
used as a feed additive. In a 2008 study [75], the total content of hop acids in extracted
hop kernels was determined to be 1.051 µg/g (222 µg bitter isohumulones and 757 µg
humulones per g). About 1000 prenylated flavonoids have been identified [76], occurring
in several plant families that use these compounds in defence against pathogens and
stress caused by unfavourable environmental conditions. Prenylated flavonoids include
isoxanthohumol (IXN), xanthohumol (XN) and 8-prenylnaringenin (8PN), which are found
in hops and hop waste remaining after extractions with supercritical carbon dioxide.

The increasing number of infections that are resistant to treatment with known antimi-
crobial agents stimulates the search for new compounds as alternatives to antibiotics [77–80].
The most dangerous are nosocomial infections caused by the formation of a bacterial biofilm
composed of Gram-negative bacteria, namely Pseudomonas aeruginosa (P. aeruginosa) and Es-
cherichia coli (E. coli) [81,82]. Taking into account the above needs and in cultivating a green
approach to biotechnology, we designed a synthesis of iron oxide nanoparticles (IONPs)
modified with the extract of wasted and unusable spent hops, which are a by-product of
supercritical carbon dioxide extraction.

Not without significance is the fact that superparamagnetic iron oxide nanoparticles
(SPIONPs), such as magnetite (Fe3O4), have antibacterial properties [83] and are biocom-
patible (BC) with the human body [1]. However, it is known that the observed activity of
nanomagnetites is variable and depends on their size and shape and the type of stabilis-
ers used [84]. Therefore, the synthesis procedure determines the final properties of the
nanoparticles.
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In this work, iron oxide nanoparticles (IONPs) modified with extracts from spent hops
were obtained for the first time using a hybrid method, combining the chemical method
of IONP synthesis through the co-precipitation of mixed ferrous and ferric salts from a
solution in an alkaline medium with modification using plant extracts.

Initially, hop extracts were tested for their antioxidant activity. The final product was
tested for antimicrobial activity against Gram-positive and Gram-negative bacteria and
yeasts.

2. Results
2.1. Spent Hop Extract Characteristics

The total polyphenols and flavonoids, expressed as vitamin C equivalents, are sum-
marised in Table 1. Regarding the content of each group of compounds, all types of extracts
showed a greater amount of total flavonoid compounds than polyphenols. The potency of
the extraction solvents used can be ranked from the most effective to the least effective for
the extraction of flavonoids as follows: DMSO > 80% ethanol > acetone > water.

Table 1. Total polyphenols and flavonoids and the total antioxidant capacity (TAC) values expressed
as mg mL−1 or mM of the vit. C equivalent obtained using the SNPAC method for the Humulus
lupulus L. extracts.

Parameter
Extraction Solvent

80% EtOH Acetone DMSO H2O

TPC
Abs.Mean (n = 3) 0.8823 0.6763 0.8983 0.3843
Std. Dev. 0.0031 0.0021 0.0006 0.0012
mg vit. C mL−1 0.0296 0.0247 0.0655 0.0140

TFC
Abs.Mean (n = 3) 0.8757 0.8233 1.2173 0.5077
Std. Dev. 0.0006 0.0025 0.0029 0.0006
mg vit. C mL−1 0.0247 0.0232 0.0340 0.0146

SNPAC
Abs.Mean (n = 3) 0.2772 0.1404 0.5301 0.3260
Std. Dev. 0.0021 0.0061 0.0012 0.0002
TAC (µM) 16.012 8.092 30.636 18.844

Abbreviations: vit. C—ascorbic acid equivalents; TAC—the total antioxidant capacity expressed as vit. C equiva-
lents; EtOH—ethanol; Std. Dev.—the standard deviation of three independent measurements; Abs.—absorbance
measured spectrophotometrically at 423 nm.

The total antioxidant capacity (TAC) should be understood as a net measure of all
redox substances present in biological materials [85]. The TAC for complex mixtures is
additive.

In order to compare TAC values for different samples using the chosen assay, it is
necessary to consider the range of concentrations at which a linear relationship occurs.

The evaluation of the TAC using the SNPAC method is based on the plotting of
a calibration curve for the antioxidant, i.e., the relationship between absorbance and
concentration. The molar absorbance (ε) is estimated from the slope of the calibration
curve.

The samples were prepared by mixing an initial solution of AgNPs with the citrate
capping agent with different volumes of the standard or extracts (5–795 µL) and water.
Figure 1 shows the changes in absorbance of the mixture with an increasing volume of
the extract or standard. The absorbance value corresponding to the plasmon resonance of
the AgNPs was linearly dependent on the antioxidant concentration/volume. It can be
seen that the reducing potential of all mixtures increases, indicating a high concentration of
antioxidants [86–88].
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oxidant (vit. C) added to the test tubes with the initial solution of AgNPs with the citrate capping 
agent. 

Figure 1. Absorbance (A) measured at 423 nm versus the volume of the extracts or standard an-
tioxidant (vit. C) added to the test tubes with the initial solution of AgNPs with the citrate capping
agent.

The plasmon absorbances of the AgNPs were perfectly linear (R2 > 0.99), but in
different ranges depending on the type of extraction solvent, i.e., from 5 to 100 µL for all
extracts except DMSO extract, from 5 to 20 µL of extract for DMSO extract and from 5 to
50 µL for the antioxidant standard (vit. C) with a concentration of 1 mg mL−1, i.e., in the
concentration range from 10,139 × 10−6 to 101,386 × 10−6 M vit. C (final concentrations in
the mixture and molar absorption capacity ε = 1.73 × 104 L mol−1 cm −1).

The obtained relationships are in agreement with the observation of Eustis et al., who
claimed that among the various factors influencing the absorption of SPR (surface plasmon
resonance absorption) by AgNPs, the reaction stoichiometry, particle morphology and
dielectric constants of the surrounding medium are crucial [89].

The addition of DMSO to the reaction system used in the SNPAC method affects
the A423 nm versus volume of extract added. The inhibition of absorbance after the
addition of 20 µL of DMSO extract is analogous to the observed slowing of the increase
in the fluorescence of fluorescent probes in the vicinity of this solvent, as described by
Setsukinai et al. [90]. The tighter solvation of silver cations by DMSO, combined with the
strong Lewis basicity of this solvent and the low medium effect (−5.11) [91], slows down
the reduction of silver ions. The silver cations in DMSO can form di- and tetrasolvated
species [Ag(DMSO)2]+ and [Ag(DMSO)4]+, as reported by Ahrland et al. [92]. Rodríguez-
Gattorno et al. confirmed that the reaction to form AgNPs in DMSO is slow and practically
impossible without the addition of citrate as a reducing and stabilising agent [93]. The
oxidation of DMSO leads to the formation of dimethylsulphone (CH3)2SO2. However,
DMSO does not reduce various silver salts such as nitrate, perchlorate and metavanadate,
even when heated to 80 ◦C. This reaction occurs only when trisodium citrate is added,
which is responsible for the reduction of silver even at room temperature. Also, the ζ-
potential, tested in different solvents, shows the highest value in water (−26.5 mV) and the
lowest in DMSO (−15.8 mV) [94]. Furthermore, according to recent findings, the sizes of
NPs such as magnetite particles decrease with increasing concentrations of DMSO [95].

The above findings may explain the unusual behaviour of the relationship between
the absorbance and volume of extract obtained for DMSO compared to those obtained for
extracts prepared with water and 80% ethanol. As can be seen in Figure 1, despite the rich
content of flavonoids and polyphenols in the extract prepared with DMSO, the reduction
of silver ions is inhibited after the addition of 20 µL of DMSO.

With regard to the total antioxidant capacity (TAC) of the extracts evaluated via
SNPAC, the highest reducing power was observed for the DMSO extract, followed by
water and 80% ethanol, and the lowest, for the acetone extract. The vitamin C equivalent
antioxidant capacity (TAC) of a given extract is the ratio of its absorbance from the linearity
region (observed after the addition of 15 µL of extract) to the molar extinction coefficient (ε)
value of vitamin C under the same SNPAC test conditions [96].
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2.2. Humulus Lupulus–Iron Oxide NP Characteristics
2.2.1. UV-Vis Analysis

As a result of the chemical synthesis, nanoparticles were created, which were visible
as a colour change from yellowish to intense black. Under the influence of an external
magnetic field, the nanoparticles could be separated from the solution (Figure 2).
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Figure 2. The visible colour change of the precursor solution FeCl3 (a) into synthesised IONPs (b).
The prepared IONPs were added to an aqueous solution of plant extract and separated using a
magnet (c).

The UV-vis spectra recorded in the 330–600 nm range are shown in Figure 3. A
spectrophotometric analysis of the ferric chloride solution showed characteristic absorption
bands around 340 nm. The reduction of iron was confirmed using UV-vis spectra and is
shown in Figure 3a. The reaction product is visible as the colour of the reaction mixture
changes from yellow orange to dark black. In addition, the UV-vis spectra after the reaction
showed a broad absorption at a higher wavelength and no sharp absorptions at lower
wavelengths. Similar results have been obtained by other researchers [55,97–103]. A slight
variation in the wavelengths of the peaks visible in the spectrum may be due to different
measurement conditions, different materials used for synthesis, etc. Figure 3b shows the
absorption spectra of the extracts before and after sorption with IONPs. As can be seen,
the UV-vis spectrum of the extract has a broad band below 330 nm, confirming the high
content of polyphenolic compounds [86]. After the addition of IONPs, a loss of colour of
the extract and a decrease of absorbance in the range of 330–600 nm were observed. The
decrease in the absorbance of the extract after the addition of IONPs confirms the sorption
of the active components of the extract by the nanoparticles.

2.2.2. FT-IR Measurements

The FT-IR/ATR spectra of the studied samples, i.e., aqueous and alcoholic spent hop
extracts, pristine IONPs and IONPs with adsorbed aqueous and alcoholic extracts, are
presented in Figure 4.

55



Antibiotics 2024, 13, 111
Antibiotics 2024, 13, 111 7 of 20 
 

0

0.5

1

1.5

2

2.5

3

340 390 440 490 540 590

A

λ [nm]

0.01 M Fe(III)

0.01 M Fe(II)

Fe(III)+Fe(II) (1:2; v/v)

the reaction product
(IONPs)

 

 

(a) (b) 

Figure 3. The UV-vis spectra recorded in the range of 330–600 nm during chemical synthesis: initial 
iron ion solution and IONPs (a) and during the modification of the IONPs using plant extract (b). 

2.2.2. FT-IR Measurements 
The FT-IR/ATR spectra of the studied samples, i.e., aqueous and alcoholic spent hop 

extracts, pristine IONPs and IONPs with adsorbed aqueous and alcoholic extracts, are 
presented in Figure 4. 

 
Figure 4. FT-IR/ATR spectra of studied samples: spent hop aqueous and alcoholic extracts, IONPs 
and IONPs with adsorbed Humulus lupulus aqueous and alcoholic extracts. 

Figure 3. The UV-vis spectra recorded in the range of 330–600 nm during chemical synthesis: initial
iron ion solution and IONPs (a) and during the modification of the IONPs using plant extract (b).

Antibiotics 2024, 13, 111 7 of 20 
 

0

0.5

1

1.5

2

2.5

3

340 390 440 490 540 590

A

λ [nm]

0.01 M Fe(III)

0.01 M Fe(II)

Fe(III)+Fe(II) (1:2; v/v)

the reaction product
(IONPs)

 

 

(a) (b) 

Figure 3. The UV-vis spectra recorded in the range of 330–600 nm during chemical synthesis: initial 
iron ion solution and IONPs (a) and during the modification of the IONPs using plant extract (b). 

2.2.2. FT-IR Measurements 
The FT-IR/ATR spectra of the studied samples, i.e., aqueous and alcoholic spent hop 

extracts, pristine IONPs and IONPs with adsorbed aqueous and alcoholic extracts, are 
presented in Figure 4. 

 
Figure 4. FT-IR/ATR spectra of studied samples: spent hop aqueous and alcoholic extracts, IONPs 
and IONPs with adsorbed Humulus lupulus aqueous and alcoholic extracts. 

Figure 4. FT-IR/ATR spectra of studied samples: spent hop aqueous and alcoholic extracts, IONPs
and IONPs with adsorbed Humulus lupulus aqueous and alcoholic extracts.

An analysis of the FT-IR spectrum of the IONPs confirmed that they are iron oxide
nanoparticles [104]. The spectrum of pristine IONPs shows well-defined peaks at 3425,
1631, 1342, 938, 620 and 547 cm−1. The two peaks at 620 and 547 cm−1 result from the
presence of iron-oxygen (Fe–O) bonds. The peaks at 3425 and 1631 cm−1 are the result of
bending vibrations of hydroxyl –OH groups and adsorbed water, respectively. The bands
at 1342, ~1090, 938 and 830 cm−1 may indicate the presence of nitrate groups (precursors of
iron ions).
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Hops contain more than 1000 various chemical substances, i.e., flavonoids, volatile oils,
hop acids and proteins [105,106]; hence, the compositions of both the aqueous and alcoholic
hop extracts are complex [107–109]. In analysing the FT-IR/ATR spectra of the aqueous and
alcoholic extracts, it can be concluded that their chemical compositions are similar, but not
identical. Bands with maxima at ~3305 and 3195 cm−1 represent the stretching vibrations of
both the hydroxyl –OH groups and N–H in amino groups. Stretching vibrations of aliphatic
C–H were observed within 2960–2853 cm−1 and ~1440–1350 cm−1. These bands indicate
the presence of i.a. polysaccharides, proteins and phenolic compounds in the hop extracts.

The bands at 1738 and 1712 cm−1 indicate the presence of C=O (carboxylic acids, esters,
aldehydes and ketones), while the band at 1671 cm−1 may indicate both C=O stretching
vibrations in flavones and quinones, amides (C=O in amide I) and C=C stretching and C=N
stretching vibrations [110]. The band at 1607 cm−1 may be responsible for C=N and C=C
(also a ring stretching vibration in aromatic structures). However, the band at ~1607 cm−1

in the extract spectra may also be assigned to asymmetric COO– stretching, while the
peak at ~1392 cm−1 may point to COO– symmetric stretching. The latter peak can also be
assigned to C–OH stretching vibrations of the phenolic and/or alcoholic groups. Peaks
within 1270–1230 cm−1 may be responsible for C–O stretching vibrations in the phenols.
Bands within the 1100–1030 cm−1 range are attributed to C–O–C stretching vibrations of
aromatic ethers and carbohydrates. The presence of carbohydrates is also indicated by the
peak at 991 cm−1 of CH2OH in carbohydrates (shoulder, visible only in the alcoholic extract
spectrum). The peak at ~1137 cm−1 may be attributed to the C–N stretching vibration of
aromatic primary and secondary amines, and the bands within 930–600 cm−1 correspond
to primary and secondary amines and amides (–NH2 wagging) and/or C–O and C–O–C
symmetric stretching. The bands at ~591 cm−1 and ~518 cm−1 are C–CO–C and C–CO in-
plane deformation vibrations in the ketone groups, respectively [110]. In summary, all these
bands indicate the presence of flavonoids such as xantohumol and/or isoxantohumol [105]
as well as bitter acids (i.e., humulones, lupulones) and proteins in the extracts.

As it was mentioned, the FT-IR/ATR spectra of aqueous and alcoholic extracts are
similar, although there are some differences in the positions and intensities of the peaks. In
the spectrum of the alcoholic extract, the peaks of the C=O bands at 1738 and 1712 cm−1

have much higher intensities, which may indicate a higher amount of carboxylic acids,
esters, aldehydes and ketones. The peaks of aliphatic C–H groups within 2960–2853 cm−1

also have higher intensities.
The adsorptions of both the alcoholic and aqueous extracts in the IONPs are visible

in the form of bands that were absent in the spectrum of pure IONPs (Figure 4). In
the spectrum of IONPs with adsorbed Humulus lupulus aqueous extract, bands for the
hydroxyl –OH groups and N–H in amino groups (3365–3195 cm−1) and C–H groups appear
(2960–2853 cm−1). The C–H bands have higher intensities in the spectrum of IONPs with
adsorbed aqueous extract. The adsorption of the extracts is also evidenced by bands with
relatively high intensities at 1607, 1370 and 1075 cm−1. In the spectrum of IONPs with
adsorbed aqueous extract, there are additional bands absent or bands that have lower
intensities in the spectrum with adsorbed alcoholic extract, namely 1269, 1033 and bands
in the 930–600 cm−1 range. The intensities of the bands in the spectrum of IONPs with
adsorbed aqueous extract are higher than in the case of IONPs with adsorbed alcoholic
extract, which may indicate a greater adsorption of compounds from the aqueous extract.
Nevertheless, the analysis of the FT-IR/ATR spectra allows us to confirm the adsorption of
compounds present in both the aqueous and alcoholic extracts on the IONPs.

2.2.3. Scanning Electron Microscopy (SEM) with Energy-Dispersive X-ray
Spectroscopy (EDX)

SEM images of the IONPs obtained via chemical synthesis using the co-precipitation
method showed a granular, uniform, spherical structure with a diameter ranging from
81.16 nm to 142.5 nm, as shown in Figure 5a. An initial measurement of the sizes of the
nanoparticles using the Malvern Zetasizer Nano ZS with the DLS technique showed a size
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of 293.13 nm ± 18.50 with a PDI of 0.58 ± 0.09 (Figure 6). This higher value is probably
due to the aggregation of the NPs in an aqueous environment visible on the SEM image
(Figure 7a).
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However, it can be seen that the synthesised IONPs are more clearly separated and
can be better distinguished. After modification with the extract, the NPs appear to be
more viscous and aggregated (Figure 7b). This change is reflected in the size of the NPs
measured via DLS (Figure 6). As can be seen, after the modification, the size increases
almost twice that of an average value of 544.66 21.02 nm. In addition, EDS was used to
provide information on the chemical compositions of the identified nanostructures. The
amplitude of the spectrum showed the presence of several characteristic iron peaks in the
range of about 0.5 to 7 keV, as shown in Figure 5b.
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2.3. Antimicrobial Activity

The antimicrobial activities of the extracts were tested against selected Gram-positive
and Gram-negative bacteria and yeasts. The bioactivity results are presented in Table 2 as
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
values. Water extract showed weak bioactivity (MIC 5–10 mg/mL) against the tested
reference strains, whereas ethanol extract showed moderate bioactivity against Gram-
positive bacteria. The DMSO extract showed the highest activity against Gram-positive
bacteria.

Table 2. Antimicrobial activity of the spent hop extracts, IONPs and spent hop-modified IONPs
obtained via mix-mode chemical/biogenic synthesis presented as minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC) values in mg L−1 or as the dissolution ratio of
the initial extract in the case of DMSO.

Microorganism
IONPs + Water

Extract

IONPs + 80%
Ethanol
Extract

IONPs + DMSO
Extract IONPs Water

Extract
80% Ethanol

Extract
DMSO
Extract

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

Gram-positive bacteria
Staphylococcus

aureus
ATCC 25923

>10 Nd >10 Nd 1.25 5 5 >10 5 10 0.313 0.625 1:3200 1:400

Staphylococcus
aureus

ATCC BA1707
>10 Nd >10 Nd 0.625 2.5 >10 >10 5 10 0.313 0.625 1:6400 1:800

Staphylococcus
epidermidis

ATCC 12228
10 >10 10 >10 1.25 5 5 >10 5 10 0.156 2.5 1:3200 1:100

Micrococcus
luteus

ATCC 10240
10 >10 2.5 10 0.625 0.625 2.5 5 0.313 2.5 0.078 0.078 1:6400 1:200

Bacillus cereus
ATCC 10876 >10 Nd 10 >10 0.313 0.313 5 >10 5 >10 0.156 5 1:12,800 1:3200

Enterococcus
faecalis

ATCC 29212
>10 Nd 5 >10 0.625 10 5 >10 10 >10 5 10 1:12,800 1:100
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Table 2. Cont.

Microorganism
IONPs + Water

Extract

IONPs + 80%
Ethanol
Extract

IONPs + DMSO
Extract IONPs Water

Extract
80% Ethanol

Extract
DMSO
Extract

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

Gram-negative bacteria
Salmonella

typhimurium
ATCC 14028

10 >10 10 >10 >10 Nd 5 >10 >10 >10 5 >10 >1:5 Nd

Escherichia coli
ATCC 25922 >10 Nd >10 Nd >10 Nd 5 >10 5 10 5 5 >1:5 Nd

Proteus mirabilis
ATCC 12453 >10 Nd >10 Nd >10 Nd >10 >10 5 10 5 10 >1:5 Nd

Klebsiella
pneumoniae

ATCC 13883
10 >10 >10 Nd >10 Nd 5 >10 5 5 5 2.5 >1:5 Nd

Pseudomonas
aeruginosa

ATCC 9027
10 >10 10 >10 >10 Nd 5 10 5 5 5 5 >1:5 Nd

Yeasts
Candida glabrata

ATCC 90030 10 10 10 10 10 10 5 5 5 5 5 5 1:10 1:10

Candida albicans
ATCC 102231 5 10 5 10 10 10 2.5 5 5 5 2.5 5 1:20 1:10

Candida
parapsilosis

ATCC 22019
10 10 5 10 10 10 2.5 5 5 5 2.5 5 1:80 1:10

IONP surface modification did not increase the bioactivity of the new preparations.
The antifungal (against C. albicans, C. parapsilosis and C. glabrata) and antibacterial bioactivi-
ties of the modified IONPs were weak and usually lower or equal to those of the extracts
themselves.

Only surface modification with DMSO extract improved the activity of the IONPs
against Gram-positive bacteria. While unmodified IONPs have MIC values in the range of
2.5–10 mg/mL, IONPs modified with DMSO extract have MIC values many times lower in
the range of 0.313–1.25 mg/mL.

3. Discussion

Sergey V. Gudkov tried to answer the question on whether IONPs have significant
antibacterial properties in his review article in 2021 [76]. The collected research confirms the
antimicrobial effect of IONPs on Gram-negative and Gram-positive bacteria and fungi, with
low toxicity toward eukaryotic cells. However, the effect of IONPs varies greatly depending
on the type of microorganism and the method of synthesis. A practical inhibition of bacterial
growth occurs at concentrations ranging from 1–3 µg/mL against S. mutans [111] through
3 mg/mL against S. aureus [80] to 62.5 mg/mL against Corynebacterium sp., K. pneumonia,
P. aeruginosa and S. aureus [112]. However, it should be emphasised that in these cases, the
IONPs were obtained via biogenic synthesis or modified with diethyl lenglycol or polyvinyl
alcohol (PVA).

In our work, IONPs were obtained through chemical co-precipitation. Extracts from
the waste products of supercritical carbon dioxide hop extraction were used to modify
the IONPs for the first time. It seems that the observed low bioactivity of IONPs is
related to the phenomenon of the agglomeration of magnetic nanoparticles, which does not
disappear after modification with hop extracts, except for the DMSO extract. It has been
repeatedly reported that magnetic nanoparticles (mainly magnetite and maghemite) tend
to form aggregates or agglomerates due to a combination of van der Waals and magnetic
forces [113]. Such associations can be permanent or reversible and largely determine the
properties of magnetic nanoparticles. It should be emphasised that these processes are
still under investigation and not fully understood [114]. As emphasised by many authors,
the sizes of aggregated clusters can even exceed 1 µm [115,116]. Therefore, the formation
of clusters affects both the transport of nanoparticles and the reactivity by changing the
activity of a single nanoparticle.
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Not only aggregation, but also the type of materials chosen to coat IONPs fundamen-
tally determine their cytotoxicity [117]. In our work, the surface modification of IONPs
using water and 80% ethanol extracts reduced or did not change the activity of the IONPs
against Gram-positive and Gram-negative bacteria and yeasts. IONPs have activity compa-
rable to that of aqueous extract with a MIC of 5 mg/mL toward Gram-positive bacteria,
whereas its activity against Gram-negative and yeasts was comparable to that of ethanol
extract. IONPs modified with ethanol extract showed anti-yeast activity comparable to that
of aqueous extract with a MIC value of 2.5 to 5 mg/mL. However, it should be noted that
the modification reduces the activity by half of the anti-yeast activity of unmodified IONPs.

C. parapsilosis and C. albicans live on the surface of the skin and are the most common
cause of infections in hospital intensive care units. Similar to other Candida microorganisms,
their main virulence factor is the ability to colonise artificial surfaces. The ability to colonise
is determined by the ability to grow in the form of a biofilm. Therefore, unmodified
IONPs have the potential to be used in anti-yeast preparations for topical applications.
Furthermore, taking into account the fact that IONPs possess magnetic abilities, this can be
used to hold them on artificial surfaces to protect against colonisation.

In our work, the ability of IONPs to inhibit the growth of Gram-positive bacteria
(S. epidermidis, S. aureus, M. luteus, E. faecalis, B. cereus) increases from a MIC value of
2.5–10 mg/mL to 0.313–1.25 mg/mL after their modification with DMSO hop extract. This
seems to be reasonable since the DMSO spent hop extract showed the highest values of
TPC, TFC and TAC evaluated using the SNPAC method.

4. Materials and Methods
4.1. Materials

Ascorbic acid (vitamin C, vit. C), silver nitrate (AgNO3) and dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich Inc., St. Louis, MO, USA. Ethanol was
purchased from E.Merck (Darmstadt, Germany). Water with a resistivity of 18.2 MΩ
cm was obtained from an ULTRAPURE Millipore Direct-Q 3UV-R (Merck, Darmstadt,
Germany).

4.2. Extraction of Spent Hops

Hop cones (Humulus lupulus) were grown in the Lublin region (Chmielnik near Lublin).
Spent hops (of the Marynka variety), which were subjected to supercritical CO2 extrac-
tion, were obtained from the Fertiliser Research Centre of the Institute of New Chemical
Synthesis of the Łukasiewicz Research Network in Puławy, Poland. The spent hops were
extracted with different solvents, i.e., water, 80% ethanol and DMSO. For the extraction,
5 g of dried plant material was suspended in 100 mL of solvent in a 250 mL Erlenmeyer
flask and sonicated for 60 min in an ultrasonic bath (ultrasonic power 1200 W, frequency
35 kHz), a Bandelin Sonorex RK 103 H (Bandelin Electronics, Berlin, Germany), at 80 ◦C.
After cooling, the extracts were centrifuged at 11,000 rpm for 15 min to precipitate traces of
solids from the extract. The supernatants were collected, filtered through Whatman No. 1
filter paper and evaporated under vacuum. The residue was dissolved in 5 mL of water.

4.3. Total Flavonoid Content (TFC)

The total flavonoid content (TFC) was determined spectrophotometrically using a
Genesys 20 spectrophotometer (The ThermoSpectronic, Waltham, MA, USA) according to
Lamaison and Carnat [118]. Briefly, 1.0 mL of 1.2% aluminium chloride (AlCl3) in water
was mixed with 100 µL of extract and 900 µL of water. Absorbance at 415 nm was measured
against a blank (water) after 30 min.

The total flavonoid content was expressed as the mg reference equivalent (vit. C) per
1 mL−1 of extract. Quantification was evaluated using a linear curve of ascorbic acid used
as a standard at concentrations ranging from 0.0625 to 1.00 mg mL−1. The calibration curve
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was generated from six standard solutions with concentrations of 0.0625, 0.125, 0.25, 0.5,
0.75 and 1.00 mg mL−1. The equation of the calibration curve was as follows:

1.837 (±0.065)x − 0.029 (±0.036), R2 = 0.9950, F = 800.64, se = 0.05 (1)

4.4. Total Phenolic (TPC)

The total phenolic content (TPC) was determined using the Folin–Ciocalteu method [119].
Briefly, 250 µL of extracts diluted 1:10 and 1000 µL of Folin–Ciocalteu phenol reagent diluted
1:10 (Sigma-Aldrich, St. Louis, MO, USA) were added to flasks and mixed thoroughly.
Then, 1.0 mL of 10% Na2CO3 solution was added, and the mixture was kept in the dark for
2 h at room temperature. The absorbance was then read at 765 nm.

The total phenolic content was expressed as milligrams of the reference equivalent (vit.
C) per 1 mL−1 of extract. Quantification was evaluated using a linear curve of the ascorbic
acid used as the standard at concentrations ranging from 3.9063 to 125.00 µg mL−1. The
calibration curve was constructed from six standard solutions with concentrations of 3.91,
7.81, 15.63, 31.25, 62.50 and 125.00 µg mL−1. The equation of the calibration curve was as
follows:

7.6201 (±0.2136)x + 0.0707 (±0.126), R2 = 0.9969, F = 1272.60, se = 0.02 (2)

4.5. Silver Nanoparticle Antioxidant Capacity (SNPAC)

SNPAC measurements were performed according to Özyürek et al. [96]. The procedure
has been described in detail previously [86,87]. The initial solution of silver nanoparticles
(AgNPs) was prepared by mixing 5 mL of 1% aqueous tripotassium citrate solution with
50 mL of 1 mM AgNO3 at an elevated temperature (around 90 ◦C). The test samples were
prepared by mixing 2 mL AgNPs, standard or tested extract (x) and (0.8 − x) mL water.
After storage in the dark for 30 min, the mixtures were measured spectrophotometrically
at 423 nm, which is characteristic of the surface plasmon resonance of AgNPs [87]. The
calibration curve showed the relationship between the absorbance (A) and the final micro-
molar concentration of the standard antioxidant (vit. C). The calibration curve was linear
from 10.16 to 101.39 µM (10.139; 20.277; 30.416; 40.554; 101.386 µM). The equation for the
calibration curve was as follows:

A423nm = 0.0173 (±0.00075)cµM + 0.112 (±0.039), R2 = 0.9944, F = 537.77, se = 0.05 (3)

The total antioxidant capacity in µM (TAC) of the extracts was calculated by dividing
the observed absorbance at λ = 423 nm for 15 µL of added sample by the molar absorptivity
(ε) of vitamin C, which can be obtained from the slope of the calibration curve. The method
is effective for antioxidants with a standard potential of less than 0.8 V due to E Ag(I),
Ag◦ = 0.8 V.

4.6. Synthesis of IONPs

0.1 M FeCl3 and 0.1 M FeSO4 were mixed in a volume ratio of 2:1. 25 mL of 25%. NH3
was added dropwise to the solution with constant stirring. A black precipitate formed. It
was separated using an external magnetic field and washed several times with deionised
water until the solution above the precipitate reached pH 7. The IONPs were prepared
according to the following reaction:

FeCl2 × 4H2O + 2FeCl3 × 6H2O→ 8NaCl + Fe3O4 + 14H2O (4)

4.7. Modification of the NP Surfaces Using Plant Extracts

The dried extracts (aqueous and 80% EtOH) were dissolved in 5 mL of water. Then
3 g of dried IONPs were added and conditioned at room temperature for 3 days; after
which, the IONPs were separated using a magnet, and the supernatant was removed. The
modified nanoparticles were washed several times with small volumes of deionised water
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and allowed to dry. The powders were then stored in airtight glass vials at 4 ◦C until
further analysis.

4.8. Characterization of AgNPs
4.8.1. UV-Vis Spectroscopy, SEM, EDS and DLS

IONPs were characterised spectrophotometrically using a Genesys 20 spectrophotome-
ter (The ThermoSpectronic, Waltham, MA, USA).

The morphology and chemical composition of the IONPs were investigated using
a Quanta 250 FEG scanning electron microscope from FEI (Almelo, The Netherlands)
equipped with a FEG electron source and energy-dispersive X-ray spectroscopy (EDS). The
experiment was carried out in the same conditions as previously described [87]. Observa-
tions were made using accelerating voltages ranging from 10 to 15 keV.

The Malvern Zetasizer Nano ZS (Malvern Instruments Ltd. (Malvern, UK), GB) with
the DLS technique was used to measure the size of the nanoparticles.

4.8.2. FT-IR

Fourier-transform infrared–attenuated total reflectance (FT-IR/ATR) spectra were
recorded in the 3700–400 cm−1 range, resolution 4 cm−1, at room temperature using
a Nicolet 6700 spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and a
Meridian Diamond ATR accessory (Harrick Scientific Products, Inc., Pleasantville, NY,
USA). Interferograms of 512 scans were averaged for each spectrum. Dry potassium
bromide (48 h, 105 ◦C) was used as a reference material to collect the ATR spectra. No
smoothing functions were applied. All spectral measurements were performed at least in
triplicate. Raw spectra were processed using OMNICTM software (Thermo Fisher Scientific
Inc., USA) version 8.2.387.

4.9. Antimicrobial Activity Assay

Suspensions of all compounds in DMSO were screened for antibacterial and antifungal
activities using the 2-fold microdilution broth method. The detailed procedure of the
assay was previously described [120]. The minimal inhibitory concentrations (MIC) of
the tested compounds were evaluated for the following panel of reference yeasts: Candida
parapsilosis ATCC 22019, Candida glabrata ATCC 90030 and Candida albicans ATCC 102231.
The panel of reference Gram-positive bacteria included Staphylococcus epidermidis ATCC
12228, Staphylococcus aureus ATCC 25923, S. aureus ATCC BAA-1707, Micrococcus luteus
ATCC 10240, Enterococcus faecalis ATCC 29212 and Bacillus cereus ATCC 10876. The Gram-
negative bacteria panel included Escherichia coli ATCC 25922, Proteus mirabilis ATCC 12453,
Salmonella Typhimurium ATCC 14028, Pseudomonas aeruginosa ATCC 9027 and Klebsiella
pneumoniae ATCC 13883.

5. Conclusions

This work describes for the first time the possibility of obtaining IONPs using a method
that combines chemical synthesis with modification using plant extracts. The waste product
remaining after the supercritical carbon dioxide extraction of hop cones was used to obtain
the extracts. Among the different solvents used for extraction, the modification of IONPs
with DMSO extract improved their antibacterial properties against Gram-positive bacteria
almost tenfold, from a MIC of 2.5–10 mg/mL to 0.313–1.25 mg/mL. This is the first study to
use spent hop extract to modify IONPs. The results obtained show the great potential of the
waste material (spent hops), which should be further investigated for use in the biogenic
synthesis of nanoparticles of other metals and their activity toward microorganisms as well
as cancer cell lines.
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Abstract: Gentamicin is an essential broad-spectrum aminoglycoside antibiotic that is used in over
40 clinical conditions and has shown activity against a wide range of nosocomial, biofilm-forming,
multi-drug resistant bacteria. Nevertheless, the low cellular penetration and serious side effects of
gentamicin, as well as the fear of the development of antibacterial resistance, has led to a search
for ways to circumvent these obstacles. This review provides an overview of the chemical and
pharmacological properties of gentamicin and offers six different strategies (the isolation of specific
types of gentamicin, encapsulation in polymeric nanoparticles, hydrophobization of the gentamicin
molecule, and combinations of gentamicin with other antibiotics, polyphenols, and natural products)
that aim to enhance the drug delivery and antibacterial activity of gentamicin. In addition, factors
influencing the synthesis of gentamicin-loaded polymeric (poly (lactic-co-glycolic acid) (PLGA) and
chitosan) nanoparticles and the methods used in drug release studies are discussed. Potential research
directions and future perspectives for gentamicin-loaded drug delivery systems are given.

Keywords: gentamicin; antibacterial activity; drug delivery; nanoparticles; polyphenols; natural
products; synergy

1. Introduction

Due to the alarming rate of increase in antibacterial resistance, common broad-
spectrum antibiotics often fail to treat infections. More and more often opportunistic
and nosocomial pathogens, especially bacterial strains with a tendency to form biofilms,
like Pseudomonas aeruginosa, are the cause of high-morbidity and high-mortality infections
that require high-dosage and longer antibacterial treatments [1–3]. This again leads to
increased antibacterial resistance, creating a vicious cycle. The majority of nosocomial in-
fections are caused by six multidrug-resistant bacteria (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobac-
ter species). This group of bacteria is commonly referred to as ESKAPE pathogens [4]. All
of these bacteria can also be found on the World Health Organization’s (WHO) priority
list for research on and the development of new antibiotics for antibiotic-resistant bacteria
at either critical or high-priority levels [5]. As there has been a serious shortage of new
antimicrobials entering the market in recent years, a search for ways to enhance the efficacy
and drug delivery of already known and widely used antibacterial agents like gentamicin
is essential.

Gentamicin is a broad-spectrum, bactericidal, aminoglycoside antibiotic. It is effective
against a wide range of aerobic Gram-negative bacteria, as well as Gram-positive Staphylo-
coccus species [6]. Of special importance is its potential activity against ESKAPE pathogens.
Although it was discovered in the early 1960s [7], gentamicin still is a part of the essential
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medicines list of the World Health Organization [8]. Because of its wide activity spectrum,
gentamicin is used to treat over 40 different clinical conditions, including bacterial sepsis,
peritonitis, meningitis, the urinary tract and respiratory tract, eye, ear, bone, and surgical
site infections, and others, proving its important role in modern medicine [6,8–10]. Figure 1
summarizes United States (US) Food and Drug Administration (FDA) approved, prevalent
indications treated with gentamicin.
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Gentamicin represents class III of the Biopharmaceutical Classification System due to
its high solubility in water and low cellular penetration [11]. Consequently, drug delivery
of this active agent alone may be hindered. As gentamicin is used to fight serious infections,
often caused by multi-drug-resistant pathogens, ways to lower the needed concentration of
gentamicin and ultimately minimize the chance of the development of resistance against it
are one of the top priorities.

Therefore, this review paper provides an overview of the chemical and pharmacologi-
cal properties of gentamicin and offers six different strategies (the isolation of specific types
of gentamicin, encapsulation in polymeric nanoformulations, hydrophobization of the
gentamicin molecule, and combinations of gentamicin with other antibiotics, polyphenols,
and natural products) that aim to enhance the drug delivery and antibacterial activity
of gentamicin.

2. The Components and Properties of Gentamicin Complex

Gentamicin is produced by the Micromonospora species of bacteria, as a mixture of
multiple components, but mainly consists of five structurally different C-subtypes (C1, C1a,
C2, C2a, and C2b) with structural modifications at position 6′ of moiety I (Figure 2A) [12].
The structural differences in the major components are related by the level of methylation—a
methyl or hydrogen substitution in two R groups on the 2-amino-hexose residue (I). In
gentamicin C1a, methyl groups are missing, whereas both in C1 and C2, a methyl group is
present at the 6′ position; gentamicin C1 is N-methylated at this position, while C1a and
C2 have free amines. The C2 component consists of two stereoisomers [13]. The ratio of
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the gentamicin components varies depending on the drug’s manufacturing method, the
fermentation conditions, and the purification procedure [14,15].
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The major components constitute 92–99% of the gentamicin complex. Other gentam-
icin derivatives (Figure 2B), as the minor components, are found in the range between 0.8
and 5.3% [15,16].

According to the European Medicine Agency (EMA), the gentamicin composition consists
of 10–30% C1a, 25–45% C1, and 35–55% C2, C2a, and C2b [17,18]. The ratio of gentamicin
components has been studied using several methods based on paired-ion, high-performance
liquid chromatography (HPLC) [19,20] and coupled liquid chromatography–NMR to compare
the composition of different batches from various sources [15].

The clinical mechanism of action of the mixture is unclear; it is unknown whether the
broad spectrum of antimicrobial action is due to multiple components. In other terms, it
is unclear whether each component works across a narrower range of bacterial strains or
species than the entire mixture [21]. Numerous research groups worldwide are working
on the characterization of the structure–activity relationships of gentamicin components,
studying the activity of the difficult-to-separate components of the commercial gentamicin
samples, and characterizing specially prepared single components [21,22]. The relative
toxicity and activity of the individual components in the commercial gentamicin samples
have been studied since the 1970s [16,17]. These studies suggest that gentamicin C2 is less
nephrotoxic than the other gentamicin constituents [23]; gentamicin C1 and C1a are less
ototoxic than C2 [24]. In more recent studies evaluating the ototoxicity, it was indicated that
gentamicin C1a was less ototoxic than a commercial gentamicin mixture. The minimum
inhibitory concentration (MIC50 and MIC90) values of both the gentamicin complex and
gentamicin C1a against clinical isolates of five bacterial species from E. coli, K. pheumoniae,
A. baumannii, P. aeruginosa, and S. aureus were comparable; however, a two-fold increase in
MIC50 was observed for the gentamicin C1a isomer compared to the gentamicin complex.
However, these two compounds showed rather different in vitro activities against a larger
portion of 61 isolates from E. coli, K. pheumoniae, A. baumannii, P. aeruginosa, and S. aureus [25].

Further research on the activity–toxicity relationship of the gentamicin components
is necessary to draw concrete conclusions regarding the potential gains of isolating and
applying individual gentamicin subtypes.
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3. Pharmacology, Stability, and Administration of Gentamicin

Gentamicin belongs to the 4,6-disubstituted-2-deoxystreptamine class of aminogly-
cosides [26]. Clinically, gentamicin has been used as a sulfate salt. It contains five basic
nitrogens and requires five sulfuric acid equivalents per mole of every gentamicin base [27].

The mechanism of action prevents the synthesis of bacterial proteins through elec-
trostatic binding with negatively charged phospholipids’ head groups. Afterwards, the
antibiotic binds to the specific ribosomal proteins, resulting in the formation of inactive
complexes that cause misreadings in mRNA [28,29]. Gentamicin is a cationic antibiotic
with a narrow therapeutic index [30,31]. Its antibacterial activity can be influenced by the
pH. A low pH is associated with a decrease in activity [30]. The pharmacological action of
gentamicin is concentration-dependent [6].

The pharmacokinetics of gentamicin are comparable to those of other aminoglycosides.
Gentamicin is a polar molecule and is poorly absorbed when taken orally (less than 1%);
therefore, systemic use requires parenteral administration [31–33]. In certain infections,
topical and local administration is needed [34]. The local delivery of antibiotics might
reduce potential toxic side effects and be of particular use in infections that require the
long-term, sustained release of antibiotics, like osteomyelitis [35].

It has been suggested that the standard intravenous gentamicin starting dose of
7 mg/kg based on total body weight appears to optimize the chance of reaching the expo-
sure target after the first administration in both adults and children older than 1 month,
including critically ill patients. However, despite numerous recent population pharma-
cokinetic studies, the optimal pharmacokinetic–pharmacodynamic target for efficacy is
still unclear [36]. If patients suffer from renal failure, the dosage of gentamicin needs to be
lowered [37].

Gentamicin binds to serum proteins very poorly; in most cases, the binding to serum
proteins is under 15% [38]. In the cerebrospinal fluid of patients with uninflamed meninges, it
is found in very low concentrations [37]. Gentamicin does not easily penetrate cells; instead, it
is mostly distributed in the extracellular fluid [33]. Pinocytosis is the main mechanism of free
gentamicin uptake [39]. Gentamicin does not undergo metabolism in the body, and, through
glomerular filtration, unchanged gentamicin is quickly eliminated [33,40]. Since gentamicin
has a short plasma half-life of around 2 h, frequent administration is needed [31]. The
biodistribution of gentamicin causes its most common side effects—nephrotoxicity and
ototoxicity [41,42]. The half-life in the renal cortex is estimated to be around 100 h [43]. The
pharmacokinetics of gentamicin are dependent on the overall health status of the patient.
Altered pharmacokinetic parameters like the volume of distribution, peak concentrations,
and renal clearance are affected by conditions like sepsis, heart failure, peritonitis, and
renal impairment [33,44].

Gentamicin sulfate sterile solutions should be kept between 2 and 8 ◦C. Gentamicin
solutions have proven to be stable when kept at room temperature and in boiling aqueous
buffers with pH values ranging from 2 to 14 [27,45]. Recommendations under the auspices
of the International Society for Peritoneal Dialysis (ISPD) underlined that gentamicin
is stable for 14 days at all temperatures [46]. A protocol used for microbe–epithelium
cocultures states that gentamicin is stable at 4 ◦C for 1 month [47]. The good stability of
gentamicin over a wide range of storage conditions makes it a promising candidate for
encapsulation in novel drug delivery systems like nanoparticles.

4. Polymeric Nanoformulations of Gentamicin

In the last two decades, nanoformulations have emerged as one of the frontrunners
for the encapsulation and delivery of a wide range of active agents, including antibiotics.
Nanoformulations for enhanced drug delivery have provided formulation scientists with
the opportunity to achieve a higher bioavailability and biocompatibility, a controlled release,
and increased target selectivity [48]. Although the use of nanoformulations in terms of
their toxicity and distribution in the body is still under investigation, the potential gains of
this approach drive further research in this field [14].
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In the case of antibiotics, the main hope for the use of nanoformulations is that
they will lower the chance of the development of antimicrobial resistance and achieve
the targeted delivery of antibiotics with the lowest effective dose to avoid unwanted
side effects for the patient [49,50]. For more than two decades, various lipids, polymers,
and other materials have been applied to create micro- and nanoformulations, including
nanoparticles, nanofibers, nanocomposites, and others, for the delivery of a wide range of
antibiotics [50]. Gentamicin is no exception. In addition to polymeric nanoformulations,
gentamicin has been successfully encapsulated into liposomes [51–53] and mesoporous
silica nanoparticles [54–56], as well as being tested for synergic effects in combination
with metallic nanoparticles [57–59]. A detailed overview of all nanoformulation types for
the delivery of gentamicin has been thoroughly evaluated in a recent review paper by
Athauda et al. [14]. The use of lipid-based nanoparticles for the delivery of antibiotics and
the treatment of infections has already been reviewed in detail by Ferreira et al. [60,61].
Therefore, this review will only focus on recent advances in polymeric formulations, in
particular, poly (lactic-co-glycolic acid) (PLGA) and chitosan-based systems, their potential
applications, and the main variables impacting the systems and their kinetics. The sustained
release properties of gentamicin-loaded nanoformulations and the possibility of enhancing
the bioavailability of gentamicin are of particular importance; therefore, these topics will
be discussed in detail in further subsections.

4.1. Gentamicin-Loaded PLGA Nanoparticles

PLGA is a polyester copolymer composed of lactic acid (PLA) and glycolic acid (PGA)
in varying ratios. It is biodegradable, biocompatible, non-toxic, approved for parenteral
use by both FDA and EMA, and allows for a wide range of surface modifications [62]. An
overview of gentamicin-loaded PLGA nanoparticles and their main parameters can be
found in Table 1.
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Since gentamicin is highly hydrophilic, its penetration into cells might be hindered and
the clearance of the drug is fast [11,31]. Hence, higher doses should be administered more
frequently. In the case of gentamicin, the chance of developing side effects increases accord-
ingly [31]. Low cellular penetration is especially associated with intracellular infections [64].
The encapsulation of gentamicin in polymeric nanoparticles like PLGA and chitosan could
offer a solution to the problems caused by the high water-solubility of gentamicin. Drug-
loaded nanoparticles have an improved bioavailability and permanence time at the site of
infection, in addition to offering a sustained release and protection of premature degrada-
tion [11]. Polymers offer a wide variability of parameters, like molecular weight and the
ratio between monomers, which can be applied to develop nanoformulations with optimal
drug release properties.

In comparison to other polymers, like chitosan and alginate, PLGA nanoparticles can
have controlled release properties without a chemical modification [67]. The sustained
release of gentamicin from PLGA nanoparticles may be the most important advantage
compared to using a free drug. The ratio between PLA and PGA is crucial to the hydropho-
bicity of the formulation [70]. A higher lactic acid content increases the hydrophobicity of
the system and prolongs the release of drugs [64,70]. In addition, a sustained release of the
drug can also be achieved by using a polymer with a higher molecular weight [71]. In case
of chronic, long-lasting infections, a sustained release will determine the efficacy of the ther-
apy. To date, PLGA 50:50 is the most commonly used PLA:PGA ratio in nanoformulations
due to its favorable physiochemical properties and release kinetics [72].

The small molecular weight and the high water-solubility of gentamicin make it
challenging to encapsulate it into nanocarriers [11]. One key advantage of using PLGA as
a nanocarrier is its ability to encapsulate both hydrophobic and hydrophilic substances.
However, different formulation methods need to be applied. For a hydrophilic drug
(like gentamicin) encapsulation, multiple emulsions are needed so that the aqueous core
containing the drug is coated by a polymer shell [65]. Therefore, the majority of published
methods use the double emulsion w/o/w solvent evaporation method, with only a few
authors reporting on the use of the s/o/w method [11,65]. A schematic illustration of the
solvent evaporation method can be found in Figure 3.
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Cao et al. provide an in-depth overview of the influence of various parameters in the
w/o/w method on the morphology and physiochemical properties of PLGA particles [73].
In short, the study determined that PLGA concentration and the colostrum emulsification
speed are the most influential factors impacting the size of the particles. Lower PLGA
concentration levels (10–20 mg/mL) produce particles with a narrow size distribution;
however, the shape of the nanoparticles can be rather uneven. A higher PLGA concentration
(30–40 mg/mL) allows for the formation of particles with round shapes, although the size
distribution of the particles in this case is significantly larger. Up to a certain concentration,
an increase in the PLGA concentration increases the drug loading. A higher polymer
concentration leads to a higher viscosity and the particles solidify faster. As a consequence,
less of the drug can escape from the particles, and the encapsulation efficiency (EE%) and
drug loading (DL%) increase [73]. Regarding DL%, the second emulsification step is just as
important. Higher emulsification speeds lead to the increased volatilization of solvents like
DCM or chloroform, restricting the escape of drugs from particles [73].

Another factor significantly impacting the performance of the formulation method
is the pH of the external aqueous phase. Increasing the pH of the external aqueous phase
from 5 to 7.4 can increase the EE% up to three times [65]. This phenomenon is based on the
deprotonation of the amino groups in the gentamicin molecule, making the molecule less
hydrophilic [65].

Poly (vinyl alcohol) (PVA) is the most commonly used surfactant in PLGA-gentamicin
nanoformulations. With increasing concentrations of PVA, it is possible to decrease the
particle size as well as the polydispersity index (PDI) [66]. A study by Sun et al. suggests
that a higher concentration of PVA (9%, 12%) is associated with a more uniform, spherical
particle shape [69]. In addition, the hydrophilic nature of PVA could be responsible for the
porous surface structures of nanoparticles due to the diffusion processes [69]. The pore size
decreases with a higher PLGA concentration [69].

It has been determined that the size of nanoparticles will heavily impact their fate in
biological systems. Nanocarriers under 100 nm are prone to endocytosis, while carriers
larger than 500 nm will face phagocytosis [74]. The endocytosis of nanoparticles could
be more efficient than the pinocytosis of free gentamicin, leading to an increase in the
efficiency of the therapy [75]. In practice, most gentamicin-loaded PLGA nanoparticles
range between 200 nm and 400 nm (see Table 1). PLGA nanoparticles are internalized
using both pinocytosis- and clathrin-mediated endocytosis [76]. After internalization, the
PLGA nanoparticles escape the lysosomes and enter the cytoplasm approximately 10 min
after incubation [77,78]. It has been suggested that the naturally negative/anionic surface
charge of PLGA nanoparticles (due to the carboxylic acid end groups) reverses to cationic
with the low pH of endo-lysosomes (pH ≈ 4) [78]. The surface cationization allows for
nanoparticles to escape into the cytosol, where the encapsulated drug is released [78].
Moreover, the sustained release of the drug is achievable intracellularly. Since the PLGA
nanoparticles are only cationic in the endosomal compartment, and therefore do not cause
lysosomal destruction, they could be less toxic in comparison to cationic lipids and cationic
polymers [78].

The disadvantages of unmodified PLGA use are the lack of specific targeting properties
and response to environmental stimuli, as well as vulnerability to aggregates during freeze-
drying [79].

Since, without surface modifications, PLGA has no active targeting properties, it has
to rely on passive targeting after intravenous administration. Passive targeting will be more
effective against conditions that exhibit enhanced permeability and retention effects, such as
cancers and inflammatory processes [80]. If no surface modifications to PLGA nanocarriers
are applied, opsonization by macrophages usually occurs at high rates [65]. Due to the
previously mentioned reasons and the chance of the development of antibacterial resistance,
nanoformulations with gentamicin are most often applied for topical or local delivery.

However, in the case of systemic application, it is possible to apply surface modifica-
tions to PLGA to avoid clearance by phagocytes, limit opsonization, and prolong circulation
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time. The surface of PLGA is most often modified using polyethylene glycol (PEG), differ-
ent lipids, and target-specific agents, like antibodies and bisphosphonates [81]. To the best
of our knowledge, only one publication to date has explored the use of PLGA-PEG for the
encapsulation of gentamicin [11].

Three main targets for PLGA–gentamicin nanoparticles can be differentiated—surgical
site infections, osteomyelitis, and intracellular infections.

In the case of osteomyelitis, poor vascularization around bone tissues makes drug
delivery to the site of infection very difficult [82]. For both surgical site infections and
osteomyelitis, which are commonly caused by Staphylococcus aureus, Pseudomonas aeruginosa,
and Escherichia coli, as well as more resistant strains like Methicillin-resistant Staphylococcus
aureus, up to 6 weeks of the sustained delivery of gentamicin might be needed to eliminate
the infections and their biofilms [66,83,84]. Although non-biodegradable bone cements,
like poly (methyl methacrylate) (PMMA), possess several advantages for osteomyelitis
treatment, the need for a second surgical intervention to remove them hinders their wider
use [85,86]. Biodegradable PLGA-based nanocarrier administration via injection at the site
of infection is a great alternative [66].

Another group of infections targeted by gentamicin-loaded PLGA nanoparticles are in-
tracellular infections. Intracellular infections act as a reservoir of bacteria and lead to chronic
conditions that can also be lethal. Targeting intracellular infections is much harder due to
the poor cellular penetration of gentamicin [64,68]. To overcome this challenge, it is possible
to turn to nanoformulations, which, in general, are often taken up by macrophages via
phagocytosis. This strategy allows for the passive targeting of intracellular infections and
enhances the efficacy of the therapy [68]. To date, gentamicin-loaded PLGA nanoparticles
have been effectively explored against two intracellular infections—Klebsiella pneumoniae
and Brucella melitensis [64,68]. Not only can gentamicin-loaded PLGA nanoparticles be
taken up by infected macrophages, but they also reduce bacterial viability without inducing
an inflammatory or apoptotic response on the macrophages [68].

The current evidence of the antibacterial effectiveness of PLGA nanoparticles loaded
with gentamicin compared to the use of a free drug is mixed. Empty PLGA nanoparticles
do not possess antibacterial properties; therefore, their effect is dependent on the drug
content and the drug release mechanisms [65,69]. Some in vitro tests against P. aeruginosa,
S. aureus, and E. coli have shown that the MIC and MBC levels of nanoparticles compared
to a free drug are equal or one dilution higher [11,65]. Lower effective concentrations
of nanoparticles compared to the free drug have been reported against S. aureus [11,67].
However, when Jiang et al. tested the use of gentamicin-loaded nanoparticles against
K. pneumoniae in vitro, the MIC and MBC values for the nanoparticles were significantly
higher than those of a free drug [68]. The MIC/MBC values of nanoparticles lowered
when tested after a longer period (up to 120 h), while, for the free gentamicin, the values
stayed the same. This observation suggests that simple in vitro antibacterial tests might
not be suitable for testing nanoparticles with sustained release. Instead, nanoformulations
should be tested in more complex physiological environments in vivo for a longer period
of time. It was further proven in vivo that gentamicin-loaded nanoparticles were more
effective, providing longer protective effects against the infection than the free form of the
drug due to the sustained release of the gentamicin from nanoparticles [68]. An increased
effectiveness in vivo was also observed with P. aeruginosa infection [65]. In addition, in
terms of antibiofilm activity, the sustained release of gentamicin proves an advantage over
a single dose of free gentamicin [65].

To alleviate the application of prepared nanoparticles and to further modify the release
profile of the drugs, it is possible to incorporate the nanoparticles in various other drug
delivery forms. For local application, gentamicin-loaded PLGA nanoparticles have been
incorporated into transdermal patches and pullulan films [67,87,88].

In sum, the main advantages provided by PLGA nanoparticles are the sustained release
of gentamicin for up to 35 days and an enhanced possibility of targeting intracellular
infections and infections needing long-term treatment, leading to an increase in their
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bioavailability. The challenges regarding PLGA–gentamicin nanoparticles are that they
require further process optimization to obtain reproducible results, in addition to a quite
limited EE%. More studies on the antibacterial efficiency of these nanoparticles using
in vivo tests are needed. Gentamicin-loaded PLGA nanoparticles with various surface
modifications are an underexplored research field, with future potential for more targeted
treatments of infections.

4.2. Gentamicin-Loaded Chitosan Nanoparticles

Chitosan is a natural, linear polysaccharide with wide use in the biomedical industry
due to its physiochemical properties, biocompatibility, biodegradability, and antibacterial
and antifungal activity [89,90]. It is composed of β-1,4 glucose amine and β-1,4-N-acetyl
glucose amine units [91]. The antimicrobial properties of chitosan are explained by the
electrostatic interaction between the positive charge of chitosan and the negatively charged
bacterial cell walls [92,93]. Without the polycationic nature, the antibacterial properties
of chitosan are reduced [93]. In addition, other factors, like molecular weight, positive
charge density, and pH, can influence the antibacterial properties of chitosan [93,94]. The
antimicrobial properties of chitosan make it a desirable polymer for nanoparticle formation
and the encapsulation of antibiotics. Gentamicin-loaded chitosan nanoparticles have
largely been explored only in the last 5 years. An overview of gentamicin-loaded chitosan
nanoparticles and their main parameters can be found in Table 2.
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Both physical and chemical crosslinking can be applied to form chitosan nanoparti-
cles [100]. The ionic gelation method, which is a type of physical crosslinking, has been
most widely used to form gentamicin-loaded nanoparticles due to the simplicity and mild
conditions of the method [96,99]. Sodium tripolyphosphate (TPP), in most cases, is used
as a cross-linker. TPP is a non-toxic agent with negatively charged phosphate groups;
therefore, it can react with the positively charged amino groups of chitosan, leading to
gelling [101,102].

The cellular uptake of chitosan nanoparticles is dependent on their attachment to
the negatively charged cell membranes due to electrostatic interactions. The chitosan
nanoparticles are then transported via endocytosis, with subsequent release in subcellular
compartments like lysosomes [103]. The “proton sponge effect” promotes chitosan nanopar-
ticle escape from endosomes, meaning that the amino groups are more protonated in the
acidic pH of endosomes. Subsequently, water and chloride ions enter the endosomes to
balance out the osmotic imbalance. The volume increase ruptures the endosomes, allowing
the nanoparticles to enter cytoplasm [104]. The same mechanism is also responsible for
lysosome rupture [103]. In terms of their possible application, the use of gentamicin-loaded
chitosan nanoparticles against intracellular bacteria and biofilms has been examined, as
well as explored their potential as wound healing agents [75,95,98,105].

Regarding their antibacterial activity, gentamicin-loaded chitosan nanoparticles have
shown promising results. Gentamicin-loaded chitosan nanoparticles have shown equal or
better antibacterial properties compared to gentamicin in a free drug form [75,97,99,105].
The authors suggest that the higher antibacterial efficiency is observed due to the sustained
release of gentamicin [75]. When tested in combination with other agents, like ascorbic
acid, the dual-therapy chitosan particles show enhanced antibacterial activity and possible
synergy between the components [99].

A disadvantage of using chitosan to encapsulate gentamicin is the positive charge
of both molecules, which leads to electrostatic repulsion and, therefore, lower drug load-
ing [95]. In addition, gentamicin release from the nanoparticles is rather short in comparison
to that of gentamicin-loaded PLGA nanoparticles, with authors reporting drug release
lasting up to 1 week and, in most cases, only around 3 days [75,95–97,99,105]. The re-
lease profile of chitosan nanoparticles could prohibit their potential use in hard-to-combat
infections that require several weeks of treatment.

In recent years, novel publications can be found on chitosan nanoparticles that combine
gentamicin with other active agents, like ascorbic acid, salicylic acid, and proanthocyanidin,
to minimize the side effects of gentamicin and enhance the antibacterial activity, with
promising results [96,97,99]. As strong antioxidants, these molecules could minimize the
toxicity to cells created by reactive oxygen species (ROS) [99].

To further maximize the advantages of both polymeric and lipid drug delivery systems,
combined hybrid nanoparticles are currently being researched. In the case of chitosan, Qiu
et al. developed novel phosphatidylcholine–chitosan nanoparticles and coated the particles
with gentamicin to enhance the drug delivery to biofilms and intracellular pathogens, with
promising results [105].

4.3. The Release of Gentamicin from Polymeric Nanoparticles

The in vitro release study is crucial in evaluating drug delivery systems’ safety, ef-
fectiveness, and quality when utilizing nanoparticles. However, despite its importance,
no universally recognized standards or regulations currently govern this type of test-
ing [106,107].

Various mechanisms are employed to assess the release of drugs from nanoparticles
depending on the drug’s physical and chemical properties and the matrix. These mech-
anisms include diffusion, erosion, swelling, and osmosis [108–112]. The effectiveness of
drug release from biodegradable polymeric microspheres is determined by various factors,
including drug loading efficiency, solubility, biodegradability, diffusion, and microsphere
size [113].
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As highlighted by the literature, gentamicin release studies involving the quantifica-
tion of gentamicin face several challenges. Firstly, gentamicin is a complex mixture of five
structurally distinct components (see Section 2). Secondly, gentamicin lacks chromophore
groups, which means that it cannot absorb UV light and can be indirectly determined
through chemical derivatization methods with o-phthaldialdehyde, phenyl isocyanate,
9-fluorenylmethyl chloroformate, 1-fluoro-2,4-dinitrobenzene, and others, which are time-
consuming and produce unstable derivatives [114,115]. Most of the literature on gentamicin
release from PLGA and chitosan mentions derivatization with o-phthaldialdehyde or nin-
hydrin [11,30,63,65–67]. The obtained fluorescent product can be determined through
multiple methods. One of the most popular is the more rapid and cost-effective UV/VIS
method. Alternatively, the most reliable method is high-performance liquid chromatogra-
phy (HPLC), which enables UV, fluorescence, electrochemical, or MS detection [114,115].

The drug release profiles of nanoparticle-based formulations can be obtained through
three methods: dialysis membrane, sample and separate methods, and the continuous-flow
method [106,116,117]. For gentamicin-loaded PLGA and chitosan nanoparticles, the most
commonly used methods are the first two.

One of the major challenges in comparing research findings in the field of gentamicin
release is the absence of standardization in experimental methods. This leads to variations
in the type of membranes used, stirring speed (50–200 rpm), medium (NaCl or PBS with
pH 6.4–7.4), temperature (37 ◦C or 32 ◦C), and volume (500–900 mL) [11,30,63,65–67,69].
Even when the same techniques, such as UV/VIS, are employed, different wavelengths
are often used to detect fluorescence or absorbance [11,30,69]. Fluorescence has been
measured at 360/460 nm [63,65,68]. UV absorbance has been detected at 332 nm [66],
334 nm [75], 335 nm [67], and 400 nm [11]. Due to the variability in drug release profiles
(Higuchi, first or zero order), it can be challenging to compare the published results and
draw meaningful conclusions. This can lead to different interpretations of the drug release
times and concentrations [69,113,118].

5. Hydrophobization of the Gentamicin Molecule

To increase the efficacy of antimicrobial drug activity against various infectious dis-
eases, it is necessary to increase antimicrobial activity in the intracellular environment or
prolong the presence of the antibiotic to produce a therapeutic effect. Gentamicin sulfate is
a polar antimicrobial drug and, due to its hydrophilic nature, penetration into infected cells
is limited. Moreover, as gentamicin shows a concentration-dependent bactericidal activity
and post-antibiotic effect, it requires regular and high doses, which lead to increases in
side effects [31]. Nanotechnology has developed a promising approach for the treatment
of intracellular infections by providing the intracellular targeting and sustained release
of encapsulated drugs inside the infected cells [119]. Initially, hydrophilic gentamicin
sulfate was encapsulated in PLGA particles, and its encapsulation efficiency was achieved
at 19.2% at 9.2 µg/mg of the polymer. However, drug release tests revealed that most of
the gentamicin was released within the first hour. This can be explained by the possible
absorption of gentamicin on the surface of PLGA particles [63]. Therefore, a highly efficient
drug encapsulation strategy is required. The hydrophobic ion pairing of gentamicin with
anionic surfactants without losing antimicrobial activity serves well for this purpose [120].
This method is well known to convert polar drugs into non-polar complexes and improve
their encapsulation efficiency. For this purpose, active substances such as docusate sodium
salt (AOT), sodium dodecyl sulfate, sodium oleate, and sodium deoxycholate sulfate are
used [121]. Docusate sodium salt is one of the most promising anionic surfactants for
gentamicin. The chemical structure of gentamicin and AOT are presented in Figure 4.

The ionic complex of the Gent–AOT ratio is 1:5, and the stoichiometric complexation of
the five ionizable amino groups of gentamicin is neutralized with the AOT sulfate group. The
lipophilic alkyl chains of AOT make this complex soluble in organic solvents [122]. The obtained
complexes form particles with a size of 1000 nm [123], followed by further encapsulation of the
hydrophobic Gent–AOT complex in a biodegradable water-insoluble polymer (PLGA), making
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it possible to obtain nanoparticles with a size of 200–300 nm [122–124]. This strategy allows
for a gentamicin encapsulation efficacy close to quantitative yields and up to 60 µg/mg
of the PLGA polymer compared to instances where sulfate is used as an ion pairing
agent [125]. In addition, encapsulated gentamicin is released from PLGA particles much
more slowly in drug release tests due to the hydrophobic gentamicin AOT complex. It
was observed that only 10% of gentamicin was released during the first hour, but an
almost linear sustained release of the drug over 10 weeks was observed later [122]. Other
biodegradable polymers are also used for the encapsulation of hydrophobic Gent–AOT, for
example, poly (ε-caprolactone) and poly (D,L-lactic acid) [126], polyvinyl alcohol [122], poly
(aspartic acid) [127] or poly (methyl vinyl ether-co-maleic anhydride) [128]. The variation
in surfactants is another tool to construct a drug delivery system, as the interactions of the
gentamicin complex with the AOT that was entrapped into PLGA are known to provide a
more efficient drug delivery than occurs in the absence of AOT [31].

The antibacterial properties of nanoparticles that contain Gent–AOT are superior.
However, the toxicity of Gent–AOT should also be considered, and more research is needed
to evaluate gentamicin nanoformulations [124,125].
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6. Gentamicin Combinations with Other Antibiotics

Early studies started investigating the synergic effects of gentamicin, together with
other antibiotics, like β-lactams, in the 1970s, reporting better outcomes for the combination
approach [129–131]. Currently, gentamicin is co-prescribed with a range of penicillins
(amoxicillin, ampicillin, and benzylpenicillin) for the treatment of serious infections like
sepsis, bacterial pneumonia, and peritoneal abscess [8]. The World Health Organization
recommends gentamicin + azithromycin dual treatment for gonococcal infections in case
treatment with cephalosporins fails, although this is a conditional recommendation with
very low-quality evidence [132]. In the last decade, several studies have searched for new
potential synergic combinations. Synergy has been observed when combining gentamicin
with azithromycin [133,134], mitomycin C [135], fosfomycin [136,137], ciprofloxacin [136],
daptomycin [138], and cefepime [139].

Recent tests on gentamicin in combination with other antibiotics have largely focused on
its antibacterial activity against P. aeruginosa [134–136,139] and Enterococci species [137,138]. In
addition, the combinational approach has also been tested against uncomplicated gonor-
rhea [133] and E. coli strains [136]. The synergic effects of combinations against biofilms of
both E. coli (fosfomycin/gentamicin [136]) and P. aeruginosa (ciprofloxacin/gentamicin [136]
and cefepime/gentamicin [139]) may be particularly important. A fosfomycin/gentamicin
combination even retained its synergic effects against a gentamicin-resistant strain of
E. coli [136].

The mechanisms behind the synergic effects of the two antibacterial agents are still
largely unknown and underexplored. It has been suggested that the synergy of the
azithromycin/gentamicin combination might be due to the suppression of trans-translation
by gentamicin, enhancing the efficacy of azithromycin [134]. In addition, a bacterolytic effect
of gentamicin has been hypothesized to explain the efficacy of the fosfomycin/gentamicin
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combination against a gentamicin-resistant strain [136]. Due to the high clinical significance,
understanding the mechanism behind the synergic effects responsible for action against
biofilms is critical.

Reports have been presented on the increased development of resistance after using the
gentamicin combination compared to monotherapy [140]. Furthermore, the increased toxicity,
especially the nephrotoxicity, of this approach is particularly concerning [29,140–142]. For
example, a study of patients with gonorrhea revealed a strong adverse gastrointestinal effect
rate in patients, which would likely limit the application of the azithromycin/gentamicin
combination in clinical practice [133].

Further studies, including randomized controlled trials, should be executed to evaluate
the risks and benefits of gentamicin + other antibiotic approaches. A search for alternative
antibacterial agents, which have safer profiles and a lower likelihood of the development
of resistance, like substances derived or isolated from natural products, is needed.

7. Gentamicin Combinations with Polyphenols

The used combination should lower the effective dose of antibiotic, as well as minimize
the potential side-effects of the treatment [2,143]. These criteria could potentially be met by
natural products like individual phytochemicals or herbal extracts.

Polyphenols are one of the largest groups of natural bioactive substances and are
present in a very wide variety of plants [144]. Polyphenols possess not only antimicrobial
but also antioxidant and anti-inflammatory properties [144,145]. Even though the effective
concentrations of polyphenols often are much higher than those of antibiotics, their overall
properties and potential for synergism make them attractive candidates for the combination
approach [146].

A wide range of polyphenols, mainly flavonoids, have been tested together with
gentamicin in the last 20 years. For the most part, more flavonoid aglycones than glycosides
have been tested. Aglycones are known to have more potent biological activity than their
respective glycosides [147]. An overview of studies with positive conclusions regarding
synergy is found in Table 3. Polyphenols that, to date, have not shown any synergistic
effects together with gentamicin have not been included in Table 3.

Table 3. Synergy between gentamicin and individual polyphenols.

Polyphenol Bacteria Bacterial Strain
Type

Antibacterial Effect on
Gentamicin FICI Synergy/Partial

Synergy Ref.

Caffeic acid P. aeruginosa Clinical isolates
MIC reduced from

625 µg/mL to
24.61 µg/mL

NA Synergy [148]

Epigallocatechin gallate

A. baumannii Reference MIC reduced from
27 µg/mL to 4 µg/mL 0.65 Partial synergy [146]

S. aureus Clinical isolates MIC reduced from
32 µg/mL to 6.4 µg/mL 0.325 Synergy [149]

E. coli Clinical isolates MIC reduced from
32 µg/mL to 6.4 µg/mL 0.325 Synergy [149]

Daidzein A. baumannii Reference MIC reduced from
27 µg/mL to 8 µg/mL 0.42 Synergy [146]

Galangin
S. aureus

(methicillin-
resistant)

Clinical
isolates/reference Reduced MIC 0.18–0.25 Synergy [150]

Gallic acid S. aureus Clinical isolates
MIC reduced from

49.21 µg/mL to
2.44 µg/mL

NA Synergy [148]

Genistein A. baumannii Reference MIC reduced from
27 µg/mL to 4 µg/mL 0.4 Synergy [146]

5-Hydroxy-3,7,4′-
trimethoxyflavone

S. aureus Clinical isolates Reduced MIC NA Synergy [151]
E. coli Clinical isolates Reduced MIC NA Synergy [151]

Kaempferol 7-O-β-D-
(6′′-O-cumaroyl)-
glucopyranoside

S. aureus Reference MIC reduced from
16 µg/mL to 4 µg/mL NA Synergy [3]

E. coli Reference MIC reduced from
16 µg/mL to 8 µg/mL NA Synergy [3]

83



Antibiotics 2024, 13, 305

Table 3. Cont.

Polyphenol Bacteria Bacterial Strain
Type

Antibacterial Effect on
Gentamicin FICI Synergy/Partial

Synergy Ref.

Luteolin S. aureus Reference MIC reduced 4-fold 0.258 Synergy [143]
E. coli Reference Reduced MIC 0.504 Additive [143]

Nordihydroguaiaretic
acid

S. aureus
(methicillin-

sensitive)
Clinical isolates Several-fold MIC

reduction <0.5 Synergy [152]

S. aureus
(methicillin-

resistant)
Clinical isolates Several-fold MIC

reduction <0.5 Synergy [152]

Quercetin

P. aeruginosa Clinical isolates MIC reduced from
128 µg/mL to 32 µg/mL 0.28–0.53 Synergy/Partial

synergy [153]

P. aeruginosa Clinical
isolates/reference Reduced MIC 0.375–0.75 Synergy/Partial

synergy [2]

P. mirabilis Clinical isolates Restored antibacterial
activity NA Synergy [154]

Plumbagin P. aeruginosa Reference Reduced MIC 0.152–0.485 Synergy [155]

Pyrogallol S. aureus Clinical isolates
MIC reduced from

49.21 µg/mL to
2.44 µg/mL

NA Synergy [148]

Rutin P. aeruginosa Reference MIC reduced from
10 µg/mL to 2.5 µg/mL 0.5 Synergy [156]

Sophoraflavanone B
S. aureus

(methicillin-
resistant)

Clinical
isolates/reference

MIC reduced 8- to
32-fold 0.25–0.375 Synergy [157]

Vitexin P. aeruginosa Reference Reduced MIC 0.078 Synergy [158]

NA—not available; FICI—fractional inhibitory concentration index; MIC—minimum inhibitory concentration.

Three main mechanisms of polyphenol and gentamicin synergy can be distinguished.
First, polyphenols inhibit the bacterial wall biosynthesis, allowing gentamicin to reenter
the cells and leading to increased sensitivity [146,152,153]. Second, polyphenols can inhibit
different bacterial efflux pumps; for example, AbeM and AdeABC [146,153]. Since these
efflux pumps can be responsible for the development of resistance, their inhibition could
increase bacterial sensitivity against antibiotics [146]. Third, polyphenols can inhibit quo-
rum sensing, consequently regulating the bacterial population density [2,155,158]. Quorum
sensing plays a significant role in biofilm production, hindering optimal drug delivery
to pathogens. The inhibition of quorum sensing disrupts the biofilm structure, allowing
gentamicin to reach and kill the pathogens [2,153,155].

Overall, most of the research focused on members of the ESKAPE group of pathogens,
providing potential future alternatives to current approaches. To date, the lowest amount of
evidence of synergy was found for E. coli, with only two papers finding synergy or additive
effects using reference strains [3,143], and the rest reporting no or minimal effect [146,148,154,159].

In terms of the tested bacterial strains, it is advisable to use not only commercially
available reference strains but also clinical isolates, since different strains may exhibit
different synergic effects due to their diverse genetic and resistance mechanisms [2]. The
synergic activity of polyphenols with gentamicin against reference strains does not always
translate to clinical isolates [143].

In addition to the synergic effects, polyphenols have also been investigated to minimize
the toxic effects of oxidative stress subsequent to the use of gentamicin [143,159].

8. Gentamicin Combinations with Natural Products

Another approach to enhance the antibacterial properties of gentamicin is to test
multicomponent natural products like herbal extracts. Herbal extracts contain up to
hundreds of bioactive substances and, therefore, could simultaneously act on multiple
targets and enhance each other’s antibacterial activity [160]. In addition, the use of multi-
component products could lower the chances of antibacterial resistance development [161].
An overview of studies with positive conclusions regarding the synergy between natural
products and gentamicin is found in Table 4. Natural products that, to date, have not
shown any synergistic effects together with gentamicin are not included in Table 4.

Most positive outcomes regarding the synergy between natural products and gen-
tamicin were obtained using bacterial reference strains, raising the question of whether
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the same observation could be seen using clinical isolates. If using medicinal plant ex-
tracts, the preparation method of the extract is crucial to the chemical composition of the
extract. Furthermore, the wide variability in the chemical profiles and concentrations of
bioactive substances in plants has to be kept in mind. Therefore, studies on the potential
synergy between herbal extracts and antibiotics should also provide results on the chemical
composition of the extract.

A concrete conclusion regarding the mechanisms responsible for the synergic activity
of natural products together with antibiotics cannot be obtained [161–164]. Some authors
have suggested that synergic effects could be observed due to changes in the efflux system,
damage to cell membranes, and the inhibition of protein synthesis. Further research is needed
to clearly understand the mechanisms [161,162,164]. A study using propolis revealed that the
concentration of natural products is also crucial to the synergic activity [161]. Higher con-
centrations of propolis and antibiotics lead to a surprising loss of synergy [161]. This finding
accentuates the important role of the ratio of components to produce synergic activity [161].

Table 4. Synergy between gentamicin and natural products.

Natural Product Bacteria Bacterial Strain Type Antibacterial Effect
on Gentamicin FICI Synergy/Partial

Synergy Ref.

Aniba rosaeodora essential oil

B. cereus Reference
MIC reduction from

0.50 µg/mL to
0.12 µg/mL

0.30 Synergy [40]

B. subtilis Reference
MIC reduction from

0.25 µg/mL to
0.06 µg/mL

0.34 Synergy [40]

S. aureus Reference

MIC reduction from
0.50 µg/mL to

0.12 µg/mL and from
0.06 µg/mL to

0.01 µg/mL

0.30 Synergy [40]

E. coli Reference
MIC reduction from

0.50 µg/mL to
0.12 µg/mL

0.35 Synergy [40]

A. baumannii Reference
MIC reduction from

4.00 µg/mL to
0.24 µg/mL

0.11 Synergy [40]

S. marcescens Reference
MIC reduction from

0.50 µg/mL to
0.12 µg/mL

0.30 Synergy [40]

Y. enterocolitica Reference
MIC reduction from

0.25 µg/mL to
0.01 µg/mL

0.11 Synergy [40]

Clinopodium vulgare L. extracts B. subtilis Clinical isolates Reduction in MIC 0.395–0.44 Synergy [164]

Daphne genkwa extract S. aureus
(methicillin-resistant) Reference Reduction in MIC 0.750 Partial synergy [165]

Magnolia officinalis extract S. aureus
(methicillin-resistant) Reference Reduction in MIC 0.750 Partial synergy [165]

Kaempferia parviflora extracts

K. pneumoniae Clinical isolates Reduction in MIC 0.141–0.625 Synergy/Partial
synergy [162]

P. aeruginosa Clinical isolates Reduction in MIC 0.133–0.625 Synergy/Partial
synergy [162]

A. baumannii Clinical isolates Reduction in MIC 0.133–0.563 Synergy/Partial
synergy [162]

Mentha piperita L. essential oil

B. cereus Reference
MIC reduction from

2.00 µg/mL to
0.06 µg/mL

0.08 Synergy [163]

B. subtilis Reference
MIC reduction from

0.50 µg/mL to
0.01 µg/mL

0.07 Synergy [163]

S. aureus Reference

MIC reduction from
2.0 µg/mL to

0.06 µg/mL; from
0.5 µg/mL to

0.06 µg/mL; from
8.0 µg/mL to

2.0 µg/mL

0.103–0.3 Synergy [163]

E. faecalis Reference
MIC reduction from

8.0 µg/mL to
1.0 µg/mL

0.32 Synergy [163]

E. coli Reference
MIC reduction from

1.0 µg/mL to
0.03 µg/mL

0.43 Synergy [163]

K. pneumoniae Reference
MIC reduction from

32.0 µg/mL to
1.0 µg/mL

0.43 Synergy [163]

A. baumannii Reference
MIC reduction from

8.00 µg/mL to
0.5 µg/mL

0.46 Synergy [163]

P. aeruginosa Reference
MIC reduction from

2.00 µg/mL to
0.06 µg/mL

0.08 Synergy [163]
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Table 4. Cont.

Natural Product Bacteria Bacterial Strain Type Antibacterial Effect
on Gentamicin FICI Synergy/Partial

Synergy Ref.

Pelargonium graveolens
essential oil

B. cereus Reference
MIC reduction from

0.50 µg/mL to
0.125 µg/mL

0.30 Synergy [40]

B. subtilis Reference
MIC reduction from

0.25 µg/mL to
0.06 µg/mL

0.34 Synergy [40]

S. aureus Reference

MIC reduction from
0.50 µg/mL to

0.01 µg/mL and from
0.12 to 0.04 µg/mL

0.28–0.35 Synergy [40]

E. coli Reference
MIC reduction from

0.50 µg/mL to
0.12 µg/mL

0.30 Synergy [40]

A. baumannii Reference
MIC reduction from

4.00 µg/mL to
0.24 µg/mL

0.11 Synergy [40]

S. marcescens Reference
MIC reduction from

0.50 µg/mL to
0.12 µg/mL

0.45 Synergy [40]

Y. enterocolitica Reference
MIC reduction from

0.25 µg/mL to
0.03 µg/mL

0.22 Synergy [40]

Propolis

B. subtilis Reference
MIC reduction from

1.25 µg/mL to
0.05 µg/mL

NA Synergy [161]

B. cereus Reference
MIC reduction from

1.25 µg/mL to
0.05 µg/mL

NA Synergy [161]

B. megaterium Reference
MIC reduction from

0.25 µg/mL to
0.01 µg/mL

NA Synergy [161]

S. aureus
(methicillin sensitive) Reference

MIC reduction from
1.5 µg/mL to

0.5 µg/mL
NA Synergy [161]

S. aureus
(methicillin-resistant) Reference

MIC reduction from
>1.5 µg/mL to

0.5 µg/mL
NA Synergy [161]

E. coli Reference
MIC reduction from

>1.5 µg/mL to
0.5 µg/mL

NA Synergy [161]

NA—not available; FICI—fractional inhibitory concentration index; MIC—minimum inhibitory concentration.

9. Conclusions and Future Perspectives

Even after 60 years on the market, gentamicin plays an important role in combating
serious infections, especially those originating from the nosocomial ESKAPE pathogens.
Several strategies, including encapsulation in nanoformulations, hydrophobization of the
molecule, and combinations with various agents, have been investigated to enhance both
the activity and drug delivery of gentamicin. Current evidence indicates that polymeric
nanoformulations, especially PLGA nanoparticles, could provide a sustained release of
gentamicin and offer higher bioavailability. Hydrophobization of the gentamicin molecule
can significantly increase the encapsulation efficiency in nanoparticles and enhance the
antibacterial properties of the system. Nevertheless, the currently used in vitro drug
release methods lack standardization, hindering adequate comparison between studies.
Further research on the toxicology of these nanoformulations is needed. Research on the
synergic effects between gentamicin and polyphenols is an exciting research direction.
Testing on a wider range of clinical isolates, not only reference strains of bacteria, will
allow us to see if the results of synergy can be translated to clinical practice. The possible
encapsulation of gentamicin–polyphenol combinations in drug delivery systems should
be further investigated. As gentamicin is applied to treat hard-to-reach infections like
osteomyelitis, target-specific surface modifications of drug delivery systems hold great
potential for future research.
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Abstract: Chlorhexidine is the most commonly used anti-infective drug in dentistry. To treat in-
fected void areas, a drug-loaded material that swells to fill the void and releases the drug slowly
is needed. This study investigated the encapsulation and release of chlorhexidine from cellulose
acetate nanofibers for use as an antibacterial treatment for dental bacterial infections by oral bacteria
Streptococcus mutans and Enterococcus faecalis. This study used a commercial electrospinning machine
to finely control the manufacture of thin, flexible, chlorhexidine-loaded cellulose acetate nanofiber
mats with very-small-diameter fibers (measured using SEM). Water absorption was measured gravi-
metrically, drug release was analyzed by absorbance at 254 nm, and antibiotic effects were measured
by halo analysis in agar. Slow electrospinning at lower voltage (14 kV), short target distance (14 cm),
slow traverse and rotation, and syringe injection speeds with controlled humidity and temperature
allowed for the manufacture of strong, thin films with evenly cross-meshed, uniform low-diameter
nanofibers (640 nm) that were flexible and absorbed over 600% in water. Chlorhexidine was encapsu-
lated efficiently and released in a controlled manner. All formulations killed both bacteria and may
be used to fill infected voids by swelling for intimate contact with surfaces and hold the drug in the
swollen matrix for effective bacterial killing in dental settings.

Keywords: nanofiber; controlled release preparation; chlorhexidine; anti-bacterial

1. Introduction

Electrospun nanofibers are finding uses as effective drug-delivery biomaterials. The
nanoscale properties of these fibers offer the advantage of creating fiber mats with flexibility
for good handling and a considerable increase in contact surface area. This allows for
improved adhesion to tissues, making these mats attractive for numerous applications in
health sciences [1].

Electrospinning is the most popular method for nanofiber production due to the ease
of equipment handling and the versatility of the composition of polymeric solutions [2].
The potential application of nanofibers in various fields of dentistry has been investigated,
very often as drug release systems, using a wide variety of polymers and drugs [3–8].
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Souza et al. [8] review anti-infective nanofiber technology that describes all the work con-
ducted with numerous antibiotics, including tetracycline, ciprofloxacin, metronidazole,
minocycline and doxycycline, for dental applications. Depending on the polymers em-
ployed for nanofiber production, the release can be controlled by different mechanisms
(diffusion or diffusion with the degradation of the matrix) [9]. Certain dental applications
require an antibiotic delivery system to be highly flexible, swell in aqueous media, and
be easily squeezed into voids, such as root canal channels or caries decay sites [8]. For
nanofiber systems, this might be achieved with more hydrophilic, cellulose-based polymers
electrospun with small-diameter fibers to maximize flexibility and surface area for rapid
wetting/swelling. This water absorption would be limited by void space and not create
any significant hydrodynamic pressure.

Chlorhexidine is one of the most commonly prescribed antiseptic agents in dental
fields. It has long-lasting antibacterial activity compared to other similar agents, with
broad-spectrum action, and it has been shown to reduce plaque, gingival inflammation and
bleeding [10–12]. Despite a recent systematic review that highlighted the resistance of some
microorganisms to chlorhexidine, chlorhexidine rinses favor the resolution of microbial
dysbiosis by lowering community diversity and promoting widespread reductions in
bacterial genera [13]. Its use is considered a powerful co-adjuvant to mechanical oral
hygiene [14]. Several studies have proposed its use as an enzyme inhibitor to reduce
collagen degradation [15–19]. Although chlorhexidine may combat collagen degradation
and provide benefits to dentin [20], it may present some adverse effects when used in
mouthwashes with concentrations higher than 0.2%, which may limit its use in the required
extended residence time of the agent in the oral setting [12]. Generally, chlorhexidine
application in a cavity is in liquid or gel form, making it difficult to control the amount
of agent remaining in the cavity. In these application forms, the chlorhexidine available
is restricted to that in contact with the exposed area, and a depot reservoir to supply
additional chlorhexidine for long-term action is not presently available. Moreover, any
other bioactive agent to be applied would need a separate procedure.

Cellulose acetate is a biocompatible polymer conducive to electrospinning into flexible
mats [21–27]. The material has uses in dentistry as a composite membrane [28] or in the
form of electrospun membranes [26,27]. Antibiotic-loaded cellulose acetate electrospun
membranes were shown to be effective treatments for diabetic wound treatment [29],
underlining the long-term compatibility of the material with sensitive tissues. The objective
of this study was to investigate the encapsulation and release of chlorhexidine from cellulose
acetate nanofibers for use as an antibacterial treatment for dental bacterial infections by
oral bacteria Streptococcus mutans and Enterococcus faecalis. Because such fibers would likely
release the chlorhexidine rapidly, a titanium binding agent was incorporated into the CA
fiber mats to slow the release of the drug.

2. Results
2.1. Morphological Characterization

SEM images showed randomly oriented fibers in all groups. The mean fiber diameter
(±standard deviation) of all groups is presented in Table 1.

Table 1. Mean fiber diameter (nm) present in the different mats.

CA-PEO CA-TTE CA-CHX 0.3 CA-CHX 1.2 CA-PEO POST-SPIN

588 (±57) 600 (±54) 569 (±76) 613 (±122) 584 (±62)
CA-PEO: Cellulose acetate and Polyethylene oxide; CA-TTE: Cellulose acetate, Polyethylene oxide and Titanium
triethanolamine linker; CA-CHX 0.3: Cellulose acetate, Polyethylene oxide, Titanium triethanolamine linker
and Chlorhexidine diacetate powder at wt% 0.3; CA-CHX 1.2: Cellulose acetate, Polyethylene oxide, Titanium
triethanolamine linker and Chlorhexidine diacetate powder at wt% 1.2; CA-PEO POST-SPIN: Cellulose acetate
and Polyethylene oxide immersed in 5% (w/v) Chlorhexidine digluconate aqueous solution binded via the
Titanium triethanolamine.
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One-way ANOVA analysis showed that the different formulations of the fibers pro-
duced did not result in different fiber diameters (p > 0.05). Figures 1–5 show nanofibers
from the five experimental groups under three magnifications each.
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2.2. Nanofiber Mat Water Absorption

All nanofiber mats absorbed water rapidly, reaching levels of approximately 600%
within 5 min followed by minor increases in water absorption over the next two hours.
There was little difference in water absorption between fiber mats, but the chlorhexidine-
soaked mats showed slightly higher absorption levels that were significant at the two- and
three-hour time points (p < 0.05) (Figure 6).
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Figure 6. Water absorption of chlorhexidine-loaded cellulose acetate nanofiber mats (0.3 and 1.2
indicate the loading % of chlorhexidine in cellulose acetate).

2.3. Drug Release

Chlorhexidine release from the different mats was characterized by a burst phase over
the first 2 h, followed by a slow release over the rest of the experiment (Figure 7). The
mats containing 1.2 wt% chlorhexidine showed statically higher increased release when
compared to the other groups in the first 2 h. However, the release from the group where
the fibers received the post-spin treatment was higher over time, showing the ability to still
release a certain amount of CHX after the three months (last data), which is significantly
higher when compared to the other groups (p < 0.05).
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2.4. Antibacterial Assay

The antibacterial assay showed that inhibition halos were formed against S. mutans
and E. faecalis in all mats containing chlorhexidine (Figures 8–10). The mats with 1.2 wt%
of the drug and the one treated after the spinning process showed statistically higher
inhibition than both the positive control (chlorhexidine solution at 300 µg/mL) and the
mats with 0.3 wt% of the drug (p < 0.05). In general, the inhibition was higher against
S. mutans than E. faecalis for all groups containing CHX. The initial concentration calcu-
lated for S. mutans was 5.0 × 108 CFU/mL, and for E. faecalis, it was 1.2 × 108 CFU/mL.
A comparison of the size of the diameter of the halos are represented graphically
(Figures 8 and 9) and through images (Figure 10A,B).
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Figure 10. The inhibition halos observed when the experimental mats were applied against S. mutans (A)
and E. faecalis (B).

2.5. Minimum Bactericidal Concentration

The concentration of chlorhexidine solution to prevent the dental biofilm bacteria
growth was detected with solutions at 270 µg/mL and 27 µg/mL. The MBC value was
determined to be 2.7 µg/mL against the plaque bacteria.

3. Discussion

Cellulose and derivates are polymers often used for nanofiber production through
the electrospinning process [21,22]. A great number of publications have suggested the
use of cellulose acetate nanofibers for biomedical applications [23–25] and often specifi-
cally for dental applications [26,27]. Furthermore, depending on the application, it can
be blended with other polymers to control drug diffusion and release and is a suitable
matrix for the incorporation of antimicrobial compounds [24,25,30,31]. Cellulose acetate has
been described as a suitable biomaterial for obtaining a prolonged drug release from cast
films [32], suggesting the potential for similar properties from nanofiber mats. The strategy
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of incorporating a drug into the fibers may be achieved in a number of ways: by evenly
distributing or dissolving the active agent in the polymer solution before electrospinning,
by confining the active agent in the core of the fiber through coaxial electrospinning, by
encapsulating the active agent in nanostructures before dispersing them in the electrospin-
ning solution, by post-treatment of the fiber after electrospinning to convert a precursor to
its active form, or the attachment of the active agent onto the fiber surface [33]. In most
studies to date, the active agents are blended into the polymer solutions before electro-
spinning [34]. This technique is simple and able to accommodate a large range of active
agents, and the resultant fibers tend to release the active agents in a burst fashion (essential
for the initial bacterial killing) followed by a slower release to top up and maintain the
bactericidal concentration.

For this investigation, we used a similar method to Chen et al. [35] who encapsulated
chlorhexidine into cellulose acetate nanofibers with an average diameter of 950 nm. The
use of a commercial electrospinning machine in this study allowed for much finer control
of spinning conditions than the lab-assembled systems used by others. We found that
using high polymer concentrations in DMF (6%) with the control of chamber humidity
and temperature and lower voltage (14 kV), shorter target distance (14 cm), and slower
drum rotation with spinning over extended times (12 h) allowed for the production of
much smaller-diameter nanofibers in very smooth easy-to-handle sheets. The optimal
solution concentration choice was based on a pilot study where the concentrations of
3, 5, and 6 wt% of CA were tested with 0.2 or 0.3 wt% of PEO. The 6 wt% CA and
0.2 wt% PEO were very stable and with suitable viscosity, producing a mat with the best
characteristics. It is known that fiber diameter has a direct impact on fiber properties and
may eventually influence drug release profiles [34,36]. The task of transforming polymeric
solutions into nanofibers is governed by factors related to the process itself, the environment,
and factors related to the polymeric solution, such as the choice of solvent, viscosity, and
polymer concentration. Although “nano” is normally meant to mean a size range under
100 nm, most of the publications have applied the term “nanofibers” for their fabrics, even in
cases where the average diameters were 200–800 nm (submicron), obtained in major works
where cellulose acetate fibers were produced by electrospinning, and also in our experiment.
The fibers formed were uniform, well distributed, and free of beads, and the mats were
easy to handle. The drug incorporation did not interfere with the fiber characteristics. In
this study, by using a commercial electrospinning machine, fine control over all spinning
parameters was allowed, and very slow overnight spinning was found to give optimal
lower-diameter fibers formed into easy-to-handle mats. The manufacturing process was
considered a great success, as following many trial-and-error pilot studies, the effective
encapsulation of chlorhexidine in usable nanofiber mats was achieved. Furthermore, these
mats allowed for the release of the drug and provided excellent antibacterial effects against
two particularly problematic dental bacteria.

The antibacterial action of these nanofiber formulations of chlorhexidine was tested
against common oral pathogens, frequently related to active carious lesions or dental
infections. Dental biofilm may contain thousands of different bacteria, so it was interesting
to assess a bactericidal concentration for a culture of these bacteria because a nanofiber
formulation might encounter preexisting biofilm deposits on teeth rather than low-level
infection with just one or two bacteria. In our studies, all plaque bacteria were killed using
a chlorhexidine concentration of 27 µg/mL. The specific bacteria S. mutants and E. faecalis
are particularly difficult to kill using chlorhexidine with high MBC values, often reported
to be close to 100 µg/mL for both bacteria [35,37]. Certainly, then, any drug released from
nanofibers should be able to maintain concentrations above this value for some time after
placement to achieve the initial first killing of localized infections [8]. In this study, the
nanofiber formulations released the drug into release media at levels reaching 5–25 µg/mL
over 24 h, but this was into 20 mL release media. These mats measured 5 cm by 1 cm
and when moist, this size of film was easily manipulated down into a wet ball so that
inside a void, slow drug diffusion from the inside of such a mass might help maintain
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anti-infective concentrations at the interface with tissues where drug clearance mechanisms
would normally reduce drug concentration. A particular limitation of this study is that no
animal studies were possible to test the practical application of these nanofiber mats, so
these projections of in vivo application and effective void concentrations are speculative.

The nanofiber mats containing either low (0.3 wt%) or high (1.2 wt%) loadings of
chlorhexidine were able to effectively eliminate both bacteria in agar plate tests with a
similar efficiency to chlorhexidine alone (Figures 8–10).

Since chlorhexidine remains the gold-standard antiseptic in dentistry, being able to act
in several dental fields [14], many authors have tried to maintain the chlorhexidine release
for long periods through many different strategies, including nanofiber technology [38–45].
In this study, it is assumed that the high levels of drug release after placement in a moist
dental void setting would achieve bactericidal concentrations and the compressed swollen
mat would retain the released drug in the matrix to maintain the high local concentration.
This scenario is totally different from the use of chlorhexidine solution washing of tissue
surfaces where the drug is clearly washed away from the target area rapidly.

This study, despite the limitations related to the use of the electrospinning method,
which may generate fiber mats with slightly different characteristics among the samples
and the simple method of drug incorporation, successfully provided the manufacture
of biocompatible drug-loaded nanofiber mats that might allow for easy dry placement
(forceps pushing fibers into void) so that the matrix would absorb enough water, fill the
void, release chlorhexidine and ensure immediate contact with potentially infected tissue
surfaces. The experiments described in this paper are considered fundamental studies to
generate evidence for future research.

4. Materials and Methods
4.1. Nanofiber Mat Production

The fibers were produced from a solution containing cellulose acetate Mn ~ 50,000
(CA) and Polyethylene oxide Mw ~ 5,000,000 (PEO) (Sigma-Aldrich, St. Louis, MO, USA),
the latter essential to provide the appropriate viscosity of the solution to allow for the forma-
tion of the fibers. The polymers were dissolved in N, N-Dimethylformamide (DMF, Fisher
Scientific, Waltham, MA, USA), considered a suitable solvent for CA and chlorhexidine
powder (CHX). First, the high-molecular-weight PEO (24 mg or 0.2 wt%) was dissolved in a
beaker with 12 g of DMF and stirred at 350 rpm at 60 ◦C for 30 min. After the achievement
of a clear solution, 720 mg (6 wt%) of the cellulose acetate powder was added, mixed with
a metal spatula and left stirring for 45 min at 60 ◦C. For the control group 1 (CA-PEO), the
clear solution was transferred to a 10 mL plastic syringe to fit in a Nanofiber Electrospinning
Unit (NEU–Kato Tech, Kyoto, Japan) to start the electrospinning process. For the groups
that received chlorhexidine, titanium triethanolamine was included in the formulation
to potentially bind the drug and potentially slow the rate of drug release. A volume of
10 mL of the CA-PEO-DMF solutions was added to 0.1 mL (1 wt%) of Tyzor®TE (TTE)
(80 wt% titanium triethanolamine in isopropanol), and different amounts of chlorhexi-
dine diacetate were added according to each group (0.3 wt% or 1.2 wt%) and stirred for
10 min at 90 ◦C. The second control group received TTE but did not receive CHX. The
electrospinning parameters were applied voltage of 14 kV; distance between the needle
tip and the collector plate of 14 cm; target speed of 1.0 m/min; and traverse speed of
1 cm/min. The syringe pump speed was 0.065 mm/min. Temperature and humidity in the
chamber were monitored. Air humidity was kept under 30%, controlled by a dryer unit,
and temperature varied between 24 ◦C and 27 ◦C. The collector plate was covered with an
aluminum foil, the fibers were produced over 12 h in a random mode, and no attempt to
align them was made. The formed fiber mats were gently removed from the collector plate
and stored in a sealed plastic bag away from heat and humidity until use.

The last experimental group was obtained with a post-spin treatment of the CA-
PEO fiber mats with a chlorhexidine solution. The electrospun fiber mats obtained from
6 wt% CA and 0.2 wt% PEO were immersed for 1 h in 10 wt% titanium triethanolamine
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solution in isopropanol, which was obtained by dilution of the TTE solutions supplied by
the manufacturer. The fiber meshes were cured in an oven at 110 ◦C for 10 min to bind TTE
to CA. The fibers were then rinsed with water several times and dried. The resulting fibers
were placed in 5% (w/v) chlorhexidine digluconate aqueous solution for 1 h and cured at
90 ◦C for 30 min to immobilize the CHX via the titanate linkers. The treated fibers were
rinsed with water several times and dried under vacuum to constant weight.

Based on the composition/treatment of the mats, five experimental groups were
formed (Table 2). Triplicate fiber mats were produced for each group.

Table 2. Polymers, solvents, and drugs added to the solutions of the experimental groups.

Composition

Groups CA PEO TTE DMF CHX

CA-PEO 0.78 g 0.025 g - 12 g -

CA-PEO-TTE 0.78 g 0.025 g 0.12 g 12 g -

CA-PEO-TTE-CHX 0.3 0.78 g 0.025 g 0.12 g 12 g 0.038 g

CA-PEO-TTE-CHX 1.2 0.78 g 0.026 g 0.13 g 12 g 0.15 g

CA-PEO-POST-SPIN 0.78 g 0.025 g - 12 g Post-spin treatment
CA: Cellulose acetate; PEO: Polyethylene oxide; TTE: Titanium triethanolamine linker; DMF: N, N-Dimethylformamide;
CHX: Chlorhexidine diacetate powder.

4.2. Nanofiber Water Absorption Studies

Twenty mg sections of each nanofiber mat were placed on Millipore vacuum filter
membranes. These mat sections had been pre-weighed both dry and after wetting followed
by vacuum removal of excess water. The mats and filter combination were wetted and left
for various times in a Petri dish. The filter and mats were removed from water and tilted
with forceps to remove excess water and then vacuum treated for three seconds to remove
any obvious remaining excess water. The filter and swollen mats were then weighed before
returning to the water. The percentage of water absorption was then simply calculated by
the ratio of dry weight to wet weight.

4.3. Morphological Characterization of Nanofibers

The nanofibers’ morphological characteristics were initially observed under an optical
microscope during the electrospinning process (Nikon Eclipse LV100 Optical Microscope,
Tokyo, Japan). Samples were collected on a glass slide placed next to the revolving drum
to confirm the production of the fibers. A scanning electron microscope (SEM S-238ON,
Hitachi, Tokyo, Japan) was used to evaluate the final electrospun mats with an acceleration
voltage of 10 kV. The mats were analyzed to evaluate the structure of the fibers. Randomly
selected areas of each mat were cut into 5 × 5 mm squares and mounted on stubs with car-
bon tape (n = 3). The stubs were then coated with platinum/palladium (Pt/Pd) with an ion
sputter coater (Hitachi E-1030 Ion Sputter Coater, Hitachi, Tokyo, Japan). Random images
were taken from the selected pieces of each mat. Average fiber diameter was calculated
based on 15 random measurements from pictures taken at the same magnification, using
image software (ImageJ version 1.54, NIH, Stapelton, NY, USA).

4.4. Chlorhexidine Release Profile

In order to analyze the chlorhexidine released from the fiber mats, samples obtained
from each fiber mat (5 × 1 cm) were immersed in vials with 20 mL of distilled water, which
were capped and kept in a mixer machine at 100 rpm. The drug release analysis was
performed by removing aliquots of the drug-containing solution from each vial, in specific
periods (1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 24 h, 48 h, 7 d, 14 d, 30 d, and 90 d). After each
sampling, the media were replaced with 20 mL of freshwater. Chlorhexidine release was
analyzed using UV-visible spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) with the
wavelength for chlorhexidine detection at 254 nm. Chlorhexidine release was presented as
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µg/mL not a percentage of the total, as it was not possible to determine the total amount of
encapsulated drug in the formulations.

4.5. Antibacterial Assay

Streptococcus mutans (NTCC# 10449) and Enterococcus faecalis (181) were the dental
bacteria used in this study. These bacteria are commonly found in dental biofilms or root
canal infections [30]. The preparation of bacterial suspension was conducted with the
removal of 20 mL of S. mutans from the stock (frozen at −80 ◦C) of the UBC Endodontics
Lab. Bacteria were cultured overnight in 5 mL of brain–heart infusion broth (BHI), at
37 ◦C in aerobic conditions. After that, 20–50 µL of the overnight culture was put into 8 mL
of BHI to obtain another overnight growth solution. On the other hand, the preparation
of E. faecalis was conducted by the removal of one colony from the stock on BHI agar and
placement on a new agar plate in an incubator at 37 ◦C under aerobic conditions. After
the overnight growth, 5–10 colonies were removed from the plate and added to 8 mL of
BHI at 37 ◦C, in aerobic conditions. For the test execution, 500 µL of each diluted bacterial
solution (100×) was plated on the new BHI agar plate and left to dry at room temperature.
Discs with a 6 mm diameter of the fiber mats were positioned over the smeared bacteria
and incubated overnight at 37 ◦C. Filter paper with water and the CA mats with no drugs
were used as the negative control, and filter paper immersed in chlorhexidine solution
(concentration 300 µg/mL) was used as the positive control. The fiber mats with different
concentrations of chlorhexidine had their antibacterial action tested based on the inhibition
halos formed around the discs. After the incubation period, inhibition halos were measured.
The experiments were performed in triplicate.

4.6. Minimum Bactericidal Concentration

To determine the minimum bactericidal concentration of chlorhexidine solution (the
concentration that reduces bacterial numbers to below an assay detection limit) on a mixed
plaque sample, the bacterial suspension was prepared (mix of human plaque plus BHI) with
an optical density of 0.1 at 405 nm for a colony-forming unit concentration of approximately
1 × 107 cfu/mL. This was diluted to 1 × 105 cfu and mixed with chlorhexidine at 270, 27,
2.7, 0.27, and 0.027 µg/mL (final concentration). Then, 20 µL of each solution was plated
on BHI agar plate (triplicates) to be incubated in aerobic conditions at 37 ◦C for three days.
The minimum concentration of chlorhexidine to prevent the multispecies bacterial growth
was determined in the plates where no bacterial colonies were observed.

4.7. Statistical Analysis

Differences in the average fiber diameters, drug release at each period, and inhibition
halo diameters were compared using one-way ANOVA for each experiment (α ≤ 0.05),
with the normality test conducted using Shapiro–Wilk test and post hoc Tukey’s test to
detect significant pairwise comparisons between groups (p ≤ 0.05). Sigma Plot software
version 14.5 (Systat Software, San Jose, CA, USA) was used for statistical analysis.

5. Conclusions

The chlorhexidine-loaded cellulose acetate nanofiber mats developed in this study
may offer dentists an improved treatment method over chlorhexidine rinsing of surfaces.
Chlorhexidine was encapsulated efficiently and released in a controlled manner. The mats
were successful in eliminating S. mutans and E. faecalis, which are two particularly difficult-
to-kill dental bacteria and would swell into a soft gel-like matrix that might enable intimate
contact with dental surface for extended periods of time.
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Abstract: Lipid liquid crystalline nanoparticles (LCNPs) are unique nanocarriers that efficiently
deliver antimicrobials through biological barriers. Yet, their wide application as an antimicrobial
delivery system is hindered by their poor stability in aqueous dispersions. The production of dried
LCNP powder via lyophilization is a promising approach to promote the stability of LCNPs. However,
the impact of the process on the functionality of the loaded hydrophobic cargoes has not been reported
yet. Herein, we investigated the potential of lyophilization to produce dispersible dry LCNPs
loaded with a hydrophobic antimicrobial compound, gallium protoporphyrin (GaPP). The effect of
lyophilization on the physicochemical characteristics and the antimicrobial activity of rehydrated
GaPP-LCNPs was studied. The rehydrated GaPP-LCNPs retained the liquid crystalline structure
and were monodisperse (PDI: 0.27 ± 0.02), with no significant change in nanoparticle concentration
despite the minor increase in hydrodynamic diameter (193 ± 6.5 compared to 173 ± 4.2 prior to
freeze-drying). Most importantly, the efficacy of the loaded GaPP as an antimicrobial agent and a
photosensitizer was not affected as similar MIC values were obtained against S. aureus (0.125 µg/mL),
with a singlet oxygen quantum yield of 0.72. These findings indicate the suitability of lyophilization
to produce a dry form of LCNPs and pave the way for future studies to promote the application of
LCNPs as an antimicrobial delivery system.

Keywords: antimicrobial; lyophilization; photodynamic therapy; lipid liquid crystalline; nanoparticles

1. Introduction

The application of lipid-based nanomaterials as a delivery system for therapeutics is a
promising approach that can tackle many clinical challenges and promote the efficacy of
different therapeutics [1,2]. One promising class of nanomaterials that have shown great
potential as a delivery system are lipid liquid crystalline nanoparticles (LCNPs) [3]. The
crystalline structure of LCNPs with mesh-like lipid bilayer separated with inner water
channels makes them ideal carriers for both hydrophilic and hydrophobic compounds,
where hydrophobic molecules are entrapped in the lipid bilayer and hydrophilic com-
pounds are trapped in the water channels [3]. In addition, LCNPs have been shown to
efficiently permeate through biological barriers and promote the efficiency of antimicrobial
agents [2,4,5]. Recently, we demonstrated that LCNP fabricated from glycerol monooleate
(GMO) could promote the potential of gallium protoporphyrin (GaPP) as an antimicrobial
against bacterial biofilms [6–8]. GaPP was successfully loaded in the LCNP lipid bilayer,
which promoted its antibacterial and photodynamic activities through efficient solubiliza-
tion and enhancing its delivery into bacterial biofilms [8]. The positive impact of LCNP on
the antibacterial activity of GaPP is thought to enable its clinical application as a promising
antimicrobial photosensitizer [7].

However, LCNP colloidal dispersions suffer poor long-term stability and cannot be
stored at room temperature for extended periods [9], which limits their practical application.
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The ester linkage in GMO (Figure 1) is prone to hydrolysis in aqueous solutions [3], which
subsequently disrupts the crystalline structure of LCNPs and leads to aggregation of
the loaded GaPP in aqueous solutions. Therefore, obtaining LCNPs in a dispersible dry
powder is hypothesized to improve the stability and promote the practical application of
GaPP-LCNPs [10,11].
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Freeze-drying is a simple and more convenient technique to acquire dry powder
formulations. Compared to spray drying [11–14], it can be used for heat-sensitive materials
and small-volume samples, and it is easy to scale up [11]. During the freeze-drying process,
stress is produced that can disrupt the integrity of nanoparticles; thus, cryoprotective agents
are added to protect nanoparticles from freezing stress and improve their stability upon
storage [11].

Disaccharides have been successfully used as cryoprotectants for biological samples
and nanoformulations [15–18]. They are thought to protect the lipid bilayer from stress
either by replacing water in the spaces between the hydrophilic groups in the lipid bilayer
or by forming a protective amorphous matrix around it [19,20]. Trehalose is among the most
renowned cryoprotectants that has been widely used in lyophilization of nanoparticles and
biological samples [16,21]. The high safety profile and low molecular size of trehalose has
prompted its utilization in this study as it is hypothesized it can enter the water channels of
LCNPs and provide the necessary protection to the lipid bilayer [22].

A few studies have investigated lyophilization of LCNPs as a tool to promote its
stability and shelf-life [9,22,23]. However, there is still a need to elucidate the effect of freeze-
drying on the functionality of LCNPs as a delivery system for photodynamic applications.
Hydrophobic photosensitizers such as GaPP tend to form dimers via π-π interactions,
which lowers their photodynamic activity [1]. Thus, confirming the integrity of LCNPs’
lipid bilayer and the uniform distribution of GaPP in LCNPs after rehydration is essential
to validate the use of freeze-drying to obtain dispersible dry GaPP-LCNP formulation. To
this end, we investigated the effect of freeze-drying using trehalose as cryoprotectant on
the photodynamic activity of GaPP within LCNPs as a proof-of-concept study, which can
pave the way for future implementation of GaPP-LCNPs as an antimicrobial agent and
a photosensitizer.

2. Materials

Glycerol monooleate (Myverol 18–92 K, Kerry ingredients, product number: 4552180,
composed of 95% unsaturated monoglycerides) was kindly donated by DKSH Performance
Materials Australia. Gallium protoporphyrin was purchased from Frontier Scientific (Logan,
UT, USA). Trehalose, Pluronic F127, propylene glycol, uric acid and methanol with HPLC
gradient grade ≥ 99.9% were purchased from Sigma Aldrich (St. Louis, MO, USA). Tryptic
soy broth (TSB) and agar were purchased from Oxoid Limited; cation-adjusted Muller–
Hinton broth was obtained from BD Difco™ (Thermo Fisher Scientific Australia Pty Ltd.,
Scoresby, VIC, Australia). All the reagents used were of analytical reagent grade, and
double-distilled MQ water was used for all experiments conducted.

Staphylococcus aureus Xen 29 bioluminescent strain derived from a parental strain
from the American Type Culture Collection (ATCC) (part number: 119240) was kindly
gifted by Prof. Allison Cowen. S. aureus-Xen29 possesses a stable copy of the Photorhabdus
luminescens lux operon on the bacterial chromosome.
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2.1. Fabrication of Liquid Crystalline Nanoparticle Dispersions

LCNPs loaded with GaPP were prepared as previously described with slight modifi-
cations. Briefly, aqueous dispersion of GaPP-LCNPs was prepared in a scintillation glass
by mixing glycerol monooleate (15 mg) with 260 µL of propylene glycol and Pluronic
F127 (3 mg) and the methanolic solution of GaPP (1.5 mM). Excess methanol was further
added to bring the mixture to a homogenous methanolic solution. Following methanol
evaporation under N2 gas, the lipid film was reconstituted using an aqueous solution of
2% w/v trehalose to obtain a final volume of 5 mL. Blank LCNP samples were prepared
similarly by omitting GaPP from the formulation.

2.2. Freeze-Drying and Redispersion

LCNP and GaPP-LCNP aqueous dispersions in scintillation glass vials were frozen at
−80 ◦C for 24 h. The frozen samples were lyophilized in a Labconco® Dry Ice bench-top
freeze dryer overnight. The dry cakes of LCNPs and GaPP-LCNPs were redispersed with
MQ water for characterization.

2.3. Determination of Nanoparticle Diameter

The z-average diameter and polydispersity index (PDI) of the nanoparticle dispersions
before and after the lyophilization process were determined using Zetasizer Nano ZS
(Malvern, Worcestershire, UK). Both LCNP and GaPP-LCNP dispersions were diluted 1:100
in 1 mM KCL, with a refractive index of 1.48, at 25 ◦C. The data reported were the average
of three independent formulations.

2.4. Measuring LCNP Concentration

Nanoparticle tracking analysis technique was used to determine the concentrations of
blank LCNPs and GaPP-loaded LCNPs before and after lyophilization using Nanosight
NS300 (Malvern, Worcestershire, UK) equipped with a blue (405 nm) laser. The samples
were diluted 1:100 in Milli-Q water and measured in triplicates at room temperature. The
particle motion was recorded using an sCMOS camera, and the data were analyzed using
an analysis software (NTA 3.4 Build 3.4.003).

2.5. Quantifying GaPP in LCNPs

The concentration of entrapped GaPP within LCNPs before and after the lyophilization
process was determined using spectrofluorimetric assay as previously described [7]. The
fluorescent signal of GaPP at 585 nm after excitation at 405 nm was examined to determine
the concentration of GaPP using a Fluostar® Omega microplate reader. A calibration curve
was plotted in the range between 0.3 and 3 µM with a correlation coefficient of 0.9998.
GaPP-LCNP dispersions were centrifuged for 10 min at 31,120× g to separate unentrapped
GaPP from GaPP-loaded LCNPs. The supernatant containing GaPP-LCNPs was collected
and dissolved in methanol to release GaPP from LCNPs. Aliquots of the released GaPP was
further diluted in methanol and the concentration was determined from the corresponding
calibration curve.

2.6. Cryogenic Transmission Electron Microscopy

The morphology of GaPP-LCNPs following freeze-drying was imaged using Glacios
200 kV Cryo-TEM (Thermo Fisher Scientific). A total of 5 µL aliquot of GaPP-LCNPs was
applied to 300-mesh copper grids that were glow discharged for 30 s. A mixture of liquid
ethane/propane was used for sample vitrification, and the samples were kept at −180 ◦C
during observation. Micrographs were recorded using a NANOSPRT15 camera (Thermo
Fisher Scientific) operating a microscope at 120 kV under a bright field. All the reagents
used were of analytical reagent grade to avoid any interference with imaging.
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2.7. Small-Angle X-ray Scattering (SAXS)

The influence of trehalose on LCNP crystalline structure before and after freeze-
drying was determined using small-angle X-ray scattering (SAXS). The measurements were
conducted at the Australian Synchrotron (Melbourne, Australia) using a Bruker Nanostar
system fitted with an X-ray source operating at 11 keV, 100 mA and Cu-Kα radiation
with a wavelength of 1.27
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2.8. Illumination Setup

The illumination setup used for light activation was composed of a blue LED lamp
emitting light at 405 nm (M405L4) [7]. Using an aspheric condenser lens (Ø1′′, f = 16 mm,
NA = 0.79, ARC: 350–700 nm) attached to the LED lamp with an SM1 Lens Tube, 1.00′′, the
light beam was collimated to illuminate 1 cm2 area. A T-Cube LED Driver (LEDD1B) was
used to control the output power, which was monitored using a PM100USB power meter
connected to a S302C thermal sensor head; all were purchased from Thorlabs (Newton,
NJ, USA).

2.9. Determination of Singlet Oxygen Quantum Yield

The singlet oxygen quantum yield (Φ∆) following photoactivation of GaPP-LCNPs
was determined indirectly using uric acid as a probe [6,24]. Briefly, uric acid (0.12 µM)
dissolved in 0.001% v/v Tween 20 was mixed with GaPP-LCNPs (1.2 µM) in a 1 mL quartz
cuvette, followed by light activation at an output power of 20 mW/cm2. The declines in
uric acid absorbance at 291 nm and GaPP-LCNPs at 405 nm were determined every 30 s
for 5 min using an Evolution TM 201/220 UV-VIS spectrophotometer. The photodynamic
activity was calculated using Equation (1) [6,24]:

PA =
∆Abs(UA) × 105

E× t× PS
(1)

where PA is the photodynamic activity of GaPP; ∆Abs (UA) is the delta absorbance of uric
acid before and after illumination multiplied by a correction factor (105) for (t) time; E is the
output power of blue light (mW/cm2); and PS is the absorbance of GaPP at an irradiation
wavelength of 405 nm following illumination.

Following determination of the photodynamic activity, the singlet oxygen quantum
yield was calculated using Equation (2) [6,24]:

Φ∆ =
ΦS

∆
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2.10. Determination of Antibacterial Activity

The minimum inhibitory concentration (MIC) of GaPP-LCNPs against S. aureus Xen 29
before lyophilization and after rehydration was determined using the broth microdilution
method as previously described [26]. Briefly, a single colony of S. aureus Xen 29 from a
freshly streaked agar plate was suspended in TSB overnight. The culture of Xen 29 in
TSB broth was adjusted to 0.5 McFarland, followed by 1:100 dilution in cation-adjusted
Muller–Hinton broth (CaMHB). Two-fold dilutions of GaPP-LCNPs and blank LCNPs were
prepared in CaMHB and mixed with bacterial suspension in 96-well plates (5 technical
replicates per plate), and one row containing nanoparticles in CaMHB without bacterial
cells served as a blank for the turbidity measurement. MIC was identified as the minimum
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concentration that inhibited bacterial growth, where no visible bacterial growth or turbidity
was detected.

3. Results and Discussion
3.1. Physicochemical Characteristics of LCNP Dispersion and Rehydrated Powder

Herein, we investigated the potential of trehalose in the concentration range between
0.5 and 5% w/v as a cryoprotectant to produce dispersible powder of LCNPs and GaPP-
LCNPs. At lower concentrations (0.5% and 1% w/v), sticky masses of LCNPs were formed.
However, at higher concentrations (2% and 5% w/v) of trehalose, we obtained dry porous
dispersible cakes of LCNPs and GaPP-LCNPs (Figure 2a,b). Upon rehydration, all LCNP
blank formulations (0.5–5 w/v%) formed milky white dispersions that were characteristic
for LCNPs with no sign of aggregates. On the other hand, sticky masses of GaPP-LCNPs
at 0.5% and 1% w/v of trehalose could not be fully dispersed, with GaPP aggregates
remaining on the container’s wall (see Supplementary Figure S1). However, at higher
trehalose concentrations, i.e., 2% and 5% w/v, the dry cakes were efficiently dispersed,
forming uniform dispersions (Figure 2d), which implied trehalose conferred effective
protection to GaPP-LCNPs at these concentrations that allowed the reformation of GaPP-
LCNP dispersions.
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Figure 2. Illustrative images showing the physical appearance of blank LCNPs and GaPP-LCNP
dry cakes cryoprotected with 2% w/v trehalose following freeze-drying (a,b), respectively, and the
uniform dispersions (c,d) after rehydration.

The influence of incorporating trehalose on the hydrodynamic diameters of LCNPs
with and without GaPP was investigated, and the diameters of the formulations were
compared to the original dispersions without trehalose. In the concentration range between
0.5 and 2 w/v% trehalose, the nanoparticles had a z-average diameter < 200 nm with
a polydispersity index (PDI) ≤ 0.2, similar to LCNPs prepared without trehalose [6,8].
However, at 5% w/v, the size of LCNPs increased to ~300 nm with a PDI ≥ 0.31 (Figure 3).
This increase in size could be attributed to the entrapment of trehalose within the water
channels of LCNPs.
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Figure 3. z-average diameter of blank LCNP and GaPP-LCNP dispersions containing trehalose
in the concentration range between 0.5 and 5 w/v%. Date are presented as mean ± SD, n = 3;
ns: non-significant; * p = 0.03, ** p = 0.006, *** p = 0.0001, and **** p < 0.0001. (Two-way ANOVA test
followed by Sidak’s multiple comparison test).

The rehydrated LCNPs were larger in size compared to the dispersions before lyophiliza-
tion. The increase in hydrodynamic diameter was more pronounced in the formulations
containing 5% w/v trehalose (p < 0.0001), where the recorded z-average dimeters were
418 ± 33 nm and 312 ± 7 nm for LCNPs and GaPP-LCNPs, respectively, with a PDI ≥ 0.3.
On the other hand, formulations containing 2% w/v trehalose had z-average diameters
of 206 ± 10.5 nm and 193 ± 6.5 nm for LCNPs and GaPP-LCNPs, respectively, with a
PDI ~ 0.2 (see Supplementary Table S1). The better size distribution and smaller hydrody-
namic diameter of ~200 nm, in addition to the formation of dispersible cakes, prompted the
use of 2% w/v trehalose as a cryoprotectant for GaPP-LCNPs in subsequent investigations.

To further investigate the reproduction of LCNPs following rehydration, we deter-
mined LCNPs’ concentration (number of nanoparticles/mL) and particle diameter using
nanoparticle tracking analysis (NTA). Akin to the hydrodynamic diameter data, NTA
showed an increase in the particles’ diameter (Figure 4). However, no significant change in
nanoparticle concentration was observed (Student’s t-test p = 0.4). This indicated that most
nanoparticles were redispersed upon rehydration [27], as shown in Table 1.
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Table 1. Comparison of mean particle diameter and nanoparticle concentration between LCNPs and
GaPP-LCNPs before and after lyophilization.

Original LCNPs Reconstituted LCNPs

Sample Mean Diameter Concentration of
Nanoparticles/mL Mean Diameter Concentration of

Nanoparticles/mL

Blank LCNPs 154 ± 3.8 7.8 × 108 ± 1.1 × 108 180 ± 5.1 7.5 × 108 ± 3.6 × 107

GaPP-LCNPs 165 ± 4.2 6.8 × 108 ± 4.9 × 107 176 ± 4.3 6.5 × 108 ± 2.1 × 107

The increase in diameter following rehydration can be attributed to the merging of
smaller colloidal particles to form larger LCNPs in the reconstitution step. The particle-size
distribution curve before lyophilization (red) shows a mean particle diameter of 165 nm
and a small peak indicating the presence of nanoparticles with a dimeter lower than 50 nm.
However, the small peak disappears in the blue curve representing reconstituted particles
with a higher mean diameter of 176 nm, which indicates the formation of larger LCNPs.

3.2. Effect of Freeze-Drying on the Crystalline Structure of LCNPs

Following the investigation of the effect of lyophilization on LCNP particle diameter,
we determined its effect on the crystalline structure of LCNPs. Firstly, the morphology
of GaPP-LCNPs following rehydration was investigated using Cryo-TEM. The images
indicate that GaPP-LCNPs maintained the crystalline mesh-like structure of LCNP lipid
bilayer following rehydration (Figure 5).
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Figure 5. Cryo-TEM images of lyophilized GaPP-LCNPs following redispersion showing the cubic
crystalline form of LCNPs with mesh-like lipid bilayer.

Moreover, we used SAXS to determine the influence of trehalose on LCNP crystalline
structure. Before the addition of trehalose, LCNPs had an Im3m cubic structure at 25 ◦C,
which agrees with previous reports [28–30]. There was no change in the crystalline structure
upon the addition of trehalose at all tested concentrations (1, 2 and 5% w/v), where the
SAXS profiles showed peaks at

√
2,
√

4,
√

6 and
√

8 that were indicative for primitive cubic
Im3m phase [31], with a lattice parameter of 121.7 Å compared to 126.5 Å in the absence
of sugar. The non-significant effect of trehalose on the internal structure of LCNPs was
supported by the scattering peaks observed at the same q-values (Figure 6).
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1%, 2% and 5% w/v indicate different trehalose concentrations being tested. (B) Represents LCNP
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6.

After redispersion in MQ water, LCNPs regained their Im3m crystalline form as
demonstrated from the q peaks at

√
2,
√

4,
√

6 and
√

8, with a lattice parameter of 119 Å.
The negligible change in lattice parameter and the reformation of the crystalline struc-
ture confirm the protective nature of trehalose during lyophilization. Furthermore, these
results imply that trehalose did not occupy the space between the polar head groups
of the monooleate lipid bilayer as previously reported with liposomes [19,32]; rather, it
formed a glassy amorphous matrix around the lipid bilayer. In addition to the retained
integrity of LCNPs, the reproduced nanoparticles efficiently entrapped GaPP molecules
following the redispersion process, with GaPP entrapment efficiencies of 98.2 ± 3.2% and
99.2 ± 4.2% before and after lyophilization, respectively. It is noteworthy that the efficient
entrapment of GaPP within LCNPs was observed when 2 and 5% w/v trehalose were used,
while a reduction of >15% in the entrapment efficiency was reported at lower trehalose
concentrations due to the incomplete redispersion of the formed sticky masses.

3.3. Effect of Lyophilization on the Antimicrobial and Photodynamic Activities of GaPP

The main aim of this study was to promote the stability and shelf-life of GaPP-LCNPs
to advance their clinical application. Thus, it was fundamental to probe the activity of GaPP-
LCNPs before and after lyophilization. Since GaPP is a metalloporphyrin complex, it can
form molecular clusters inside the lipid bilayer through the magnetic properties of metal
ions [33]. However, we previously demonstrated that through properly adjusting GaPP to
lipid molar ratio, GaPP was uniformly distributed in its monomer form, which improved
both the photodynamic and antimicrobial activities of GaPP [6,8]. Therefore, we quanti-
fied the singlet oxygen quantum yield (Φ∆) of GaPP-LCNPs using Equations (1) and (2).
Interestingly, the calculated singlet oxygen value after the addition of 2% w/v trehalose
was similar to the obtained value with the original formulation (PA = 105 ± 0.85 and
Φ∆ = 0.72). These results confirm the suggested protective mechanism of trehalose by
forming a protective matrix without disturbing the integrity of the lipid bilayer.

Following testing the photodynamic activity of GaPP-LCNPs, we investigated the
effect of trehalose on the antimicrobial activity of GaPP as an iron mimetic agent. Trehalose
did not change the antibacterial activity of GaPP against S. aureus; the MIC value of GaPP-
LCNPs against S. aureus Xen 29 was similar to the original formulation (without trehalose)
at 0.125 µg/mL, which was a significantly lower value compared to unformulated GaPP at
0.5 µg/mL. Moreover, rehydrated GaPP-LCNPs retained their antibacterial activity and
inhibited bacterial growth at the same concentration (Table 2).
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Table 2. Minimum inhibitory concentrations of GaPP in LCNPs before and after lyophilization process
compared to unformulated GaPP dissolved in 1% DMSO. The data present better antibacterial activity
of GaPP in LCNPs with no affect for the addition of trehalose (n = 6).

Formulation Unformulated GaPP GaPP-LCNP
(Original)

GaPP-LCNP
(2% w/v Trehalose)

Before Freeze-Drying

GaPP-LCNP
(2% w/v Trehalose)
After Rehydration

MIC (µg/mL) 0.5 0.125 0.125 0.125

The better antibacterial activity of GaPP as an iron mimetic agent within LCNPs is
attributed to the better solubility of GaPP molecules, which promotes their uptake via
hemin receptors on S. aureus cell membranes [34], in addition to the curvature of the LCNP
lipid bilayer that allows strong fusion abilities of LCNPs with bacterial barriers [35]. The
success of rehydrated GaPP-LCNPs in retaining their antibacterial and photodynamic
activities is a promising finding that will pave the way for future studies to investigate the
shelf-life of LCNP formulations and test their antibacterial activity in more complex in vivo
models, which will help scale up the manufacturing of GaPP-LCNPs and facilitate their
utilization as a novel antimicrobial.

4. Conclusions

In this study, freeze-drying was used to produce a dry powder of GaPP-LCNPs. To the
best of our knowledge, this is the first study to investigate the effect of lyophilization on the
functionality of LCNPs loaded with a hydrophobic antimicrobial agent. This study demon-
strated the ability of the loaded GaPP to retain its photodynamic and antimicrobial activities
following freeze-drying and rehydration. Moreover, trehalose (2% w/v) was proven as
an efficient cryoprotective agent for the formulation without altering the physicochemical
characteristics. The rehydrated formulations were monodispersed with no significant
change in LCNP concentration. Moreover, trehalose efficiently protected LCNPs without
affecting the structure of the monooleate lipid bilayer. The efficient protective mechanism
of trehalose preserved loaded GaPP with an entrapment efficiency of 99.2 ± 4.2% after
rehydration. Most importantly, the functionality of GaPP-LCNPs as an antimicrobial agent
and a photosensitizer was not changed after rehydration (Φ∆ = 0.72, MIC = 125 µg/mL).
This study paves the way for future investigations on the shelf-life and storage conditions
of LCNP dispersions to promote their application as a delivery system.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antibiotics12091405/s1, Figure S1: Illustrative images showing
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following freeze-drying (a & b) respectively and the dispersions (c & d) after rehydration showing
some steaky aggregates on the glass vial walls.; Table S1: Summary of z-average diameter and
polydispersity index of LCNP and GaPP-LCNP before and after the lyophilization process.
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Abstract: A novel antimicrobial peptide, GAPI, has been developed recently by grafting gallic acid
(GA) to polyphemusin I (PI). The objective of this study was to investigate the antibacterial effects of
GAPI on common oral pathogens. This laboratory study used minimum inhibitory concentrations
and minimum bactericidal concentrations to assess the antimicrobial properties of GAPI against
common oral pathogens. Transmission electron microscopy was used to examine the bacterial
morphology both before and after GAPI treatment. The results showed that the minimum inhibitory
concentration ranged from 20 µM (Lactobacillus rhamnosus) to 320 µM (Porphyromonas gingivalis),
whereas the minimum bactericidal concentration ranged from 80 µM (Lactobacillus acidophilus) to
640 µM (Actinomyces naeslundii, Enterococcus faecalis, and Porphyromonas gingivalis). Transmission
electron microscopy showed abnormal curvature of cell membranes, irregular cell shapes, leakage of
cytoplasmic content, and disruption of cytoplasmic membranes and cell walls. In conclusion, the
GAPI antimicrobial peptide is antibacterial to common oral pathogens, with the potential to be used
to manage oral infections.

Keywords: antimicrobial; caries; peptides; prevention

1. Introduction

Oral diseases are a global public health problem affecting over 3.5 billion people
worldwide [1]. They can start in early childhood and progress throughout adolescence,
adulthood, and old age [2]. Oral diseases have substantial negative effects on individuals,
communities, and the wider society. The global economic burden of dental diseases
amounts to more than USD 442 billion yearly [3]. The most prevalent oral diseases are
dental caries and periodontal disease, which, when left untreated, can progress to tooth
loss [4].

Dental caries and periodontal disease are infections resulting from the mixed biofilm
(dental plaque) on teeth and periodontal tissues. Dental caries is the localised destruction of
dental hard tissue, resulting from the acids that are produced from the sugar fermentation
induced by bacteria [5]. Streptococcus, Lactobacillus, and Actinomyces are considered to be
the primary cariogenic bacteria involved in the development of dental caries [6]. Pulp and
periapical diseases are the secondary diseases of caries; pulpal inflammation and infection
usually occur when the pulp is exposed to bacteria. Enterococcus faecalis is one of the most
frequently found bacteria in teeth with pulp necrosis [7]. Periodontal disease is caused by
bacteria, including Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans [8].
Thus, biofilm control is the key point for the treatment of oral diseases, such as caries and
periodontal disease.

Highly effective antibacterial therapy for caries, endodontics, and periodontics should
be applied to achieve optimal outcomes. It is well known that antibiotics are frequently
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prescribed for pathogens worldwide [9]. However, antibiotics are not clinically used to
control cariogenic microorganisms [10]. Many systemic antibiotics, such as penicillin and
tetracyclines, do not target oral bacteria specifically [11]. In addition, most antibiotics
have side effects, especially for patients who are sensitive to chemical agents, including
hypersensitivity and diarrhoea [12].

Furthermore, the spread of antibiotic resistance is the greatest problem in using antibi-
otics [11]. The World Health Organization (WHO) has reported that antibiotic resistance is
one of the three greatest threats to public health [13]. Oral bacteria tend to be resistant to
antibiotics, thus reducing antibiotics’ efficacy [14]. In addition, alarms have been raised
concerning the extensive use of adjunctive antibiotics to treat periodontal disease [15]. The
European Federation of Periodontology called for a reasonably restrictive and judicious
management of adjunctive systemic antibiotics [16].

Chlorhexidine is another active bactericidal agent that remains the gold standard of
antibiofilm agents. However, it can cause genotoxicity and induce cellular apoptosis [17].
For long-term use, patients frequently report loss of taste, numbness, and extrinsic tooth
staining. In endodontics, chlorhexidine is used as a root canal irrigant. However, it is
ineffective at dissolving necrotic tissue [18]. In addition, low-level exposure to chlorhexidine
may cause a cross-resistance to antibiotics [19]. Hence, the need for developing new
antimicrobial agents as alternative therapies to fight oral infections is urgent.

Currently, antimicrobial peptides have captured attention. Researchers have adopted
them as a novel and promising antimicrobial approach [20]. Abundant antimicrobial pep-
tides are derived from multicellular organisms and are considered natural antibiotics [13].
Antimicrobial peptides have also been established as the first line of defence against various
pathogens, including Gram-positive or -negative microbes, fungi, parasites, and viruses [20].
The mechanism of antimicrobial peptides against pathogens is that net positive-charge
peptides can bind directly to the outer bacteria membrane of negatively charged head-
groups [21]. Owing to the nonspecific mechanism, antimicrobial peptides have shown
great promise, with little to no resistance [22]. Meanwhile, antimicrobial peptides can be ef-
fective for microbes that are resistant to conventional antibiotics, and they have low toxicity
because their degradation products are natural amino acids [23]. Moreover, antimicrobial
peptides can be functionally modified easily with chemical synthesis methods to obtain
more small-molecule derivatives [24]. All these advantages make antimicrobial peptides
excellent candidates for developing novel anti-infective agents [25], as well as serving as
innovative products for immunomodulation and the promotion of wound healing [26].
Consequently, when considering that antimicrobial peptides have great prospects in terms
of treating infections, it is relevant to also apply them for oral disease treatment [20].

Naturally, antimicrobial peptides can be found in various organisms, ranging from
animals to bacteria, fungi, and plants [27]. Cathelicidin families, one of the most common
antimicrobial peptides, are mainly found in mammals [28]. LL-37 is the only cathelicidin in
human beings; it is active against various oral Gram-positive and -negative microorganisms
due to its amphipathic structure [29]. In addition to its antimicrobial activity, LL-37 is also
crucial in immunomodulatory and inflammatory responses [30]. Antimicrobial peptide
LR-10, derived from the Lactobacillus species, can inhibit the growth of S. mutans by forming
pores in bacterial membranes [31]. The fungi-derived antimicrobial peptide alamethicin is
bacteriocidal against Gram-positive and -negative bacteria [32]. Fa-AMP1 and Fa-AMP2
are novel antimicrobial peptides that are purified from the seeds of buckwheat, and that
have antibacterial and antifungal activity [33].

A bibliometric analysis shows a growing global interest in using antimicrobial pep-
tides as functional biomaterials for caries management [34]. Dental caries management
philosophy has shifted to minimally invasive dentistry [35,36]. Thus, different bioactive
materials, such as biomimetic hydroxyapatite and peptide-based bioactive materials, are
introduced to caries management [37,38]. Peptide-based bioactive materials play an im-
portant role in inhibiting biofilm growth and remineralising demineralised teeth [39]. For
example, GA-KR12, a novel antimicrobial peptide, effectively inhibits S. mutans biofilm
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growth and promotes the remineralisation of artificial enamel and dentin caries [40,41].
Thus, researchers are interested in developing novel antimicrobial peptides for managing
oral diseases [42].

Polyphemusin I (PI) is an antimicrobial peptide derived from horseshoe crabs. It
can kill bacteria through binding to and by crossing cell membranes, thus rupturing the
bacterial membrane [43]. Gallic acid is abundant in fruits and vegetables, and it can
accelerate the regeneration of hydroxyapatites due to its pyrogallol group. In addition,
gallic acid shows antimicrobial activities [44]. In our previous study, we synthesised a
novel peptide (GAPI) by grafting antimicrobial peptide PI to gallic acid. GAPI peptide
could be synthesised using the standard fluorenylmethoxycarbonyl solid-phase synthesis
method. A multiple-species biofilm study demonstrated that GAPI impact the growth of
cariogenic biofilm formation. However, its antimicrobial properties against other common
oral pathogens are still unclear. Therefore, the objective of this study was to investigate the
antibacterial effects of GAPI on several common oral pathogens.

2. Results
2.1. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)

The MIC and MBC of GAPI against Streptococcus mutans, Streptococcus sobrinus, Lacto-
bacillus acidophilus, Lactobacillus rhamnosus, Actinomyces naeslundii, Enterococcus faecalis, Por-
phyromonas gingivalis, and Actinobacillus actinomycetemcomitans are summarised in Table 1.

Table 1. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of GAPI against common American Type Culture Collection (ATCC) oral pathogens.

Bacteria ATCC MIC (µM) MBC (µM)

Actinobacillus
actinomycetemcomitans 29523 160 320

Actinomyces naeslundii 12104 160 640
Enterococcus faecalis 29212 160 640
Lactobacillus acidophilus 9224 40 80
Lactobacillus rhamnosus 10863 20 160
Porphyromonas gingivalis 33277 320 640
Streptococcus mutans 35668 80 160
Streptococcus sobrinus 33478 80 320

The MICs of GAPI against S. mutans and S. sobrinus were 80 µM, whereas the MBCs
for these two bacteria were 160 µM and 320 µM, respectively. For L. acidophilus and
L. rhamnosus, the MICs were 40 µM and 20 µM, and the MBCs were 80 µM and 160 µM,
respectively. The MICs and MBCs for A. naeslundii and E. faecalis were 160 µM and 640 µM,
respectively. The MICs for P. gingivalis and A. actinomycetemcomitans were 320 µM and
160 µM, respectively. The MBCs for P. gingivalis and A. actinomycetemcomitans were 640 µM
and 320 µM, respectively. The results indicated that GAPI showed strong antimicrobial
activity against cariogenic bacteria.

2.2. Morphology of the Microorganisms

Figure 1 represents the morphology of various cariogenic bacteria that were treated
with or without GAPI.
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S. mutans was severely damaged after being treated with GAPI. The S. mutans cells lost
their normal morphology, with effects including abnormal cell curvatures and irregular cell
shapes. The cell wall separated from the cell membrane. In addition, the cells’ cytoplasmic
membranes were entirely disrupted, resulting in transparent cytoplasmic zones and the
leakage of cytoplasmic contents.

For GAPI-treated S. sobrinus, the morphology changes were similar to GAPI-treated
S. mutans: the abnormal curvature of cell membranes and irregular cell shapes, clear cyto-
plasmic zones, the disruption of the cytoplasmic membrane, and the leakage of cytoplasmic
contents.

For L. acidophilus, L. rhamnosus, and A. naeslundii, the typical changes after treatment
with GAPI included the abnormal curvature of cell membranes, irregular cell shapes, and
cytoplasmic clear zones.

For E. faecalis, compared with untreated bacteria, higher magnification images showed
that the bacteria in the GAPI group had abnormal morphological characteristics, including
the disruption of the cytoplasmic membrane and the leakage of cytoplasmic contents.

Figure 2 represents the morphology of various periodontal-associated bacteria with
or without GAPI treatment. For P. gingivalis and A. actinomycetemcomitans, after being
treated with GAPI, the abnormal curvature of cell membranes, irregular cell shapes, and
intra-bacterial vacuolisation can be identified. In addition, membrane disruption and the
leakage of intracellular components were observed.
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3. Discussion

Antimicrobial peptides have been studied widely by researchers and are regarded
as a new generation of antibiotics due to their broad-spectrum bactericidal activity [45].
In this study, we successfully synthesised GAPI, which consists of the peptide PI as an
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antimicrobial action domain. Furthermore, gallic acid has been demonstrated to have
broad-spectrum antibacterial, antiviral, and antifungal activities [46]. It is a phenolic
acid and is easily obtained in large amounts from plants. It has been widely used as an
antioxidant additive in food. The addition of gallic acid has potentiated antimicrobials’
effectiveness against various pathogenic bacteria [47]. Accordingly, gallic acid could
be applied as a promising compound for new antimicrobial drug development. The
antibacterial activity of the synthesised GAPI was investigated against several typical oral
pathogenic microorganisms that are frequently found in oral environments.

Cariogenic microbes are essential for caries development. The definition of cariogenic
microorganisms includes the following factors: (1) the bacteria have strong bond affinity to
the tooth surface; (2) the bacteria can synthesise extracellular and intracellular polysaccha-
rides; (3) the bacteria are acidogenic, transporting and metabolising various carbohydrates;
and (4) the bacteria can tolerate acid environments [48]. Streptococcus, Lactobacillus, and
Actinomyces species are three common cariogenic microorganisms’ taxa.

It has been largely accepted that S. mutans plays a critical role in biofilm formation,
depending on its core attributes [49]. S. mutans possesses multiple high-affinity surface
adhesins, thereby enabling colonisation even in the absence of sucrose. It can synthesise
large quantities of extracellular glucan polymers from sucrose, which is useful in the
permanent colonisation of hard surfaces and in forming extracellular polymeric matrices in
situ [50]. In addition, S. mutans can provide a favourable niche for other bacterial species to
colonise in the oral cavity by altering the local environment [51]. Moreover, it has acidogenic
characteristics. S. sobrinus is another common cariogenic bacterium in the Streptococcus taxa.
Studies have shown that S. sobrinus is more associated with caries’ development progress,
especially in early childhood caries [52]. S. sobrinus is capable of producing acid and is acid
tolerant [53]. Several studies have indicated a significant association between S. sobrinus
and caries, thereby showing that S. sobrinus is more effective in promoting caries than
S. mutans [54]. Regardless, S. mutans and S. sobrinus have been implicated as the primary
cariogenic microorganisms in biofilm. Therefore, targeting S. mutans and S. sobrinus growth
could be useful in preventing cariogenic biofilm formation.

Lactobacillus strains are frequently identified at active carious lesions in adults and
children. Among the Lactobacillus species found from carious lesions, L. acidophilus and
L. rhamnosus are two dominant microorganisms. Lactobacillus species can produce weak
acids and tolerate low-pH environments [55]. They are strictly fermentative bacteria and
are known for their high capacity for enzyme production. These enzymes enable the
Lactobacillus species to rapidly break down various carbohydrates into acidic products, at
least half of which is lactic acid. In addition, Lactobacillus species can grow and remain
viable at a lower PH to cope with acid stresses [56]. Unlike Streptococcus mutans, which has
been well characterised in terms of pathophysiology, the mechanisms of the Lactobacillus
species still require further investigation.

A. naeslundii, a facultative anaerobic Gram-positive bacteria, is related to dental plaque
ageing [57]. It can penetrate into dentinal tubules via exposed dentine, thus causing dentin
or root caries, and promoting infections of root canal systems [58]. E. faecalis is the most
commonly isolated bacteria from root canal systems in endodontic infection teeth. It is an
anaerobic Gram-positive facultative microorganism that is highly resistant to antimicrobial
agents and can survive in very harsh environments, such as low oxygen or poor nutrient
supply [7].

P. gingivalis and A. actinomycetemcomitans are two of the most frequently associated
bacteria with periodontitis [59]. P. gingivalis, as a keystone pathogen of periodontitis,
can produce different kinds of virulence factors, such as lipopolysaccharide, vesicles,
gingipains, and fimbriae [60]. These factors destroy not only periodontal tissue directly,
but also cause secondary tissue damage by inducing an inflammatory reaction. In addition,
P. gingivalis forms a dynamic balance and symbiotic relationship with the host, thereby
allowing the bacteria to evade the host’s immune reaction. Thus, P. gingivalis is regarded as
a significant periodontal pathogen that is close to periodontitis’ development, progression,
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severity, and recurrence [61]. A. actinomycetemcomitans is associated with chronic and
aggressive periodontitis [62]. It can produce a variety of virulence factors, including endo-
and exotoxins. These factors can directly damage host tissues, as well as protect the
bacteria from host defences. In addition, A. actinomycetemcomitans can impersonate normal
epithelial cell functions in order to induce its uptake and to also disseminate into neighbour
epithelial cells.

Antimicrobial susceptibility is a key determinant in the process of antimicrobial drug
selection, which can be tested via MIC. It is necessary in the application of MIC-guided
antimicrobial therapy [63]. According to the results of the present study, GAPI exhibited
significant antibacterial efficiency. The MICs and MBCs against eight bacteria were shown
to range from 20 to 320 µM and 80 to 640 µM, respectively, which are better than the other
peptides from existing studies (MICs and MBCs ranged from 160 to 320 µM and 640 to
1280 µM, respectively) [40].

Furthermore, TEM was used to show bacterial morphology changes after GAPI treat-
ment in order to further understand GAPI’s mechanism. The micrographs revealed that
the GAPI disrupted the bacterial membrane, thus causing abnormal membrane curva-
ture, irregular cell shapes, and intra-bacterial vacuolisation, and inducing cytoplasmic
components to escape from the microorganism. The mechanism of action begins with
GAPI binding to bacteria and then interacting with the cytoplasmic membrane, thereby
crossing the cytoplasmic membrane and damaging the membrane integrity. The damage
to the integrity of the cell membrane is an important mechanism, by which antibacterial
methods deactivate microorganisms. Furthermore, the TEM images indicated that GAPI
could damage the bacterial cell structure, causing cytoplasmic content leakage.

Indeed, this observation is consistent with previous studies showing that positively
charged antimicrobial peptides can initially bind to negatively charged phospholipids on
the outer leaflet of a bacterial membrane [40]. Most antimicrobial peptides contain hy-
drophilic and hydrophobic residues at either end. After the initial electrostatic interactions,
the antimicrobial peptides accumulate at the surface until reaching a certain concentration.
Then, the hydrophobic ends insert into the lipid bilayer, disrupting the bacterial cell mem-
brane and resulting in the leakage of cytoplasmic contents, further resulting in the death
of bacteria [21]. Different action models can describe this mechanism, including barrel-
stave pore, carpet-like, and toroidal pore models. In addition, antimicrobial peptides can
translocate to the inner cytoplasmic leaflet, potentially targeting intracellular components.

In the reaction stage, the specific cationic nature is critical. Studies have shown that
there is a correlation between antibacterial activity and charge, as an increasing charge
is related to strengthened antibacterial activity. However, too much charge may hinder
the antimicrobial activity because the strong interaction of the peptide and lipid head
group will inhibit the translocation of antimicrobial peptides into the membrane’s inner
leaflet. On the other hand, hydrophobic residues are another feature of antimicrobial
peptides. Hydrophobicity determines the degree to which water-soluble antimicrobial
peptides can move into the membrane lipid bilayer. Peptides lacking hydrophobic residues
typically have poor membrane attachment. However, excessive hydrophobicity can cause
cell toxicity and antimicrobial specificity loss [64].

It should be noted that negatively charged phospholipids are more commonly
found in bacterial cell membranes when compared to neutral mammalian host cell
membranes [65,66]. According to the significant difference in their respective bacterial
cell envelopes, these bacteria are thus classified as Gram-positive and Gram-negative. Both
have similar inner or cytoplasmic membranes. For Gram-negative bacteria, the outer mem-
brane consists of two layers: the inner leaflet of this membrane contains phosphate lipids,
while the outer leaflet is composed principally of lipopolysaccharide. Lipopolysaccharide
molecules are highly decorated with negatively charged phosphate groups. In comparison,
Gram-positive bacteria are surrounded by peptidoglycan layers that are many times thicker
than Gram-negative bacteria. Teichoic acids embedded in peptidoglycan are long anionic
polymers [67]. Thus, Welling et al. designed an in vivo study to test whether antimicrobial
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peptides can distinguish microbial cells and host tissues. They indicated that antimicrobial
peptides could discriminate between microorganisms and host tissues and also can accu-
mulate at infection sites. Overall, inherent structures or functions of microbial versus host
cells contribute to the selective antimicrobial discretion of certain peptides [68].

As alternative antibacterial agents, antimicrobial peptides are also known as host
defence peptides [69], as they can not only clear the infected bacteria, but also enhance the
human immune response. Thus, antimicrobial peptides can selectively kill bacteria without
damage to the host cell. In addition, studies have shown that antimicrobial peptides
rarely produce microbial resistance because the antimicrobial peptide’s hydrophobic tail
can directly enter the bacterial liquid bilayer [66]. The membrane-active mechanism is
particularly important when targeting antibiotic-resistant pathogens.

Antimicrobial peptides can be classified into four broad subclasses, including α-
helical and β sheets, as well as αβ and non-αβ structures [24]. Moreover, β-hairpin
antimicrobial peptides are abundant in animal species and can be isolated in invertebrates
and vertebrates. Further, β-hairpin peptides are more active in crossing bacterial cell
membranes and accessing intracellular targets [65]. It is noted that small-size β-hairpin
antimicrobial peptides have a high resistance to proteolytic degradation [70]. In our study,
peptide PI, from the American horseshoe crab Limulus polyphemus, is an antimicrobial cell-
penetrating peptide with a β-hairpin structure. Additionally, the primary target of β-hairpin
antimicrobial peptides is the cellular membrane. Under this premise, the cell-penetrating
peptide PI can pass through a cell membrane without interaction with specific receptors. In
the present study, the addition of gallic acid did not change the antimicrobial properties
of the peptide. Therefore, the new antimicrobial peptide GAPI could be considered a
promising alternative antibacterial agent to traditional antibiotics in treating dental diseases.

4. Materials and Methods
4.1. Peptide Synthesis

GAPI was synthesised using standard fluorenylmethoxycarbonyl synthesis by stan-
dard solid-phase peptide synthesis. The GAPI powder was dissolved in sterile deionised
water to a specific concentration for study and was stored at −20 ◦C.

4.2. Microorganisms

Eight common oral pathogenic bacterial strains were selected for this study. They are
Streptococcus mutans ATCC 35668, Streptococcus sobrinus ATCC 33478, Lactobacillus acidophilus
ATCC 9224, Lactobacillus rhamnosus ATCC10863, Actinomyces naeslundii ATCC 12104, En-
terococcus faecalis ATCC 29212, Porphyromonas gingivalis ATCC 33277, and Actinobacillus
actinomycetemcomitans ATCC 29523. All the strains were cultured anaerobically.

4.3. MIC and MBC

Brain heart infusion (BHI) medium was used for culture of S. mutans, S. sobrinus,
L. acidophilus, L. rhamnosus, A. naeslundii, E. faecalis, and A. actinomycetemcomitans, whereas
p.g. broth was used for culture of Porphyromonas gingivalis. The standard dilution method in
a 96-well microplate was conducted in order to evaluate the antimicrobial efficacy of GAPI.
Each well was filled with 100 µL GAPI dilutions. In addition, serial twofold dilutions in
concentrations ranging from 1280 µM to 1.25 µM were prepared. A 10 µL bacterial culture
(106 CFU/mL) was added. Chlorhexidine was used as positive control, and medium was
used as negative control. The plates were then anaerobically incubated at 37 ◦C for 24 h.
The absorbance was measured at a wavelength of 660 nm in order to analyse the growth
of microorganisms. The MIC value was defined as the lowest concentration at which no
visible growth was seen in the clear well. After the MIC determination, 10 µL fluid from
each well, which showed no visible bacterial growth, was pipetted and seeded on blood
agar, which were then put into an anaerobic incubator at 37 ◦C for 48 h. The MBC endpoint
was the lowest concentration at which 99.9% of the bacterial population was killed, which
thus means the absence of bacteria.
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4.4. Morphology of the Microorganisms

Bacteria morphology was observed using a transmission electron microscope (TEM,
Philips CM100). GAPI was added to a bacterial culture of 108 CFU/mL, and the bacteria
were harvested after incubating at 37 ◦C for 18 h. The semi-thin sections of cell were
contained in grids and examined with the TEM.

5. Conclusions

This laboratory study showed that the novel antimicrobial peptide GAPI has promising
antibacterial effects against common cariogenic and periodontal pathogens. It can also
serve as an alternative to antibiotics in terms of managing dental infection.
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Abstract: The skin microbiome is crucial in maintaining skin health, and its disruption is associated
with various skin diseases. Prebiotics are non-digestible fibers and compounds found in certain foods
that promote the activity and growth of beneficial bacteria in the gut or skin. On the other hand, live
microorganisms, known as probiotics, benefit in sustaining healthy conditions when consumed in
reasonable quantities. They differ from postbiotics, which are by-product compounds from bacteria
that release the same effects as their parent bacteria. The human skin microbiome is vital when
it comes to maintaining skin health and preventing a variety of dermatological conditions. This
review explores novel strategies that use microbiome-targeted treatments to maintain and enhance
overall skin health while managing various skin disorders. It is important to understand the dynamic
relationship between these beneficial microorganisms and the diverse microbial communities present
on the skin to create effective strategies for using probiotics on the skin. This understanding can help
optimize formulations and treatment regimens for improved outcomes in skincare, particularly in
developing solutions for various skin problems.

Keywords: vitiligo; microbiome; prebiotics; probiotics; postbiotics

1. Introduction

The skin microbiome is a complex and dynamic ecology that resides in the skin, which
is the largest organ of the human body. This varied group of microbes, which includes
bacteria, fungi, and viruses, is essential to the homeostasis and health of the skin. A variety
of skin diseases and disorders have been connected to disruptions of this critical microbial
balance [1], such as psoriasis, vitiligo, and atopic dermatitis (AD) [2]. Promising new
opportunities in the field of dermatology have recently arisen with the development of
nanotechnology. Scientists and researchers have been investigating the development of
innovative nanotechnology that provides efficacy in the restoration and control of the
skin microbiome [3,4]. Nanoparticles can generally be utilized for delivering drugs in a
way that improves their resistance to enzymatic degradation, targets specific locations,
increases bioavailability, solubilizes them for intravascular transport, and maintains their
effects [5]. These nanosystems or microbiome-targeted nanotherapeutics provide a novel
approach that targets the related causes of skin disorders while reducing the adverse effects
associated with traditional therapies.

The field of microbiome-targeted nanotherapeutics has been growing rapidly, and
many nanosystems are being investigated for the regeneration and maintenance of the mi-
crobiota [6,7]. The nanostructures can be engineered to interact with the microbiome, either
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by modulating the microbial composition or delivering therapeutic agents that influence the
microbiome, which affects the progression of certain skin conditions [8]. However, careful
consideration of unexpected effects, biocompatibility, regulatory challenges, and long-term
impacts is essential to ensuring the safety and efficacy of these innovative treatments [9].
Nanoparticles and nanoemulsions are the most popular nanosystems for targeting micro-
biomes because of their small size, modified properties, and efficient delivery capabilities.
Their unique characteristics enable precise interactions with microbial communities and
facilitate effective, customized interventions for improved dermatological treatments [3,10].
Nanoparticles typically range in size from 1 to 100 nanometers and are solid, colloidal
particles. They can be made from a variety of materials, such as metals, polymers, and
lipids. They include lipid nanoparticles (liposomes and solid lipid nanoparticles), poly-
meric micelles, metal nanoparticles, and polymeric nanoparticles (Figure 1). They are
utilized in drug delivery since they may protect and deliver drugs to particular target
locations within the body, enhancing medication effectiveness and minimizing adverse
effects.
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Furthermore, nanoparticles are employed to improve the performance of sunscreens,
lotions, and other skincare products [11–13]. On the other hand, nanoemulsions are small
oil droplets, typically ranging in size from 20 to 200 nanometers, distributed in an aque-
ous phase and frequently stabilized by surfactants in a process known as nanoemulsions
formulations. They are either oil-in-water (O/W) or water-in-oil (W/O) nanoemulsions.
The solubility and bioavailability of poorly water-soluble drugs can be enhanced by using
nanoemulsions. In addition, they are used to improve the stability of some products as
well as to encapsulate flavors, vitamins, and other bioactive components. In cosmetics, na-
noemulsions are utilized in order to enhance the texture and stability of lotions and skincare
items [14,15]. When creating medications in nanoform to increase absorption and effec-
tiveness, three main variables need to be considered. These include FDA quality-related
standards, drug transport, degradation mechanisms, and the stability of the manufactured
drug. The pharmaceutical industry has limitations while utilizing nanoformulations be-
cause of this. The primary cause of the low therapeutic efficacy of nano-formulations is
their propensity to self-aggregate at low drug concentrations, which compromises the
formulation’s stability and increases the variability of drug entrapment because of poly-
dispersity. Unformulated liposomes are more stable, but when a medicine is built into
them, the stability decreases as the ionic strength grows. Starting with smaller nanoparti-
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cles (<20 nm) for the formulation could solve this issue such that even after loading the
drug, it remains below 100 nm [16,17]. Although around 100 nm-sized nanoparticles have
increased surface reactivity, they can have adverse biological effects like protein unfolding,
membrane impairment, DNA damage, and inflammatory reactions. Additionally, several
size-dependent processes, such as clathrin-mediated entry and caveolae-mediated path-
ways, allow particles in the 10–500 nm range, including those about 100 nm, to be absorbed
into cells. Particle size preferences vary throughout cells; endothelial cells prefer particles
that are around 100 nm in size, while professional phagocytes prefer larger particles [18,19].

Oxidative stress affects mitochondrial function and promotes the production of reac-
tive oxygen species (ROS) and pro-inflammatory cytokines [20]. Increased ROS in the skin
destroys melanocytes by damaging their DNA and associated cellular structures [21]. In
addition, ROS causes a variety of oxidation products, including oxidized protein products
and glycation products, that alter the structure of melanocytes [22]. It has been suggested
that the main cause of melanocyte loss is mitochondrial malfunction driven by oxidative
stress. Increased carbonylation in vitiligo melanocytes causes mitochondrial dysregulation,
which could lead to severe mitochondrial dysfunction and melanocyte apoptosis [23]. The
microbiome may influence the skin’s general durability and response to oxidative stress or
contribute to the modulation of oxidative stress and inflammation [24].

In the exploration of skin health, emerging research underscores the role of the skin
microbiome in various dermatological conditions. Among these conditions, vitiligo is an
autoimmune condition characterized by depigmented macules and patches of various
forms, which is caused by the death of melanocytes or the loss of their activity to produce
natural skin pigments [25]. Consequently, discolored white spots appear on the skin, hair,
and mucous membranes in various parts of the body. The prevalence of vitiligo in the gen-
eral population of the world ranges from 0.06% to 2.28% [26]. Vitiligo can be classified into
different types based on the characteristics of the lesions. Acrofacial vitiligo is characterized
by lesions occasionally appearing on the extremities and face. Mixed vitiligo involves
a combination of non-segmental and segmental patterns. Focal vitiligo is distinguished
by small and isolated lesions. Mucosal vitiligo occurs in or around mucosal membranes.
Universal vitiligo is a type where lesions develop and spread over the entire body [27,28].
Numerous mechanisms have been connected to the degeneration of melanocytes and
the emergence of white patches in vitiligo. These mechanisms include neuronal, genetic,
autoimmune, oxidative stress, environmental triggers, and the creation of inflammatory
mediators [29]. The most prevalent and well-established explanation proposes that a defect
in the immune response results in the destruction of melanocytes by autoimmune effector
mechanisms, either memory cytotoxic T cells or autoantibodies directed against melanocyte
surface antigens. Numerous studies have demonstrated a link between vitiligo and other
autoimmune diseases such as Addison’s disease, pernicious anemia, diabetes, systemic
lupus erythematosus, rheumatoid arthritis, psoriasis, and alopecia areata [30,31]. Topical
corticosteroids (TCSs) and Topical calcineurin inhibitors (TCIs) are often used and recog-
nized as a common treatment for many types of vitiligo [32]. When concerns regarding
the reported adverse effects of prolonged usage of potent TCSs and TCIs arise, both have
demonstrated a high degree of repigmentation but are not safe treatment options. TCIs of-
ten result in erythema, pruritus, and burning sensations as side effects, while TCSs increase
the possibility of skin atrophy, striae, and telangiectasia [33,34]. Alternative treatments
and outcomes have improved as a result of the introduction of numerous therapeutic
approaches, such as phototherapy, excimer laser, vitamin D, and epidermal grafts [35,36].
However, there is occasionally hesitancy to suggest treatment because, historically, vitiligo
was thought to respond to treatment quite poorly and infrequently [37]. Another common
pathogenic trigger for melanocyte destruction in vitiligo patients is oxidative stress, which
is also a key element in the onset and progression of the disease [38].

Psoriasis is a chronic inflammatory skin disease developed by the influence of a genetic
predisposition and external variables. It has several different kinds; however, they are all
identified by erythematous plaques that are frequently itchy [39]. The cutaneous immune
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system’s improper activation against a presumed infection is the main theory regarding the
development of psoriasis. The innate and adaptive immune systems are both implicated in
the pathogenesis of the disease, which also involves abnormal keratinocyte development
and immune cell infiltration in the dermis and epidermis, with dendritic cells and T cells
performing significant roles [40].

AD is the most prevalent inflammatory skin disorder worldwide. It affects a substan-
tial portion of the global population, impacting around 15% to 20% of children and 1% to 3%
of adults [41]. This chronic inflammatory skin condition is characterized by itchy and dry
inflamed lesions. It stems from a range of hereditary mutations in skin barrier proteins and
immunological defects specific to allergens. Individuals with AD often exhibit symptoms
such as skin dryness, redness, and the development of erythematous lesions. Moreover,
AD frequently presents with related issues like eczema, skin scaling, and persistent itching.
Additionally, it can be associated with comorbidities such as allergic rhinoconjunctivitis
and asthma [42].

Recently, evidence showed that altered skin microbiomes (dysbiosis) contribute to
the pathogenesis of vitiligo by influencing immunological homeostasis, oxidative stress,
and skin barrier [43,44]. Further, research on the skin lesions of psoriasis patients has
revealed an imbalance in the skin microbiome. The authors report that inflammation results
from a dysbiosis disruption of the skin’s immunological responses. Streptococcus bacte-
ria are frequently overabundant, while Cutibacterium is less present in these lesions [39].
Studies are increasingly focusing on combining probiotics and nanotechnology to treat
skin infections. Improved drug delivery, moisture retention, controlling the release of
active compounds, and anti-infective properties have been demonstrated by nanotech-
nology, especially nanoparticle-based methods [45]. Some research suggests that topical
probiotics emollient and bacteria-derived formulations may be an effective alternative
for the treatment of AD [46]. Due to their capacity to have a favorable effect on the skin
microbiome, these formulations can decrease inflammation and enhance the general health
of the skin barrier by creating a balance in the microbial communities on the skin. [47].
Additionally, the controlled probiotic release offered by nanoparticles and nanotechnology
delivers enormous potential for treating human infections. Although beneficial results
have been observed, further human research is required to investigate their effectiveness
in dermatological applications and to address the problem of bacterial resistance [48,49].
Therefore, in this review, we aim to provide a comprehensive evaluation of the use of
topical probiotics, prebiotics, and postbiotics in treating skin disorders due to the increasing
popularity of these topical treatments and the lack of clinical trials or efficacy studies to
support their therapeutic value. Also, examine innovative approaches involving the use
of microbiome-targeted techniques to maintain and improve overall skin health while
addressing the management of different skin diseases.

2. Prebiotics, Probiotics and Postbiotics

Prebiotics are specific fermented substances or dietary supplements that are not di-
gested, enhancing intestinal health by encouraging the growth of commensal bacteria [50].
On the other hand, probiotics are non-pathogenic live microorganisms, frequently yeast
or bacteria, that, when administered in sufficient amounts, confer a health benefit to the
host [51,52]. Probiotics from the first generation are commonly available products to treat
microecological disorders. The next level of development is the production of “metabi-
otics”, which are small molecules or chemicals obtained from probiotic microorganisms.
The bioactive compounds produced by symbiotic microorganisms (a combination of probi-
otics and prebiotics) from naturally occurring probiotic strains, or natural sources can be
used to synthesize or semi-synthesize these metabiotics. They are known as “metabolic
probiotics”, “postbiotics”, “biological drugs”, or “pharmacobiotics”. These compounds
have the potential to impact the microbiota, human metabolic processes, signaling path-
ways, and physiological activities related to the host. Postbiotics have recognized chemical
structures that may improve the composition and functionality of the host’s native mi-
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crobiota as well as components involved in immunology, neurohormone biology, and
metabolic and behavioral responses [53]. For instance, many commensal bacteria produce
butyrate, a postbiotic that is a major source of energy for the colon and is essential for
intestinal growth, differentiation, and inflammation control [54,55]. Moreover, postbiotics
are probiotic-derived effector chemicals secreted by bacteria or released after lysis and
capable of exerting qualities identical to those of the original probiotics [56,57] (Figure 2).
They attempt to imitate the benefits of probiotics without taking the risk of administering
live bacteria. While these probiotics, prebiotics, and postbiotics are commonly associated
with dietary supplements targeting the gut microbiome, their application extends beyond
the digestive system to various body parts, including the skin. In dermatology, particularly
in addressing skin conditions, these concepts find relevance as researchers explore their
potential in topical formulations and skincare products.
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3. Skin Microbiome

The connection between microbial communities and the host tissue is symbiotic in
the skin. The importance of resident microbial communities in maintaining the skin’s and
immune system’s normal, healthy function has been demonstrated recently [58,59]. A
diverse group of microorganisms known as the skin microbiome work together to maintain
a complicated connection on the skin [1]. A large and diverse community of bacteria,
viruses, and eukaryotes, including fungi and arthropods, comprise the human skin micro-
biota [60,61]. The heterogeneity of the skin microbiota, both in terms of its composition and
prevalence, can be demonstrated in the significant variances between individuals and be-
tween different skin regions. These differences can be attributable to a complex interaction
of elements, including genetic predisposition, dietary habits, choice of lifestyle, gender, age,
ethnic background, and environmental circumstances [62,63]. The skin provides essential
nutrients to establish its microbiota, including amino acids, fatty acids, and lactic acids from
various sources like proteins, the stratum corneum, sweat, lipid hydrolysis, and sebum [64].
This relationship between the host and commensal microorganisms is vital for various
physiological processes. To maintain this symbiotic relationship, commensal-specific T cells
play a role in distinguishing between resident microorganisms and potential pathogens,
thereby promoting tolerance towards the commensal microbiota [65]. The skin microbiome
is made up of several different bacterial species. Microorganism imbalances can lead to
skin diseases such as acne, AD, psoriasis, and rosacea [66]. Probiotic bacteria have been
used to make a variety of treatments, nutritional items, and additives that support human
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health [67]. They provide several functions, one of which is serving as the first line of
defense against invasive diseases and are also used to prevent both acute and chronic
disorders or prophylaxis [68]. This shows that probiotics are used as an avoidance strat-
egy for some disorders. In addition, specific health conditions, such as acute or chronic
diarrhea and intestinal inflammation that can cause allergies, atherosclerosis, and cancer,
are also treated with probiotic medications [69]. Coagulation-negative Staphylococci are
also prevalent on human skin, and they act via a number of mechanisms including the
epidermal barrier environment and the innate and adaptive immune systems found in
the epidermis and dermis [70]. Further, the bacteriocins produced by this species have
anti-inflammatory, and antibacterial characteristics that reduce the survival of harmful
bacteria on the skin surface [41]. Endogenous urocanic acid found in the stratum corneum
of the skin acts similarly to sunscreens in preventing damaging Ultraviolet (UV) radiation
from penetrating the epidermis [67,71].

The microorganisms that make up the skin microbiome cooperate to keep the skin
safe. However, due to many factors, such as external ones, commensal microorganisms
may transform into pathogenic microbes, causing inflammation, itching, scaling, and other
medical symptoms that point to an imbalance between our skin and its microbiome [72].
The word “dysbiosis” is used to describe how the microbiome of the skin has changed.
Functional dysbiosis disturbs the interactions between bacteria and hosts and causes skin
issues. Age, sex, hygiene, the use of particular pharmaceuticals, skin pH, sweating propen-
sity, hair development on the skin, sebum production, usage of skin cosmetics, and lifestyle
are only a few of the host factors that have an impact on the microbiome host interac-
tion [73]. The potential of oral probiotics as a treatment for skin conditions has increased as
research has revealed a connection between disrupted gut microbiota and inflammatory
skin conditions [74]. Researchers are actively investigating the relationships among changes
in the gut microbiota, immune system dysregulation, and the development or aggravation
of autoimmune skin disorders, aiming to identify biomarkers and molecular pathways for
potential therapeutic targeting [75–77]. Studies on probiotics have been performed using
a concept known as the gut–brain–skin axis idea. These studies have demonstrated the
efficacy of probiotics in the management of some dermatological conditions, including
psoriasis, acne, vitiligo, and AD [2,78]. For example, AD is characterized by cutaneous
dysbiosis and a greater presence of Staphylococci like S. aureus and Malassezia spp. These
microorganisms release toxic chemicals and nanovesicles that trigger cytokines, which
contribute to the persistence and aggravation of AD symptoms.

Transplanting specific strains of S. epidermidis and S. hominis that produce antimicrobial
peptides resulted in significant decreases in the levels of S. aureus in individuals with AD.
This implies a promising therapeutic strategy for addressing AD by influencing the skin’s
microbiome to regulate and reduce the overgrowth of S. aureus [79]. The local skin micro-
biome plays a role in psoriasis pathogens. Psoriasis patients have a similar major species of
bacteria in their skin flora compared to non-psoriasis individuals but with reduced diversity
and changes in the relative abundance of certain bacteria. Specifically, lower concentrations
of Cutibacterium acnes (formerly Propionibacterium) and Actinobacteria species are found in
psoriasis patients, while higher concentrations of Firmicutes, Proteobacteria, Acidobacteria,
Schlegelella, Streptococcaceae, Rhodobacteraceae, Campylobacteraceae, and Moraxellaceae species
are observed when compared to controls. This suggests that alterations in the skin micro-
biome may contribute to psoriasis alongside immune system dysfunction [80,81]. As a
result, these skin disorders present greater opportunities for probiotic research regarding
topical benefits. In general, the gut microbiota is responsible for the body’s appropriate
immunity and defense against harmful microbes. Therefore, alterations that are considered
harmful at the intestinal microbiota level may result in infections and autoimmune diseases
in a variety of organs outside of the colon, including the skin [82]. A recent study [83] shows
that patients with vitiligo have a different microbial composition from healthy people, with
a considerably lower Bacteroidetes to Firmicutes ratio. They also differ significantly from
healthy people in 23 blood metabolites, and these metabolites are linked to particular
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microbial indicators. Commensal bacteria are vital components of the skin microbiome and
play a crucial role in skin health. Another study [84] highlights that vitiligo-affected skin
exhibits a dysbiosis in microbial community diversity, with lesional areas showing reduced
taxonomic richness and evenness. Notably, Actinobacterial species are dominant in normal
skin, while Firmicutes species dominate in vitiligo lesions, suggesting that these microbial
changes could influence the development and severity of vitiligo.

4. Mechanisms of Action for Topical Prebiotics, Postbiotics and Probiotics

Many low-molecular-weight (LMW) bioactive substances, such as bacteriocins and
other antimicrobial compounds, short-chain fatty acids, various fatty and organic acids,
biosurfactants, polysaccharides, peptidoglycans, teichoic acids, lipo- and glycoproteins, vi-
tamins, antioxidants, nucleic acids, amino acids, and different proteins, including enzymes
and lectins, can be derived from different probiotic strains [85,86]. The applicable agents of
these groups of LMW compounds isolated from symbiotic microorganisms or their cultural
liquids may be used to produce functional foods, drugs for the prophylaxis and treatment
of chronic human diseases, as well as sports and anti-aging foods [87,88]. The application
of the probiotics concept in biotechnology has made it possible to include several thousand
additional strains from the human-dominant intestinal phyla (Bacteroides, Firmicutes,
Proteobacteria, Actinobacteria, and Archae) for nutritional and therapeutic purposes in
addition to Bifidobacteria, Lactobacilli, Escherichia, and Enterococci sp. [89,90].

Microbiome development and changes are influenced by various factors such as child-
birth, diet, drugs, and diseases [91]. The skin microbiota varies significantly across different
body regions due to the presence of unique glands and hair follicles, creating distinct
conditions for microbial growth. Specific bacterial and fungal species dominate various
areas, such as lipophilic bacteria in sebaceous regions and fungal communities on the feet.
Additionally, the facial skin microbiota is mainly composed of Proteobacteria, Firmicutes,
Actinobacteria, and Bacteroidetes, with variations linked to age, and diversity differs by
facial location, with cheek sites having the highest richness scores. Postbiotics like acetate,
propionate, and butyrate play a crucial role in intestinal health by providing energy, en-
hancing the epithelial barrier, regulating immunity, and preventing pathogen invasion [92].
Immune diseases, inflammation, and gut dysbiosis can result from a dysregulation of this
balance [93]. The gut–skin axis is proposed as a connection between emotional states, gut
health, and skin conditions. Increased intestinal permeability can activate T cells, disrupt
immunosuppressive factors, and lead to systemic inflammation, potentially affecting skin
homeostasis [94]. Gut microbes can also communicate with other organs through neuro-
transmitter production. Therefore, changes in the gut microbiome may directly impact
systemic inflammation [92]. In the last century, the ability to identify microorganisms based
on their appearance or biochemical traits and improvements in cell culture techniques have
allowed for the expansion of study into the microbial variety of human skin. Researchers
have identified numerous genera of bacteria that are typically found on healthy skin using
culture-dependent methods. These genera include Staphylococci, Micrococci, Corynebacteria,
Brevibacteria, Propionibacteria, and Acinetobacter [95]. Staphylococcus aureus, Streptococcus
pyogenes, and Pseudomonas aeruginosa were identified at the species level using culture
techniques, such as colonizers in unusual conditions [96]. The skin microbiome is primarily
made up of two main types of bacteria: the resident and transient microbiota types. The
resident microbiota is the most significant and persistent group and may regenerate after
any disturbances [97]. In contrast, the transitory microbiome is environment-dependent
and only stays on the skin for a few hours or days [98]. Both of these microbiota types
are harmless in healthy skin. Actinobacteria, Firmicutes, Proteobacteria, and Bacteroides
are some of the most prevalent phyla on the skin, while the most common genera are
Corynebacterium, Propionibacterium, and Staphylococci [66,99].
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5. Clinical Verification and Effectiveness

The effectiveness of probiotic products used topically has received very little inves-
tigation. However, in the past ten years, the number of commercially available topical
probiotics has dramatically increased [100], and probiotics have been applied topically
and orally to treat various skin disorders [53] Table 1. The gut microbiota significantly
affects the immune system, and many studies [2,101,102] have shown the importance of
dysregulations in the skin and gut microbiome in immune-related diseases. Immune dys-
regulation driven by imbalances in the gut microbiota may involve an excessive immune
response that targets melanocytes and contributes to their destruction in vitiligo [103]. It is
thought that both genetic and environmental factors play a role in the vitiligo development
process. Recent research indicates that vitiligo patients have altered immune responses
and increased stress-induced production of Interferon-gamma (IFN-γ), which leads to
melanocyte apoptosis [104]. Dysbiosis in the gut microbiome is observed in vitiligo pa-
tients, with reduced Bacteroides populations and changes in microbiota diversity, which are
associated with mitochondrial damage and peripheral changes in innate immunity [105].
Skin microbiota composition also differs between vitiligo patients and healthy controls,
particularly in vitiligo lesions, where there is a reduction in Staphylococcus and Cutibacterium
and an increase in Proteobacteria associated with inflammation [103].

Table 1. Examples of Probiotic-Containing Commercial Products.

Probiotics Oral Topical Benefits Claimed

Lactobacillus

Lactobacillus Ferment Essence
A skincare brand containing
Lactobacillus ferment for skin

nourishment

Probiotic Complex with Lactobacillus
Acidophilus

a health brand promoting overall
well-being, including potential

benefits for the skin

Bifidobacterium

BifidoBalance Cream
A skincare company formulated with

Bifidobacterium to support skin
microbiome balance

Gut Health Probiotic Blend with
Bifidobacterium

A nutritional supplement brand
aimed at promoting gut health with

potential skin benefits

Streptococcus thermophilus

Thermal Probiotic Cream
Skincare line featuring Streptococcus

thermophilus for enhancing the
diversity of the skin microbiome

Saccharomyces boulardii

Saccharomyces boulardii Probiotic
Capsules

A wellness brand specifically
designed to support gut health and
potentially improve skin conditions

Probiotic Blends

Probiotic Power Serum

A skincare brand incorporating a
blend of Lactobacillus, Bifidobacterium,
and Streptococcus thermophilus for a

comprehensive skin health approach

Daily Probiotic Blend Capsules

A health and wellness company
offering a mix of various probiotic
strains for overall health, including

potential benefits for the skin

The topical application of probiotic bacteria may help enhance the skin’s natural barrier
by directly affecting the site of application. This may be performed by the resident bacteria
and the probiotic bacteria that produce certain antimicrobial amino peptides that benefit the
immune responses in the skin and help eliminate pathogens [106]. The administration of
probiotic species that are not native to a particular ecosystem can potentially cause adverse
effects [107]. They are commonly included in over-the-counter cosmeceutical products, but
their effectiveness may be compromised by their high bacterial load and the preservatives
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used, which can impact the skin’s microbiota [108]. Probiotics have been utilized in a
variety of cosmetic items, including lotions, intimate hygiene products, shampoos, and
toothpaste. These strains include Bacillus subtilis, Lactobacillus acidophilus, Lactobacillus
casei, and Lactobacillus plantarum. These probiotics provide several benefits for skin health,
including moisturizing effects, reducing toxic metabolites, enhancing antibody production,
restoring immune system balance, and regulating cytokine synthesis [109,110]. In addition,
topically applied probiotics can serve as a protective barrier on the skin by competing with
and inhibiting the binding of potential pathogens to skin sites. This competitive inhibition
helps prevent the colonization of harmful microorganisms on the skin, further contributing
to skin health and protection [100].

Postbiotics, formed from microbial growth by-products or inactive dead strains, posi-
tively benefit skin health because they contain bioactive substances such as bacteriocins,
lipoteichoic acids, and organic acids [111]. Species of Lactobacillus, including those found
in cosmetics, create lactic acid, which aids in moisturization and anti-aging [112]. Strepto-
coccus and Bifidobacterium strains have also been demonstrated to increase skin hydration
and elasticity, with Bifidobacterium contributing to the production of hyaluronic acid for
improved skin appearance [113,114].

Novel strategies in the field of dermatology employ nanocarriers to improve the
topical applications of probiotics and prebiotics [4,6]. These nanocarriers, often in the form
of nanoparticles or nanoemulsions, serve as efficient vehicles for loading and delivering
probiotic strains to the skin. This advanced delivery system not only protects the viability of
probiotics during formulation but also enhances their penetration into the skin, maximizing
their potential to establish a protective barrier.

6. Formulations and Delivery Methods

Skin microbiota can be preserved and restored by probiotics, prebiotics, or combination
supplements (symbiotic) [106] Table 2. In other words, probiotics, prebiotics, and symbiotics
are the three treatment modalities currently employed to maintain and restore the gut
microbial ecology [90,115]. In cosmetic formulations, prebiotics can selectively increase
the activity and growth of beneficial skin probiotics [116]. Some cosmetic formulations
may help foster the normal skin microbiome by being selective in their activity [106]. It has
recently been demonstrated that incorporating antioxidants and probiotics in combination
with other therapies can accelerate repigmentation. One study on AD skin showed that
topical formulations with particular probiotic strains helped reduce skin lesions [117].
Another study conducted by Chaudhry et al. [118] combined TCI with an antioxidant
and probiotic diet as an adjuvant. They demonstrated that full repigmentation could be
achieved in just six weeks and that no relapses were noted for 52 weeks following the
treatment. Certain lactic acid bacteria, specifically Streptococcus thermophiles, have been
found to enhance ceramide production in the skin when topically applied as a cream.
Ceramides are lipids that play a crucial role in maintaining the skin’s barrier function and
hydration levels, and this is particularly beneficial for individuals with acne-prone skin
because acne treatments can sometimes lead to dryness and irritation. Additionally, it
shows antimicrobial activity against Cutibacterium acnes, a bacterium associated with the
development of acne [119].
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Table 2. Overview of Formulations and Delivery Methods in Skin Microbiota Preservation.

Treatment Modality Delivery Method Key Components Results and Applications

Probiotics Topical application Live bacteria (Probiotics) Reduction of skin lesions in AD;
potential for repigmentation

Prebiotics Oral administration
Substances promoting beneficial

bacteria growth (e.g.,
fructooligosaccharides)

Improved psoriasis scores when
combined with topical hydrocortisone;

positive effects on gut microbiota
linked to AD

Symbiotics Oral administration
Combination of probiotics and

prebiotics (e.g., Lactocare®)
Improved psoriasis scores when used

alongside topical hydrocortisone

Postbiotics Topical application Cell-free supernatants, lysates,
bioactive peptides

Acceleration of epithelization,
reduction of skin inflammation,
antioxidant capabilities against
UVB-induced damage; multiple

positive effects on skin health

Incorporating live bacteria, such as probiotics, into cosmetic products is a complex
process that requires significant adjustments in production, storage, and distribution proce-
dures [120]. These adjustments are necessary because formulation processes can potentially
deactivate probiotics and alter their intended functions. Different dehydration techniques
are frequently employed in probiotic manufacture to overcome this [121]. In contrast to oral
probiotic formulations, topical probiotic products often need reconstitution in a vehicle,
such as creams, gels, and emulsions, before use, allowing them to be applied to the skin and
integrated into specific pharmaceutical bases [122,123] Figure 3. Additionally, many factors
can influence the probiotic quality during storage or delivery because of their susceptibility
to temperature, humidity, and cooling conditions [124]. Prebiotics and postbiotics have
recently been proposed as alternative options to address these concerns.
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Prebiotics or symbiotics have been demonstrated to improve skin health significantly.
For instance, Lactocare®, a symbiotic composition, combined with topical hydrocortisone
improved psoriasis scores when administered orally [125]. A different study showed
that giving mice with AD olive-derived antioxidant dietary fiber caused enhancements
in the gut microbiota’s composition, cytokine profiles, and butyrate synthesis, which
improved the immune system response linked to AD [126]. Prebiotic polysaccharides such
as fructo-oligosaccharides, galacto-oligosaccharides, and milk-derived oligosaccharides
are fermented by bacteria (probiotics) in the human colon, resulting in the production of
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short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate [127–129]. These
SCFAs increase blood flow in the colon, improve fluid and electrolyte absorption in the
gut, promote the growth of intestinal cells, decrease bowel inflammation, influence enzyme
activity, and reduce the risk of cancer and pathogen colonization [130,131]. Intestinal cells
use butyrate as an energy source, which stimulates proliferation, increases the production
of protective mucin, strengthens the intestinal barrier, and enhances immune system
performance [129,131]. The human gut contains a variety of strains from the Lactobacillus
and Bifidobacterium genera, which have a range of advantageous benefits. Additionally,
these bacteria are used to generate probiotics [127].

Postbiotics produced from several probiotic strains have demonstrated potential ther-
apeutic advantages for various skin issues and disorders. Cell-free supernatants, lysates,
and bioactive peptides are some examples of postbiotics that have been examined for their
effects on skin health and have shown a variety of beneficial results [132]. Postbiotics
from Lactobacillus fermentum, Lactobacillus reuteri, and Lactobacillus subtilis natto are being
investigated as a novel method to promote earlier full epithelization and decrease skin
inflammation when applied topically with a cold cream [133]. A cell-free supernatant of
fermented milk from the L. helveticus strain demonstrated substantial antioxidant capa-
bilities against UVB-induced skin damage, including decreasing lipid peroxidation and
inhibiting melanin formation [132]. A customized blend of probiotic strains (Lactobacillus
plantarum, Lactobacillus casei, and S. thermophilus) has shown promise in reducing pore
size and wrinkle depth, as well as maintaining hydration and skin smoothness [134]. S.
thermophiles lysate with sphingomyelinase has been demonstrated to strengthen the lipid
barrier of the skin, elevate stratum corneum ceramide levels, and lower water loss [135]. In
order to stimulate the expression of moisturizing factors in the skin, L. plantarum ferment
lysate and L. plantarum K8 strain lysate have been proposed as functional ingredients for
moisturizing cosmetics [136]. Improvements in acne lesions have been seen, along with
decreases in transepidermal water loss and sebum production, when using L. plantarum
ferment lysate [137]. Multiple positive effects of Vitreoscilla filiformis lysate on skin health
have been observed, including modulation of skin immunity, inflammation reduction,
and skin barrier enhancement [138]. LactoSporin® formulation, containing cell-free super-
natants of Bacillus coagulans and inactivated cells of Bacillus longum, has been effective in
managing mild-to-moderate acne lesions and seborrheic conditions, surpassing benzoyl
peroxide in some cases [139]. A skincare cream containing fermented lysate derived from
Lactobacillus plantarum can effectively and safely cure mild-to-moderate acne vulgaris
after four weeks of topical treatment [140]. By potentially enhancing the skin barrier and
regulating the skin’s immune system, a postbiotic derived from Bifidobacterium lactis has
shown effectiveness in reducing dandruff [141]. A topical formulation containing plan-
taricin A bioactive peptides, postbiotics, and Lactobacillus kunkeei isolated from bee bread,
along with Tropaeolum majus flower/leaf/stem extract, has shown significant improvement
in patients with alopecia areata [142] Figure 4.
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7. Challenges in Maintaining Probiotic and Prebiotic Viability and Stability

Microbiomes can directly protect the host against pathogens, manage inflammation,
and modify the functions of the adaptive immune system [143]. Microbial populations
within the human body differ across various body sites. These variations can be influ-
enced by the immune system, environment, and interactions between various microbial
species [144]. The potential health benefits of probiotics have sparked interest in developing
dermo-cosmetics derived from them. However, there are significant technological and legal
challenges in using live microbes on the skin [145].

Furthermore, given that many people use cosmetics daily, these products can influence
the skin microbiota. While cosmetics do not need to be completely sterile, they must adhere
to current regulatory standards to ensure they do not carry harmful bacteria. Nevertheless,
the inclusion of antimicrobial preservatives in formulations may affect the skin microbiome,
potentially leading to long-term consequences such as the emergence of antibiotic-resistant
bacteria [146]. In recent research, biomolecules such as polysaccharides (chitosan, xanthan,
dextrin, and carrageenan) and milk proteins have been used to microencapsulate probiotics
and other bioactive components. Sodium alginate is used more because of its cheapness and
easy availability [147]. Therefore, it is important to keep in mind that it can be challenging
to create and maintain the stability of probiotics in skincare products. Probiotics’ viability
and efficacy can be affected by variables such as pH, temperature, and exposure to air
and light. Thus, while developing a formulation for topical treatment, it is crucial to
ensure that the selected probiotic strains can maintain their viability and activity within the
formulation.

8. Conclusions

The significance of microbiome restoration as a potential therapeutic strategy is high-
lighted by the skin microbiome’s role in preserving skin homeostasis and its connections
to numerous skin disorders. The possible use of probiotics, prebiotics, and postbiotics
in topical preparations for many skin disorders is now the subject of investigation and
study. Prebiotics contribute to improved gastrointestinal well-being by exhibiting anti-
inflammatory and immunomodulating effects. They prevent the colonization of harmful
microorganisms, support the integrity of the intestinal barrier, and enhance overall immune
function, which can be considered a novel alternative therapy for many immune-related
skin diseases. Postbiotics derived from probiotic strains and bacterial lysates have shown
promise in various aspects of skin health, including moisturization and inflammation
reduction. New techniques may employ nanocarriers to improve probiotic and prebiotic
topical administration by protecting their viability, enabling effective loading, and enhanc-
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ing skin penetration. These findings suggest the potential for postbiotic-based skincare
products and treatments in addressing a wide range of dermatological concerns. However,
it is essential to acknowledge the challenges ahead. Regulatory considerations and safety
concerns surrounding the use of microbiome in skincare require careful attention. While
oral probiotics have a clear legal definition tied to bacteria and yeast, the lack of such a
definition for skin probiotics underscores a regulatory gap, signaling a pressing need for
guidelines in this rapidly advancing field. Further research is also needed to understand
their long-term effects and optimal formulations.
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Abstract: Treatment of dermatophytosis is quite challenging. This work aims to investigate the
antidermatophyte action of Azelaic acid (AzA) and evaluate its efficacy upon entrapment into
transethosomes (TEs) and incorporation into a gel to enhance its application. Optimization of
formulation variables of TEs was carried out after preparation using the thin film hydration technique.
The antidermatophyte activity of AzA-TEs was first evaluated in vitro. In addition, two guinea pig
infection models with Trichophyton (T.) mentagrophytes and Microsporum (M.) canis were established for
the in vivo assessment. The optimized formula showed a mean particle size of 219.8 ± 4.7 nm and a
zeta potential of −36.5 ± 0.73 mV, while the entrapment efficiency value was 81.9 ± 1.4%. Moreover,
the ex vivo permeation study showed enhanced skin penetration for the AzA-TEs (3056 µg/cm2)
compared to the free AzA (590 µg/cm2) after 48 h. AzA-TEs induced a greater inhibition in vitro on
the tested dermatophyte species than free AzA (MIC90 was 0.01% vs. 0.32% for T. rubrum and 0.032%
for T. mentagrophytes and M. canis vs. 0.56%). The mycological cure rate was improved in all treated
groups, specially for our optimized AzA-TEs formula in the T. mentagrophytes model, in which it
reached 83% in this treated group, while it was 66.76% in the itraconazole and free AzA treated groups.
Significant (p < 0.05) lower scores of erythema, scales, and alopecia were observed in the treated
groups in comparison with the untreated control and plain groups. In essence, the TEs could be a
promising carrier for AzA delivery into deeper skin layers with enhanced antidermatophyte activity.

Keywords: transethosomes; azelaic acid; antidermatophyte; thin film hydration; guinea pig model;
Trichophyton mentagrophytes; Microsporum canis

1. Introduction

Studies have shown that the greatest number of dermatological disorders occur as
superficial fungal infections at a high rate in developing countries, and can in some cases
lead to death [1]. Dermatophytic infection affects millions of people worldwide every
year [2]. Recent years have seen a rise in the incidence of fungal topical infections which
have proven to face significant obstacles in their treatment. Dermatophytosis is among
the most prevalent forms of infectious diseases globally, accounting for almost 25% of all
skin mycoses worldwide [3,4]. Dermatophytosis is a superficial fungal infection of the
keratinized structures including skin, hair, nails, or animal hoof and claws caused by a
dermatophyte mold which is most commonly of the Trichophyton and Microsporum genus.
The infection can be transmitted to humans by anthropophilic species, geophilic species
from the soil, or zoophilic species through contact with animals [5].
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Treatment of dermatophytosis might be quite challenging and needs a cautious ap-
proach in certain population groups including pregnant women, children, and the elderly.
Recently, there is a tendency to limit treatment to topical therapies owing to their negligible
systemic absorption. Future research on newer medications or topical drug formulations
with a “depot” impact may contribute to a reduction in the treatment duration as well as
recurrences [4]. The main difficulties with the treatment of dermatological fungal infections
are how to bypass the stratum corneum (SC) barrier, the long time required for treatment,
and recurring infection. Due to the presence of tight junctions and the highly organized
structure of the SC, dermatophytosis treatment is complicated. Efficient treatment requires
the presence of antifungal drugs with a high concentration on the epidermis and dermis [6].
There is a preference for the use of topical antifungal drugs over systemic ones since the
drug is delivered directly to the affected site leading to fewer adverse effects [7].

Further approaches were carried out to develop a drug delivery system that enables
various antifungal drugs to bypass the SC’s barrier function. Among these novel drug deliv-
ery systems, lipid-based nanoformulations such as liposomes have proven to be promising
drug carriers for dermatological delivery and attracted the attention of many researchers
in this field [8]. It should be noted, however, that the liposomal rigid structure and their
large size have limited drug diffusion into deeper skin layers [9]. As a consequence, an
improvement over liposomal strategy was developed recently and novel approaches of
lipid-based vesicles such as the ultra-deformable liposomes (transfersomes), ethosomes,
and transethosomes (TEs) have been designed as enhanced versions of liposomes [10].
Transfersomes are liposomal formulations that contain edge activators. An advantage
of this approach is that these edge activators destabilize the liposomal lipid bilayer and
improve the flexibility of liposomes [11]. Ethosomes, on the other hand, are novel flexi-
ble malleable vesicles that consist of phospholipids, water, and a high concentration of
ethanol [12]. Ethosomes enhance the penetration rate of drugs across the SC and can bypass
this critical barrier where ethanol increases the vesicles’ flexibility by fluidizing the lipid
bilayers, allowing them to squeeze through the skin pores which are much smaller than
their original diameters [13]. Thus, if we can formulate a system that combines the benefits
of transfersomes and ethosomes, it will be an invaluable carrier in delivering the drugs to
deeper skin layers. This was achieved recently with the development of nanovesicles TEs.
TEs are vesicular systems containing phospholipid (e.g., soy lecithin), water, and high con-
centration of ethanol along with an edge activator (EA) or permeation enhancer [14]. The
EA plays an important role as it preserves the integrity of the vesicles when going across
small channels, thus increasing stability and the deformity is consequently procured [15].
The particle size of TEs is the most important factor for their skin penetration. Recent
studies stated that a size below 500 nm is necessary for the efficient diffusion of nanocol-
loids through the SC [16]. Additionally, hydrogels have been widely utilized as potential
strategies for drug delivery. This could be attributed to their outstanding biocompatibility,
biodegradability, wide mechanical properties that match various soft tissues in the human
body, and controllable drug release capabilities [17–19].

Azelaic acid (AzA) is straight-chained dicarboxylic acid approved for acne vulgaris
and inflammatory (papulopustular) rosacea treatment. Owing to its poor water solubility,
about 0.24 g/100 mL at 25 ◦C, as well as limited skin penetration across the SC, various
formulations have been developed, including liposome, microemulsion, ethosomes, and liq-
uid crystal [20]. Since relatively little is known about the antidermatophyte activity of AzA,
we investigated for the first time its in vitro and in vivo effects on dermatophyte species
in comparison with its nano transethosomal formulation (AzA-TEs) and itraconazole as a
positive control.

To date, no attempt has been made to investigate the potential of TEs as carriers for
AzA, and no trials have been carried out to examine the antidermatophyte effect of the
AzA-TEs nanocarriers. The current investigation aimed to develop a nanotransethosomal
gel of AzA for efficient cutaneous delivery, in order to improve its biopharmaceutical pro-
file and enhance therapeutic efficacy as an antifungal for dermatophytosis treatment. The
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overall study was carried out in two steps. AzA-TEs were developed and formulated in the
first step using the quality by design methodology. Additionally, the morphology, vesicle
size, zeta potential, polydispersity index, and physical state of the optimized formulation
were characterized. The second stage included the incorporation of the optimized TEs
vesicles into a Carbopol-based gel for enhanced skin adherence. Two guinea pig models are
performed in the in vivo study of AzA-TEs. Various dermatophyte species including T. men-
tagrophytes and M. canis have been utilized successfully in the current study animal models
as they cause acute inflammatory infections which are easy to be clinically evaluated.

2. Materials and Methods
2.1. Materials

Azelaic acid was a kind gift from Medical Union Pharmaceuticals (MUP, Ismailia,
Egypt), Labrafil M 1944 SC, and was kindly gifted by Gattefossé, (Saint-Priest, France). Soy
leci-thin, Sodium deoxycholate (SDC) and Dialysis tubing cellulose membrane (molecular
weight cut off 12,000–14,000 Dalton) were purchased from Sigma Aldrich Chemical Co. (St.
Louis, MO, USA). Oleic acid and Carbopol 934 were purchased from El-Nasr Pharmaceuti-
cal Company (Cairo, Egypt). Dichloromethane and ethanol were purchased from Fisher
Scientific (Loughborough, UK). All other materials were of analytical grade.

2.2. Methods
2.2.1. Experimental Design

A 23 full factorial design was generated for the optimization of AzA-TEs using the
Design-Expert 11 program (Stat-Ease, Inc., Minneapolis, MN, USA). Eight runs were created
in this model by the design. Three independent variables were selected to be studied in-
cluding SAA type (X1), SAA:Lecithin ratio (X2), in addition to ethanol concentration% (X3).
The outcome responses for this design were particle size (PS) (Y1), zeta potential (ZP) (Y2),
and entrapment efficiency (EE%) (Y3). Table 1 presents the independent and dependent
variables utilized in the current study as well as their levels and desirability constraints.

Table 1. Full factorial design (23) used for preparation and optimization of AzA-TEs.

Independent Variables Low High

X1: SAA type Labrafil SDC
X2: SAA:Lecithin ratio

X3: Ethanol concentration%
15:85

20
5:95
40

Dependent Variables Desirability Constraints

Y1: PS
Y2: ZP

Minimize
Maximize

Y3: EE% Maximize
Abbreviations: AzA: Azelaic acid, TEs: Transethosomes; SAA: Surfactant; SDC: Sodium deoxycholate; PS, particle
size; ZP, zeta potential, and EE%, entrapment efficiency percentage.

2.2.2. Preparation of AzA-Loaded TEs

AzA-TEs vesicles were prepared via the thin-film hydration method [21]. Precisely
weighed amounts of Soy Lecithin, SAA, oleic acid, and AzA were added to 10 mL
dichloromethane in a long-necked round-bottom flask as shown in Table 2. The solvent
mixture was then evaporated under vacuum at 60 ◦C and 90 rpm speed via Heidolph
rotary evaporator (P/N Hei-AP Precision ML/G3, Schwabach, Germany). The vacuum was
applied until the solvent was evaporated totally and a thin film was formed on the round
flask wall. The dried film was then hydrated by adding 10 mL distilled water containing
ethanol, at 60 ◦C which is above the lipid phase transition temperature (Tc), and stirred for
45 min. Finally, the prepared dispersion was sonicated for 10 min using a probe sonicator
(Vibra Cell-Sonics Material, 130 W, 20 kHz, Newtown, CT, USA) at 70% amplitude to obtain
the AzA-loaded TEs. The dispersed vesicles were then stored for further investigations at
4 ◦C.
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Table 2. Composition of the prepared TEs loaded with AzA.

Formulae
Code

AzA
Amount

(mg)

Oleic Acid
Amount

(mg)

SAA
Type

SAA:
Lecithin

Ratio

Ethanol
Concentration

(%)

F1 50 10 Labrafil 5:95 20

F2 50 10 SDC 15:85 40

F3 50 10 Labrafil 5:95 40

F4 50 10 SDC 15:85 20

F5 50 10 Labrafil 15:85 20

F6 50 10 SDC 5:95 40

F7 50 10 SDC 5:95 20

F8 50 10 Labrafil 15:85 40
Abbreviations: AzA: Azelaic acid; TEs: Transethosomes; SAA: Surfactant; SDC: Sodium deoxycholate.

2.2.3. Characterization and Optimization of the Prepared AzA-Loaded TEs Formulations
Particle Size (PS), Polydispersity Index (PDI), and Zeta Potential (ZP) Measurement

The average PS, PDI, and ZP of the fabricated AzA-TEs formulations were attained
via dynamic light scattering technique using a Zeta-sizer 3000 PCS (Malvern Instruments
Ltd., Worcestershire, UK). Before analysis, the samples were diluted with de-ionized water.
The obtained values were the means of triplicate measurements at 25 ± 1 ◦C [22].

Entrapment Efficiency (EE%) Measurement

EE% of AzA-TEs were calculated using the centrifugation method. Firstly, the vesicular
dispersions of the prepared formulae were centrifuged at 20,000 rpm at a temperature of
4 ◦C for 2 h utilizing a cooling centrifuge (Sigma 3K 30, Osterede am Harz, Germany).
After that, the supernatant was separated and collected to be analyzed λmax 204 nm using
a UV-Vis spectrophotometer (Shimadzu UV1650 Spectrophotometer, Kyoto, Japan) [23].
Determination of EE% was carried out using the following equation [24]:

EE% =

(
Total AzA concentration − Free AzA concentartion

Total Aza concentration

)
× 100%

2.2.4. Optimization of Formulation Variables

For selecting the optimized formula to be subjected to further studies, the desirability
function that expects the optimum levels of the response variables was calculated. The
principle for choosing the optimum formula was attaining the least PS and the highest ZP
and EE%.

Transmission Electron Microscopy

The morphology of the optimized AzA-TEs was inspected via a transmission electron
microscope (Joel JEM 1230, Tokyo, Japan). Firstly, the application of the vesicular dispersion
was carried out on a carbon-coated copper grid and left to be dried in order to produce
a thin film. A drop of 2% aqueous solution of uranyl acetate was placed for 1 min. The
remaining solution was swept and the sample was air-dried at room temperature and then
viewed and photographed [25].

Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectra of the free drug AzA, medicated optimized formula and the plain
formula (without drug) were attained using FTIR spectrophotometer VERTEX 70 (Bruker
Corporation, Karlsruhe, Germany) [26]. The spectra were analyzed in the range of 500
to 4000 cm−1. The spectrum of air was used as a background before the analysis of
each sample. Sample spectra in addition to the background were taken in a room with a

150



Antibiotics 2023, 12, 707

temperature of 22–24 ◦C, at a spectral resolution of 4 cm−1. For each measurement, 32 scans
were carried out.

In Vitro Release of AzA from the Optimized Formula

The in vitro release behavior of the AzA-TEs optimized formula was performed via the
dialysis bag technique and compared with free AzA [27]. Before using the cellulose dialysis
bag, it was soaked in phosphate-buffered saline pH 7.4 for 24 h. AzA-Tes equivalent to
10 mg of AzA was accurately weighed and the same amount of free AzA was dispersed
in phosphate-buffered saline pH 7.4 and then subjected to 5 min vortexing. Afterward,
samples were placed in the dialysis bags, and the bag’s ends were tightly closed. The bags
which acted as the donor cell were kept in a phosphate-buffered saline pH 7.4 (50 mL)
that represented the receptor cell and then placed in a shaker water bath (WSB-18, Dahan
Scientific Co., Ltd., Seoul, Korea), with a rotation speed of 50 rpm and temperature of
37 ± 0.5 ◦C. Ethanol (30% v/v) was added to the phosphate-buffered saline pH 7.4 to
maintain the sink condition [28]. Aliquots were withdrawn at different time intervals
from 1 to 48 h, substituted with fresh buffer to maintain the sink condition, and then
analyzed spectrophotometrically at 204 nm. Triplicate samples were analyzed and the
average concentration was utilized.

Ex Vivo Permeation of AzA from the Optimized Formula

Mouse skin was utilized as a model to simulate human skin [29]. The ex vivo per-
meation experiment was performed via Franz diffusion cells with a diffusional area of
1.76 cm2 using the same conditions of the in vitro drug release study, except that the cel-
lulose membrane was substituted by dorsal hairless mouse skin [27,29]. The sacrifice of
male mice (weighing between 25–30 g) was first carried out, followed by hair removal,
and excision of the ventral and dorsal abdominal skins. Afterward, tweezers were utilized
to get rid of the subcutaneous fat, and the skin membrane fragments were washed with
buffer. Subsequently, the skin fragments were kept at −20 ◦C until they were used [29].
The skin was placed between the two compartments (receptor and donor) of the Franz
cell after being defrosted and soaked in phosphate-buffered saline pH 7.4. Following,
25 mL of phosphate-buffered saline pH 7.4 was transferred to the receptor compartment
and then magnetically stirred in the water bath (37 ± 1 ◦C). The optimized formula was
placed in the donor compartment. Then, samples (1 mL) were withdrawn from the receptor
medium at different time intervals (from 1 to 48 h), and the drug concentrations were
spectrophotometrically measured at λmax 204 nm. After withdrawing each sample, an
equivalent volume of the fresh buffer solution was substituted. All samples were compared
to a blank (without drug) to avoid any interference. This experiment was performed in
triplicate and the average concentrations were used. The permeation flux (Jmax) at 48 h
and the enhancement ratio (ER) were calculated according to the following equations [30]:

Jmax =
(

Amount of drug permeated
Time × Area of the membrane

)

ER =
(

Jmax of the nanovesicles
Imax of drug suspension

)

2.2.5. Formulation of AzA and AzA-TEs Gels

AzA suspension and AzA-TEs optimal formula were converted into gels to enhance
the skin application. The optimized formula and the free drug suspension were added to
Carbopol gel and then mixed with the assistance of a magnetic stirrer (Thennolyne Corpo-
ration, Dubuque, IA, USA) to form gels with good consistency and final AzA concentration
of 0.5% [31].

2.2.6. Evaluation of Antidermatophyte Activity

The antidermatophyte activity of the optimized AzA-TEs formulation was evaluated
both in vitro and in vivo.
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Dermatophyte Clinical Isolates

T. mentagrophytes and T. rubrum (n = 10 of each) that were isolated from cases of tinea
corporis and M. canis (n = 10) recovered from tinea capitis and ringworm lesions in cats
were included. Isolates were identified based on their macro- and micro-morphological,
and physiological characteristics, as previously described [32]. A suspension was prepared
in sterile saline from colonies of each isolate grown on mycobiotic agar medium (CONDA,
Madrid, Spain) at 25 ◦C for a week, and adjusted to 106 CFU/mL using a hemocytometer.

In Vitro Evaluation of Antidermatophyte Activity of AzA-TEs

The antidermatophyte activity of AzA-TEs was evaluated using an agar well diffusion
test against isolates of T. mentagrophytes, T. rubrum, and M. canis [33]. The fungal suspensions
(106 CFU/mL) were evenly distributed on the surface of mycobiotic agar medium plates.
With a sterile cork borer, 6 mm diameter wells were cut in the agar plate. Then, 100 µL
of AzA-TEs formula (5 mg/mL), and free AzA were dissolved in 10% tween 20 (Sigma
Aldrich, St. Louis, MO, USA) and adjusted to 5 mg/mL, gel (1.25 mg/mL) was placed in
wells. The test was performed in triplicate and a negative control (tween 20) and a positive
control (10 µg itraconazole disc; Hi-Media Laboratories, Mumbai, India) were included.
The diameter of the zones of inhibition was measured and recorded after 96 h of incubation
at 25 ◦C, and the mean values were interpreted as sensitive (inhibition zone ≥ 10 mm) [34].

Minimum inhibitory concentration (MIC) values were determined using different
concentrations (0.1, 0.32, 1, 3.2, and 5 mg/mL) of both AzA-TEs and free AzA as previously
described [35,36]. The MICs of itraconazole (Janssen Research Foundation Beerse, Belgium)
were determined according to Clinical Laboratory Standards Institute M38 guidelines [37].
The MIC50 and MIC90 values, which, respectively, prevented the growth of 50% and 90% of
the tested isolates [38].

In Vivo Evaluation of Antidermatophyte Activity of AzA-TEs

The effectiveness of the optimized AzA-TEs formula in comparison with the free AzA
and itraconazole for the treatment of dermatophytosis was investigated in two infected
guinea pig models. For establishing infection, in the two models, with M. canis and
T. mentagrophytes, hair from the mid-dorsal region (diameter of 1.50 cm) of 60 guinea
pigs (weight 250–300 g) was shaved using a manual razor. Then, 50 µL of M. canis or T.
mentagrophytes suspension (107 cells/mL) was applied to the shaved skin. On the third day
following inoculation, antifungal therapy was started on shaved regions and continued for
12 days [39].

In each model, guinea pigs were divided into five groups (6 animals/group): group 1
(G1); infected untreated control group, G2; infected and treated with 10 mg/kg itraconazole
once daily by oral gavage [39]. AzA-TEs gel (5 mg/kg) (G3), AzA gel (G4), and plain gel
(G5) were applied topically twice a day.

The infected and treated animals were evaluated clinically on days 3, 7, 10, and
14 post-treatment (PT) by scoring lesions (redness, scales, and hair loss) and mycologically
by microscopy and culture on days 3, 7, and 14 PT. Animals were kept under observation
up to day 28 PT to evaluate the final clinical cure rate.

The inoculated areas were disinfected with 70% ethyl alcohol and skin scrapings and
hair samples were collected using a sterile toothbrush for subsequent microscopical exami-
nation using 20% potassium hydroxide (KOH) and culture on mycobiotic agar medium
slants and dermatophyte test medium (DTM) plus dermato supplement (Himedia, India).
Cultures were incubated at 25 ◦C for four weeks and observed twice a week. Based on
macro- and micro-morphological features, isolates were identified to the species level. If
cultures of the collected samples from the infected regions were negative, the animals were
considered mycologically cured [40].
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2.2.7. Data Analysis

Data were edited in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA).
Exact Wilcoxon test was used to compare untreated versus treated animals per day (3, 7, 10,
and 14 PT) regarding the clinical score. The effect of the treatments was evaluated for each
day (3, 7, and 14) by the frequency of positive microscopy and cultures in treated animals
versus untreated control group according to the fisher exact test. Figures were fitted by the
Graph-Pad Prism software 5.0 (Graph Pad, San Diego, CA, USA). Statistical significance
was set at p-value less than 0.05.

3. Results and Discussion
3.1. Effect of Formulation Variables on the Observed Responses
3.1.1. Particle Size and Size Distribution

As seen from Table 3, the mean particle size ranged from 219.8 to 403.5 nm for formulae
F3 and F4, respectively. Formulations F4 and F1 showed the widest and narrowest particle
size distributions with PDI values of 0.249 and 0.414, respectively. Only one formula
exceeded the PDI value of 0.4 and none exceeded the value of 0.5. The obtained values
are acceptable and indicate relatively homogenous vesicular size distribution). According
to Soleimanian et al., a PDI higher than 0.5 is not considered acceptable and reflects
heterogeneous, wide size distribution values [41]. Regarding the particle size, a smaller
size was achieved using a higher ethanol concentration. The model that best fits the particle
size data is a quadratic model and the equations that best describe the model for different
surfactants are:

PS = SAA type Labrafil + 364.38750 + 4.53750 SAA:Lecithin − 3.96625 Ethanol Conc

PS = SAA type SDC + 396.96250 + 4.53750 SAA:Lecithin + 3.96625 Ethanol Conc

Table 3. Observed responses for the prepared TEs formulations.

PS (nm) PDI ZP (mV) EE (%)

F1 309.0 ± 7.8 0.414 ± 0.067 −37.5 ± 0.35 69.5 ± 2.0
F2 281.2 ± 3.7 0.390 ± 0.002 −31.9 ± 0.23 71.6 ± 1.3
F3 219.8 ± 4.7 0.372 ± 0.015 −36.5 ± 0.73 81.9 ± 1.4
F4 403.5 ± 8.5 0.249 ± 0.022 −33.9 ± 0.77 57.6 ± 0.8
F5 335.9 ± 3.9 0.292 ± 0.029 −37.3 ± 0.61 59.7 ± 0.9
F6 270.2 ± 8.0 0.375 ± 0.013 −34.5 ± 1.03 77.2 ± 3.1
F7 338.5 ± 1.0 0.346 ± 0.014 −33.0 ± 0.66 62.8 ± 1.1
F8 298.4 ± 1.6 0.269 ± 0.013 −34.6 ± 0.78 77.1 ± 2.4

Abbreviations: TEs: Transethosomes; PS, particle size; ZP, zeta potential; and EE%, entrapment efficiency
percentage.

The model was found significant (p-value 0.0170) (Figure 1A,B). Regarding the vari-
ables studied, it was found that increasing the ethanol concentration led to a decrease in
the particle size. This effect might be due to the interaction between the ethanol and lipid
bilayer [42]. Another explanation was presented by Vasanth and colleagues who suggested
that high ethanol concentration causes interpenetration of the Lecithin hydrocarbon chain,
which leads to a further reduction in the thickness of the membrane of the TEs vesicles
and causes a decrease in mean particle size [43]. This was in agreement with Salem et al.,
who found a generalized reduction in the mean vesicle size by increasing ethanol content
from 10 to 30%. Ahmed et al. found the same antagonistic effect of ethanol concentra-
tion; they offered an additional explanation that upon increasing the ethanol content, it
causes a reduction in the main transition temperature of the phospholipids, which leads to
partial fluidization of the TEs vesicles and the formation of small nanovesicles [44]. The
same observation was found during the preparation of ethosomes by Limsuwan et al.,
who found that the highest ethanol concentration led to a smaller size of the prepared
ethosomes [45]. High concentrations of ethanol—higher than 40%—were not attempted as
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it was mentioned previously that higher concentrations as 45% lead to the failure of vesicle
formation or rapture of formed vesicles [46]. The other factor that was significant on the
PS of the vesicles was the SAA to Lecithin ratio. It was found that decreasing the ratio
led to a decrease in the PS. The same finding was observed by Qushawy et al., who found
that the SAA:Lecithin ratio of 10:90 resulted in a smaller size of transfersomes compared to
the 20:80 ratio [47]. Vasanth et al., who studied the same variable on transfersomes stated
that the higher concentration of soy lecithin led to smaller vesicle size [43]. It is worth
mentioning that some other studies found that this effect was insignificant on the vesicular
size of TEs [27] and transfersomes [48]. No significant effect was found when either SDC or
Labrafil M 1944 Cs were used on the vesicular size.
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3.1.2. Zeta Potential

As expected from the composition, the TEs have negative charges due to the presence
of oleic acid and the phosphate group in soy lecithin. As seen from Table 3, all prepared
formulations show a ZP value over −30, which indicates high stability and a low tendency
to agglomerate using all tried ingredients in all levels of the variables used. This leads to
higher stability of TEs dispersion.
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ZP = SAA type Labrafil − 37.9 − 0.135 SAA:Lecithin + 0.0125 Ethanol Conc + 0.008 SAA:Lecithin × Ethanol Conc

ZP = SAA type SDC − 32.15 − 0.255 SAA:Lecithin − 0.0175 Ethanol Conc + 0.008 SAA:Lecithin × Ethanol Conc

The model used was significant (p-value 0.027) (Figure 1C,D). It was mentioned by
Ogiso et al. that the negative charge of the zeta potential of ethosomal systems is attributed
mostly to the high ethanolic content in these nanovesicles. Ethanol provides negative
charges to the polar head groups of the phospholipids that would create an electrostatic
repulsion [49]. Formulations containing Labrafil M 1944 CS with the chemical formula
mono-, di- and triglycerides, and PEG-6 (MW 300) mono- and diesters of oleic (C18:1) acid
showed higher ZP than those containing SDC as surfactant. No significant effect of the
SAA:Lecithin ratio on the ZP.

3.1.3. Entrapment Efficiency

High entrapment efficiencies of AzA up to 81.9% for formulation F3 were obtained.
The least EE% value was in F4 with only 57.6% AzA entrapped. The model to optimize the
AzA-TEs was highly significant (p-value = 0.0004) (Figure 1E,F). In addition, all variables
showed a significant effect on the EE% of the prepared TEs. This could be explained by
the co-solvent effect of the ethanol which has a high effect in increasing the solubility
of lipophilic drugs—such as AzA—in the polar phase of the TEs. This also allows an
additional amount of AzA in the aqueous core of the nano transethosomal dispersion to
be accommodated [50]. Another explanation that was presented by Salem et al. is that the
solubilization effect of ethanol increases the fluidity of the membrane of the TEs vesicles
leading to a more entrapped AzA [51]. An interesting finding was obtained as decreasing
SAA:Lecithin ratio resulted in higher EE%. In a lower ratio, higher lecithin concentration
in the vesicular membrane might increase the entrapment of the hydrophobic AzA. The
obtained results were in good agreement with Balata et al., who found that increasing
surfactant concentration was accompanied by a decrease in EE%. They suggested that
this might be due to the increased efficiency of surfactant incorporation within the lipids
forming a more permeable vesicles membrane, hence lowering the EE% [48,52]. Formation
of mixed micelles upon the addition of higher SAA concentrations is another explanation
for lower EE% as they are more rigid and smaller in size [53]. Labrafil M 1944 SC with an
HLB of 9 was found to achieve higher EE% compared to SDC. SDC is an anionic surfactant
with a high HLB of 16. An explanation of the lower EE% in formulations containing SDC
can be offered by discussing the findings of Amnuaikit et al., who found that high EE% of
transfersomes contains the cationic drug phenylethyl resorcinol using SDC as SAA. They
concluded that the high EE% was due to electrostatic attraction between the negatively
charged drug and the positively charged SDC [54]. Using the same concept, the anionic
AzA showed electrostatic repulsion with the anionic SDC resulting in the expulsion of the
drug from the transethosomal vesicles, which lead to decreased EE%. The model equations
for each surfactant type were

EE = SAA type Labrafil + 56.575 − 0.635 SAA:Lecithin + 0.7275 Ethanol Conc

EE = SAA type SDC + 51.825 − 0.635 SAA:Lecithin + 0.7275 Ethanol Conc

3.2. Optimization of Formulation Variables

Based on the analysis of the studied variables, the optimization was carried out
using the desirability function approach. When several responses were evaluated in an
experimental design, the optimum responses reached individually for each factor did
not coincide in a single run in all cases. To solve multiple response problems, different
statistical methods can be used; one of the most commonly used methods is the desirability
function [55]. To find the most desirable formulation fulfilling all constraints of all studied
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variables, a weight factor of 1 was chosen for all individual desirabilities in this work. The
best selected solution with the highest desirability (0.920) was found to be the same as
the composition of F3. The selected solution and the predicted and practically performed
formulations are listed in Table 4. Labrafil M 1944 SC was used as SAA with a ratio
to lecithin of 5:95, respectively, and 40% ethanol concentration. As seen from Table 4 a
small acceptable residual error was obtained indicating the validity of the model for the
preparation of AzA-TEs. The selected formula was further characterized and investigated
both in vitro, ex vivo, and in vivo for antidermatophyte effect.

Table 4. Validation of the optimization model using the desirability function.

Independent Variables Responses
DesirabilitySAA

Type
SAA
Ratio

Ethanol
Conc. PS ZP EE%

Predicted
formula Labrafil 5.0 40.0 228.425 −36.475 82.5

0.920
Practically
prepared
formula

Labrafil 5.0 40.0 219.8 −36.5 81.9

Residual error
(%) 3.78% 0.07% −0.73%

Abbreviations: SAA, Surfactant; PS, particle size; ZP, zeta potential; and EE%, entrapment efficiency percentage.

3.2.1. Transmission Electron Microscopy

As seen in Figure 2A, the AzA-TEs vesicles are spherical in shape and homogenous in
size. They are present as separate entities without agglomeration.
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3.2.2. Fourier Transform Infrared (FTIR) Spectroscopy

Figure 2B showed the FTIR spectrum of the free AzA, plain formula, and the optimized
AzA-TEs. The FTIR spectrum of the AzA reveals typical bands coming from the aliphatic
chain at 2926 cm−1 and 2840 cm−1. There is also a band of high intensity coming from
two free carboxyl groups at about 1700 cm−1 situated at the end of the molecule [56]. FTIR
spectrum of AzA-TEs showed that the characteristic absorption peaks of AzA disappeared
indicating the drug encapsulation within the nanovesicles. In addition, the peaks of the
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AzA-TEs optimized formula and the plain drug free formula were identical, which confirms
that AzA was successfully encapsulated in the nanovesicles [57].

3.2.3. In Vitro Release of AzA from the Optimized Formula

The in vitro release study of AzA-TEs optimized formula and free AzA was performed
in a release media of phosphate-buffered saline pH 7.4 and ethanol (30%) and the data
are plotted in Figure 3A. The attained data demonstrated that the optimized formulation
reached 89% cumulative release after 48 h, in comparison to 45% only of the free AzA. The
release behavior of AzA from AzA-TEs optimized formula showed a controlled release
manner during the 48 h of the study in comparison to the free AzA that exhibited an
uncontrolled release behavior. The dissolution rate of AzA-TEs was found to be faster than
those of free AzA. The increase in the amount released could be due to the small PS of
the TEs nanovesicles that led to the higher surface area, and hence improved dissolution
rate. Additionally, the free drug solubility could be improved by reducing the PS according
to the Oswald–Freundlich equation [58]. The abovementioned findings are in accordance
with a study that used telmisartan ethosomal gel [27].
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3.2.4. Ex Vivo Permeation of AzA from the Optimized Formula

The cumulative amount of AzA permeated from AzA-TEs optimized formula com-
pared to the free AzA after 48 h is depicted in Figure 3B. It was detected that the amount of
AzA permeated from the optimized formula (3056 µg/cm2) was higher than the amount
permeated from free AzA suspension (590 µg/cm2) after 48 h, which may be due to that
AzA can overcome the SC barrier and reach the deeper layers of the skin more efficiently
than AzA in its free form. This behavior may be attributed to the presence of ethanol
in the TEs nanovesicles which act as penetration enhancer and thus imparts flexibility
to TEs and therefore is responsible for the high penetration [59]. It was reported that
TEs employ pull and push effects on the intercellular interface of the SC cells and thus
could enhance the drug penetration [59]. The push effect is a thermodynamic effect of
ethanol evaporation, and the pull effect is a result of ethanol fluidizing SC lipids, which
results in the formation of additional penetration pathways [30,59]. It is also worth noting
that AzA-TEs obtained higher permeability parameters with a Jmax of 35.95 µg/cm2/h
compared to 6.94 µg/cm2/h of free AzA with an ER of 5.18.
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3.3. Evaluation of Antidermatophyte Activity
3.3.1. In Vitro Evaluation of Antidermatophyte Activity of AzA-TEs

This study records the antidermatophyte activity of an optimized AzA-TEs formula
against three dermatophyte species. It exhibited the maximum inhibition of all strains
tested, while the free AzA showed the minimum growth suppression. It was found
that AzA-TEs liquid dispersion induces a significantly greater inhibition of the tested
dermatophyte species than free AzA, whereas the mean inhibition zone diameters were
27.9 ± 0.15, 25.17 ± 0.05, and 26.15 ± 0.35 mm versus 16.8 ± 0.7, 15.83 ± 0.73, and 19 ± 0.21
for T. rubrum, T. mentagrophytes, and M. canis, respectively.

The MIC values obtained with the AzA-TEs formula were lower than those of free
AzA for all test dermatophyte species (MIC90 was 0.01% vs. 0.32% for T. rubrum and 0.032%
for T. mentagrophytes and M. canis vs. 0.56%). MIC range for itraconazole was 0.25–2, 0.03–1,
and 0.125–1 µg/mL for T. rubrum, T. mentagrophytes, and M. canis, respectively.

This supports the findings of an earlier study that reported the antifungal activity
of AzA (0.56%) against dermatophytes and Scopulariopsis brevicaulis. Moreover, 0.032%
concentration of AzA did inhibit the strains tested, and testing the in vivo antifungal activity
of this agent was encouraged [35]. Since T. mentagrophytes and M. canis produce acute
inflammatory infections which are easy to clinically evaluate [60,61], we have established
two dermatophytosis infection models using both species to be evaluated in vivo.

AzA-TEs showed an effective antifungal effect, which may be due to their unique
subcellular size which can effectively increase the distribution of antifungal agents in fungal
cells; therefore, greater antifungal activity was achieved [62].

3.3.2. In Vivo Evaluation of Antidermatophyte Activity of AzA-TEs

As presented in Figure 4, the infection progressed in the untreated control group (G1)
and plain-gel-treated group (G5) with increasing lesion scores, while decreasing scores
of erythema, scales, and alopecia were observed in the treated groups (G2, G3, and G4).
Maximum response of erythema in G1 and G5 was on day 10 in the M. canis model and day
7 in the T. mentagrophytes model. While maximum responses of scales and alopecia were on
days 10–14 in G1 and G5 in the T. mentagrophytes model and on day 14 maximum alopecia
was observed in the M. canis model. There is a significant (p < 0.05) lower erythema and
lesion scores in the AzA-TEs gel-, AzA gel-, itraconazole-, and plain-gel-treated groups
versus the untreated control group (Figure 4).

Animals in the treated groups were positive in direct microscopy during the 14 days
observation period, whereas most of the culture from AzA-TEs gel (G3) and AzA gel
(G4)-treated groups in the M. canis model were negative during the 14-day observation
period (Table 5). Although five cultures from treated groups in the T. mentagrophytes model
were negative on day 3 and day 7 PT, two cultures from itraconazole and AzA gel treated
animals were positive on day 14 PT (mycological cure rate was 66.76%). Nonetheless, the
mycological cure rate was 83% in AzA-TEs gel-treated group after 14 days from the onset
of treatment. Cultures of untreated control and plain-gel-treated animals were persistently
positive in both T. mentagrophytes and M. canis models. Therefore, there is a significant
difference between treated groups versus untreated control and plain-gel-treated ones.

Guinea pigs are used in animal models for dermatophytosis because they are predis-
posed to cutaneous fungal infections with clinical characteristics similar to those found
in humans [63,64]. In M. canis- and T. mentagrophytes-infected animals, significantly lower
clinical scores were observed in treated as compared to untreated animals (Figure 4). The
ability of AzA-TEs gel (G3) and AzA (G4) to reduce the erythema, scales, and hair loss in
the treated animals could be directly related to its anti-inflammatory and antikeratinizing
activity (decrease in the size and quantity of keratohyalin granules and tonofilament bun-
dles due to alteration of epidermal keratinization, which is especially detrimental to the
terminal phases of epidermal differentiation) [65].
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Figure 4. Means of erythema (A), scales (B), and alopecia (C) scores in Microsporum canis and
Trichophyton mentagrophytes infected guinea pigs in different groups. * p < 0.05 (plain gel); † p < 0.05
(AZA gel); ® p < 0.05 (itraconazole); ¶ p < 0.05 (AzA-TEs gel) versus untreated positive controls.
p-value was estimated using exact Wilcoxon test.

Table 5. Mycological evaluation of dermatophytosis treatments in a guinea pig model.

Day 3 Day 7 Day 14

G1 G2 G3 G4 G5 G1 G2 G3 G4 G5 G1 G2 G3 G4 G5

T. menta-
grophytes

M 6 6 6 6 5 5 4 1 † 4 5 6 2 † 1 † 2 † 6

C 5 1 † 1 † 1 † 4 6 1 † 1 † 1 † 6 6 2 † 1 † 2 † 6

M&C 5 1 † 1 † 1 † 4 6 1 † 1 † 1 † 6 6 2 † 1 † 2 † 6

M. canis

M 6 6 6 6 6 6 6 3 3 6 6 1 † 3 3 6

C 3 2 0 0 3 6 4 1 † 1 † 6 6 1 † 1 † 1 † 6

M&C 3 2 0 0 3 6 4 1 † 1 † 6 6 1 † 1 † 1 † 6

Treated groups versus positive controls were compared using Fisher’s exact test per day. † differs significantly
with positive control p < 0.05. M: microscopy; C: culture; G1: infected untreated control group; G2: infected and
treated with 10 mg/kg itraconazole once daily by oral gavage; G3: AzA-TEs gel- treated group (5 mg/kg); G4:
AzA gel, and G5: plain-gel-treated groups topically twice a day.

Most treated animals were culture negative, but some animals remained microscopy
positive on day 14 PT (Table 5). This could be due to the non-viable conidia and hyphae that
are detected using microscopy and would not grow on culture [35,66]. The mycological cure
rate in M. canis infected and treated animals after 14 days from onset of treatment was 83%
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but, in the T. mentagrophytes model, the cure rate was 83% in AzA-TEs gel-treated group and
66.76% in itraconazole and AzA groups. Similarly, cure rates after treatment with antifungal
agents ranged from 80–100% were reported in other studies [40,67]. However, the failure of
mycological cure was observed in the T. mentagrophytes infected animals [35,68].

The superiority in the anti-fungal activity of the AzA-TEs gel formulation over other
formulations (Figure 5) may be attributed to the high flexibility of the TEs, helping its
penetration through the fungal cell wall and preventing ergosterol synthesis led to fungal
cell membrane lysis and cell death [69]. Moreover, the lipid nanoparticles have small size
that could enhance the presence of the nanoparticles to be in direct contact with the SC and
confirms the entry of encapsulated drugs into the skin [70]. In addition, the extra potential
of ethanol could kill organisms by denaturing their proteins and dissolving their lipids,
apart from skin fluidization and penetration [71].
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4. Conclusions 
The TEs formulations proved efficacious in different skin conditions, skin cancer and 

cosmetics. They ensure better skin penetration and hence improved both local skin reten-
tion and transdermal action. Despite these advantages, the optimization of TEs composi-
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carriers for enhancing the antidermatophyte activity of AzA by deep penetration through 
skin layers. In future, further studies related to human activity, stability, and toxicity 
should be performed. In addition, scaling up to an industrial scale should be studied and 
optimized. These results provide an important perspective on developing a safe and effi-
cient antifungal drug for treating dermatophytoses. 
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Figure 5. M. canis (A) and T. mentagrophytes (B) infected guinea pig models at day 14 post-treatment.
G1: infected untreated control group; G2: infected and treated with 10 mg/kg itraconazole once daily
through oral gavage; G3: AzA-TEs gel-treated group (5 mg/kg); G4: AzA gel, and G5: plain-gel-
treated groups topically twice a day.

4. Conclusions

The TEs formulations proved efficacious in different skin conditions, skin cancer and
cosmetics. They ensure better skin penetration and hence improved both local skin retention
and transdermal action. Despite these advantages, the optimization of TEs composition is
quite challenging. Several factors affect the formulation such as the nature of the drug and
formulation variables. In the current study, AzA-TEs were successfully prepared using the
thin film hydration method. The formulation variables for AzA-TEs were optimized and
the optimized formulation showed a small size, high ZP and EE%, a prolonged release, and
successful skin penetration. The obtained results from in vitro testing and in vivo models
essentially imply that the therapeutic effects of AzA-TEs in dermatophytosis are directly
mediated by their antidermatophyte activity. The TEs are promising carriers for enhancing
the antidermatophyte activity of AzA by deep penetration through skin layers. In future,
further studies related to human activity, stability, and toxicity should be performed. In
addition, scaling up to an industrial scale should be studied and optimized. These results
provide an important perspective on developing a safe and efficient antifungal drug for
treating dermatophytoses.
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