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Lipid-based nanosystems, including solid lipid nanoparticles (SLN) and nanostruc-
tured lipid carriers (NLC), cationic lipid nanoparticles, nanoemulsions and liposomes,
have been extensively studied to improve drug delivery through different administration
routes. The main advantages of these systems are the ability to protect, transport and
control the release of lipophilic and hydrophilic molecules (either small-molecular-weight
molecules and macromolecules), the use of generally recognized as safe (GRAS) excipients
that minimize the toxicity of the formulations, and the possibility to modulate pharma-
cokinetics and enable the site-specific delivery of encapsulated payloads. In addition, the
versatility of lipid-based nanosystems has further been demonstrated for the delivery of
vaccines, protection of cosmetic actives, and improvement of moisturizing properties of
cosmetic formulations.

Currently, lipid-based nanosystems are well established and there are already different
commercially approved formulations in different human disorders. This success has
actually paved the way to diversify the pipeline of development, to address unmet medical
needs for several indications, such as cancer, neurological disorders, and autoimmune,
genetic and infectious diseases.

This Special Issue aims to update readers on the latest research on lipid-based nanosys-
tems, both at the preclinical and clinical levels. A series of 15 articles (six reviews and nine
studies) is presented, with authors from 12 different countries, showing the globality of the
investigations that are being carried out in this area.

Ana Catarina Silva et al. [1] revised the state of the art of in vitro cell models to perform
studies with drug-loaded SLN and drug-loaded NLC nasal formulations. The authors
concluded that specific in vitro cell culture models, such as the human nasal epithelial cells
(HNEpC) and the human nasal septum quasidiploid tumour cells (RPMI 2650), are needed
to assess the cytotoxicity of nasal formulations and to understand the mechanisms of nasal
drug transport and absorption. In addition, the authors reported the great potential of
using 3D nasal casts to test the effectiveness of formulations for reaching the upper part of
the nasal cavity, which is critical for successful nose-to-brain delivery. These models are
manufactured from computed tomography scans of the human nasal cavity and enable the
analysis of the factors interfering with nasal drug deposition, including the nasal cavity
area, type of administration device and angle of application, inspiratory flow rate, among
others. Although 3D models are already being used to test nasal formulations, this remains
an open field of research, as their validation by regulatory authorities is required.

Habibah A. Wahab et al. [2] highlighted the potential of lipid-based nanocarriers
for pulmonary drug delivery for the treatment of lung cancer. The authors presented
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considerations of the physiological, physicochemical and technological aspects of efficient
inhalable anticancer drugs delivery systems based on lipid-based nanocarriers, and their
pioneering role in the treatment of lung cancer. Lipid-based nanocarriers are able to
transport drugs with different physicochemical characteristics, show enhanced permeability
and retention effects for passive targeting, and can be functionalized to provide active
targeting. Recent preclinical studies show that inhalable lipid-based nanocarriers can be
concentrated in the lungs, from where they diffuse into the blood stream and lymphatic
system, reaching cancer cells. However, the authors point out that research in this area
needs to advance towards in vivo and clinical studies. In the field of anticancer therapies,
Vijay Gyanani et al. [3] presented a brief review on the challenges of conventional therapies
and the use of liposomes as a targeting strategy for the delivery of anticancer drugs. The
authors discussed the challenges and limitations of conventional anticancer treatments
(chemotherapy, radiotherapy and surgery), such as drug resistance, severity and side effects,
and highlighted future research opportunities in this field. The use of active targeted
liposomes remains challenging due to antigen and receptor heterogeneity, immunogenicity
and low drug encapsulation efficiency, while passive targeted liposomes overcome the
limitations of immunogenicity. However, there are manufacturing and clinical challenges
associated with active and passive liposomes, primarily related to translating preclinical
into clinical efficacy.

Viliana Gugleva et al. [4] provided a review of the therapeutic properties of different
classes of phenolic compounds used for dermal application, including their effects on
oxidation processes, inflammation, vascular pathology, immune response, precancerous
and oncological lesions or formations, and microbial growth. The authors also presented
several examples of promising results from studies with phenolic compounds encapsulated
in lipid-based nanocarriers (nanoemulsions, liposomes, SLN and NLC), which aimed to
improve their solubility, stability, skin permeation and therapeutic activity. On the use of
lipid-based nanocarriers to improve drug delivery to the skin, Stefanov and Velichka Y.
Andonova [5] presented the state of the art on recent developments in the application of
these nanocarriers in topical formulations to treat skin disorders as an alternative to the
conventional formulations, reducing systemic toxicity. So far, lipid-based nanocarriers have
been shown to provide a flexible platform for safe, effective and biocompatible topical drug
delivery, as they do not cause cytotoxicity or morphological changes through the skin.

Stephan T. Stern et al. [6] described current trends in the development of the next
generation of tissue-targeted lipid nanoparticles containing nucleic acids for different
therapeutic applications, including cancer, and neurological, cardiovascular and infectious
diseases. The researchers underlined the interest of using lipid nanoparticles to actively
target nucleic acids to the vascular endothelium through receptor-mediated transcytosis and
paracellular transport, which must rely on tissue-selective receptor expression that can be
identified through modern ligand-receptor identification techniques, such as phage display.
Tissue targeting can be achieved by manipulating the composition of lipid nanoparticles,
binding to targeting ligands or introducing cell membrane-derived components into the
nanoparticles. In addition, modification in lipid components or nucleic acid cargo can be
used to prepare stimuli-responsive lipid nanoparticles that react to internal or external
stimuli to release their cargo.

Ehsan Ahmadpour et al. [7] evaluated in vitro the scolicidal and apoptotic activity
of liposomes loaded with juglone (5-hydroxy-1,4-naphthoquinone) against protoscoleces,
a larval stage of the cestode Echinococcus granulosus that causes helminth diseases. All
tested concentrations of juglone-loaded liposomes induced scolicidal effects, although
only concentrations of 800 pg/mL and 400 pg/mL induced 100% mortality. Furthermore,
caspase-3 mRNA expression was higher after exposure with juglone-loaded liposomes
compared to the control. From these findings, the authors concluded that optimal doses
of juglone-loaded liposomes have potent scolicidal effects on the Echinococcus granulosus
cestode, although this evidence must be confirmed in vivo.
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Ildiké Csoka et al. [8] demonstrated in vitro the advantages of combining SLN and
hydrogels to improve the intranasal delivery of antioxidants, increasing absorption and
residence time in the nasal mucosa. The researchers used the quality-by-design (QbD)
approach and the central composite design to optimize a chemically linked hyaluronic acid
hydrogel containing n-propyl gallate-loaded SLN for intranasal delivery as a promising
alternative for the treatment of brain tumours, such as glioblastoma multiforme, avoiding
the need to cross the blood-brain barrier and improving patients’ compliance. The results
showed a lower burst effect and sustained release profile from the hydrogel containing
n-propyl gallate-loaded SLN, when compared to the n-propyl gallate-loaded SLN alone.
In addition, the cumulative permeation of n-propyl gallate from the hydrogel was 3-
to 60-fold higher than that of n-propyl gallate-loaded SLN alone and native n-propyl
gallate, respectively.

Sabrina Knoke and Heike Bunjes [9] investigated the release of poorly water-soluble
drugs from nanoemulsions for intravenous administration in release media containing
components that mimic physiological acceptors in vivo. In this study, the transfer of
fenofibrate, retinyl acetate and orlistat from nanoemulsion droplets to lipid-containing
hydrogel particles that mimic lipoproteins was investigated. Additionally, the transfer of
the same drugs from nanoemulsion droplets to bovine serum albumin was investigated.
The results showed a slower transfer rate for the lipid-containing hydrogel particles to the
highest logP drugs. Thereby, the researchers suggested using lipid-containing hydrogel
particles as a useful tool to compare different lipophilic acceptors to assess drug release
from colloidal systems. In contrast, albumin was not relevant as a lipophilic acceptor for
the drugs studied.

Xin Guo et al. [10] tested the efficacy of novel lipids to improve the activity of
doxorubicin-loaded liposomes against solid tumours. In this study, three lipids containing
imidazole groups were incorporated into the membrane of liposomes coated with polyethy-
lene glycol (PEG), creating pH-sensitive convertible liposomes. The results demonstrated
that imidazole lipids trigger a greater release of doxorubicin from liposomes conjugated
with phosphatidylethanolamine and PEG. Thus, the researchers suggested that the use of
pH-sensitive convertible liposomes that balance tissue penetration, cell binding and drug
release, would induce ideal activity against solid tumours.

Aziz Unnisa et al. [11] used a three-factor, three-level Box-Behnken design to optimize
dapagliflozin-loaded SLN for oral administration. The effectiveness of the optimized
formulation for the management of type 2 diabetes, by reducing blood glucose levels, was
tested in streptozotocin-induced diabetic rats. The results showed a two-fold increase in
oral drug absorption, when compared to a commercial formulation of pure dapagliflozin.

Maria Carmo Pereira et al. [12] evaluated in vivo the toxicity of multi-dose intravenous
administration of neutral liposomes and cationic liposomes for drug delivery. The results
showed that the administration of 10 doses of cationic liposomes resulted in a mortality of
45%, while the administration of the same doses of neutral liposomes showed no mortality.
From this study, the researchers concluded that neutral liposomes are safe carriers for the
administration of repeated doses of drugs.

Rompicherla Narayana Charyulu et al. [13] used a full factorial design to optimize an
oral formulation of silymarin-loaded phytosomes, aiming to improve the hepatoprotective
activity of the encapsulated compound. The researchers performed in vivo studies in a
tetrachloromethane-induced hepatotoxicity rat model and observed a six-fold increase in
systemic bioavailability after the oral administration of the optimized silymarin phytosomal
formulation, compared to pure silymarin. From these findings, the researchers concluded
that phytosomes may be suitable nanocarriers to improve the oral bioavailability of phyto-
constituents with poor aqueous solubility.

Shaymaa Wagdy El-Far et al. [14] used a response surface D-optimal factorial design to
optimize drug-free niosome formulations, in which model drugs used for colorectal cancer
treatment were encapsulated. The amphiphilic characteristics of the niosomes allowed the
encapsulation of oxaliplatin (hydrophilic model drug) and placlitaxel (hydrophobic model
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drug). The results showed that both drugs increased the anticancer activity against HT-29
colon cancer cells, up to two- to threefold, after encapsulation in niosomes, when compared
to free drugs. Thus, the researchers concluded that niosomes could be used to improve the
therapeutic outcomes of oxaliplatin and paclitaxel against colorectal cancer.

Randa Mohammed Zaki et al. [15] developed a new generation of liposomes containing
a high concentration of glycerol, which were called glycerosomes. In this study, the
central composite rotatable design was used to optimize an oral formulation of quetiapine
fumarate-loaded glycerosomes that showed highly improved brain and plasma drug
bioavailability, when compared to an oral drug suspension. From these findings, the
researchers proposed the use of quetiapine fumarate-loaded glycerosomes as promising
alternative carriers to improve the oral delivery of quetiapine fumarate.

We would like to thank all the authors of this Special Issue for contributing with
high-quality works. We also acknowledge all the reviewers, who critically evaluated the
articles. In addition, we would like to thank to the Assistant Editor, Ms. Evelyn Du, for her
kind help.
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Abstract: The nasal route has been used for many years for the local treatment of nasal diseases.
More recently, this route has been gaining momentum, due to the possibility of targeting the central
nervous system (CNS) from the nasal cavity, avoiding the blood —brain barrier (BBB). In this area, the
use of lipid nanoparticles, such as nanostructured lipid carriers (NLC) and solid lipid nanoparticles
(SLN), in nasal formulations has shown promising outcomes on a wide array of indications such
as brain diseases, including epilepsy, multiple sclerosis, Alzheimer’s disease, Parkinson’s disease
and gliomas. Herein, the state of the art of the most recent literature available on in vitro studies
with nasal formulations of lipid nanoparticles is discussed. Specific in vitro cell culture models are
needed to assess the cytotoxicity of nasal formulations and to explore the underlying mechanism(s)
of drug transport and absorption across the nasal mucosa. In addition, different studies with 3D
nasal casts are reported, showing their ability to predict the drug deposition in the nasal cavity and
evaluating the factors that interfere in this process, such as nasal cavity area, type of administration
device and angle of application, inspiratory flow, presence of mucoadhesive agents, among others.
Notwithstanding, they do not preclude the use of confirmatory in vivo studies, a significant impact
on the 3R (replacement, reduction and refinement) principle within the scope of animal experiments
is expected. The use of 3D nasal casts to test nasal formulations of lipid nanoparticles is still totally
unexplored, to the authors best knowledge, thus constituting a wide open field of research.

Keywords: nasal administration; nanostructured lipid carriers; solid lipid nanoparticles; in vitro cell
cultures; 3D nasal casts

1. Introduction

The nasal route had been widely used for several years for the local treatment of
nasal diseases, through the administration of corticosteroids, decongestants, and antihis-
tamines [1]. More recently, the possibility of reaching the brain through the nose without
the need to cross the blood —brain barrier (BBB) has gained attention, especially to improve
the treatment of central nervous system (CNS) disorders, including epilepsy, Alzheimer’s
disease, Parkinson’s disease, multiple sclerosis, gliomas, among others [2,3]. As the BBB
is vital to protect the brain from exogenous substances, it acts as an obstacle to the pas-
sage of most drugs. This barrier is a semipermeable membrane that maintains the CNS
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homeostasis, providing nutrient exchange between the brain and the blood. The presence
of tight junctions of endothelial capillary cells restricts the passage of drugs, with smaller
molecules weighing less than 400 Da and lipophilic molecules being the only ones that can
easily cross this barrier [4-8].

Different strategies have been investigated to increase the drug passage through the
BBB, such as electromagnetic force-field techniques and mini-pump-assisted intracranial
delivery. However, these methods are invasive and can lead to the passage of toxins to
the brain, being nonselective and neurotoxic [9-11]. Thus, it is essential to find new ways
to avoid the need to bypass the BBB to target drugs to the brain. In this area, intranasal
administration has emerged as the only direct drug delivery route to the brain via the
olfactory and trigeminal nerves, without the need to pass into the systemic circulation
and cross the BBB. Nonetheless, it is important to keep in mind that after intranasal
administration, part of the drug is absorbed into the systemic circulation and reaches the
brain through the BBB [3]. In addition, the use of lipid nanoparticles, such as solid lipid
nanoparticles (SLN) and nanostructured lipid carriers (NLC), to promote the targeting
of drugs to the brain after intranasal administration, has been suggested as a promising
alternative to the conventional treatments of brain disorders [1,3,12,13].

This review provides the state of the art of the in vitro studies with nasal formulations
containing lipid nanoparticles, reported in the past two years. The manuscript starts with
anatomical and physiological considerations of the nasal route, followed by the requisites of
nasal formulations. Subsequently, the most used in vitro cell models for performing studies
with nasal formulations, and relevant outcomes observed with liquid and semisolid nasal
formulations of SLN and NLC are described. Finally, the use of in vitro nasal cavity and
computational models to predict the in vivo performance of nasal formulations is reported.

2. Nasal Route
2.1. Anatomical and Physiological Considerations

The anatomical and physiological characteristics of the different regions of the nasal
cavity are summarized in Table 1 and the location of each region is shown in Figure 1 [12-14].

Table 1. Characteristics of the different regions of the nasal cavity (data from [3,9,13,15-17]).

Region

Surface Area

Location Characteristics Vascularization Epithelium

Vestibule

0.6 cm?

e Poor permeability and small surface
area that limits drug absorption.

. Presence of mucus and hairs or
vibrissae, which constitute an

Anterior part important defense mechanism, Low

preventing the entrance of toxic
particles, pathogens and allergens
from the external environment into
the body.

Squamous
epithelium

Respiratory
region

130 cm?

. High permeability and large surface
area, being the region where the
greatest absorption of drugs occurs.
. Divided into three turbinates:
inferior, middle and superior. Respiratory
Middle partand e  Provides drug absorption to the Hich epithelium: ciliated
lateral walls systemic circulation. & pseudostratified and
. Direct pathway of drug transport to columnar epithelium
the brain via the trigeminal nerve.
. Presents cilia, microvilli and mucus.
Occurrence of mucociliary
clearance mechanism.
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Table 1. Cont.

Region

Location Characteristics Vascularization Epithelium

Olfactory region

e Located above the respiratory region
and below the cribriform plate.

. Includes superior turbinate, and a
small upper portion of the
middle turbinate.
Enables drug access from the nose to
the brain via the olfactory bulb,
bypassing the blood —brain
barrier (BBB).

e Responsible for detecting odors.

Upper part High Olfactory epithelium
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Figure 1. Schematic representation of the nasal cavity (top) and olfactory region (bottom): 1—vestibule, 2—respiratory

region, 3—olfactory region, 4—cribriform plate.

2.2. Nose-to-Brain Delivery

After nasal administration, different pathways of drug transport from the nose to the
brain can occur, which have been divided into direct transport, indirect transport and a
combination of both. Besides, some drug can be eliminated by the mucociliary clearance
mechanism before reaching the olfactory or/and respiratory regions. To our knowledge,
there is no confirmation of the exact transport mechanism followed by intranasal drugs,
which seems to be influenced by the drug’s molecular characteristics, formulation consis-
tency (liquid or semi-solid) and type of application device. Thus, it is impossible to assess
the exact amount of drug reaching the brain after intranasal administration via a specific
transport mechanism, although good approaches have been reported in in vivo studies
that compared the results of the amount of drug reaching the brain after intranasal and
intravenous administrations. In addition, toxicological concerns were raised related to the
possibility of an accumulation of excipients in the brain and the risk of impairment of the
mucociliary clearance mechanism. Figure 2 summarizes the different drug pathways after
nasal administration [2,3,6,18].
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Figure 2. Overview of the different drug pathways after nasal administration. (1) The drug is eliminated by the mucociliary
clearance mechanism. (2) The drug reaches the olfactory mucosa, passes through the olfactory nerve, via intraneuronal
and/or extraneuronal transport, and reaches the brain. (3) The drug reaches the olfactory mucosa, passes through the
trigeminal nerve and reaches the brain via the cribriform plate. (4) The drug reaches the respiratory mucosa, passes through
the trigeminal nerve and reaches the brainstem. (5) The drug reaches the respiratory mucosa, is absorbed into the systemic
circulation, and diverges between passage to the brain, upon crossing the blood—brain barrier (BBB), and elimination,
before reaching the brain.

2.3. Requisites of Nasal Formulations

Some factors of the nasal formulations can interfere with drug absorption and should
be considered. For instance, these formulations should be isotonic (i.e., osmolality be-
tween 280 mOsm/Kg and 310 mOsm/Kg) and have a pH close to that of the nasal cavity
(5.0-6.8), to avoid discomfort, mucosal irritation and/or damage to the cilia, after adminis-
tration [13,19]. In addition, the drug excipients used should be compatible with the nasal
mucosa to avoid irritation and toxicity [20,21].

One of the main disadvantages of intranasal administration is the rapid elimination of
the drug through mucociliary clearance (a physiological defense mechanism that eliminates
foreign substances every 15-30 min). To avoid this, substances that interact with the mucus
can be added to the formulations. The mucus is composed of water, mucin and other
proteins, electrolytes, enzymes and lipids [15]. Mucin is a negatively charged glycoprotein
and, therefore, positively charged formulations can easily bind it through electrostatic
interactions, which facilitates mucoadhesion. In contrast, negatively charged formula-
tions can penetrate mucin chains and hydrogen bonds can be formed, which improves
mucoadhesion [13,22].

New strategies to overcome the drawbacks of the nasal formulations have been
investigated. For example, the use of nanocarriers, such as lipid nanoparticles, to achieve
prolonged release, protection against enzymatic degradation and improve targeting to
the brain [23]. The use of permeation enhancers, including mucoadhesive polymers and
in situ hydrogels to improve drug retention time in the nasal mucosa and, consequently,
drug absorption is also a commonly used strategy [23]. There are already marketed nasal
formulations (e.g., Nasonex and Rhinocort) that increase viscosity after administration,
improving the retention time of the drug in the nasal cavity [13].

3. In Vitro Cell Models to Evaluate the Effectiveness of Nasal Formulations

There are different models available to assess the nose-to-brain drug delivery that can
be used to determine the drug absorption and permeability through the nasal cavity, to
evaluate its pharmacokinetic, toxicity and possible drug transport interactions [24]. Indeed,
different in vitro, in vivo and ex vivo models are widely used to assess nose to brain drug
transport [24]. While in vivo models allow nasal absorption and pharmacokinetic studies
and ex vivo models allow the performance of nasal perfusion studies, in vitro models are
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useful to predict drug permeability, allowing exploration of the underlying mechanism(s)
of drug absorption and transport through the nasal route [24,25].

Regardless of the remarkable information that can be achieved from in vivo studies,
the extrapolation of the results to humans is still challenging given the significant differ-
ences between species in what concerns the structure of the upper airway and the epithelial
cell populations of the mucosal surface tissue covering the nasal routes. Additionally,
in vivo studies often require a large number of animals and higher drug amounts [26].

Recently, many distinct nasal in vitro models have been developed. Accordingly, cell
culture models and excised nasal mucosae are important and useful in in vitro models to
study the characteristics underlying the metabolic barrier capacity of the nasal epithelium,
and for drug permeability studies [27,28]. Moreover, by using cultured human nasal
epithelial cells (both primary cells and/or immortalized cell lines) an accurate prediction
of the drug metabolism, toxicity and transport across the nasal tissue in humans may
be successfully accomplished and may even provide results with a more direct clinical
relevance [26,29]. In fact, the use of standardized in vitro nasal epithelial cell cultures
in pharmacological and toxicological studies offers diverse advantages, including the
possibility of controlling/monitoring experimental conditions, the potential exclusion of
pre- and post-mucosal issues, the execution of a quicker and more efficient evaluation of
permeability, metabolism and toxicity and their underlying mechanisms, and the limited
needs of animal studies, therefore reducing costs [26,27]. However, in vitro models for nasal
drug delivery studies remain often imperfect, as they still lack a cell line that adequately
mimics the nasal epithelium [29,30].

In vitro cell culture models are an ideal alternative for permeability screening stud-
ies. They present several advantages when compared with other models, namely in situ
or in vivo models, as they allow the rapid evaluation of the permeability profiles of a
given drug, and the possibility to test molecules that could be harmful if tested directly
in vivo [25]. Additionally, the use of in vitro models with human cells does not involve the
same ethical problems and regulatory impediments as the studies performed with in vivo
models [25,30].

The efficacy of a drug administered in the nasal cavity will depend on the anatomic
region where its absorption takes place, between the nasal epithelium and the lungs [26].
Nasal cells or tissue excised from the nasal cavity may be originated from different nasal
domains, including the vestibular area, the atrium, the turbinates (superior, medium and
inferior) and the olfactory epithelium [27]. To perform transport and metabolic studies, the
respiratory epithelium, a pseudostratified ciliated columnar epithelium in the region of
the medium and inferior turbinates, is the most relevant [27]. This region has a particular
architecture that highly influences the absorption of a given drug, as it holds ciliated
columnar cells with many mitochondria in the apical side, basal cells, nonciliated columnar
cells with microvilli, goblet cells with mucous granules and a fully developed Golgi
apparatus [27].

At the nasal mucosa, the absorption of intranasally administered drugs is highly influ-
enced by both passive diffusion and carrier-mediated transport processes. The transporters
here implicated belong to the two most important families of transporter proteins: the
ATP binding cassette (ABC) and the solute carrier (SLC) superfamilies. ABC transporters,
efflux pumps including P-glycoprotein (P-gp, encoded by the ABCBI gene) and multidrug
resistance-associated proteins (MRPs), represent a family of transporters that uses the
energy resulting from ATP hydrolysis to carry their substrates across biological membranes
and against their concentration gradients [31,32]. Additionally, the SLC gene family trans-
lates a wide group of protein membrane carriers that are present in many organelle or
cellular membranes. This transporter superfamily includes several passive transporters,
ion-coupled transporters and exchangers. Nevertheless, the information available on the
expression and functionality of the SLC transporters in the human nasal mucosa, as well
as in the existing nasal in vitro models, remains fairly scarce when compared with data
reported in other epithelial barriers and tissues, such as in the liver, intestine or lungs [31].
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In order to study the permeability of drugs through the respiratory epithelium, and its
underlying mechanisms, several in vitro models are used, including excised tissue (human,
bovine, porcine, and others), primary human nasal epithelial cell cultures and immortal-
ized cell lines [28,30,33,34]. Excised tissues represent the closest physiological approach
in terms of histology, transporter expression and cell type distribution [35,36]. In fact,
both excised tissue (organotypic explants) and primary cell cultures are morphologically
closer to the airway mucosa, presenting proper tissue architecture and differentiation, but
the poor accessibility, the lack of standardization and the existing interspecies differences
(nonhuman alternatives) limits their applicability in drug transport and permeability stud-
ies [30,33,34,37,38]. In addition, the reproducibility of organotypic explants and primary
cell cultures is often challenging due to the genetic variability, inter- and intraindividual
differences between the donors, and the uncontrollable environmental variables preceding
tissue harvest. They have complex isolation procedures and limited lifespan, are difficult
to maintain in culture, time-consuming, less reproducible, and more expensive [28,30,33].
On the other hand, immortalized cell lines are easily maintained in culture and offer higher
reproducibility and genetic homogeneity, being the most convenient in vitro models of
the nasal epithelial barrier, even though lacking the real organ complexity originated by
the presence of cilia, mucus and blood vessels [35]. However, although epithelial cell
lines are the most used for drug transport studies, there still is a lack of cell lines that
completely mimic the nasal epithelium [28,30,33]. Currently, the available immortalized
nasal cell lines include the NAS 2BL, a rat nasal epithelial tumor cell line, BT cell line,
bovine turbinate obtained from new-born bovine turbinate tissue, and RPMI 2650 cells, this
last one being the only human nasal cell line that could be properly used for drug transport
studies [26,35,39]. Because of this deficiency, and despite the known differences in the mor-
phologies of different cell lines, many research groups have been using bronchial epithelial
cells as a surrogate for nasal epithelial cells, such as the human bronchial epithelial cell line
Calu-3 [26,29].

The choice of a proper cell culture model is influenced by different factors, including
the level of cell differentiation required. In addition, the selected cell culture techniques
(air—liquid interface or immersion cultures) and cell growth conditions (seeding density,
cell confluency, media supplements, culture periods, cell culture on a collagen coating)
certainly may influence the cells’ phenotype differentiation, and their morphological and
functional features. As a result, the expression of drug transporters or drug metabolizing
enzymes may be different from the human respiratory epithelium, altering the permeability
profile of a drug [25,27,40].

As mentioned, the cell culture conditions will highly influence the results of per-
meability and transport, metabolism, or toxicity studies. For instance, the cell-support
membranes (uncoated or coated extracellular matrix) selected for permeability studies,
the cells’ electrical properties, the cellular confluency and tight junction generation, the
differentiation pattern of the cell monolayer (morphologically well differentiated with
ciliated, nonciliated and secretory cells), and the developed ciliary activity, mucus secretion,
and metabolic activity, [26,40]. The nasal epithelium morphologically and functionally
resembles the respiratory epithelium of the lower airways, which can be useful to culture
differentiated nasal, tracheal or bronchial epithelium cells [26].

The cell culture models can be compared, and their integrity assessed through the
evaluation of the permeation coefficients of different marker compounds and the transep-
ithelial electrical resistance (TEER) determination, which indicates tight junction develop-
ment [26,28]. For instance, the human nasal mucosa obtained from the inferior turbinates
demonstrated TEER values of ranging from 40 up to 120 Q cm?, thus being moderately
different from excised animal tissues (from 90 up to 180 Q2 cm?) [30,34]. In addition, and
when compared with human nasal excised tissues, primary cell lines often yield more tight
junctions with significantly higher TEER values (600-3100 () cm?) [34,36]. This difference
in the TEER values could lead to an underestimation of the permeability, particularly of
more hydrophilic compounds, typically transported by paracellular pathways [26].
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The common pathways for drug transport across the nasal epithelium are similar to
other epithelia in the body, being the two main routes involved in transepithelial drug
permeability across the nasal epithelium, the transcellular and the paracellular transport
pathways [26]. Thereby, in vitro cell culture models are a useful tool to discriminate passive
and active transepithelial drug transport [26].

3.1. Human Nasal Epithelial Cells (HNEpC)

Human nasal epithelial cells (HNEpC) can be obtained from the nasal tissues of pa-
tients submitted to endonasal surgery of polyps, septum deviation, hyperplastic conchae
or even nasal reconstruction [26]. Primary cell cultures of HNEpC present some disadvan-
tages related to the shortage of human nasal tissue available from one donor, the short-term
cultures, the heterogeneity within cultures and between cell cultures, significant variability
between donors and cell culture difficulties [26,31,37,40]. Nevertheless, and although
respiratory epithelial cells can only be passed two or three successive times, these cells can
be subcultured into confluent monolayers, while retaining the capacity to differentiate into
ciliated and secretory cells [26,37,40].

Primary cell cultures are the most reliable in resembling the native airway epithelium
and, therefore, are suitable for drug transport studies [40]. HNEpC retain morphological
and functional characteristics similar to the native human nasal epithelium, showing
mucin secretion, expression of mucins (MUC5AC, MUC5B and MUCS), microvilli and
cilia, aminopeptidase, and tight junction proteins [40]. However, the use of different media,
culture interfaces, and time in culture have substantial consequences on the human nasal
cell ultrastructure, barrier formation, and transporter expression [40]. For example, the use
of liquid cell cultures of primary HNEpC allows the formation of monolayers of simple
cuboidal cells, while when cultured at an air—liquid interface, the same HNEpC cells can
differentiate into multilayers similar to the original nasal tissues as far as structure, nRNA
and immune responses are concerned [37].

3.2. Human Nasal Septum Quasidiploid Tumour Cells (RPMI 2650)

The human nasal septum quasidiploid tumor cells (RPMI 2650) were initially obtained,
in 1962, from an anaplastic squamous cell carcinoma of the human nasal septum [26,35,41].
RPMI 2650 cells are often used to study drug metabolism and toxicity as they produce
different cytokeratins, retain the ability for mucus secretion and exhibit identical metabolic
activity to the human nasal mucosa. Furthermore, these cells are quite stable throughout
continued passaging, maintaining their quasidiploid karyotype in culture [24,27,29,35].

Depending on the selected cell support or extracellular matrix, RPMI 2650 cells in
culture may form clusters of round and slightly flattened cells, or may tend to spread [28].
When compared to excised human nasal tissue, these cells present similar aminopeptidase
activity, expressing lysosomal aminopeptidase, leucine aminopeptidase and aminopep-
tidases N, A and B, enzymes that often influence the nasal permeability of peptides and
proteins [26].

The RPMI 2650 cells were initially shown to be poorly differentiated into goblet or
ciliated cells, did not express tight junctions and lacked the cell polarization that is essential
for nasal drug transport studies [28,29]. However, over the last years, the RPMI 2650 cell
model has been also used for drug permeability studies, through the application of specific
air-liquid interface and liquid-covered culture conditions that lead to the formation of a
tight barrier and confluent monolayers [12,24,28,30,35]. The apical and basolateral sides of
the liquid-covered cell culture model are filled with culture medium, showing the presence
of flattened ciliated cells and mucin expression [12,24]. In addition, in the air-liquid
interface cell model, initially the apical and basolateral sides are filled with culture medium,
and the apical side is aerated later. Moreover, the culture medium of the basolateral side is
changed on alternate days, which creates a high similarity with living nasal tissue. This
model contains ciliated cells, a high expression of mucin genes, expresses tight junction
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proteins and develops sufficient transepithelial electrical resistance, providing an adequate
environment for cytotoxicity and permeability screening studies [12,24,28,30].

Overall, the RPMI 2650 cell model has similar physiologic barrier properties particu-
larly for passive transport, and it has been the only human cell line used for nasal drug
transport studies [28,30]. Upon specific culture conditions, the RPMI 2650 cell model has
previously shown the ability of forming a permeable organotypic barrier with a tight uni-
form cell multilayer, exhibiting TEER values similar to the physiological, and permeation
coefficients in the same range of those found in the human nasal mucosa [12,30].

The RPMI 2650 cell line expresses a variety of cell junction proteins, including ZO-1,
occludin, claudin-1, E-cadherin, and (3-catenin [36]. It was shown to moderately express
genes encoding the multidrug resistant proteins (ABCB), being the most abundant ABCB6.
Additionally, ABCC1 expression was the greatest amongst the multidrug resistance as-
sociated proteins (MRP/ABCC) [30]. In the human nasal respiratory mucosa, ABCC1
was present in ciliated epithelial cells with higher expression levels in serous glandular
cells [30,31]. The RPMI 2650 cell line also expresses ABCB1 (P-gp), which is found in the
normal mucosa of human nasal turbinates [30]. Concerning SLC transporters, the SLC19A2,
SLC25A1, and SLC38A2 were the most abundant, and members of the SLC3 and SLC7
families, amino acid transporters, were found to be highly expressed (SLC3A1, SLC3A2,
SLC7A6, SLC7AS, and SLC7A11), the SLC15A2 being well expressed in these cells [30].

Although more complex and difficult to handle and grow, co-cultures containing a
collagen matrix of human nasal fibroblasts covered by a monolayer of RPMI 2650 cells have
been developed to conduct transport and permeability studies. These co-cultures mimic
the permeation barrier properties of nasal mucosa and simulate a non-pseudostratified
and non-ciliated human nasal epithelium [28].

3.3. Human Lung Cancer Cells (Calu-3)

The human bronchial epithelial cell line Calu-3 represents a promising in vitro model
of the upper airway epithelial barrier [36]. This submucosal adenocarcinoma cell line
was obtained from the bronchial airways of a 25-year-old white Caucasian male. The
Calu-3 cells are capable of forming differentiated, tight and polarized layers of a combined
phenotype, including ciliated and secretory cells, have microvilli, express several cell
junction proteins (tight junctions, desmosomes and zonulae adherens) and contain mucin
granules [26,36]. Despite its origin, the Calu-3 cell line has characteristics similar to serous
nasal cells, being useful for nasal permeability studies [42].

Regarding the culture conditions, studies have shown that the air—liquid culturing
interface shows a closer resemblance of these cells to the in vivo airway epithelia, when
compared to liquid—liquid culturing conditions, in terms of morphology, mucus produc-
tion and barrier integrity, with TEER values close to the observed in primary human
tracheo-bronchiolar cells [36]. At an air-liquid interface, Calu-3 cells form a confluent
polarized cell monolayer with tight junctions and a uniform mucus layer [26].

The Calu-3 cell line provides an alternative in vitro model of the airway epithelia for
drug permeability assessments, being easily maintained in culture, reproducible, with a
wide passage range and ethical acceptability [36].

Calu-3 cell cultures may provide a valuable model for studying mucin gene expression
and synthesis, electrolyte transport, epithelial barrier properties and their regulation mech-
anisms, as they highly express MUC1 and MUC5/5AC mRNA, and MUC5/5AC mucins, as
well as functional cytochrome P450 isozymes (CYP1A1, CYP2B6 and CYP2E1) [26,42]. They
can also be useful in permeability screening studies for the nasal and lung permeability
potential of drugs [26,42].

3.4. Human Epithelial Colorectal Adenocarcinoma Cells (Caco-2)

The Caco-2 cell line was originally obtained from a human colon adenocarcinoma.
Under normal culture conditions on semiporous filter membranes, these cells can dif-
ferentiate into enterocytes. It is the most suitable model to study the absorption and
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permeability of drugs and drug formulations though the intestinal epithelium but is of-
ten used as a screening model to evaluate the nasal absorption of formulations after its
differentiation [12,24,42].

Caco-2 cells can create polarized monolayers of columnar epithelial cells with brush
border and tight junctions, improving TEER values. Among the advantages of these cells is
the occurrence of both passive and active transports, including the expression of important
uptake (SLC15A1, SLC22A1, SLC22A2, SLC22A3, SLCO2B1) and efflux transporters (P-
gp/MDR1/ABCB1, BCRP/ABCG2, MRP2/ABCC2, MRP4/ABCC4) [43].

The Caco-2 cell model is widely used to assess the paracellular transport through
the nasal epithelia. However, this model is unable to explain the effect of nasal mucus,
mucins and clearance and physiological factors that interfere with drug permeability [24].
The same as other immortalized cell culture models, Caco-2 cells display heterogeneous
populations that can lead to different permeabilities as a consequence of the cell source,
number of cell passages, initial seeding density, transport experiment conditions, cell
culture media, filter size and composition, and the transport buffer composition and pH.
However, this variability can be reduced by standardization of the culture conditions and
permeability assay [43].

3.5. Others

The Madin-Darby canine kidney (MDCK) cells, isolated from canine distal renal
tissue (distal tubule epithelium), similarly to Caco-2 cells, differentiate into columnar
epithelial cells and form tight junctions, when cultured on semiporous membranes. They
have lower TEER and shorter culture times than Caco-2 cells [42,43]. MDCK cells express
canine efflux transporters, namely Mdrl (P-gp), Mrp1, Mrp2, Mrp5, and also functionally
express uptake transporters, such as Oct2 (as expected in cells from renal origin), and
transporters for monocarboxylic acids and peptides [43]. MDCK cells are a potential
alternative to mimic the transport across the BBB because of the expression of P-gp and
tight junction proteins, such as claudin-1, claudin-4 and occludin, which are important to
form a restrictive paracellular barrier with tight junctions. Although useful, MDCK cells
present several differences from the nasal mucosa, not being an ideal alternative for nasal
permeability studies [42].

Concerning human bronchial epithelial cell lines, and similarly to the Calu-3 cell line,
16HBE140- (16HBE) cell monolayers have been used as models of the airway epithelium
due to their morphological characteristics, barrier properties and expression of drug trans-
porters that are present in vivo [44,45]. The 16HBE cells are human bronchial epithelial
cells firstly isolated from a 1-year-old male and then immortalized with the SV40 plasmid.
Although it is being used as an in vitro model of several respiratory diseases, the potential
for the application of the 16HBE cells in nasal permeability studies remains unclear [46]. In
culture, and when reaching confluency, 16HBE cells form tight junctional seals, become
polar and show apical microvilli, and present the cAMP-regulated CFTR (cystic fibrosis
transmembrane conductance regulator, a chloride channel), they are able to develop TEER
values similar to the ones seen in the Calu-3 airway epithelial cell line model and normal
bronchial epithelia in primary culture [45,46].

4. Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid Carriers (NLC) for
Nasal Delivery

The inclusion of lipid nanoparticles, such as SLN and NLC, in nasal formulations can
improve the effectiveness of drugs. Regarding their advantages over other colloidal carriers,
lipid nanoparticles have been described as superior carriers for nasal drug delivery. For
instance, they enable the direct transport of drugs from the nose to the brain, via olfactory
and trigeminal nerves, and adhere to the olfactory epithelium, increasing contact time
with the nasal mucosa. In addition, they provide prolonged drug release, drug protection
from nasal enzymatic degradation and have low or no toxicity due to the use of generally
recognized as safe (GRAS) excipients [1-3,47 48].
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To understand the specific features of lipid nanoparticles for nasal delivery, it is im-
portant to first clarify their specific characteristics. Briefly, SLN were first created and
consist of aqueous dispersions of nanoparticles made by one solid lipid and stabilized
by one or two emulsifiers. Their solid matrix enables prolonged release, while protecting
the encapsulated molecules. Although SLN appear to be effective drug carriers, some
drawbacks have been observed, in particular, poor storage stability related to the occur-
rence of lipid polymorphic transitions that originate molecule release and nanoparticle
aggregation. To circumvent these problems, NLCs were developed, which also consist
of aqueous dispersions of nanoparticles with a solid lipid matrix composed of one solid
lipid and one liquid lipid and stabilized by one or two emulsifiers. The presence of oil
within the lipid matrix causes a more disordered internal structure that leads to fewer lipid
polymorphic transitions during storage, producing higher stability.

Thereby, the use of SLN and NLC has been extensively investigated to improve drug
delivery through different administration routes, as they show advantages over other
nanosystems, including the use of GRAS excipients, easy industrial manufacture, high
encapsulation efficiency, protection and prolonged release of lipophilic molecules, and
good storage stability. In this field, very complete review articles are available [49-63].

4.1. In Vitro Studies with Nasal Formulations of NLC and SLN

The use of aqueous dispersions of SLN and NLC show limitations in some adminis-
tration routes, including cutaneous, ocular and nasal. For instance, the low viscosity of
these dispersions decreases the contact time with the locale of application, reducing the
therapeutic effectiveness of the drug. To avoid this, different strategies have been used,
including the incorporation of SLN and NLC in conventional semisolid formulations, such
as hydrogels, creams and ointments, or the addition of viscosifying agents, mucoadhesive
polymers or in situ gelling polymers, directly to the aqueous phase of the SLN and NLC dis-
persions [53,64—67]. Examples of viscosifying agents used in nasal formulations containing
lipid nanoparticles include gellan gum, poloxamers, and carbomers [12,68,69], while com-
monly used mucoadhesive polymers are hypromellose, carbomers, alginate, hyaluronic
acid, chitosan, polyethylene glycol, cyclodextrins, polyacrylic acid and cellulose deriva-
tives, such as carboxymethylcellulose, hydroxypropyl methylcellulose and methylcellulose.
Examples of in situ gelling polymers include poloxamers, such as poloxamer 407 and 188,
gellan gum, pectin, sodium alginate, carrageenan and xyloglucan [12,13,18,20,69,70].

Regarding nasal administration, the use of liquid and semisolid formulations has been
investigated and it seems that both formulations promote the efficacy of drugs for different
therapeutic applications. In the following sections, examples of the most relevant studies
are reported. The main outcomes of these studies are summarized in Table 2. Over the past
two years, about ten studies have been published investigating the use of SLN or NLC for
intranasal delivery, mainly for the treatment of neurological disorders.
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Table 2. Relevant outcomes from in vitro studies with nasal formulations of solid lipid nanoparticles (SLN) and nanostruc-
tured lipid carriers (NLC).

Type of Lipid
Nanoparticle
Formulation

Drug

Targeted Disease Cell Line

Relevant Results

Reference

SLN-liquid

Curcumin

Mouse fetal

CNS disorders fibroblasts

High cell viability (80%) for
curcumin-loaded NLC and
curcumin-loaded SLN, in a

concentration range of 1-10 pg/mL.

No significant difference in cell
viability was observed between the
drug-loaded lipid nanoparticles,
blank nanoparticles and

free curcumin.

At a concentration of 20 ng/mlL, a
slight reduction in cell viability
was observed.

[76]

SLN-liquid

Dopamine
and grape
seed extract

SH-SY5Y
neuroblastoma
and Olfactory
ensheathing

Parkinson’s
disease

None of the three formulations
(grape seed-derived extract
dopamine-loaded SLN,
dopamine-loaded SLN and grape
seed-derived extract-loaded SLN)
presented cytotoxicity to olfactory
ensheathing cells and SH-SY5Y
neuroblastoma cells, in a
concentration range of 18-75 uM
and 4-34.5 uM for dopamine and
grape seed-derived

extract, respectively.

[74]

NLC-liquid

Ketoconazole

Meningoencephalitis ~ Fungal cells

In the yeast-extract peptone
dextrose medium, the fungal
growth inhibition effect of
ketoconazole-loaded NLC was
significant at concentrations above
0.5 ug/mL, having shown a growth
inhibition of 92%, compared to a
50% inhibition shown by the
ketoconazole solution.

In the RPMI 1640 medium, the cell
inhibition rate was 4-fold higher for
the ketoconazole-loaded NLC
formulation than for the
ketoconazole solution.

[71]

SLN-liquid

Nalbuphine

Human
embryonic
kidney
(HEK-293)

Pain management

A concentration up to 750 uM was
shown to be nontoxic to

HEK-293 cells.

Percent cell survival was 100% for
nalbuphine concentrations of 100,
250 and 500 uM, 80% for a
concentration of 750 uM and almost
75% for a concentration of 1000 uM.

[77]
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Table 2. Cont.

Type of Lipid
Nanoparticle
Formulation

Drug

Targeted Disease

Cell Line

Relevant Results

Reference

SLN-semisolid

Paeonol

CNS disorders

RPMI 2650

Cell viability of the in situ gel
containing paeonol-loaded SLN,
paeonol-loaded SLN, blank SLN,
and blank in situ gel over a
concentration range of 0.001-10
ng/mL was greater than 90%,
indicating good biocompatibility.
The fluorescence intensity of dead
cells was similar for the four
formulations tested, indicating
good cell viability.

[80]

NLC-liquid

Pioglitazone

Alzheimer’s
disease

SH-SY5Y

The LC50 was 16.626 ug/mL for
pure pioglitazone and 17.387
pg/mL for NLC loaded with
pioglitazone.

Cell viability was similar for both
formulations, being 69.15% for NLC
loaded with pioglitazone and
66.89% for pure pioglitazone at a
concentration of 10 ug/mL.

[72]

SLN-liquid

Pueraria
flavone

CNS disorders

Caco-2

Greater cellular uptake was
observed for Pueraria
flavone-loaded SLN modified with
borneol and stearic acid, followed
by Pueraria flavone-loaded SLN
modified with borneol, Pueraria
flavone-loaded SLN and Pueraria
flavone free, at 37 °C and 4 °C, at
concentrations 100, 200 and 400
mg/mL of Pueraria flavone.
Cellular uptake of all formulations
was achieved at the highest
temperatures and concentrations.

[75]

NLC-liquid

Tacrine

Alzheimer’s
disease

SH-SY5Y

Blank NLC and tacrine-loaded NLC,
at the same concentration, showed
similar cell viability.

The cell viability of tacrine-loaded
NLC conjugated to an amphipathic
peptide drastically decreased
compared to tacrine-loaded NLC at
the same concentration.

The use of a concentration up to 10
1M of tacrine was considered safe.

[73]
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Table 2. Cont.

Type of Lipid
Nanoparticle Drug Targeted Disease Cell Line Relevant Results Reference
Formulation

e  The two different tenofovir
disoproxil fumarate-loaded NLC
showed cell viability similar to
blank NLC at a concentration of 5,
10 and 50 pg/mL.
Tenofovir Acquired Immune bEnd.3 o  Cell viability decreased in a
NLC-liquid disoproxil Deficiency cerebral éor tex concentration of 100 ug/mL of [78]
fumarate Syndrome (AIDS) tenofovir disoproxil fumarate after
72 h in both formulations.

e  The use of emulsifiers did not cause
any cytotoxicity below 100 pg/mL
of tenofovir disoproxil
fumarate-loaded NLC.

e  Based on the percentage of viable
cells, pure teriflunomide and the in
situ gel containing
teriflunomide-loaded NLC showed
greater cytotoxicity compared to
teriflunomide-loaded NLC.

° After 48 h, cell viability was 4% for
pure teriflunomide, 6% for in situ
gel, and 48.2% for NLC, for a
concentration of 100 ug/mL.

° The IC50 concentration was 78.5
ug/mL for NLC, followed by the in
situ gel at 7 ug/mL and by
teriflunomide at 4.8 pg/mL.

NLC-semisolid  Teriflunomide Glioma Human U-87 [79]

4.1.1. Liquid Formulations

Du et al. [71] developed ketoconazole-loaded NLC for nose-to-brain delivery in the
treatment of cryptococcus neoformans-mediated meningoencephalitis, which is a critical
infectious disorder of the CNS. These authors investigated this strategy because the ther-
apeutic effectiveness of conventional treatments is limited due to the poor penetration
across the BBB. The developed ketoconazole-loaded NLC presented appropriate particle
size, good stability and the fluorescence images demonstrated that the optimized formula-
tions were able to penetrate the C. neoformans capsules. The in vitro antifungal activity
against the cryptococcus neoformans was evaluated in the ketoconazole-loaded NLC and
ketoconazole solution in fungal cells, using the yeast-extract peptone dextrose and RPMI
1640 medium. The results showed that the fungal growth inhibition was significant at
concentrations above 0.5 ug/mL, for the yeast-extract peptone dextrose medium, with
a growth inhibition of 92% for ketoconazole-loaded NLC and 50% for ketoconazole so-
lution. In the RPMI 1640 medium, the cell inhibition rate was four-fold higher for the
NLC formulation than the ketoconazole solution. Furthermore, the ketoconazole-loaded
NLC exhibited greater inhibition rates even at low concentrations, indicating a higher
cell uptake.

Jojo et al. [72] evaluated the nasal cytotoxicity of optimized pioglitazone-loaded NLC
formulation for the treatment and management of Alzheimer’s disease. This antidiabetic
drug has been extensively investigated because the most common cause of dementia
in the elderly is a metabolic disorder associated to an impaired brain insulin signalling.
SH-SY5Y neuroblastoma cells were used to conduct in vitro studies, evaluating the nasal
cytotoxicity of pioglitazone-loaded NLC and pure pioglitazone, through cell viability and
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the lethal concertation 50 (LC50). Based on the results, the LC50 was 16.626 ug/mL for
pure pioglitazone and 17.3874 ug/mL for pioglitazone-loaded NLC. In addition, the cell
viability was similar for both formulations, being 69.15% for pioglitazone-loaded NLC
and 66.89% for pure pioglitazone at a concentration of 10 ug/mL. The results showed
that there was no significant change between the NLC formulation and the pure drug,
indicating that pioglitazone-loaded NLC is safe for neuronal cells. In another study,
Silva et al. [73] evaluated the in vitro cytotoxicity of tacrine-loaded NLC and tacrine-loaded
NLC conjugated to an amphipathic peptide in SH-SY5Y neuroblastoma cell lines. The
formulation cytotoxicity was evaluated through the MTT assay and SBR assay. From the
results, when comparing the same concentration of empty NLC and tacrine-loaded NLC,
the cell viability was similar. However, the cell viability of tacrine-loaded NLC conjugated
to an amphipathic peptide at the same concentration decreased dramatically. Therefore, a
concentration up to 10 uM of tacrine was considered safe. These results showed that tacrine-
loaded NLC is safe for neuronal cells, being a promising formulation for the management
of Alzheimer’s disease. Trapani et al. [74] compared the in vitro cytotoxicity of grape seed-
derived extract dopamine-loaded SLN, dopamine-loaded SLN and grape seed-derived
extract-loaded SLN. The conjugation of dopamine with an antioxidant grape seed-derived
proanthocyanidin reduces the oxidative stress observed in Parkinson’s disease. The in vitro
studies were carried out in SH-SY5Y neuroblastoma cells and olfactory ensheathing cells.
One day after the beginning of the tests, it was observed that none of the formulations
presented cytotoxicity to the olfactory ensheathing cells and to the SH-SY5Y neuroblastoma
cells, in a concentration range of 18-75 M and 4-34.5 uM of dopamine and grape seed-
derived extract, respectively. Therefore, the authors concluded that the tested formulations
can be used to improve Parkinson’s disease therapy.

Wang et al. [75] studied the in vitro efficacy of intranasal Pueraria flavone solution,
Pueraria flavone-loaded SLN, Pueraria flavone-loaded SLN modified with borneol and
Pueraria flavone-loaded SLN modified with borneol and stearic acid. Pueraria flavone is
extracted from the Pueraria thoom sonii and Pueraria lobata and is used for the management
of CNS diseases, such as Parkinson’s disease and Alzheimer’s disease. In this study,
the cellular uptake of the different formulations was tested in Caco-2 cells. The results
showed a higher cellular uptake for Pueraria flavone-loaded SLN modified with borneol
and stearic acid and Pueraria flavone-loaded SLN modified with borneol, when compared
to Pueraria flavone-loaded SLN and pure Pueraria flavone at a concentration of 100 mg/mL,
200 mg/mL and 400 mg/mL of Pueraria flavone. In addition, a higher cellular uptake was
observed for higher temperatures and higher concentrations. From the results of their
study, the authors concluded that the modified SLN containing Pueraria flavone could be
used to improve the management of neurodegenerative diseases.

Malvajerd et al. [76] developed curcumin-loaded SLN and curcumin-loaded NLC
to study their potential for brain delivery in the treatment of CNS disorders. Before per-
forming in vivo experiments, the researchers evaluated the in vitro cytotoxicity of the
formulations in mouse fetal fibroblast cells using the MTT assay. The results showed a high
cell viability (abound 80%) for curcumin-loaded SLN and for curcumin-loaded NLC at con-
centrations of 1-10 ug/mL, while a slight decrease in cell viability was observed at higher
concentrations (20 ug/mL). Thus, the authors concluded that no remarkable cytotoxicity
was observed in any of the tested formulations of lipid nanoparticles containing curcumin.

Khanna et al. [77] evaluated the safety of exposing nalbuphine-loaded SLN to human
embryonic kidney cells (HEK-293). In this study, the in vitro cytotoxicity of nalbuphine-
loaded SLN was tested in a drug concentration range of 100-1000 uM. The results showed
a cell viability of 100% for concentrations of 100, 250 and 500 uM, a viability of 80% for
a concentration of 750 uM and a viability of almost 75% for a concentration of 1000 uM.
These results suggested that nalbuphine-loaded SLN containing drug concentrations up to
750 uM is safe for use in the management of pain.

Sarma et al. [78] investigated the in vitro cytotoxicity of two different tenofovir diso-
proxil fumarate-loaded NLC, one with Tween 80 and the other with Tween 80 and Pluronic
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F68, in bEnd.3 cells of the cerebral cortex, after 24 h and 72 h of exposure. Similar cell
viability was observed for both formulations, and at both times, at concentrations of 5, 10
and 50 ug/mL. After 72 h, cell viability decreased at concentrations of 100 pug/mL for both
formulations. From these results, the authors concluded that the use of emulsifiers did not
cause differences in cytotoxicity. In addition, at concentrations up to 100 pug/mL, tenofovir
disoproxil fumarate-loaded NLCs are safe for intranasal administration. Based on these
findings, the use of the tenofovir disoproxil fumarate-loaded NLCs for the treatment of
Acquired Immune Deficiency Syndrome (AIDS) was proposed.

4.1.2. Semisolid Formulations

Gadhave et al. [79] developed a carbopol-gellan gum in situ gel containing teriflunomide-
loaded NLC for the treatment of gliomas. Gellan gum is a natural anionic polysaccharide
capable of forming a hydrogel in the presence of cations in the nasal cavity. In this sense,
the objective of using gellan gum, as a gelling agent, and carbopol 974P, as a mucoadhesive
polymer, was to increase the contact time of the formulation in the nasal cavity, promoting
drug absorption. The antitumor activity of the in situ gel containing teriflunomide-loaded
NLC, teriflunomide-loaded NLC and pure teriflunomide was evaluated in human U-
87 glioma cells. The results showed that pure teriflunomide and the in situ gel containing
teriflunomide-loaded NLC had higher cytotoxicity compared to teriflunomide-loaded
NLC. After 48 h, cell viability was 4% for pure teriflunomide, 6% for in situ gel containing
teriflunomide-loaded NLC and 48.2% for teriflunomide-loaded NLC, at a concentration
of 100 pg/mL. The IC5y was 78.5 ng/mL for the teriflunomide-loaded NLC, followed
by 7 ug/mL for the in situ gel teriflunomide-loaded NLC and 4.8 pug/mL for the pure
teriflunomide. Therefore, it was concluded that the in situ gel containing teriflunomide-
loaded NLC and pure teriflunomide were more cytotoxic than teriflunomide-loaded NLC.

Sun et al. [80] evaluated the in vitro cytotoxicity in RPMI 2650 cells of an in situ gel
containing paeonol-loaded SLN, paeonol-loaded SLN, blank SLN and a blank in situ gel,
using the MTT method. The cell viability of all tested formulations, in the concentration
range of 0.001-10 pg/mL, was higher than 90%, indicating biocompatibility. Additionally,
the cell viability of blank SLN and paeonol-loaded SLN, without removing the free emul-
sifiers used to prepare these formulations, decreased with increasing concentration, with
strong cytotoxicity being observed at 1000 pug/mL, presenting cell viability of 24.20% and
25.90%, respectively. Furthermore, the live/dead double staining method showed similar
dead cell fluorescence intensity in all tested formulations, which was in agreement with
the MTT results and indicated good cell viability.

5. Nasal Cavity Models

The deposition of drugs in the nasal cavity upon administration remains challeng-
ing. Ensuring drug release to the target area of the nasal cavity is essential to obtain the
therapeutic effect. Factors that interfere with the pattern of nasal deposition of drugs
include [68,81-83]: differences in nasal geometries between individuals, age being funda-
mental, since adults and children have different lengths and areas of the nasal cavity; nasal
application device and the respective flow used; complexity of the structure of the nasal
cavity; how the patients administer (e.g., whether or not they are breathing); formulation
characteristics (e.g., particle size and viscosity). To overcome these drawbacks, the use of
nasal cavity models (or nasal casts) and computational models to predict the deposition of
drugs in the nasal cavity have been investigated.

Extensive progress in imaging technology and reconstruction software has enabled
the 3D reproduction of the human nasal cavity with the correct geometry and dimensions
to visualize drug deposition patterns in specific regions [82,84]. To produce a 3D nasal
cast it is necessary to have an image of the human nasal cavity, which can be obtained by
computed tomography (CT)-scan or magnetic resonance imaging (MRI) [85-87].

Most 3D models are transparent to allow visualization of the formulation path within
the nasal cast (Figure 3). However, it is possible to use a color change method to quantify
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Flexible polymer

Rigid polymer

drug deposition by photometric or colorimetric analysis. Silicone is one of the most used
materials to manufacture nasal casts, being described as the most realistic. However, as all
nasal casts, silicone casts do not replicate the entire complexity of the nasal cavity, such as
nasal valve dynamics or mucociliary clearance. Notwithstanding, the 3D nasal casts allow
the visualization of the influence of breathing patterns (with and without airflow), consis-
tency of formulations (liquid, powder or gels), variables of the nasal device (e.g., spray
angle and plume characteristics) and the formulation deposition location [68,82,84,87-89].

Airway ' m “ll

spaces A B

Superior turbinate
Middle turbinate

Inferior turbinate

E F

Figure 3. Examples of different nasal casts: (A) 7-year-old child; (B) MRI image of a 12-year-old child; (C) made from CT-scan

of an adult; (CA) nostrils, (CB) nasal vestibule, (CC) lower turbinates, (CD) middle and upper turbinates, (CE) nasopharynx;

(D) CT-scan of a patient, (DF) anterior region, (DG) upper turbinates, (DH) middle turbinates, (DI) lower turbinates,

(DJ) nasopharynx; (E) MRI image of a 53-year-old man, K—olfactory region; (F) silicone transparent commercial cast with

Sar-gel (adapted from [90], with permission from Elsevier).

Nizic et al. [68] used a commercial silicone cast to study the deposition profile of
melatonin-loaded pectin/hypromellose microspheres. A respiratory pump was connected
to the nasal cast to simulate air inspiration and to observe the differences between in-
spiratory airflow of 0 L/min and 20 L/min. A nasal insufflator was used to pump the
formulation into the nasal cavity cast in one nostril, while the other nostril was closed.
Lactose monohydrate was added to increase the fraction of microspheres deposited within
the nasal cavity. The results showed a higher drug deposition with an inspiratory flow
of 0 L/min than 20 L/min, in all regions of the nasal cavity. It was also observed that the
incorporation of lactose monohydrate increased the deposition efficiency in the upper part
and in the turbinates of the nasal cavity by 40%, being 8.3 4= 0.2% for the olfactory region
and 30.9 £ 4.5% for the turbinates. The same authors [70] evaluated the nasal deposition
of in situ gels of fluticasone containing different polymers (sodium hyaluronate, pectin
and gellan gum), in the same nasal cast, using different inspiration flow rates (0, 30 and
60 L/min) and different angles of administration (30°, 52.5° and 75°). In addition, Sar-gel,
which is an indicator paste that runs purple when it contacts with water, was used to
cover the nasal cast and allow visualization of the drug deposition. The results showed
that a decrease in the angle of administration from 75° to 30° significantly increased drug
deposition in the turbinates, while an increase in the inspiratory flow resulted in drug
deposition close to the nasal valve. The use of sodium hyaluronate produced a greater
influence on the turbinates deposition pattern, compared to gellan gum. Furthermore, the
results of the nasal deposition of in situ gels containing 0.058% of fluticasone and 0.31% of
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Pectin and sodium
hyaluronate

Administrationangle: 53°
Flow rate: 60 L/min

surfactant are shown in Figure 4. Different gelling polymers, angles of administration and
inspiratory flow rates were tested.

"Pectin sodium hyaluronate and
gellan gum;

Administration angle: 45°

Pectin
Administrationangle: 33°

Flow rate: 60 L/min Flow rate: 36 L/min

Figure 4. Evaluation of the deposition of fluticasone in situ gels in a 3D nasal cast covered with Sar-gel. (A) in situ gels of

pectin and sodium hyaluronate, with an administration angle of 53° and a flow rate of 60 L/min; (B) in situ gel of pectin,

with an administration angle of 33° and a flow rate of 60 L/min, (C) in situ gel of pectin, sodium hyaluronate and gellan

gum, with an administration angle of 45° and a flow rate of 36 L/min (adapted from [70], with permission from Elsevier).

From Figure 4, it can be observed that the use of a 3D model of transparent silicone
coated with Sar-gel facilitated the visualization of the behavior of the drug in the nasal cast.
Furthermore, it was observed that the angle of administration strongly influenced drug
deposition between the upper and lower part of the turbinates region, and the combination
of three in situ gelling polymers with a low inspiratory flow rate reduced drug deposition
in the region of the turbinates.

Recently, the same researchers [85] developed a 3D nasal cast from a CT-scan of a
62-year-old healthy patient, produced by stereolithography using a 3D system and printed
on transparent rigid plastic. A respiratory pump was connected to the nasal cast, simulating
inspiration, and the differences between an inspiratory airflow of 0 L/min and 20 L/min
were analyzed. The Miat spray device was used to administer a dexamethasone sodium
phosphate powder formulation to the nasal cavity, with angles of 0°, 60° and 75°. The
amount of drug deposited in the olfactory region ranged from 5.1 £ 0.9% to 17.0 = 1.6%.
In addition, it was observed the highest drug deposition with an administration angle
of 75° and an inspiratory flow rate of 0 L/min. Gholizadeh et al. [91] compared the
drug deposition of a thermosensitive in situ gel of tranexamic acid with a tranexamic acid
solution, in the same nasal cast covered with Sar-gel. The results showed that the amount of
drug deposited with the thermosensitive in situ gel was 68.52 & 2.60%, while with the drug
solution was 62.79 & 2.92%. In addition, the deposition pattern remained unchanged from
the 20 min for the in situ gel, while for the drug solution it was unstable, showing leakage
and runoff. Based on the results, it was concluded that the viscosity of the formulations
influenced drug deposition and the use of a mucoadhesive agent increased the residence
time in the nasal cavity.

Xi et al. [82] compared the differences in deposition patterns of four commercially
available spray pumps (Apotex, Astelin, Miaoling and Nasonex) and four nebulizers (Drive
Voyager Pro, Respironics Ultrasonic, Pari Sinus and Philips Respironics) in a nasal cast
reconstructed from an MRI scan of an adult male, 3D printed, made of polypropylene
and covered with Sar-gel. Higher deposition was observed in the olfactory region with
Miaoling, followed by Astelin, Apotex and Nasonex, although most of the deposition
occurred in the vestibule and only a small portion reached the upper part of the nasal
cavity. Regarding nebulizers, deposition was lower than that of nasal sprays, with Drive
Voyager Pro being the one with a higher deposition in the upper part of the nasal cavity.
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From these results, the authors concluded that the standard nasal delivery systems tested
are inadequate to significantly reach the olfactory region of the nasal cavity. In this regard,
the same researchers compared the deposition with normal and bidirectional nasal delivery
techniques, and the results showed that the latter increased the efficiency of delivery in the
olfactory region [92].

Warnken et al. [88] developed ten 3D nasal casts produced from the nasal CT scan of
five adults and five children to assess deposition variations related to the nasal geometries
and dimensions. The influence of the plume angle (patient-specific angle, 30°, 40°, 60°
and 75°) of the nasal sprays on the deposition efficiency in the turbinates was studied.
The minimum coronal cross-section areas of the tested nasal casts (corresponding to the
nasal valve area in each individual) ranged from 114.0 mm? to 299.2 mm? and the length
ranged from 59.2 mm to 88.0 mm. Cromolyn sodium deposition was evaluated in the
anterior region, turbinates, upper region and nasopharynx. The results showed a higher
deposition of cromolyn sodium in the turbinates, in adults and in children, compared to
the deposition in the upper region of the nasal cavity. Furthermore, it was observed that
turbinate deposition decreased with increasing the administration angle. In contrast, in the
upper region of the nasal cavity, no significant differences were observed with increasing
the administration angle, and no deposition was detected in the upper region of some of the
nasal casts tested. In addition, a higher deposition of cromolyn sodium in the turbinates was
observed in the assessment of patient-specific angle in comparison with the other angles
tested, with no significant differences between adults and children. From these results, the
authors concluded that nasal sprays are inadequate devices for the efficient administration
of drugs in the upper region of the nasal cavity, as the drug was only detected in six of
the ten nasal casts tested. Hosseini and Golshahi [93], who also used 3D nasal casts to test
drug deposition, obtained different results. These researchers observed the occurrence
of higher drug deposition in the olfactory region of adults (3.55 £+ 1.29%), followed by
children (3.15 £ 0.57%) and toddlers (2.21 & 0.95%). In addition, higher deposition was
also observed in the superior turbinates of adults (2.53 £ 0.88%), followed by children
(2.46 & 0.47%) and toddlers (2.10 & 0.41%). In this study, researchers also concluded that
the use of different nasal delivery devices interferes with drug deposition. They tested two
nasal spray pumps (Flonase and Flonase SensimistTM) and one atomization device (MAD
nasalTM) and observed the occurrence of olfactory deposition in adults with Flonase and
Flonase SensimistTM, being higher with the former. However, the occurrence of olfactory
deposition in children and toddlers was not observed with any of the nasal delivery devices
tested [94].

Computational Models

Computational and mathematical approaches to predict the drug deposition in dif-
ferent regions of the nasal cavity are also used to analyze the path followed by nasal
formulations upon administration. For instance, Setty [86] developed the eBrain by trans-
lating the MRI data into an interactive 3D model that uses graphics and integrates medical
images and physiological data. The eBrain allows intranasal drug delivery to be studied
under various conditions, predicting the experimental results based on algorithms, design
and other set up requirements. In another study, Tian et al. [95] evaluated nasal deposi-
tion of inhaled nanoparticles from low to moderate breathing using 3D computer models
obtained from the CT scans of a 48-year-old man and a Sprague Dawley rat. This study
aimed to visualize the olfactory deposition in nasal cavities with different geometries. For
example, in humans the olfactory region comprises about 10% of the nasal cavity, while
in rats it occupies about 50% of the nasal cavity. Empirical equations were developed
to quantitatively predict the deposition of different nanoparticle sizes under different
breathing conditions.
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6. Conclusions

The research of novel formulations for nasal drug administration, namely incorpo-
rating lipid nanoparticles, such as SLN and NLC, has been attracting the interest of the
scientific community. In this respect, the possibility of targeting drugs from the nose to the
brain, avoiding the need to cross the BBB, and thus possibly tackling unmet medical needs
associated with several CNS disorders, has been a major driver.

Among the different studies required while engineering novel nasal formulations of
lipid nanoparticles, the ones performed with in vitro cell cultures mimicking the nasal ep-
ithelium have enabled mechanistic insights into cell uptake, as well as into their cytotoxicity,
essential for estimating the safe concentration to be used in the following studies.

To further test the effectiveness of nasal formulations in reaching the upper part of the
nasal cavity, critical for successful nose-to-brain delivery, the use of nasal cavity models
encompasses a great potential. Their manufacture, relying on 3D CT scans of the human
nasal cavity or computational models of this cavity, has brought about major improvements
in the recapitulation of some features of the nasal cavity. They enable analysis of the factors
interfering with nasal drug deposition, such as nasal cavity area, type of administration
device and angle of application, inspiratory flow rate, presence of mucoadhesive agents,
among others. Notwithstanding, they do not preclude the use of confirmatory in vivo
studies, a significant impact on the 3R (replacement, reduction and refinement) principle
within the scope of animal experiments is expected. The use of 3D nasal casts to test
nasal formulations of lipid nanoparticles is still totally unexplored, to the authors” best
knowledge, thus constituting a wide open field of research.
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Abstract: Lung cancer (LC) is the leading cause of cancer-related deaths, responsible for approx-
imately 18.4% of all cancer mortalities in both sexes combined. The use of systemic therapeutics
remains one of the primary treatments for LC. However, the therapeutic efficacy of these agents
is limited due to their associated severe adverse effects, systemic toxicity and poor selectivity. In
contrast, pulmonary delivery of anticancer drugs can provide many advantages over conventional
routes. The inhalation route allows the direct delivery of chemotherapeutic agents to the target LC
cells with high local concertation that may enhance the antitumor activity and lead to lower dosing
and fewer systemic toxicities. Nevertheless, this route faces by many physiological barriers and
technological challenges that may significantly affect the lung deposition, retention, and efficacy of
anticancer drugs. The use of lipid-based nanocarriers could potentially overcome these problems
owing to their unique characteristics, such as the ability to entrap drugs with various physicochemical
properties, and their enhanced permeability and retention (EPR) effect for passive targeting. Besides,
they can be functionalized with different targeting moieties for active targeting. This article highlights
the physiological, physicochemical, and technological considerations for efficient inhalable anticancer
delivery using lipid-based nanocarriers and their cutting-edge role in LC treatment.

Keywords: lung cancer; targeted drug delivery; lipid-based nanocarriers; pulmonary delivery;
dry powder inhalers; aerosols; liposomes; nanoemulsions; nanotechnology

1. Introduction

Lung cancer (LC) is one of the major medical challenges worldwide. It is globally ranked
as one of the most commonly diagnosed cancers, representing about 11.4% of all the reported
cases and it is the leading cause for cancer-related deaths, responsible for approximately 18%
of all cancer mortalities in both sexes combined [1,2]. In the United States alone, the American
Cancer Society predicted that there will be around 235,760 new cases of LC (accounting for
12.4% of all the new diagnosed cancers) and around 131,880 deaths (accounting for 21.7%
of all cancer deaths) in 2021. More persons die from LC annually than from cancer of the
prostate, breast and colon combined [3,4]. Furthermore, the World Health Organization
(WHO) estimates through the Global Cancer Observatory that from 2020 to 2040 the LC
incidence and mortality rates for both men and women and all ages will increase by 64.4%
and 67.5%, respectively [5,6].

LC may develop as a result of different environmental and genetic factors and their
interactions. Tobacco smoking remains the primary cause; smokers are found to have 10- to
30-fold increased risk of developing LC in comparison to non-smokers. Other important
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factors include second-hand smoke, exposure to industrial and environmental hazards
such as radon, asbestos, metals including chromium, cadmium and arsenic, exposure to
different organic chemicals, ionizing radiation and a positive history of respiratory illnesses
(e.g., bronchitis, emphysema, and tuberculosis). In families, first-degree relatives of LC
probands have a 2- to 3-fold increased risk of LC and other malignancies, many of which
are not smoking-related [7].

LC is classified into two main types, small cell lung cancer (SCLC) and non-small cell
lung cancer (NSCLC). The latter is subdivided depending on the tumor tissue histology into
three main histologic categories, including adenocarcinoma, squamous cell carcinoma, and
large-cell carcinoma. NSCLC represents approximately 85% of all lung cancers, while SCLC
is responsible for the remaining percentage [7,8]. The detection of LC at its early stages
is crucial for best therapy outcomes, but unfortunately, the symptoms typically start to
appear only at the advanced stages of the disease and sometimes they are masked by other
concurrent respiratory conditions. Accordingly, the majority of patients are diagnosed
with LC while the disease is at its advanced stages and turned out to be incurable with
currently available treatments [9] with very poor prognosis and a 5-year survival rates of
only 21% [4].

The treatment strategy depends on the type, stage of LC and the physical state of
the patient. The currently available conventional treatment methods may include surgery,
high doses of intravenous chemotherapeutic agents, radiation therapy, targeted therapies,
immunotherapy, and photodynamic or laser therapy [7,10]. Generally, surgery is confined
to the early stages of LC and is typically combined with chemotherapy and/or radiation
therapy to eradicate the cancerous tissue [9,11]. The use of single chemotherapeutic
agents (such as cisplatin, paclitaxel, and etoposide) or their combinations remain the main
treatment method for LC. However, the therapeutic efficacies of these cytotoxic drugs
are limited due to their poor selectivity, the development of multidrug resistance, and
besides, their use is associated with severe adverse effects and systemic toxicity symptoms
including anemia, nausea, vomiting, nephrotoxicity and neurotoxicity which in turn limit
their use [12,13]. Therefore, and for a complete cure and eradication of LC, there is an
immediate need to use and investigate the possible potential roles of different routes of
drug administration such as the pulmonary route and novel drug delivery systems such as
nanoscale materials that are highly effective with excellent targeting abilities against the
LC cells and display improved toxicity profiles.

Nanotechnology represents a powerful tool in the hands of researchers today for
enhancing the currently available classical therapies and developing new therapeutic
strategies and diagnostic tools to combat LC. The extensive research in this field has
yielded a wide range of nanosystems (including the lipid-based nanocarriers) that have the
potential to dramatically change how LC is treated nowadays [13-15]. This is attributed
to their ability to entrap drugs with different physicochemical properties, suitability for
combination therapy, and enhanced permeability and retention (EPR) effect which makes
them highly effective in passive targeting, besides; their surface could be functionalized
with different targeting moieties for active targeting, so they can selectively target cancerous
cells and neoplasms.

In this contribution, the potential role, advantages, and challenges associated with
using the pulmonary route to deliver anticancer drugs via lipid-based nanocarriers are
presented. The physicochemical aspects that should be considered for efficient delivery,
the recent technologies, materials, and lung delivery devices used to formulate and deliver
different anticancer drug-loaded lipid-based nanocarriers are discussed. Furthermore,
the advances in using the inhalable lipid-based nanocarriers for combating LC and their
evaluation on the in vitro, in vivo, and clinical studies are presented.

2. Methodology

The literature selection in this review was performed by manually searching the
PubMed, Google Scholar, ScienceDirect, and Wiley Library databases for published liter-

32



Pharmaceuticals 2021, 14, 725

ature on inhalable chemotherapy via lipid-based nanocarriers using various keywords
such as (Inhaled/aerosolized /nebulized /dry powder inhalers/inhalable chemotherapy
for LC, inhaled liposomes for LC, aerosolized solid lipid nanoparticles (SLNs) for LC,
DPIs of nanostructured lipid carriers (NLCs) for LC, inhalable nanoemulsions (NEs) for
LC, lipid-based nanoparticles for LC, etc.). For liposomes, examples of the most recent
(2010-2021) studies about inhalable anticancer drug-loaded liposomal formulations that
involved in vivo studies were included in this study. All the published research work for
the other types of lipid-based nanocarriers (i.e., NEs, SLNs, NLCs, niosomes, and oth-
ers) designed as inhalable anticancer drug-loaded formulations for the treatment and /or
diagnosis of LC were reviewed in this study.

3. Inhalable Anticancer Therapy via Lipid-Based Nanocarriers: Main Advantages and
Critical Challenges

Drug delivery for the treatment of LC using lipid-based nanocarriers is achieved
mainly via the intravenous and pulmonary routes of administration. Regional drug deliv-
ery methods at the tumor site are also considered for certain cases.

Pulmonary delivery of anticancer drugs via lipid-based nanoparticles for LC treatment
is a growing and expanding area of research. This route of drug administration is non-
invasive (needle free), provides better patient compliance, and can be self-administered.
It can be used to overcome the drawbacks associated with the oral or intravenous routes
that may include high levels of systemic toxicity, poor aqueous solubility of the anticancer
agents, low drug accumulation within the tumor, and high rates of tumor relapse [16].

The use of inhalable lipid-based nanocarriers could provide many advantages over the
conventional routes for LC treatment, especially for patients with surgically unresectable
LC. Pharmacokinetically, inhalation allows the delivery of chemotherapeutic agents to the
target cancer cells and avoids the hepatic metabolism; thus, rapid onset of action, lower
dosing and fewer systemic distribution and toxicities are expected [17]. Moreover, the
alveolar region in the lungs has a large surface area of ~100 m?, extensive vasculature,
and limited drug-metabolizing enzymatic activity compared to other organs such as the
liver and the gastrointestinal tract. In addition, the alveolar epithelium is extremely thin
(0.1-0.2 um), which is much thinner than that in the upper bronchial tree (50-60 pm). Thus,
drug absorption and bioavailability in the targeted region may be further improved [18,19].
Additionally, phospholipids, which are major constituents of many lipid-based nanopar-
ticles, especially liposomes, are present in the lungs and constitute almost 90% of lung
surfactants [20]. This favors the design of more biocompatible lipid-based formulation and
enhances lung tolerability to the delivered anticancer agent. All these factors may signif-
icantly decrease treatment failures, development of drug resistance, and chemotherapy
interruptions that are responsible for the repopulation of cancerous cells. Subsequently,
tumors refractory to traditional systemic chemotherapy could also potentially respond to
inhalational therapy.

Pulmonary drug delivery via lipid-based carriers allows anticancer drugs to target
and reach various lung tumors via different pathways. After deposition in the respiratory
tract, the inhaled drug can target lung tumors by directly penetrating the tumor via the
achievement of elevated local concentrations and significantly high concentration gradients
of therapeutic agents at the lung tumor site. Certain types of lung tumors such as squamous
cell carcinomas or bronchioloalveolar cell carcinomas that are found next to or within the
airways might take up the deposited drug by direct penetration. Furthermore, drugs deliv-
ered to the lung by inhalable lipid carriers can be absorbed into the local blood circulations.
Due to the communication between the bronchial and pulmonary circulations, sufficient
drug concentration could reach lung tumors that lack a direct connection with the main
airways depending on the tumor site. The bronchial vasculature nourishes lung tumors if
they are located in the conducting region, while the pulmonary circulation feeds them if
they are sited at the respiratory region [21-23]. However, the absorption, lung clearance
mechanisms, biodistribution, and tumor penetration of inhaled drug-loaded particles are
subject to many factors such as the physicochemical properties of the drug/particles, the
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characteristics and composition of the used formulation, the site of dug deposition, the
histological features of the respiratory system, the associated pathological condition. In
this regard, Haque et al. evaluated how inhaled liposomal formulation affects existing
lung disease by comparing the pulmonary pharmacokinetic behavior of drug-loaded 3H-
labelled PEGylated liposomes after intratracheal administration to healthy rats and rats
with bleomycin-induced lung inflammation by following both 3H label and drug. The
results showed that liposomes were initially cleared more rapidly from inflamed lungs than
from the healthy ones but exhibited similar rates of lung clearance after three days. This
was interesting given that mucociliary clearance was more efficient from healthy lungs,
despite evidence of higher mucus retention in inflamed lungs and reduced association of
the liposomes with lung tissue. The plasma pharmacokinetics of *H-phosphatidylcholine
revealed higher liposomal bioavailability and more prolonged absorption from inflamed
lungs. Concentrations of the pro-inflammatory cytokine IL-13 were increased in bron-
choalveolar lavage fluid after a single pulmonary dose of liposomes to rats with inflamed
lungs, but no other significant changes in inflammatory lung markers were identified in
healthy or bleomycin-challenged rats [24]. Moreover, inhaled drugs are also drained by
the lymphatic system; they were commonly detected in the lungs’ lymph nodes (Figure 1).
Consequently, these nodes are considered as potential targets for the inhaled drug to
suppress cancer metastasis to and from the lungs [25-27]. Videira et al. described the
biodistribution of radiolabeled (**™Tc) solid lipid nanoparticles (SLNs) following their pul-
monary delivery to male Wistar rats. A 60 min dynamic image acquisition was performed
in a gamma-camera, followed by static image collection at 30 min intervals up to 4 h post
inhalation. Radiation counting was performed in organ samples collected after the animals
were sacrificed. The results revealed a significant uptake of the radiolabeled SLNs into the
lymphatics after inhalation and a high distribution rate in periaortic, axillar, and inguinal
lymph nodes [28]. Due to all these remarkable advantages inhalation therapy is having the
potential to become an effective and safe delivery method for the treatment of LC.

Despite the aforementioned advantages, we should bear in mind that the pulmonary
drug delivery of anticancer drugs via lipid-based nanocarriers for LC treatment is con-
fronted by some challenges and limitations. One of the major concerns is the lung tolerance
and the potential risk of local pulmonary toxicity and adverse effects because of the cy-
totoxic activity of anticancer drugs themselves. Besides, the lungs” health of LC patients
is often impaired either due to LC complications or because of the presence of other con-
comitant lung diseases such as asthma or chronic obstructive pulmonary diseases that can
significantly affect patients’ ability to tolerate the inhalable anticancer therapy.

Results from the so far conducted and published clinical trials (see Section 7) of
nebulized liposomal chemotherapeutics such as 9-nitrocamptothecin (INC) (phase I) [29],
cisplatin (CIS) (phase I and Ib/Ila), (NCT00102531) [30-32] for the treatment of LC revealed
that they have relatively safe profiles. The most reported side effects or dose-limiting
toxicities (DLT) were mainly related to the respiratory tract, where grade 3 chemical
pharyngitis and grade 3 bronchitis are reported as the most severe side effects [29,30]. To
reduce these adverse effects, prophylactic doses of bronchodilators and /or corticosteroids
before starting the anticancer inhalation therapy were used and/or recommended in clinical
trials; they were found to help controlling these effects [29,33-35].

Furthermore, the inhaled drug-loaded particles are faced by various lung clearance
mechanisms depending on various factors (Figure 1). These mechanisms can clear these
particles from the lungs before reaching their targeted sites or reduce their residence
time before exerting their desired therapeutic effects. The mucociliary clearance is the
predominant mechanism in the conducting zone; the inhaled particles will be carried from
the bronchial region to the larynx and then transferred to the gastrointestinal tract by
swallowing. Almost 80 to 90 percent of the inhaled particulates can be excreted from the
central and upper airways by this mechanism within 24 h. The lining mucus blanket (with
thickness up to 30 um) secreted by the goblet cells in this region represents another barrier.
Additionally, particles on the alveolar epithelium (respiratory zone) may be phagocytosed
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by alveolar macrophages leading to lysosomal degradation, or they are taken to the upper
respiratory tract by mucociliary escalator. The macrophages tend to engulf particles with
geometric size of 0.5 to 5 um. The alveolar epithelium, on the other hand, is covered by
lung surfactants which can aid in drug dissolution and diffusion. If drugs are dissolved,
they are either absorbed by the blood or lymphatic circulations or subjected to enzymatic
degradation [36-40]. Lipid-based nanocarriers were employed efficiently to overcome these
challenges and obtain improved therapeutic outcomes by ensuring longer drug-residence
time and sustained release of therapeutic agents in the targeted sites of the lungs. Xu et al.
developed a spray-dried liposomal formulation of vincristine and tested the absorption
and tissue distribution of the drug after the intratracheal administration of the formulation
in male SD rats. The liposomal formulation was able to enhance the pharmacokinetic
behavior of the drug by decreasing drug clearance and elimination half-life by 83.2% and
81.1%, respectively, compared to the free drug solution [41]. After pulmonary delivery of
paclitaxel-loaded, surface-modified solid lipid nanoparticles (SLNs) with a folate-grafted
copolymer of polyethylene glycol (PEG) and chitosan, the formulation was found to
significantly prolong the pulmonary exposure to the drug to up to 6 h in vivo (in female
CD-1 and BALB/c mice) and limit the systemic distribution of the drug compared to
inhaled Taxol-like formulation [42].
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4. Physicochemical Considerations, Passive, and Active Targeting For Efficient
Pulmonary Delivery of Anticancer Drugs via Lipid-Based Nanocarriers

The physicochemical properties of the anticancer drugs, nano or microcarriers, should
be well considered while designing inhalation formulations because they will affect the
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drug residence time within the lungs and, consequently, the therapeutic efficacy. In order
to achieve the required pharmacodynamic effects, anticancer agents must be available
to cancerous cells within a minimum period of time. Drugs that are readily absorbed by
the lungs may then be ineffective in treating the disease. Generally, lipophilic drugs with
(log P > 0) are absorbed rapidly from the lungs because of their higher ability to diffuse in
the lipid membranes. In contrast, hydrophilic drugs (log P < 0) tend to have longer lung
residence times [43]. As a result, formulation techniques to increase lung residence of the
lipophilic drugs and prolong their exposure time to cancer must be adopted.

Aerosols of drug-loaded lipid-based nanoparticles (either as liquid dispersions or
dry powders) can be deposited via various mechanisms such as inertial impaction, sed-
imentation, and Brownian diffusion on the respiratory epithelium. These mechanisms
are governed primarily by the aerodynamic diameter (D,¢) of the generated aerosol par-
ticles. The D, is the most precise parameter for measuring the aerosol particle size. It
can correlate the particles” dynamic behavior as it is calculated based on their geometric
size, density, and dynamic shape. There is a consensus in the literature that for efficient
pulmonary delivery, the inhaled particles should be with D,e of (1-5 um) to reach the
lower respiratory tract and in the range of (1-3 pum) for the respiratory zone. Particles
with (Dge > 5) um will be deposited in the upper respiratory tract, while smaller particles
those with (D,e < 0.5) pm are expected to be emitted out of the body via the expiratory
airflow [44-47]. The lipid-based nanocarriers, can be aerosolized and delivered to the lungs
as dispersions by nebulization. At the same time, due to their extremely small geometric
size, they must be incorporated in secondary carriers (microparticles) to be delivered as
dry powders. Various particle engineering techniques were applied for their preparation
and are discussed in Section 5.

Particle shape can also substantially contribute to the developed inhaled anticancer for-
mulation’s therapeutic efficiency because it can determine the extent of alveolar macrophage
clearance. The relationship between different particles’” shapes (i.e., elliptical disks, spher-
ical, oblate ellipsoids, rectangular disks, and worm-like shape) and the time that was
taken for their clearance by phagocytosis was previously investigated [48,49]. It was found
that the shape and orientation of these particles significantly affect their phagocytosis
clearance time. Phagocytosis was initiated for all shapes in at least one orientation. Due to
macrophages’ attachment to their principal axes, elliptical discs were engulfed in less than
6 min. Regardless of the macrophage attachment point, the spherical particles were also
cleared immediately. Interestingly, macrophage attachment to the flat surfaces or minor
axes of the rectangular, elliptical disks, and oblate ellipsoids failed to clear these particles
even after two h [48]. Furthermore, because of their low curvature region, worm-like
shaped particles resulted in significantly less phagocytosis clearance than the spherical
particles [49]. By the use of particle-engineering technologies, lipid based nanocarriers
could be embedded in microparticles of different morphologies for possibly enhancing
their delivery.

The surface charges of the inhaled particles could also influence their cellular uptake
in addition to their clearance and retention in the lungs. The positively charged particles
were reported to have better penetration into tumor cells because of their higher binding
tendency with tumor cells [36]. Furthermore, cationic nanoparticles were shown to be
taken up quickly by the lung epithelial cells and or macrophages shortly after their admin-
istration, unlike neutral and anionic nanoparticles of the same hydrodynamic diameters.
Therefore, cationic nanoparticles are retained for a longer time within lung cells, limiting
their translocation to lymph nodes and bloodstream [50].

Targeting cancerous cells via drug-loaded lipid-based nanoparticles could be done
by the passive and active methods. Generally, via passive targeting, nanoparticles tend to
leak preferentially into cancer tissue via permeable tumor vessels and are then retained
in the tumor bed due to reduced lymphatic drainage. This phenomenon is known as
the enhanced permeability and retention (EPR) effect [51]. However, the EPR effect is
suggested to offer less than a twofold increment in drug delivered by a nanocarrier to
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tumors in comparison to critical healthy organs, resulting in subtherapeutic concentrations
that are not sufficient to cure most cancers [52]. On the other hand, the active targeting can
enhance the therapeutic efficacy and increase the selectivity of drug delivery by attaching
targeting ligands (which bind to specific receptors on the tumor cells and endothelium) to
the surfaces of nanocarriers [53]. The surfaces of the lipid-based nanocarriers are highly
tunable and could be functionalized using with more than one type of functional groups
and surface modification techniques to provide stealth characteristics (PEGylation), and
active targeting towards the cancerous cells [54,55]. The main targeting sites in LC may
include the overexpressed receptors on the surfaces of the cancer cells (e.g., epidermal
growth factor receptor (EGFR), folate receptors (FRs), transferrin receptors (TfRs)), cellular
organelles (e.g., mitochondria, lysosomes) and the LC microenvironment (e.g., vascular
cell-adhesion molecules, cluster-of-differentiation 44, matrix-metalloproteases) [56]. The
strategies of developing positively charged or surface modified uni, di, or multifunctional
lipid-based nanocarriers using different ligands and targeting moieties for active targeting
of LC are adopted by many researchers. The results of these studies in enhancing the
pulmonary delivery and therapeutic efficiency of anticancer drugs on the in vitro and
in vivo levels are discussed and summarized in Section 6 of this article. Another active
targeting method of malignant cells can be achieved by the development of “stimuli-
responsive” nanocarriers by taking advantage of the natural physiological conditions
within the target tissue, such as elevated temperature or alteration in pH, or through the
application of external stimuli such as a magnetic field or ultrasonic waves [54]. However,
the potential role of different types of inhaled stimuli-responsive lipid-based nanoparticles,
such as the thermo-sensitive, pH-sensitive, magnetic-field, and ultrasound responsive
nanocarriers in the treatments of LC, is rarely investigated. In one study, inhaled magnetic
and thermo-responsive lipid vehicles were incorporated with superparamagnetic iron-
oxide nanoparticles and budesonide for controlled and targeted pulmonary delivery. The
formulated dry powders had a fine particle fraction (FPF) of 30%. The formulations were
shown to have an accelerated drug release rate at hyperthermic temperatures (45 °C). The
authors concluded that the developed lipid matrix is a good and effective drug vehicle in
targeted and controlled inhalation therapy [57].

In addition to the discussed physicochemical aspects, the pathophysiological aspects
of the lungs should also be considered while developing an inhalable formulation for the
treatment of LC. These might include LC type and stage, concomitant diseases such as
asthma, chronic obstructive pulmonary diseases, and their associated changes to normal
lung physiology should also be considered while developing an inhaled formulation for the
treatment of LC. These considerations are well-reviewed and discussed elsewhere [36,58].

5. Devices for the Pulmonary Drug Delivery of Anticancer Drug-Loaded
Lipid-Based Nanocarriers

Drug-loaded lipid-based nanoformulations are delivered to lungs as liquid-based (i.e.,
solutions, dipersions) or solid-based (i.e., dry powders) aerosol systems. Nebulizers, dry
powder inhalers (DPIs), pressurized metered-dose inhalers (pMDIs), and soft-mist inhalers
are the main types of devices to deliver therapeutic agents into the lungs.

For effective therapeutic outcomes, higher doses (ranging from one to tens of mg) of
inhaled anticancer drugs must be deposited in the lungs. The pMDIs and soft-mist inhalers
can only deliver smaller drug doses of less than 1 mg; therefore, they are rarely used to
deliver anticancer drugs [59,60]. On the other side, nebulizers and DPIs are suitable for
delivering higher drug doses necessary for the inhaled chemotherapeutic agents to act
on the cancerous cells and tumors. Therefore, these devices have the potential to be used
effectively for inhalable-based anticancer therapy.

Nebulizers are liquid-based aerosol delivery devices. Different types of these devices
are available, including jet, vibrating mesh, and ultrasonic nebulizers; they deliver aerosols
to the lungs as finely atomized droplets with high FPF over certain periods of time using
compressed gas flow, oscillating perforated membrane, or piezoelectric crystals vibrating
at high frequency, respectively [61]. They are the most used delivery systems of anticancer
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drugs-loaded lipid-based nanoparticles in preclinical studies and the only used ones in
pilot studies and clinical trials (see Section 7). Nebulizers have many potential benefits.
They generate large amounts of aerosolized droplets with an aerodynamic size of <5 pm
from solutions or nanoparticles dispersions to be deposited in the lungs. Also, they need
minor patient collaboration and are suitable for patients with chronic pulmonary illnesses
such as LC who cannot perform active inhalation or receiving mechanical ventilation [62].
However, for the delivery of therapeutic doses, the nebulization process may need to
continue over a long period and for multiple cycles. Furthermore, during nebulization,
large amounts of the produced aerosols are not inhaled but instead, they are lost in the
nebulizer or released into the air leading to air contamination. Therefore, the nebulization
of anticancer drugs needs to be performed under hospital settings only, as specific protec-
tive and safety measures should be taken to protect healthcare givers and neighbors and
prevent their exposure to chemotherapeutic agents. On the other hand, factors such as pH,
osmolality, and viscosity of the developed inhaled nanoformulations dispersions should be
well characterized and optimized for efficient delivery and prevent coughing, lung mucosa
irritation, and bronchoconstriction [27,63,64]. Furthermore, the nebulization process of
lipid-based nanoparticles using the different types of nebulizers could significantly affect
the size, drug loading, and the in vitro release rate of these carriers. It was reported that dur-
ing nebulization by jet nebulizer, the multilamellar liposomes (with particle size (PS) of up
to several microns) exhibited a decrease in PS, while unilamellar liposomes (with PS from
30 to 150 nm) have shown an increase in PS [65]. By testing the nebulization of paclitaxel-
loaded lipid nanocapsules using jet, ultrasonic, and mesh nebulizers of different brands,
it was revealed that vibrating mesh nebulizers were able to generate aerosols of lipid
nanocapsules with good performance and stability [66]. The excipients of nanoparticles
could also contribute to the stabilization of nanoparticles structure during the nebulization
process. It was reported that the incorporation of cholesterol and PEGylated phospholipids
in the liposomal formulations could result in an increase in liposome membrane stability in
the broncho-alveolar lavage or during nebulization [67,68]. Therefore, the proper selection
of nebulization technique and formulation excipients should be very well considered while
developing lipid-based nanocarriers for the LC via nebulization. They could significantly
contribute to the nanoparticle stability and consequently the therapeutic outcome of the
developed formulation.

On the other hand, the solid-based delivery aerosol systems (i.e., DPIs) can overcome
the previously mentioned drawbacks of nebulizers as they have many advantages and
unique features [69]. They are easy to use, can be self-administered, portable, do not
need hospitalization, cost-effective, and can efficiently deliver high doses of anticancer
drugs or drug-loaded nanocarriers as dry powder to the lungs [70]. DPIs are breath-
actuated using the patient’s inspiration for a short time with negligible drug exhalation,
causing no air contamination during use. Furthermore, the dry powders have higher
long-term stability, suitable for the formulation of lipophilic drugs [71]. Besides, DPIs can
be produced as disposable devices, consequently limiting the contamination of the device
and the environment [72]. Recently, many preclinical studies were published, including
the development of inhaled anticancer drugs using DPIs for the treatment of LC, which
reflects the growing interest in this approach [73-75]. However, the development of dry
powders for such drugs for DPIs necessitates the need for taking extra protective and safety
measures by the researchers and personnel in the industrial facilities if the formulation is
to be commercialized.

Nowadays, there is a wide range of the available classical DPIs in the markets, and
the number will keep increasing. The main differences among these DPIs lie in their
design, airflow resistances, formulations’ type and excipients, and dry powder production
techniques and dispersion methods [76,77]. These mentioned device and formulations
related-variables, in addition to the patient-related variations such as the patient’s respira-
tory health and performance, may significantly affect the performance of these devices and
lead to some variations in their drug deposition efficiencies into the lungs [78].
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To ensure efficient powder aerosolization and delivery of drugs, the production of clas-
sical DPIs needs many optimization steps where the milled and micronized drug particles
are usually formulated as three main particle types, namely: carrier-based, agglomerate-
based (spheronized), and engineered particles. In the carrier-based type, the drug particles
are attached physically to large inactive carrier particles such as lactose (if lactose was
the used carrier they are called as lactose blends), while the agglomerates are composed
of aggregates of the micronized drug. The engineered particles are usually composed of
spray-dried particles of drug solubilized in an inert hydrophobic carrier [79].

On the other hand, nanocarriers-based DPIs also require many steps to create the
inhalable drug-loaded nanocarriers dry powder beside the initial preparation and opti-
mization of the drug-loaded nanocarriers processes. As discussed previously, the inhaled
particles’ D,e must be in the range of (1-5 um). Since the lipid-based nanoparticles possess
too small D,e (due to their small particle size and or density) so they are not suitable by
themselves for efficient deposition in the respiratory tract, where they may be exhaled out
of the respiratory system. Besides, lipid-based nanoparticles” high surface free energy due
to their small size and enormous surface area can lead to particle aggregation, making their
handling as a dry powder very difficult because of the poor flowability [44,80]. Overcoming
these limitations of these nanoparticles can be done by particle engineering. One of the
available potential solutions is to embed nanocarriers into microstructures (microparticles)
with the required aerodynamic properties [81-84]. These nano in microparticles are also
known as nanoaggregates or Trojan particles [85,86]. They must be engineered to have good
dispersion properties to quickly dissolve and redisperse to release the initial nanocarriers
in lung fluids upon delivery. The lipid-based nanocarriers, could be encapsulated into
these microscale structures.

The excipients used in the formulation of dry powders of the nano in microparti-
cles are typically hydrophilic excipients such as lactose, trehalose, dextran, and manni-
tol [87,88]. However, other additional materials were investigated such as L-leucine [89,90],
hydroxypropyl 3 -cyclodextrin, polyvinyl alcohol, whey protein, maltodextrin, and gum
Arabic [91].

Different techniques were used to produce dried lipid-based nanoparticles with or
without excipients to generate stable, well-characterized, and inhalable particulates. These
include spray-drying, freeze-drying (lyophilization), spray freeze-drying, milling, supercrit-
ical fluid drying, and electrohydrodynamic (electrospraying and electrospinning) methods.
The pros and cons of these techniques, the critical variables that should be considered
during formulation, and the properties of dry powders produced are well discussed and
reviewed elsewhere [92,93].

Effervescent technology was also used to overcome the lipid-based nanoparticles’ size-
related limitations and enhance their lungs’ release. It is done by embedding and co-drying
of nanoparticles with an effervescent matrix, the typical excipients used in effervescent-
based dry powders may include sodium carbonate, citric acid, and ammonium hydroxide.

The concept was first introduced by Ely et al. 2007 for polymer-based nanoparticles
using ciprofloxacin as a drug model [94]. The technology was applied later to develop
inhalational dry powders of cytotoxic drug-loaded lipid [95] or polymer-based nanoparti-
cles [96,97] to treat LC. In one study, a comparison between inhalable effervescent-based
and non-effervescent nanostructured lipid particles of 9-Bromo-noscapine was performed.
The results showed that both formulations had good mean particle and aerodynamic size
0f19.4 £ 6.1 nmand 3.1 £ 1.8 um and 13.4 &+ 3.2 nm and 2.3 £ 1.5 um respectively. The
cellular studies in A549 LC cells revealed that the effervescent-based formulation had
enhanced cytotoxicity, apoptosis, and cellular uptake compared to the non-effervescent
one. The in vivo studies were performed on Swiss albino male mice. The analysis of drug
pharmacokinetics and distribution following inhalation demonstrated the superiority of
effervescent-based formulation that exhibited 1.12 and 1.75-fold enhancement in drug
half-life compared to non-effervescent formulation or drug powder [95].
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6. Inhalable, Anticancer Drug-Loaded Lipid-Based Nanocarriers

The lipid-based nanocarriers are gaining significant interest by researchers working on
the development of novel formulations for the pulmonary delivery of anticancer drugs ow-
ing to their biocompatible, biodegradable, non-toxic, and non-irritant nature, the ability to
entrap and deliver diverse molecules in a controlled manner with enhanced bioavailability,
ability to transport across blood vessels and different membranes and barriers in addition
to the ease of preparation and scale-up [98-102]. Furthermore, their surfaces are highly
tunable and can be functionalized by different ligands to target the cancerous cells in the
lungs. Taking into consideration that the majority of the newly discovered anticancer drugs
belong to class II drugs according to the biopharmaceutical classification system (i.e., have
poor water solubility and poor oral bioavailability) is turning lipid-based nanoparticles to
be an excellent choice for researchers in this field. Lipid-based nanoparticles are the first
type of drug delivery systems translated from principle to clinical application and now
represent a well-developed, established, and evolving technology platform with significant
clinical acceptability [103]. Each type of lipid-based carrier has a unique structure, as
shown in Figure 2. In this review, the most recent studies about the inhalable anticancer
drug-loaded liposomal formulation that include in vivo studies are discussed in the fol-
lowing section and summarized in Table 1. While all the published research work for the
other types of lipid-based nanocarriers (i.e., nanoemulsions NEs, solid lipid nanoparticles
SLNs, nanostructured lipid carriers NLCs, niosomes, and the others) are discussed in the
following sections and summarized in Table 2.

\1pOsOMmeg

Lipid-based
Nanocarriers

Nanosty uctured Lipid Carrier®

? Surfactant x Phospholipid Liquid Oil d Liquid Lipid

‘ Solid Lipid g Lipid-PEG . Ligand

Figure 2. The various types of the lipid-based nanocarriers.
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6.1. Liposomes

Liposomes are the primary and the most widely studied systems of the lipid-based
nanocarriers for the delivery of anticancer agents using different targeting strategies for the
treatment of various tumors, including LC. They are first reported and described by Bang-
ham and his colleagues in 1960 [136]. In the subsequent years, several phospholipid bilayer
structures were defined, originally called bangosomes and then liposomes, as a result of
combining two Greek words, “lipos” meaning fat, and “soma” signifying “body” [137].
Liposomes are self-assembled unilamellar or multilamellar spherical vesicular systems
typically composed of one or more phospholipids bilayers surrounding an aqueous core
(Figure 2). Liposomal properties vary considerably depending on their lipid composition,
preparation method, size, surface charge and functionalization moiety. Liposomes are
typically prepared using phospholipids of various origins (natural sources such as egg
yolk and soybean oil, or synthetic), cholesterol and surfactants. Generally, liposomal con-
stituents are mimicking the biological membranes and naturally present in the pulmonary
surfactants that make them non-immunogenic, biodegradable and biocompatible. The
size range of liposomal systems varies between 30 nm up to several micrometers [138,139].
The surface of the liposomes is highly tunable and could be functionalized using various
formulation and targeting moieties. Furthermore, because of their unique structure and
composition, liposomes are able to incorporate and deliver anticancer agents (such as
chemotherapeutics, genes, and peptides) of highly diverse physicochemical properties and
lipophilicities, where they can enhance the therapeutic efficacy by passive or active lung
targeting, reduce toxicity and improve the pharmacokinetic profile of the incorporated
drugs/agents [140]. All these properties turned liposomes to be excellent candidates and
active area of research for pulmonary delivery and LC therapy.

Recently, inhaled hydroxycamptothecin-loaded cationic liposomes were used with con-
comitant intratracheally delivered sonosensitizer (5-aminolevulinic acid) for the combined
chemo-sonodynamic (Chemo-STD) therapy for metastatic LC. Liposomes were prepared
using the thin film method and composed of soybean phosphatidylcholine, cholesterol, and
octadecylamine. The in vivo cytotoxicity studies showed that the combined Chemo-STD
therapy had better cytotoxicity effects than using the hydroxycamptothecin-loaded cationic
liposomes or the SDT only. The in vivo studies on metastatic LC-bearing mice showed that
the highest anticancer activity was obtained using the inhaled combined Chemo-SDT than
the single therapy via either inhaled or intravenously administered hydroxycamptothecin-
loaded cationic liposomes or the SDT alone. The authors suggested that the synergistic
effect of the inhaled chemotherapy and STD led to improved apoptosis of cancer cells and
the enhanced production of reactive oxygen species [104].

Inhalable cationic liposomal formulations loaded with unmethylated oligodeoxynu-
cleotides containing CpG motifs (CpG) and polyinosinic-polycytidylic acid (poly I:C)
double-stranded RNA were also prepared recently as locally delivered immunotherapy
against LC where liposomes could increase the uptake of the loaded nucleic acids by
the lung phagocytes thereby the activation of toll-like receptors within endosomes. Di-
oleoyltrimethylammoniumpropane (DOTAP) and dipalmitoylphosphatidylcholine (DPPC)
were used in the preparation of liposomes. The formulations were tested in vivo using
murine B16F10 model of metastatic LC. Delayed tumor growth was observed via both
agents (i.e., poly I:C and CpG). However, increased pulmonary levels of interferon-y were
observed with CpG only. Inhalation of the CpG was superior to its intraperitoneal injection
to slow the growth of lung metastases and to induce the production of granzyme B, a
pro-apoptotic protein, and interferon-y, monokine induced by the gamma interferon (MIG)
and the (regulated upon activation, normal T cell expressed and presumably secreted)
(RANTES), T helper type 1 cytokines and chemokines, in the lungs. These antitumor activi-
ties of CpG were efficiently enhanced by CpG loading in liposomal formulations [105].

Functionalized inhalable dry powder of folic acid-conjugated liposomal formulation of
docetaxel was developed for the treatment of LC [75]. The folic acid-conjugated liposomes
were prepared by the thin-film hydration method and were composed of phosphatidyl-
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choline, cholesterol, DSPE-PEG;gg0-FA, and DESP-PEGpo-COOH. The prepared liposomal
dispersions were then co-spray dried with mannitol and leucine at different concentrations.
The particle size (PS), dispersity (D), zeta potential (ZP), and entrapment efficiency (EE%)
of the re-dispersed liposomes were 346.8 £ 4.7 nm, 0.401, —29.3 £ 1.8 mV, and 99.5 £ 0.3%,
respectively. While the liposomal dry powder had D¢, FPF, spray drying production yield
(PY), angle of repose (0), Carr’s index and Hausner ratio of 3.10 & 0.005 pm, 10.0 & 0.1%,
61.9% £ 0.5%, 36.8 £ 0.4 °, 32.1 & 1.86 and 1.47 = 0.04, respectively. The morphological
studies of re-dispersed liposomes showed that they were spherical as before; instead, they
had irregular shapes attributed to the effects of the spray drying process. The results of
in vivo studies on Sprague Dawley rats showed a 45-fold higher concentration of docetaxel
in the lungs of the studied rats at 30 min after the tracheal administration compared with
the intravenously administered formulation. Higher drug exposure at the tumor site was
obtained by the tracheal administration of the dry powder without exposure increment
to other organs. The authors concluded that the inhaled dry powders might be clinically
effective for the treatment of LC [75].

Liposomal dry powder formulation of curcumin was developed as an inhalable
treatment for primary LC to overcome the drug-associated drawbacks such as low water
solubility, poor bioavailability, and rapid metabolism that significantly limits clinical
applications. The liposomes were initially prepared using the thin film method and
were composed of soybean lecithin and cholesterol. The resulted liposomes were then
lyophilized in the presence of mannitol as a cryoprotectant to obtain the final liposomal
curcumin dry powder. The rehydrated curcumin-loaded liposomes had PS and D of
(94.65 £ 22.01 nm) and (0.26 £ 0.01), respectively. While the liposomal power had D,e
of 5.81 um with FPF of 46.71%, rendering the powder suitable for pulmonary delivery.
The in vitro cell culture studies showed significantly greater and faster cellular uptake of
curcumin-loaded liposomes by human LC A549 cells than free curcumin. Furthermore,
the high cytotoxicity of curcumin-loaded liposomes on A549 cells and their low cytotoxic
activity against normal human bronchial BEAS-2B epithelial cells produced a high selection
index partly due to increased cell apoptosis. The in vivo studies were performed by directly
spraying curcumin liposomal powder, curcumin powder, and gemcitabine into the lungs of
male Sprague-Dawley (SD)rats with LC through the trachea. Higher anticancer effects were
obtained by developed liposomal curcumin powder than the other two tested medications
in terms of pathology and the expression of various cancer-related markers such as VEGF,
malondialdehyde, TNF-«, caspase-3, and BCL-2. Accordingly, the developed curcumin
liposomal dry powder formulation has the potential to be used as inhalation therapy for
LC [108].

The use of bacterial therapy is an emerging treatment technique for various cancers
and may represent a promising strategy to combat LC when locally delivered by inhalation.
Recently, inhaled live carriers (paclitaxel-in-liposomes-in-bacteria) were prepared and eval-
uated for the treatment of primary LC. The paclitaxel-load liposomes were prepared using
the thin film method and composed of soy phosphatidylcholine and cholesterol. The drug-
loaded liposomes were then internalized by electroporation into bacteria (Escherichia coli
or Lactobacillus casei) to get LP-in-E. Coli (LPE) or LP-in-L. Casei (LPL). The PS, D, ZP
and EE% of the developed paclitaxel-load liposomes were 64.3 + 2.4 nm, 0.35 =+ 0.08,
—9.96 £ 0.48 mV and 97.2 £ 0.5% respectively. In vitro cytotoxicity studies on the A549
cell line revealed that LPE caused the highest inhibition of cellular proliferation compared
to LPL, paclitaxel-loaded liposomes, a mixture of paclitaxel-load liposomes and bacteria.
Paclitaxel-in-liposomes-in-bacteria delivered the cargos into the cells quicker than the other
tested samples. The results of the in vivo studies on primary LC animal model using
male Sprague-Dawley (SD) showed that among all the studied formulations, LPE had the
highest anticancer effect with the downregulation of vascular endothelial growth factor
(VEGF) and hypoxia-inducible factor 1-alpha (HIF-1c) and the enhancement of malignant
cell apoptosis following the intratracheal administration. Furthermore, the live bacterial
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carriers significantly improved the expressions of (tumor necrosis factor- «, interleukin 4,
and interferon-y) immune markers and (leukocytes and neutrophils) immune cells [106].

6.2. Nanoemulsions

The first record in the history of nanoemulsions (NEs) began in 1943 with Hoar
and Schulman [141]. However, it was not until 1993 that the term “nanoemulsions” or
“ultrafine emulsion” was first reported, reflecting a formulation with a nanoscale droplet
size (PS) of 20 nm to 200 nm, a transparent and semi-translucent appearance, and long-term
thermodynamic stability against sedimentation by preventing flocculation, aggregation,
coalescence, and Ostwald ripening [142,143]. Generally, the International Union of Pure
and Applied Chemistry (IUPAC) does not yet have a fixed PS range for NEs [144], while
the US FDA is considering NEs PS in the nanoscale range (approximately 1-100 nm) [145].
However, NEs prepared for pulmonary delivery must comply with the PS parameter set
for this route.

NEs have gained popularity from the fact that they can be formulated from natural or
synthetic excipients that are generally recognized as safe (GRAS) or approved by the US
FDA [143,146,147]. Their structure is illustrated in Figure 2. In chemotherapy delivery, NEs
superiority over conventional delivery systems originates from their ability to achieve the
required therapeutic effect by enhancing the solubility and bioavailability of poorly soluble
drugs, which may significantly contribute to decreasing drugs’ dosing and frequency
as the drug is released in a sustained release manner over longer times [148,149]. Since
vascularized tissues surround the cancer cells, NEs can easily accumulate in these tissues
because of the small PS that gives them the advantage to pass through such barriers [150] via
direct transcellular or paracellular transport. By proper selection of formulation excipients,
they could have the ability to inhibit the P-gp efflux, thus enhancing cellular and mucosal
permeability of the incorporated anticancer drug [118]. Besides, NEs lipophilic core is
augmenting the nanosystem’s stability by protecting the drug/compound against the
enzymatic hydrolysis allowing better drug delivery [151].

NEs can be categorized as simple or multiple emulsions depending on whether the
core is either water or oil and the complexity of the carrier [147]. As far as pulmonary drug
delivery is concerned, NEs can be classified into three generations; first-generation are
prepared by spontaneous emulsification and composed of oil, surfactants, co-solvents, and
a selected aqueous phase such as deionized water or saline solution [151,152]. The second-
generation NEs contain the same materials as the first, but their droplets are additionally
decorated with specific polymers (chitosan, hyaluronan, hydroxypropyl methylcellulose
(HPMCQ)) to enhance mucoadhesive properties, while the third generation droplets are dec-
orated with ligands and/or polymers for targeted drug delivery [59]. As a nonequilibrium
system and a spontaneous formation is unfeasible, high energy input is applied to form
NEs. This can be achieved by homogenizing the aqueous phase with an immiscible oil
phase using low-and/or high-energy emulsification techniques. The size of the droplets
will depend heavily on the hydrophilic-lipophilic balance (HLB) values of the NEs” ex-
cipients [153], the type of instruments used, and their process parameters, such as time,
stirring speed, temperature, and sample composition [147].

Although NEs may be constructed using long, medium, short-chain fatty acids or any
mixture of them, however, it is noted that the inhaled NEs prepared for the delivery of
conventional (non-cytotoxic) drugs were mostly composed of either medium [154-156] or
long-chain fatty acids separately [152,157]. In contrast, inhaled NEs for anticancer delivery
are usually prepared using a mixture of both (i.e., the long and medium-chain fatty acids),
as illustrated in the following sections. Future studies could focus on comparing the impact
of the fatty acid chain lengths on the suitability, efficiency, and biocompatibility of the
inhaled anticancer NEs for lung delivery [158,159].

In addition to the oil phase, selecting a proper surfactant system is essential for the
proper development of NEs for pulmonary delivery. The use of non-ionic surfactants is
more prevalent than ionic surfactants in the formulation of NEs, due to the suggested
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deterioration of the biological membrane by their use. The superiority of non-ionic surfac-
tants also comes from their ability to enhance poorly soluble drug dissolution, particle size,
shape, and stability [160]. NEs safety is another concern that is primarily associated with
the use of synthetic emulsifiers and is a key issue that needs to be addressed in particular
to the adverse negative interactions between lipids and surfactants of the lung alveoli [161].
Most synthetic emulsifiers may trigger toxic symptoms with prolonged administration, in-
cluding the potential binding of anionic emulsifiers to proteins, enzymes, and phospholipid
membranes in the human body, resulting in various adverse reactions, such as enzyme
dysfunction, protein structure modification, and membrane cell phospholipid [162]. Conse-
quently, replacing synthetic emulsifiers and excipients with natural substitutes is one of the
novelties on-demand in the construction of the NEs. Co-solvents may also be included in
the formulation of NEs. Glycerol is used as the preferred co-solvent in almost every inhaled
NEs for the lung delivery of anticancer drugs. This could be due to its ability to modify
the aerodynamic distribution of the PS of the emitted aerosol droplets and to produce a
slower dissolution rate, with the potential to modify the cell permeability of the loaded
drugs, which can significantly impact their lung absorption and distribution [163,164].

Since NEs behave similarly to solutions, these formulations tend to exhibit significant
improvements in their in vitro aerosolization performance when nebulized compared to
other suspended nanoformulations’ types [165,166]. Although there are various solidification
techniques for the production of NEs as dry powders, no dry powder of anticancer drug-
loaded NEs were produced. All the developed NEs were aerosolized using nebulizers only.

NEs of docetaxel were recently formulated using biocompatible excipients for the drug
pulmonary delivery to overcome the drug’s low solubility and improve its bioavailability
and efficacy. A mixture of medium (lauric fatty acids and palm kernel oil esters) and
long-chain fatty acid (myristic fatty acids) were used as the oil phase in these NEs. The
surfactants system was composed of non-ionic (Tween 80® and Span 80®) and amphipathic
(lecithin) surfactants as they are known to be non-toxic, biocompatible, and unaffected
by pH. The optimized docetaxel-loaded NEs formulation had a spherical shape with PS,
ZP, and entrapment efficacy (EE%) of 94.35 £ 0.77 nm, —38.64 &+ 1.43 mV, and 100%,
respectively. Besides, the optimized NEs were also shown to have neutral pH, with an
osmolality of (301 & 1.00 mOsm/kg) and viscosity of (1.92 £ 0.08 cP) that are suitable for
the pulmonary delivery. The optimized NEs were aerosolized using OMRON MicroAIR
nebulizer and were evaluated using the Andersen cascade impactor method. The nebulized
NEs showed desirable aerosolization properties for pulmonary delivery where the D,e and
the FPF were 3.02 £ 0.26 and 92.76 £ 0.63, respectively. The in vitro cell culture studies
found that the final formulation is more selective on human lung carcinoma cells (A549)
than the normal cell (MRC-5). It was concluded that the developed NEs are potential
carriers for docetaxel in targeting LC via the inhalation route [118].

Aerosolization of NEs for pulmonary delivery for LC using docetaxel and curcumin
were also reported by the same group. The NEs for both drugs (separately) were designed
with a mixture of medium (palm kernel oil ester) and long (safflower seed oil) chain
fatty acids and a set of non-ionic (Tween 85® and Span 85®) and amphipathic (lecithin)
surfactants, as well as glycerol as a co-solvent. Both formulations were characterized and
found to have the required physicochemical and aerosolization properties suitable for
inhalation [119].

The in-vitro aerosolization and toxicity of curcuminoids NEs for LC were investigated
by Al Ayoub et al.; the formulated NEs were composed of medium (limonene) and long
(oleic acid) fatty acids as oil phases, Tween 80® as the surfactant, and ethanol as the co-
surfactant. Based on the loaded amount of curcumin (100-500 nug/mL), the developed
NEs had the PS of (13-39 nm) and D of (0.1-0.2) as well as osmolality, pH, and viscosity in
the range of (336 to 600 mOsm/kg), (6-7), and (1.1-1.7 mPas) respectively. The nebulized
NEs prepared with limonene oil had FPF and D, ranged from 50% and 4.6 pm to 45%
and 5.6 um, respectively; whereas the FPF and D¢ of the nebulized NEs prepared with
oleic acid oil ranged from 46% and 4.9 um to 44% and 5.6 pm, respectively. Genotoxicity
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using Comet assay showed that the developed NEs are nontoxic at the tested curcuminoid
doses suggesting the safety and suitability of the developed NEs. The authors recommend
further pre-clinical and clinical studies [120]. However, additional cytotoxicity evaluation
and in vitro release study are also essential in such formulations.

Quercetin is a flavonoid phytochemical that is suggested to treat LC via its antiprolif-
erative and antimetastatic effect on A549 cells through the impact on the cytoskeleton and
repressing the metastatic capacity of LC via suppressing, as well as promoting apoptosis
in LC [167]. NEs of quercetin were employed to enhance the lung delivery of this poorly
soluble flavonoid for the treatment of LC. The in vitro cytotoxicity studies showed some
selectivity of the quercetin-loaded NEs towards the A549 cells line without affecting the
normal cells [121,122].

Although the used excipients in all these studies are considered safe, but the long-term
safety studies due to possible adverse interactions with lung surfactants and efficacy of
developed formulations against LC are strongly encouraged at the in vitro and preclinical
level before reaching to clinical trials.

Like other lipid-based formulations, NEs that are working through passive target-
ing, are facing limitations in recognizing cancer or normal cells. Active targeting of the
nanoemulsions could be approached by modifying the surface of these carriers, where the
attached ligand (monoclonal antibodies, transferrin, folic acid, hyaluronic acid, aptamer, or
antibody fragments) aids in recognition of the target tumor cells [146]. The development
of anticancer-loaded NEs for active targeting decorated with ligands such as the folate-
targeted NEs loaded with docetaxel [168] and transferrin-targeted docetaxel NEs [169]
for ovarian cancer are already developed but currently limited for intravenous delivery.
Inhaled NEs with active targeting moieties for the treatment of LC as far as we are aware,
are not explored yet.

6.3. Solid-Lipid Nanoparticles (SLNs)

Solid lipid nanocarriers (SLNs) were introduced in 1991 as an upgrade to the tradi-
tional colloidal drug delivery systems. They are best represented as a mixture of liposomes
and niosomes containing phospholipids and surfactant molecules, with a submicron PS
ranging from 40 to 1000 nm [170,171]; they are derived from oil-in-water (O/W) emulsions
by replacing liquid lipids with a lipid matrix that is solid at room and body tempera-
tures [172], as illustrated in Figure 2. The use of solid lipids instead of liquid oils can
result in controlled release of drugs as the mobility of the drug in a solid lipid matrix is
significantly lower than that of liquid oil [173]. SLNs are composed of physiologically
tolerated and safe lipids such as fatty acids (e.g., stearic acid), monoglycerides (e.g., glyc-
erol monostearate), diglycerides (e.g., glycerol behenate), triglycerides (e.g., tripalmitin,
tristearin, trilaurin), waxes (e.g., cetyl palmitate), or steroids (e.g., cholesterol) that are
dispersed with an appropriate surfactant phase [174]. Next to the design of the inhalation
devices, drug carrier’s selection is equally important in assuring the sufficient stability and
appropriate size delivery of the loaded drug, thus, lipids and surfactants selection is an es-
sential factor for SLNs characteristics [175]. Generally, high-pressure homogenization and
microemulsion methods are being the most commonly used for the preparation of SLNs.

Pharmacokinetically, SLNs, and liposomes have been reported to be eliminated from
the lungs at comparable rates, even though SLNs are deposited after intratracheal instilla-
tion in the upper respiratory tract and, in particular, through the mucociliary escalator and
do not stimulate significant inflammatory reactions [176]. The inhaled radiolabelled SLNs
biodistribution showed significant uptake in lymphatics, with a high rate of distribution in
periaortic, axillary, and inguinal lymph nodes and these findings indicate that SLNs may
have the potential to be efficient carriers for lymphoscintigraphy or pulmonary therapy [28].
Besides, some SLNs may remain mostly intact in the pulmonary area, which may lead to
longer lung retention times [177].

As safety and lung tolerability are of the essential parameters to be considered while
developing formulations for pulmonary delivery, some studies preferred to assess the
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toxicity of the inhaled blank SLNs before deciding to load them with active materials.
For instance, a blank SLNs formulation was designed using a lipid matrices mixture of
triglycerides (Softisan®) and phosphatidylcholine (Phospholipon® 90G), Solutol®HS15
as a surfactant, and double-distilled water. The high-pressure homogenization method
was used for the preparation. The produced SLNs had PS, D, and ZP of 98.4 nm, 0.148,
and —14.6 mV, respectively. The MTT assay and neutral red uptake assay (NRU) on the
A549 cell line for 24 h showed the blank SLNSs ability to reduce this cell line viability with
calculated half-maximal effective concentration (ECsg) of 3090 ng/mL and 2090 pg/mL,
respectively. The organotypic cultures of lung tissue showed that the SLNs reduced the
metabolic activity of the used murine precision-cut lung slices after incubating it with SLNs
for 24 h and using WST-1 assay at ECsg of 575 ug/mL. The SLNs were nebulized by a jet-
driven aerosol generator system. The in vivo cytotoxicity study on female BALB/c mice for
16 days showed no significant changes or upregulation in lactate dehydrogenase levels as an
exponent of low levels of damage to the cell membrane, as well as bronchoalveolar lavage
fluid protein as an indicator of cytotoxicity in lung tissues, and different inflammation
indicators (TNF-a, IL-8 (A549), IL-6, and chemokine KC) [123]. Interestingly, this system
was reported without loading it with an active ingredient; moreover, such evaluation
should be conducted using both LC and normal cell lines to get a complete understanding
of the developed SLNs’ cytotoxicity and selectivity.

Inhaled SLNs were also used to get rapid drug deposition in lungs, less systemic side
effects, and improved drug therapeutic efficiency of erlotinib (a quinazoline derivative with
antineoplastic properties). The SLNs were synthesized from Compritol 888 ATO® (solid
lipid), Tween 80® (surfactant), and Poloxamer 407® (an aqueous phase surfactant) using
the hot homogenization method [124]. The erlotinib-loaded SLNs owned a PS (< 100 nm),
D (0.367), DL% (4.17%), and EE% of (78.21%). For aerosolization of the developed NLCs,
they were further spray dried in the absence and presence of mannitol (as an inert bulking
agent). The dry powder of aerosolized erlotinib-loaded SLNs in the presence of mannitol
had Dge (3.93), emitted dose (ED)% (94.91), FPF% (30.98), and geometric standard deviation
(GSD) of (4.339). The TEM and scanning electron microscopy (SEM) micrographs of both
liquid and powder SLNs indicated a regular and spheroidal shape with smooth surfaces.
The in vitro release studies using the dialysis membrane method showed that here was
no burst release from the formulated SLNs and cumulative drug release occurred with a
steady rate to reach approximately 12% at 8 h, as compared to ~18% with free drug. Besides,
the MTT assay revealed significantly higher anticancer activity of the erlotinib-loaded SLNs
against A549 cells in comparison to the free drug and after 18 h of incubation. However,
no in vivo studies were performed for the elevation of organs distribution and anticancer
activity were performed in this study.

Epirubicin which is an anthracycline and a stereoisomer of doxorubicin that has shown
activity against various types of tumors including LC, but its use is associated with major
side effects including hematological and cardiac toxicity, thus specific targeting through
simple, safe and stable formulations is highly recommended. Accordingly, Epirubicin-
loaded SLNs were prepared. The SLNs were composed of soy lecithin, compritol 888 ATO®,
and poloxamer 188®. The produced SLNs had the characterization of PS, ZP and EE%
of 223.7 nm, —30.6mV, 78.9% respectively. The formulation was nebulized using (Pari
Inhalierboy, Starnberg, Germany). No significant changes in PS ZP or EE% were observed
after nebulization [125]. The nebulized formulations were evaluated for their in vitro
deposition by a Twin Stage Impinges (TSI). The blank SLNs, epirubicin-loaded SLNs and
pure epirubicin solution showed respirable fractions (RF) of 77.03%, 78.46%, and 59.51%,
respectively indicating the decrease in drug loss, besides the SLN possible ability to deliver
the drug into the deep lung. The cytotoxicity on A549 cells using 0.1% crystal violet after
incubation for 24 h revealed the improved cytotoxic effects of the developed SLNs in
comparison to the free drug. Pharmacokinetically, and upon analyzing plasma and lung
samples via HPLC, aerosolized epirubicin-loaded SLNs showed excellent lung deposition
characteristics compared to epirubicin solution in male Sprague-Dawley rats, while the
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plasma area under the curve values for epirubicin-loaded SLNs was 2.07-fold higher than
that after epirubicin solution suggesting the potential suitability of the developed inhaled
SLNSs for pulmonary delivery to treat LC.

SLNs were employed also for the co-delivery of afatinib and paclitaxel for the treat-
ment of epidermal growth factor receptor tyrosine kinase resistant NSCLC. In this study,
afatinib was first loaded in SLNs composed of stearic acid and poloxamer 188 and had
PS, D, and EE% of 358.3 nm, 0.167, and 87.9% respectively. Furthermore, these SLNs
were lyophilized using trehalose (as a cryoprotectant) and loaded with paclitaxel into
poly-lactide-co-glycolide-based porous microspheres. These inhaled microspheres systems
are characterized with D,e, FPF, fine particle dose (FPD), and GSD of 3.26 and 3.25 um,
23.04 and 24.07%, 41.01 and 59.66 ug, 2.26 and 2.32, as well as EE% 53-70.85% of afatinib
and paclitaxel, respectively. These final formulations showed an initial in vitro drug re-
lease for paclitaxel (20%) and afatinib (30%), with extremely high retention (more than
65%) in the induction port (17.21 = 0.22% for afatinib and 16.00 £ 1.52% for paclitaxel),
and no interaction between drugs and carriers when characterized by FTIR and NMR
spectroscopy [126]. On the cellular level, there was a significant synergistic effect between
afatinib and paclitaxel and superior treatment capability of the final loaded microspheres
for drug-resistant NSCLC on H1975 and PC9/G cells. The pharmacokinetics and tissue
distribution results demonstrated that afatinib and paclitaxel in the microspheres exhibited
96 h of a two-stage release and high lung concentration. The final loaded microspheres did
not distribute to other critical organs. These results revealed that the drug combination
therapy using these nanocarriers is highly promising for treating drug-resistant LC.

6.4. Nanostructured Lipid Carriers (NLCs)

The nanostructured lipid carriers (NLCs) represent an advanced type of the SLNs.
These carriers can overcome the SLNs-related disadvantages, such as the drug loading
capacity and formulation stability challenges by creating a less structured solid lipid ma-
trix via mixing fluid lipid with solid lipid (as shown in Figure 2), resulting in less drug
expulsion during storage [173,178,179]. NLCs are the products of o/w emulsion process,
hence the available surfactants typically have a high HLB range, and ideally dissolved
in the external aqueous phase of the emulsion [160]. Besides, these nanocarriers can be
used to circumvent the limitations associated with conventional cancer chemotherapy
such as poor drug solubility, and multiple drug-resistance by enhancing chemotherapy’s
targeting and selectivity index [180,181]. Additionally, NLCs are suitable to carry drugs
with different physicochemical properties, natural compounds and small interfering RNA
(e.g., siRNA), where the latter is currently trending as an NLCs conjugate due to its proved
ability in recognizing a homologous mRNA sequence in the cancer cell and induce its
degradation [182]. In this regard, and chemistry wise, a smooth conjugation between
thiol-modified DNA or RNA molecules (e.g., siRNA) and the NLCs surface occurs by
biodegradable disulfide (S-S) bonds. Further conjugations with NLC include polymers
conjugation (e.g., PEG) with targeting fractions (e.g., luteinizing-hormone releasing hor-
mone (LHRH) peptide) [183,184]. However, the key drawback of NLCs is the need to use
organic solvents to initially solubilize the hydrophobic drugs before loading [185], as well
as the short-term stability of the liquid NLCs compared to the solid ones [186,187]. Like
the previously discussed lipid-based nanocarriers, the use of NLCs as localized inhaled
dosage forms is still under investigation mainly as active carriers for anti-tuberculosis [188],
genetic disorders such as lung cystic fibrosis [189], antibiotics lung delivery [190,191], in
addition to LC therapies. In LC, NLCs are often used to resolve p-glycoprotein (P-gp) efflux,
and drug resistance which is generally associated with over-expression of MRP1 protein
(responsible for cancer cell drug efflux) and BCL2 protein (responsible for anti-apoptotic
cellular defense) [192-195].

Inhaled NLCs were used for the pulmonary delivery of various drugs and approaches
for LC treatment. The cyclooxygenase-2 enzyme, which is responsible for the progression
and growth of NSCLC and found to be up-regulated among different cancers [196,197].
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Thus, the efficacy of inhaled celecoxib-loaded NLCs in NSCLC in combination with IV
administered docetaxel was evaluated using a metastatic A549 tumor model in Nu/Nu
mice. The NLCs were initially prepared using a hot melt homogenization technique via
mixing compritol (solid lipid), miglyol (liquid lipid), and sodium taurocholate (surfactant).
The PS, D, ZP, drug content, DL, EE% of the NLC produced were 211 nm, 0.22, 25.30 mV,
1.8 mg/mL, 4 w/w%, and 95.6%, respectively. The celecoxib-loaded NLCs were nebulized
using Inexpose™ (SCIREQ Scientific Respiratory Equipment Inc, Montreal, QC, Canada).
The aerosolized NLCs had D,e and FPF were 1.58 um and 76.2%, respectively. The isobolo-
gram of the interaction between docetaxel and celecoxib-NLC in the A549 NSCLC cell line
suggests moderate synergistic activity. While the analysis of the 28-days in vivo studies
showed that treatment with inhaled celecoxib-NLC, IV docetaxel, and the combination
of both treatments decreased tumor volume by 25%, 37%, and 67%, respectively, without
a substantial decrease in mice weight compared to control group. Besides, the inhaled
celecoxib-NLCs, IV docetaxel, and combined therapy have also decreased vascular en-
dothelial growth factor expressions in regressive tumors by 0.27, 0.44, and 0.65 times,
respectively, compared to control. The quantitative proteomic analysis shows a significant
reduction in the regulation of multiple proteins demonstrating enhanced anticancer activity
in combination therapy compared to docetaxel treatment alone [128].

A comparison in lung deposition was evaluated in vivo using Wistar rats between
pulmonary delivered paclitaxel loaded-NLCs (as a dry powder delivered using insufflators
(Penny Century, PA, USA)) and orally administered methanolic PBS suspension of the
drug [129]. The NLCs were prepared by the emulsification and ultrasonication method
using various surfactants. The solid and liquid lipids phase consisted of stearic acid (or
glyceryl monostearate) and oleic acid at different concentrations, while the aqueous phase
was composed of different amounts of Tween 80®, Tween 20®, or Tween 40%. The statistical
analysis showed that the low lipid ratio, the high levels of surfactant concentration and,
the medium homogenization speed provided favorable ranges of PS, D, and ZP values for
Tween 20% (178.7 nm, 0.158, —15.22 mV), Tween 80® (243.1 nm, 0.225, —16.12 mV), and
Tween 60® (298.2 nm, 0.281, —22.23 mV). The NLCs formulated with Tween 20® showed
the highest uptake of Caco-2 cells, which could be attributed to Tween 20® ability to inhibit
P-gp efflux [198]. As a result, the Tween 20®-based NLCs were further spray-dried using
leucine as anti-adherent to produce NLCs powder with PS, D, ZP, and an in vitro release of
283.4 nm, 0.226, —25.12 mV, 64.9%, respectively. The dried NLCs had good powder and
flow properties with a Dy of 3.53 pm. Lungs’ uptake of the drug from the powdered NLCs
was higher than the plain drug suspension. This could be attributed to the less clearance
of the drug from the lungs due to the slow release of the drug from the NLCs and the
retention of the drug in lipid nanoparticles. This indicates the superiority of local delivery
via the pulmonary route [129].

The concept of multifunctional NLCs-based delivery systems substantially enhanced
the efficiency of NSCLC therapy with suggested abilities to limit the adverse side effects
of the treatments, primarily when targeting strategies are used and administered via
inhalation. In this regard, multifunctional anticancer (doxorubicin or paclitaxel) and siRNA-
loaded NLCs for pulmonary delivery via nebulization were developed for the treatment of
LC. The NLCs were functionalized with a modified synthetic analog of luteinizing hormone-
releasing hormone (LHRH) as a targeting moiety. In addition, they were conjugated with
(1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol) (DSPE- PEG).
The developed doxorubicin-NLCs were primarily used to evaluate cellular uptake and
the intracellular localization due to the intrinsic fluorescence of doxorubicin, while the
paclitaxel-NLCs were used to assess the anticancer efficacy of the formulation. After the
preparation process, the final NLC was purified via dialysis (MWC 10,000) and lyophilized
with mannitol (5%) as a cryoprotectant. In vivo orthotopic model of human LC in nu/nu
mice was used to evaluate the anticancer activity and tissue distribution. After inhalation,
the developed NLCs efficiently delivered their payload into LC cells, leaving healthy lung
tissues unaffected compared with IV injection. The tumor size decreased from 117 mm?
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to 20.8 mm? and 2.6 mm? upon treatment with LHRH-NLC- paclitaxel, and LHRH-NLC-
paclitaxel -siRNAs, respectively. The obtained results showed the high efficiency of the
inhaled NLCs for tumor-targeted local delivery, specifically LC cells. As a result, effective
suppression of tumor growth and prevention of adverse side effects on healthy organs [130].

The same concept in the latter study was used recently to developed paclitaxel tumor-
targeted NLCs using the melted ultrasonic method after successfully mixing Precirol
ATO 5% (solid lipid), squalene (liquid lipid), and soybean phosphatidylcholine (emulsifier)
with the aqueous phase, which was composed of Tween 80%® (surfactant) and (N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium) “DOTAP” (a cationic lipid which grants
positive charge to NLC) in deionized distilled water, while paclitaxel was dissolved in
dimethyl sulfoxide (DMSO). PEG2000 was the most suitable choice for the linkage of
LHRH peptide with the NLCs, and later it was further conjugated with siRNA. The LHRH-
NLC-siRNAs-paclitaxel-loaded nanoparticles had distinct spherical shape with PS, ZP, and
loading efficiency of 113 nm, +45 mV, and 98%, respectively. On the cellular level, the
toxicity of the developed formulation was superior to the traditionally available epidermal
growth factor inhibitor, gefitinib, in three types of cells, including H1781, H3255, and
A549 cells lines, as such sensitivity was linked to the presence of LHRH. The in vivo study
was performed using an orthotopic NSCLC mouse model. The NLCs formulations were
administered via IV and inhalation (using a Collison nebulizer (BGI, Inc., Waltham, MA,
USA) methods. The results showed that developed multifunctional NLCs had a suggested
efficient accumulation and retention in the lungs when inhaled compared to the IV route.
The immunoperoxidase assay indicated that the formulation did not induce an immune
response in human peripheral blood lymphocytes. Besides, no signs of toxicity were
observed (in vivo) in the (liver, kidney, spleen, heart, lung, brain) of nude mice following
inhalation or IV administration [131].

In summary, NLCs are potential carriers for the pulmonary delivery of anticancer
drugs, they were successfully developed for this purpose using GRAS materials. They have
the advantage to be efficiently functionalized using different ligands for active targeting.
Besides, they can be aerosolized using nebulization or converted to dry powders to be
used in DPIs. The results from the in vitro and in vivo studies are highly promising in the
treatment of LC. However, these lipid-based nanocarriers were not tested in any clinical
trial yet.

6.5. Miscellaneous Inhaled Lipid-Based Nanocarriers

A number of certain types of lipid-based nanocarriers were addressed for the delivery
of anticancer for the treatment of LC via inhalation is available but at a very limited scale.
Among these are the lipid-polymer hybrid nanoparticles (LPHNSs), these nanocarriers
incorporate the advantages of both liposomes and polymeric nanoparticles into one novel
drug delivery platform [199]. LPHNSs are typically consist of a biodegradable polymeric
hydrophobic core and an outer shell made of lipid or lipid-ligand [200] (Figure 2). LPHNs
may offer some benefits, such as physical stability and biocompatibility; their surfaces are
highly tunable so they are suitable for the passive and active drug targeting, they also
provide controlled release of drugs [201]; reduced systemic toxicity; and therefor they can
potentially enhance efficacy of anticancer drugs [202]. However, despite all these potential
advantages, these nanocarriers are not well explored for the pulmonary delivery.

In one study, LPHNs were used in the downregulation of genes involved in the
pathogenesis of severe lung diseases such as LC through the local siRNA delivery. The
developed LPHNSs were composed of poly(lactic-co-glycolic) acid and dipalmitoylphos-
phatidylcholine as siRNA inhalation formulation and prepared using the emulsion/solvent
diffusion method. The optimized formulation was found to have PS and ZP in the range of
(135 to 169 nm) and (—16 to —30 mV), respectively, with D < 0.130 and EE% of 75%. The
formulation possessed a peculiar triphasic release profile, characterized by an initial burst,
with more than 50% of siRNA released in the first hours, followed by a slow-release phase
lasting a couple of days and a final fast release time period after 4-5 days. The nebulized
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formulation was having D,e < 5.39 um. Before each experiment, freeze-dried HLPNs
were dispersed in 0.5 mM sodium chloride. The stability of the developed siRNA-loaded
LPHNSs was confirmed by TEM analysis of freeze-dried formulation in the presence of
mannitol before and after nebulization in the Vitrocell Cloud system (Vitrocell Systems
GmbH, Waldkirch, Germany). On the cellular level, these LPHNs were able to penetrate
into cells effectively and are localized intracellularly on the TCCC cell line leading to an
effective in vitro gene silencing (on A549 cells line) in the form of knocking down both
aENaC and bENaC subunit proteins up to 72 h. The developed nanosystem was muco-inert
and stable inside artificial mucus with no cytotoxic or acute proinflammatory effect toward
any of the cell components of the co-culture model. The results demonstrated the high
potential of using HLPNs as carriers for pulmonary delivery of siRNA [132].

These hybrid nanocarriers are having excellent potential for the pulmonary delivery of
drugs, and their possible role in delivering inhaled anticancer drugs is not well investigated
and could be considered for future studies in this field.

Niosomes are also among the systems that are rarely investigated for inhaled an-
ticancer therapy to treat LC. Niosomes are also known as non-ionic surfactant-based
vesicles (Figure 2). These carriers gained much interest in the pharmaceutical field due
to their excellent abilities to encapsulate and efficiently deliver drugs/agents of different
physicochemical properties via different routes of drug administration. Furthermore, their
production is easy to scale up at low costs. Besides, these nanoparticles demonstrated
to be more stable than liposomes during the formulation phase or upon storage. The
required pharmacokinetic properties can be achieved by optimizing the components or
modifying the surface of niosomes [203]. Particle size and zeta potential are essential to the
pharmacokinetics, bio-distribution, toxicity, and stability of niosomes and should be well
considered [204,205].

Inhalable cationic niosomes of curcumin were developed for effective and local de-
livery to LC cells [134], to circumvent the poor physicochemical and biopharmaceutical
limitations of curcumin associated with its oral and parenteral administration, such as
the poor and unpredictable bioavailability at the site of action and the extensive first-
pass metabolism and irregular bio-distribution [206,207]. The developed niosomes were
prepared using the reverse-phase evaporation method and composed of span 80%, di-
ethyl ether, and chloroform with or without cholesterol. The prepared formulations were
further freeze-dried using mannitol as a cryoprotectant. The resulted curcumin-loaded
niosomes (containing cholesterol) (Cur-C-SUNS) were cationic and unilamellar with PS
(97.4 nm), ZP (+28.5 mV), and %EE of (83.3%). While the freeze-dried niosomes prepared
without cholesterol (Cur-SUNS) had a smaller PS (83.8 nm), and ZP value of (—3.02 mV),
and EE% of (78.8%). The in vitro release of the powdered niosomes using dialysis mem-
brane technique was enhanced by (30.1%), which could be due to the amorphization of
nanovesicles that ultimately enhanced the solubility and release rate of the drug [208]. The
optimized formulation (Cur-C-SUNS) was able to inhibit the A549 cells proliferation at
the IC50 of 3.1 uM, which is significantly lower than 7.5 pM for Cur-SUNS and curcumin
dispersion (< 32 uM). The in vitro cellular uptake results illustrated higher endocytosis of
Cur-C-SUNS as compared to Cur-SUNS due to electrostatic interaction between cationic
nanovesicles and negatively charged plasma membrane of A549 cells [134]. Although the
obtained in vitro results were promising, no further in vivo studies were performed to
investigate the potential roles of inhaled niosomes for the delivery of anticancer drugs for
LC treatment.

Sterosomes, are new and promising non-phospholipid type of liposomes drug delivery
nanoparticles, typically they composed of stearylamine and cholesterol. They are named
as ‘sterosomes’ owing to their high sterol content. These carriers are highly tunable and
suggested to have better stability and longer circulation and residence time than the
classical liposomes [209,210].

Sterosomes were recently reported to deliver the widely used antidiabetic drug (met-
formin) as an inhalation dosage form because it was shown to have anticancer activities via
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inhibition of cellular proliferation of many cancers, including LC. The safety, tolerability
and pharmacokinetics of inhaled metformin sterosomal formulation or solution. In this
study, cholesterol was mixed with stearylamine or myristic acid followed by dissolving
accurately weighed quantities of the solid chemicals in a mixture of benzene/methanol.
The PS, %EE and ZP of the developed formulation have ranged approximately from 288.7
to 578 nm, 71% to 89% and + 16.2 to + 63.2 mV, respectively. The D values were generally
<0.4. The measured D,e, GSD and FPF values for aerosolized metformin-loaded sterosomes
by jet nebulizer were 3.3 um, 2.114, 62.36 respectively. The MTT assay on A549 cell lines
(for 48 h) showed that survival rate after exposure to metformin-containing sterosomes
was very low <50%. The clinical study in this work (3 females: 3 males) at average age
of 32 years old showed that the volunteers noted the greasy and ammonia-like smell of
metformin sterosomal preparation. The entire process of aerosol administration of the
prepared metformin-loaded sterosomes and metformin solution was generally feasible and
well tolerated. The metformin-loaded sterosomes enhanced the half-life, area under the
curve, and mean residence time of metformin in all healthy volunteers after inhalation of a
single dose of 750 mg of metformin sterosomal formulation [135]. Authors have addressed
some limitations of this study such as the relatively small number of subjects which could
lead to improper variability in the results, and the lack of comparison between multiple
and different doses. More extensive clinical trials with long-term follow-up are needed to
confirm the safety and efficacy of the developed formulation.

7. Inhalable Anticancer Drug-Loaded Lipid-Based Nanocarriers in Clinical Trials

Despite the proven advantages offered by inhalable anticancer therapy via lipid-based
nanocarriers in preclinical studies, the number of conducted clinical trials is still limited
(Table 3). In addition, the most advanced development of inhaled anticancer therapy was
performed up to phase II only; consequently, no inhaled lipid-based nanocarrier product
reached the market yet. This could be attributed to the associated challenges of using this
route of administration, as discussed in Section 3 of this review.

Table 3. Summary of clinical trials that have been conducted on the inhalable anticancer drug-loaded lipid-based nanocarri-

ers for the treatment of LC.

Drug Cisplatin Cisplatin 9-nitrocamptothecin
NCT N -
Number N/A NCT00102531 N/A
Phase Phase I Phase Ib/Ila Phase I
Nanocarrier Type Liposomes Liposomes Liposomes
Nanocarrier Dipalmitoyl phosphatidylcholine Dipalmitoyl phosphatidylcholine . . .
composition (DPPC) and Cholesterol (DPPC) and Cholesterol Dilauroyl phosphatidylcholine (DLPC)
Drug dose 1.5-60 mg/m? 24 and 36 mg/m? 6.7-26.6 pg/kg/day
. . . . The given dose was administered for 1
Study duration 1 to 4 consecutive days in The given dose was administered to 8 weeks followed by a 2-weeks

3-weeks cycles.

on a 2-weeks cycles.

rest cycles.

Delivering device Nebulizer Nebulizer Nebulizer
Droplet size 3.7+ 1.9 um 3.7+ 1.9 um 1-3 um
No. of
Subjects 17 19 %
Type of NSCLC (16) High-grade, progressive, or _ .
. recurrent osteosarcoma in the lungs Primary or metastatic LC.
carcinoma SCLC (1)
(secondary LC).

Subjects” gender F+M F+M F+M
Age, mean (years) 41.8-70.7, 56.6 13-27,18 £ 3 33-84,58.5

Main adverse events

Dyspnea, vomiting, nausea, cough,
hoarseness, and eosinophilia.

Dyspnea, nausea, cough,
and wheezing.

Pharyngitis, fatigue, nausea, vomiting,
cough, anemia, neutropenia, anorexia,
and skin rash
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Table 3. Cont.

A significant reversible (in 94% of the
subjects) decrease in forced expiratory
volume in 1 s (FEV{) was observed
after one cycle.

No significant change in the diffusing
lung capacity for carbon monoxide.

No dose-limiting toxicity was
observed at the maximum
delivered dose.

No systematic adverse effects of
cisplatin were noticed.

Most of the adverse events occurred
at the higher given dose
(36 mg/m?).

No significant or long-lasting
systematic adverse events
were noticed.

No significant change in the
pulmonary function
testing parameters.

Serum concentrations
of inhaled cisplatin were lower than

A decrease in pulmonary function tests
during treatment was noticed.

No hematological toxicities
were noticed.

Inhaled 9NC plasma levels were like
those observed after oral ingestion.

A dose-dependent increment in both C
max and AUC values at the two lower
doses; 6.7 and 13.3 ug/kg/day, but not

ﬁrl\I/(Iiai;n . those of intravenous cisplatin. at the highest dose.
& Partial remissions were observed in
Only 10-15% of the dose reached the Systemic cisplatin exposure 2 patients with uterine cancer, and
site of action. was minimal. stabilization occurred in 3 patients with
primary lung cancer.
. No significant difference in cisplatin ~ Higher levels of INC were found in the
Very low plasma platinum levels only o s )
. . . deposition within the tumors and lungs compared to those in the plasma
with the longest repeated inhalations. . .
the surrounding lung tissue. by the end of treatment.
Two patients had stable disease The recommended dose for Phase II
70% of the subjects showed a stable after 2 cycles, underwent Studélg-srrvl\irisei&istie/kggg:r?geé)s;vjaﬂy
disease, while 23% of them had a metastasectomy, and remained free davs /weei for 8,weeks with a
progressive disease. from pulmonary recurrence 1 year A ! .
after initiation of therapy: concentration of INC of 0.4 mg/mL in
’ the nebulizer.
Reference [30] [31,32] [29]

* Phase II clinical trial involving inhaled liposomal cisplatin formulation for the treatment of pulmonary recurrent osteosarcoma
(NCT01650090) was completed in 2018 but no data were published yet. ** Totally six clinical trials were conducted furtherly; NCT00492141,
NCT00250016, NCT00249990, NCT00250068, NCT00277082 and NCT00250120, where the latter was withdrawn and no published results of

the first five trials have been published up to date.

Among the various types of inhalable lipid-based nanocarriers, only liposomes were
evaluated in clinical trials. The safety and pharmacokinetics of aerosolized sustained-
release lipid inhalation targeting (SLIT) of cisplatin in patients with lung carcinoma were
investigated. Seventeen patients and one tracheostomy patient on compassionate use
received treatment. The results showed that the aerosolized liposomal cisplatin was well
tolerated. In addition, no DLT was observed at the maximum delivered dose. Safety
data showed that no hematologic toxicity, nephrotoxicity, ototoxicity, or neurotoxicity was
observed. Pharmacokinetically, very low plasma platinum levels were obtained only with
the longest repeated inhalations. The aerosolized cisplatin-loaded liposomal formulation

was found to be feasible and safe [30].

To evaluate the safety and efficacy of inhaled lipid cisplatin (ILC) in patients with
recurrent osteosarcoma who only had pulmonary metastases, an open-label, phase Ib/Ila
study was performed (NCT00102531). The study involved nineteen patients. The results
showed that no patients experienced hematologic toxicity, nephrotoxicity, or ototoxicity.
The inhaled liposomal cisplatin was well tolerated in heavily treated osteosarcoma patients.
In addition, the typical toxicities associated with intravenous cisplatin did not appear
with the inhaled therapy [31,32]. A phase II clinical trial to establish whether treatment
with inhaled liposomal cisplatin (ILC) formulation is effective in delaying/preventing
pulmonary relapse in osteosarcoma patients in complete surgical remission following one
or two prior pulmonary relapses was completed in 2018 (NCT01650090). However, no data

have been published yet [211].

Aerosolized 9-nitro-20(S)-camptothecin (INC)-loaded liposomal formulation was
evaluated clinically for safety and feasibility in a group of 25 patients with primary or
metastatic LC. The patients received the aerosolized liposomal formulation for five con-
secutive days/week for 1, 2, 4, or 6 weeks followed by two weeks of rest to determine
feasibility. As mentioned previously, chemical pharyngitis was the DLT at 26 mg/kg/day.
After inhalation, 9INC was absorbed in a rapid and sustained manner through the lung
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parenchyma to the bloodstream circulation. Stabilization occurred in 3 patients with pri-
mary LC, and partial remissions were observed in 2 patients with uterine cancer. The
results revealed that the pulmonary administration of 13.3 mg/kg/day of the 9INC-loaded
liposomal formulation was feasible and safe. Furthermore, the researchers recommended a
dose of 13.3 mg/kg/day of the liposomal formulation for phase II of the study [29].

There is other six clinical trials of aerosolized 9NC-loaded liposomes have been
completed but no results were released or published to the author’s best knowledge, and
they are namely: (NCT00492141) for determining the effectiveness of LONC given by aerosol
in combination with temozolomide in patients with solid tumors involving the lungs
(Phase II, completed in September 2009) [212], (NCT00249990) for determining efficacy
and toxicity profile in metastatic or recurrent endometrial cancer (Phase II, completed in
September 2007) [213], (NCT00250016) to determine the amount of aerosolized drug in
patients’ blood and tumor (completed in August 2007) [214], (NCT00250068) to determine
the overall response rate to INC administered by aerosolization in patients with NSCLC
any stage (Phase II, completed in December 2007) [215], (NCT00277082) to determine the
concentration of the drug in the alveolar fluid over time (completed in June 2005) [216],
(NCT00250120) to determine the overall response rate to the inhaled liposomal drug in
patients with NSCLC at any stage (withdrawn, Phase II, completed in August 2007) [217].

With the new advancements in the fields of lipid-based nanocarriers, drug target-
ing, and pulmonary delivery devices, clinical studies are currently needed to reveal the
promising potentials of inhalation chemotherapy:.

8. Conclusions

Inhalable anticancer therapy via lipid-based nanocarriers is an exciting and growing
research area. It is a promising treatment strategy to combat LC and lung metastases.
Due to the unique properties of the lipid-based nanocarriers of great biocompatibility,
high drug loading, and tunable surfaces for active targeting and controlled drug-release
behavior, they are gaining much interest. Results from the recent studies on preclinical
levels revealed that the drugs loaded in these inhalable nanocarriers will be concentrated
in the lungs and then diffuse gradually into the blood circulation and the lymphatic system
to target the cancerous cells. Among the currently available pulmonary devices, only
nebulizers and DPIs are potentially suitable for the efficient delivery of these nanoparticles.
The use of DPIs as devices for inhaled anticancer drugs loaded in lipid-based nanoparticles
is quite promising as they have many advantages and could overcome the challenges
associated with this route. Combining the use of lipid-based nanocarriers, DPIs devices,
particle engineering, and formulation sciences opens the door for new advancements and
possibilities. However, the research in this field is still in its infancy, particularly at the
in vivo and clinical studies levels. The general formulation strategy should concentrate on
developing uni- or multifunctional lipid-based nanocarriers for active targeting, with good
drug loading and sustained release properties, embedded in well-engineered microparticles
composed of safe and well-tolerated excipients of high FPF for efficient lung deposition,
drug delivery, and antitumor activity.
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Abstract: According to a 2020 World Health Organization report (Globocan 2020), cancer was a
leading cause of death worldwide, accounting for nearly 10 million deaths in 2020. The aim of
anticancer therapy is to specifically inhibit the growth of cancer cells while sparing normal dividing
cells. Conventional chemotherapy, radiotherapy and surgical treatments have often been plagued
by the frequency and severity of side effects as well as severe patient discomfort. Cancer targeting
by drug delivery systems, owing to their selective targeting, efficacy, biocompatibility and high
drug payload, provides an attractive alternative treatment; however, there are technical, therapeutic,
manufacturing and clinical barriers that limit their use. This article provides a brief review of the
challenges of conventional anticancer therapies and anticancer drug targeting with a special focus on
liposomal drug delivery systems.

Keywords: chemotherapy; radiotherapy; active targeting; passive targeting; tumor; immunoconju-
gate; traditional liposome; stealth liposome; triggered release; limitations of liposomes

1. Introduction
Cancer Statistics: Need for Better Therapeutics

Cancer is a group of diseases characterized by uncontrolled growth of abnormal cells
that have the latent potential to penetrate other tissues. It is the leading cause of death
worldwide, amounting to nearly 7.6 million deaths globally i.e., nearly 13% of total deaths
in 2008 [1] and more recently 10 million deaths in 2020 [2]. As per current estimates, the
number of cancer cases may reach an unprecedented 22.2 million in 2030 [1]. Statistics
in the United States are no different where cancer is the second most prevalent cause of
death, next to only heart related diseases [3]. As per the American Cancer Society, about
608,570 Americans are expected to die of cancer in 2021, which accounts for approximately
1670 deaths per day and nearly a quarter of total deaths in the US [3]. These data highlight
the significance of anticancer research and the necessity to discover innovative ways to
treat cancer.

The main goal of anticancer therapy is to specifically inhibit the malignant activity of
cancer cells, while leaving healthy cells unaffected. Conventional anticancer treatments,
including chemotherapy, radiotherapy and surgery, are challenged by drug resistance,
severity and side effects. Some of the challenges and limitations of these therapies are
discussed.

2. Limitations and Challenges Associated with Traditional Anticancer Therapies
2.1. Cancer Surgery

Cancer surgery is perceived to be an effective tool for eliminating early-stage canceri.e.,
at the tumor level. However, it is worth acknowledging that not all early-stage cancerous
tissues can be surgically removed. The limitation of surgery lies in how deep seated a
tumor tissue is as well as its size. If the tumor size is perilously big, it can seriously impair
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the regular functioning of a surrounding tissue or organ. A relevant example, post brain
surgery, is negative impact on normal functioning of brain i.e., thinking, speaking, etc. In
this situation, surgery may not be a first preference for treatment [4]. Another pertinent
example is breast cancer where accurate determination of tumor size and position remains
a challenge and, therefore, limits the success of a surgical procedure [4].

Other notable examples where surgery impacts normal functioning include permanent
impairment of fertility that may be caused by prostrate, ovarian and uterine surgery [4].
Similarly, impact on vocal cords caused by lung surgery performed especially in the upper
trachea and shortness of breath developed after lower lung procedures are other known
examples [4].

Furthermore, while there are other glaring instances, such as Laryngectomy which
eliminates the natural ability to speak, procedures such as a Glossectomy do not eliminate
natural speaking but lead to slurred speech with difficulty in swallowing [4].

Irrespective of the complications associated with cancer surgery at various sites,
surgery inherently carry risks such as infections, bleeding and pain associated with local
nerve injury.

2.2. Chemotherapy

Chemotherapy is a treatment regime where a combination of drugs is administered
to the body. Notably, chemotherapy remains one of only a few treatment choices for
advanced-stage cancer (metastasized cancer); however, a serious deficiency of chemother-
apy is the lack of its target selectivity. As the cancer cells arise from normal functioning
cells that exhibit uncontrolled growth, anticancer drugs indiscriminately impact the growth
of normal non-proliferative cells along with inhibiting cancer cell growth. This poor
selectivity of common chemotherapeutic drugs imparts serious side effects on normal
tissues such as bone marrow, hair follicles and the gastrointestinal tract [5]. To quote
some examples: Carboplatin or carboplatin in conjunction with other chemotherapeutic
agents have been known to induce dose-dependent hematotoxicity such as neutropenia
and thrombocytopenia. Dermatological effects, specifically keratitis, are common skin
reactions arising from chlorambucil administration. Also, dose-limiting glomerular and
tubular dysfunction, nuclear pallor in distal nephron and mitochondrial swelling may be
caused by renal accumulation of cisplatin by a membrane transport assisted process after
continuous and long-term exposure [6]. Acute cardiotoxicity that may include arrhythmias,
acute heart failure, inflammatory responses such as pericarditis and myocarditis and other
related symptoms including apoptosis due to formation of free radicals, and cardiomy-
ocyte dysfunction are known to be caused by accumulation of Anthracyclines, specifically
doxorubicin [7]. In addition to acute toxicity, chronic cardiotoxicity such as left ventricular
dysfunction is also related to anthracyclines [7]. For breast cancer treatments, emesis, neu-
tropenia and alopecia are common symptoms of 5-fluorouracil (CMF) cyclophosphamide
and methotrexate regimen [8].

Besides the above-mentioned significant examples of severe side effects of chemother-
apeutic agents, there are other side effects that are not as potent but do severely limit
quality of life and may lead to premature discontinuation of chemotherapy. Dermatologic
reactions are most prevalent between them [9]. Common skin related adverse effects
include hyperpigmentation, dryness and rash. Other common skin reactions such as ery-
thema and swelling are generally associated with antimetabolite drugs such as CMF and
capecitabine [9]. Relatively new anticancer drugs e.g., epidermal growth factor receptor
(EGFR) inhibitors noticeably cause follicular rash (e.g., papulopustular rash) and dryness
that can then lead to infections such as pruritis [9]. Besides skin, other common side effects
are observed on mucosal membranes where conditions such as toxic epidermic necrolysis
and Steven Johnson Syndrome (SJS) are caused by other drugs e.g., busulfan, chlorambucil,
cyclophosphamide and procarbazine [9].

In furtherance to the adverse effects mentioned above, owing to poor selectivity /non-
specificity of chemotherapeutic agents against cancer cells, the other significant limitation
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is the advancement of ‘multi-drug resistance” (MDR) after prolonged exposure of drugs
(Figure 1). Cancerous cells may grow resistance against a single chemotherapeutic agent
or a combination of agents with an analogous mechanism of action but may develop into
cross-resistance against other agents with differing mechanism of actions and/or targets.
This transformation to cross-resistance against other therapeutic agents is called ‘multi-
drug resistance’ (MDR). It is due to the development of MDR that heterogeneous cancer
cells grow even in the presence of chemotherapeutic drugs. The development of this drug
tolerance is manifested in cancer cells either as modification in a potential drug target or as
augmentation of cell survival mechanisms such as DNA repair, changes in apoptotic cycles
due to changes in ceramide levels, ineffective tumor suppressor protein (p53) or activation
of cytochrome oxidases which is critical for cellular respiration [10].
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Figure 1. MDR exhibited by overexpression of Pgp transporter proteins leading to efflux of drug from cancer cells.

MDR also leads to over-expression of ATP binding cassette-based efflux transporters
which in turn reduce the drug levels in the intracellular space to suboptimal levels in the
cells (Figure 1).

The severity of side effects caused by chemotherapy, as well as the MDR phenomenon
combined with the narrow therapeutic index of anticancer drugs, severely limits the
therapeutic efficacy of chemotherapy. Furthermore, severity of side effects necessitates
dose reductions of the anticancer agent which eventually leads to inefficient therapeutic
outcomes and potential metastasis.

2.3. Radiotherapy

Radiotherapy is another prominent anticancer therapy and is characterized by the use
of high-energy radiation for the treatment of cancer. The wide application of radiotherapy
varies from eliminating tumor to reducing tumor size. One way in which radiotherapy
differs from chemotherapy is that the adverse effects of radiotherapy are localized in nature
(in proximity to the radiated area) as opposed to systemic adverse effects manifested by
chemotherapy. The side effects of radiation therapy can be classified either as early or late
effects. While early effects are reversible, late effects have propensity to be irreversible and
aggravate with time. The more involved late effects are facilitated by stromal, parenchymal,
inflammatory and endothelial cells.
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Early adverse effects are largely skin reactions such as desquamation and erythema.
On the other hand, late effects consist of conditions for example radiation-induced neuron
and blood vessel injury, atrophy and fibrosis. Fibrosis is a condition defined by buildup of
excessive collagen and extracellular matrix in and around radiated tissues. The early phase
of fibrosis is characterized by activation of cytokine cascades which yields tumor-necrosis
factor-o (TNF«), interleukins 1 and 6 and other growth factors in much similarity to the
wound healing process [11]. In contrast to a regular wound healing process, however, which
is a short-term process, fibrotic factor TNF f3 is downregulated by TNFo and connective
tissue growth factor (CTGF); the fibrogenesis in tissues continues for years, resulting in
fibrosis of tissues [11].

3. Targeted Drug Delivery Systems and Their Limitations

As mentioned earlier, chemotherapy finds its limitation in being indiscriminate, non-
specific in its mechanism of action and development of MDR. The sum of these effects
renders chemotherapy damaging to normal dividing cells and thus, causes multiple side
effects and, over prolonged exposure, becomes less effective to the tumor due to the de-
velopment of MDR. Notably, less than 10% of an anticancer drug reaches its target tumor
tissue [12]. In addition, radiotherapy primarily is localized in its effect and may lead to
fibrosis in some cases. Targeted drug delivery systems, on the other hand, specifically
target cancer cells while sparing normal cells. Most of the targeted nano drug delivery sys-
tems developed in the last few decades include liposomes, antibodies, Immunoconjugates,
Immunotoxins, and polymer conjugates among others. Some of these delivery systems
are discussed in this review with greater emphasis on liposomal drug delivery systems. It
is important to note that these delivery systems have different mechanical and physico-
chemical properties than individual constituents’ lipids, allowing these microstructures to
incorporate highly insoluble and/or unstable drugs that can be delivered in designated
dosages to the target site.

Drug delivery approaches designed for targeting tumors can be largely classified into
two main types: Active and Passive targeting approaches.

Some recent examples of anticancer liposomal drug delivery systems and their target-
ing mechanisms is provided in Table 1.

Table 1. Some recent examples of anticancer liposomal drug delivery systems and their targeting mechanisms.

Liposome

Route of

Active Ingredient/s Trade/Brand Name Composition Active/Passive Targeting Administration Indication Ref.
Hwtp53 DNA SGT-53 DOTAP/DOPE Active (Anti-Transferrin IV, in vivo, Solid tumors [13-15]
scFv) clinical
Egg derived . . . -
Docetaxel prodrug MM-310 sphingomyelin/ Active (Anti-Ephrin v, 1 VIve, Solid tumors [16-19]
CH receptor A2) clinical
Active (Anti-EGFR Fab L
DOX C225-ILs-dox DSPC/CH/mPEG- ¢ o ment from mAb C225 IV, in vivo, Glioblastoma [15,19-21]
DSPE . clinical
(cetuximab))
HSPC/CH/DSPE- Active (Anti-HER2 IV, in vivo,
DOX MM-302 PEG antibody) dinical Breast cancer [22,23]
Melanoma antigens POPC/Ni-3NTA- Active (Single domain IV, in vivo Malignant
. Lipovaxin-MM antibody (dAb) fragment S [15,24]
+ interferon-gamma DTDA (VH)) clinical melanoma
. Active (Anti-Transferrin 1V, in vivo, . .
RB94 plasmid DNA SGT-94 DOTAP/DOPE Antibody fragment (scEv) Jinical Solid tumor [15,25-27]
Active brain
DOX 2B3-101 HSPC/CH/DSPE- Active (Glutathlone 1V, in vivo, meta'sta51s, [18,28,29]
PEG ligand) clinical meningeal
carcinomatosis
Tetranfir{ne + - EPC/CH/DSPE-PEG Active (Transferrin ligand) 1V, in vivo in mice Brain glioma [19,30]
vincristine 2000
. . P, . Cervical and breast
Bleomycin - DOPE/CH Active (Folic acid ligand) In vitro X [19,31]
cancer cell lines
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Table 1. Cont.

Active Ingredient/s Trade/Brand Name CLlposo.nEe Active/Passive Targeting Rf)u.te Of. Indication Ref.
omposition Administration
DOX - DOPE/DOPC/Lecithin ~ *tive l(.GlyCOPrOtei“ IV,invivoinmice  Mousemelanoma [32]
igand) cells
DPPC/CH/DSPE- . . Human thyroid
ATRA B mPEG2000 Passive In vitro carcinoma cell lines [33]
ATRA - DOTAP/CH Passive In vivo in mice, IV Lung cancer [34]
- . Secondary acute
Dag“"rubl.cm * VYXEOS DSPG/DSPC/CH Passive IV, in vivo, FDA myeloid leukemia  [15,35-37]
ytarabine approved
(SAML)
Paclitaxel LEP-ETU DOPC/CH/ cardiolipin Passive IV, in vivo, FDA Ovarian cancer [38,39]
approved
Philadelphia
IV in vivo chromosome-
Vincristine - Sphingomyelin/CH Passive S 4 negative (Ph-) acute [40-42]
clinical .
lymphoblastic
leukemia (ALL)
Verteporfin Visudyne DMPC/EPG Passive 1V, in vivo, clinical EGFR-mutated [43-45]
glioblastoma
DPPC/MSPC/PEG . - L. Hepatocellular
DOX ThermoDox 2000-DSPE Passive 1V, in vivo, clinical carcinoma (HCC) [46,47]
Paclitaxel EndoTAG-1 DOTAP/DOPC Passive IV, in vivo, clinical Pf;‘;ff:rnc [38,48]
miR-34a - DOTAP/CH Passive 1V, in vivo, clinical Advanced solid [40,49-51]
tumors
. Metastatic
Irinotecan ONIVYDE DSPC/DSPE/CH/mPEG- Passive IV, in vivo, FDA adenocarcinoma of [52,53]
2000 approved
the pancreas
Mitomycin-C Promitil HSPC/CH/DSPE- Passive 1V, in vivo, clinical Solid tumors [54-56]
prodrug PEG
TUSC2/FUS1 REQORSA DOTAP/CH Passive IV, in vivo, clinical NO“'S‘Z‘aﬂL Z‘re” lung [57,58]
P HSPC/CH/PEG . L L. .
Eribulin mesylate E7389-LF 2000-DSPE Passive 1V, in vivo, clinical Solid tumors [15,59,60]
. DSPC/CH/PEG . R Colorectal cancer
Navelbine - DSPE Passive In vivo in mice cells [61]
Curcumin Lipocurc DMPG/DMPC Passive 1V, in vivo, clinical Metastatic tumors [62-64]
Cholesteryl
Paclitaxel PTX-LDE oleate{ Egg- Passive 1V, in vivo, clinical Opvarian carcinoma [65-67]
PC/Miglyol
812/CH
PKN3 siRNA Atu027 AtuFEg];Fgl_é(])%IShyPE/DSPE— Passive 1V, in vivo, clinical Pancreatic cancer [25]

Abbreviation: Hwtp53, human wild type p53; DNA, Deoxyribonucleic acid; DOTAP, 1,2-Dioleoyl-3-trimethylammonium-propane;
DOPE, Dioleoyl phosphatidylethanolamine; scFv, single-chain variable fragment; IV, Intravenous; CH, Cholesterol; DOX, Doxorubicin;
DSPC, Distearoyl phosphatidylcholine; DSPE, Distearoyl phosphoethanolamine; mPEG, methoxy Polyethylene Glycol; EGFR, Epidermal
growth factor receptor; mAb, Monoclonal antibody; HSPC, Hydrogenated soybean phosphatidylcholine; PEG, Polyethylene Glycol;
HER 2, Human epidermal growth factor receptor 2; POPC, palmitoyloleoyl phosphocholine; Ni-3NTA-DTDA, nitrilotriacetic acid
ditetradecylamine, nickel salt; dAb, Single domain antibody; VH, variable heavy chain; DOPC, Dioleoyl phosphocholine; ATRA, all-
trans-retinoic acid; DPPC, Dipalmitoyl phosphatidylcholine; DSPG, Distearoyl phosphoglycerol; DMPC, Dimyristoyl phosphocholine;
EPC, egg phosphatidylglycerol; MSPC, Myristoyl-palmitoyl phosphatidylcholine; DMPG, Dimyristoyl phosphorylglycerol; Egg-PC,
Egg phosphatidylcholine; PKN3, Protein Kinase N3; AtuFECTO01, 3-L-arginyl-2,3-L-diaminopropionic acid-N-palmityl-N-oleyl-amide
trihydrochloride; DPhyPE, Diphytanoyl phosphoethanolamine.

3.1. Active Tumor Targeting Approach

Active targeting at the molecular level discriminates between normal and cancerous

cells by acting upon their morphological, phenotypic, and biochemical differences. A
common active targeting approach involves ligand-receptor or antigen—antibody binding
interactions to locally deliver cytotoxic drugs to tumor cells. The precise drug delivery
mechanism in most instances is via receptor-mediated endocytosis after interaction of a
drug or a drug carrier molecule with a specific antigen/receptor. The cytotoxic agents are
associated with tumor specific ligands either directly via a carrier molecule.
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A major limitation to active targeting, however, is antigen heterogeneity. As stated ear-
lier, different kinds of cancers or even same kind of cancer expresses different biochemical
and morphological characteristics at different stages of their development which creates
heterogeneity in the antigen expression (Figure 2). Receptor density is another important
criterion to consider in active targeting. For a discriminatory effect, it is critical that the
number of receptors are over-expressed in the cancer cells as compared to normal healthy
cells (Figure 2). To illustrate this point, for enhanced breast cancer efficacy a receptor
concentration of 10° per cell of the tyrosine-protein kinase receptor (CD340) was deemed
essential [5]. Likewise, a concentration of up to 10° per cell of CD19 antigens was required
for effective targeting of B cells by anti-CD19 antibody conjugated to liposomes [68]. Be-
sides receptor density, during the development of cancer, shedding of antigens or their
down-regulation may severely alter receptor concentration on the cell surface. Moreover,
shed antigens may compete for interaction with an administered ligand, which is directed
towards antigens attached to the cancer cell surface. Depending on the level of shedding,
this phenomenon might impact the level of cytotoxic agent internalization to the cancer
cells (Figure 2) [5]. Moreover, if the ligand-receptor binding avidity is very strong then
it will impede the penetration depth of the anticancer agent in the tumor tissue due to
‘binding-site barrier” where conjugated drugs are strongly bound by the first few receptor
targets in the tumor tissue (Figure 2) [5]. As an example, it is reported that SK-OV-3 ovarian
cancer targeting by single-chain fragment variable (SCFv) was dictated by the binding
avidity of the SCFv antibody against the human epidermal growth factor 2 (HER2) recep-
tors [69]. Binding affinity of a mutant-type Fv molecule over and above 10~ M leveled off
the distribution of Fv in the targeted tissue [69].

3.1.1. Antibody and Antibody Fragments

Cancer cell targeting strategies involving antibodies have employed either whole
antibodies or their fragments. While whole (intact) antibodies are generally considered
more stable, they possess multiple binding sites. The presence of these sites makes them
vulnerable to recognition by white blood cells in the body. A common interaction and,
therefore, their clearance mechanism is the binding of their Fc domain with macrophages.
(Figure 2) [5]. This binding triggers a cascade of immunogenic reactions which leads to
rapid clearance of antibodies from the blood circulation. Mechanisms have been developed
to modify the antibodies to yield more humanized or chimeric antibodies that invoke a less
intense immune reaction; however, the development and manufacturing of such systems
have proven to be challenging. In addition, when whole antibodies are conjugated to
nano-carriers (liposomes, nanoparticles etc.) the ability to impart multivalent decoration is
severely restricted due to the steric hindrance (Figure 2).

As a potential solution, antibody fragments were introduced that have specific binding
sites such as Fab, Fv or ScFv but are relatively less stable as compared to parent antibodies.
Also, these fragments carry less binding avidity due to their monovalent binding sites.
Furthermore, attempts to use non-antibody peptides/proteins such as RGD (Arg-Gly-Asp),
folate and transferrin have yielded non-specific results due to lack of disparity or receptor
density in expression of their targets among tumor and normal tissues (Figure 2) [5].

Another alternate domain that is fast catching up is targeting using nanobodies.
Nanobodies are naturally found in camel, llama or whales and are more comparatively
stable than whole antibodies but they still have to find their clinical relevance.
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Figure 2. Limitations of active and passive targeting.

3.1.2. Immunotoxins and Immunoconjugates

Immunotoxins are either similar to antibodies or are antibodies conjugated to toxins
to render them cytotoxic. However, the whole conjugated molecule induces moderate
to severe adverse effects which limits their use. A couple of severe side effects include
high internalization in liver indicated by higher expression of liver transaminase (Figure 2).
Other notable side effects of immunotoxin therapy are vascular leak syndrome (VLS) and
influenza-like symptoms [5]. Also, blocked ricin (toxin) conjugated to anti-B4 antibody has
demonstrated anti-ricin and human anti-mouse antibody responses [5].

Immunoconjugates, on the other hand, are close analogues of Inmunotoxins where
instead of a toxin, an anticancer drug is conjugated to an antibody or protein. Antibody-
drug conjugates (ADC’s) also fall under this category. As a conjugate, the cytotoxic effect is
imparted by the cytotoxic drug while the targeting is driven by the associated antibody
or protein. There are several constraints of using immunoconjugates as a potent tool
against tumor. Prominent among these are: (a) limited number of cytotoxic agents that
can be conjugated to anchoring molecules without severely impacting its binding avidity
towards target antigen. On an average, 3—10 molecules of cytotoxic drug are known to
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conjugated to the anchoring antibody [5] (Figure 2). (b) Due to limited number of drugs
conjugated to each antibody, a high number of antibodies are required to deliver therapeutic
levels of the drug. (c) Poor localization of actives; (d) suboptimal drug release from the
conjugate; (e) ADC related toxicities e.g., gastro-intestinal (GI) toxicities caused by SGN-15
immunoconjugate [5,70] (Figure 2).

3.1.3. Immunoliposomes

Immunoliposomes are liposomes that carry targeting or anchoring ligands/antibodies
on their surface. The conjugation of targeting ligands/antibodies is achieved either by bio-
conjugation with exposed sulfhydryl groups attained after di-sulfide bond reduction [71]
or through lysine functionalization using 2-Iminothiolane [72,73], N-succinimidyl 3-(2-
pyridyldithio)propionate (SPDP) [74] or N-Succinimidyl-S-acetylthioacetate (SATA) [75].
Click chemistry of azide functionalized phospholipids with cyclooctyne modified antibod-
ies is a most recent example [76].

Immunoliposomes usually have intravascular and extravascular targets. Intravascular
targets are considered more accessible for intravascularly administered immunoliposomes.
Anti-VEGFR?2 and anti-VEGFR3 Dox loaded immunoliposomes are common examples that
have resulted in greater reduction in tumor mass in animal studies using antibodies against
vascular endothelial growth factor receptors for targeting tumor-associated neovascular
endothelial cells [77]. Other immunoliposome targets include brain, uterus, red blood cells,
and T lymphocytes among others. Anti-Transferrin receptor (TfR) immunoliposome is one
example where anti-amyloid-3 antibodies were targeted across the brain-blood barrier [78].
Anti-vascular cell adhesion molecule (anti-VCAM), anti-TfR and anti-intercellular adhesion
molecule (anti-ICAM) immunoliposomes were screened for optimizing blood to brain drug
delivery ratios [76]. Anti-oxytocin receptor (OTR) immunoliposomes were studied for drug
delivery to the uterus [79]. Additionally, Moles E. et.al investigated anti-Glycophorin A
(GPA) immunoliposomes for antimalarial drug delivery to malaria-parasitized RBCs [80,81].
Similarly, Ramana et al., attempted anti-HIV drugs loaded anti-CD4 immunoliposomes
delivery to T lymphocytes [82].

Multiple immunoliposome targets have been discussed above and are also shown in
Table 1. It is important to note that there are some fundamental challenges associated with
immunoliposomes.

Although, immunoliposomes can carry a large payload of drug molecules in their
lipid bilayer or their aqueous interior, and, therefore, have high drug to antibody ratio, on
the flipside, immunoliposomes carry only limited number of antibody molecules on their
surface due to steric hinderance. Also, the bulky and complex structure of these systems
triggers an immunological response and, therefore, enhances their systemic clearance
(Figure 2). Circulating plasma proteins form protein corona upon exposure of liposomes,
thereby triggering opsonization by complement proteins. Immunoliposomes, therefore,
are subsequently cleared from blood circulation by reticuloendothelial system (RES) in
liver and spleen [83]. Furthermore, immunoliposomes need to be optimized to contain
the effects of heterogenous tumor properties, else the efficacy may vary depending upon
several histological and microenvironmental factors as mentioned previously. Potentially,
Immunoliposomes can be decorated with two different antibody fragments to target
multiple epitopes on tumor cells, or even different cells population on the tumor tissue [84].
However, the receptor/antigen density and the affinity of the antibody for a specific antigen
or the ‘binding-site barrier” issue (Figure 2) may still pose a barrier which may lead to poor
tumor penetration and poor efficacy against cells with down-regulation of target antigens.
Designing immunoliposomes are becoming increasingly valuable and highly challenging
with the evolution of new therapeutic modalities such as like siRNA and mRNA etc., as
payloads [85].
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3.1.4. Manufacturing and Clinical Challenges of Active Targeting

A significant manufacturing challenge associated with active targeting, specifically
immunoliposomes, is the scale up of nanomaterial manufacturing process. The issue is
two pronged, firstly the large-scale manufacture of the constituent lipid-ligand conjugate
(Figure 2) and secondly, the large-scale preparation of liposomes using the constituent
lipids with consistent particle size distribution and lamellarity (Table 2). The conjugation
of lipid-ligand conjugate is usually a multi-step synthesis process that involves use of
organic solvents. This increases complexity and cost of production during cGMP (current-
Good Manufacturing Practices) scale up of the conjugate and subsequent formulation
preparation. It is important to note that the functional stability of the conjugate is important
during various processing conditions as the incorporation of nanoconjugate alters the
chemical makeup of the nano-formulation and leads to uncertainty in biodistribution,
pharmacokinetic, and pharmacodynamic profiles [86]. Another problem is the differences
in the heterogeneity in the cancer cell receptor expressions between small animals (rodents,
rabbits) to humans. The optimization of the drug product to maximize its interaction with
receptors on the cancer cell surface depends on the correlation of human vs. animal data
and hence the translation of preclinical study results into clinical studies.

Table 2. Challenges common to both active and passive targeting.

Active and Passive Targeting Challenges

Scale up liposome preparation to reproducibly achieve target product profile including
1. in vitro drug release rate, particle size distribution, lamellarity, stability, drug
encapsulation efficiency, etc.

2. Separation of raw lipids in a mixture of lipids and ability to analyze them

3 Determination of complete stability and toxicity profile of novel lipids involved in
’ formulations

4. Stability of liposomes in solution

5 Determination of biodistribution of liposomes appropriate PK/PD models to predict
' parameters in humans

6 Immunogenic reactions such as CARPA upon IV administration of liposomes have

resulted in additional layer of challenge

Abbreviations: PK, Pharmacokinetics; PD, Pharmacodynamics; CARPA, Complement activation-related pseu-
doallergy; IV, Intravenous.

3.2. Passive Tumor Targeting Approach

Passive targeting approach is distinct as it does not utilize a ligand /receptor or an-
tibody/antigen interaction but rather exploits physiological characteristics of the tumor
micro-environment. Passive targeting largely exploits the ‘Enhanced Permeation and Re-
tention” effect (Figure 3) for the localization of drugs in the tumor tissue. The enhanced
permeation (localization) of nano drug delivery systems in the tumor occurs due to fen-
estrated tumor blood vasculature. Once permeated in the tumor environment nano drug
delivery systems are retained at the target site due to poor lymphatic drainage.

It is worthwhile to note that while passive targeting eliminates some of the issues
of active targeting (e.g., antigen heterogeneity, receptor density, etc.) it brings its own
limitations to the cancer therapy. To cite a few examples: low drug release at target site,
high systemic clearance of surface charged nano drug delivery systems (Figure 2) and
the need for either external stimuli i.e., heat, light and /magnetic field at the tumor site or
endogenous stimuli i.e., pH, hypoxia etc., to trigger drug release (Figure 2). Only liposomal
drug delivery systems and their external drug release trigger mechanisms are discussed in
detail in this review.
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Figure 3. ‘Enhanced Permeation and Retention’ effect exhibiting enhanced permeability of liposomes in inter-tumoral space.

3.2.1. Traditional Liposomes

Historically, very early liposomes i.e., traditional liposomes introduced in the 1960s
were devoid of any biocompatible polymer coating on their surface. Upon administration
to systemic circulation, traditional liposomes trigger immune response by mononuclear
phagocyte system (MPS). This activation of the immune system is indeed exploited in
treatment of some bacterial/fungal infections of the immune system. A standard ex-
ample is liposomal amphotericin B which is targeted to fungus-infected macrophages.
This liposomal drug was primary line of treatment during recent SARS-COV-2 related
fungal infections in India [87]. Beyond targeting the MPS system, traditional liposomes
find little significance in targeting tumor cells due to rapid recognition and clearance by
macrophages [88,89].

At the molecular level, cationic liposomes are more prone to recognition by MPS
because of their affinity towards negatively charged serum proteins. Serum protein bound
liposomes have tendencies to trigger the MPS system owing to their bigger size. As an
example, cationic liposomes prepared with equimolar mixture of cationic lipid 1,2-dioleyl-3-
N,N,N-trimethylaminopropane chloride (DOTMA) and neutral lipids i.e., DOPE or DOPC
have propensity towards serum protein binding as depicted by their protein binding (PB)
value 500g protein/mol or higher [90]. In a similar study, keeping DOTMA up to half of
the total lipid composition of liposomes resulted in very strong plasma protein interactions
that triggered formation of clots [91]. Moreover, liposome formulations prepared with
another cationic lipid i.e., N-N-dioleoyl-N,N-dimethylammonium chloride (DODAC) and
DOPE showed a very high PB value of 800g protein/mol and subsequently poor apparent
half-life of only a few minutes [90]. Cationic liposomes even higher PB values of up to
1100 g proteins/mol have also been reported [90,92].

To enhance the circulation half-lives of liposomes various approaches have been im-
plemented. One such approach is to alter the surface charge composition of liposomes by
addition of a negatively charge lipid phosphatidyl inositol to the liposomal formulation
which stabilizes the liposomes in vivo [93]. Liposomes prepared with hydrogenated phos-
phatidyl inositol /phosphatidyl choline/cholesterol (HPI/HPC/CH) exhibited an apparent
half-life of 15.5 h of encapsulated doxorubicin as compared to 1 h of traditional liposomes
prepared with egg-originated phosphatidyl glycerol (PG), phosphatidyl choline (PC) and
cholesterol [93].

3.2.2. Stealth Liposome

Since high blood clearance of traditional liposomes was a major challenge, as a break-
through to this problem, liposomes grafted with a biocompatible polymer that could evade
immune recognition were introduced. Polyethylene Glycol (PEG) is one such example of
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a biocompatible polymer. Presence of the PEG-lipid conjugate allows for formation of a
sterically stabilized hydrophilic aqueous shell that renders the liposomal system evasive
to the immune system. Due to the steric stabilization imparted by the PEG layer, serum
protein binding blood clearance of the liposomes is greatly reduced. The PEG coated
liposomes are, therefore, called ‘Stealth Liposomes’ (SL) due to evasive nature of these
systems.

A commercially available relevant example of a stealth liposome (SL) is ‘Doxil” (Figure 4).

Doxorubicin

14

Polar lipid

L

Polyethylene Glycol

H\EO/\]ZOH

Figure 4. Doxil coated with Polyethylene Glycol.

An example of significant improvement in the performance of a drug using SL tech-
nology is Epirubicin. Administration of un-encapsulated Epirubicin causes rapid blood
clearance of the drug yielding a very short half-life of only 14 min. On the contrary,
the half-life of an encapsulated form of the drug was significantly higher i.e., 18 h [93].
This improvement was also reflected in the bioavailability of the drug where the AUC of
encapsulated form showed more than 200X increase than the un-encapsulated form [93].

Other important marker of the immune system avoidance is the measure of PB. It
has been reported that addition of a PEG layer markedly lowers the PB value [90,94].
To cite a few examples, traditional liposomes composed of egg-PC/CH/1,2-dioleoyl-sn-
glycero-3-phosphate (EPC/CH/DOPA) and DSPC/CH in a mol ratio of 35:45:20 and 55:45,
respectively, had PB values of 46 and 19, respectively. However, upon the addition of 5% of
a PEGylated lipid i.e., 1, 2-Distearoyl-sn-glycero-3-phosphoethanolamine-Poly(ethylene
glycol) (DSPE-PEG), to the respective formulations, reduced the PB values to 25 and 7,
respectively [90]. Similarly, blood cell binding of glass coated DPPE/DSPE-PEG liposomes
significantly reduced as the level of PEGylated lipid DSPE-PEG in the liposomes was raised
from 0 to 1 mol% [94]. The rate of cell binding, however, reduced with higher levels of
DSPE-PEG added to the liposome [94].

Although implementation of PEGylated lipids has largely improved the circulation
half-life and localization of liposomes in target tissues, there are major drawbacks associ-
ated with the SL technology. Since the steric hinderance imparted by PEG limits liposomal
binding to immune cells, equivalently, it also limits the binding and subsequent internal-
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ization to tumor cells once liposomes have extravasated to tumor environment (Figure 2).
It was reported that a Te parameter i.e., AUC tumor/AUC plasma ratio was nearly three-
fold lower for PEGylated liposomes (DSPC/CH/DSPE-PEG) as compared to traditional
liposomes DSPC)/CH in C26 tumor bearing mice [95]. Similarly, in the Lewis lung model
study using DSPC/CH and DSPC/CH/PEG-PE, Te values for the PEGylated liposomes
were approximately half of the non-PEGylated liposomes [96].

Due to reduced internalization of liposomes by tumor cells, once reaching the tumor
tissue, the drug release largely relies on passive diffusion of drug to extra-liposomal space,
which is a slow process and leading to sub-optimal levels of an anticancer drug in tumor.

3.2.3. Requirements of Stimuli Induced Drug Release

To significantly increase drug release from liposomes accumulated in a tumoral space,
endogenous triggers or external triggering mechanisms have been envisioned. Endogenous
triggers in the tumor micro-environment are acidic pH, hypoxia, enzymatic degradation,
etc. The major limitations of endogenous triggers are chemical instability of pH sensitive
lipids [4,97], poor hypoxic heterogeneity in tumors [98,99] and less reliable enzyme hetero-
geneity in tumors [100]. Barring enzyme heterogeneity issue in the tumors, peptide-based
supramolecular assembly /disassembly provides an interesting trigger mechanism that can
retain the drug cargo in blood circulation and release upon enzymatic hydrolysis in the
tumor environment [101,102]. One such study was performed by Kalafatovic et al. [103]
where a peptide micelle was converted to fibrillar nanostructures to trigger drug release.
The trigger for such conversions is change in the hydrophilic-lipophilic balance triggered
by enzymatic hydrolysis. In an interesting approach, to avoid heterogeneity in tumor
environment by utilizing all the above endogenous triggers (i.e., pH, redox potential
and endogenous proteinase concentration), Zhang et al. [104] developed a protein based
nanospheres for triggered release of encapsulated Chlorin e6.

External triggers, on the other hand, complicate the therapy by requiring external
clinical intervention and thereby creating gross patient incompliance. In this review,
external trigger mechanisms such as application of ultrasound, light and temperature to
trigger drug release are discussed in detail.

Ultrasound Induced Triggered Release

Ultrasound (US) are mechanical longitudinal waves propagate due to pressure changes
in the medium with a periodic vibration of frequencies higher than the human audible
range of 20 kHz [105]. Drug release by US is due to different mechanisms such as cavi-
tation, acoustics and hyperthermia [106]. Cavitation and acoustics related mechanisms
are more widely used and discussed here. VanOsdol and colleagues utilized ultrasonic
cavitation for DXR drug release by incorporating perfluoropentane gas (PFP5) in lipo-
somes [107]. They observed that microbubble formation by using PFP5 was able to increase
the drug concentration to target tissues to 1.4 times upon the use of high intensity fo-
cused ultrasound (HIFU). Another prominent drug release mechanism by acoustics and
is well demonstrated by acoustically active liposomes (AAL). AAL’s possess air pockets
that may expand upon pressure change and upon exposure to US radiation. The ex-
pansion of air pockets leads disruption of liposomal membrane and, therefore, release
of encapsulated contents. A significant benefit of this trigger mechanism is that it is a
non-invasive technique which can be controlled. Besides triggering drug release from
liposomes, this technique can also alter the permeability of cell membrane [108,109]. A
prominent example of AAL's is calcein-loaded liposomes prepared from EPC/DPPE/1,2-
Dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG)/CH at a molar ratio of 69:8:8:15 [108].
The calcein release was shown to be well controlled, however, encapsulation efficiency of
these liposomes was very low (< 20%) [108]. Additionally, such systems have not been
tested for encapsulation and the release of hydrophobic drugs that localize in the lipid
domains of the liposomes rather than aqueous interiors of liposomes.
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Light Induced Triggered Release

Another important trigger is the application of light for drug release. A study con-
ducted by Leung et al. [110] explored triggered release by light induced chemical changes in
the lipid constituents of the liposomes. Broadly, these changes include photo-isomerization,
photo-cleavage or photo-polymerization of photo-sensitive lipid constituents of the lipo-
some membrane. A majority of photo-sensitive liposomes incorporate isomerizable lipids
that can convert form one isomeric form to the other upon light activation. A promi-
nent example of these liposome includes the ones that are prepared by azobenzene lipid.
Azobenzene can isomerize to cis form upon exposure to UV-light and converts back to the
transform upon exposure to visible (blue) light [110] (Figure 5).
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Photo-isomerization

e iy
S geee™s A phd
[ 5 ' ~@ Photo-activation .*:.oo Oe-_°
.;9:. ~® :z @ 000 ~@

e
o
G 7

Figure 5. Drug release from liposomes by photo-isomerization of lipids.

This isomerization of lipids disrupts membrane structure and releases encapsu-
lated contents. Besides azobenzene, light sensitive liposomes composed of retinoyl-
phospholipids [111] and spiropyran, which converts to merocyanine at lower visible
365 nm, have also been tested [112]. The major challenge with photo-isomerization is that
the wavelengths required to photo-isomerize the photosensitive lipids fall in lower visible
spectrum which have poor penetration depth in the body.

Another trigger mechanism that uses light activation is inclusion of photo-cleavable
lipid constituents in the liposomal membrane [110] (Figure 6). Photo-cleavable lipids essen-
tially break-down upon exposure to lipid and thence disrupt the membrane structure. The
cleavage upon light exposure causes changes in the hydrophilicity of the lipid constituents
which are, therefore, not able to retain membrane structure and allow for drug release. Sim-
ilar use of photocleavable lipids derived from plasmalogen have also been reported [113].
Effect of photo-cleavage may be assisted by use of photosensitizers molecules such as tin
octabutoxyphthalocyanine, zinc phthalocyanine, or bacteriochlorophyll a. [114].
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Figure 6. Drug release from liposomes by photo-cleavage of lipids.

The photosensitizer molecules, however, result in the formation of reactive oxygen
species in the body which may compromise patient safety [4].

Furthermore, dithiane-based lipids have also been reported to increase the drug release
from liposomes [115,116]. In an interesting report, a synthetic DOPE-based photocleavable
lipid NVOC-DOPE was transformed to DOPE upon exposure to xenon lamp, causing
subsequent liposome membrane disruption [117]. Yavlovich, et al., have also investigated
the inclusion of 2-nitrobenzyl lipid derivate of PC, named NB-PC in liposomes for the
photo-cleavage triggered release. Nile red was found to increase its release relative to the
concentration of NB-PC in the liposome upon UV irradiation at 350 nm [118].

Photo-polymerization is another light triggered drug release mechanism [110,111]
(Figure 7) where polymerization of lipids upon activation by light causes pairing of photo-
polymerizable lipids on the liposome surface creating loose pockets on liposome surface
from where drugs may escape the liposome interior. Formation of these loose pockets on
liposome surface is also aptly illustrated by the polymerization of a lipid 1,2-bis [10-(2’ 4’-
hexadienoyloxy)-decanoyl]-sn-phosphatidylcholine (bis-SorbPC) after upon UV exposure
which resulted in more than 100X increase overall release of a fluorescent molecule [111,119].
Similarly, Yavlovich and co-workers demonstrated much higher MCE-7 breast cancer
cell inhibition using 514 nm light exposure after delivering by doxorubicin loaded in
liposome containing photopolymerizable lipid 1,2-bis (tricosa-10,12-diynoyl) sn-glycer-3-
phosphocholine (DC 8,9 PC) [120].

The UV wavelength required to trigger the release may be tuned by inclusion of pho-
tosensitizing dyes such as 1,1’-dioctadecyl-3,3,3,3’- tetramethylindocarbocyanine iodide in
liposomes towards the higher UV wavelengths that are considered biologically safe [111].

Photo-polymerization is an intriguing concept, however, there are a few limitations,
such as the stability of polymerizable lipids in aqueous suspensions have not been tested
yet [111], and more importantly, the penetration depth of UV light in human subjects
remains a challenge.
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Figure 7. Drug release from liposomes by photo-polymerization of lipids.

Additionally, in an interesting photo-oxidation approach using Bacteriochlorophyll/
diplasmenylcholine (Bchl:DPPIsC) liposomes, it was reported that photo-oxidation in-
duced drug release is severely impacted by hypoxic (low Po2) tumor environment [121].
Poor photo-oxidation leads to development of physiologically favorable atmosphere for
growth of non-apoptotic cells [121]. Other such approach of utilizing photo-oxidation
include the addition of photochemical agents such as Porphyrin-phospholipid (POP),
talaporfin sodium (TPS) and Indocyanine green and octadecylamine (ICG-ODA) in combi-
nation of oxidation sensitive lipids containing liposomes such as DOPC, cholesterol and
1-(1z-octadecenyl) -2-oleoyl-sn-glycero-3-phosphocholine (PLsPC) and have reported in
better cytotoxicity upon photo-exposure conditions. All the photo-oxidative approaches,
nevertheless, require external stimuli imparted by near infra-red application [122,123].

Hyperthermia Induced Triggered Release

A different technique to trigger drug release after localization of liposomes in the
tumor tissue is by application of heat. This approach is significant as it provides a variety
of advantages. Firstly, the application of heat enhances the blood vessel permeability at
the tumor site which causes enhanced extravasation of liposomes (Figure 8). Secondly,
it triggers the drug release from liposomes in the vicinity of the tumor (Figure 8) and
thirdly, it enhances the blood flow and increases the drug uptake. One such drug release
mechanism was implemented for the release of Neomycin [124].

A common approach to enhance drug release using thermos-sensitive liposomes is
the inclusion of lower melting lipids in the liposome composition. In some examples, the
application of heat induces trans to a gauche conformational change of the constituent
lipids at their transition temperature [125]. This transitions the gel phase of the lipid
bilayer to the fluid phase and triggers the rate of drug diffusion and hence the drug release
enhancement (Figure 9) [125]. It is, however, important to note that a homogenous or
nearly homogenous composition of bilayer by inclusion of lower melting lipids such as
1,2-Dipalmitoyl-sn-Glycero-3-Phosphatidylcholine (DPPC) (MP = 41 °C) have resulted in a
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less than optimum drug release [125]. One challenge with having a low melting lipid is that
the drug cargo is poorly retained during blood circulation due to a less rigid membrane
structure. Furthermore, inclusion of lipids with different melting temperatures and carbon
chain lengths results in the creation of membrane packing heterogeneity and, therefore,
increases drug release. Such heterogeneity was depicted by the broadening of peaks in
differential scanning calorimetry in liposomes composed of DSPC (MP = 53 °C) and DPPC
lipids [126]. It should be, however, be noted that higher melting lipids would require
higher temperatures to induce drug release (higher than 43 °C) which may cause necrosis
to normal tissues in the vicinity of the tumor tissue [125]. According to one report necrosis
on porcine muscle was initiated after 30 min. of heat application at 4043 °C [127].
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Figure 8. Enhanced liposomal extravasation and drug release at tumor site upon application of heat.

It, therefore, remains a challenge to fine tune the drug release at mild hyperthermia
conditions (39-41 °C) for efficient drug cargo release.

Another heat triggered drug release approach is inclusion of lyso-lipids as lipid
constituents of thermo-sensitive liposomes. Lyso-lipids have a heavier head group with a
single carbon chain and due to this typical structure, these lipids would characteristically
form micellar structures. When incorporated into liposomes these lipids gain translational
movement upon heating to their transition temperature and form early melting pockets on
the membrane surface. These pockets arrange into micelle-like curved structure at these
pockets which essentially create for enhanced drug release (Figure 10) [125]. Provided that
lyso-lipids are included in appropriate ratios, it has been shown that these lipids effectively
lower the phase transition temperatures required for triggered release. Liposomes prepared
with 10 mol % of the Mono Palmitoyl Phosphatidyl Choline (MPPC) (lyso-lipid) lead to
change in phase transition temperature to 39-40 °C from 43 °C and subsequently a very fast
drug release i.e., nearly 50% after 20 s of exposure at 42 °C [128]. The rapid drug release,
therefore, enables shorter heat exposure times which subsequently decreases the possibility
of initiation of necrosis in normal tissue in the vicinity of the tumor [125]. However, the
challenge with lyso-lipid liposomes is their in vivo stability, lyso-lipids impart instability to
liposomal structure due to desorption of lyso-lipid while liposomes are in blood circulation.
It has been reported that after 1 h of injection up to 70% of the lyso-lipids were desorbed
from the liposome surface [129,130] and the amount of drug released recovered from
liposomes mice plasma after 4 h of injection was significantly low [129]. Although, in
a 2020 study, a phase clinical data of ThermoDox® formulation of DPPC:MSPC:DSPE-
PEG2000 (86:10:4 molar ratio) were announced but the in vivo stability in pigs suggest an
estimated half-life of only 4.8 h. [131,132].
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The instability of lyso-lipid based liposomes, therefore, significantly reduces the
thermo-sensitive feature of these liposomes.

Another limitation with heat triggered release is that it can only impact tumors that
are located close to the body surface as compared to deep seated tumors because of higher
temperature requirements to reach the desired temperature differential. Attempts to insert
electrodes (microwave and radiofrequency) to deep seated tumors remain impractical due
to the insertion depth and invasive nature of these procedures [125]. As an alternative
ultrasound with a controlled focal zone were developed but regardless, monitoring of
temperature would still require temperature probes penetrated into the tumor environ-
ment [125].

Also, heat trigger imparted by microwave and radio wave applicators is limited due
to the therapeutic depth of only up to 3 cm [128].

Triggered Release by Magnetic Field from Magnetic Liposomes

Magnetic field is another mechanism that can trigger drug release from liposomes. In
one study drug release was triggered by including iron oxide in the liposome membrane
bilayer (Figure 11), which catalyzed local heating upon application of the magnetitic field.
The local heating led to membrane disruption and, therefore, drug release [133].

Iron oxide
nanoparticles

;-

¢.0°

Figure 11. Iron oxide nanoparticles incorporated in lipid membrane.

Similarly, nearly 70 % of the drug Adriamycin was released when a ferromagnetic
material was incorporated in liposome membrane bilayer at a ferro—colloid concentration
of 1.2 mg Fe/mL [134].

In an interesting approach, liposomes were directed to tumor tissue by entrapping
magnetite particles and then by applying a magnetic field on the target tissue [135].

In studies using Syrian male hamster limbs, under the influence of a study magnetic
field in doxorubicin concentration increased 3X to 4X in tumor upon intravenous admin-
istration of magnetic liposomes [135]. Instead of having an externally placed magnetic
field in the above examples, a non-magnetic alloy was rather placed directly in the tumor
in another similar study using a limb tumor model [136]. A clear distinction between
Adriamycin release with and without magnetic field was observed [136].

Additionally, a clear effect of the magnetic field on radiolabeled albumin loaded
liposome was observed in rat models. Precisely, a samarium cobalt magnet was placed
in the left kidney of rats and, therefore, showed a 25X increase in radioactivity in the left
kidney compared to the right kidney which had no magnet [137].
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In an interesting example, a 1.7X increase in cargo release at the tumor site was ob-
served by using magnetic liposomes prepared with bacterial magnetic particles containing
cis-diamminedichloroplatinum (II) as compared to magnetic liposomes prepared with
synthetic magnetic materials [138].

Furthermore, in a unique dual targeting study, magnetic liposomes first targeted blood
cells followed later magnetically directed to the brain for delivery of the cargo [139].

Although a variety of approaches have been employed, the application of the mag-
netic field has, until now, limited the use of magnetic liposomes due to gross patient
incompliance.

3.3. Manufacturing and Clinical Challenges Common to Both Active and Passive Targeting

Besides requirements of triggered release and limited payload release at the site of
action due to a multitude of reasons mentioned hitherto, active and passive targeting
also presents manufacturing and clinical challenges (Table 2). The product related char-
acteristics (in vitro drug release rate, particle size distribution, lamellarity, stability, drug
encapsulation efficiency, etc.) obtained in a laboratory with a millimeter scale of the product
should be reproducible when the product is scaled up in liters and should still maintain
the same physicochemical properties and conform to the product release specifications.
The manufacture, stability, degradation products, source and characterization of the lipidic
components of the liposomes should be appropriately characterized prior to regulatory
filing. In case of commercially available lipids, determining the positional specificity of
acyl side chains is required and critical. In case of natural lipids (e.g., egg lecithin), the
purification of the lipids is a challenge, and the composition of fatty acid requires robust
analytical methods (Table 2). In addition, the analytical method should be qualified to
distinguish and identify the lipid of interest in a mixture of lipids. Another crucial require-
ment is the determination of the amount of divalent cation and the counter ion content.
The drug substance to lipid ratio at critical manufacturing unit operations is necessary and
should be accurately and precisely determined to ensure consistent drug loading and drug
release.

In addition, the approval of generic passively targeted liposomal products remains
a challenge. The differences in the efficacy of lipodox which was launched a generic
equivalent to Doxil has posed questions on the bioequivalence of the product in clinical
trials [140]. The exact reason behind the difference although remains unknown.

Furthermore, the Pharmacokinetic/pharmacodynamic (PK/PD) profile of the lipo-
some formulation is different from other conventional dosage forms. It is well known that
the pharmacokinetic profile of liposomal amphotericin is different from the PK of ampho-
tericin free drug [141]. It has been observed that the renal and fecal clearance of liposomal
amphotericin is 10 times lower than the non-liposomal formulation [141]. The PK disposi-
tion of the drug depends on the PK of the liposomes which in turn depends on binding or
fusion with plasma proteins and mononuclear phagocyte system (MPS), drug retention af-
ter dilution in the blood circulation and at low pH tumor environment [142-144]. Therefore,
measuring the plasma concentration itself cannot be used to determined bioavailability.
It should be noted that current FDA guidelines mandate that the bioanalytical method
can determine both encapsulated and un-encapsulated drug content for product approval
purposes. Early in the product development phase, radiolabeled liposomal products can
be used for mass balance studies of plasma, urine and fecal samples to determine the PK
profile. For liposomes not designed to be labeled, the quantitation of liposome accumula-
tion in the tissue requires validated analytical methods that include tissue harvesting or
organ isolation [145] and, therefore, pose a challenge in precise quantitative determination
of liposomal accumulation and uptake by tumor tissues. This creates hurdles in translation
from pre-clinical to clinical performance and, therefore, requires highly predictive models
(Table 2).

In addition, formulation-based effects viz. size and method and level of drug loading
on biodistribution of liposomes should also be considered, the release rate of drug using
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same lipid composition might provide different efficacy and safety profiles and mere more
accumulation of liposomes at the tumor site cannot guarantee higher efficacy levels [146].

The rate of drug release and retention of the encapsulated drug depends on its physical
state. When drug is precipitated inside the liposome carrier then the drug release is slower
compared to when the drug is stored in solution form. The salt used to retain the drug
also affects the encapsulation efficiency and drug release rate. Manganese sulfate has been
known to be more effective in doxorubicin retention due to formation of complex rather
than the ammonium sulfate salt [147].

As for the IV administration of liposomal formulation, the introduction of nanopar-
ticles in the blood circulation stirs up stress reaction which is manifested in the form
of activation related pseudo-allergy (CARPA) (Table 2). CARPA is caused as a result of
nanoparticles entering the bloodstreams that are perceived as pathogenic organisms by
the body. CARPA is managed by altering the rate of infusion, co-administering immune
suppressants and employing less reactive infusion protocols [148-150]. CARPA has now
gained attention by regulatory agencies and is perceived as safety risk in IV administra-
tion of liposomes [148]. European regulatory agency has now introduced CARPA test in
pre-clinical test as a recommendation in development of generic liposomal formulations.

4. Need for Better Pre-Clinical and Clinical Strategies

Effectively translating preclinical research to clinical research is the need of the hour.
Often, preclinical studies are conducted with a handful of liposome preparations; it is
important to be able to perform high throughput screening of liposomes to comprehend
biological and cellular interactions. Kelly et al. [151] have reported a number of cell inter-
action, toxicity and immune reactivity studies using high throughput methods. With the
frequent use of well-developed high throughput techniques, correlation of biodistribution
of liposomes and their PK/PD profile can be developed. The correlation of the PK/PD data,
biodistribution and the efficacy data are of paramount importance. The determination
of pharmacokinetic and tissue distribution profile is very critical for safety and efficacy
determination of liposomes as the biodistribution is formulation specific and traditional
bioequivalence studies may not interpret true biodistribution. The biodistribution pro-
file of the liposomes is a key product of the formulation characteristics of a liposome. It
has been known that the small size liposomes (< 100 nm) can reach deeper into tumor
spheroid models [152]. It has also been known that the PEG coated liposomes have limited
interaction with cancer cells compared to liposomes without any steric (Figure 2). This is
especially helpful in segregating the effectiveness of the carrier in reaching the target and
penetrating the tumor with the anticancer efficacy of the encapsulated drug.

The efficacy data experimentally determined should be extrapolated to humans us-
ing predictive computational /mathematical modeling. High throughput techniques and
physiologically based pharmacokinetic modeling can also be developed for experiments
involving in situ whole organs to understand biodistribution kinetics and predict PK
parameters in humans.

A lot of work at the pre-clinical stage is performed using pharmacokinetic modeling
tools, however, validated pharmacodynamic concentration vs. effect modeling systems
need to be developed and implemented.

5. Conclusions

In this review, challenges and limitations associated with conventional anticancer
therapies viz. chemotherapy, radiotherapy and cancer surgery were reviewed. Cancer
targeting (active or passive targeting) as an alternate and break-through to some of the
problems associated with the non-specificity of conventional therapies were discussed.
While there is a certain appeal to using active targeting, as it is directed to the tumor,
nonetheless antigen and receptor heterogeneity, immunogenicity, drug encapsulation level,
etc., remain a problem. Moreover, passive targeting resolves some of the problems such
as immunogenicity, these systems rely heavily on drug release triggering mechanisms
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(either external or endogenous stimuli). External stimuli were discussed in detail and are
considered as either poorly effective or generate gross patient compliance issues. Lastly,
there are manufacturing and clinical challenges associated with both active and passively
targeted liposomes. In this regard, the need for robust analytical methods to determine
biodistribution, PK and PD profile of liposomes was highlighted in addition to a critical
gap between efficient preclinical to clinical efficacy predictive modeling.

We believe that while presenting the issues with current anticancer therapies, we also
highlight the potential opportunities that will encourage further research in this area.
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Abstract: Phenolic compounds are a large, heterogeneous group of secondary metabolites found in
various plants and herbal substances. From the perspective of dermatology, the most important bene-
fits for human health are their pharmacological effects on oxidation processes, inflammation, vascular
pathology, immune response, precancerous and oncological lesions or formations, and microbial
growth. Because the nature of phenolic compounds is designed to fit the phytochemical needs of
plants and not the biopharmaceutical requirements for a specific route of delivery (dermal or other),
their utilization in cutaneous formulations sets challenges to drug development. These are encoun-
tered often due to insufficient water solubility, high molecular weight and low permeation and/or
high reactivity (inherent for the set of representatives) and subsequent chemical/photochemical
instability and ionizability. The inclusion of phenolic phytochemicals in lipid-based nanocarriers
(such as nanoemulsions, liposomes and solid lipid nanoparticles) is so far recognized as a strategic
physico-chemical approach to improve their in situ stability and introduction to the skin barriers,
with a view to enhance bioavailability and therapeutic potency. This current review is focused on
recent advances and achievements in this area.

Keywords: biologically active compounds; dermal drug delivery; liposomes; nanoemulsions; nanos-
tructured lipid carriers; polyphenols; phytophenols; solid lipid nanoparticles; skin permeation

1. Introduction

Phenolics are a large group of secondary metabolites comprising one or more phenolic
rings in their chemical composition [1]. The myriad structural variations determine an
inherent diversity and heterogeneity in the group. The over 8000 identified represen-
tatives of herbal/vegetable origin differ in the number of phenolic rings and phenolic
groups, the presence of other substitutes of the H-atom/s in the aromatic core, and the
level of saturation/dehydration [2,3]. Subgroups are the simple phenols (phenolic acids,
alcohols, and others), the flavonoids, anthraquinones, naphtoquinones, acetophenones,
xanthones, stilbenes, tannins, phloroglucinols, and lignans [2,3]. Despite the structural
variety, the majority of phenolics exhibit antioxidant, anti-inflammatory, and antimicrobial
activity in vivo [4-6], to which they principally owe their therapeutical potential in the
treatment of series of health disorders [7]. Furthermore, such a pharmacological profile
justifies the increasing interest in the utilization of phenolic compounds in cosmetics for
esthetic purposes (antiaging, antihyperpigmentation products, and others) [8-11]. From
the clinical perspective of dermatology, the local or systemic application of phenolic com-
pounds may contribute to the cure or prevention of many skin diseases. Among them
are cancerous or precancerous conditions, acne vulgaris, allergies, rosacea, atopic dermati-
tis, psoriasis, vitiligo, wounds, and many more [12]. Widely explored members of the
phytophenolics group in the therapy of dermatological problems include caffeic, ferulic,
chlorogenic, coumaric and gallic acids, resveratrol, catechins, quercetin, rutin, kaempferol,
curcumin, luteolin, hypericin, hyperforin [2,13-16]. Many other potent representatives, as
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well as herbal extracts rich in phenolic content, have fallen under the therapeutic focus of
skin diseases/disorders. However, the main setbacks to the dermal delivery of phenolic
compounds appear to be their chemical instability and potential discrepancy with the bio-
pharmaceutical requirements for this route of application [17,18]. Dermal drug transport is
dictated, to a large extent, by the physico-chemical particularities of the active ingredients.
Extreme polarity or strict hydrophobicity, high molecular mass, the presence of ionizable
functional groups and their dissociation at the physiological/pathophysiological pH of
the skin layers are all prerequisites for limited cutaneous permeation of the drug [19,20].
Since one or more of them are intrinsic for the majority of phenolic compounds, they do
not always represent the best candidates for dermal transport [21,22]. Another limitation is
often set by insufficient chemical stability of particular representatives [23,24] (e.g., resvera-
trol [25-27], hypericin [28,29], hyperforin [30-32], quercetin [33-35], cathehin [36-38]), for
which precise control over the selection of dermal vehicles and technological operations for
drug introduction in preformulation stage is required. It is worth mentioning that physico-
chemical properties, skin permeation, and chemical stability of phenolics are strongly
affected by the presence of the glycoside part attached to the aglycone, and its type [39,40].
Most often, but not always, the phenolic aglycons are preferred for dermal delivery as a
result of their higher permeability coefficient and skin deposition, unless pharmacologi-
cal/toxicological reasons or stability considerations direct the choice of researchers in favor
of a glycoside form [21,41-43].

The inclusion of active pharmaceutical ingredients in drug delivery systems is the
contemporary approach to overcome problems such as poor solubility, stability, and perme-
ation [44-46]. Indisputably, lipid-based nanoparticles are among the most attractive drug
carriers in the field of dermal and transdermal drug delivery [47,48]. This is in compliance
with their structural similarity to skin barriers and compatibility with the majority of der-
mal bases. The nanotechnologies in question are based on the physico-chemical interaction
between liquid, soft or hard lipids (phospholipids, mono, di or triglycerides, fatty acids
or alcohols, waxes, cholesterol) and surfactants, in the presence or not of other excipients
under different type of processing [49]. Depending on the nature of the lipids, the experi-
mental conditions, and the ingredients ratio, nanosized aggregates may occur with different
morphology, from liquid core-elastic wall vesicles (liposomes, niosomes, ethosomes) to ther-
modynamically stable liquid-in-liquid systems (nanoemulsions) or variously structured
solid or soft particles (solid lipid nanoparticles or other types of nanostructured lipid carri-
ers). However, all of the above-mentioned lipid-based nanocarriers possess some universal
features, such as the ability to modify drug release, encapsulate efficiently hydrophobic
molecules (and some hydrophilic ones, as well), improve drug solubility and permeation,
and increase drug stability by providing a protective microenvironment [47-49]. As the
lipid-based nanotechnologies often involve steps in preparation at higher temperatures
and/or sonication [50], the chemical stability of the active compounds under such condi-
tions should be investigated and considered. This is highly relevant, although not widely
discussed for the phenolic compounds and their introduction to lipid-based nanostructures.

2. Phenolic Compounds

The term “phenolics’ relates to all biologically active compounds having at least one
phenolic ring in their structure. Being a major class of secondary metabolites with a vi-
tal role in growth regulation, defense, and signaling, they are widely distributed among
the plant kingdom [51,52]. Phenolic compounds originate from the shikimic and acetic
acid biosynthetic pathways. Besides being united by a common genesis, and, therefore,
elements in the structure [53], the representatives of this group share similarities in their
pharmacological activity, mechanism of action, and therapeutic effects. An essential qual-
ity of phenolics is the reduction of oxidative stress in vivo [4,5] by scavenging reactive
oxygen and nitrogen species (ROS, RNS) and free radicals, inhibition of key enzymes
(xanthine oxidase, lipoxygenases, cyclooxygenases, monoamine oxidase, nicotinamide
adenine dinucleotide phosphate oxidase and other), suppressing ROS/RNS generation,
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activating natural antioxidant systems (as superoxide dismutase, catalase, glutathione
peroxidase [13,54]) and chelating metal ions (well-known to act as catalysts of oxidation
processes [55]) [13,56,57]. The antioxidant ability of phenolics is determined, in the utmost,
by the presence of electron-donating phenolic group/s, whereas the electron-donation pro-
cess is highly dependent on the electron-density distribution in the aromatic core and thus
the nature of the other substitutes in the structure [58,59]. Phenolic compounds are known
to build stable radicals after neutralizing reactive species and free radicals, and terminate
the oxidative chain reactions by interaction with one another [60]. Since oxidative stress is
a fundamental element in the genesis of inflammatory, allergic, oncogenic, and atherogenic
pathologies [61-64], the emphatic antioxidant properties of phenolics are the underlying
prerequisite for their numerous health benefits in humans. It is known that many molecular
mechanisms other than antioxidant activity are involved and contribute to the anticancer,
anti-inflammatory, antiallergic, immunomodulatory, antimicrobial, antiaging /regenerative,
antiatherogenic, and vasoprotective potency of phenolics. However, they are particularly
related to the individual structures, the presence, and the type of glycoside parts, which
we discuss below by groups and members. More importantly, the mechanisms of action of
phenolics suit the functional and structural deficiencies related to many skin diseases and
conditions, wherefore they are widely investigated and applied in the field of dermatology.

3. Fields of Application of Phenolic Compounds in Dermatology

The prevalence of skin diseases has substantially increased in recent years (by almost
50% for the past three decades) [65,66]. Today, they represent the fourth most common cause
of all human diseases and affect approximately one-third of the world population [67].
The need exists for new therapeutic alternatives to be sought, as the treatment of the
most frequently encountered skin disorders often includes the local or systemic use of
steroids and antibiotics, both known to exhibit explicit side effects and long-term health
risks [68-71].

The majority of most common dermatological diseases are associated with oxidative
stress (ROS/RNS generation) and activation of the immune-inflammatory cascade [61,62,72];
such diseases are referred as inflammatory skin diseases [73,74]. These include atopic der-
matitis (eczema), acne vulgaris, psoriasis, allergic contact dermatitis, urticaria (hives), sebor-
rheic dermatitis, lupus erythematosus [75,76], alopecia areata [77], rosacea [78], vitiligo [79],
skin malignancies (for whose pathogenesis inflammation is a key mechanism) [80,81] and
others. In this regard, the phenolics” antioxidant activity makes them suitable therapeutic
agents for the local treatment of these pathologies. Furthermore, reduction of oxidative
stress in the skin tissues is also important in the name of prevention against UV-radiation-
mediated aging, loss of natural antioxidant capacity, DNA damage, and initialization of
carcinogenesis. The most promising protective agencies, in this regard, are representatives
of the anthocyanins and catechins (flavan-3-ols) [82,83], which, indeed, are among the
strongest antioxidants in the flavonoid class [58]. Other molecular mechanisms of action,
unrelated or indirectly related to antioxidant activity, are also established for the set of
representatives, and they extend further the phytophenolics’ therapeutic field. The most
important of such effects, with relevance to skin diseases and dermal drug delivery, are
described below.

3.1. Interaction with Bacterial Cell Walls, Cell Membranes, and Synergism with Antibiotics

The ability of some phenolic compounds to interact with bacterial cell walls and cell
membranes is fundamental to their antibacterial activity [84]. In several studies, phenolic
compounds (epigallocatechin gallate, epicatechin gallate, gallic and caffeic acids) have been
demonstrated to interfere with bacterial cell wall integrity, causing damage in its structure
and leakage of cellular constituents [85-87]. The interaction is attributed to a bonding of the
active phenolic molecules with the peptidoglycan layer through hydrogen and/or covalent
bonds (for Gram-positive bacteria) and/or the lipopolysaccharides (for Gram-negative
bacteria) [84,85]. Furthermore, inhibitory actions on the penicillinase enzyme and the
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efflux pump are found to contribute to a decrease in antibiotic resistance and synergistic
antibacterial activity of phenolics with antibiotics [88-91]. Much more of the phenolic
group representatives are proven to owe their antibacterial potency to alteration of bacterial
cell membrane permeability, fluidity, ion transport, and respiration [82]. Rigidification
or fluidization may be observed depending on the chemical structure of the phenolic
molecule (polarity, molecular mass, and conformation) and its positioning among the
lipid bilayer [92,93]. For example, the flavonoids kaempferol, chrysin, quercetin, baicalein,
luteolin, epigallocatechin gallate, gallocatechin, theaflavin, and theaflavin gallate, when
in contact with the bacterial cell membrane, decrease its fluidity, while the isoflavonoids
puerarin, ononin, daidzein, genistein, and the stilbene resveratrol have shown the opposite
effect [90,91]. Destabilitization of the bacterial cell membranes could also result from
phenolics stepping into reaction with enzymes responsible for cell membrane stability
and integrity [68,94]. In addition, some phenolic acids (caffeic and gallic acids) acidify
the bacterial membrane, leading to its disruption and changes in permeability and ion
transport [95]. Membrane damage and subsequent potassium loss from the bacterial
intercellular space are also reported for galangin [96], a flavonoid (flavanol) found in
propolis, to which the antibacterial properties of the latter could be partially attributed [97].

3.2. Interaction with Microbial DNA/RNA Polymerases and Topoisomerases, Proteases,
Transcriptases, Surface Proteins (Adhesins), and Other Virulence Factors

In general, the biologically active aglycons of phenolic compounds possess a structure
rich in reactive functional groups, multiple phenolic groups, carbonyl groups (e.g., xan-
thones, anthraquinones, most flavonoids), free or esterified carboxylic groups (phenolic
acids), among others. They easily step into hydrogen bonding with other biomolecules (nu-
cleotides, proteins, including adhesins and receptors, enzymes as DNA /RNA polymerases
and topoisomerases, transcriptases, proteases, and many others) [94,98,99] or complexation
with metal ions (iron ions) [100] that are essential for the infectious cycle of pathogenic
bacteria and viruses (adhesion, entry, replication and spread) [84,101]. This is a wide-
ranging and nonspecific complex of potential interactions of phenolics that has led many
researchers to understand their antiviral and antibacterial properties. Examples relevant to
skin infections to support this theory include curcumin (diferuloylmethane), which exerts
its antiviral activity against human herpesvirus -1 (and other DNA viruses) by blocking
the histone-acetyltransferase activity of specific transcriptional coactivator proteins (p300
and the CREB-binding proteins) [102,103]. Curcumin, again, is also found to inhibit the
adhesins-mediated adsorption and replication of human herpesvirus 1 and 2 [104,105].
Epigallocatechin gallate, which was previously mentioned to possess a destructive effect
on bacterial cell walls, exhibits its antibacterial action against methicillin-resistant Staphylo-
coccus aureus also by inhibiting multiple staphylococcal virulence factors [6,90]. Quercetin,
kaempferol and other flavonoids inhibit staphylococcal topoisomerases [106-108].

Today, the antibacterial, antiviral, and antifungal activity of phenolic compounds is
considered a fact after being a subject of study for decades [109,110]. They have shown
activity against the most frequent causative agents of skin infections, such as bacteria
of the genera Staphylococcus, Pseudomonas, Enterococcus, the Herpes virus 1 and 2,
the dermatophytes genera Trichophyton, Epidermophyton, and Microsporum [2,95,111].
Therefore, their topical use is highly beneficial for the purposes of infectious skin diseases’
healing (dermatophytosis, impetigo, herpes infections, infected wounds, and others). Spe-
cial attention is dedicated to dermal products containing phenolic compounds in cases of
antibiotic-resistant infections, which have become more and more commonly encountered
problem [2,112]. However, the exact mechanism of antimicrobial activity of a given pheno-
lic compound is not always thoroughly investigated and fully understood. Even so, the
significance of many other phenolic representatives as antimicrobial agents, beyond the
list of examples given above, needs to be acknowledged. Among them are the main active
compounds in Hypericum perfuratum preparations: hypericin, pseudohypericin and hy-
perforin [113-116], resveratrol [117,118], vitexin and isovitexin [119], hesperidin [120,121],
and eugenol [122].

102



Pharmaceuticals 2021, 14, 837

3.3. Effects on Skin Renewal, Proliferation, Collagen, and Elastin Synthesis

Indisputably, the regenerative properties of the phenolic compounds are among their
strengths and justify the role of this phytochemical group in the therapy of wounds, incised
or chronic, burns, infected wounds, etc. (for which, of course, the antimicrobial properties
also contribute) [123-126]. Skin regeneration is a complex process that involves a vascular
response (hemostasis and coagulation), cellular response (inflammation), proliferation
phase (re-epithelialization), neovascularization (angiogenesis), granulation tissue forma-
tion, and remodeling (strengthening by conversion of collagen type III to type I) [127].
The reduction of oxidative stress in the early stages of injury may facilitate physiological
responses (swelling, redness, pain) because of the direct relationship of reactive species
and free radicals with the inflammatory mediators” secretion [128] (vasoactive amines and
proteins, cytokines, prostaglandins [128,129]). The late phases of wound healing are based
primarily on the proliferation and migration of fibroblasts, keratinocytes, and endothelial
cells, and the activation of collagen and fibronectin synthesis [130]. The signaling pathways
responsible for these processes also include cytokines and growth factors release from
epithelial and nonepithelial cells, and are dependent on oxidative balance and supported
by antioxidant-acting molecules. It is clear now that many phenolic antioxidants favor skin
regeneration and renewal by reducing inflammation, inhibiting matrix metalloproteases,
collagenases, elastases, increasing the expression of endothelial growth factor and the trans-
forming growth factor, and thereby promote re-epithelization, angiogenesis, maturation,
and thus tissue regeneration. Such activity is also highly desirable in the fight against
age-related changes of the skin [131] (wrinkles appearance, loss of elasticity, thinning).
Examples of phenolic compounds or herbal preparations that have been demonstrated
to exert these mechanisms in vitro and/or in vivo are luteolin [132], epigallocatechin gal-
late and extracts rich in it, and other tannins [133,134], crude grape pomace and its main
constituent gallic acid [135], lignans in seedcake extract [126], other phenolic-rich content
extracts from the cacao pod [136], Phyllanthus emblica, Manilkara zapota [137], Clausena
excavate [138], Sphaeranthus amaranthoides [139], Meum athamanticum, Centella asiatica,
Aegopodium podagraria [140] and many more. Despite the undeniable role of the an-
tioxidant properties of phenolics for skin regeneration, other supplementary mechanisms
are found to be involved in the healing / protective processes. For instance, several genes
involved in skin renewal (Kruppel-like factor 10, E2F-4 transcription factor, and epidermal
growth response factor) have been up-regulated in human dermal fibroblast cell cultures
when treated with Populous nigra preparations (rich in caffeic, p-coumaric, cinnamic,
isoferulic acids, pinocembrin, salicin, and other phenolic compounds) [141]. Similar modu-
latory effects on gene transcription have been established for ellagitannins from oak wood,
caffeoyl- derivatives from mate leaf, and phenolic acids from benzoin resin [142].

3.4. Effects on Melanin Synthesis

Melanin is a term referring to a complex of natural pigments with a crucial role in
skin coloring and photoprotection. It is deposed in the keratinocytes after migration from
the melanocytes cells, where it is produced from tyrosine through multiple oxidation
reactions catalyzed by the enzyme tyrosinase [143-145]. Many phenolic compounds have
shown competitive inhibitory activity on tyrosinase due to a structural resemblance with
its initial substrate tyrosine, and chelation of the copper ions present at the binding sites of
the enzyme [10,146,147]. In this regard, phenolics have found their application as tyrosi-
nase inhibitors in the treatment of hyperpigmentation skin disorders [10]. Furthermore,
melanogenesis suppression is considered to be one of several mechanisms of the phenolics’
anticancer activity in the therapy of melanoma-type skin tumors [2,148,149]. Among the
strongest tyrosinase inhibitors from the phytophenolic group are isoliquiritigenin [150]
(chalcone structure), galangin [151], kaempferol [152], luteolin [153], apigenin [153], resver-
atrol [154], isoeugenol [155], p-coumaric, caffeic and rosmarinic acid [156,157]. With respect
to antimelanogenic activity, glycoside forms of some phenolic compounds have shown
higher efficacy due to increased tyrosinase inhibitory capacity [158,159], and/or lower
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toxicity [160]. It should be noted that significant cytotoxicity on melanocytes and risk of
leucodermia (induced vitiligo), ochronosis (diffuse skin bluish-black discoloration), and
carcinogenesis are inherent for many skin-lightening substances, including those of the
natural phenolics class [145,161,162]. The very potent whitening agent hydroquinone, for
instance, has fallen into the list of forbidden substances in cosmetics as a result of confirmed
relation between its topical use and the above-mentioned adverse reactions [160,163]. In
general, the contemporary research in this area is focused on seeking synthetic or semisyn-
thetic phenolic molecules that will inherit the natural compounds” high depigmentation
activity with less toxicity and higher stability [10,164].

Paradoxically, in some cases, the application of phenolic compounds has shown ben-
eficial effects in the therapy of vitiligo [165], an autoimmune-determined disturbance in
melanogenesis manifesting itself as white patches on the skin [166]. Such cases occur when
(1) phenolics are used as whitening agents in order simulate merging of the white vitiligo
spots and lead to total whitening (depigmentation therapy; synthetic or semisynthetic
phenolics), or (2) antioxidants protect the melanocytes and keratinocytes [167] (mostly
natural or semisynthetic phenolics). Oxidative stress is considered one of the main in-
ducers of auto-reactive T-cells against the epidermal melanocytes and the destruction of
the latter [166]. Therefore, in terms of an ongoing oxidative stress-related autoimmune
response against the melanocytes, phenolic compounds may exhibit a protective action to-
ward melanogenesis [166,168] (e.g., curcumin and its metabolite tetrahydrocurcumin [169],
quercetin [170,171], the green tea polyphenols, epicatechin, epicatechin-3-gallate, and
epigallocatechin [170]).

3.5. Photosensitization

Photosensitization may occur due to a phototoxic reaction (an acute light-induced
tissue response to a photoreactive chemical) or photoallergy (an immunologically mediated
response to a chemical, initiated by the formation of photoproducts following a photo-
chemical reaction). It is a concern for compounds that possess high molar absorptivity
(>1000 L mol~!- cm™1) at each wavelength within the range of natural sunlight (from 290
to 700 nm), generate reactive species after absorption of light, and distribute /accumulate
in the skin [172]. Such properties among the phytophenolic group are characteristic for
anthracene derivatives [173] (anthraquinones—aloin A, aloe-emodin, hypericin), lignans
(in the composition of silymarin), and curcumin, and some of its derivatives [174]. They
may cause photosensitization (sunburn-like symptomatic such as skin irritation, erythema,
pruritis, edema [175]) after systemic, as well as dermal administration [172].

3.6. Antitumor Activity of Phenolics

Skin cancers, being the most serious group of skin diseases (incl. basal cell carcinoma,
squamous cell carcinoma, malignant melanoma) [2], are among the most tempting research
areas for scientists to explore the potency of alternative treatment options, and the therapeu-
tic application of a promising group such as phenolic compounds makes no exception. The
anticancer activity of phenolics is primarily due to their antioxidant properties and high
reactivity (hydrogen and/or covalent bonding with essential biomolecules), whereas one
or both of which lead to additional mechanisms determining their complex action and high
efficiency. In particular, phenolic compounds are proven to interfere with the cancer cell
life cycle by inducing caspases activity and apoptosis of cancer cells (curcumin [176-178],
luteolin [179], vitexin [180], epicatechin gallate [177,181], gallic acid [182], eugenol [183])
and regulation of gene expression in cancer cells (for example, eugenol is found to induce
down-regulation of c-Myc, H-ras and Bcl2 expression and up-regulation of p53); to inhibit
epidermal growth factor-induced neoplastic transformations in cell lines (caffeic acid [184]);
to inhibit tyrosinase and melanogenesis (a mechanism relevant to melanoma type of skin
cancer; examples are given in a previous section); to inhibit the proteasome; an enzyme
complex responsible for the degradation of essential proteins involved in cell development,
and lead to subsequent suppression of cancer cell growth and spread (catechin-3-gallate
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and epigallocatechin gallate [185], gallic acid [186], apigenin [187], quercetin [187], cur-
cumin [188]), and to destabilize lysosomal membrane through permeabilization and cause
cancer cell death (pterostilbene, a dimethoxylated analog of resveratrol [189]). These exam-
ples are only a few concrete representatives chosen for subjects of specific investigation,
whereas the whole complex of proposed mechanisms of action is potentially valid for a
much larger sample of natural and modified phenolic compounds.

3.7. Phenolics as Pro-Oxidants

Amongst the abundance of scientific reports regarding the mechanisms of action of
phenolic compounds (including those mentioned in this review), it is not hard to follow an
apparent controversy. For example, some phenolic compounds are found to promote in-
jured skin regeneration by inducing the epidermal growth factor and transforming growth
factor, whereas the same or similar compounds are shown in different studies to suppress
epithelial cancer cell development and spread due to opposing effects on growth regulation
factors [190,191]. There is a theory based on the concept of a switch between anti-and
pro-oxidant properties of phenolics as a function of microenvironmental factors. A decrease
in antioxidant properties and switch to pro-oxidant activity of phenolic compounds is
observed under conditions of decreased pH (intrinsic for cancer cell lines) and upon com-
plexation in the presence of transition metals (Cu, Fe: Cu?*—Cut, Fe3* —Fe?*; extracted
from the herbal drugs, for example), which indeed stabilizes the phenoxyl radicals and
enhances the production of reactive species [192]. Formation of metal-phenolic networks is
more likely for 3-hydroxy-, 4-carbonyl flavonoids (flavonols—e.g., quercetin, kaempferol,
galangin, morin, myricetin) [193]. The environment-determined switch to pro-oxidant
properties is a matter of potential toxicity and is among the possible explanations for
anticancer activity [194].

4. Dermal Drug Delivery of Phenolic Compounds

Despite the countless proofs for the multidirectional therapeutic potential of phenolic
compounds in dermatology, a few simple facts must be acknowledged. (1) In order for them
to exert their molecular mechanisms on targeted structures, they must reach the latter and
accumulate in sufficient concentrations. (2) They must possess sufficient stability during
storage and until deposition in the relevant skin layer, and hence be included in proper
dosage forms by suitable technological operations with the aid or not of drug-delivery
vehicles. (3) Additional factors, such as potential toxicity under certain conditions, should
be considered.

4.1. Biopharmaceutical Considerations of the Dermal Drug Delivery

Absorption is not a primary physiological function of the skin; on the contrary, the
epidermal layer, in particular, is an effective barrier for the intrusion of foreign matter (in-
cluding potentially hazardous matter). Therefore, dermal drug delivery is challenging and
sets numerous requirements for the chosen therapeutic agents and dermal bases/vehicles.
The skin possesses a complex structure of multiple layers with different morphology and
function, starting with the corneum, the outermost nonviable, keratinized epidermal stra-
tum responsible for the limited permeability of the epidermis. Molecules can pervade in
it either by paracellular transport (through the lipid matrix; preferable route for mostly
lipophilic compounds, log P > 2) or via the transcellular route (through the corneocytes,
the constructive type of cells in stratum corneum, often compared with bricks walled up in
the “mortar” of lipid milieu; alternative transportation for more hydrophilic molecules).
At this stage of entry (referred as penetration), it is evident that lipophilic properties of
the applied therapeutic agent are preferable. However, further transportation of the sub-
strates to the viable epidermis and the derma (permeation), and/or their percutaneous
absorption, requires sufficient water solubility (~0.5-1.0 mg/mL) otherwise, they are re-
tained in the congenial surrounding of stratum corneum and not be able to overcome
the amphiphilic nature of the underlying cutaneous stratums. Other possible, but rather
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supplementary mechanisms of drug permeation through the skin, are the transfollicular
transport or passage across the sweat glands [195,196]. The pathophysiology of the most
common skin diseases (impartially reviewed in the previous sections) suggests that the
therapeutic targets for phenolic compounds are settled either in the viable epidermis or
the derma, rarely in the hypodermis (e.g., keratinocytes, melanocytes, immune cells, mast
cells, endothelium, hair follicles, etc.). Therefore, permeation is essential for a practical
manifestation of their activity. Besides, a balanced hydrophilic-lipophilic profile (and a
respective suitable partition coefficient, ideally in the range of log P 2-3 [197,198]) is only
one of the desired qualities for successful skin permeation. Further limitations are set
by the molecular weight (<500 Da, but often a lower limit is set with respect to the other
molecular particularities of the active compound) and the potential for ionization [199].

4.2. Physico-Chemical Properties of Some Common Phenolic Compounds and Their Glycosides

The separate classes of phenolic compounds differ substantially in their physico-
chemical properties and skin permeation. The simple phenols, including phenolic acids,
for example, are characterized by lower molecular weight and higher water solubility
compared to the majority of other phenolics [200] (Table 1). A limitation for their cutaneous
permeation is the presence of multiple ionizable groups (alcohol and carboxyl groups). The
flavonoid aglycons (e.g., quercetin, kaemferol, luteolin, apigenin) are distinguished with
extreme hydrophobicity, with the exception of the class of catechins that cross the water
solubility barrier of >1 mg/mL (needed for effective skin permeation). The same undesir-
able practical insolubility in water is also inherent for the majority of other polyphenols
(xanthones, anthraquinones, stilbenes, lignans, tannins, phloroglucinols). Glycosylation, as
a biosynthetically occurring metabolic process, leads to the formation of more hydrophilic
derivatives. However, the water solubility improvement of the phenolics’ glycoside forms
is sometimes insufficient (e.g., apigenin—vitexin, hesperetin—hesperidin, Table 1). In
general, many approaches involving chemical modification of the phenolic compounds
(sulfonation, phosphorylation, complexation, incl. with metal ions, biomacromolecules or
cyclodextrins [99,201-203]) are studied for their potential to obtain analogs or prodrugs
with increased water solubility and bioavailability. On the other hand, the “blocking”
of reactive groups by etherification, esterification, and other processes, is a well-known
approach to improve skin permeation due to reduced ionizability [204], whereas such
operations, depending on the substrates’ nature, may lead to an increase or a decrease in
water solubility [205]. Examples could be given for caffeic acid and chlorogenic acid, where
the latter, being an ester of the former with quinic acid, despite its higher molecular mass
has better skin permeation [206]. A few methoxylated quercetin derivatives were shown to
possess increased skin permeation compared to the native quercetin by Lin et al. [40]. The
same authors reported even better dermal penetration of rutin (quercetin-3-O-rutinoside;
Mw 610.52) compared to quercetin (Mw 302.24), due to higher hydrophilicity, although
these results contradict other research findings [207].
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4.3. Stability of Phenolics

The chemical stability of phytophenolics is a priority concern since these highly reac-
tive molecules take part in all types of degradation processes (incl. oxidation/autooxidation,
hydrolysis, isomerization) and lose their therapeutical efficacy over time [34,259-261]. Fur-
thermore, for the majority of chemically sensitive phenolics, light irradiation has been iden-
tified as a determining factor for decomposition process mechanisms and rates [259,262].
Therefore, many phenolic compounds are known to be susceptible to photodegrada-
tion (resveratrol [263], curcumin [264], hypericin [255], hyperforin [31], eugenol [265],
quercetin [266], and many others) [267]. Furthermore, polymerization is another unde-
sirable event for some simple phenols and polyphenols (catalyzed or not by oxidation
processes) [259,268], which leads to substantial changes in their pharmacological activity,
molecular mass, and skin permeation potential.

Considering this information, the choice of a dermal drug delivery vehicle (viz. the
inclusion of permeation enhancers in the composition or the utilization of nanopartic-
ulate delivery systems, the type of solvents, etc.) determines the penetration potential
and stability of the chosen phenolic compound(s). Among the numerous investigated
approaches with respect to improved skin permeation and stability (including chemical
modification, prodrug development, complexation, solvent type optimization, inclusion of
the therapeutic substrates in micro and nanosized carriers), the application of lipid-based
nanotechnologies for the dermal delivery of phenolics has gained the most interest and
practical significance. In favor of the lipid nanoparticulate systems are the ability to incor-
porate and stabilize sensitive molecules, “disguise” some of their unfavorable structural
particularities for dermal transport, and the opportunity they provide for modified drug
release. Another interesting aspect of dermal drug delivery of phytochemicals with a
phenolic structure via lipid-based nanotechnologies is hidden in the fact that phenolic
antioxidants inhibit lipid peroxidation in the corpus of these nanovehicles and provide
longer endurance of the latter. Therefore, it can be stated that the relation between phenolic
phytochemicals and lipid nanocarriers could, under some circumstances, be described as
symbiotic.

5. Lipid-Based Nanotechnologies

Lipid-based nanosystems are the subject of great interest in dermal and transdermal
drug delivery, as they provide a successful approach to overcome the limitations of conven-
tional topical formulations, improving at the same time the characteristics of the loaded
cargo (drugs and biologically active compounds), its skin permeation and consequently
therapy efficacy [49]. The lipid nature of nanoscale drug delivery systems, such as solid
lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), liposomes, or nanoemul-
sions, ensures their excellent skin tolerability, biodegradability and, if necessary, allows
their easily structural modification/optimization in the formulation process due to the great
variety of lipid constituents. Furthermore, their salient characteristics, such as improved
solubility, stability, and bioavailability of the incorporated active ingredients, as well the
achieved controlled release profile, would be particularly beneficial for the inclusion of
phytochemicals with phenolic structures, allowing them to fully deploy their favorable
dermal effects [269]. In this regard, a summary of the specifics of the most commonly
used lipid-based nanosystems, and their application as nanocarriers for encapsulation of
phenolic compounds in dermal/transdermal delivery, is provided below.

5.1. Liposomes

Liposomes may be considered among the first lipid-based nanosystems. After their
discovery in the 1960s by Bangham, they were initially proposed as a model for bio-
logical membranes due to their compositional similarity. However, later in the 1970s,
thanks to their excellent biocompatibility properties and entrapment ability, they were
studied as potential drug delivery platforms [270,271]. Structurally, liposomes are spherical
vesicles consisting of one or more phospholipid bilayers surrounding an inner aqueous

114



Pharmaceuticals 2021, 14, 837

compartment [272,273]. The vesicular structure, resulting from the amphipathic proper-
ties of the bilayer forming lipids, provides the opportunity to encapsulate hydrophobic
and hydrophilic molecules [274]. The origin of the phospholipids (from various natu-
ral or synthetic sources) and their chemical structure influence liposomal properties and
membrane fluidity. In their study, Jacquot et al. [275] investigated the effect of marine
(salmon) and plant (rapeseed) isolated phospholipids on membrane fluidity and the me-
chanical properties of liposomal bilayers compared to dioleylphosphatidylcholine and
dipalmitoylphosphatidylcholine-based membranes as references. The authors reported that
the membrane fluidity was influenced by the saturation of the fatty acid chains; the highest
values were obtained in the membranes based on dioleylphosphatidylcholine (unsaturated
acyl chains) and lowest in the bilayers formed from dipalmitoylphosphatidylcholine (satu-
rated acyl chains). Regarding mechanical properties, phase segregation was reported for
the rapeseed membranes, whereas the unsaturated salmon bilayer was characterized by
a homogenous structure. The rigidity of the liposomal bilayer may be further increased
by the inclusion of cholesterol, which can fill the cavities resulting from the loose packing
of phospholipids, thus improving liposomal in vitro and in vivo stability [276,277]. Lipo-
somal physicochemical parameters (size, surface charge), membrane characteristics, and
interaction between the encapsulated active agent and liposomal constituents, influence
the mechanism and extent of the drug delivery process [278,279]. The appropriate size of
liposomes for topical application is below 300 nm to reach deeper skin layers. However,
vesicles with a size below 70 nm are characterized with maximum deposition in the epider-
mis as well the dermis [280]. Several mechanisms are proposed to explain the active agent
transfer from liposomes to the skin, such as vesicle fusion with lipids of stratum corneum
as a result of their similar structure; a fluidizing effect, leading to impaired skin integrity;
intact liposomal penetration into different dermal layers (associated with their flexibility;
possible alterations in size and structure); improved drug delivery through hair follicles or
sweat ducts facilitated by liposomal vesicular structure, and free active agent penetration
after its release from liposomes (Figure 1) [271,281,282]. To evaluate the influence of zeta
potential on transdermal delivery, Park et al. [283] investigated resveratrol permeation
from conventional liposomes as well from vesicles coated with chitosan. According to
the authors, higher resveratrol skin deposition was estimated from the chitosan-coated
vesicles due to the repulsive electrostatic interaction between cationic chitosan vesicles and
negatively charged epidermal lipids. The incorporation of phenolic compounds in lipo-
somes, as well their interaction with phospholipids, has been studied by many researchers.
In their study Malekar et al. [274] investigated the localization of five chemically diverse
phenolic compounds (raloxifene, garcinol, quercetin, trans-resveratrol, bisphenol A) in
dipalmitoylphosphatidylcholine-based liposomal bilayer and their influence on colloidal
stability. As reported by the authors, the phenolic compounds, localized in the central
regions of the bilayer (resveratrol and quercetin), negatively influenced liposomal colloidal
stability due to decreased contact with phosphate head groups. Inversely, phytochemicals
in the glycerol region of the acyl chains (raloxifene, garcinol, bisphenol A) contributed to
better stability thanks to the enhanced exposure with phosphate head groups or electro-
static repulsion forces. Phan et al. [92] studied the interaction mechanism of two different
classes of polyphenols (flavonoids and trans-stilbenes) with liposomal membranes. The
flavonoids’ gallate, galloyl, and hydroxyl groups are connected via hydrogen bonds with
membrane lipids, leading to compact phospholipid assembly, reduced surface area, and
forming a stiffer bilayer. The benzyl open ring structure of trans stilbenes, on the other site,
determines its deeper intercalation into the hydrophobic bilayer, causing extension of the
membrane area and enhancing its fluidity.
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Figure 1. Possible mechanisms of drug permeation enhancement through stratum corneum by lipid-based nanoparti-
cles/vesicles.
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5.2. Solid Lipid Nanoparticles

Solid lipid nanoparticles, reported for the first time in the 1990s by Professor R.H.
Miiller and Professor M. Gasco, were proposed as an alternative approach to overcome the
limitations associated with liposomes (e.g., phospholipid oxidation, costly materials, and
production process, limited physical stability, difficulties in process scale-up) and polymeric
nanoparticles (polymer toxic degradation process) [284,285]. As suggested by their name,
SLNs are composed of individual or a mixture of lipids, solid at ambient and body temper-
ature, dispersed in water or an aqueous phase containing surfactant [286]. Most commonly
used lipids for SLNs preparation include triglycerides (trimyristin, tristearin), fatty acids
(stearic, palmitic acid), waxes (beeswax, cetyl palmitate), and mono/di/triglycerides mix-
tures (glyceryl behenate—Compritol 888 ATO, glyceryl palmitostearate—Precirol ATO
5) [287]. Solid lipid nanoparticles can be suitable carriers for both hydrophobic and hy-
drophilic compounds. According to their structure and drug localization they can be
classified as homogenous matrix models and core-shell models (drug-enriched shell and
drug-enriched core) [288]. In the first case, the active agent is molecularly dispersed within
the matrix or present as amorphous clusters. Homogenous matrix SLNs are obtained by
cold or hot (when encapsulating highly lipophilic molecules) homogenization methods.
In the second model, an outer shell containing the active agent surrounds a lipid core.
The specific morphology of drug-enriched shell nanoparticles results from phase separa-
tion during the cooling phase; initially, the lipid in the center precipitates, shaping the
inner, compound-free compartment. However, at the same time, drug concentration in the
residual melted lipid increases and, after solidification, a drug-enriched shell is formed.
In the third model SLNs, due to drug super-saturation in the lipid melt, a crystallization
of the active agent is observed before the crystallization of the lipids, resulting in a drug-
enriched core enclosed by a lipid (drug-free) shell [288-290]. The type of SLNs and their
composition and physicochemical parameters affect their skin permeation. Due to the
lipid nature of SLNs, as possible mechanisms of skin penetration (analogous to liposomes)
the fusion of nanoparticles with lipids of stratum corneum, the lipid fluidizing properties
of lipids, and transfollicular transfer are proposed. However, as a specific penetration
mechanism, characteristic of SLNs may indicate their occlusive effect. Thanks to their large
surface area and nanosized dimensions, they possess occlusive characteristics leading to
improved skin hydration and enhanced penetration into dermal layers (Figure 1) [289,291].
In their study Kakkar et al. [292] used tetrahydrocurcumin-loaded SLNs characterized
by sufficient occlusivity and anti-inflammatory effects. Their further incorporation in
hydrogel formulation led to seventeen times higher skin permeation ability compared
to plain tetrahydrocurcumin gel. Regarding their structure, suitable features for topical
application include the drug-enriched shell nanoparticles, providing rapid drug release,
which along with the occlusive effect is a favorable characteristic when increased drug
penetration is necessary [288,293]. The disadvantages of SLNs, such as the tendency for
drug expulsion or low drug loading capacity due to the ideal crystalline structure of
the lipids, provide possibilities for further development, including the development of
second-generation nanoparticles and structured lipid carriers (NLCs), which overcome the
limitations mentioned above [284,294].

5.3. Nanostructured Lipid Carriers

Nanostructured lipid carriers are composed of solid and liquid lipids dispersed in the
aqueous phase, stabilized by surfactants [295]. The inclusion of a liquid lipid in their com-
position disrupts the highly ordered crystalline structure characteristic of the SLNSs. It leads
to a less organized lipid matrix, providing space for more drug accumulation [296,297].
NLCs may be categorized into three types: imperfect crystal, amorphous and multiple
types, by the lipid blending ratio and their method of preparation. Type I NLCs are pre-
pared from lipids (predominantly solid, with small amount of oil phase), differing in their
structure concerning chain length or saturation, leading to the formation of a disordered
“imperfect” lipid matrix characterized by high encapsulation capacity. An amorphous
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structure, indicative of the second type of NLCs, is obtained by including specific lipids
to the composition so the crystallization after cooling can be prevented. Consequently,
leakage of the active agent also is minimized. The multiple model NLCs contain a signifi-
cant amount of liquid oil phase in their composition, which facilitates a phase separation
during the formulation process leading to nanosized liquid oil compartments among the
solid lipid matrix. The solid matrix may be referred to as a barrier, providing a controlled
release of the active agent, whereas the liquid lipids ensure better solubility of included
lipophilic molecules and therefore determine higher drug encapsulation [284,293,298,299].
The effects of the included liquid lipid in the NLCs composition, as well as the selected oil
phase on the encapsulation efficiency and antioxidant activity of the phenolic compound
sesamol, was investigated by Puglia et al. [300]. The authors developed two different NLC
formulations composed of the same solid lipid (Compritol®888 ATO) with varying liquid
phases (Miglyol 812 or sesame oil), as well one model Compritol®888 ATO-based SLNs
for reference. Sesamol encapsulation was higher in the NLCs formulations than the SLNS,
with the highest entrapment efficiency values (>90%) and improved antioxidant activity
for the formulation containing sesame oil as the liquid oil phase. The observed results may
be attributed to the structural similarity between the active agent and selected oil phase,
which determines the potent synergic effect. NLC composition also influences the occlusive
effect and their dermal/transdermal delivery. In their study, Loo et al. [301] investigated
the influence of lipid concentration (20% and 30%), solid lipid/oil ratio, and additives
(lecithin, propylene glycol) on skin hydration and transepidermal water loss. According to
the authors, NLCs with higher lipid content (30%), high solid lipid concentration (90%),
and additives (slightly favorable outcomes in case of lecithin) were characterized with
good occlusive properties and led to improved skin hydration and reduction of transepi-
dermal water loss during the seven-day study period. Regarding particle size, another
important factor determining the extent of skin permeation, both NLCs and SLNs may
be prepared in the appropriate form for dermal application range (100-500 nm) via a
high-pressure homogenization (hot and cold) method, which is also suitable for large
scale production [289,298]. There is some controversial literature regarding the possibility
of encapsulating temperature-sensitive compounds (such as some phenolic compounds)
via the hot method. However, this technique is considered applicable due to the short
heating time, except for highly temperature-sensitive, hydrophilic molecules, which might
migrate to the aqueous phase during homogenization [288]. The mechanisms by which
NLCs improve drug permeation through the skin are similar to those, discussed for SLNs
(Figure 1).

5.4. Nanoemulsions

Nanoemulsions are isotropic colloidal dispersions composed of water and oil sta-
bilized using surfactant/cosurfactant. One of the liquids is dispersed into nanosized
droplets, usually between 20 and 200 nm [302]. The tiny droplet size causes their trans-
parent/translucent appearance (analogical to microemulsions). However, differences
between these two systems may result from the surfactant concentrations used (ca. 20%
in microemulsions, vs. 3-10% in nanoemulsions), as well their dissimilar thermodynamic
stability (nanoemulsions are thermodynamically unstable, while microemulsions are ther-
modynamically stable) [303,304]. Nanoemulsions are an attractive drug delivery system
for topical application due to their miniature droplet size, homogenous size distribution,
and large surface area, which ensure their uniform spreading onto the skin surface that
facilitates drug penetration [305]. Similar to the other lipid-based nanosystems, an in-
verse relationship between the size of carriers and their transdermal penetration has been
reported. According to Su et al. [306], who investigated transport through the skin of na-
noemulsions loaded with environment-responsive and fluorescent dyes, formulations with
droplets size of 80 nm can diffuse (but not penetrate) into the uncompromised epidermis
and pass through canals of hair follicles, in contrast to larger (500 nm) sized formulations.
The appropriate size of nanoemulsions is recommended to be below 50 nm to achieve
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an efficient transdermal delivery [307]. Other important factors affecting transdermal
transportation of nanoemulsions are the formulation composition and type of emulsion
(w/o or o/w). The oil phase of the systems may be composed of fatty acids (e.g., oleic acid),
esters of fatty acids and alcohols oils (isopropyl myristate/ GRAS certified), triglycerides
(triacetin/GRAS certified), as well nonpolar essential oils or lipid-soluble vitamins, among
others [304,308]. Liu et al. [309] investigated the influence of different oil phases (eutec-
tic mixture of menthol and camphor or isopropyl myristate) on transdermal delivery of
glabridin-loaded nanoemulsions. According to the performed skin permeation studies,
the formulation composed of binary eutectic mixture led to three times higher skin per-
meation of glabridin (compared to isopropyl myristate nanoemulsion), which was seven
times higher than the isoflavane solution. Depending on the type of nanoemulsion, differ-
ent permeation mechanisms were discussed. In the case of encapsulation of hydrophilic
molecules in w/0 nanoemulsions, transdermal transportation may be facilitated as a result
of the solubilizing properties of the included surfactants on stratum corneum, and delivery
via the pore pathway /hair follicles canals for large molecules. Regarding transdermal
delivery of hydrophobic molecules from 0/w nanoemulsions, active agent permeation may
be achieved due to disruption of the stratum corneum (by creating permeable pathways as a
result of fluidization of cell membranes and extracellular spaces), or improved permeation
characteristics due to skin hydration (Figure 1) [307,310].

Various examples supporting the beneficial effects of lipid-based nanosystems con-
cerning their improved physicochemical properties, or overcoming technological /biophar-
maceutical limitations of different phenolic compounds, are presented in Table 2.
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The beneficial effects observed after incorporating phenolic phytochemicals in lipid-
based nanocarriers, such as improved solubility, stability and skin permeation/penetration,
are a prerequisite for further research, development, and industrial application. In Table 3
are presented some cosmetic products based on lipid nanocarriers encapsulating various
phenolic compounds. The observed favorable outcomes may be described as synergetic; on
the one side they result from the well-known antioxidant, antiaging or skin whitening prop-
erties of the phenolic phytochemicals [330], and on the other side results may be attributed
to the penetration-enhancing properties or occlusive effects of the lipid nanocarriers.

Table 3. Cosmetic products containing phenolic phytochemicals formulated via nanotechnological approach.

Brand Product Phenolic Lipid-Based Benefits
Compounds Nanosystem
e  Supports healing process and
Sodyses Resverat.rol, Liposomes proper skin recovery,
Repair gel quercetin e  reduced scar tissue formation
Promotes cell regeneration,
Factor G Renew Quercetin, Liposomes incre.ased collagen and
Rejuvenating serum pterostilbene posome elastin synthesis
e  antiwrinkle effect
Sesderma [331]
) ] o Skin whitening properties;
H@”f]““‘ Ferulic ?Cld/ Liposomes prevention and treatment of
Whitening gel Arbutin different skin imperfections
Reti Age . . ides skin rej i
Pterostilbene Liposomes Provides skin rejuvenation
Eye contour gel
Kojicol Plus (+Kojic acid) o-Arbutin Liposomes e  Skin whitening properties
Skin lightener cream !
e  Diminishes melasma patches,
Curcumin liposome ) ) freckles, dark spots, acne
M.Y.R. [332] Melasma and acne cream Curcumin Liposomes scars
e  Antiaging effect
. NanoVital Vitanics . . *  Moisturizing and skin
Vitacos [333] Whitening essence Arbutin Nanoemulsion lightening properties
Dr..Theiss Olivendl Anti Falten ) e  Promotes cell regeneration
Medipharma Pflege-konzentrat Olea europaea oil NLCs and skin rejuvenation

Cosme-tics [298]

6. Conclusions

The numerous beneficial effects characteristic of phytochemicals with phenolic struc-
tures, such as anti-inflammatory, antioxidant, antiproliferative, and antiaging activities,
determine their broad utilization potential in pharmaceutics and the cosmetic industry.
However, these advantageous features cannot be fully exploited due to unfavorable physic-
ochemical or pharmacokinetic characteristics (i.e., poor solubility, stability, bioavailability).
Lipid-based nanosystems, such as liposomes, solid lipid nanoparticles, nanostructured
lipid carriers and nanoemulsions, represent a successful approach to overcome these limi-
tations and improve their dermal/transdermal delivery. This review thoroughly discusses
the physicochemical properties and mechanism of actions of various classes of phenolic
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compounds regarding their dermal application. Examples of their incorporation in dif-
ferent lipid nanocarriers, as well a summary of the obtained results, are also provided.
According to the data, encapsulation of phenolic compounds in lipid-based nanosystems
for topical application leads to improved solubility, stability, skin permeation capability
and therapeutic performance in general.
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Abstract: The multifunctional role of the human skin is well known. It acts as a sensory and
immune organ that protects the human body from harmful environmental impacts such as chemical,
mechanical, and physical threats, reduces UV radiation effects, prevents moisture loss, and helps
thermoregulation. In this regard, skin disorders related to skin integrity require adequate treatment.
Lipid nanoparticles (LN) are recognized as promising drug delivery systems (DDS) in treating skin
disorders. Solid lipid nanoparticles (SLN) together with nanostructured lipid carriers (NLC) exhibit
excellent tolerability as these are produced from physiological and biodegradable lipids. Moreover,
LN applied to the skin can improve stability, drug targeting, occlusion, penetration enhancement, and
increased skin hydration compared with other drug nanocarriers. Furthermore, the features of LN
can be enhanced by inclusion in suitable bases such as creams, ointments, gels (i.e., hydrogel, emulgel,
bigel), lotions, etc. This review focuses on recent developments in lipid nanoparticle systems and their
application to treating skin diseases. We point out and consider the reasons for their creation, pay
attention to their advantages and disadvantages, list the main production techniques for obtaining
them, and examine the place assigned to them in solving the problems caused by skin disorders.

Keywords: skin diseases; lipid-based nanosystems; solid lipid nanoparticles; nanostructured lipid
carriers; cream; ointment; gel

1. Introduction

Skin diseases cause significant discomfort to millions of people around the world
daily. Various studies show that between 30 and 70% of the world’s population suffers
from skin diseases [1]. In most cases, skin diseases are caused mainly by various infectious
pathogens (bacteria, fungi, viruses) or inflammatory processes of various etiologies [2,3].
The majority of skin diseases are acute and have a significant psychological impact on
individuals. Despite substantial advances in dermatological treatment, many infectious
skin problems remain complex and persistent in treatment. These problems depend on the
type of pathogen, the integrity of the skin layers, and especially on the patient’s medical
status [4]. A number skin diseases such as atopic dermatitis, allergic contact dermatitis, and
psoriasis are chronic and represent a complex result of infiltration of inflammatory T cells
and increased production of cytokines in the lesions [5]. The success of topical treatment
of skin diseases requires a timely, accurate diagnosis, as well as an effective, simple, and
not very invasive targeted topical treatment. In addition, it depends on the type of dosage
form (the type of delivery system used to supply the drug to the skin) and the application
method [6].

This review focuses on the recent advances of lipid-based nanosystems in the treat-
ment of skin disorders. We discuss the most common types of lipid-based nanocarriers
researched for dermal drug delivery and used for the treatment of skin disorders by incor-
poration into appropriate dosage forms, namely: Nanovesicular carriers, lipid nanopar-
ticulate carriers, microemulsions, and nanoemulsions. The considered compositions are
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intended principally for local treatment and are an attempt to reflect the current picture of
development in this field.

2. Skin

The skin is the largest metabolically active organ of the human body. Its vital functions
include protection from external environmental threats, vitamin D synthesis, and the
maintenance of the body’s dynamic balance [7-9]. Moreover, the protective function is
expressed by limiting the direct invasion of microorganisms as a physical barrier [10].
This defensive mechanism provides physical and immunological, metabolic, and UV
protection [11]. Good knowledge of the barrier properties of the skin and the assessment
of changes in the barrier functions as a result of skin diseases can be used to successfully
develop new effective drug delivery systems, especially for the diseased skin and for the
application of therapeutic agents such as drugs or vaccines [12,13]. Topical pharmaceuticals
for the treatment of skin disorders can reach the problematic site without the risk of massive
systemic absorption or other lateral effects [14].

In short, the skin consists of three main layers—epidermis, dermis, and hypodermis
(subcutaneous fat tissue) [15].

The superficial part of the skin is called the epidermis. In essence, it is a laminar,
squamous corneal epithelium composed mostly of two types of cells: Keratinocytes and
dendritic cells (antigen-presenting cells) [16].

The epidermis consists of five layers—the stratum corneum, stratum lucidum, stratum
granulosum (granular ply), stratum spinosum (spinous ply), and stratum germinativum
(basal ply) [17]. No blood vessels were found in the epidermis [18]. The structure of the
epidermis is schematically represented in Figure 1.

Stratum corneum  map

Stratum granulosum ‘

Stratum spinosum  mp

Stratum basale -

Basement membrane

Figure 1. Schematic representation of the epidermis. Epidermis has a thickness of 0.1-0.2 mm.
Stratum corneum (10-20 pm) and the viable epidermis (50-150 um).

The outermost sublayer of the epidermis, named stratum corneum (SC) (10-20 pm),
plays a fundamental role as the body’s first and main physical skin barrier from external
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menaces [19-21]. It consists of corneocytes—specific cells that are the essential limiting
factor for permeation through the skin, restricting the passage of molecules significantly
larger than 500 Da [22]. The SC functions as a two-compartment system organized in a
“prick and mortar” formation, with an extracellular matrix of lamellar membranes [23].
The structure of the stratum corneum is schematically represented in Figure 2.

0

o
0ol @ @
0 000 ooﬁooﬁ 0 0

Intracelular humectants

Keratin Corneodesmosome Corneocyte
LA m—
009°o0 0 O 0 o
0 0 ‘ 0 00 . 0 0 0

0 o. ‘0 4 0 ‘ g
0 0 0
00

(-]
(-]

Figure 2. Structure of the stratum corneum—"brick and mortar” formation. The pathway between the
stacked corneocytes is filled with “mortar” lipids.

The permeation of matter through the SC is possible primarily through passive diffu-
sion in three ways: Transcellular (the bulk of flux), intercellular, and appendageal [24-26].
For all of the substances permeating the skin, diffusion through the SC is a rate-limiting
stage [27]. In this regard, significant efforts are being made to establish and improve skin
nanoparticle delivery systems that can supply and sustainably release active substances
of varying lipophilicity and molecular weights to and through the skin, as well as ensure
their protection against skin metabolism [28].

Keratinocytes, melanocytes (melanin producers), Merkel cells (sensory receptors), and
Langerhans cells (immunocompetent cells) are epidermal formations—essential for the
skin’s vitality [29]. In addition, it is crucial to consider the barrier nature of the diseased
skin, since there are substantial differences in barrier abilities between healthy and diseased
skin. Therefore, we have reason to say that the skin reflects a person’s health.

3. Skin Disorders

The skin can be affected by various pathological changes, i.e., inflammatory, neoplastic,
traumatic, hormonal, degenerative, and even hereditarily determined [30]. Infectious skin
diseases such as bacterial, fungal or viral affect people and cause various dermatological
problems. Chronic inflammatory skin diseases such as atopic dermatitis, allergic contact
dermatitis, psoriasis, etc., are a consequence of infiltration of inflammatory T cells [31]. The
schematic representation of various skin disorders is shown in Figure 3 [32—43].

In practice, most of the skin disorders are complicated, polygenic, and multifac-
torial [44]. This indicates that multiple factors, lifestyle, and the environment play a
fundamental role in the clinical picture of the diseases [45].

Treatment of Skin Disorders with Conventional Topical Delivery Systems

The human skin creates a vast opportunity for drug delivery application. In general,
dermal (topical) and transdermal skin drug delivery can be differentiated. Dermal delivery
is the application of the drug directly at the place of action—on the skin’s surface. Trans-
dermal drug delivery is an alternative, painless, and non-invasive approach used to deliver
drugs for therapeutic use [46].
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/ FUNGAL SKIN ILLNESSES \

Superficial cutaneous infections: Most commonly caused by dermatophytes,
Candida and Malassezia species. Hortaea werneckii causes tinea nigra.

Deep infections: Occur after percutaneous inoculation. Affect all skin layers and
often spread to the subcutaneous tissue. Eumycetoma, chromoblastomycosis,
sporotrichosis.

Systemic infections: Often occur in immunocompromised hosts. Histoplasmosis,
Wrth American blastomycosis, coccidioidomycosis, cryptococcosis, penicilliosis.

/ P ANTVATORY SKIN \ ﬁACTERIAL SKIN ILLNESSEN
ILLNESES Cellulitis: Deeper dermis and

subcutaneous tissue infection
with poorly demarcated
borders.

Psoriasis: Immune-mediated
chronic skin disease,
characterized by red, well-
demarcated plaques with thick,
silvery scale.

Atopic dermatitis: Chronic skin
disease. Forms dry and itchy

Impetigo: Superficial, crusting
epidermal skin infection.

Erysipelas: Superficial,

. . streptococcal infection, sharply
eczematous skin lesions.
demarcated.

VIRAL SKIN ILLNESSES

Herpes Simplex Virus (HSV) Infection: Produce latent, incurable infection. Herpes
labialis, herpes genitalis.

Eczema herpeticum: HSV superinfection of atopic dermatitis.

Herpetic whitlow: Digital HSV infection.

Herpes gladiatorum: Corporeal HSV infection.

Figure 3. Representation of the most common skin disorders [32-43].

Many conventional topical preparations are intended for topical delivery of the drug
and not for systemic action. This skin preparation delivers a concentrated amount of
the active ingredient for absorption via the application layer [47]. In addition, the use of
penetration enhancers in conventional formulations increases the delivery rate through the

epidermis, but can also cause unwanted side effects [48].
Some of the commonly used therapeutic solutions are listed in Table 1.

Table 1. Mostly used therapeutic solutions for T cell-mediated skin disorders.

Drug Substance Main Action References

For local application. Manifests a slight immunosuppressive effect.

Corticosteroids . .
Ineffectiveness in severe cases.

[49]

Retinoids can be synthetic or natural derivatives of vitamin A. Probable
Retinoids mechanisms of action: Facilitate the transport of cytoplasmic retinoid-binding
proteins; influence angiogenesis; modulate T cell responses.

[50,51]

Metabolites of vitamin D3 are included in ointments and creams for the
treatment of psoriasis. Good effects in milder diseases. Not fully understood
effects. The 1,25(0OH)2D3 enhances the suppressive activity of CD4(+)CD25(+)
cells in draining lymph nodes.

Vitamin D3 metabolites

[52-54]

Multiple effects and effectiveness for several T cell-mediated skin diseases. Not
UVB treatment equally effective in the different disorders. Unspecific and generally
immunosuppressive.

[55-57]

Immunosuppressive effect. It does not target specific T cell groups. Still not a

Methotrexate fully understood therapeutic effect.

[49,51]

Affects IL-2 producing cells, in particular CD4(+) T cells. General

1 ine A R .
Cyclosporine immunosuppressive effect.

[49,51]
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For chronic inflammatory skin diseases, a topical treatment is often not too efficient.
Therefore, more efficacious medicinal products (MP) are given systemically, where they can
be immunosuppressive, and their long-term usage is not recommended as they suppress
the affected area [58].

A large part of therapeutic indications is treated by MP, which are intended for
topical administration [59]. These MP feature different molecular structures, but retain
some common physicochemical characteristics such as high lipophilicity and poor aqueous
solubility. For them, the rate and extent of drug delivery have to be sufficient to achieve local
therapeutic concentrations in an acceptable term and provide an effective pharmacological
action [60].

The barrier function of the targeted biologic membrane provides a significant challenge
for optimal therapy. The efficacy of drug delivery and the therapeutic effect depend mainly
on the diffusion affinity of the drug substance and the interaction between the excipients of
the formulation and the membrane components. Therefore, the conducive balance between
potency and deliverability has to be ensured through the design and development of a
delivery system to reach optimum therapeutic levels at the site of infection [60].

Biologics have become increasingly popular as a targeted treatment. Biologics are
products composed of sugars, proteins, nucleic acids or complex combinations of these
substances. Several biologics that target specific subgroups of cells in the skin have been
tested [61].

Empirical experience shows that conventional topical preparations suffer from certain
limitations and are compromised in patient compliance, safety, and efficacy of therapy [62].
Against this background, the need for advanced carriers that could effectively improve
skin penetration and reduce drug-related side effects is more than necessary [63].

An inventive strategy for improving the penetration of molecules through the epider-
mal barrier is the application of nanocarriers due to the advantage of their lipophilicity,
which mediates the passage through the intact lipid layer. The use of lipid nanoparticles in
dermal formulations provides several benefits: Chemical protection of the incorporated
drug molecules, application to the skin of labile drug substances, improved bioavailability
of drugs, and the ability for better release by provision penetration and retention in the
skin [64].

Lipid-based nanosystems have proven to be suitable for dermal carriers due to their
biocompatibility, efficient delivery of active ingredients, and stability. In addition, their
enhanced surface leads to the improved penetration of active ingredients [65].

4. Lipid-Based Drug Delivery Systems

Lipid-based drug delivery systems (LBDDS) are formulations containing a dissolved
or suspended drug substance in lipidic excipients [66]. LBDDS are a progressive strategy
to formulate pharmaceuticals for topical delivery [67]. Liposomes, which are “pioneers”
among lipid DDS, have been used to improve drug solubility and traditionally for topical
and transdermal drug delivery.

Table 2 presents a brief overview of lipid-based drug delivery systems.

141



Pharmaceuticals 2021, 14, 1083

Table 2. Presentation of some lipid-based delivery systems.

Lipid-Based
Delivery System

Description

Advantages

Disadvantages

Nanovesicular carriers

Liposomes [68]

Conventional single or
multilayer vesicles. Formed by
contact of biodegradable lipids

with an aqueous medium.
Widely used as drug carriers for
hydrophilic and lipophilic
molecules.

Biocompatible and biodegradable
lipids. Conventional production
processes. Improved local
delivery. Suitable for loading both
hydrophobic and hydrophilic
substances.

Insufficient chemical and physical
stability. Short half-life.
Inadequate penetration into the
viable epidermis and dermis.
High production costs.
Difficulties in scalability.

Transfersomes
[69-71]

Highly deformable, elastic or
ultra-flexible liposomes.
Vesicles, similar to conventional
liposomes in terms of
preparation and structure.
Claimed to permeate as intact
vesicles through the skin layers.
Functionally deformed due to
the presence of an edge
activator.

Smaller vesicle size, higher
elasticity. Compared with
conventional liposomes—better
penetration through the skin.
High membrane hydrophilicity
and elasticity allow them to avoid
aggregation and fusion under
osmotic stress, unlike the
conventional liposomes.

Elasticity of these vesicles can be
compromised by hydrophobic
drug loading. Occlusive
application and complete skin
hydration limit transdermal
delivery due to inhibition of
transdermal hydration. Relatively
high production costs. Absence of
well-established regulatory
guidance for skin delivery.

Ethosomes [72,73]

Lipid vesicles are composed of
phospholipids, ethanol, and
water. Similar to liposomes in
terms of their preparation
techniques and structure.
Concentration of ethanol
20-45%. Their size decreases
with an increase in the ethanol
concentration. Exhibit high
encapsulation efficiency.

Appropriate for both
hydrophobic and hydrophilic
drug loading. Enhanced skin

delivery under both occlusive and
nonocclusive conditions. Higher
elasticity, smaller vesicle size, and
higher entrapment efficiency than
conventional liposomes.

High ethanol content can lead to
skin irritation and toxicity.
Possible structural and chemical
instability during long-term
storage. Need to optimize the
concentration of lipids and
ethanol for improved
physicochemical properties and
stability of ethosomes.

Lipid nanoparticulate carriers

Solid lipid
nanoparticles [74,75]

Colloidal lipid nanoparticles are
composed of a physiological
biodegradable solid lipophilic
matrix (solid at room
temperature and body
temperature), in which the drug
molecules can be incorporated.

Increased drug stability. High
drug payload. Incorporation of
lipophilic and hydrophilic drugs.
Avoidance of organic solvents.
Lack of biotoxicity of the carrier.
Relatively cost-effective.

SLN are incorporated into
semisolid carriers such as
ointments and gels due to the
high water content. Potential
expulsion of active compounds
during storage. Cost-effective
manufacturing process.

Nanostructure
Lipid Carriers [76,77]

Colloidal lipid nanoparticles
composed of physiological
mixing liquid lipid (oils) with
the solid lipids, in which the
liquid lipid is incorporated into
the solid matrix or localized at
the surface of solid particles

Improved drug loading compared
with SLN. Lower water content
compared with SLN. Firmly
incorporates the drug substance
during storage. Biodegradable
and biocompatible. Large-scale
production is easily possible.

Tendency to unpredictable
gelation. Polymorphic transition.
Low drug incorporation due to
the crystalline structure of solid
lipids. Lack of long-term stability
data.

Lipospheres
[78-80]

Microspheres, composed of
solid hydrophobic lipid core
and stabilized by a monolayer
of a phospholipid embedded on
the surface.

Improved drug stability,
especially for photo-labile drugs.
Possibility for controlled drug
release. Controlled particle size.
High drug loading.
Biodegradable and biocompatible.

Larger particle size and poor skin
permeation compared with
lipid-based vesicular carriers,
SLN, and NLC. Poor drug loading
for hydrophilic compounds.

5. Nanovesicular Carriers

Liposomes (further accepted as conventional liposomes) are considered to be the first
generation of nanovesicular carriers. They are small artificial vesicles of the spherical shape
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created from cholesterol and natural, non-toxic phospholipids with an enclosed inner
aqueous core [81]. There are several methods for liposome preparation such as thin-film
hydration, reverse phase evaporation, and microfluidic mixing [82]. In 1980, Mezei and
Gulasekharam reported the first generation of liposomes as drug delivery systems for
topical administration [83]. Since then, liposomes are widely applied as dermal drug
carriers [84].

The second generation of nanovesicular carriers—transfersomes were developed in
1992 by Cevc et al. They are modified liposomes with an average diameter below 300 nm
and contain an edge activator that makes transfersomes nearly eight times more flexible
than the conventional liposomes [85-87]. Edge activators can be sorbitan esters, sodium
cholate, polysorbates, dipotassium glycyrrhizinate, etc. [88]. The competitive advantage of
transfersomes is their ability to squeeze through tiny holes, five to ten times smaller than
the vesicles dimensions [89-92]. In 1996, Touitou designed the ethosomes—the next step
for improving permeation abilities [93]. These contain a fluid bilayer in their structure due
to the high concentration of ethanol—20 to 45 wt%. Ethosomes potentiate the penetration
effect through the clogged and unlocked skin and lead to drug penetration to a depth of
about 200 pm [94]. Numerous studies have been devoted to the efficacy of ethosomes
for dermal drug delivery in both occlusive and non-occlusive applications [95,96]. They
demonstrate an excellent ability to improve the skin permeation of drugs, both highly
lipophilic and highly hydrophilic active ingredients [97-101]. A certain number of studies
are reported for the superior skin delivery of ethosomes compared with liposomes, trans-
ferosomes, and commercial formulations [102]. For example, psoralen-loaded ethosomes
(an antipsoriasis drug) have shown 3.50 and 2.15 times higher permeation flux and skin
deposition, respectively, compared with liposomes [103].

Table 3 summarizes some of the patents for the application of ethosomal drug delivery.

Table 3. Presentation of some of the patents for the application of ethosomes in skin formulations.

Application Title/Inventors Year Results
Stable translucent dispersion system with a
Daptomycin ethosome preparation/ small and uniform particle size. High
CN103006562 (A) Li Chong, Liu Xia, Yin Qikun, Wang 2013 entrapment efficiency. Excellent transdermal
Xiaoying, Chen Zhangbao performance. Simple and convenient
preparation method.
. o The chitosan-modified ethosome structure
EP 2810642 Al Chltosa}n—modlﬁed ethosgme structure/ 2013 contains different active substances.
Chin-Tung Lee, Po-Liang Chen -
Improved storage and transportation.
Leflunomide ethosome composition
and its preparation method/ Improves the transdermal rate of
CN103800277 (A) Zhang Tao, Ding Yanji, Deng Jie, Luo 2014 leflunomide. Improves curative effects.
Jing, Zhong Xiaodong
Chinese medicinal ethosome gel patch
for treating herpes zoster and Easy in medication. Convenient to use. Good
CN103536700 A preparation method thereof/Bu Ping, 2014 therapeutic effect. Strong analgesic action.
Hu Rong, Chen Lin, Wei Rong, Wu No adverse reaction.
Huanhuan, Huang Xiaoli
Preparation method of ethosome/
natural material /polyvinyl alcohol Addition of the polyvinyl alcohol, which
CN 104706571 A composite hydrogel /Yang Xingxing, 2015 improves the properties of the hydrogel.
Lynn, Chen Mengxia, Fanlin Peng
A kind of tetracaine ethosome and its Stable in terms of component and proportion
CN106474065A preparation technology/Zhu Xiaoliang, 2017 P Prop '

Wu Dongze, Ma Xiaodong

Preferable percutaneous permeation.
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5.1. Emerging Lipid Nanovesicular Carriers

The usefulness of different lipid vesicles prompted researchers to experiment with
modifications to give them specific structural or application properties [104]. However, the
current research on these vesicles is somewhat limited, especially for topical drug delivery.
Table 4 lists the emerging lipid vesicles developed for skin drug delivery, in the recent past.

Table 4. Emerging lipid nanovesicular carriers for skin drug delivery.

Emerging Lipid Vesicles

Description Reference

Nonionic surfactant and cholesterol (or its derivatives)—based

Niosomes vesicle with improved stability (especially oxidative stability). [105,106]
Cubosomes Submicron, nanostru.ctu.red. part1c1es,. composed of bicontinuous [107-109]
cubic liquid crystalline phase.
Hexosomes Constructed of hexagqnal liquid crystalhne. phases dispersed in a [110]
continuous aqueous medium.
Aquasomes Self-assembled nanovesicles, composed of three layers. [111]
Colloidosomes Hollow shell microcapsules composed of coagulated particles. [112]
Contained sphingolipids such as sphingosine, ceramide,
Sphingosomes sphingomyelin or glycosphingolipid; and are concentric, bilayered [113]
nanovesicles with an acidic pH inside.
Lipid carriers attach to the surface of the skin and support the lipid
Ufasomes exchange between the outermost layers of the SC. [114,115]
Consisted of archebacteria lipids, chemically distinct from eukaryotic
Archeosomes and prokaryotic species. Less sensitive to high temperature, alkaline [116,117]
pH, and oxidative stress.
Linoplexes Cationic lipid-DNA complexes. Efficient carriers for cell transfection. [118]
pop Toxic effects arising from either cationic lipids or nucleic acids.
Proliposomes Dry, free-flowing particles that immediately form a liposomal [119,120]

dispersion in contact with water.

Another nanovesicular carrier widely used for dermal drug delivery is called nio-
somes, with an average particle size between 50 and 200 nm [106]. These are based on
nonionic surfactants and cholesterol and are considered more stable and less expensive than
liposomes. Several methods can be used for niosomes preparation such as high-pressure
homogenization, extrusion or sonication. Due to the small size of these vesicles, the drug
loading and stability decrease. The problem can be solved by adding a stabilizer [121] that
can be specified, as well as other nanovesicular carriers that are being increasingly explored
in recent years for dermal delivery such as cubosomes, hexasomes, aquasomes, colloido-
somes, sphingosomes, ufasomes, archeosomes, lipoplexes, proliposomes, etc. [111,122].
Cubosomes are bicontinuous cubic liquid crystalline phases with two different hydrophilic
areas separated by a lipid bilayer [123]. Their preparation requires the usage of high-energy
dispersion techniques [124,125]. Hexosomes are built from hexagonal liquid crystalline
phases dispersed in a continuous aqueous medium [126]. Cubosomes and hexosomes can
incorporate hydrophilic, hydrophobic, and amphiphilic drugs, increased drug loading, and
good stability. It has recently been shown that incorporating bile salt edge activators into
hexosomes can significantly improve their skin penetration properties [127]. Aquasomes
are composed of three layers: A solid nanocrystalline core, an oligomeric shell, and a
layer of a bioactive substance absorbed onto the shell [111]. They are produced via col-
loidal precipitation, plasma condensation, and inverted magnetron sputtering. Aquasomes
have high drug loading capacity and can protect fragile drug molecules from degrada-
tion [128]. Colloidosomes are typically used to encapsulate sensitive bioactive compounds
and are hollow shell microcapsules created of coagulated particles [111]. Sphingosomes
are comprised of sphingolipids (sphingosine, ceramide, etc.) and are concentric, bilayered
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nanovesicles with an acidic pH inside [113]. The resultant vesicular systems can be unil-
amellar, multilamellar, oligolamellar or multivesicular. Different preparation methods such
as reverse phase evaporation, mechanical dispersion, solvent injection, sonication, and
microfluidization can be used for the production of sphingosomes. They are characterized
by the enhanced drug loading efficiency and stability [129]. Ufasomes are composed of
lipid bilayers derived from unsaturated fatty acids and ionic surfactants [130]. In parallel
with the conventional liposomes, they are more stable and have a better drug loading
efficiency, but are more susceptible to oxidation [131].

5.2. Nanovesicular Carriers in the Treatment of Skin Disorders
5.2.1. Antipsoriatic Effect

Psoriasis is a skin disorder characterized by impaired epidermal differentiation, com-
monly treated by systemic methotrexate, an effective cytotoxic drug. Abdelbary and Abou
Ghaly generated topical methotrexate-loaded niosomes for the influence on psoriasis [132].
A thin-film hydration technique is used for the preparation by the inclusion of a surfactant
(Span 60) and cholesterol. In comparison with the free drug solution, an increased drug
deposition in the skin of rats is monitored.

5.2.2. Antifungal Effect

Perez et al. prepared ultra-deformable liposomes containing amphotericin B to treat
cutaneous fungal infections and leishmaniasis [133]. Liposomes containing Tween 80 as
an edge activator had maximal deformability and the highest drug/phospholipid ratio.
Amphotericin B was encapsulated at 75% encapsulation efficiency in their bilayer. However,
drug-loaded liposomes were more toxic to fungal strains than to mammalian cells.

5.2.3. Anti-Vitiligo Effect

Garg et al. developed ethosome-based nanohydrogel formulations of methoxsalen to
effectively treat vitiligo with enhanced topical delivery [134]. The formulation contained
approximately 28% of ethanol. Ethosomes are incorporated into Carbopol gels and showed
substantially skin permeation (on rats), accumulating in epidermal and dermal layers. In
addition, there are observed erythema and reduced skin phototoxicity in comparison with
a conventional cream.

5.2.4. Anti-Acne Effect
The two main processes that are typical for acne vulgaris include:

e  The proliferation of propionibacterium acnes bacteria in pilosebaceous units of the skin;
e Local inflammation [135].

Traditional topical anti-acne compositions mainly cause burning, erythema, photo-
sensitivity, scaling, and bacterial resistance [136]. In 2008, Touitou et al. developed an
ethosomal gel system containing clindamycin phosphate and salicylic acid for an efficient
acne treatment and enhanced topical tolerability [135]. Recently, Apriani et al. developed
an azelaic acid ethosome-based cream against propionibacterium acne [137]. The ethoso-
mal cream demonstrated a superior antibactericidal activity compared with the marketed
cream Zelface®.

5.2.5. Antiviral Effect

Acyclovir has been investigated for the topical treatment of viral infections for more
than four decades [138]. In 1999, Horwitz et al. reported an ethosomal cream system for
acyclovir—commercial Zovirax® [139]. Recently, Shukla et al. designed an ethosomal gel
with acyclovir, where the ethosomes were prepared by the cold method [140]. The survey
shows the in vitro drug release of 82% over 8 h with a zero-order release profile.
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5.2.6. Local Anesthetic Effect

In the experimental work, Babaie et al. prepared lidocaine-loaded nanoethosomes
for penetration into the deep strata of the skin with a particle size around 100 nm [141].
Increased ethanol concentration from 10 to 40% leads to the production of ethosomes with
four-times larger particle sizes.

5.2.7. Antibiotic Effect

In 2005, Godin et al. developed an ethosomal system for the dermal delivery of
antibiotics to improve their penetration through the SC and the bacterial membrane/cell
wall [142,143]. In addition, Zahid et al. formulated ethosomes containing clindamycin
phosphate in a recently announced report using a cold method [144]. The optimized
formulation demonstrated an excellent in vitro drug release.

5.2.8. Anticarcinogenic Effect

A report by Cosco et al. represented the formation of transfersomes for the combined
delivery of resveratrol and 5-fluorouracil. The co-encapsulation of the drugs synergistically
improved their anti-cancer activity on skin cancer cells [145].

Table 5 presents the practical implementation of nanovesicular carriers in dermal drug

delivery systems.

Table 5. Application of nanovesicular carriers in dermal DDS for the treatment of skin disorders.

LNP Type API/Drug Application Reference
Conventional L Licorice-loaded liposomes included in the formulation for
. Licorice . L. [146]
liposomes the treatment of oxidative stress injuries.
. Quercetin- and resveratrol-loaded liposomes for the
Conventional . . 1 .
. Quercetin and resveratrol treatment of inflammatory/oxidative responses associated [147]
liposomes . .
with skin cancer.
Liposomes Tretinoin A tretinoin-loaded liposomal formulation for the [148]
treatment of acne.
Liposomes Benzoyl peroxide Benzoyl pe.rox1de and chloramphenicol encapsulation in [149]
liposomes for the treatment of acne.
. . Benzoyl peroxide- and adapalene-loaded modified
Liposomes Benzoyl peroxide/Adapalene liposomal gel for the treatment of acne. [150]
Transfersomes Indocyanine green Indocyanine green-loaded transferspmes for the treatment [151]
of acne vulgaris.
Transfersomes 5 Fluorouracil 5-Fluorouracil-loaded tra.nsfersomes for the treatment of [152]
skin cancer.
Transfersomes Resveratrol and 5-fluorouracil Transfersomes containing resveratrol and 5-fluorouracil [145]
for the treatment of skin cancer.
Transfersomes Amphotericin B Developme'nt of amphoter}cu'l B-loac'led transfersomes for [133]
antifungal and antileishmanial treatment.
Transfersomes containing siRNA developed for delivery
Transfersomes siRNA to the human basal epidermis for the treatment of [153]
melanoma.
Transfersomes RNAi Transfersomes containing RNAlf fqrmulated for the [154]
treatment of psoriasis.
Transfersomes Indocyanine Indocyanine-loaded transfersomes for the treatment of [155]
basal cell carcinoma.
Transfersomes Clindamycin Development of clindamycin-loaded transfersomes for the [156]

treatment of acne.
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Table 5. Cont.

LNP Type API/Drug Application Reference
Paclitaxel containing transfersomes, modified by a
Transfersomes Paclitaxel cell-penetrating-peptide embedded in oligopeptide [157]
hydrogel for the topical treatment of melanoma.
Transfersomes Sodium stibogluconate Transfersomes loaded with so;hum stllb().gluconate for the [158]
treatment of leishmaniasis.
Transfersomes Lidocaine Lidocaine transferosomal gel, contal.mng .permeatlon [159]
enhancers for local anesthetic action.
Transfersomes Sulforaphane Transfersomes comprlsmg.sulforaphane for the treatment [160]
of skin cancer.
. . Formulation of miltefosine polyphenol-loaded
Transfersomes Miltefosine polyphenol transfersomes for the topical treatment of leishmaniasis. [161]
Transfersome N-acetylcysteine N—acetylcystelng—}oafied tr.amsfersomes for antioxidant [162]
activity in anti-aging therapy.

Ethosomes Methoxsalen Formulation of fethosomes contalmng rr.le.thoxsalen for the [134]

topical treatment against vitiligo.

Ethosomes Griseofulvin Design of grlseofulvlm-loaded ethosomes for enhanced [163]

antifungal treatment.

Ethosomes Cryptotanshinone Cryptotanshinone-loaded ethosomes for anti-acne [164]

treatment.

Ethosomes Epigallocatechin-3-gallate Eplgallocatechm—S—gallate—lozflded ethosomes for the [165]

treatment of skin cancer.

Ethosomes Thymoquinone Thymoquinone-loaded ethosomes for the topical [166]

treatment of acne.

Ethosomes Clobetasol propionate Ethosomes of clobetasol propionate for the treatment of [167]

eczema.

Ethosomes Tretinoin Gel containing tretinoin-loaded ethosomes for anti-acne [168]

treatment.

Ethosomes Azelaic acid Azelaic acid-loaded ethosomes for anti-acne treatment. [137]

Niosomes Resveratrol Resveratrol-loaded niosomes for the treatment of [169]

psoriasis.

Niosomes Diacerein Niosomes for the topical dlace.re1.n delivery and treatment [170]

of psoriasis.

Niosomes Celastrol Celastrol-loaded niosomes for the treatment of psoriasis. [171]
Cubosomes Paclitaxel Paclitaxel-loaded cubosomes against skin cancer. [172]
Cubosomes Erythromycin Erythromycin-loaded cu&ll')cc;seomes for the treatment of [173]
Hexosomes, Ketoconazole Ketoconazole-loaded hexosomes for antifungal treatment. [174]
cubosomes

Ufasomes Minoxidil Minoxidil-loaded ufasomes for the treatment of hair loss. [175]

6. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers

Solid lipid nanoparticles (SLN), as well as nanostructured lipid carriers (NLC), are
extensively employed in cutaneous delivery systems. Since their creation in the nineties,
lipid nanoparticles (SLN and NLC) are well known by the research and pharma technol-
ogy community. Easily available raw materials, relatively simple production methods,
biocompatibility, and non-toxicity as their advantages over other colloidal carriers can be
mentioned as the main reasons for this [67].
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Therefore, these two types of lipid nanoparticles—SLN and NLC, are classified ac-
cording to their structure. First, SLN are developed with a composition of solid lipids only.
Then, to upgrade to SLN, NLC were created by representing a mixture of solid and liquid
lipids, with a predominant solid lipid [176].

The dermal use of SLN and NLC is proving to be one of the most convenient for
therapeutic and cosmetic purposes, despite various applications to date. Lipid nanopar-
ticles are aqueous dispersions with low viscosity for successful direct application to the
skin, which implies their incorporation in semisolid systems based on SLN or NLC. One
of the first successful administered and marketed products based on NLC is Cutanova®
from Dr. Rimpler GmbH (Wedemark, Germany) and Nanobase® from Yamanouchi (Tokyo,
Japan) [64].

6.1. Solid Lipid Nanoparticles

Generally speaking, SLN are nanometric colloidal carriers composed of a solid lipid
core with an incorporated active pharmaceutical ingredient(s) (API) and a surfactant-
stabilized shell [177-179]. SLN are composed in the 1990s and have unique properties such
as biodegradability, impressive toxicity profile, protection of the API against degradation,
high load capacity, sterilization ability, and scalability [180,181]. The interaction between the
lipid core of SLN and the waxy lipids in SC leads to a significant permeation enhancement
of the encapsulated drug into the skin, which determines their successful cutaneous
application [182].

6.2. Nanostructured Lipid Carriers

The second generation of lipid nanoparticles—NLC, are composed of a mixture of
solid lipids and liquid lipids in the nanocore, usually in a ratio of 7:3 to 9:1 [183]. This leads
to a more significant disorder of the core of the lipid matrix, and accordingly decreases the
melting point to stop the recrystallization of solid lipids [184]. NLC are considered to be an
improved variety of SLN, holding the same unique properties, but with an optimized core
composition, resulting in a higher drug loading capacity, better stability, and ability to act at
lower temperatures. Of note is the fact that NLCs are still solid at body temperature [185].

6.3. Preparation of SLN and NLC

The literature describes a significant number of production methods and many dif-
ferent combinations of lipids to obtain SLN and NLC. Nevertheless, the most common
technique used today is high-pressure homogenization (HPH). The procedure is divided
into two stages:

e  Hot homogenization—the lipids are heated above their melting point;
e  Cold homogenization—takes place at low temperatures and is suitable for hydrophilic
and temperature-sensitive API [186,187].

Other commonly used techniques are: Sonication/ultra-sonication [188,189], mem-
brane contactor technique [190], phase inversion [191], solvent injection [192], emulsifica-
tion [193], the microemulsion method [194], etc.

6.4. SLN and NLC in the Treatment of Skin Disorders

In dermal applications, SLN and NLC create a thin hydrophobic monolayer during
skin contact, which has a pointed occlusive effect that settles the API penetration and
prevents water loss from the skin [195].

When applied topically, the lipid nanoparticles interact with the sebum and specific
skin lipids, provoking a change in the natural arrangement of corneocytes. As a result of
this interaction, the encapsulated molecules are released, and their penetration into the
lower layers of the epidermis and dermis is potentiated, depending on their lipophilicity,
of course [196].
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6.4.1. Antioxidant Effect

Okonogi and Riangjanapatee formulated NLC loaded with lycopene through a hot
HPH. It has been found that the NLC with the highest concentration of lycopene had the
slowest release rate and better antioxidant activity [197].

In another study, Shrotriya et al. reported the development of SLN loaded with resver-
atrol (entrapment efficiency of 86-89%) to treat irritant contact dermatitis (chronic skin
disorder with eczematous injuries). The composition was realized by incorporation into a
Carbopol gel and showed increased antioxidant activity compared with a conventional
resveratrol gel [198].

Furthermore, Montenegro et al. designed a novel Idebenone (IDE)-loaded NLC
containing tocopheryl acetate (VitE) as a liquid component to obtain a synergic effect
between IDE and VitE [199].

6.4.2. Anti-Inflammatory Effect

Pivetta et al. formulated NLC with thymol for the local treatment of inflammatory
skin diseases (entrapment efficiency of 89%). The NLC were incorporated into a gel and
showed anti-inflammatory activity and healing of induced psoriasis in mice [200].

Gad et al. reported the encapsulation of chamomile oil in SLN for the local treatment
of wounds. The composition contained stearic acid and chamomile oil and was prepared by
the method of hot homogenization. Wound reduction was shown in the topical application
in rats [201].

6.4.3. Antifungal Effect

Butani et al. developed a stable SLN system, containing amphotericin B with an
enhancing antifungal activity (entrapment efficiency of 94%). The formulation indicated
higher drug permeation and drug accumulation in the skin than the conventional gel in
rats. A solvent diffusion technique was used for the preparation of the SLN [202].

NLC, for the treatment of candidiasis with Mediterranean essential oils and clotri-
mazole, were designed by Carbone et al. As a result, they are obtained as a stable NLC,
without an initial burst effect and with prolonged release of clotrimazole, as well as an
enhanced antifungal activity [203].

6.4.4. Anti-Acne Effect

Tretinoin-loaded NLC with anti-aging and anti-acne activities were reported by Ghate
et al. The hot melt probe sonication and hot melt microemulsion methods were used
to prepare the NLC. The tretinoin-loaded NLC in Carbopol gels showed no irritation or
erythema after the application in rats [204].

Malik and Kaur developed the azelaic acid-loaded NLC, prepared by the melt emul-
sification and ultra-sonication method (entrapment efficiencies greater than 80%). NLC
were incorporated into aloe-vera-based Carbopol hydrogels and demonstrated a deeper
skin penetration than the commercial product (Aziderm 10%). Furthermore, the in vivo
experiment in mice showed a higher effect of NLC incorporated into a gel than the plain
drug suspended in the gel [205].

Table 6 presents the practical implementation of SLN and NLC in dermal drug deliv-
ery systems.
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Table 6. Application of SLN and NLC DDS for the treatment of skin disorders.

LNP Type API/Drug Application Reference
SLN Doxorubicin Doxorubicin-loaded SLN for the treatment of skin cancer. [206]
SLN Adapalene Adapalene-loaded SLN in the gel for anti-acne treatment. [207]
SLN Triamcinolone acetonide Triamcinolone acetomde-loaded. SLN for the topical treatment of [208]
psoriasis.

SLN Resveratrol, vitamin E, and SLN containing resveratrol, vitamin E, and epigallocatechin [209]

epigallocatechin gallate gallate for antioxidant benefits.

SLN Silybin Silybin-loaded SLN enriched gel for irritant contact dermatitis. [210]

SLN Fluconazole Fluconazole-loaded SLN toplcal. gel for the treatment of pityriasis [211]
versicolor.

SLN Tazarotene Tazarotene-loaded SLN for the treatment of psoriasis. [212]

SLN Miconazole nitrate Miconazole nitrate-loaded SLN for antifungal activity. [213]

SLN Adapalene Adapalene-loaded SLN for anti-acne therapy. [214]

Isotretinoin SLN loaded with retinoic acid and lauric acid for the topical
SLN ) [215]
and «-tocopherol treatment of acne vulgaris.
NLC Spironolactone Spironolactone-loaded NLC-based gel .for the effective treatment [216]
of acne vulgaris.

NLC Clobetasol propionate NLC-based topical gel of clobetasol propionate for the treatment [217]
of eczema.

NLC Tacrolimus and tumor NLC co-delivering tacrolimus and tumor necrosis factor o siRNA [218]

necrosis factor o siRNA for the treatment of psoriasis.

NLC Itraconazole Topical NLC containing 1tr§cona.zole for the treatment of fungal [219]
infections.

NLC Apremilast NLC for topical delivery of aPre.mllast for the treatment of [220]
psoriasis.

NLC Dithranol Dithranol-loaded NLC-based gel for the treatment of psoriasis. [221]

NLC Voriconazole Voriconazole-loaded NLC for antifungal applications. [222]

NLC Mometasone furoate NLC-based hydrogel of mometasone furoate for the treatment of [223]
psoriasis.

NLC Antimicrobial peptide Antimicrobial peptide nisin Z with conventional [224]

nisin Z antibiotic-loaded NLC to enhance antimicrobial activity.
NLC Adapalene and vitamin C Adapalene- and vitamin C-loaded NLC for acne treatment. [225]

7. Microemulsions and Nanoemulsions

In general, microemulsions and nanoemulsions are dispersion systems composed of
two immiscible liquid phases that can penetrate deeper levels of the skin [226]. Evidence
suggests that they may disrupt the SC lipid structural order, resulting in the loss of skin
barrier properties [227]. Despite the apparent similarities between these two systems
representing low-viscosity colloidal dispersions, they are classified as entirely different
formulations [228].

7.1. Microemulsions

It has been found that microemulsions are spontaneously formed, transparent, and
isotropic thermodynamically stable dispersion systems. The composition of the droplets
is carried out by the precise mixing of volumes of immiscible liquids (usually oil and

water) and the interfacial film of stabilizing surfactants at specific pressures and tempera-

tures [229]. Short alkyl chain alcohols such as co-surfactants are typically chosen to potent
the spontaneous formation of microemulsions. The isotropic and visually mono-phasic
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transparent system, in which the droplet size is usually below 100 nm, creates a flexible
interfacial film characterized by ultra-low surface tension values [230]. The microemulsion
as a formulation can improve the delivery of skin MP with both hydrophilic and lipophilic
active substances compared with conventional carriers. In this regard, Patel et al. reported
that the microemulsion with ketoconazole penetrated more efficiently than the saturated
aqueous solution [231].

Three various structural types of microemulsions can be formed:

e Oil-in-water (O/W) microemulsion;
e  Water-in-oil (W/O) microemulsion;
e  Bicontinuous microemulsion [232].

7.2. Nanoemulsions

Nanoemulsions typically contain 20-500 nm large droplets and have a different ap-
pearance depending on their size. Traditionally, they are stabilized by surfactants and do
not change in the long term [233]. However, they are non-equilibrium structures, and an
energetic input has to be typically applied (often from an emulsion) to form the droplet
size according to the nanoscale [234]. The basic methods for preparing nanoemulsions are
high-energy emulsifying methods such as HPH, ultrasound, jet spraying, microfluidiza-
tion, and low energy emulsifying methods such as solvent displacement, spontaneous
emulsification, phase inversion [235].

7.3. Microemulsions and Nanoemulsions in the Treatment of Skin Disorders
7.3.1. Antipsoriatic Effect

The clobetasol propionate- and calcipotriol-loaded nanoemulsion gel for the topical
treatment of psoriasis is reported, developed, and optimized by Kaur et al. The spontaneous
emulsification method was used for the preparation. Compared with the other commercial
MP [236], the nanoemulsion containing gel showed higher antipsoriatic activity in mice.

Recently, Rajitha et al. reported the preparation of loaded nanoemulsion based on
chaulmoogra oil, which is based on the self-emulsification method. Compared with the
conventional methotrexate solution, the nanoemulsion showed enhanced skin permeation
and retention of methotrexate in the deep skin layers [237].

7.3.2. Antifungal Effect

In another study, Coneac et al. reported the development of microemulsion-loaded
hydrogels for the topical delivery of fluconazole. Nonionic surfactants have been used to
stabilize the microemulsions, which then were incorporated in Carbopol gels. Compared
with the conventional hydrogel and Nizoral® cream, the optimized microemulsion-loaded
hydrogels showed higher in vitro flux values, higher release rate, and higher in vitro
antifungal activity against Candida albicans [238].

7.3.3. Anti-Inflammatory Effect

Two nanoemulsion systems for the dermal application of natural or synthetic mixtures
of pentacyclic triterpenes, with an anti-inflammatory effect, were reported by Alvarado
et al. [239]. Slightly different permeation profiles of natural and synthetic triterpene-
containing formulations are stated. The nanoemulsion, containing a natural triterpene
mixture, demonstrated a more significant anti-inflammatory activity due to the slower
permeation through the mouse skin [239].

In another study, Goindi et al. reported an ionic liquid-in-water microemulsion
formulation that can solubilize etodolac, a poorly water-soluble anti-inflammatory drug.
An effective permeation profile, as well as anti-arthritic and anti-inflammatory activities are
evaluated in vivo in different models compared with a marketed formulation of etodolac
(Proxym ge1®) [240].
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7.3.4. Antioxidant Effect

Lv et al. reported the preparation of essential oil-based microemulsions for topical ap-
plication in order to improve the solubility, photostability, and skin permeation of quercetin.
First, self-micro emulsifying DDS were prepared and then formed microemulsions. The
microemulsions protected quercetin from degradation in an alkaline environment and un-
der UV radiation. In these formulations, the in vitro skin permeation study on rats showed
2.5-3 times enhanced permeation capacity of quercetin compared with the conventional
aqueous solution [241].

7.3.5. Local Anesthetic Effect

To optimize the percutaneous absorption of lidocaine and prilocaine, Negi et al.
formed nanoemulsions using the high-shear mixing method followed by the HPH. The
optimized nanoemulsion systems showed higher permeation rates and permeability co-
efficient values in parallel with the marketed cream and were further incorporated into
a Carbopol hydrogel. In addition, the nanoemulsions and the nanoemulsion gel had a
stronger anesthetic effect in vivo than the commercial product [242].

7.3.6. Anticarcinogenic Effect

In the last few years, Pham et al. developed a nano-emulsification approach to
optimize the incorporation of Tocomin® for the accompanying therapy of skin carcino-
mas. Different preparation methods were used. The technique, combining a single-phase
in-version temperature homogenization method with ultrasonication, produced a sta-
ble Tocomin®-loaded nanoemulsion, which demonstrated an exceeding cytotoxic profile
against two human cutaneous carcinoma cell models [243].

Table 7 presents the practical implementation of microemulsions and nanoemulsions
in dermal drug delivery systems.

Table 7. Application of microemulsions and nanoemulsions DDS for the treatment of skin disorders.

Type API/Drug Application Reference
Microemulsion Tazarotene Tazarotene-loaded mlcroen.lul.smn for the treatment of [244]
psoriasis.
Microemulsion Methotrexate Methotrexate-loaded m1croe}m}ls10n for the treatment of [245]
psoriasis.
Microemulsion Retinoid Retinoid-loaded microemulsion for the treatment of psoriasis. [246]

Microemulsion coated with chitosan and containing

Microemulsion Clotrimazole clotrimazole for antifungal activity. [247]
. . . . iseofulvin-loaded mi Ision for the antif 1
Microemulsion Griseofulvin Griseofulvin-loaded microemulsion for the antifunga [248]
treatment.
. . Boswellia carterii Boswellia carterii oleo-gum resin-loaded microemulsion for
Microemulsion . [249]
oleo-gum-resin the treatment of acne and eczema.
Microemulsion Indian pennywortf walnut, Topical dosage mlcrqemulsmn of Indian pennywort, walnut, [250]
and turmeric and turmeric for the treatment of eczema.
. . . . Microemulsion containing triamcinolone for transdermal
Microemulsion Triamcinolone . [251]
delivery for the treatment of eczema.
Microemulsion Retinyl palmitate Microemulsion containing .retinyl palmi?atg for the treatment [252]
of acne, aging, and psoriasis.
Nanoemulsion Triptolide Triptolide nanoemulsion gels for the treatment of eczema. [253]
. . Nanoemulsion containing ivermectin for the treatment of
Nanoemulsion Ivermectin . .. . [254]
different types of parasite infestations.
Nanoemulsion Cyclosporine Cyclosporine-loaded nanoemulsion for the treatment of [255]

psoriasis.
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Table 7. Cont.

Type API/Drug

Application

Reference

Coumestrol

Nanoemulsion /Hydroxyethylcellulose

Nanoemulsion containing coumestrol and
hydroxyethylcellulose for the treatment of antiherpes.

[256]

Nanoemulsion 8-Methoxypsoralen

8-Methoxypsoralenloaded nanoemulsion for the treatment of
vitiligo and psoriasis.

[257]

Nanoemulsion Coenzyme Q10

Coenzyme Q10-loaded nanoemulsion as an antioxidant agent.

[258]

Nanoemulsion Psoralen

Psoralen-loaded nanoemulsion for the treatment of psoriasis
and vitiligo.

[259]

Nanoemulsion Isotretinoin

Isotretinoin-loaded nanoemulsion for the treatment of acne.

[260]

Nanoemulsion Amphotericin B

Amphotericin B-loaded nanoemulsion for the antifungal
treatment.

[261]

Nanoemulsion Zinc phthalocyanine

Zinc phthalocyanine-loaded nanoemulsion for use in
photodynamic therapy for leishmaniasis.

[262]

8. Topical Dosage Forms with Lipid Nanoparticulate DDS for the Treatment of Skin

Disorders

The size of Global Topical Drug Delivery Market was estimated at USD 95.08 billion
in 2020 and expected to reach USD 101.10 billion in 2021 and USD 140.01 billion by 2026.
The current market situation (USA, EUR, JP, AUS) for the topical skin products, shows
domination of generic products—about 74% of all the approved topical products are
generic equivalents of reference medicines (RLD). According to the collected data, gels,
creams, ointments, lotions, and solutions dominate the market for both topical reference
and topical generic products. The available semi-solid, solid, and liquid topical products
contain different combinations of surfactants, oils, water, colloidal, and solid ingredients in
solutions or dispersions [263].

Specific needs of skin, affected by inflammation, acne, or infections require adequate
drug therapy with appropriate topical dosage forms. For example, the adhesive patch can
provide a sustained and controlled release, while the gel can provide a faster and more
intense action. On the other hand, some topical dosage forms may not be most suitable for
application to certain areas of the skin, around the eyes, for example [264].

One of the most important considerations in the development of the topical dosage
forms is the patient need. The second consideration is the drug’s physicochemical proper-
ties. In general, regulatory procedures for the registration of topical products are slow, as
clinical equivalence studies (clinical trials) involve a high number of participants, require
time and significant costs to ensure a sufficiently objective assessment of the final therapeu-
tic effect. Technological or cost problems are among the reasons for additional difficulties
in the implementation of promising dermatological products [265].

Table 8 summarizes some of the literature available on topical nano-based topical
dosage forms for skin diseases.

Table 8. Topical nanoformulations used in the treatment of various skin conditions.

Type

API/Drug

Disease

Reference

Nanoemulsion gel

Clobetasol propionate

Treatments of psoriasis.

Nanoethogel

Amphotericin B

Dermatophytes and fungal infections.

Nanoemulsion gel

5-Fluorouracil

Non-melanoma skin cancers.

Hydrogel

Zinc oxide

Wound healing effect on fibroblast cells.

Nanoemulgel, NLC

Vitamin E

Skin hydration.

Hydrogel

Cyclosporine and calcipotriol

Treatments of psoriasis.
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9. Future Prospects of Lipid Nanoparticulate DDS for the Treatment of Skin Disorders

It can be generalized that the main challenges in the development of cutaneous lipid
nanometric delivery systems include:

e Precise delivery across the skin and to certain skin strata, depending on the final
target;

e  Successful elimination of lipid nanomaterial toxicity threats in topical medical formu-
lations and cosmetics;

e  Ensuring improved permeation and low skin irritability as a result of the use of lipid
nanocarriers;

e Improved cutaneous release of incorporated API with a broad spectrum of physiologi-
cal and physicochemical properties.

Lipid nanoparticulate DDS can be employed intensively for the delivery of phy-
tomedicines intended for topical administration. The approach can be promising in this
regard, considering the difficulties in their delivery which is caused by their physicochemi-
cal properties.

The formulation of phytopreparations with lipid nanoparticles would find a use-
ful application in nanomedicine at the desired targeted delivery, for example, in cancer
treatments.

10. Conclusions

Skin disorders represent a progressively emerging clinical public health problem.
Treatment strategies based on conventional formulations are non-specific and can lead
to considerable systemic toxicity. The progressive approach of the use of lipid nano-
formulations as skin drug delivery systems can provide an incomparable prospect for the
application of highly competent and safe treatments with the improved benefit-risk ratio.

The use of lipid nanoparticlulate DDS is favored recently due to the GRAS status of
the excipients. Lipid nanocarriers can effectively protect the API from degradation on the
skin’s surface, increase their concentration gradient in the upper skin layers, and enable
gradual release. Lipid nanoparticles for topical application could be formulated with the
high content of lipid matrix or dispersed in different foundations.

Lipid nanosystems provide a promising, flexible platform for the safe, effective, and
biocompatible topical delivery of the API, as they do not cause cytotoxicity or morpho-
logical changes in the skin layers. The interest shown by pharmaceutical scientists, in
the development of lipid nanoparticle delivery systems, may offer a future that provides
sufficiently efficient lipid nanoparticle products for needy users.
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Abstract: The earliest example of in vivo expression of exogenous mRNA is by direct intramuscular
injection in mice without the aid of a delivery vehicle. The current state of the art for therapeutic
nucleic acid delivery is lipid nanoparticles (LNP), which are composed of cholesterol, a helper
lipid, a PEGylated lipid and an ionizable amine-containing lipid. The liver is the primary organ of
LNP accumulation following intravenous administration and is also observed to varying degrees
following intramuscular and subcutaneous routes. Delivery of nucleic acid to hepatocytes by LNP
has therapeutic potential, but there are many disease indications that would benefit from non-hepatic
LNP tissue and cell population targeting, such as cancer, and neurological, cardiovascular and
infectious diseases. This review will concentrate on the current efforts to develop the next generation
of tissue-targeted LNP constructs for therapeutic nucleic acids.

Keywords: lipid nanoparticles; drug delivery; therapeutic nucleic acids

1. Introduction

The earliest example of in vivo expression of exogenous mRNA was by direct in-
tramuscular injection in mice without the aid of a delivery vehicle [1]. This appears to
defy what is known about nucleic acids, being that they are large, polar and metabolically
unstable drugs that do not cross cell membranes. However, since cytoplasmic delivery is
essential for mRNA transcription and efficacy, clearly “naked” mRNA at a sufficient dose
can be taken up by cells and expressed in vivo, at least to some degree. Later investiga-
tions identified saturable, nucleotide-specific uptake mechanisms that involve intracellular
vesicles [2]. Regardless of existing mechanisms for direct nucleotide cellular uptake, deliv-
ery platforms offer stability, suppression of immunogenicity and dramatically improved
cellular transfection.

2. LNP Chemistry, Formulation and Background

Formulating therapeutic nucleic acids into nanoparticles is of utmost importance to
prevent degradation by nucleases upon administration and to enhance cellular uptake
of these negatively charged entities. The current state of the art for therapeutic nucleic
acid delivery is lipid nanoparticles (LNP), which are composed of cholesterol, a helper
lipid, a PEGylated lipid and an ionizable amine-containing lipid (Figure 1) [3]. The choles-
terol and helper lipids are important for the integrity of the LNP, while the PEGylated
lipid provides colloidal stability as well as stealth properties to limit accumulation in
the reticuloendothelial system (RES). The most important ingredient in this recipe is the
ionizable amine-containing lipid, which is responsible for the complexation of nucleic
acid. Importantly, this ionizable lipid is only protonated at non-physiological pH, pKa 6-7,
which means the lipid is not charged in the circulation [4], which is important as cationic
nanoparticles are notoriously toxic [5]. Upon cell uptake and lysosomal localization, the
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ionizable lipid is again charged at the low lysosomal pH, which, together with the unique
conical features of the component lipids, assists in lysosomal escape and mRNA expression
or siRNA gene silencing [4].

Alcohol dilution is the most commonly used method for LNP formulation, in which
the nucleic acid payload is dispersed in an aqueous buffer (e.g., citrate, acetate, HEPES,
malic acid buffers) at an acidic pH (pH ~ 3-5) and the excipients are dissolved in alcohol,
ethanol being predominantly used, but +-BuOH is also used occasionally [6]. The ionic
strength of the buffer varies from 10 mM to 100 mM, where lower ionic strength buffers
are used for smaller RNA and pDNA and a higher concentration is used for larger RNA.
During formulation, the aqueous and organic phases are generally combined at a volume
ratio of 3:1 by either rapid mixing with a pipette or using microfluidic mixing. Downstream
processing consists of either dialysis, tangential flow filtration or centrifuge filtration against
PBS to remove ethanol and for buffer exchange.

Tissue targeting LNP can be obtained by introducing targeting ligands directly to the
formulation in ethanol, chemically conjugating to the LNP surface, or by modifying the
composition of the lipids in the formulation. Herein, active targeting refers to LNPs that
contains a target-specific ligand in the formulation, whereas passive targeting refers to
constructs lacking chemically conjugated targeting moieties.

Active targeting of LNP using antibodies was adopted by several groups, where a
functionalized DSPE-PEG was introduced during LNP formulation at 12.5-25 mol% of total
PEG, followed by chemically grafting the antibody [7-9]. For example, a simple amidation
was used to conjugate «CD34 antibody to DSPE-PEG-carboxyl [8], and thiol-maleimide
conjugation was employed to attach anti-CD4 antibody [9,10] and mAb specific for PECAM-
1 [11] to DSPE-PEG-maleimide containing LNP. Caveolae targeted delivery to the lungs
was achieved by conjugating Fab-C4 to DSPE-PEG-maleimide via a Diels-Alder reaction,
where the Fab-C4 contains a cyclopentadiene lysine derivative to allow the Diels-Alder
transformation [7]. A different strategy was utilized by Goswani et al. where the targeting
ligand was attached to cholesterol instead of PEG-lipid. Here, c-mannose containing
an aminopropyl succinate spacer was conjugated to cholesterol via an amide bond and
formulated into LNP to deliver saRNA to dendritic cells [12]. An example of introducing
a targeting ligand directly into the formulation is whereby DSPE-PEG2000-mannose was
incorporated into the formulation at 2.5 mol% (at 3 mol% total PEG-lipid) to allow selective
delivery of LNP to liver sinusoidal endothelial cells [13].

Passive targeting is governed primarily by the size and charge of the LNP, which is
acquired through changes in the molar compositions of the four types of lipids used in
the formulation. One such example is the use of increasing amounts of DMG-PEG2000
from 0.004 pmol to 0.12 pumol to reduce the LNP size from 200 nm to 30 nm. The latter
was shown to have enhanced cellular uptake by CD+ dendritic cells in lymph nodes [14].
The same report showed the use of CHEMS at ~20 mol% to obtain negatively charged
LNP to further enhance cellular uptake. Replacing traditional linear PEG-lipids with 3%
Tween 20, which contains three PEG chains and a single lipid chain, Zukancic et al. was
able to demonstrate targeted delivery of pPDNA LNP to draining lymph nodes, however
at the expense of reduced encapsulation efficiency, ~50% [15]. On occasion, an additional
lipid is introduced to achieve passive targeting, which has been termed selective organ
targeting (SORT) lipids [16,17]. These SORT lipids are introduced to the LNP formulation
by dissolution in THF or ethanol at different molar ratios before mixing with the RNA to
obtain liver, spleen and lung targeting [17-20]. Lipid composition and the type of ionizable
lipid used in the formulation have a greater impact on pDNA LNP transfection, with
different ratios of DODAP and DOPE in the formulation [21] and changing the ionizable
lipid from DLin-MC3-DMA to DLin-KC2-DMA [22] increasing transfection in the spleen,
while uptake of these LNP was greatest in the liver [21,22].

Although many LNPs are currently in preclinical and clinical development, only
three have been approved/authorized by the US Food and Drug Administration (FDA)
for clinical use. These are Comirnaty® SARS-CoV-2 mRNA vaccine by BioNTech/Pfizer,
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mRNA-1273 SARS-CoV-2 mRNA vaccine by Moderna and Onpattro® transthyretin siRNA
for hereditary amyloidosis by Alnylam [23]. By way of their rapid regulatory review
and enormous clinical impact, the market approval of the LNP-based mRNA vaccines, in
particular, will facilitate the translation of future nanomedicine products [23]. This truth has
already been recognized by the savvy financial markets, with record investment flowing
into nanomedicine startups [24], especially vaccine companies.

é PEG-Lipid

9 Cationic ionizable lipid

! Cholesterol

LI Therapeutic nucleic acid

Figure 1. LNP Structure. The LNP interior contains electrostatically neutral inverted micelles, in
which the negatively charged nucleic acid is surrounded by the ionizable lipid and other lipid
components. The surface of the LNP is composed of a hydrophilic shell containing the PEG-lipid.
(Figure adapted from Evers et al. [25]).

3. Inherent LNP Liver Tropism

The liver is the primary organ of LNP accumulation following intravenous adminis-
tration and is also observed to varying degrees following intramuscular and subcutaneous
routes, with larger LNP having less liver uptake [26]. For example, after intramuscular
administration of an mRNA LNP vaccine to mice, branched DNA analysis of tissue mRNA
identified muscle > lymph node > liver > spleen > testis as the primary organs of LNP accu-
mulation in descending order [27]. Interestingly, mRNA LNP uptake does not necessarily
correlate with mRNA protein expression [26]. The cell populations involved in liver uptake
are dependent upon the underlying uptake mechanism. A common mechanism of uptake
for most nanoparticles, including LNP, is scavenger receptor-mediated uptake into the
hepatic Kupffer cells and sinusoidal endothelium following opsonization by non-specific
absorption of plasma proteins [28]. Alternatively, Akinc et al. discovered that adsorption of
endogenous apolipoprotein E (ApoE) can direct the uptake of LNP to hepatocytes through
interaction with the low-density lipoprotein receptor (LDLR) located in these cells [29].
These researchers characterized this uptake mechanism by using LDLR knockout mice
and hepatocytes in vitro and went on to show that the N-acetylgalactosamine (GalNAc)
ligand covalently attached to LNP could also target hepatocytes through the asialoglyco-
protein receptor (Table 1). The utility of GalNAc-mediated hepatocyte targeting of LNP
is demonstrated by the recent approval of Onpattro transthyretin siRNA for hereditary
amyloidosis mentioned above. Clearly, delivery of nucleic acid to hepatocytes by LNP
has therapeutic potential, but there are many disease indications that would benefit from
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non-hepatic LNP tissue and cell population targeting, such as cancer and neurological and
cardiovascular disease.

Although reducing hepatic uptake of parenterally administered LNP has been a
challenge, alterations in LNP composition and physicochemical characteristics have been
shown to influence liver distribution (Table 1). The LNP surface charge has been shown
to influence the liver accumulation of intramuscularly administered LNP, with negatively
charged LNP having greater liver uptake [4]. Similarly, the inclusion of neutral lipids
to LNP resulted in liver tropism following intravenous injection, while the addition of
cationic lipids to net neutral LNP resulted in a shift to lung uptake and the addition of
negatively charged lipids to net neutral LNP resulted in splenic uptake [17]. The addition
of oxidized cholesterol to LNP shifted liver uptake away from hepatocytes and into the
hepatic microenvironment, including Kupffer cells and hepatic endothelial cells [30]. The
inclusion of constrained lipids in LNP, such as adamantyl phospholipids, has also been
shown to target hepatic Kupffer cells [31]. Apart from charge and composition, size can also
influence hepatocyte transfection, presumably due to the hepatic architecture, with narrow
sinusoidal fenestration pores of ~100 nm [32]; LNP > ~200 nm dramatically diminishes
hepatocyte transfection [33].

Alternatives to LNP modification have also been attempted to prevent liver accumu-
lation. In one example, a liposome termed a “nanoprimer” was used to saturate Kupffer
cell-mediated clearance 10 min prior to administration of LNP containing Cy5.5 labeled hu-
man erythropoietin mRNA or factor VII siRNA, resulting in increased systemic fluorescence
at 1 h post-dose and increased erythropoietin or decreased factor VII protein expression at
48 h post-dose, respectively [34]. Clever mRNA modifications have also been made in an
attempt to reduce off-target liver expression by the design of hepatic-selective, suppres-
sive micro-RNA (miRNA) binding sites into the untranslated regions of the mRNA [35].
This would decrease hepatic translation regardless of hepatic LNP uptake. The incorpo-
ration of suppressive miRNA elements can also be used to limit mRNA expression to a
certain cell type. Magadum et al. utilized a miRNA responsive expression scheme they
named ‘specific modRNA translation system” or SMRT, to limit mRNA LNP expression
to cardiomyocytes. In the SMRT scheme, a suppressive cardiomyocyte-specific miRNA
binding site for miR1-208 was incorporated into the untranslated region of an mRNA
coding for a negative-regulating protein, L7AE. Upon expression, the negative-regulating
L7AE protein prevents the translation of the second mRNA of interest. However, in the
case of cardiomyocyte-specific miRNA binding to the L7ZAE mRNA, the L7AE expression
is suppressed and the second mRNA is translated [36].
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4. Non-Hepatic LNP Targeting

Several groups have used in vivo screening systems to select LNP compositions that
target-specific tissues/cells without the use of targeting ligands. In particular, Dahlman’s
laboratory at the Georgia Institute of Technology has pioneered the use of an in vivo screen
that correlates a unique LNP “DNA barcode” with siRNA delivery and function [39].
The technique identifies reduced protein expression resulting from siRNA knockdown
in the tissue of interest by flow cytometry and then sequences the cells to identify the
corresponding DNA barcode of the LNP responsible. Utilizing this method, over 100 LNP
of varying composition were screened simultaneously for bone marrow endothelial cell
(BMEC) transfection with an ICAM-2 siRNA payload, identifying LNP with 15-20 mol%
C18PEG2000/80 mol% 7C1 helper lipid /0.1-10 mol% cholesterol as BMEC targeted. They
then went on to show that an example of this BMEC-targeting LNP, ‘BM1’, could also
deliver sgRNA in a constitutively expressed SpCas9 model, demonstrating the flexibility of
this delivery platform.

LNP targeting of immune cell populations is of particular interest for the purposes
of immunomodulation and vaccine delivery. While intramuscular injection of untargeted
mRNA LNP vaccines results in significant accumulation in antigen-presenting cell (APC)
populations at local lymph nodes, there is substantial accumulation in the muscle itself,
as well as other tissues such as liver, spleen, bone marrow and testes [27]. The potential
negative consequences of this off-target distribution are presently unknown. In order
to increase vaccine efficacy as well as decrease potential risks of off-target distribution,
researchers have tried to improve LNP distribution to lymph nodes and APC. As an
example, Nakamura et al. evaluated the effect of size and charge on lipid nanoparticle
lymph node tropism of LNP prepared by the popular microfluidic mixing technique [41].
They identified small (~30 nm), negatively charged LNP as having greatly superior lymph
node dendritic cell distribution in comparison to larger (100-200 nm), neutral or cationic
LNP [14]. This agrees with liposome studies by Kranz et al., who identified negatively
charged liposomes as having greater lymphatic dendritic cell tropism [50]. Active targeting
has also been utilized to target vaccines to APC. Incorporation of mannose conjugated
cholesterol in an influenza hemagglutinin saRNA LNP to target the APC mannose receptor
(CD206) resulted in enhanced dendritic primary cell uptake in vitro and a more rapid
immune response in vivo following i.d. administration, with higher antibody titers and
greater antigen-specific splenic CD4+ and CD8+ T cells [12]. The incorporation of a mannose
targeting ligand has also been shown to target LNP to hepatic sinusoidal endothelial
cells [13].

LNP has been targeted to T cells with surface conjugated anti-CD4 antibodies, re-
sulting in uptake by T cells in the blood and lymphatic system following intravenous
administration [9,10]. The LNP with conformationally constrained lipids was also found
to target splenic T cells following intravenous administration [40]. Coating of antibodies
on the surface of LNP incorporating an Fc binding lipid allowed for in vivo targeting of
various immune cells, including macrophages, Treg, T helper, CTL, B cells and mono-
cytes, corresponding to coating with anti-CD45, -CD25, -CD4, -CD8, -CD19 and -CD11b
antibodies, respectively [8].

Lung delivery of nucleic acids has the potential for the treatment of a wide range of
respiratory diseases, such as genetic defects such as cystic fibrosis and infectious diseases
such as the common flu. In addition to systemic administration of lung-targeted LNP,
direct inhalation of nebulized LNP has been attempted [7,17,42]. In the case of nebulization,
researchers found high molar percentages of both PEG and cationic helper lipid improved
lung transfection [42]. Administration of a nebulized 40 nm LNP with 55 and 5 molar%
C14PEG2000 and DOTARP, respectively, delivered a payload of membrane-anchored FI6
antibody mRNA and protected against a lethal dose of influenza HIN1 in a murine model.
Systemically administered LNP has also been targeted to the lung vasculature by conju-
gation of platelet endothelial cell adhesion molecule-1 (PECAM-1) antibodies to the LNP
surface [11].
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The eye is also of interest for LNP delivery for the treatment of such conditions as
retinal degeneration. The eye benefits from being accessible for direct administration by
topical, subretinal, intravitreal and suprachoroidal administration routes [51]. At this time,
only viral vector-based oligonucleotide therapies are approved for the treatment of ocular
diseases, such as Luxturna for inherited retinal dystrophy [51], but advancements are being
made in LNP oligonucleotide delivery systems. Patel et al. identified LNP containing
ionizable lipids with low pKa and unsaturated hydrocarbon chains as having the greatest
retinal pigment epithelium (RPE) transfection following subretinal injection [44]. These
researchers went on to discover that larger LNP, ~150 nm, having a lower PEG density
of 0.5 mol% had greater transfection of the RPE following subretinal administration, and
following intravitreal administration, had greater transfection of Muller glia, optic nerve
and trabecular meshwork [43]. ApoE absorption and subsequent LDLR-mediated uptake,
as well as phagocytosis, were not involved in the observed LNP RPE transfection.

LNP targeting of oligonucleotides to the CNS has potential for the treatment of neu-
rological diseases as well as providing a tool for understanding brain function through
manipulation of protein expression. Since ApoE is produced by astroglia and LDLR is
found on neurons, LNP can be used to target neurons in the CNS, similar to how hepato-
cytes are targeted systemically in an ApoE-dependent fashion [52]. Back in 2013, Rungta
et al. demonstrated that intracranial administration of siRNA-LNP constructs to the brain
could silence neuronal N-methyl-D-aspartate (NMDA) receptors locally or regionally when
administered by intracortical or intracerebroventricular injection, respectively [45]. They
demonstrated that neuronal LNP uptake was ApoE-dependent by observing that LNP
uptake into rat primary neurons only occurred upon supplementation of the culture media
with ApoE. The primary issue for LNP-mediated CNS delivery, however, is overcom-
ing the blood-brain barrier (BBB). The only example we found in our literature review
for a BBB-targeted LNP utilized an RNA aptamer targeting the C-C chemokine receptor
type 5 (CCR5), and this construct was only evaluated in an in vitro model of the BBB,
not in vivo.

5. Oncology and Immuno-Oncology

An area of great promise for the future of LNP is cancer, in particular vaccine
immunotherapy [53,54]. In fact, both Moderna and BioNTech, developers of the FDA-
approved SARS-CoV-2 vaccines, are investing in immuno-oncology to further utilize their
mRNA delivery technologies. BioNTech has several mRNA cancer vaccine candidates in
clinical trials, including BNT111, in phase 2 clinical trials for melanoma (NCT04526899),
BNT113, in phase 2 for HPV16-positive head and neck cancers (NCT04534205), and BNT112
in phase 1/2 for prostate cancer (NCT04382898). These mRNA vaccines are being explored
in combination with anti-PD-1 immune checkpoint inhibitors such as cemiplimab and
pembrolizumab [55]. Though, these formulations use BioNTech’s FixVac platform tech-
nology (RNA-lipoplex delivery vehicles), not the LNP architecture as shown in Figure 1.
Lipoplexes were one of the early delivery vehicles for mRNA targeting, although with
the advantages lipid nanoparticles offer, such as increased stability and protection of the
nucleic acid cargo, lipid nanoparticles are becoming a popular choice for the exploration of
novel treatment strategies [53]. Additionally, in a recent interview, BioNTech CEO Ugur
Sahin stressed the company’s commitment to developing strategies to combat cancer with
its mRNA cancer vaccine technology [56].

Moderna is using its LNP technology for the delivery of mRNA cancer vaccines as
well as immuno-oncology therapeutics [57]. The following two cancer vaccine candidates
are currently in clinical trials: mRNA-4157, a personalized cancer vaccine in phase 2 clinical
trials for the treatment of melanoma (NCT03897881), and mRNA-5671, a KRAS vaccine
in phase 1 clinical trials for the treatment of pancreatic, colorectal and non-small cell lung
cancers (NCT03948763) [58]. Both vaccines are being tested in combination with pem-
brolizumab. In the immuno-oncology space, Moderna has the following two formulations
in Phase 1 clinical trials: mRNA-2752, an LNP encapsulating mRNA encoding OX40L,
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IL-23 and IL-36y (NCT03739931, NCT02872025) and MEDI1191, an LNP encapsulating
mRNA for IL-12 (NCT03946800) [58]. These formulations are being tested in combination
with pembrolizumab and durvalumab, respectively.

Recently, Pfizer entered into an agreement with Acuitas Therapeutics to license their
LNP technology for the development of several therapeutic and vaccine concepts [59].
There are already dozens of strategies in clinical trials for both cancers as well as infectious
disease treatment and vaccine development [54]. Further, there are countless strategies in
various phases of preclinical development. Oberli et al. have described a lipid nanoparticle-
based mRNA vaccine that showed promise when tested in a B16F10 melanoma model in
mice [60]. The vaccine, encoding for TRP2 and gp100 tumor-associated antigens, induced
strong CD8 T cell activation and showed decreased tumor volume with increased animal
survival in the highly aggressive cancer. In another example, Lee et al. used LNP for the
delivery of tri-palmitoyl-S-glyceryl cysteine linked to a pentapeptide (termed Pam3), which
is a known adjuvant of TLR1 and TLR2 [61]. In addition to enhanced CD8 T cell response,
the Pam3-LNP showed superior tumor prevention in a mouse lymphoma model. Novel
LNP-mRNA vaccines and treatments hold tremendous potential for future development,
and with improved targeting strategies as described herein, the number of both preclinical
and clinical studies is sure to multiply in the coming years.

6. Conclusions and Future Directions

There are surprisingly few examples of tissue-targeted LNP, apart from targeting of the
liver, lung and the immune system, as well as a few examples of actively targeted concepts
(Figure 2). One of the primary obstacles to tissue targeting is the natural physiological
barrier to tissue accumulation presented by the vascular endothelium, as most tissues apart
from the liver and spleen are not fenestrated, having a continuous endothelium [62]. While
tumor vasculature often contains openings in the endothelium, the passive accumulation of
nanoparticles through these pores into the tumor tissue has been found to be highly variable
and inefficient, largely due to inconsistent pore size and density and extracellular matrix
and lymphatic blockage that creates back pressure that counters convective and diffusive
movement into the pore [63]. Additionally, animal cancer models, primarily mice, are often
not representative of the clinical case and this has resulted in a poor correlation between
preclinical and clinical efficacy of nanomedicine formulations [64]. Studies reviewing
nanomedicine tumor uptake in the preclinical literature have identified both poor absolute
tumor uptake, averaging ~0.7% of the total dose, but also greater tumor vs. systemic
drug exposure in comparison to conventional drug formulations [65,66]; these data would
support the reduced toxicity of nanomedicines, which generally correlates with systemic
exposure, but also reduced efficacy, which correlates to tumor exposure.

With this in mind, it is of interest for future targeted LNP research to concentrate on
active targeting of the vascular endothelium itself, not only the tissue of interest, utilizing
strategies such as receptor-mediated transcytosis and paracellular transport to breach the
vascular barrier [67,68]. Selectivity of this endothelial targeting strategy must rely on tissue-
selective receptor expression that may benefit from modern ligand-receptor identification
techniques such as phage display. Phage display is a versatile tool that can be used to
screen proteins, peptides or antibodies for interaction with cells, tissues or biomarkers,
conducted in vitro, ex vivo, as well as in vivo [69,70]. In addition to the identification of
more selective targeting ligands, there is also the requirement to simultaneously optimize
transfection efficiency, which as mentioned above is also tissue-dependent [26].

An alternative to tissue targeting using LNP composition or the addition of a targeting
ligand is the incorporation of cell membrane-derived components into LNP. Addition of
cell membrane-derived components to make biological hybrid LNP constructs can utilize
the cell membrane’s innate-stealth qualities to evade immune system recognition and ho-
motypic features to target tissues and cells [71]. Common cell membrane-derived coatings
used for stealth and tissue targeting are red blood cell (RBC) membranes, and cancer and
platelet cell membranes, respectively [72-75]. This powerful targeting technique has been
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applied to patient-derived cancer cells (PDCC), with PDCC membrane-coated nanoparticles
demonstrating PDCC-specific targeting preclinically in their respective xenograft mod-
els [73]. Similarly, cancer cell membrane-coated siRNA formulations have also been shown
to selectively target in a homotypic fashion, in which only cancer cells of the membrane
origin are targeted [76]. There is also the possibility of using a combination of active and
biomimetic targeting approaches. For example, a cRGD-targeted, RBC membrane-coated
polyplex was utilized for siRNA delivery to melanoma, with the RBC coating preventing
opsonization and increasing circulation time [77]. Targeting ligands can also be engineered
directly into the coating membrane. Park et al., for example, coated an mRNA polyplex
with a mouse melanoma membrane engineered to express a viral fusion protein that en-
hances endosomal escape, dramatically improving transfection efficiency both in vitro and
in vivo [78]. A more general targeting approach than cancer cell membrane homotypic
targeting and active targeting are utilizing platelet membrane coatings, which have been
shown to target a variety of disease states, including vascular disease, infections and can-
cer [75]. Utilizing this disease agnostic targeting approach, Zhuang et al. demonstrated the
ability of a platelet membrane-coated survivan siRNA metallic nanoparticle to accumulate
in and suppress the growth of an SK-BR-3 breast cancer xenograft [79].
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Figure 2. Trends in targeted LNP. The trends in LNP tissue target (A) and targeting mechanism
(B) are displayed (from references in Table 1).

Another potentially impactful application of LNP technology is modification to ex-
ploit stimuli-responsive properties. Internal (e.g., pH, enzyme and redox) and external
(e.g., temperature, light, ultrasound and magnetic fields) stimuli have been explored for a
variety of nanoparticle platforms [80-84], with Celsion Corporation’s ThermoDox arguably
the most well-known example [85-87]. There are several reports in the literature using
internal and external stimuli to afford the release of nucleic acid cargos. Miller et al. synthe-
sized cationic lipoplexes incorporating matrix metalloproteinase-2 (MMP-2) and human
leukocyte elastase (HLE) sensitive linkers, both of which are known to be upregulated in
the tumor matrix, to demonstrate the targeted release of siRNA in vitro in several cell lines
using luciferase knockdown experiments [88]. PEGylated lipids were modified to include
the MMP-2 and HLE linkers, which when cleaved, effectively de-shield the nanoparticles of
the PEG layer, promoting cellular uptake. In another example, Rabbitts et al. used external
acoustic shock waves to enhance cellular uptake of mRNA lipoplex particles [89]. The
lipoplex particle was engineered to take advantage of unique phase transitions that are
triggered by the shock waves to promote cellular entry. Using fluorescently labeled GFP-
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modified mRNA, the lipoplexes were transfected into several cell lines and the fluorescence
from the translated mRNA was quantified, with cells receiving the shock wave treatment
showing a greater transfection efficiency. With appropriate modifications to either the lipid
components or the nucleic acid cargo, LNP can also potentially take advantage of these
internal and external release triggers to enhance tumor targeting.
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Abstract: Cystic hydatid disease (CHD) is a zoonotic disease with different clinical stages caused
by the larval stage of the cestode Echinococcus granulosus. It is important to highlight as a public
health problem in various regions of the world. In the current study, the efficacy and apoptotic
activity of the liposomal system containing juglone (5-hydroxy-1,4-naphthoquinone) were assessed
against protoscoleces (PSCs) in vitro. To this aim, firstly, liposomal vesicles were prepared by the
thin-film method. Their physico-chemical features were assessed using Zeta-Sizer and Scanning
Electron Microscope (SEM). Subsequently, various concentrations (50, 100, 200, 400, and 800 pg/mL)
of juglone nanoliposomes at different exposure times (15, 30, 60, and 120 min) were used against
PSCs. Results showed that juglone nanoliposomes at all tested concentrations induced scolicidal
effect, however, 800 pg/mL and 400 ug/mL of juglone nanoliposomes could reach 100% mortality in
60 and 120 min, respectively. Additionally, we found that caspase-3 mRNA expression was higher in
PSCs treated with juglone nanoliposomes compared to control groups (p < 0.001). Therefore, juglone
nanoliposomes are suggested to have a more potent apoptotic effect on PSCs. Generally, optimized
doses of juglone nanoliposomes could display significant scolicidal effects. Moreover, further in vivo
studies are required to evaluate the efficacy of this nanoliposome.

Keywords: Echinococcus granulosus; scolicidal; nanoliposome; juglone; apoptotic activity

1. Introduction

Cystic hydatid disease (CHD) is one of the main neglected helminth diseases, with
different clinical complications caused by the larval stage of the cestode Echinococcus
granulosus in many countries of the world [1]. The metacestode grows as a unilocular
cyst that contains an inner germinal layer with totipotent cells that generate capsules with
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multiple protoscoleces (PSCs) via asexual division, and it is surrounded by a laminated
acellular membrane, called the laminar layer [2]. The annual incidence rate of CHD can
differ from 1 to 200 per 100,000 populations in numerous endemic areas. The prevalence of
CHD in Iran is considered an endemic and hyperendemic area, especially in the southern
and northern parts, respectively [3]. CHD has medical and veterinary importance due to
broad economic damages and losses of animals [4]. Moreover, the decrease in the quality
of meat, milk production, fiber, and the number of surviving offspring are problems of this
disease [5]. Humans, sheep, and other mammalian species are intermediate hosts, whereas
canids are the definitive hosts for E. granulosus. Normally, humans and herbivores get
the infection by occasional ingestion of eggs of E. granulosus in contaminated food, water,
or soil. Oncospheres of eggs are able to penetrate the intestinal mucosa and disseminate
through the portal system of the liver and lungs [6]. Vaccination is not a highly effective
method for the control of CHD. Although in silico and in vivo studies are being conducted
to design vaccines against this parasite [7], to date, there is no appropriate human vaccine
against the disease [8,9]. The animal EG95 recombinant vaccine was used for vaccination
of sheep against hydatid cyst. Surgery is a routine method for treating the disease, but
there are some unexpected side effects, such as anaphylactic shock, disease recurrence,
and mortality. Moreover, when cysts are found in the brain and spinal tissues, surgery
is not recommended [10,11]. In these cases, chemotherapy and/or puncture-aspiration-
injection-respiration (PAIR) technique are alternative resources for the treatment of CHD.
Surgery, PAIR technique, and chemotherapy are the most common CHD treatments used
today. Removal of the cysts together with chemotherapy, either using albendazole and/or
mebendazole before and after surgery, are the best approaches. Nevertheless, some drugs
have side effects, such as hepatotoxicity, leucopenia, and thrombocytopenia [12,13].

So far, many natural scolicidal agents have been used to inactivate hydatid cyst PSCs.
Among the antiparasite compounds, 5-Hydroxy-1,4-naphthoquinone, also called juglone, is
an organic compound with the molecular formula C1gHgOj3 that is produced both naturally
and industrially from different parts of the fruit, bark, leaves, and roots of some species
of walnut from Juglandaceae family. The scientific name for juglone is Juglans regia [14,15].
Nowadays, walnut is widely cultivated across eastern Asia, northern Africa, southern
Europe, and western South America. On the other hand, juglone is a phenolic compound
with allopathic activity belonging to the class of naphthoquinones. It also has antibacterial,
antiviral, anti-fungal, and anti-tumoral activities [16]. Juglone and its derivatives have
a broad potent spectrum of antiparasite activity [17,18]. Nanostructured lipid carriers
produced containing the drug enhance the penetration of the incorporated compounds and
resolve concerns such as side effects, low drug solubility in water, and lack of adequate drug
delivery to the parasite [19]. Here, we evaluated the scolicidal and apoptotic activity of
nanoliposomed lipid carriers of juglone against E. granulosus PSCs in vitro by the qRT-PCR
expression of caspase-3 gene.

2. Results
2.1. Morphology and Zeta Potential Characterization of Liposomal Systems Containing Juglone

The morphology of nanoliposome systems containing juglone was investigated by
SEM. SEM image shows that the morphology of the constituent particles in liposome
systems containing essential oil, are spherical displaying a smooth surface and particles
are in the range of 10-90 nm (Figure 1). In addition, the surface charge (zeta potential) of
the liposome systems containing the juglone was calculated to be —16.7 mV (Figure 1).

186



Pharmaceuticals 2021, 14, 623

Y P
SEM HV: 10.0 kV WD: 9.50 mm
View field: 3.18 pm Det: SE
SEM MAG: 40.0 kx Date(m/dly): 09/02/17

160000

140000 )
120000

Zeta Potential Distribution

100000
80000
60000
40000
20000

Total Counts

-200 -100 0 100 200
Zeta Potential (mV)

Figure 1. SEM photograph (A), zeta potential of the liposomal system containing juglone (B).

2.2. Genotyping of E. granulosus PSCs

To identify the E. granulosus PSCs genotype, PCR amplification by targeting the cox1
gene was performed. Based on sequencing analysis (PouyaGostar Gene, Tehran, Iran) the
G1 genotype (sheep strain) was confirmed (data not shown) [20].

2.3. Scolicidal Effects of Juglone and Juglone Nanoliposomes

Juglone as an effective agent with various concentrations (50, 100, 200, 400, and
800 pg/mL) was tested at different exposure times (15, 30, 60, and 120 min) against
E. granulosus PSCs. The results showed that the juglone had a scolicidal effect at all
concentrations. Statistically significant differences were observed between 800 pug/mL
juglone at exposure times of 120 min (mortality rates of 94%) and the other concentrations
and control group (PBS) (Figure 2A). However, the induced scolicidal effect of 50 ug/mL
was less than that of other concentrations after 120 min (71%) (Figure 2A).
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Figure 2. (A) Scolicidal effects of different concentrations of juglone at various times of exposure
against PSCs of E. granulosus. Each test was performed in triplicate. (B) Scolicidal effects of different
concentrations of the juglone nanoliposomesat various times of exposure against PSCs of E. granulosus.
Each test was performed in triplicate.

Remarkably, 800 pg/mL and 400 pug/mL of juglonenanoliposomes could reach 100%
mortality at 60 and 120 min, respectively. The scolicidal effect of juglonenanoliposomes
at concentrations of 200 pg/mL, 100 ug/mL and 50 ug/mL at exposure times of 120 min
were 95%, 92.5%, and 90% mortality rate, respectively (Figure 2B).

2.4. Expression of caspase-3 Gene

Apoptotic activity was evaluated using the caspase-3 mRNA expressions assay. The ex-
pression of caspase-3 mRNA was assessed by the qRT-PCR after 15 h of exposure (Figure 3).
As a result, caspase-3 mRNA expression was higher in PSCs treated with juglone nanoli-
posomes compared to control groups. However, the rate of apoptosis was significantly
different between the PSCs treated with juglone nanoliposomes.

188



Pharmaceuticals 2021, 14, 623

Fold of change in Caspase-3 Expression

Figure 3. Caspase-3 gene expression determined by real-time PCR in PSCs treated with PBS (negative
control), PSCs treated with nanoliposomes (negative control), PSCs treated with juglone, and PSCs
treated with juglone nanoliposomes. The bar graph indicates the mean + standard deviation. Caspase-
3 mRNA expression was higher in both PSCs treated with juglone nanoliposomes than in control
groups (** p < 0.01, *** p < 0.001).

3. Discussion

In the present study, the scolicidal and apoptotic activity of juglone and juglone nano-
liposomes as a novel agent were successfully established against E. granulosus PSCs. The
survey showed that 800 pg/mL and 400 pug/mL of juglonenanoliposomes have a more
effective scolicidal rate (100% mortality at 60 to 120 min of exposure times), respectively,
than the rest of concentrations, while 200 ug/mL, 100 pg/mL, and 50 pg/mL at exposure
times of 120 min showed 95%, 92.5%, and 90% mortality rate, respectively. Today, surgery
is a nominated method for complicated cases of CHD. However, the success of this method
depends on the formation of new cysts, relapse, or secondary dissemination of CHD after
surgery, which can cause death due to the leakage of the cyst content [10]. In fact, the inacti-
vation and infertilization of PSCs by scolicidal agents accompanied by minimal side effects
and high efficacy instead of opening or removing the cyst are highly recommended [21].
So far, several protoscolicidal agents, such as hypertonic saline, mannitol, chlorhexidine
gluconate, huaier aqueous, Allium sativum, Sambucus ebulus, fungal chitosan, and Berberis
vulgaris have been used to inactivate the content of hydatid cysts [21-24]. Unfortunately,
the consumption of these agents has been limited because of their low efficacy, toxicity, and
undesirable side effects [25].

Hypertonic saline solution (20%) was considered 100% effective in PSCs of hydatid
cyst, but acute hypernatremia can cause severe symptoms in the nervous system, such as
necrosis, myelinolysis, convulsions, and intracranial bleeding. Silver nitrate and cetrimide
have been shown to be 100% effective against PSCs of the hydatid cyst. However, toxic
reactions may also be caused by the absorption of these ingredients [26].

It is accepted that apoptosis played a binary role in the association between host
and cystic echinococcosis (CE) in the mechanisms of survival and/or suppression [27,28].
Generally, caspase enzymes play a significant role in apoptotic progression. Among them,
caspase-3 proteinase is essential for DNA fragmentation and morphological changes as-
sociated with cell death. The apoptotic process of praziquantel and dexamethasone was
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shown in E. granulosus PSCs via terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay and caspase-3 enzymatic activity [29-31]. Importantly, we found
that caspase-3 mRNA expression was higher in PSCs treated with juglone nanoliposomes
compared to control groups. Our data are complementary to other observations since it
has been found that nano compounds have effective apoptotic activity against E. granu-
losus PSCs. A study has shown that silver nanoparticles as a scolicidal agent can affect
E. granulosus PSCs [32]. A similar study indicated that sulfoxide-loaded PLGA-PEG and
albendazole sulfoxide could act as a novel nanopolymeric particle against E. granulosus
PSCsvb [32]. There are different causes for the effectiveness of nanoliposomes containing
juglone, such as increased penetration of the incorporated compounds, high solubility in
water, and adequate drug release. On the other hand, juglone as a natural compound has
potential therapeutic effects as well as minor side effects against E. granulosus PSCs.

Indeed, albendazole sulfoxide is the main choice for the treatment of Echinococcosis,
however, persuasive evidence indicates that this drug comes with minor side effects, such
as alopecia, leukopenia, musculoskeletal pain, pancytopenia, gastric irritation, headache,
and elevation in levels of the liver enzymes [33-35]. Overall, our findings revealed that
the optimized doses of nanoliposomes of juglone can induce significant scolicidal effects.
In the future, it would be interesting to discover the apoptotic pathways in CE that affect
humans that can assist as targets for the development of new scolicidal drugs. Lastly, the
side effects of candidate agents must be studied in cells and also in animal models.

4. Materials and Methods
4.1. Preparation of Juglone

Juglone was purchased from Sigma-Aldrich (CAS Number: 481-39-0), and kept as
a 100 mM stock solution in dimethyl sulfoxide at 20 °C for in vitro assays. The solution
was centrifuged at 1000 rpm for 5 min. The solution was also filtered through a 0.22 mm
millipore syringe filter to remove any impurity before use. Then, different concentrations
of juglone (50, 100, 200, 400, and 800 pug/mL) were prepared.

4.2. Preparation of Liposomal Systems Containing of Juglone

DL-lactide and glycolide were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
recrystallized with ethyl acetate. Stannous octoate (Sn (Oct) 2: stannous 2-ethylhexanoate),
nano lipid carriers (molecular weight of 2000, 3000, and 4000), dimethyl sulfoxide, polyethy-
lene glycol (PEGs) and poloxamer 407 were purchased from Sigma-Aldrich. Glyceryl
palmitostearate (Precirol® ATO 5) was purchased from Gattefossé (Lyon, France). The
nanoliposomes of juglone were prepared using the hot homogenization technique [36]. In
this method, the juglone was dissolved in ethanol and added to molten lipidic phase (pre-
cirol + myglyol) and mixed completely. Then, the aqueous phase containing the emulsifier
was added dropwise to the lipidic phase at the same temperature under homogenization
at 20,000 rpm for 20 min. The nanoliposomes of juglone were then produced by solidifying
the hot nanoemulsion by cooling to room temperature.

4.3. Size and Zeta Potential Characterizationof Juglonein Liposomal Systems

The particle size and polydispersity of the solution were determined using Zetasizer
Nano Particle Analyzer (model 3600, Malvern Instruments, Malvern, UK). The nanolipo-
somes were measured at an angle of 90° and laser light irradiation at 657 nm at 25 °C
was used.

4.4. Morphology of Liposomal Systems Containing Juglone

The surface morphology of the nanocarriers (roughness, shape, smoothing, and mass)
was investigated using a Scanning Electron Microscope (SEM: EM3200, KYKY Technology
Development Ltd., Beijing, China).
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4.5. Collection of E. granulosus PSCs

Hydatid cysts of E. granulosus were obtained from apparently infected sheep livers
in an industrial slaughterhouse in East Azerbaijan, northwest of Iran. The hydatid fluid
was removed aseptically and transferred to a container and left to set for 30 min. The
PSCs were placed at the bottom of the container and then centrifuged at 800 rpm for 5 min.
The supernatant was removed, and the yielded PSCs were washed three times with PBS
and tested with 0.1% eosin to assess the viability of protoscoleces. Samples of PSCs with
viability greater than 90% were selected for further testing. The protoscoleces were left and
the live PSCs were stored at 4 °C for further use.

4.6. Genotyping the PSCs

To identify the E. granulosus genotype, genomic DNA from the PSCs was extracted
using the commercial kit (DNG-plus™ solution; CinnaGen, Tehran, Iran) according to
the manufacturer’s instructions. The polymerase chain reaction (PCR) was conducted
to amplify the cox1 (cytochrome ¢ oxidase subunit I, accession number: KT154000) in a
volume of 25 pL of reaction mixture contained 1 pL of template DNA, 12.5 puL Premix
Taq® mix (CinnaGen, Tehran, Iran), 1 uL of 10 uM of each primer, and 9.5 uL nuclease-free
water. Details of the primer sequences used for PCR were described previously [32]. The
procedure of PCR amplification consisted of 94 °C for 1 min, 30 cycles of 94 °C for 30 s,
56 °C for 30 s, and 72 °C for 1 min, followed by 72 °C for 10 min, with a final holding step
at 4 °C. To identify the PSCs genotype, the amplicons (444 bp) were directly sequenced
(PouyaGostar Gene, Tehran, Iran).

4.7. Scolicidal Assay

In this study, different concentrations of 5-hydroxy-1,4-naphthoquinone containing 50,
100, 200, 400, and 800 png/mL were used for different exposure times, including 15, 30, 60,
and 120 min. To prepare the mentioned dilutions 50, 100, 200, 400, and 800 ng/mL of agent
were dissolved in 1 mL of normal saline in a test tube. Then, the obtained solution was
gently mixed. Subsequently, in each experiment, 100 pL of sediment containing 1000 PSCs
were added to 100 uL of the solution. After mixing the contents, the test tube was incubated
at 37 °C for 15, 30, 60, and 120 min. At the end of incubation periods, in order to assess
the viability of PSCs, 10 mL of 0.1% eosin were added to the remaining 20 uL of the PSCs
pellet and mixed gently. The stained PSCs were smeared on a manually scaled glass slide,
which was covered with a coverslip (24 x 50 mm) and examined under an Olympus
BX41TF (Tokyo, Japan) light microscope. Five minutes after the exposure times to the
eosin staining, protoscoleces that did not absorb the dye with the movement of the flame
cells were verified as potentially viable, otherwise, they were considered as dead PSCs.
The percentages of dead PSCs were estimated by counting a minimum of 200 PSCs. The
hydatid cyst fluid was considered a negative control group. Besides, 5% NaCl (5 g/100 mL)
was used as a positive control group [31]. The experiments were performed in triplicate.

4.8. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The total RNA of the untreated and treated PSCs after 15 h of exposure time was
extracted using the RNX Plus Kit (CinnaGen, Tehran, Iran). The amount and purity
of the RNA were assessed using NanoDrop 2000c spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Complementary DNA (cDNA) was synthesized using
1 pg of total RNA, random hexamer primer (Thermo Fisher Scientific, USA). In order to
evaluate the apoptotic effects of juglone nanoliposomes on PSCs, the specific primers of E.
granulosuscaspase-3 gene were designed by the Oligo Analyzer v.3.1 tool based on reference
accession numbers of AB306934 (EF-1x) and LK028577 (caspase-3). Primer sequences and
cycling conditions were described previously [20,32]. The real-time PCR amplification
of the target gene was performed in a 20uL reaction volume containing 10puLof super
SYBR green qPCR mastermix (YTA, Iran), 10 pmol of primer and 1uLof cDNA template
(0.05-5 ng/pL) by an initial denaturation step at 95 °C for 5 min followed by 35 cycles at
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95 °C for 30 s, 58 °C for 40 s, and 72 °C for 45 s (Roche RealTime PCR system, Applied
Biosystems). PCR amplification was performed in triplicate to decrease the experimental
error. Relative mRNA expression was measured by the 2744Cf method, and results were
evaluated based on thecycle threshold (Ct) value. The beta-actin gene was used as a house
keeping gene (internal control) to normalize the expression of the target gene.

4.9. Statistical Analysis of Data

All statistical analyses were performed using the GraphPad PRISM software version 6
(GraphPad Software, La Jolla, CA, USA; http:/ /www.graphpad.com, accessed on 11 June
2019). Data for each treatment group were analyzed using the chi-square test. The normality
of data was assessed using the Kolmogorov-Smirnov test, and the transformation of data
was performed where needed. The one-way and two-way analysis of variance (ANOVA)
and Tukey HSD post hoc test were used to assess the statistically significant differences
between the means. The p values < 0.05 were considered significant.

5. Conclusions

Our results suggest that juglone nanoliposomes have a potent scolicidal effect, and a
significant difference in the rate of apoptosis was observed between PSCs treated with ju-
glone and PSCs treated with juglone nanoliposomes. However, further studies are required
to evaluate the efficacy of these nanoliposomes in vivo and their clinical applications.
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Abstract: The objective of the present study was to develop n-propyl gallate-loaded solid lipid
nanoparticles (PG-SLNs) in a hydrogel (HG) formulation using Transcutol-P (TC-P) as a permeation
enhancer. Modified solvent injection technique was applied to produce optimized PG-SLNs via the
Quality by Design approach and central composite design. The in vitro mucoadhesion, scavenging
activity, drug release, permeation studies of PG from PG-SLNs-loaded HG were evaluated under
simulated nasal conditions. Compared with in vitro release behavior of PG from SLNs, the drug
release from the PG-SLNs-loaded HG showed a lower burst effect and sustained release profile. The
cumulative permeation of PG from PG-SLNs-loaded HG with TC-P was 600 ug/ cm? within 60 min,
which is 3-60-fold higher than PG-SLNs and native PG, respectively. Raman mapping showed that
the distribution of PG-SLNs was more concentrated in HG having lower concentrations of hyaluronic
acid. The scavenging assay demonstrated increased antioxidant activity at higher concentrations of
HG. Due to enhanced stability and mucoadhesive properties, the developed HG-based SLNs can
improve nasal absorption by increasing residence time on nasal mucosa. This study provides in vitro
proof of the potential of combining the advantages of SLNs and HG for the intranasal delivery
of antioxidants.

Keywords: hydrogel; SLNs; nose-to-brain delivery; mucoadhesion; quality by design; antioxidant
activity

1. Introduction

In the past few years, the intranasal administration route has gained considerable
interest since it provides a non-invasive method to bypass the blood-brain barrier (BBB).
Most regions in the central nervous system (CNS) can be directly reached along the olfactory
and trigeminal nerves by intranasal administration of drugs. This intranasal administration
route is broadly innervated by the olfactory nerve, which is localized in the epithelial
tissue of the nasal olfactory mucosa and respiratory mucosa [1]. Various studies provide
promising data for the potential of nose-to-brain delivery pathway in the treatment of CNS
diseases such as brain tumors, Parkinson’s disease and Alzheimer’s disease [2,3].

Nose-to-brain delivery is considered very effective for many CNS active drugs that
have limited administration because of low bioavailability through other delivery routes
including paclitaxel, levetiracetam, cephalexin, dopamine, estrogen or even nerve growth
factor-1 [4]. Limited brain uptake can be achieved in numerous intranasally applied com-
pounds from conventional formulations, including chemotherapeutics and antineoplastic
agents, due to their low permeability, enzymatic degradation and rapid elimination by
mucociliary clearance from the nasal cavity [5-7]. To hurdle these obstacles, the application
of nano drug delivery systems can be a suitable tool.
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Lipid nanoparticles, including liposomes, niosomes, nanoemulsions and solid lipid
nanoparticles (SLNs), are among the most promising drug delivery systems because of
their biocompatible nature [8-10]. Moreover, these nanosystems can provide protection
of the embedded active pharmaceutical ingredient (API) against efflux transporters (P-
glycoprotein), enzymatic degradation or chemical destabilization at nasal conditions [11].
Compared with conventional lipid nanoparticulate drug delivery systems, active target-
ing has attracted significant attention due to enhanced therapeutic benefits and reduced
undesirable side effects.

Hyaluronic acid (HA), a glycosaminoglycan, is a linear polysaccharide that is com-
posed of 3-1,4-D-glucoronic acid and 1,3-N-acetyl-D-glucosamine disaccharides via alter-
nating glycosidic bonds [12-14]. Hydrogels (HG) containing HA have been successfully
developed and evaluated for several promising biomedical applications as carrier systems
in nasal, pulmonary, parenteral, topical and ophthalmic delivery [15,16]. Loading nanopar-
ticles into low molecular weight HA-HG can improve nasal absorption by increasing
residence time on nasal mucosa through enhanced viscosity and mucoadhesive properties.
Improved mechanical stability against degradation and enhanced biochemical functional-
ity of HA can be easily reached using cross-linkers such as glutaraldehyde (GA), divinyl
sulfone, carbodiimide or bisepoxide [17,18]. In addition to the gel-forming properties, HA
can also be applied in targeted drug delivery [19]. In our experiments, GA was applied due
to having high potency to function as a proper cross-linker and because the nasal lining is
fairly resistant to aldehyde toxicity below millimolar concentrations [20].

Propyl gallate (PG) (propyl 3,4,5-tri-hydroxybenzoate) is an ester form of gallic acid,
and propanol functions as a synthetic antioxidant. Previous studies showed that PG has a
high antioxidant capacity, which may contribute to decreasing mitochondrial impairment
and to inhibiting cellular respiration. PG has demonstrated anticancer effects on various
normal and tumor cells that may lead to DNA genotoxicity, cytotoxicity and fragmenta-
tion [21,22]. It has been revealed that PG used along with other anti-tumor agents such
as probiotics was effective in mice for tumor treatment [23]. The PG anticancer activity
can stop cell proliferation, reduce reactive oxygen species production and stimulate the
autophagy of malignant cells [24].

This study aimed to optimize PG containing solid lipid nanoparticles (PG-SLNs)
embedded into chemically linked HA-HG as a suitable delivery system for the intranasal
route. Intranasal administration of PG can be a promising approach for targeted treatment
of brain tumors, e.g., glioblastoma multiforme [25] bypassing the BBB; moreover, this
non-invasive way of administration can be more favorable for patients. A further aim was
to investigate the effect of excipients as a permeation enhancer for Transcutol-P (TC-P) due
to its nontoxicity and biocompatibility and GA as cross-linker for intranasal route. For
the formulation optimization, the Quality by Design (QbD) methodology was applied as
a quality improvement principle that is able to take into account all critical parameters
that have an impact on final product quality, safety and efficacy using a response surface
quadratic model.

2. Results
2.1. Quality by Design Approach and Risk Assessment (RA)

Screening of the quality target product profile (QTPP) was based on previous exper-
imental data and according to the relevant International Conference on Harmonization
(ICH) guidelines (Q8,Q9,Q010,Q11) [26,27]. The QTPP elements in this study were the
route of administration, indication, dissolution and permeability profiles, stability and
brain distribution [28,29]. QTPPs contain the information required by the mentioned ICH
guidelines on the one hand, and the basic assumptions that our product must meet on the
other. Based on the QTPPs, the defined aim was to develop a monodisperse PG-containing
SLN embedded in a HG formulation that is able to enter the central nervous system via the
nose-to-brain pathway as a patient adherence improving drug delivery pathway offering
direct transport to the CNS. Figure S1 shows the relations established between the QTPP-
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CQA (QTPP-critical quality attribute) and the critical process parameters/critical materials
attributes (CPPs/CMA-CQA) elements on a 3-grade scale. During the RA process, the
particle characteristics of the nanoformulation were placed under thorough evaluation as
they are the key elements during the incorporation to an HG formulation.

Based on the interdependence rating and using the software, quantification of these
relations was performed, and severity scores were assigned for each CQA and CPP/CMA
element, as presented in Figure 1.
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Figure 1. Probability rating of CQA (a) and CPP/CMA (b) elements. The Pareto charts are presented
as the calculated severity scores assigned to the elements.

The interdependence rating (Figure S1) assigned mostly high-grade scores concerning
the relations of particle characteristics (Z-average, PDI and zeta potential) which is sup-
ported by the higher severity scores in Figure 1a compared with the applicability affecting
risk factors such as muco-adhesivity, viscosity and swelling properties. The key element in
QbD-driven nanoparticle formulation is to establish the basis for proper particle size and
distribution, as these are the main elements influencing the dissolution and permeability
profile, which are the first crucial steps in the nasal administration in the nasal cavity
and through the nasal mucosa. Based on the calculations, it can be claimed that material
attributes such as the concentration of Tween 80 and cholesterol hold the highest risk
severity, followed by the temperature at dissolution phase compared with the subprocesses,
as seen on Figure 1b. The subprocesses might hold low severity due to the fact that these
are either easily controllable processes or because their main function is to achieve the
final dosage form, whilst without the appropriate ratios and proportions of the material
attributes, the nanosystem cannot be formed.
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2.2. Central Composite Design (CCD)
2.2.1. Optimization and Impact of Critical Parameters on Z-Average, Polydispersity Index
(PDI), Zeta Potential

Based on the QbD methodology-based RA process, the design of the experiment was
conducted according to severity scores. The effect of the characteristics with the highest
severity score, i.e., the cholesterol content (A), the Tween 80 content (B) and temperature
(°C), were investigated on the independent factors: Z-average, PDI and zeta potential in a
15-formulation experiment series presented in Table 1. We incorporated the results into the
software, and as a result, a design expert selected a run (7) depending upon the smallest
size, PDI and the characteristic with more negative zeta potential. The software screened
the optimized trial with the desirability of 0.99 depending on the lowest Z-average, PDI
and more negative zeta potential. The optimized PG-SLNs consisted of 1:6 of Tween 80 and
cholesterol. The effects of each individual factor and the combined effect of factors on
studied factors are shown in Figure S2a. It was revealed that at a low amount of cholesterol
(20 mg), the Z-average was slightly higher than set trials where the maximum amount of it
(60 mg) was used. With surfactant addition, the Z-average was less at low concentration of
cholesterol due to lower lipid aggregation because of Tween 80 incorporation.

Table 1. Effect of independent variables (temperature, surfactant, cholesterol) on Z-average, PDI and Zeta potential of

15 runs on design of expert. * Data are presented as average + SD (n = 3 independent measurements).

Number of Temperature 1;m0unt of Amount of Z-Average Zeta Potential
Runs ©0) urfactant Cholesterol (am) PDI (mV)
(mg) (mg)
1 45 25 40 150 + 10 0.30 £ 0.01 —30£84
2 20 25 40 220 £5.5 0.22 4 0.02 —-29+6.5
3 45 25 40 140 £ 4.5 0.23 £ 0.02 —31+84
4 80 10 40 155 £5.5 0.25 £ 0.05 —29 £ 84
5 45 40 40 500 £ 6.6 0.44 £ 0.07 —5+75
6 70 40 20 400+7.8 0.55 £ 0.01 —6+85
7* 70 10 60 120 £ 8.8 0.12 £ 0.08 —38 £10.2
8 45 25 40 155 £ 22 0.26 & 0.09 —-29+12
9 45 10 40 200+2.3 0.21 £ 0.08 —29+£55
10 20 10 20 230 +24 0.22 £ 0.06 -19+6.5
11 45 25 40 160 + 40 0.25 4 0.08 —-284+10
12 45 25 40 145 £+ 20 0.18 £ 0.05 —28 £10.2
13 20 40 60 600 + 12 0.46 £ 0.01 —4+33
14 45 25 20 222 £10 0.23 £ 0.02 —-20+55
15 45 25 60 190 + 14 0.22 £ 0.02 -19+6.2

* Parameters of optimized formulation.

Even though smaller particle size was obtained at a higher temperature, the tem-
perature effect was not statistically significant. The interaction of individual factors, i.e.,
cholesterol, on particle size, PDI and zeta potential, are also presented in Figure S2b.

The significance of the applied model was evaluated by F-value and p-value. In
the case of particle size analysis, the model F-value of 56.89 implies that the model is
significant. The following equations describe the linear and quadratic relations of the
individual parameters influencing the dependent factors:

Particle size = 160.57 — 23.74A + 144.53B — 60.62C + 16.88AB — 17.97AC — 50.11BC + 26.74A2 + 176.21B? — 16.67C> D
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In the case of zeta potential, the model F-value of 10.31 implies that the model is
significant. There is only a 0.97% chance that a “model F-value” this large could occur due
to noise. Values of “Prob > F” less than 0.0500 indicate that model terms are significant.

Zeta Potential = —27.42 — 0.8A + 11.08B + 3.45C + 8.7AB — 0.67AC + 2.8BC + 4.78A2 + 82B% — 0.73C2  (2)

In the case of PDI, the model F-value of 9.41 implies that the model is significant.

PDI = 0.24 — 0.01A + 0.0988B + 0.028C + 0.042AB — 0.057AC + 0.026BC — 0.012A% + 0.075B2 + 0.019C> (3)

Regarding the particle size, B, C, B? are significant model terms, while in the case
of the Zeta potential and PDI, B, B? are significant models. In all three cases, the values
were less than 0.1000, indicating the significance of the applied model. The optimized
PG-SLNs were further evaluated for encapsulation efficiency (EE), percentage yield and
loading capacity (LC). Optimized PG-SLNs resulted in 84 £ 0.47% EE and 60 + 0.03%
LC. The yield of the PG-SLNs was up to 80 =+ 0.1%. Z-average, PDI and zeta potential
were also measured for optimized PG-SLNs. The Z-average of PG-SLNs was reported as
103 = 46 nm with PDI of 0.16 & 0.001 and zeta potential of —36 £ 4.78 mV.

2.2.2. XRPD and FTIR Analysis

X-ray powder diffractograms (XRPD) of PG show sharp, characteristic peaks confirm-
ing its crystalline nature (Figure 2a). The results show that the characteristic peaks of PG
(4.1°, 6.2°, 25.8° and 26.4° 26) could not be observed in the diffractogram of PG-SLNSs,
which shows that the crystalline structure of PG is converted into amorphous form and
also supports the EE measurement data according to the high amount of PG that was
successfully encapsulated into SLNs. In the diffractogram of PG-SLNs, only one peak can
be detected at 5.2° 20, which corresponds to cholesterol as a carrier base material. These
results of PG-SLNs are in agreement with similar experiments reported in the literature [30].
The FTIR spectra (Fourier-transformed infrared spectroscopy) of the components and the
formulation are presented in Figure 2b. The characteristic peaks of PG including O-H
stretching vibration at 3331 cm !, C=0 stretching of ester at 1539 cm~!, phenol O-H bend-
ing at 1246 cm ! as well as C-O-C stretching of aromatic ester at 770 cm~! and 745 cm !
become unobvious in the spectrum of PG-SLNs, which also indicates the encapsulation of
PG into SLNs. No other remarkable shift was observed in the other spectral regions, which
supports that there is no interaction between SLNs and components.

(a) (b)
—— Tween 80
—— Tween 80 /-\ cholesterol
cholesterol

—PG —PG

h.&___——-._-—-_—//'\\ ——PG-SLNs ——PG-SLNs

Relative Intensity (a.u.)
Absorbance (a.u.)

T T T T T v T v T v A v T v T v T 4 T y
5 10 15 20 25 30 35 40 3600 3300 1800 1500 1200 900 600
2 Theta (°) Wavenumber (1/cm)

Figure 2. XRPD diffractogram (a) and FTIR spectra (b) of PG-SLNs and their components.
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2.3. Characterization of Hydrogels
2.3.1. Evaluation of pH and Drug Contents of Hydrogels

It has been reported in several previous studies that lysozyme as a physiological nasal
mucosa enzyme could inhibit specific types of microbes under slightly acidic conditions [31].
Therefore, the pH of an ideal nasal formulation should be in the range of 5.0 to 6.0 to
preserve the physiological microbiological defense [32,33]. The pH of the HA-HGs was
between 5.2 and 5.9, which is suitable for nasal administration. Drug content of HA-HGs
was 78-82% w/v measured by HPLC, as shown in Table 2.

Table 2. Main physicochemical characteristics of hydrogels at various hyaluronic acid concentrations.

HA Content Drug Spreadability Ml'lcoadhesion Viscqsity Viscosit}.f Non-
% wlo) pH Value Contents (%) (mm2) Displacement Cross-Linked Cross-Linked
(mm) after 7 h (Pas) (Pas)
0.5 53+02 78+25 222.45+0.22 20* 0.112 0.181
1 52403 82+33 360 £+ 0.33 20 1.88 211
2 55+ 0.4 80+14 320 +0.44 10 14.29 15.45
3 59 £ 0.6 79+ 42 340 + 0.012 1 66.34 157

* After 2 h maximum displacement on agar-mucin plate was already reached.

2.3.2. Raman Chemical Mapping

Raman mapping was carried out in order to examine the distribution of PG-SLNs in
non-cross-linked HA-HGs (SLNs-HGnCL) of different concentrations. For localization of
nanoparticles, the Raman spectrum of PG-SLNs were set as profile, whose frequency of
occurrence is shown in the chemical maps (Figure 3). The different colors of the chemical
map show the relative intensity change of PG-SLNs in the gel structure. Red color indicates
strong existence of PG-SLNs, whereas blue color marks those regions of the map whose
spectral resolution contains different spectra, characteristic for another component. The
results reveal that the distribution of PG-SLNs is more concentrated in HGs containing HA
in lower concentration (0.5% and 1% w/v), as shown by high relative intensity values of the
Raman map, whereas in the case of higher HA concentration (2% and 3% w/v), PG-SLNs
can be found in well-defined packages.

2.3.3. Spreadability and Swelling Studies of Hydrogel

The spreadability values of both cross-linked (SLNs-HGCL) and non-cross linked
(SLNs-HGnCL) SLNs-HGs was investigated. No significant effect of cross-linking was
observed in case of spreadability; SLNs-HGs with different concentrations of HA (0.5, 1,
2 and 3% w/v) showed 222.45 + 0.22, 360.10 & 0.33, 320.12 + 0.44 and 340 + 0.01 mm?
spreading surface, respectively (Table 2). Values in this range ensure proper spreading
of the hydrogel. The spreadability study showed that the optimized SLNs-HG (1% w/v
HA) resulted in the highest spreading surface [34,35]. Swelling studies were performed
both with cross-linked and non-cross-linked hydrogels. The results show that all the non-
cross-linked formulations show a higher swelling index than the chemically cross-linked
HG, which can be claimed with the hindered diffusion of water into the cross-linked HG
network (Figure 4). The formulation’s property to spread uniformly and easily on an
applied surface is important to deliver a uniform dose of the active compound.
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Figure 3. Raman chemical mapping of PG-SLNs in HGs with different concentration of HA: 0.5 (a),
1 (b), 2 (c) and 3% w/v (d).
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Figure 4. Swelling study of optimized cross-linked (SLNs-HGCL) and non-cross-linked (SLNs-
HGnCL) HG (1% w/v HA). Data are means £ SD (n = 3 independent measurements).
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2.3.4. Viscosity Measurement

Viscosity is of paramount importance in the case of the applicability of hydrogels
to the intranasal administration route, which influences the mucoadhesive properties
of the formulation and can prolong the residence in the nasal cavity. Proper polymer
concentration must be set in order to achieve the desired high viscosity value, allowing
increased residence time and making it possible to enhance the absorption through the
nasal mucosa. However, too high viscosity can also be disadvantageous, resulting in
hindered drug release of the formulation in the nasal cavity. The viscosity of both cross-
linked and non-cross-linked HGs was measured (Table 2). The viscosity measurement of
all formulations showed that there was an inverse relation between shear rate and viscosity
of HG, which proves the thixotropic nature of HGs (Figure 5). No significant differences
among viscosities of cross-linked and non-cross-linked HGs was observed. Furthermore,
the non-cross linked SLNs-HGs were characterized due to the spreadability investigation,
where SLNs-HGnCL formulations showed higher swelling ratio and spreadability, along
with the non-significant difference experienced in the viscosity compared with cross-linked
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Figure 5. Viscosity profiles of cross-linked (SLNs-HGCL) and non-cross-linked (SLNs-HGnCL) containing HA in 0.5-1%
w/v (a) and 2-3% w/v (b) concentration. Data are means £ SD (n = 3 independent measurements).

2.3.5. In Vitro Mucoadhesion Study

The in vitro mucoadhesion of HGs was investigated through their displacement on
an agar-mucin plate. Figure 6 shows that the adhesion potential of HGs at different
concentrations of HA is inversely related to the displacement of the HG. As the polymer
(HA) concentration increased, lower displacement was observed on the surface of agar
after 7 h, indicating higher mucoadhesive properties of formulation. This can be related to
the increasing strength of chemical interactions (secondary bonding) between mucin and
HA. At the highest concentration (3% w/v) of HA, hardly any displacement was observed
during the studied time, indicating remarkable mucoadhesion of formulation. At a lower
concentration (0.5% w/v) of HA, displacement was not adequate for nasal administration,
and after 2 h it was totally displaced from the agar-mucin plate. Based on these results,
the optimized concentration of HG (1% w/v) was screened out, as displacement measured
at this concentration was adequate and also in accordance with the results of viscosity,
spreadability and swelling ratio measured at this specific concentration, as shown in
Table 2.
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Figure 6. In vitro mucoadhesive studies of SLNs-HGs on agar-mucin gel. Data are means + SD
(n = 5 independent measurements).

2.3.6. Morphological Study of PG-SLNs and PG-SLNs-Loaded HG

SEM images of lyophilized PG-SLNs, shown in Figure 7, also proves that the nanopar-
ticles have spherical morphology and are homogenously distributed in the gel structure.
The SEM image of optimized freeze-dried 1% w/v SLNs-HGnCL shows porous structure
with a dense cross-linking network.

Figure 7. SEM images of optimized lyophilized PG-SLNs (a,b) and 1% w/v SLNs-HGnCL (c) at various resolution.

2.3.7. In Vitro Permeation

Modified Side-Bi-Side® apparatus was used for the in vitro nasal permeation study,
whereas the diffusion of PG solution, PG-SLNs, as well as TC-P containing and TC-P-free
1% w/v SLNs-HGnCL was compared. The TC-P was used as permeation enhancer due to
its nontoxic and biocompatible nature. Several studies reported its permeation-enhancing
effect through a synthetic membrane and on excised skin, reported in previous studies with
different drugs [31,36-38]. Figure 8a shows the cumulative PG permeation from donor
to acceptor phase through a synthetic cellulose membrane impregnated with isopropyl
myristate. The cumulative permeation of PG from PG-SLNs was ~190 pg/cm? after 60 min.
The TC-P-free 1% w/v SLNs-HGnCL showed a lower permeation of about 180 jig/cm?,
which supports the advantage of application of permeation enhancer. In the case of pure
PG dispersion, the permeation was lower than 10 ug/cm?. The significantly highest
permeability was achieved with the HG containing TC-P reaching, with a value around
600 g /cm?.
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Figure 8. In vitro permeation of pure PG dispersion, PG-SLNs, 1% w/v SLNs-HGnCL with and without TC-P (a). In vitro
release study of PG dispersion, PG-SLNs, 1% w/v SLNs-HGnCL (b). Data are means =+ SD (n = 3 independent measurements).
*** p <0.001, **** p < 0.0001.

2.3.8. In Vitro Release Study

In vitro release studies of PG-SLNs showed burst release of drug in the first 60 min
(~40% of drug) at pH 5.6. After that, the drug release rate decreased following a sustained
release tendency, as shown in Figure 8b. In the case of the HG formulation, the initial
burst effect was lower, which can be claimed with the controlled release effect of the gel
matrix. After 60 min only 15% of PG was released from the HG. To determine the release
kinetic of PG from SLNs as well as HG, various dissolution kinetic models including
zero-order, first-order, Higuchi, Korsmeyer—Peppas and Hixon—Crowel were fitted to the
release data, and kinetic parameters were calculated (Table S1). The drug release both from
SLNs and HG followed Higuchi kinetics (R? = 0.96 and 0.9783 respectively), which can be
claimed with the drug release controlling mechanism of lipid matrix and swelling ability of
HA-PG matrix in the simulated nasal medium [39]. Fitting the Korsmeyer-Peppas model,
the “n” value was lower than 0.5, which indicates that both formulations follow Fickian
drug diffusion. The significant difference between SLNs and HG can be claimed with the
presence of gel network surrounding the SLNs, which decreases the velocity of Fickian
diffusion, resulting in sustained release of PG.

2.3.9. In Vitro Antioxidant Activity Evaluation with Hydrogen Peroxide Scavenging Assay

The antioxidant activity of PG was investigated, aiming to confirm that PG-SLNs
embedded in HA-HG can preserve antioxidant activity, which is essential in their phar-
macological effect. It has been demonstrated that free radicals have a pivotal role in the
pathogenesis of different diseases, as well as in several types of cancer [40]. The in vitro
scavenging activity of PG-SLN-loaded HA-HGs was investigated containing PG in differ-
ent concentrations utilizing hydrogen peroxide (H,O,) as oxidative medium (Figure 9). It
has been revealed that by increasing the polymer concentration in the HG, the antioxidant
activity of PG against HyO, was improved, which can be explained by the protective
effect of the hydrogel network. The results also support that a strong correlation could be
found between the concentration of PG and the rate of inhibition of scavenging activity
of HyO,. By increasing the concentration of PG, the inhibition was enhanced. At 10 and
30 ng/mL PG containing HGs (containing 2% and 3% w/v HA), the antioxidant activity
was significantly higher in comparison with low HA concentration HGs and PG-SLNs
or PG control, which also supports the stabilizing effect of the polymer matrix. In the
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case of 20 ug/mL, the same tendency of difference was also demonstrated, but it was
not significant.

I FG
I PG-SLNs

[ 0.5% wAs SLNs-HGnCL
1/ I 1% wv SLNs-HGnCL
100 | L_]2% w/v SLNs-HGnCL
B 3% w/v SLNs-HGnCL

80

60

40 -

Inhibition (%)

20

10 20 30

Concnetration of PG (ug/mL)

Figure 9. Percentage inhibition of the hydrogen-peroxide-scavenging activity of different concen-
trations of PG-containing SLNs and PG-SLNs-loaded HA-HG in comparison with the initial PG
solution. Data are means £ SD (n = 3 independent measurements). Statistical analysis: t-Test.

3. Discussion

In our previous work we had already investigated the formulation possibilities of PG-
loaded liposomes coated with HA [41], as PG has advantageous effects (anti-inflammatory,
antioxidant and anticancer activity) in the treatment of brain tumors, e.g., glioblastoma
multiforme. As PG is a water-insoluble compound, loading it into a nanocarrier can
enhance its water solubility and drug release profile in different administration routes. The
present study focused on the formulation of PG-SLNs and loading into HA-HG for brain
targeting through intranasal administration. The novelty of our work lies in the fact that
our research team explored the first-time application of the PG-SLNs-loaded HA-HG for
intranasal delivery route.

SLNs were developed in our study due to their advantageous properties (biocompati-
bility, increased solubility, protection of drug and permeability enhancement) and loaded
into HA-HG as a secondary carrier for facilitating drug transport via the intranasal route.
Due to its mucoadhesive property, the role of HA is vital for intranasal drug delivery
systems because the nasal cavity is subjected to mucociliary clearance [42,43]. TC-P was
utilized as a permeation enhancer as it was previously successfully used as a surfactant
or co-surfactant for intranasal application. TC-P has adequate solubilizing property, and
it has the ability to enhance the drug’s solubility by orders of magnitude compared with
other penetration enhancers.

Aiming to develop novel PG-SLNs-loaded into the HA-HG system, the QbD approach
was applied. After the determination of the QTPP elements, the relations between CQA
and CMA /CPP elements were evaluated, and a risk order was set up based on the software-
calculated severity scores. By optimizing the factors having the highest severity via central
composite design, the optimized SLNs had a Z-average of 120 & 8.8 nm, with a PDI of
0.12 £ 0.08 and a zeta potential that was a more negative —38 £ 10.2 mV. The indirect and
direct co-effect of cholesterol and Tween 80 on Z-average can be clearly seen in both the
single factor and 3D plot (Figure S2a,b). The results show weak repulsion forces between
lipid nanoparticles and the surfactant at lower concentration of cholesterol. However, at
higher lipid concentrations, prominent repulsion forces can be observed, which can be
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explained by the presence of the surfactant phase between lipid nanoparticles and the
decrease in van der Waals forces, all reducing the aggregation tendency of lipid droplets [44].
The surfactant concentration showed higher impact on the reduction of Z-average and
PDI as compared with cholesterol. These results are in accordance with those reported by
Azhar Shekoufeh Bahari et al. and Severino et al. [39,45]. The low Z-average and narrow
PDI indicate improved nasal absorption, while the highly negative zeta potential due to
surface properties of cholesterol supports high stability of formulation. The absolute value
of zeta potential was higher than 30 mV, which ensures sufficient repulsive forces to attain
better physical and colloidal stability of the nanosystem [46,47]. The morphological studies
by SEM showed spherical shaped SLNs with homogenous distribution and nano-range
particle size.

Raman mapping showed that the increasing concentration of polymer forms well-
designed hydrogel matrix embedding PG-SLNs homogenously, indicating higher stability
of nanoparticles avoiding aggregation [48-50]. The swelling study revealed that the poly-
meric chains were more flexible in cross-linker-free HG, ensuring water diffusion into the
gel matrix.

In the case of chemically cross-linked HG, the free association of the polymer chain is
hindered, resulting in a decreased swelling ratio. From these results, it can be concluded
that by adding a cross-linker, the mechanical strength of the HG was enhanced. More
precise controlled release of the nano-carrier from the gel matrix was reached as com-
pared with simple HG, which is mechanically fragile; thus, larger pores may be created
through which nano-carriers can easily liberate the active substance initiating a burst re-
lease. Previous studies already reported the similar effect of GA with chitosan HG [51-53].
Safety application of GA is based on previous studies, which showed the nose is very
resistant to the aldehydes requiring the application of millimolar concentrations before
toxic responses [30].

Our results indicate the significant potential of TC-P in enhancing the permeation
of PG-SLNs across the artificial cellulose membrane from the HG matrix. TC-P has a
greater influence on the thermodynamic driving force. The maximum thermodynamic
driving force occurring at saturation is based on Fickian diffusion, according to which
the concentration gradient is formed from a high concentration region to a region of
lower concentration phase [36]. TC-P was previously used as a surfactant, co-surfactant
and permeation enhancer for intranasal delivery in different micro- and nanoemulsions.
Several studies demonstrated the influence of TC-P alone or in combination with propylene
glycol on clonazepam permeation both in vitro and ex vivo via application of carbomer
HGs. Mura et al. revealed that applying TC-P in the concentration range of 10-50% w/w
increased skin penetration of the drug [42].

The anticancer activity of PG is based on its antioxidant property of removing free
radicals [54]. The most important mechanism to achieve this goal is to donate hydrogen to
free radicals and convert them into nonreactive species. PG can inhibit cellular damage
mainly through their free radical scavenging property [40]. Therefore, we aimed to evaluate
the antioxidant activity; the hydrogen peroxide (H,O,)-scavenging assay results showed
enhanced antioxidant activity in case of applying PG as well as HA in higher concentrations.
The developed PG-SLNs-loaded HA-HG with the TC-P system, by controlling the drug
release, increasing the physical stability and enhancing the drug permeability via nasal
mucosa while protecting its antioxidant activity, imparts a promising carrier system for the
brain targeting of antioxidant drugs.

4. Materials and Methods
4.1. Materials

PG, the model antioxidant compound, HA (Mw = 14 kDa) and Tween 80 were pur-
chased from Sigma-Aldrich (Budapest, Hungary). Cholesterol, acetone, ethanol (96% v/v),
glutaraldehyde (25% w/v) and sodium chloride for physiological salt solution were pur-
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chased from Molar Chemicals Ltd. (Budapest, Hungary). Transcutol-P (diethyl glycol
monoethyl ether) was supplied by Gattefossé (saint-Priest, France).

4.2. Optimization of SLNs by Quality by Design (QbD) Approach and Risk Assessment Strategy

First, the quality target product profile (QTPP) was defined, followed by selecting the
critical quality attributes (CQAs) and critical process parameters (CPPs). The next step
was to perform the risk assessment (RA) [55-57]. At first, an interdependence rating was
established between the QTPP and CQA elements as well as between CPPs and CQAs.
The RA was conducted using Lean QbD®® software (QbDworks.com, QbD works LLc.,
Fremont. CA, USA). Each factor was thoroughly evaluated on a 3-grade scale using low
(“L”), medium (“M”) and high (“H”) attributives reflecting the relations between the
elements. Based on the interdependence rating, the next step was to quantify the severity
of the risk factors via a probability rating. As a result of the RA, the severity scores of CQAs
and CPPs were plotted on Pareto diagrams generated by the software.

4.3. Response Surface Quadratic Model

Stat-Ease Design Expert® version 10 (stat-Ease, INC.2021 East Hennepin Ave., Suite
480 software) was used to optimize the formulation process and product quality of PG
encapsulated SLNs. The amount of cholesterol (20-60 mg), Tween 80 (1040 mg) and
temperature (2070 °C) where chosen as independent factors based on the RA process,
while the ratio of aqueous to organic phases (acetone:ethanol) was kept constant (1:4).
Central composite design was applied where SLNs were prepared for each trial, and
three responses were evaluated—namely, average hydrodynamic diameter (Z-average),
polydispersity index (PDI) and zeta potential.

4.4. Development of PG-SLNs by Modified Injection Method

PG-SLNs were prepared through the modified injection method, where 10 mL of
0.2% w/v Tween 80 aqueous solution and 5 mL of the organic phase (ethanol:acetone 4:1)
were added in different ratios. The PG (10 mg) and cholesterol (60 mg) was dissolved
in a mixture of the organic phase and injected dropwise into surfactant solution under
constant stirring at 700 rpm at 70 °C. After complete evaporation of the organic phase, the
formulation was purified using a Hermle Z323K high performance refrigerated centrifuge
(Hermle AG, Gossheim, Germany) for 2 h at 13,500 rpm to separate pellets from supernatant
and residual solvent. The collected pellets were redispersed in 5 mL purified water and
freeze-dried using a Scanvac CoolSafe laboratory freeze-dryer (Labogene, Lynge, Denmark)
at —40 °C for 12 h under a 0.013 mbar pressure with additional 3 h secondary drying at 25
°C in presence of 5% w/v trehalose as cryoprotectant to obtain lyophilized powders. The
lyophilized powder was stored at 5 &= 3 °C until further investigation.

4.5. Preparation of Mucoadhesive HA-Based Hydrogel Formulations with PG-SLNs

Different concentrations (0.5, 1, 2 and 3 w/v) of HA were used to prepare colloidal HA-
HGs, dissolving them in water for half an hour at 400 rpm. After complete swelling of the
HA, the freeze-dried SLNs and 0.1% w/v glutaraldehyde as cross-linker were added into
the HA to form an acetal bond among the aldehyde and hydroxyl group by maintaining
acidic conditions. After the reaction, 1 mL of TC-P, as permeation enhancer, was added to
the HGs.

4.6. Characterization of PG-SLNs
4.6.1. X-ray Powder Diffraction (XRPD)

Structural characterization of PG-SLNs was performed using a BRUKER D8 Advance
X-ray powder diffractometer (Bruker AXS GmbH, Karlsruhe, Germany). All the compo-

nents and formulations were analyzed in a quartz sample holder and were scanned at
40 kV and 40 mA with Cu K Al radiation (A = 1.5406 A) using a VANTEC-1 slit detector in

207



Pharmaceuticals 2021, 14, 696

the angular range of 3° to 40° 26, at a step time of 0.1 s and an increment of 0.007°. Each
measurement was carried out at ambient humidity and temperature.

4.6.2. Fourier-Transformed Infrared Spectroscopy (FTIR)

The compatibility and interactions between PG and the components of the formulation
were investigated using a Thermo Nicolet AVATAR FTIR instrument (Thermo-Fisher,
Waltham, MA, USA). For the investigation, pellets were prepared by co-grinding 10 mg
compound with 150 mg potassium bromide (KBr) and compressed with 10 tons using a
hydraulic press. The FTIR spectra were measured over the range of 4000-400 cm~! with a
resolution of 4 cm~! for 128 scans. The recorded spectra were reported as absorbance as a
function of wavenumber.

4.6.3. Measurement of Z-Average, Surface Charge and Polydispersity Index

The measured amount (6 mg) of lyophilized SLNs was reconstituted in 6 mL of purified
water and sonicated for 4 min to minimize the inter-particle aggregation. The Z-average, PDI
and surface charge (zeta potential) of PG-SLNs were measured in folded capillary cells using
a Malvern Zetasizer nano ZS instrument (Malvern Instrument, Worcestershire, UK) at 25 °C,
with the refractive index 1.445. All the measurements were conducted in triplicate, and
data are presented as average + SD.

4.6.4. Encapsulation Efficiency (EE), Loading Capacity (LC) and Percentage
Yield Determination

EE and LC of PG-SLNs were determined using an indirect method. PG-SLNs were
first centrifuged for 1 h at 16,500 rpm at 4 °C in a Hermle laboratory centrifuge (Hermle
AG, Gosheim, Germany). The supernatant was collected and diluted 10-fold with purified
water. The concentration of PG was determined using HPLC. The EE, as the actual PG
content in the optimized formulation, was measured according to the following equation:

Encapsulation Efficiency (%) = w x 100 4)
1
where wy is the total amount of added PG, and wy, is the amount of free PG in the supernatant.
The LC was calculated via the following equation:

Loading capacity (%) = W x 100 ()
3
where w is the total amount of added PG, and w is the amount of free PG in the super-
natant, while w3 is the total amount of lipid added to the formulation.
The percentage yield was calculated by weighing the dried PG-SLNs and determined
by using the following formula [58]:

weight of dried NPs
theoretical weight of drug and components

(6)

Percentage yield (%) =

4.6.5. HPLC Method

The PG quantification was carried via HPLC (Agilent 1260, agent technologies, Santa
Clara, CA, USA). The stationary phase was C18 column (Gemini-NX® 150 mm X 4.6 mm,
5 um (Phenomenex, Torrance, CA, USA). Purified water and acetonitrile in 80:20 ratio
adjusted pH = 3.0, with phosphoric acid used as mobile phase. A set of 20 puL samples
were injected, whereas separation was performed by 10 min isocratic elution at 25 °C
temperature with 1 mL/min eluent flow. The UV-Vis diode array detector was applied for
the detection of chromatograms at 254 nm. ChemStation B.04.03 Software (Santa Clara,
CA, USA) was used for evaluation of data. PG retention time was detected at 4 min. For
the calibration line, the linear regression was 0.998. The quantification limit (LOQ) and
detection (LOD) of PG were 63 ppm and 21 ppm, respectively [41,59].
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4.7. Characterization of PG-SLNs Loaded Hydrogels
4.7.1. Physical Appearance, pH and Drug Contents of Hydrogels

PG-SLN HGs containing HA in different concentrations (0.5, 1, 2 and 3% w/v) were
evaluated apparently for grittiness and uniformity. The pH of HGs was measured directly
by dipping pH meter (WTW® inoLab® pH 7110 laboratory pH tester, Thermo Fisher
Scientific, Budapest, Hungary). To determine the drug contents in the formulation, 1 g of
HG was dispersed in 10 mL of phosphate buffer (pH 7.4). This diluted gel was filtered with
a membrane filter (0.45 um, polypropylene) and analyzed by HPLC. All measurements
were carried out in triplicate. Drug content was evaluated by the following formula:

Actual amount of drug in the formulation
Theoretical amount of drug in thr formualtion

Percent Drug contents = x 100 (7)

4.7.2. Raman Spectroscopy

A Thermo Fisher DXR Dispersive Raman instrument (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was used for investigation of SLNs. This instrument was equipped
with a 780 nm wavelength diode laser and a CCD camera. The laser power of 12 mW at
50 pum slit aperture size was used for Raman measurements with 2 and 6 s of exposure and
acquisition time, for a total of 32 scans per spectrum in the spectral range 3500-200 cm !
with fluorescence and cosmic ray corrections. The PG-SLNs distribution in HGs was
determined via Raman chemical mapping in the formulation. For the total of 16 scans,
a 45 ym X 45 pm size surface was evaluated with a 10 um step size. To eliminate the
intensity deviation between the measured areas, the normalization of Raman spectra was
ensured [60].

4.7.3. Swelling Index

To measure the swelling index of the HGs, the gravimetric method was applied.
Lyophilized gel of both cross-linked and non-cross-linked HGs was soaked in phosphate
buffer saline (PBS) (pH = 7.4). After swelling, HGs were taken out from the medium and
weighed at different time intervals (after every 30 min) until the weight of the swelled HG
became constant. Percentage swelling was calculated using the formula [58]:

Swelling (%) = W2 =W o 100 8)
w1

where w1 is the initial weight of hydrogel, and w is the weight of swollen HG after each

sampling point.

4.7.4. Spreadability Test

Spreadability of HGs was measured using the glass slide method. The center of the
glass slide was marked with a 1 cm diameter circle upon which 0.5 g of gel was placed.
Another glass slide was placed over the HG, forming a sandwich arrangement. The
load of the 500 g was placed on the upper plate and weighted for 5 min. After 5 min,
the load was removed, and the increment in HG diameter was measured [61]. All the
results were evaluated with respect to the spreading area and applied weight by using the
following equation:

t

sizdzxZ )

where S; is the swelling index, d the diameter of the glass slide and 7 the shear stress.

4.7.5. Viscosity Measurement

Viscosity measurement was performed at 37 °C with a Haake Rheostress 1 instrument
(Thermo Scientific, Karlsruhe, Germany). A cone-plate device was used where the cone
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diameter was 6 cm with an angle of 1° and a 0.052 mm gap size. The apparent viscosity
curves of the samples were plotted under the shear rate range of 0.01-100 s~ .

4.8. In Vitro Characterization of Nanoparticles and Hydrogel
4.8.1. In Vitro Mucoadhesion Testing

In vitro mucoadhesion was performed using the displacement method. A specified
weighted amount (5 mg) of HG for each respective HA concentration (0.5, 1, 2 and 3% w/v)
was placed on the top of 1% w/v agar and 2% w/v mucin aqueous solution casted on a glass
plate of 9 cm and was inclined at 60° in an incubator at 37 °C. The downward movement
of the HG mass was measured in millimeters hourly up to 7 h. All the measurements were
conducted in triplicate [61,62].

4.8.2. Surface Morphology

Scanning electron microscopy (SEM) (Hitachi S4700, Hitachi Scientific Ltd., Tokyo,
Japan) was used to characterize the morphology and surface properties of both PG-SLNs-
lyophilized formulation and PG-SLNs-loaded HG. A voltage of 10 kV and 10 mA amperage
was applied at 1.3-13.1 mPa pressure. A greater vacuum evaporator and argon atmosphere
were used to make the sputter-coated samples conductive with gold—palladium (Bio-
Rad SC 502, VG Microtech, Uckfield, UK). The gold—palladium coating thickness was
approximately 10 nm.

4.8.3. In Vitro Permeation Study

A modified horizontal side-by-side type diffusion apparatus was used for in vitro
permeation studies at 37 °C and with 100 rpm constant stirring (Thermo Haake C10-P5,
Sigma-Aldrich Co. LLC, St. Louis, MO, USA). The donor and receptor compartments
were isolated with an isopropyl myristate impregnated artificial membrane (0.45 um pore
size, Pall Metri-cel cellulose membrane) with a 0.69 cm? diffusion surface. The donor
compartment consisted of 9 mL simulated nasal electrolyte solution (SNES) with a pH
of 5.6, which contained 0.59 g CaCl,, 8.77 g NaCl, 2.98 g KCl anhydrous in 1000 mL of
deionized water, where the acceptor compartment consisted of pH 7.4 PBS. The measured
amount (5 mg) of formulation was placed in the donor phase 1 mL of each sample (PG,
PG-SLNs, PG-SLNs-loaded HG with and without TC-P) and was withdrawn from the
acceptor phase every 5 min and replaced with the same volume of fresh medium. The
amount of the drug diffused through the membrane was quantified by using HPLC. Each
formulation was analyzed in triplicate.

4.8.4. In Vitro Release Study

The in vitro dissolution study was performed under the nasal conditions at 37 °C by
using the modified paddle method with a Hanson SR8 Plus apparatus (Teledyne Hanson
Research, Chatsworth, CA, USA) at 50 rpm constant stirring. The PG (10 mg) containing
formulation was placed into 50 mL SNES (pH 5.60) as dissolution medium, and samples
were withdrawn in predetermined time intervals of 5, 15, 30, 60, 180, 360 and 720 min. After
filtration (0.45 pm membrane filter), the PG concentration of the aliquots was analyzed
using HPLC. All the measurements were performed in triplicate. The in vitro drug release
kinetics of each sample were also evaluated, fitting various mathematical models—namely,
zero-order, first-order, Higuchi, Korsmeyer—Peppas and Hixon—Crowel models.

4.8.5. Hydrogen Peroxide Scavenging (H,O,) Assay

A solution of hydrogen peroxide (40 mM) was prepared in 0.05 M phosphate buffer
(pH 7.4). PG SLNs with different drug concentrations (10, 20 and 30 pug/mL) were incor-
porated in a 0.6 mL and 40 mM hydrogen peroxide solution. After 10 min of addition
of hydrogen peroxide, the absorbance at wavelength of 230 nm was determined spec-
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trophotometrically using phosphate buffer as reference [40,61,63]. The hydrogen peroxide
percentage scavenging activity was then measured using the following formula:

A
H,0; scavenging effect (%) = Ay — a x 100 (10)
0
where A, is the absorbance of the control reaction, and A is the absorbance in the presence
of initial PG containing sample.

4.9. Statistical Analysis

The statistical analysis was applied to all the results using Microsoft® 13 software
(SAS Institute, Cary, NC, USA). All the results were repeated in triplicate, and the means
of data are expressed with standard deviation. In vitro permeation and release data were
compared using the one-way analysis of variance (ANOVA); differences were considered
significant when p < 0.05.

5. Conclusions

PG-SLNs were successfully prepared using a modified injection method. For the
optimization of formulation and process parameters affecting the quality of the nanosystem,
the initial risk assessment study and the design of experiment were applied following the
QbD approach. The addition of PG endowed the HG with the ability to facilitate anticancer
activity and with significant potential to be co-encapsulated with other anti-glioblastoma
drugs. Our optimized platform provided in vitro proof of the potential of combining the
advantages of lipid-based NPs with HG as a promising intranasal delivery system.
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CQA (b) elements, Figure S2: 3D surface plot (a) and one-factor interaction (b) graph showing
the effects of surfactant and cholesterol on Particle Size, PDI and Zeta potential, Table S1: Kinetic
parameters of in vitro drug release.
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Abstract: When studying the release of poorly water-soluble drugs from colloidal drug delivery
systems designed for intravenous administration, the release media should preferentially contain
lipophilic components that represent the physiological acceptors present in vivo. In this study, the
effect of different acceptor structures was investigated by comparing the transfer of fenofibrate,
retinyl acetate, and orlistat from trimyristin nanoemulsion droplets into lipid-containing hydrogel
particles, as well as to bovine serum albumin (BSA). A nanodispersion based on trimyristin and
cholesteryl nonanoate was incorporated into the hydrogel particles (mean diameter ~40 pm) in
order to mimic the composition of lipoproteins. The course of transfer observed utilizing the lipid-
containing hydrogel particles as an acceptor was in relation to the lipophilicity of the drugs: the higher
the logP value, the slower the transfer. There was no detectable amount of the drugs transferred to
BSA in liquid solution, demonstrating clearly that albumin alone does not contribute substantially as
acceptor for the lipophilic drugs under investigation in this study. In contrast, cholesteryl nonanoate
contributes to a much greater extent. However, in all cases, the partition equilibrium of the drugs
under investigation was in favor of the trimyristin emulsion droplets.

Keywords: drug transfer; in vitro release; colloidal drug carriers; lipid nanoparticles; hydrogel beads;
cholesteryl nonanoate; bovine serum albumin

1. Introduction

To overcome issues arising from the poor water solubility of many newly discovered
drugs, lipid-based colloidal dispersions are under investigation as a promising formulation
approach for the parenteral administration of these substances [1]. Such dispersions may,
e.g., be liposomes, nanoemulsions, or may contain solid or liquid crystalline nanoparti-
cles [2-4]. Information on the release behavior (or drug retention properties, respectively)
of the lipid carrier particles is crucial for quality control, as well as to predict in vivo behav-
ior. Since there is no officially approved test, efforts are being made to design appropriate
setups for release testing of nanoparticulate drug carriers [5].

Challenges to face are, for example, related to the small size of the carrier particles.
Only drugs with special properties, such as fluorescence, acidic/basic moieties, or electro-
chemically active groups, enable the detection of released drug with analytical methods that
do not interfere with the dispersed phase particles [6-8]. Hence, many methods described
in the literature require a separation step, such as filtration or centrifugation, in order to
perform quantitative analysis of the released drug [9,10]. Other approaches are based on
membrane barrier techniques [11-13] or continuous flow setups [14,15]. Depending on the
method, the drug release behavior may be affected by the experimental conditions, e.g.,
due to high shear stress or long high-speed circulation times, insufficient time resolution,
fluctuations in flow rates, or filter clogging [12,16-19].
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For dosage forms that are designed to deliver lipophilic drugs via the intravenous
(i.v.) route, release testing should be performed in an appropriate medium that reflects the
physiological environment. Lipophilic compounds display poor aqueous solubility, and
their distribution into mainly aqueous release media, for instance, simple buffer solutions,
is limited. As an example, (lipo)proteins or cell compartments represent lipophilic acceptors
in the blood that may be available for drug binding. Studies addressing this issue, e.g.,
investigated the transfer of lipophilic fluorescent dyes or temoporfin as model drugs into
the oily droplets of o/w emulsions as acceptor using a flow cytometric approach [20], or
focused on liposomes as acceptor, applying asymmetrical flow field-flow fractionation [21].

As an even closer approach to physiological conditions, Roese and Bunjes investi-
gated drug transfer into porcine serum and blood using a method based on differential
scanning calorimetry (DSC) for detection [22]. This method circumvents the necessity of
separating the donor from the acceptor compartment, but may be limited in applicability
to supercooled trimyristin donor nanoparticles and similar systems.

The highest proportion of proteins in human plasma can be attributed to albumin
(~55%) [23]. Upon entering the bloodstream after parenteral administration, many drugs
do not only associate with albumin, but also with lipoproteins [24]. Studies that analyzed
the transfer properties of temoporfin from liposomes to some of the individual lipoprotein
fractions and albumin in human plasma found significant differences regarding the dis-
tribution profiles of the drug [25,26]. After i.v. administration of liposomal amphotericin
B, a large fraction of the drug was transferred to high density lipoproteins (HDL) [27].
For a-tocopherol, in contrast, low density lipoproteins (LDL) seem to be the predominant
transport vehicle, as this substance was found to considerably associate with LDL after
incubation in human plasma [28].

In order to predict the release performance in vivo, it is most desirable to investigate
drug transfer into the original media relevant for administration. Unfortunately, the small
size of the carrier particles on the one hand, as well as the complexity of the physiological
environment present in vivo on the other hand, entails complications. During in vitro
method development, it may thus be preferable to replace the very complex physiological
media with simple and robust in vitro media that only contain the ingredients essential for
the drug release process.

In a recent study, the transfer of lipophilic drugs from drug-loaded trimyristin emul-
sions was investigated using an unloaded trimyristin nanoemulsion incorporated into small
calcium alginate hydrogel microbeads as a lipophilic acceptor [29]. This setup combined
the advantages of small acceptor particles (with a large corresponding interfacial area)
with a simple, filtration-based separation procedure from the donor particles. However,
trimyristin emulsion droplets alone may not be sufficiently representative as components
of “model-blood”, since other lipophilic substances, such as albumin and lipoproteins,
might also have an impact on the drug distribution process. For example, LDL, which
represent a large proportion of the plasma lipoprotein fraction, consist, for the most part,
of cholesteryl esters [30,31].

To achieve an even closer approximation to the lipophilic acceptors in the blood, the
trimyristin emulsion employed in the previous study was supplemented in the present
study by the additional incorporation of a cholesteryl nonanoate dispersion into the hy-
drogel particles. Cholesteryl nonanoate was chosen as model cholesteryl ester as it forms
nanodispersions in which it remains physically stable in a supercooled liquid crystalline
state over a long period of time [3]. As another advantage, the saturated fatty acid chain
of the cholesteryl nonanoate molecule is more resistant to chemical degradation, such as
oxidation, in comparison to unsaturated derivates. It was an aim of this study to com-
prehensively characterize the trimyristin and cholesteryl nonanoate-containing hydrogel
particles in order to perform transfer studies in a more advanced transfer medium. Using
this approach, the contribution of the “model lipoprotein” acceptor hydrogel particles to
the transfer of fenofibrate, retinyl acetate, and orlistat was investigated from trimyristin
donor emulsions. Additionally, the transfer performance of these drugs was investigated
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from the same donor emulsions into albumin solution as acceptor by applying the DSC
method for drug detection [22].

2. Results and Discussion
2.1. Characteristics of Donor and Acceptor Particles
2.1.1. Particle Sizes

According to photon correlation spectroscopy (PCS) measurements, all intensity-
weighted mean diameters (z-Averages) of the loaded and unloaded trimyristin (TM) na-
noemulsions were between 113 and 126 nm, with polydispersity indices (PdIs) <0.10,
indicating a monomodal size distribution. The z-Average diameters of the cholesteryl
nonanoate (CN) dispersions and the mixed trimyristin—cholesteryl nonanoate (CNTM)
dispersions were about 130 nm, and the PdIs were <0.11 (Table 1).

Table 1. Particle sizes, lipid content, and drug load of the different nanodispersions used as donors in transfer studies or as
acceptor particles to be incorporated into the hydrogel microbeads.

o o . Drug Load
Nanodispersion Z-Average (nm) PdI Lipid Content (%)  Lipid Content (%) Relagted to
DSC HPLC . . g
Trimyristin (%)
Trimyristin donor
emulsions
FFB donor 126 0.09 9.66 - 2.89
RA donor 113 0.10 9.97 - 2.94
ORL donor 115 0.09 9.36 - 3
Acceptor dispersions
(n = 3 batches &= SD)
Trimyristin (TM) 118 + 4 <0.10 9.60 £+ 1.01 9.53 + 1.07 -
Cholesteryl nonanoate 133 £ 0.8 <011 - 9.08 + 0.16 -
(CN)
Mixed trimyristin—
cholesteryl nonanoate 132 £ 0.2 <0.10 8.91 4+ 0.30 9.03+:0.16 -

(CNTM)

The particle sizes in each batch of the hydrogel particles containing the CNTM disper-
sion were determined via laser diffraction. In order to compare the drug transfer results
obtained from this study with the results obtained from a previous study, hydrogel parti-
cles with a mean diameter between 35 and 42 um were produced and utilized in transfer
experiments (Figure 1). The D10 diameter was not below 8 um so that the acceptor gel
particles could be separated from the nanosized donor via filtration. The particle diameters,
as well as the particle size distributions, were reproducible and very similar to those of the
particles obtained in an earlier study [29].
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Figure 1. Particle size (represented as bars, all values n = 3 measurements + SD) and lipid concen-
tration (%) as determined by DSC (respective values above bars) of the different lipid-containing
hydrogel bead dispersions utilized as acceptors (Acc.) in the respective transfer experiments. Further
abbreviations: FFB—fenofibrate, RA—retinyl acetate, ORL—orlistat.

2.1.2. Drug Load of Donor Emulsions

Drug loading into the nanoemulsions was performed by dissolving the drug in the
melted trimyristin prior to homogenization. All drugs were loaded in a concentration of
~3% in relation to the trimyristin matrix (based on lipid determination via DSC), leading to
the final concentrations as shown in Table 1.

Please note that the given concentration of orlistat is the weighed-in amount, since
it was not possible to determine orlistat with UV spectroscopy. This does not affect the
accuracy of the calculated amount of transferred orlistat, as explained in Section 3.9. None
of the drugs displayed significant adsorption on the PES filter membrane used during the
transfer experiments, since recovery after filtration was close to 100% for all drugs (data
not shown).

2.1.3. Determination of Lipid Content

Knowledge of the lipid content in the nanodispersions, as well as in the lipid-containing
hydrogel bead dispersions, was of essential importance for the adjustment of the lipid-mass
ratio between donor and acceptor in the transfer studies. Differential scanning calorimetry
(DSC) measurements were employed to evaluate the trimyristin content in the hydrogel
particle dispersions, loaded and unloaded trimyristin-containing dispersions, whereas
high performance liquid chromatography (HPLC) measurements were performed for the
same unloaded emulsions, as well as the cholesteryl nonanoate dispersions. This proce-
dure enabled a precise and verified lipid determination in the hydrogel bead dispersions
and was necessary for two reasons. First, dispersed triglycerides are prone to forming
different polymorphs that exhibit different crystallization enthalpies that may falsify the
lipid quantification via DSC [32]. Second, it was not possible to completely dissolve the
hydrogel beads in an appropriate solvent, such as tetrahydrofurane or acetonitrile, to
extract the lipid in order to perform HPLC measurements. Thus, the lipid content in the
acceptor dispersions had to be evaluated based on the DSC measurements and was calcu-
lated by multiplying the evaluated trimyristin content by 10, provided that the amount of
cholesteryl nonanoate and trimyristin was accurately adjusted to 9 + 1. Comparing these
two methods, the lipid determination of the TM and CNTM dispersions revealed very sim-
ilar results in both cases (Table 1). Thus, applying the DSC method for the determination

220



Pharmaceuticals 2021, 14, 865

of the overall lipid content in the hydrogel bead dispersions seemed appropriate (please
refer to the Supplementary Material for further detail). In general, the lipid content of
the hydrogel bead dispersions was adjusted to ~4.4% by adding water (corresponding to
approximately 44 mg/mL). A certain fraction of water surrounding the hydrogel particles
was required to ensure thorough mixing of the donor and acceptor on the one hand, and to
be able to draw a sufficient volume of sample out of the transfer vial for drug quantification
on the other hand [29,33]. The lipid concentration of the hydrogel particle dispersions used
for the transfer studies, as determined via DSC, are indicated in Figure 1.

2.1.4. Structure Investigations

The different liquid crystalline phases of cholesteryl nonanoate can clearly be char-
acterized by the combination of, e.g., thermal analysis and small-angle X-ray scattering
(SAXS). As demonstrated in Figure 2a for the bulk material, the liquid crystalline phase
transitions of cholesteryl nonanoate cause very small but distinct signals. Upon heating
using DSC, the crystalline bulk material melted into the smectic mesophase and trans-
formed immediately into the cholesteric mesophase at around 80 °C (Figure 2a) [3]. Upon
further heating, the isotropic melt was formed at ~92 °C. Whilst cooling, the isotropic
melt transformed back into the cholesteric phase which was present until transition into
the smectic mesophase at around 76 °C. During heating of the dispersions (also inside
the hydrogel beads), no melting peak was observed, demonstrating that all lipids were in
a liquid (TM) or liquid crystalline (CN) state after production via hot melt homogeniza-
tion (Figure 2b). The minor endothermic event occurring in all samples upon heating at
about 72 °C corresponds to the transformation of CN from the smectic into the cholesteric
mesophase. The main transition at about 87 °C is attributed to the melting of the cholesteric
phase. The respective phase transitions upon cooling occurred in the same temperature
range as upon heating. In comparison to the bulk material, a small temperature shift
of the phase transitions was observed that is most likely related to the presence of the
nanodispersed particles, as this was observed in another study as well [3]. However, the
presence of trimyristin in the CNTM dispersion did not influence the formation of the
liquid crystalline phases. No crystallization event was observed for CN within cooling to
-10 °C, confirming the presence of the smectic mesophase of cholesteryl nonanoate. The
exothermic event at <10 °C corresponds to the crystallization signal of the supercooled
trimyristin droplets that was used for quantification (cf. Section 3.6).
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The smectic mesophase of cholesteryl nonanoate can be clearly identified by its very
sharp and characteristic SAXS reflection [34]. The d-spacing of the CN dispersion was
calculated to be 28.0 A at about 20 °C (Figure 3), which is within the same range as literature
data [3]. Neither the addition of trimyristin, nor encapsulation into the hydrogel matrix led
to a prominent shift of the reflection (calculated to be 28.0 A for the CNTM dispersion and
28.1 A when incorporated into the hydrogel particles). These findings are in accordance
with the phase transition events observed by DSC and confirm the presence of the smectic
mesophase of CN in all dispersions, also, when incorporated in the hydrogel beads. The
strong increase in scattering intensity at lower angles observed for the sample containing
the CNTM dispersion in the hydrogel beads seemed to be caused by the hydrogel network,
since the same phenomenon was observed by measuring the lipid-free hydrogel particles
as control.

Intensity (a.u.)

CNTM in GP

GP
1 2 3 4
Scattering vector (1/nm)

Figure 3. SAXS patterns of different nanodispersions and hydrogel beads at 20 °C. The values
state the peak positions (q) upon which the calculation of the d-spacings was based. Abbreviations:
CN—cholesteryl nonanoate, CNTM—cholesteryl nonanoate—trimyristin, GP—gel particle.

Preserving the properties of the incorporated lipid nanoparticles was an important
aim for the use of lipid-containing hydrogel microspheres as acceptor in the transfer ex-
periments. During spraying upon hydrogel bead production, the lipid-containing alginate
dispersion was exposed to high shear forces, which may have a negative effect on the
integrity or state of the dispersed particles. Cryo-scanning electron microscopy (cryo-SEM)
measurements were performed to depict the inner structure of the plain placebo and the
lipid-containing hydrogel beads. The cryo-SEM images illustrate that the nanoparticles
were associated with the hydrogel network and that their individuality seemed to be
preserved in most cases (Figure 4). This is in accordance with the results obtained in earlier
studies, in which the melting pattern of incorporated trimyristin particles was analyzed,
and which indicated the presence of small nanoparticles inside the hydrogel beads [29].

The shape of the particles in the images implied that the incorporated lipids were
no longer in their initial state (supercooled liquid in the case of trimyristin or smectic
state in the case of cholesteryl nonanoate, as verified via DSC and SAXS), but seemed to
be solidified due to the sample preparation procedure. In spite of that, the formation of
the characteristic platelet-like shape of the crystalline lipid nanoparticles [32,35] seems to
have been prevented, e.g., by the extremely rapid high-pressure freezing process or due to
limited available space inside the hydrogel pores.
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Figure 4. Cryo-SEM cross-sections of hydrogel particles. (a) Pure crosslinked alginate matrix. (b) Hydrogel particle

containing mixed cholesteryl nonanoate-trimyristin dispersion.

2.2. Investigation of Drug Transfer
2.2.1. Transfer into CNTM-Containing Hydrogel Beads as Acceptor

Drug transfer from trimyristin emulsions (donor; d) into CNTM-containing alginate
microspheres (acceptor; a) was investigated for three different drugs loaded at a concentra-
tion of ~3% (drug related to matrix lipid). After mixing of donor and acceptor, fenofibrate
(logP 4.86) transfer was completed within a few minutes, whereas retinyl acetate (logP 6.56)
transferred more slowly and reached equilibrium at >40 h. Orlistat (logP 7.61) transfer
seemed to be completed after about 70 h (Figure 5). The transfer course of all drugs was
very similar to that obtained in earlier studies using trimyristin-nanodroplet-containing hy-
drogel microbeads as acceptor; however, the extent of drug transfer was distinctly smaller
in the present case [29]. Assuming an equal distribution between the donor and acceptor
lipids, a maximum fraction of 90% transferred drug would have been expected based
on the adjusted lipid—mass ratio of 1 + 9 (d + a). In this case, however, the maximum
fraction of transferred drug was ~74% for fenofibrate and retinyl acetate, whereas orlistat
transferred to an extent of about 62%. The observed concentration equilibrium of the drugs
was clearly shifted in favor of the donor. Thus, the affinity of all drugs seemed to be higher
to trimyristin droplets instead of to the cholesteryl nonanoate particles. Bearing in mind
that the hydrogel particles contained CN and TM in a mixture of 9 + 1, the contribution of
the cholesteryl nonanoate as acceptor seemed very small in comparison to the trimyristin.
Partition of the drugs can be assumed to be equal between the trimyristin of the donor
emulsion and the trimyristin acceptor droplets that were incorporated in the hydrogel
particles. In the case of fenofibrate and retinyl acetate, about 26% of the drugs were not
transferred to the acceptor compartment but remained in the trimyristin donor emulsion.
As a consequence, only approximately 50% of fenofibrate or retinyl acetate are presumably
located in the cholesteryl nonanoate acceptor particles, considering that one tenth of the
acceptor lipid is also composed of trimyristin. For orlistat, only ~62% of drug transfer to
the acceptor particles was observed, corresponding to about 30% of the drug that is located
in the cholesteryl nonanoate particles.

Reasons for this observation may be related to the lower lipophilicity of CN (CN
eluted prior to TM from an RP column in the HPLC measurements). It may also be
attributed to the presence of the liquid crystalline state. In the more ordered state of the
liquid crystalline mesophase, the cholesteryl ester molecules are motionally restricted,
which possibly made it more difficult for the drugs to associate with them [34]. Cholesteryl
nonanoate was chosen as a model compound to mimic the cholesteryl ester fraction in
lipoproteins present in the blood. At body temperature, LDL undergoes a phase transition,
which is predominantly related to the phase transition of the cholesteryl esters into a more
disordered, liquid-like state [30,36]. It might be conceivable that the drug transfer will be
affected by the phase transition of LDL present in vivo. This remains to be investigated.
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Figure 5. Drug transfer into CNTM-containing hydrogel beads. Each value represents mean + SD
(n = 3). Abbreviations: FFB—fenofibrate, RA—retinyl acetate, ORL—orlistat.

Lipophilicity, estimated based on the calculated logP values of the drugs, was a
major factor determining the course of the drug transfer, which indicates that the transfer
observed in these experiments is a partition driven process and that the characteristics of
the drug (and not those of the carrier system) dominate the release performance. These
findings are in accordance with the literature since drug release from lipid nanoemulsions
has previously been reported to occur very rapidly [9,17,20,22]. A diffusion barrier due
to the presence of the hydrogel matrix appeared not to be experimentally relevant for
fenofibrate but seemed to be more critical for rather slowly transferring drugs, as already
described in an earlier study in more detail [29].

2.2.2. Bovine Serum Albumin (BSA) as Acceptor

In order to investigate albumin as acceptor for the lipophilic drugs under investigation,
all drug-containing donor emulsions were incubated in BSA solution over 24 h. Directly
after sampling at different time points, the samples were cooled from 25 °C to 0 °C via
DSC, and the crystallization temperature of trimyristin (Tcryst.) was evaluated. Using this
procedure, no filtration step was required, but control experiments were performed by
incubating drug-free nanoemulsion in the BSA solution, as well as in pure PBS bulffer.

Crystallization temperatures of control samples, as well as of a drug-loaded donor
emulsion (exemplarily for fenofibrate), are plotted in Figure 6a. The presence of BSA
solution did not influence the crystallization temperature of the unloaded trimyristin
emulsion, which remained constant at about the same value as when incubated in pure
PBS bulffer (after 24 h, 10.63 & 0.01 °C in BSA and 10.65 £ 0.02 °C in PBS, respectively).
Consequently, obvious changes in Teryst. of the drug-loaded samples should only result
from drug transfer from the nanoemulsion to BSA. Within the time frame of the experiment,
the crystallization temperature of the FFB donor emulsion remained unchanged, but within
the standard fluctuations of the measurement device. Consequently, the change of the
crystallization temperature (ATcryst.) of the fenofibrate-containing trimyristin emulsion
in comparison to the unloaded nanoemulsion used as control remained very similar,
indicating no transfer to BSA (Figure 6a,b).
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Figure 6. (a) Crystallization temperatures (Tcryst.) of unloaded trimyristin emulsion (control) and fenofibrate-containing
emulsion (FFB), as well as the change of Teryst. (ATcryst.) within 24 h. (b) Transferred percentage of fenofibrate (FFB), retinyl
acetate (RA), and orlistat (ORL) to the BSA fraction.

Moreover, for retinyl acetate and orlistat no clear change in crystallization temperature
was detected beyond the deviations of the measurement device, indicating that virtually
no drug transferred to BSA (Figure 6b).

In previous studies, albumin was added to the aqueous release media as a solubilizing
agent to enhance drug release from lipid nanocarriers. For example, Magenheim et al. and
Levy and Benita investigated the release of miconazole and diazepam from triglyceride
nanoemulsions applying sink conditions and found an increased amount of released drug
in comparison to pure Hepes buffer [9,11].

In contrast, Reshetov et al. found no significant proportion of temoporfin bound to
albumin in the presence of other lipophilic components [37]. Studies investigating the
transfer of orlistat through oil-water interfaces revealed no effect on the transfer of orlistat
by adding albumin, and found the partitioning of orlistat to be in favor of the oil phase,
regardless of the composition of the aqueous phase [38]. These findings are in accordance
with the results presented in this study.

In the case of fenofibrate, Pas et al. reported an increased solubility by a multi-
ple in comparison to pure water. However, the absolute concentration did not exceed
~0.006 mg/mL [39]. The lack of transfer of fenofibrate to BSA in the present study is, thus,
not particularly surprising, considering that the fenofibrate concentration applied in the
present experiments was ~0.3 mg/mL. It might be conceivable that a very small amount
of fenofibrate (and, consequently, retinyl acetate and orlistat) did transfer to BSA (up to
their respective solubility limit), but was not detectable using the DSC method in this
case. Dilution by many orders would seem to be required in this case to attain appropriate
conditions that allow an adequate amount of drug to partition into the release medium.

In spite of that, it was clearly demonstrated that BSA, used here to mimic HSA, alone
does not contribute substantially as an acceptor for the lipophilic drugs under investigation
in this study. In contrast, cholesteryl nonanoate, utilized as a model compound to mimic
the cholesteryl ester portion in lipoproteins, does contribute to a much greater extent.
Yet, the partitioning of the drugs was in favor of the trimyristin in all cases. With regard
to intravenous administration in humans, a significantly greater dilution, e.g., 1 + 1000,
would be necessary to attain an even more realistic approach. For drugs under partition
control, an increased transfer may be expected in vivo, if sufficient acceptor is provided.
This remains to be investigated in further detail.

3. Materials and Methods
3.1. Materials

The triglyceride trimyristin (Dynasan® 114) was donated by 101 Oleo, Witten, Ger-
many, and the surfactant poloxamer 407 (Kolliphor® P127) by BASF AG, Ludwigshafen,
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Germany. Sodium alginate (Manugel® GMB) was a kind gift from FMC International,
Wallingstown, Ireland. As estimated by the supplier, the molecular weight was ~124 kDa,
the content of guluronic acid was 60-70%, and that of mannuronic acid was 30-40%.
Cholesteryl nonanoate was purchased from TCI, Zwijndrecht, Belgium. Tetrahydrofu-
ran (HPLC grade), acetonitrile (HPLC grade), bovine serum albumin (BSA, heat shock
fraction, pH 7, >98%), and the drugs fenofibrate and retinyl acetate were obtained from
Sigma-Aldrich, Steinheim, Germany. Orlistat was donated by Formosa Laboratories Inc.,
Taoyuan, Taiwan. Sodium azide, anhydrous glycerol, calcium chloride, acetonitrile (LC MS
grade), and tetrahydrofuran (ultra LC MS grade) were obtained from Carl Roth, Karlsruhe,
Germany. All materials were used as received. Water was purified by deionization and
filtration (EASYpureTM LF, Barnstead, Dubuque, IA, USA) or was of bidistilled quality.
The logP values of the drugs were obtained from DrugBank (calculated by ALOGPS).

3.2. Preparation of Donor and Acceptor Lipid Nanodispersions

The nanoemulsions consisted of 10% trimyristin (TM) as lipid phase, which was
dispersed in an aqueous phase containing 5% poloxamer 407 as a stabilizer. The aqueous
phase was isotonized with 2.25% anhydrous glycerol. Additionally, nanodispersions were
prepared that contained 10% cholesteryl nonanoate (CN) as lipid phase. These dispersions
were stabilized with 8% poloxamer 407. All lipid nanodispersions were preserved with
0.05% sodium azide. The concentrations are given related to the total weight of the
dispersions (w/w).

The aqueous and lipid phases were preheated separately to 75 °C (TM nanoemulsions)
or 95 °C (CN dispersions). After mixing, a pre-emulsion was formed using an Ultra-Turrax
(T25 digital, IKA, Staufen, Germany) for four minutes at 11,000 rpm. Subsequently, the
mixture was processed in the heat by high-pressure homogenization in 10 cycles at 700 bar
(TM emulsions) or 900 bar (CN dispersions) using a Microfluidizer (M110-PS, interaction
chamber type F12Y DIXC, Microfluidics, Newton, MA, USA).

After homogenization, all dispersions were filtered through a polyvinylidene fluo-
ride (PVDF) filter with 0.45 um pore size (Rotilabo®, Karlsruhe, Germany) and stored
in glass vials at 20 °C. Under these conditions, TM remained in a liquid state due to
supercooling [22], whereas the CN transformed into a liquid crystalline state [3]. The
trimyristin nanoemulsion and the cholesteryl nonanoate dispersion were mixed in a ratio
of 9CN + 1 TM (CNTM dispersion; lipid ratio based on quantification via HPLC), and
served as the acceptor system to be incorporated in alginate beads (cf. Section 3.4).

For the preparation of donor emulsions to be studied in transfer experiments, fenofi-
brate, retinyl acetate, or orlistat were dissolved in the melted trimyristin prior to emulsifica-
tion. In order to exclude any possible influence of the drug loading on the transfer kinetics,
all emulsions were loaded at the same concentration of ~3% related to trimyristin.

3.3. Lipid Quantification via High Performance Liquid Chromatography

A slight reduction in the lipid concentration may occur during dispersion production
by dilution with process water remaining in the homogenization device. In order to
achieve the lipid mixing ratio of 9 CN + 1 TM accurately, the lipid content of the unloaded
dispersions was determined by HPLC after preparation. A Dionex UltiMate 3000 HPLC
system (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an LPG-3400SD
pump, a WPS-3000TSL autosampler, and a Corona Veo Charged Aerosol detector was
used to perform the analysis. The column (Thermo Fisher Scientific Hypersil Gold C18,
2.1 x 150 mm, 1.9 um) was kept at 25 °C and the flow rate was set to 0.3 mL/min. The
mobile phase consisted of acetonitrile/tetrahydrofuran 70/30 (v/v). Under these conditions,
the retention time of both lipids was between 3 and 5 min, with cholesteryl nonanoate
eluting from the column prior to trimyristin.

For sample preparation, dispersions were dissolved in tetrahydrofuran/acetonitrile
50/50 (v/v) and diluted to an appropriate detector response; 1 uL was injected and detected
at a nebulizer temperature of 50 °C. Every sample was diluted twice and every dilution
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measured two times (n = 4). Lipid concentrations were calculated with the Chromeleon
7.2 software (Thermo Fisher Scientific, Waltham, MA, USA) using a calibration curve for
trimyristin or cholesteryl nonanoate in different concentrations.

3.4. Preparation of Lipid-Containing Alginate Beads

Calcium alginate beads were produced with a spraying method as described earlier,
with minor modifications [29]. The lipid nanodispersion that was incorporated into the
hydrogel beads was composed of cholesteryl nonanoate and trimyristin (lipid mixing ratio
9 + 1 as determined by HPLC). The drug-free lipid nanodispersion was mixed with the
same volume of bidistilled water (final volume approximately 20-25 mL each per batch)
and 2% (w/w) sodium alginate was added to the dispersion. Under stirring at 200 rpm, the
mixture was left to swell overnight. With the aid of a syringe pump (Fusion 200, Chemyx,
Stafford, TX, USA), the resulting alginate-containing dispersion was fed (1 mL/min) into
the two-fluid spray nozzle (diameter: 0.7 mm) of a BUCHI Mini Spray Dryer B-191 (BUCHI
Labortechnik AG, Flawil, Switzerland) and sprayed under compressed air (650 L/h) into
a continuously stirred 5% (w/w) CaCl, solution (approximately 500 mL). The hydrogel
particles were stored in the CaCl, solution overnight to ensure thorough cross-linking.
After hardening, excess CaCl, was washed off with purified water via centrifugation
(SIGMA® 3-15, Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany) three times
at 3200 rpm. The microbeads were stored in water and used as acceptor particles. The
resulting volume of each batch of dispersion was about 40-50 mL in total. The overall lipid
concentration encapsulated in each batch of hydrogel bead dispersion was evaluated via
DSC (cf. Section 3.6). Plain microbeads used for the cryo-SEM and SAXS analysis were
produced in the same way but without lipid dispersion.

3.5. Particle Size Analysis

The particle size of the lipid nanodispersions was measured by PCS using a Zetasizer
Nano ZS (Malvern Instruments, Worcestershire, UK). Prior to the measurement, samples
were diluted with purified water to an appropriate scattering intensity (attenuator 5-7).
After an equilibration time of 300 s, three consecutive measurements of 5 min each were
performed at 25 °C using a laser wavelength of 633 nm at an angle of 173°. As an average
of three runs, the z-Average and the PdI were calculated.

The particle sizes of the hydrogel beads were determined via laser diffraction (LD;
Beckman Coulter LS 13 320, Beckman Coulter GmbH, Krefeld, Germany). The samples
were diluted with water to an appropriate optical density in the measuring chamber.
Three consecutive measurements of 90 s each were averaged and the volume distribution,
mean particle size, and D10, D50, and D90 values were calculated using Fraunhofer
approximation.

3.6. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measurements were carried out using a DSC
1 calorimeter (Mettler Toledo, Giefien, Germany) equipped with an FRS 5+ sensor that
was calibrated with indium. The calibration was checked by measuring indium before a
series of measurements. About 20 mg of the samples were accurately weighed into 40 uL
aluminum pans (Mettler Toledo, Giefien, Germany), which were hermetically sealed by
cold welding. An empty pan was used as reference and all measurements were performed
under nitrogen purge.

To examine the trimyristin concentration in the hydrogel bead dispersion, as well as
in the drug-loaded and unloaded trimyristin-containing dispersions, samples were heated
from 20 °C to 70 °C (20 K/min) and subsequently cooled to —5 °C with a scan rate of
10 K/min. The crystallization enthalpies from the cooling curves were evaluated and
the trimyristin content was calculated using a calibration curve obtained from measuring
different amounts of bulk trimyristin under the same conditions. The overall lipid content
in mixed CNTM dispersions (composed of 9 CN + 1 TM), as well as the lipid amount in the
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hydrogel particle dispersions, was calculated by multiplying the determined trimyristin
amount by 10.

The onset value of the crystallization signal of trimyristin was determined as an
indicator for the crystallization temperature (Tcryst.). Samples from transfer experiments
were cooled from 25 °C to 0 °C with a scan rate of 2.5 K/min. The changes in Tcryst. of
drug-loaded nanoemulsions were used to quantify the transferred amount of drug, as
described in earlier studies; cf. Section 3.9.

In order to obtain information on the liquid crystalline structure, the cholesteryl
no-nanoate dispersion and the CNTM-containing nanodispersion (also enclosed in the
hydrogel beads) were heated from 15 °C to 100 °C (5 K/min), and subsequently cooled to
—10 °C (5 K/min). The phase transitions indicated in the resulting curves were examined
to characterize the structure of the incorporated lipid particles in comparison to those of
unencapsulated counterparts.

If necessary, baseline correction was performed using OriginLab 2018.

3.7. Cryo-SEM

To evaluate the inner appearance of the placebo and the lipid-containing hydrogel
beads, cryo-scanning electron microscopy (cryo-SEM) was performed using a Helios G4 CX
DualBeam system and a Through the Lens Detector (FEI, Hillsboro, OR, USA). For sample
preparation, the hydrogel microbeads were frozen in a high-pressure freezer (Leica EM
ICE, Leica Microsystems GmbH, Wetzlar, Germany) using liquid nitrogen, subsequently
fractured in the cryo-chamber at —150 °C, and sputtered with a 4 nm platinum layer in a
high-vacuum coater (Leica EM ACE600, Leica Microsystems GmbH, Wetzlar, Germany).
Imaging was performed at a voltage of 3 kV at different magnifications. The samples were
kept under cryo conditions throughout the entire workflow.

3.8. X-ray Scattering

Small-angle X-ray scattering (SAXS) was performed to investigate the liquid crystalline
structure of the cholesteryl-nonanoate-containing dispersions. The measurements were
conducted with a SAXSess mc2 system (Anton Paar GmbH, Graz, Austria) using Cu K«
radiation (A = 0.154) and a CCD detector (measurement range: q =0 — 6 nm™!). The
nanodispersions, as well as hydrogel beads (lipid-containing and placebo), were measured
at room temperature in a 1 mm capillary, which was positioned in the beam path at a
distance of 309 mm to the CCD detector.

Background and dark current subtraction, as well as desmearing, were performed
using the SAXSquant software (Anton Paar GmbH, Graz, Austria). The raw data (dotted
lines in Figure 3) were appropriately smoothed (solid lines; Figure 3), and the scattering
vector q (nm 1) was determined using OriginLab 2018. The position of the reflections was
used to calculate the layer spacing (d) according to Bragg’s law: d = 2rt/q.

3.9. Investigation of Drug Transfer
3.9.1. CNTM-Containing Hydrogel Beads as Acceptor

The procedure for drug transfer investigations using lipid-containing hydrogel beads
as an acceptor was described earlier [29,33]. Briefly, drug-loaded nanoemulsions were
mixed with the microsphere dispersion in 3 mL glass vials in a donor (d) to acceptor
(a) lipid mass ratio of 1 + 9 (based on the results of lipid determination by DSC). This
lipid ratio was chosen to ensure comparability of the present transfer results with those
of a previous study [29]. The transfer started when the donor emulsion (~70 puL) was
added to the required amount of acceptor particle dispersion (resulting in a total volume
of approximately 1.5 mL in each transfer vial). For each time point of sampling, a separate
transfer vial was used. During transfer, the samples were placed on a horizontal shaker
(Vibrax VXR Basic, IKA-Werke GmbH & Co. KG, Staufen, Germany) and agitated with
300 rpm at ~23 °C. Samples were withdrawn using a 2 mL plastic syringe via filtration at
predetermined time points. For this purpose, a polyethersulfone (PES) membrane with
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1.2 um pore size (Pieper Filter GmbH, Bad Zwischenahn, Germany) was mounted into a
custom-built screw cap that was attached to the transfer vial shortly before sampling.

For fenofibrate and retinyl acetate, the drug load of the donor nanoemulsions, as well
as the remaining amount of drug in the nanoemulsions during transfer experiments, was
quantified via UV spectroscopy (Specord 40, Analytik Jena AG, Jena, Germany). Samples
were dissolved in tetrahydrofuran/water 9/1 (v/v) and measured at wavelengths of 287 nm
(fenofibrate) or 360 nm (retinyl acetate) three times. Where required, the measured absorp-
tions were corrected for the blank absorptions of the dissolved unloaded nanoemulsion
that had been treated in the same way as the respective drug-containing nanoemulsion.
Calibration curves for each drug were obtained by preparing at least six different dilutions
containing varying amounts of the respective drug. The amount of transferred drug was
calculated by subtracting the amount in the sampled aqueous donor system from the
originally applied one.

Orlistat could not be quantified via UV spectroscopy in the presence of trimyristin
because of overlapping absorption signals. Thus, orlistat transfer from the trimyristin
nanoemulsion into the lipophilic acceptor was investigated by DSC. The change in crys-
tallization temperature (AT yst., determined upon cooling) is in a linear relation to the
decrease in drug content [22]. The respective donor emulsion, diluted with water in the
same volume as that of the acceptor system (which corresponded to 0% drug transfer), and
an unloaded trimyristin nanoemulsion with comparable characteristics (corresponding to
100% drug transfer; measured as control) were used to calculate the transferred amount of
orlistat by applying the rule of three. Control experiments were performed by incubating
unloaded trimyristin emulsion with the lipid-containing microsphere dispersion under the
same conditions. Fluctuations in the crystallization temperature of the donor emulsion that
were not caused by drug transfer could thus be identified and included into the calculations
of the transferred amount of drug [22].

3.9.2. Albumin Solution as Acceptor

The overall amino acid sequence identity of BSA in comparison to human serum
albumin (HSA) is ~76%, leading to a similar tertiary structure of these molecules, with
similar binding sites [40,41]. In order to evaluate the contribution of albumin as a potential
acceptor for lipophilic drugs in blood, BSA was used for screening purposes in this study.

BSA solution was freshly prepared before use by dissolving 43 mg/mL BSA in PBS
buffer under continuous stirring at 200 rpm. This concentration was chosen for two reasons.
First, the concentration of albumin in human plasma is 35-50 mg/mL [23] and, second,
the concentration of lipid acceptor in the studies performed here with CNTM-containing
dispersion that was incorporated in microspheres was in the same range (cf. Section 2.1.3).
Thus, the chosen BSA concentration offered the possibility to compare the contribution
of (different) available acceptor structures used in this study on the one hand, and also
provided a realistic approach to the albumin concentration in vivo.

A total of 70 pL of the drug-loaded donor emulsions were mixed in a ratio of 1 + 9
(ratio adjusted based on the lipid quantification in the donor emulsion, as determined
using DSC) with the acceptor solution in a 3 mL vial and incubated for 24 h in the same
way as described above (total volume ~1.5 mL/vial). At various time points, samples were
withdrawn using an Eppendorf pipette and directly measured by DSC. In contrast to the
hydrogel-bead-based setup, no filtration step was necessary using this method. The change
in crystallization temperature (ATcryst.) determined upon cooling was used to calculate
the transferred amount of each drug under investigation, as described in Section 3.9.1 for
orlistat. For the control experiments, an unloaded trimyristin emulsion with comparable
characteristics was incubated in the acceptor solution and in PBS buffer, and measured by
DSC as well.

All transfer results are presented by plotting the fraction of transferred drug (%)
against the time (hours, h). All transfer studies were performed in triplicate.
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4. Conclusions

The liquid (trimyristin) and liquid crystalline (cholesteryl nonanoate) state, as well as
the integrity of the nanoparticles, could be preserved during hydrogel bead production, and
the resulting system was successfully applied as lipophilic acceptor in transfer studies. The
course of transfer observed using the lipid-containing hydrogel particles as the acceptor
was in relation to the lipophilicity of the drugs: the higher the logP value, the slower
the transfer. In all cases, the partition equilibrium of the drugs under investigation was
found to be in favor of the trimyristin emulsion droplets. Given that there is no officially
approved method to investigate the release of lipophilic drugs from nanosized carriers, the
hydrogel-bead-based setup can be helpful in order to compare the contribution of different
lipophilic acceptors to the release performance of colloidal drug delivery systems. The
nature of the lipophilic acceptor in release studies is essential, as it strongly affects the
release behavior. No detectable fraction of the drugs was transferred to BSA, demonstrating
clearly that albumin seemed to be of minor importance as lipophilic acceptor for the drugs
under investigation in the present study. Albumin as solubilizing agent to be used in
transfer experiments should thus be evaluated thoughtfully, especially for drugs with high
lipophilicities. The lipophilic substances used in the present study as an acceptor were
selected as model compounds in order to mimic different lipophilic acceptors present in
the blood. Thus, a closer approach to the physiological environment was provided than
with many other release media currently applied. However, many other aspects, e.g., the
physical state of the acceptor particles and, with special regard to the intravenous route of
administration, a realistic dilution of the donor system, should be taken into consideration
for future investigations, as they may also affect the drug release performance.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ph14090865/s1, Figure S1: Lipid determination of an exemplary batch of different lipid
nanodispersions used as acceptor particles to be incorporated into the hydrogel beads.
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Abstract: In efforts to enhance the activity of liposomal drugs against solid tumors, three novel lipids
that carry imidazole-based headgroups of incremental basicity were prepared and incorporated into
the membrane of PEGylated liposomes containing doxorubicin (DOX) to render pH-sensitive con-
vertible liposomes (ICL). The imidazole lipids were designed to protonate and cluster with negatively
charged phosphatidylethanolamine-polyethylene glycol when pH drops from 7.4 to 6.0, thereby
triggering ICL in acidic tumor interstitium. Upon the drop of pH, ICL gained more positive surface
charges, displayed lipid phase separation in TEM and DSC, and aggregated with cell membrane-
mimetic model liposomes. The drop of pH also enhanced DOX release from ICL consisting of one
of the imidazole lipids, sn-2-((2,3-dihexadecyloxypropyl)thio)-5-methyl-1H-imidazole. ICL demon-
strated superior activities against monolayer cells and several 3D MCS than the analogous PEGylated,
pH-insensitive liposomes containing DOX, which serves as a control and clinical benchmark. The
presence of cholesterol in ICL enhanced their colloidal stability but diminished their pH-sensitivity.
ICL with the most basic imidazole lipid showed the highest activity in monolayer Hela cells; ICL
with the imidazole lipid of medium basicity showed the highest anticancer activity in 3D MCS. ICL
that balances the needs of tissue penetration, cell-binding, and drug release would yield optimal
activity against solid tumors.

Keywords: pH-sensitive; liposome; imidazole; anticancer; drug delivery; multicellular spheroids

1. Introduction

The past two decades have seen a surge in the medical use of nanotechnology.
Tens of nanomedicines, mostly liposomes, have been approved by Food and Drug
Administration (FDA) or European Medicines Agency (EMA) to treat or diagnose many
serious diseases, especially various types of cancer [1-4]. Liposomal formulations of
doxorubicin (DOX) [4-6] represent an important group of nanomedicines, which are
indicated for a wide range of cancers. Many studies have demonstrated that, compared
with free DOX, DOX-loaded nanomedicines offer substantially lower cardiotoxicity and
higher efficacy, both owing to their preferred accumulation at tumor sites [7,8].

One abnormal feature in many solid tumors is a fenestrated vasculature [9], which
allows nano-formulations of anticancer drugs to permeate selectively from the blood
circulation to the tumor interstitium. The nano-formulations can then accumulate in solid
tumors due to their lack of lymphatic drainage, a phenomenon known as the enhanced
permeability and retention (EPR) effect. Many long-circulating nano-formulations have
been developed to take advantage of the EPR effect, including PEGylated liposomes,
hydrophilic polymers, and solid lipid nanoparticles [10,11]. However, the fenestrated
vasculature distributes mainly in the peripheral of solid tumors, which could limit the
distribution of nano-drug formulations to the tumor core, and hence limit their ability to
eradicate the entire tumor cell population [12].
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Another abnormality of tumor tissue is its acidic microenvironment. Whereas nor-
mal cells in healthy tissues have an intracellular pH (pH;) of 7.2 and a slightly higher
extracellular pH (pHe) of 7.4, cancer cells in tumors are characterized by a pH; of 7.2
but a significantly lower pHe of 6.2-7.0 [13,14]. The lower pH, in the tumor interstitium
results from the accumulation of lactate, an acidic by-product of the elevated anaerobic
metabolism by the cancer cells in the hypoxic tumor microenvironment [15]. In response,
many pH-sensitive drug delivery systems have been developed, including pH-sensitive
liposomes, antibody-drug conjugates with acid-labile linkers, and pH-sensitive polymeric
nanoparticles [16-18]. A number of pH-sensitive drug delivery systems have shown en-
hanced anticancer activity compared to their pH-insensitive counterparts in preclinical
research [19,20]. However, pH-sensitive nano-drug delivery systems have not yet been
approved to treat cancer patients.

Imidazole represents an important pH-sensitive functional group in pharmaceu-
tical sciences. Imidazoles carry pKa values around 5.0-6.5 and thus can protonate
to assume a positive charge in response to weakly acidic pH in pathophysiological
settings [21]. The incorporation of imidazole-based lipids into nano-formulations has
enhanced their intracellular delivery of proteins and nucleic acids [22,23]. However,
very few studies [24] have been reported on imidazole-based nano-formulations for
anticancer drug delivery.

Herein, we report a novel type of imidazole lipids and their pH-sensitive lipo-
somes. Our goal is to develop imidazole lipids that trigger the liposomes in cooperation
with phosphatidylethanolamine-polyethylene glycol conjugates (PE-PEG), which is a
key component to stabilize liposomes in blood circulation for anticancer drug deliv-
ery. At pH 7.4, the imidazole lipids are mostly uncharged, while at acidic pH, they
would protonate and cluster with negatively charged PE-PEG to induce lipid phase
conversions. Such liposomes are thus called imidazole-based convertible liposomes
(ICL) (Figure 1). ICL was loaded with the anticancer drug doxorubicin (DOX) and
subjected to physicochemical and morphological characterizations. The pH-sensitivity
of ICL was assessed by Differential Scanning Calorimetry (DSC), change of {-potential,
interaction with negatively charged model lipid membranes, and pH-dependent drug
release. The anticancer activities of ICL were assessed against both 2D monolayer
cancer cells and 3D multicellular tumor spheroids (MCS), which mimic more features
of solid tumors than 2D cell cultures, including the acidic microenvironment, the
dense ECM, and the hypoxic core [9,25]. PEGylated liposomes containing DOX but not
the pH-sensitive, imidazole-based lipids were also studied, both as a pH-insensitive
control and as a benchmark of clinically used liposomal formulations. The effects of
cholesterol on the physicochemical properties, pH-sensitivity and anticancer activities
of ICL were also investigated. We report the physicochemical properties and the supe-
rior anticancer activities of ICL in both monolayer cancer cells and MCS of multiple
cancer cell lines in correlation to their pH-sensitivity.
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Figure 1. Imidazole-based convertible liposome (ICL). (A) Chemical structures of lipids that constitute
ICL. (B) Schematic of ICL turning from stealth liposomes into cationic liposomes in acidic tumor
interstitium. P—, negatively charged phosphate group in DPPE-PEG; N/N+, basic amine in imidazole-
based lipids.

2. Results
2.1. Imidazole-Based pH-Sensitive Lipids

Three novel lipids (Figure 2), namely sn-2-((2,3-dihexadecyloxypropyl)thio)-1H-imida
-zole (DHI), sn-2-((2,3-dihexadecyloxypropyl)thio)-5-methyl-1H-imidazole (DHMI), and
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sn-2-((2,3-dihexadecyloxypropyl)thio)-4,5-dimethyl-1H-imidazole (DHDMI) were designed
as a critical component of ICL. Each of the lipids contains two saturated hexadecyl (C16)
hydrocarbon chains as the tail and an imidazole-based headgroup. In a typical anticancer
liposome formulation, the C16 chains would make the novel lipids more compatible with
other lipids, which would also carry long, saturated hydrocarbon chains to enhance the
physicochemical stability of the formulation. All the imidazole-based headgroups of the
three lipids are expected to interact with the negatively charged DPPE-PEG at lowered pH,
but they would each have slightly different pH-sensitivity due to their different substituents.
Specifically, the imidazole headgroup of DHI, DHMI, and DHDMI carries zero, one, and
two electron-donating methyl groups, respectively, which would yield incrementally higher
pKa of the lipids (Figure 2). ICL containing such lipids would therefore be triggered at
incrementally higher pH. The three lipids were all synthesized from dihexadecyl glycerol
(DHG) in two steps: first, its activation into DHG-tosylate, and then conjugation with the
appropriately methylated mercaptoimidazole (Figure 3).

o:|>34</nj
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Figure 2. Imidazole-based, pH-sensitive lipids under study: chemical structures and calculated pKa
by the ACD/pKa DB software.
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Figure 3. Synthesis of imidazole-based, pH-sensitive lipids.

2.2. Composition of Imidazole-Based Convertible Liposomes (ICL)

The imidazole-based lipids (DHI, DHMI, and DHDMI) were each mixed with 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoe
-thanolamine-N-[azido(polyethylene glycol)-2000 (DPPE-PEG (2000)) at 25/70/5 molar
ratio to construct their corresponding ICL. DSPC is a phospholipid with a neutrally charged
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choline headgroup and a tail of two long (C18), saturated hydrocarbon chains; DPPE-PEG
is a conjugate of PEG2000 and phosphoethanolamine with a negative charge from the
phosphate, and a tail of two long (C16) saturated hydrocarbon chains. At pH 7.4, the
lipids would assemble into a stable lipid membrane of ICL that is evenly coated by PEG
as in sterically hindered, long-circulating liposomes [6,8]. In response to lowered pH, the
imidazole-based lipids in ICL would be protonated to assume positive charges and cluster
with negatively charged DPPE-PEG (2000) by electrostatic interactions (Figure 1B). Such
pH-triggered clustering of lipids would expose part of the ICL surface that is no longer
sterically hindered by PEG, which would then enhance the interaction between ICL and
cancer cells in the acidic tumor interstitium [26]. The ICL-cancer cell interactions could also
be enhanced by the excess positive charges on the ICL surface [26]. Furthermore, the pH-
triggered lipid clustering could enhance the release of the liposome contents through the
edges between the DPPE-PEG-rich and DPPE-PEG-poor regions of the liposome membrane
based on our prior studies on liposomes consisting of pH-sensitive conformational switches
of lipid tails [27,28]. As a common lipid component to improve the stability of liposomes,
cholesterol [29,30] was included in some of the formulations under investigation. Choles-
terol was incorporated at 25 mol%, a level that tends to improve the liposome stability both
on the shelf and in blood circulation. Analogous liposomes without imidazole-based lipids
were also prepared and characterized as pH-insensitive controls.

2.3. Physicochemical Characteristics of ICL

After lipidic film hydration, freeze-anneal-thawing and sequential extrusion through
400 nm, 200 nm and 100 nm polycarbonate membranes, ICL consisting of 25 mol% DHI,
DHMI or DHMI were successfully prepared with mean hydrodynamic diameters smaller
than 130 nm (Table 1). The Polydispersity Index (PDI), a measure of the heterogeneity of
the size of particles in a mixture, was lower than 0.3 for all the liposome formulations. The
liposomes with 25 mol% cholesterol showed generally smaller PDI than the cholesterol-free
formulations. After being loaded with DOX, all the formulations were characterized with
larger sizes and PDI. Nevertheless, the sizes of all the DOX-loaded formulations were
below or around 200 nm in diameter. The DOX-loaded ICL with 25% cholesterol showed
smaller sizes and PDI than the DOX-loaded ICL without cholesterol. The encapsulation
efficiency (EE) of all the formulations was 50% or higher, and ICL with cholesterol were
characterized with considerably higher EE than cholesterol-free ICL.

Table 1. Physicochemical characteristics of DOX-free and DOX-loaded ICL in comparison with
pH-insensitive stealth liposomes.

Before DOX-Loading After DOX-Loading
Lipid Compositions Molar Ratio Size (nm) PDI Size (nm) PDI EE (%)
DHI/DSPC/
DPPE-PEG 25/70/5 1149 £ 109 0.205 £ 0.008 200.8 £+ 14.6 0.522 4+ 0.047 56.62 £ 2.06
DHMI/DSPC/
DPPE-PEG 25/70/5 117.9 £ 3.6 0.220 £ 0.033 189.3 £22.3 0.546 £ 0.055 53.18 £1.12
DI-]I)[;)I\I;[]ZIE;SCI;’C/ 25/70/5 104.8 £ 3.5 0.176 £+ 0.035 1949+ 7.0 0.253 £ 0.130 59.54 + 0.59
DSPC/DPPE-PEG 95/5 101.8 +3.0 0.125 £ 0.067 136.9 +13.7 0.364 + 0.085 57.74 £ 0.98
DHI/DSPC/DPPE- 25/45/5/25 122.7 £ 8.19 0.081 £ 0.020 1422 £9.5 0.113 £ 0.035 71.38 £+ 0.61
PEG/Chol
DHM;Q%S/I&%{)IIDPPE— 25/45/5/25 116.5 £ 11.9 0.075 £ 0.030 1281+ 8.3 0.078 + 0.021 89.86 + 1.27
DHDMI/DSPC/DPPE- 25/45/5/25 1140+ 5.6 0.074 £ 0.008 128.6 +14.2 0.104 +£ 0.020 9297 £1.10
PEG/Chol
DSPC/DPPE- 70/5/25 1199 +54 0.066 £ 0.037 138.4 £ 5.6 0.165 £ 0.092 60.98 + 1.66
PEG/Chol

Size values are hydrodynamic diameters based on cumulative intensity. Data are presented as mean 4= SD, N = 3.
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2.4. pH-Triggered Acquisition of Positive Charges on ICL Surface

The (-potentials of ICL and pH-insensitive liposomes at pH 6.0, 6.5, 7.0, and 7.4,
37 °C were measured to assess the surface charge of ICL in relationship to pH. As shown in
Figure 4A, all three ICL consisting of DHI, DHMI, or DHDMI but no cholesterol showed
a significant increase of {-potential when pH was lowered from 7.4 to 6.0. Particularly,
the C-potential of ICL containing DHMI or DHDMI was elevated from below to above
zero, indicating the conversion of such ICL to assume positive surface charges in response
to the pH drop. Furthermore, the higher the pK, of the imidazole-based lipid (DHDMI
> DHMI > DHI), the larger was the increase of the {-potential of its ICL. This result
indicated that the pH-triggered acquisition of positive charges on the ICL surface was
rendered by the protonation of the imidazole-based lipids DHI, DHMI and DHDML. By
contrast, the pH-insensitive liposomes (DSPC/DPPE-PEG) displayed negative {-potentials
below —10 mV at both physiological and acidic pH. However, as can be seen in Figure 4B,
ICL containing 25 mol% cholesterol didn’t show incremental elevation of {-potentials at
pH 6.0-7.4 but fluctuated between —5 mV and —20 mV, indicating that the pH-sensitivity of
ICL, as shown by the pH-triggered acquisition of positive surface charges, was prohibited
by the addition of 25 mol% cholesterol.
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Figure 4. pH-triggered acquisition of positive surface charges by ICL. {-potential of ICL without
(A) or with (B) 25% cholesterol were measured at 37 °C, pH 6.0, 6.5, 7.0, and 7.4. Data are presented
as mean + SD, N = 3.

2.5. pH-Triggered Interaction between ICL and Model Liposome

To test if lowered pH can enhance ICL’s interaction with cell membrane, model
liposomes (negatively charged, ~200 nm in diameter) that mimicked the composition of
the plasma membrane [31] were prepared and mixed with ICL at a 1:1 lipid molar ratio.
The mixture was then exposed to pH 7.4, 7.0, 6.5, and 6.0 and characterized by dynamic
light scattering (Figure 5). ICL consisting of DHI, DHMI, or DHDMI but no cholesterol
(Figure 5A) showed a remarkable increase of diameter from ~200 nm up to ~1300 nm
as the pH decreased from 7.4 to 6.0, indicating the aggregation of ICL with the model
liposomes in response to the drop of pH. It is worth noting that ICL aggregated with the
cell membrane-mimetic liposomes even at near-zero (-potentials (DHMI and DHDMI at
pH 6.5), indicating that acquisition of excessive positive charge is not necessary for ICL
to adsorb onto the model liposomes. Instead, the aggregation may be attributed to the
loss of negative charges on the ICL surface when the positively charged imidazole lipids
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cluster with negatively charged DPPE-PEG. As shown in Figure 5B, the mixture of model
liposomes and liposomes consisting of both imidazole-based lipids and cholesterol did
not show any size increase, which indicated that the incorporation of 25 mol% cholesterol
hindered the interaction between ICL and the model liposomes at the acidic pHs under
this investigation.
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Figure 5. pH-triggered interaction between ICL and model liposomes. Mean sizes of equimolar
mixture of model liposome and ICL without (A) or with (B) 25% cholesterol were measured at 37 °C,
pH 6.0, 6.5,7.0, and 7.4. Data are presented as mean £ SD, N = 3.

2.6. pH-Triggered Drug Release from ICL

Drug release from ICL and the pH-insensitive control liposomes were monitored at
various pHs over 12 h to further characterize the stability and pH-sensitivity of ICL. As
shown in Figure 6A-D, the ICL formulations consisting of DHI, DHMI, DHDMI but
no cholesterol and the pH-insensitive control liposomes without cholesterol released
64.53 + 1.74%, 53.65 £ 2.27%, 20.36 £+ 0.83% and 29.56 + 0.70% of the encapsulated
DOX, respectively, after incubation at pH 7.4 for 12 h, which indicated that the stability
of DHDMI/DSPC/DPPE-PEG and of the pH-insensitive DSPC/DPPE-PEG liposomes
was higher than DHI/DSPC/DPPE-PEG and DHMI/DSPC/DPPE-PEG liposomes at the
physiological pH 7.4. More importantly, the DHMI/DSPC/DPPE-PEG showed remarkably
higher drug release at pH 6.0 than pH 7.4 (~50% vs. ~25%), but the DHI/DSPC/DPPE-
PEG, DHMI/DSPC/DPPE-PEG and the pH-insensitive liposomes showed no noticeable
enhancement of drug release under the same condition. In the presence of 25 mol% choles-
terol, the ICL consisting of DHI, DHMI, DHDMI and the pH-insensitive liposomes released
56.19 %+ 0.78%, 47.11 & 0.60%, 40.32 &= 0.99% and 57.70 £ 3.03% DOX, respectively after
incubation at pH 7.4 for 12 h. Compared to their cholesterol-free counterparts, the DHI
and the DHMI liposomes with cholesterol (Figure 6E,F) released a similar percentage of
DOX at pH 7.4, while the DHDMI (Figure 6G) and the pH-insensitive control liposomes
(Figure 6H) released a higher percentage of DOX at pH 7.4. None of the formulations with
cholesterol showed enhanced drug release at lowered pH, which indicates that the addition
of cholesterol prevented any acidic pH-triggered drug release from ICL.
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Figure 6. Release of DOX from liposomes without cholesterol (A-D) and with 25% cholesterol
(E-H) over 12 h of incubation at 37 °C, pH 6.0 and 7.4. Data are presented as mean + SD, N = 3.

240



Pharmaceuticals 2022, 15, 306

A

2.7. Morphological Studies on ICL under TEM

Based on the aforementioned three pH-sensitivity studies, the ICL formulations con-
sisting of DHI, DHMI, or DHDMI but no cholesterol were further characterized by TEM
(Figure 7). Such ICL formulations showed spherical vesicle structures at pH 7.4, thus confirm-
ing the formation of liposomes. While DHI/DSPC/DPPE-PEG and DHMI/DSPC/DPPE-
PEG formulations showed vesicles of smooth staining, those of DHDMI/DSPC/DPPE-PEG
showed bright patches of light staining at pH 7.4. Upon exposure to lower pH 6.0, all the
three ICL formulations showed more bright patches, especially the DHDMI/DSPC/DPPE-
PEG formulation, which showed vesicles predominantly with clearly distinguishable bright
and dark areas, which most probably represent separated lipid phases that are differen-
tially stained by uranyl acetate. DHMI/DSPC/DPPE-PEG and DHDMI/DSPC/DPPE-PEG
ICL also showed larger and brighter vesicles at the lower pH 6.4. Because the positively
charged uranyl ions (UO?*;) of the TEM stain preferably bind to the phosphate groups
in lipid bilayers [32], the bright patches probably represent areas of ICL surface where
the protonated imidazole-based lipids cluster with phosphate groups of DPPE-PEG and
thus hinder their binding with the uranyl ions. At pH 6.0, the DHMI/DSPC/DPPE-PEG
formulation also showed some collapsed, non-vesicle structures, which would explain its
acidic pH-enhanced release of DOX (Figure 6B).

DHMI/DSPC/DPPE-PEG
DHI/DSPC/DPPE-PEG  DHMI/DSPC/DPPE-PEG  DHDMI/DSPC/DPPE-PEG Mixed with Model Liposome
: pH 7.4

Figure 7. TEM images of DOX-loaded ICL formulations (A-F) and mixture of DHMI liposomes with
model liposomes (G,H) at pH 7.4 (A,C,E,G) and pH 6.0 (B,D,F H).

The mixture of DHMI/DSPC/DPPE-PEG and model liposomes also showed different
morphology at pH 7.4 and 6.0. At pH 7.4, the mixture consisted mainly of smoothly
stained vesicles; at pH 6.0, the mixture showed both vesicles with bright patches and
substantially larger and brighter structures that appear to be aggregates of multiple ICL and
model liposomes.

2.8. Differential Scanning Calorimetry of ICL

In order to further elucidate the phase behavior of ICL, DHI/DSPC/DPPE-PEG lipo-
somes were characterized by differential scanning calorimetry. As the temperature was grad-
ually increased from 40 °C to 75 °C at pH 7.4, the DSC thermogram of DHI/DSPC/DPPE-
PEG liposomes (Figure 8A) showed one broad and tilted peak between 56 °C and 65 °C,
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which indicated that the liposomes went through mainly one phase transition and there-
fore started with mainly one lipid phase of a mixture of DHI, DSPC, and DPPE-PEG. At
pH 6.0, the DSC thermogram showed two distinct peaks, one at a similar range between
60 °C and 64 °C, and another new peak at around 52 °C (Figure 8A), which indicated the
formation of at least two lipid phases in the liposome membrane. The new peak most
probably represents a lipid phase that is rich in DSPC because liposomes of only DSPC
have a very similar gel-to-liquid phase transition temperature at 54 °C [33]. The DSC ther-
mogram of the pH-insensitive control liposome DSPC/DPPE-PEG (Figure 8B) showed one
phase-transition peak around 53 °C at pH 7.4 and 6.0, indicating that the control liposomes
had homogenous mixing of lipids at both pHs.
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Figure 8. DSC thermograms of pH-sensitive ICL (DHI/DSPC/DPPE-PEG) (A) and pH-insensitive
stealth liposome DSPC/DPPE-PEG (B) at pH 7.4 and 6.0.

As DSPC carries the longest hydrophobic tail (two C18 chains) among all the lipids of
the DHI/DSPC/DPPE-PEG formulation, the phase transition peak in the high-temperature
region of 56 °C to 65 °C indicates strong interactions between different types of lipid
molecules, most probably DHI and DPPE-PEG, rather than interactions between the same
type of lipid molecules in the liposome membrane.

2.9. Anticancer Activity of ICL on 2D Monolayer Cells

The anticancer activity of ICL formulations was tested by the decrease of the viability
of 2D monolayer cancer cells (HeLa) at both neutral and mildly acidic pH 6.0-6.5 as seen
in tumor interstitium. As the culture media pH was adjusted from 7.4 to 6.0, the ICL
formulations that consisted of an imidazole-based pH-sensitive lipid but no cholesterol
showed higher anticancer activity (Figure 9), especially at 10 ug/mL DOX concentration,
where all the ICL formulations under study showed significantly higher anticancer activity
(see * in Figure 9) at pH 6.0 than pH 7.4 (p < 0.05). Among the three ICL formulations,
the DHDMI/DSPC/DPPE-PEG liposomes that contained the imidazole lipid (DHDMI)
of the highest pKa showed the best anticancer activity on the monolayer HeLa cells. By
contrast, no difference in the anticancer activity of the pH-insensitive control liposomes
(DSPC/DPPE-PEG) was detected between pH 7.4 and 6.0. As the positive control, free
DOX showed the highest anticancer activity (~50% cell viability at 10 pg/mL), but such
activity was the same at both pH 7.4 and pH 6.0.

242



Pharmaceuticals 2022, 15, 306

120

w }

i i 1]
N it e [
2 g0 i
§
8 w0
20 |
O 1 - — —
Untreated 0.1 pg/mL 1 pg/mL 10 pg/mL Empty Lipo.

DOX Concentration

pH | Untreated freepox | DSPC/ DHI/DSPC/ | DHMI/DSPC/ |DHDMI/DSPC,
cells DPPE-PEG | DPPE-PEG  |DPPE-PEG

7.4

7.0 _ _

6.5 RN e
.0 [
Figure 9. Cell viability of 2D HeLa cells treated with free DOX, cholesterol-free ICL and pH-insensitive

liposomes at pH 7.4, 7.0, 6.5, and 6.0 for 12 h. Data are presented as mean & SD, N = 4. * p < 0.05. pH
was adjusted in the growth media.

2.10. Anticancer Activity of ICL on 3D Multicellular Spheroids

The ICL formulations were also tested against 3D multicellular spheroids (MCS) of a
number of cancer cell lines, including HeLa (cervical cancer), MDA-MB-231 (breast cancer),
MDA-MB-468 (breast cancer), and A549 (lung cancer). Compared to monolayer cells, MCS
better mimic many features of solid tumors, including a cell cluster structure that hinders
drug penetration, a hypoxic microenvironment, and an acidic interstitium. Similar to
prior reports [34,35], confocal imaging of MCS in our studies confirmed the presence of
pH-gradient from 7-8 at the peripheral to 5.5-6.4 at the core (Supplementary Materials,
Figure S4 and Table S2 [36]).

After growth to about 500 pm in diameter to ensure the development of a necrotic
core and an acid microenvironment, MCS were exposed to incremental concentrations of
cholesterol-free ICL, pH-insensitive control liposomes and free DOX for 72 h followed by
assessment of the dose-dependent decrease of cancer cell viability. Against HeLa MCS
(Figure 10A), the DHI/DSPC/DPPE-PEG and DHMI/DSPC/DPPE-PEG ICL formulations
showed significantly better anticancer activity (ICsy = 3.82 & 1.13 and 2.07 & 1.13 uM,
respectively, Table 2) than the pH-insensitive control liposomes (ICsg = 11.41 £ 1.28 uM,
p < 0.001). However, such improvement in anticancer activity was not observed in the
DHDMI/DSPC/DPPE-PEG formulation (ICsyp = 9.51 & 1.15 uM, p = 0.0693, Table 2). Against
MDA-MB-468 MCS (Figure 10D), all the three ICL formulations consisting of DHI, DHMI or
DHDMI showed better anticancer activity (ICsp = 0.38 £ 0.21, 0.31 & 0.15, and 0.63 & 0.10 uM,
respectively, Table 2) than the pH-insensitive control liposomes (ICsy = 1.24 4= 0.13 uM;
p < 0.001 for DHI and DHM]I, p < 0.01 for DHDMI) but the improvement was not as large as
on HeLa MCS. Against both HeLa and MDA-MB-468 MCS, the DHMI/DSPC/DPPE-PEG
ICL showed the best anticancer activity, which was comparable to that of the positive
control, free DOX. However, ICL did not show noticeable improvement in activity against
A549 (Figure 10B) or MDA-MB-231 (Figure 10C) MCS, compared with pH-insensitive
control liposomes. When 25 mol% cholesterol was included in the lipid composition
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(Figure 10E-G), all the ICL formulations showed similar but not better anticancer activity
compared with pH-insensitive liposomes against HelLa, A549, or MDA-MB-231 MCS.
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Figure 10. Cell viability of Hela, A549, MDA-MB-231, and MDA-MB-468 MCS after treatment with
incremental concentrations of ICL formulations, pH-insensitive liposome, or free DOX. ICL consisted
of either no cholesterol (A-D) or 25 mol% cholesterol (E-G). Data are presented as mean + SD, N = 4.
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Table 2. IC50 values of DOX-loaded liposomes and free DOX on HeLa, A549, MDA-MB-231, and
MDA-MB-468 3D MCS.

Liposome Membrane Lipid Molar Ratio e MDA- MDA-
Composition Hela A549 MB-231 MB-468
DDPII)IP/EIS)EE/ 25/70/5 3.82 4 1.13 % ~30# 1.38 + 131 0.38 & 0.21 **

DPDIIE/% E%ZC/ 25/70/5 2.07 4+ 1.13 ~40* 177 4121 0.31 & 015 ***
D%[;}\Ifé{ggc/ 25/70/5 951 £1.15 ~35# 1.86 +1.24 0.63 & 0.10 **
DSPC/DPPE-PEG 95/5 1141+ 1.28 ~35* 237 +1.29 1244013
pHY EDCS;I/)EI/’l]()DlPPE_ 25/45/5/25 ~10* ~30°# 5.13 + 146 -

DHMII)]/E 25/1; % ‘IDPPE' 25/45/5/25 10.38 + 1.33 29.07 4+ 2.73 362 +£117 -

DHDI\;{E/C?/%’EO/I DPPE- 25/45/5/25 ~10* 24.06 + 1.40 3.26 £ 1.18 -
Dsgg oo 70/5/25 ~10* 33.88 + 1.62 3.98 + 1.10 -

Free DOX - 126 + 0.04 12.59 + 1.05 118 +0.29 032 + 0.12

$ Calculated from dose-response data using GraphPad software. Data are presented as mean + SD, N = 4. ** p < 0.01,
*##* 1) < 0.001 compared to the ICsg of DSPC/DPPE-PEG. # Visual estimation from dose-response curve.

3. Discussion

Two decades of investigations on nano-drug delivery systems have established the
importance of their physicochemical properties in targeting the payload drug to cancer
cells (also known as physical targeting) [37]. Such physicochemical properties include size,
shape, surface charge, surface hydrophilicity, drug-loading, and drug release [37]. The
introduction of new characteristics such as active targeting or pH-sensitivity needs to be
accomplished in coordination with such properties, which poses a considerable challenge
to formulation development.

In this study on ICL, the three imidazole-based lipids triggered PEGylated liposomes
by efficiently clustering with phospholipid-PEG conjugates. Such a feature differentiates
them from the imidazole lipid reported by Ju et al. [24] and represents a novel approach
to construct stealth liposomes with pH-sensitivity. The clustering action is most probably
achieved by the three lipids” unique structure, in which the imidazole headgroup is linked
to the lipid tail at the C2 position through a carbon-sulfur bond so that both nitrogen
atoms of the imidazole group can serve as H-bond donors upon protonation at acidic pH
(Figure 2). The protonated imidazole groups can then each bind with negatively charged
phosphate groups from two different DPPE-PEG molecules, which in turn crosslink DPPE-
PEG molecules into clusters on the ICL surface. As PEGylation serves as a key method to
construct long-circulating liposomes for anticancer drug delivery by the EPR effect, the
imidazole-based lipids under this study have the potential for wide applications in vivo.

Compared to the doxorubicin-loaded PEG liposomes (Doxil®) that are in current clini-
cal use, ICL carries the advantage of pH-sensitivity while preserving the physicochemical
properties that favor passive targeting to solid tumors. The drug-free ICL carried sizes
under 130 nm in diameter while the DOX-loaded ICL formulations carried sizes under
or around 200 nm, both of which were within the size range for the EPR effect [9]. The
increase of size and PDI of ICL upon DOX-loading was probably due to the aggregation of
DOX molecules with the liposomes because our attempts to load higher concentrations of
DOX led to precipitation and because DOX had been reported to aggregate with negatively
charged liposomes [38]. DOX can be loaded into ICL at >50% encapsulation efficiency (EE)
and at sufficiently high concentrations (Table 1) for anticancer studies in cell culture [39].
The payload DOX concentration of ICL could be further elevated by concentrating DOX-
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loaded ICL using Tangential Flow Filtration [40]. Although DOX is elected as the cargo
drug in this study for better comparison between ICL and clinically established liposomal
formulations, we anticipate that the imidazole lipids under this study can be used to trigger
PEGylated liposomes containing various water-soluble anticancer drugs.

In response to the drop of pH, ICL without cholesterol demonstrated a number of
substantial changes in their physicochemical properties, including acquisition of positive
surface charges ((-potential elevation in Figure 4A), lipid phase separation (DSC studies
in Figure 8A and TEM images in Figure 7), binding with the bio-mimetic membrane
(aggregation with model liposomes in Figure 5A), and enhanced release of the payload
drug DOX (Figure 6). The extent of most of the changes, namely the positive surface charge
acquisition, lipid phase separation, and binding with bio-mimetic membrane, are correlated
with higher basicity of the imidazole lipid (DHDMI > DHMI >DHI). This correlation can
be explained by our proposed mechanism of ICL’s pH-sensitivity, where the more basic
imidazole lipid would be protonated more at the same mildly acidic pH, which would
yield more positive charges on liposome surface and more electrostatic interaction between
the imidazole lipid and DPPE-PEG, which would, in turn, promote phase separation of
ICL membranes and binding between ICL and bio-mimetic membranes. Interestingly,
DOX release from ICL did not follow such correlation in that only ICL consisting of
DHMI showed substantially enhanced DOX release when the pH dropped from 7.4 to
6.0. TEM images of DHMI/DSPC/DPPE-PEG in comparison to DHI/DSPC/DPPE-PEG
and DHDMI/DSPC/DPPE-PEG suggest that this pH-triggered release may be caused
by DHMI/DSPC/DPPE-PEG’s unique tendency to collapse into non-lamellar structures
at pH 6.0. Alternatively, DHMI/DSPC/DPPE-PEG’s membrane might also have more
structural defects at the edge between the separated lipid phases at pH 6.0 to enhance the
DOKX release.

The incorporation of 25 mol% cholesterol prevented the size increase of ICL during
DOX-loading; it also elevated the EE and the payload DOX concentration in ICL. This
was probably because cholesterol can improve the stability of the lipid bilayer structure
in the ICL formulations. During drug-loading, when the temperature is above the lipid
bilayer transition temperature (T > Tp,), the liposome membrane was in the fluid phase,
in which the lipid molecules were free to move laterally. The addition of cholesterol was
found to help suppress the mobility of lipid bilayers in the fluid phase and reduce their
permeability to water, thus improving the membrane stability and drug retention during
drug loading [41]. The introduction of cholesterol also diminished the pH-sensitivity
of ICL (Figures 4-7), probably because the incorporation of cholesterol obstructed the
lateral movements of lipids in bilayers at T < Tr,. The nonpolar cholesterol molecules
were found to tie up the neighboring lipid’s hydrocarbon chains to minimize cholesterol
molecules’” thermodynamically unfavorable exposure to water at the membrane-water
interface [42]. In ICL, such cholesterol-lipid interaction would substantially limit the
movement of the imidazole-based lipids and DPPE-PEG, thus hindering their clustering at
acidic pH. Furthermore, ICL with cholesterol maintained negative (-potentials at acidic
pH, indicating that the protonation of the imidazole-based lipids was also suppressed
by cholesterol (Figure 4B). This is probably because the addition of cholesterol increases
the hydrophobicity of the liposome membrane, which in turn reduces its affinity with
cations [43].

The targeting of cytotoxic chemotherapy drugs to enhance their efficacy and safety
is a complicated process with multiple challenges that all need to be addressed by the
drug delivery system, including preferred distribution of the drug molecules from blood
circulation to the tumor interstitium, sufficient permeation of the drug molecules to all
areas of the solid tumor, and uptake of the drug molecules by virtually all the cancer cells
in the tumor. It is therefore critical that anticancer drug delivery systems are evaluated by
biological models that simulate these multiple challenges. ICL formulations under this
study were evaluated by both monolayer cancer cells and 3D MCS in culture in order to
test the potential of their pH-sensitivity to enhance the anticancer activity [34].
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In monolayer Hela cells, ICL’s higher ability to suppress cell viability is strongly
correlated with lower pH and higher pKa, which are both correlated with the acquisition
of positive charges on the ICL surface, ICL’s phase separation, and ICL’s interaction with
negatively charged bio-mimetic membranes. Such strong correlations suggest that ICL’s
activities to suppress monolayer cell viabilities can be attributed to ICL’s enhanced binding
to the cancer cells at lowered pH. More specifically, the drop of pH protonates the imidazole
lipids, which cluster DPPE-PEG lipids to expose a de-PEGylated and positively charged
ICL surface, which in turn binds to the cancer cell surface to induce the endocytosis of the
DOX-loaded ICL and consequently the cell death.

The ICL’s pattern of suppressing the cell viability in 3D multicellular spheroids was
quite different from that in 2D monolayer cells. Overall, ICL consisting of DHMI, the
imidazole lipid of the second-highest calculated pKa (6.20 & 0.5), yielded the highest
activity to suppress MCS viability, rather than DHDMI of the highest calculated pKa
(6.75 £ 0.5). This is probably due to the dynamic balance between the binding of ICL to the
cancer cells in MCS and the penetration of ICL to reach the most cancer cells in MCS. On
the one hand, DHI may carry too low a pKa (5.53 & 0.5) to sufficiently trigger its ICL in the
mildly acidic microenvironment of MCS; on the other hand, DHDMI may carry too high a
pKa, which would trigger most of its ICL to bind to only the cancer cells in the peripheral
region of MCS. Paradoxically, DHMI may carry the optimal basicity (pKa 6.20 & 0.5, closest
to the measured interstitial pH of MCS) to facilitate both the penetration and the cellular
binding of its ICL. Furthermore, among all the ICL under this study, DHMI/DSPC/DPPE-
PEG showed the unique property of pH-enhanced drug release, which would allow such
ICL to selectively release DOX in the MCS interstitium to kill multiple adjacent cancer cells,
also known as the bystander effect [44].

4. Materials and Methods
4.1. Materials

1,2-Di-O-hexadecyl-rac-glycerol (DHG), 2-mercaptoimidazole, 4-methyl-1H-imidazole-
2-thiol, and 4,5-dimethyl-1H-imidazole-2-thiol were purchased from Santa Cruz Biotech-
nology (Dallas, TX, USA). p-Toluenesulfonyl chloride, 2-[4-(2-hydroxyethyl)piperazin-1-
yl]-ethanesulfonic acid (HEPES), and 2-(N-morpholino)ethanesulfonic acid (MES) were
purchased from Fisher Scientific (Hampton, NH, USA). Triethylamine (TEA) was pur-
chased from Alfa Aesar (Haverhill, MA, USA). The lipids 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[azido(poly
-ethylene glycol)-2000 (DPPE-PEG (2000)), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (POPS) and L-x-phosphatidylinositol
(Soy) (L-R-PI) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Choles-
terol, Dowex® 50WX-4 (50-100 mesh), Sephadex G-25, and Uranyl acetate (UA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Doxorubicin hydrochloride was
purchased from Biotang (Waltham, MA, USA). Carbon-coated copper grids (200 mesh) for
electron microscopy were purchased from Polysciences (Warrington, PA, USA). The HeLa,
A549, MDA-MB-231 and MDA-MB-468 cell lines were purchased from ATCC (Manassas,
VA, USA). The Dulbecco’s Modified Eagle’s Medium (DMEM), Advanced DMEM /F12
medium, Trypsin-EDTA, L-glutamine, fetal bovine serum, and collagen were purchased
from Thermo-Fisher Scientific (Waltham, MA, USA). The RPMI 1640 medium, penicillin-
streptomycin, 96-well Ultra-low Attachment round-button microplates, 96-well solid white
microplates, CellTiter-Glo 3D cell viability assay kits and MTS CellTiter 96® AQueous One
Solution cell proliferation assay kits (Promega Corp., WI, USA) were purchased from VWR
(Radnor, PA, USA). All other organic solvents and chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA), Fisher Scientific (Hampton, NH, USA) or VWR (Radnor,
PA, USA).
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4.2. Synthesis of 2,3-di-O-Hexadecyl-1-rac-glyceryl-tosylate (DHG-Tosylate)

1,2-Di-O-hexadecyl-rac-glycerol (DHG) (2.30 g, 4.25 mmol) was mixed with anhy-
drous dichloromethane (20 mL) and pyridine (18.6 mL, 225 mmol). p-Toluenesulfonyl
chloride (1.90 g, 9.97 mmol) was dissolved in ~0.5 mL anhydrous dichloromethane and
transferred into the mixture. The reaction mixture was stirred under argon at room tem-
perature for 8 to 12 h. The reaction mixture was then mixed well with 10 mL anhydrous
dichloromethane and washed with saturated Na,CO, solution 3 times. The organic phase
was separated from the aqueous phase, dried with MgSQy, filtered, and then evaporated
into dryness under vacuum. The resultant residue was separated by silica gel chromatog-
raphy with dichloromethane as the mobile phase to yield 2.53 g solid (86%). DART
Mass Spectrum: 695.5; calculated, 695.6 (MH)*. 1H-NMR (600 MHz, CDCl3, 5 ppm):
0.87 (t, 6H, 2 CH3(CH2)15—), 1.18-1.31 (1’1’1, 52H, 2 OCH2CH2(CH2)13CH3), 1.46 (1’1’1, 4H, 2
OCH,CH,(CH>)13CH3), 2.44 (s, 3H, -(CsHy4)CH3), 3.31-3.62 (m, 7H, glyceryl/hexadecyl
-CH,0 and -CHO-), 6 4.14 (m, 2H, -CH,0S50;-),  7.33 (d, 2H, aromatic protons ortho to
-CHj3), and 6 7.78 (d, 2H, aromatic protons ortho to -SO;-).

4.3. Synthesis of sn-2-((2,3-Dihexadecyloxypropyl)thio)-1H-imidazole (DHI)

2-Mercaptoimidazole (0.91 g, 9.06 mmol) was dissolved in 8-9 mL of anhydrous
N, N-dimethylformamide (DMF). DHG-tosylate (1.265 g, 1.82 mmol) was dissolved in
7-8 mL of anhydrous dichloromethane and transferred into the above-mentioned solution,
followed by the addition of triethylamine (TEA, 1.27 mL, 9.08 mmol). The reaction mixture
was stirred under argon at 55 °C for 48 h. The solvent was evaporated under a vacuum,
and the resultant residue was dissolved in dichloromethane. The solution was washed
with saturated sodium bicarbonate solution 3 times, dried with sodium carbonate, filtered,
and then evaporated into dryness under vacuum. The resultant residue was then separated
by silica gel chromatography with 1-5 vol% methanol in dichloromethane as the mobile
gradient phase to yield DHI (25-30%). DART Mass Spectrum: 623.48 (Figure S1); calculated,
623.55 (MH)*. 1H-NMR (Figure S2, 600 MHz, CDCl3): $ 0.87 (t, 6H, 2 CH3(CHy)15-
), 6 1.19-1.32 (m, 54H, 2 -OCH,CH,(CH;)13CH;s and -H,CSCNH-), 6 1.55 (m, 4H, 2
OCH,CH;(CHy)13CHj3, 6 3.2-3.7 (m, 7H, glyceryl/hexadecyl -CH,O and -CHO-),  7.02 (d,
1H, H,CSC-NHCH=CH-N=), 6 7.21 (d, 1H, H,CSC-NHCH=CH-N=). Elemental analysis:
C 73.27%, H 12.25%, N 4.56%; calculated: C 73.25%, H 11.97%, N 4.50%. Calculated pK,
using ACD/pKa DB software: 5.53 & 0.5.

4.4. Synthesis of sn-2-((2,3-Dihexadecyloxypropyl)thio)-5-methyl-1H-imidazole (DHMI)

4-Methyl-1H-imidazole-2-thiol (1.03 g, 9.03 mmol) was used to prepare DHMI, us-
ing the same synthesis method as DHI. Yield: 25-30%. DART Mass Spectrum: 637.55
(Figure S1); calculated, 637.57 (MH)*. TH-NMR (Figure S2, 600 MHz, CDCl3): § 0.87 (t, 6H,
2 CH3(CHy);5-), 6 1.19-1.34 (m, 54H, 2 -OCH,CH,(CHj)13CH; and -H,CSCNH-), 6 1.53
(m, 4H, 2 OCH2CH2(CH2)13CH3), 5241 (S, 3H, -HzCSC—NH-C(CHg)-), 63.2-3.7 (1’1’1, 7H,
glyceryl/hexadecyl -CH,O and -CHO-), § 6.81 (s, 1H, -H,CSC=N-CH=). Elemental analysis:
C 73.63%, H 12.08%, N 4.35%; calculated: C 73.52%, H 12.02%, N 4.40%. Calculated pK,
using ACD/pKa DB software: 6.20 &£ 0.5.

4.5. Synthesis of sn-2-((2,3-Dihexadecyloxypropyl)thio)-4,5-dimethyl-1H-imidazole (DHDMI)

4,5-Dimethyl-1H-imidazole-2-thiol (1.15 g, 9.03 mmol) was used to prepare DHDMI,
using the same synthesis method as DHI. Yield: 25-30%. DART Mass Spectrum: 651.56
(Figure S1); calculated, 651.59 (MH)*. 1H-NMR (Figure S2, 600 MHz, CDCl3):  0.87 (t, 6H,
2 CH3(CHy)15-), 6 1.19-1.34 (m, 54H, 2 -OCH,CH,(CHj)13CH3 and -H,CSCNH-), 6 1.53 (m,
4H, 2 OCH,CH,(CHy)13CH3), §2.22 (s, 3H, -H,CSC-NHC(CH3)=), 62.24 (s, 3H, -H,CSC=N-
C(CH3)=), 6 3.3-3.7 (m, 7H, glyceryl/hexadecyl -CH,O and -CHO-). Elemental analysis:
C 73.78%, H 12.24%, N 4.16%; calculated: C 73.78%, H 12.07%, N 4.30%. Calculated pK,
using ACD/pKa DB software: 6.72 £ 0.5.
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4.6. Preparation of ICL Formulations

A dichloromethane solution of an imidazole-based lipid and a chloroform solution of
other lipids were mixed in a round-bottom flask. The organic solvents were evaporated
under reduced pressure to form a lipidic film at 70 °C. The lipidic film was further dried in
a high vacuum for over 4 h at room temperature to remove the residual solvent. The lipidic
film was then hydrated with HEPES buffer (pH 7.4, 30 mM HEPES) containing 300 mM
MnSOy by intermittent agitation in a 70 °C water bath under argon to obtain a liposome
suspension containing 20 mM total lipids. The liposome suspension was freeze-anneal-
thawed by rapidly freezing in liquid nitrogen, immerging in the ice-water mixture for 2 min
and incubating in a 70 °C water bath for 4 min. The freeze-anneal-thawing was repeated
11 times. The liposome suspension was sequentially extruded 21 times each through 400 nm,
200 nm and 100 nm polycarbonate membranes (Nucleopore Corp., Pleasanton, CA, USA)
using a hand-held Mini-extruder (Avanti Polar Lipids Inc., Alabaster, AL, USA) at 70 °C to
reduce and homogenize the size of liposomes. DOX was then loaded into the liposomes
as follows, using a transmembrane MnSQOy gradient [45]. The extruded liposomes were
separated from the unencapsulated MnSO4 by size exclusion chromatography using a
Sephadex G-75 column pre-equilibrated with isotonic HEPES buffer (pH 7.4, 5 mM HEPES,
140 mM NaCl). DOX (0.75 mg/mL) dissolved in the same isotonic HEPES buffer was then
mixed with the liposome suspension in a 1:2 (v/v) ratio, and the mixture was incubated in
a 70 °C water bath for 90 min. The cation-exchange resin Dowex® 50WX-4, 50-100 mesh
was pre-treated with NaOH and NaCl [46], mixed with the DOX-liposome mixture at DOX:
resin = 1:60 (w/w), and then shaken gently for 25 min to remove the unencapsulated DOX
from the DOX-loaded liposomes. The resin was separated from the DOX-loaded liposomes
by filtration. A tangential flow filtration column (MicroKros®, Spectrum, Stamford, CT,
USA) was used to concentrate the liposome suspension by partially removing the extra-
liposomal buffer. Typically, a 2 mL liposome suspension was extruded 14 times through
the tangential flow filtration column to yield a ~0.5 mL concentrated formulation. The lipid
composition of the liposomes under study is listed in Table 3.

Table 3. Lipid composition of liposomes under study.

Mol %
Formulations  DHI DHMI DHDMI DSPC DPPE-PEG Chol
I 25 - - 70 5 -
1I - 25 70 5 -
III - - 25 70 5 -
v - - - 95 5 -
\Y 25 - - 45 5 25
VI - 25 - 45 5 25
vl - - 25 45 5 25
VII - - - 70 5 25

I-IIT and V-VII are ICL; IV and VIII are PEGylated, pH-insensitive liposomes as controls; V-VIII contain cholesterol,
and I-IV does not contain cholesterol.

4.7. Size Measurement

An aliquot (2.5-5 pL) of a liposome suspension was diluted in 150 pL isotonic buffer,
and the size was measured at room temperature by dynamic light scattering (Zetasizer
7590, Malvern Instruments Ltd., Malvern, UK). The data were analyzed based on light
intensity distribution to give hydrodynamic diameters.

4.8. Quantification of Encapsulation Efficiency (EE)

An aliquot (10 pL) of DOX-loaded liposome suspension was lysed with 90 uL ly-
sis buffer (90% (v/v) isopropanol, 0.075 M HCl) [46] in a 96-well Black Clear Bottom
Polystyrene microplate (Corning®, NY, USA), together with 10 uL. DOX standard solutions
diluted in the same lysing buffer (90 puL). The microplate was covered with foil, and the
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fluorescence of the samples (Aex = 486 nm, Aeyy = 590 nm) was recorded on a Synergy HT
microplate reader (Biotek, Winooski, VI, USA). The concentration of the payload DOX
of liposomes was estimated using a standard calibration curve from the fluorescence of
the DOX standard solutions. The encapsulation efficiency (EE) of the liposomes was then
calculated by the following formula.

Encapsulated DOX Conc.

= 100%
Input DOX Conc. for drug loading x 100%

4.9. Differential Scanning Calorimetry

A VP-DSC Instrument (MicroCal, LLC, Northampton, MA, USA) was used for the
differential scanning calorimetry (DSC) studies. DSC scans were performed on 0.5 mL
liposome suspensions containing 2.5 mM total lipids at pH 7.4 and pH 6.0. The thermo-
grams of liposome suspensions were acquired from 40 °C to 75 °C at a scan rate of 5 °C/h.
Each excess heat capacity curve of a liposome sample was normalized by subtraction of the
thermogram of the buffer acquired simultaneously under identical conditions.

4.10. pH-Triggered Change of C-Potential

In order to enhance the detection of changes in liposome surface charge, the liposomes
were prepared by hydration in an isotonic buffer of low ionic strength (pH 7.4, 5 mM
HEPES, 5% (w/v) Glucose) [47]. Aliquots (50-100 pL) of the resultant liposome suspensions
were diluted in 900 puL isotonic MES buffer (final pH 6.0 and 6.5, 10 mM MES, 5% (w/v)
Glucose) and 900 pL isotonic HEPES butffer (final pH 7.0 and 7.4, 10 mM HEPES, 5% (w/v)
Glucose). The {-potential was then measured at 37 °C based on electrophoresis mobility
under applied voltage (Zetasizer Z590, Malvern Instruments Ltd., Malvern, UK).

4.11. pH-Dependent Interaction with Model Liposomes

The model liposomes (POPC:POPE:POPS:L-R-PI:cholesterol = 50:20:5:10:15 (mol%))
mimicking the lipid composition and surface charge of biomembranes were prepared
based on a previous report [31]. As measured by Zetasizer ZS90, the mean size of the
model liposomes was 192.7 nm in diameter, and the {-potential was —51.77 £ 1.18 mV.
Suspensions of ICL and pH-insensitive control liposomes were each mixed with the model
liposomes at a 1:1 total lipid molar ratio. An aliquot (5 puL) of each mixture was diluted in
150 pL isotonic MES buffer (final pH 6.0 and 6.5, 10 mM MES, 140 mM NaCl) and isotonic
HEPES bulffer (final pH 7.0 and 7.4, 10 mM HEPES, 140 mM NacCl), and incubated at 37 °C
for 5 min. The particle size of the diluted mixtures was measured at 37 °C by dynamic light
scattering (Zetasizer Z590, Malvern Instruments Ltd., Malvern, UK).

4.12. pH-Dependent Drug Release

Each liposome formulation was severally diluted (100 pL aliquots) with 500 uL MES
buffer (final pH 6.0 and 6.5, 100 mM MES, 1.7% (w/v) Glucose) and HEPES buffer (final
pH 7.0 and 7.4, 100 mM HEPES, 1.7% (w/v) Glucose). An aliquot (10 uL) of each diluted
liposome formulation was immediately lysed with 90 uL lysis buffer (90% (v/v) isopropanol,
0.075 M HCI) in a 96-well Black Clear Bottom Polystyrene microplate and the initial DOX
concentration C; (as at the 0-h time point) was qualified with standard DOX solutions. The
liposome samples diluted by buffers at various pH (6.0, 6.5, 7.0, 7.4) were then mixed with
cation-exchange resin Dowex® 50WX-4 (50-100 mesh) at DOX:resin = 1:200 (w/w) ratio.
The mixtures were incubated and gently shaken at 37 °C. At different time points (1, 3, 6,
12 h), each mixture was allowed to settle briefly, and an aliquot (10 pL) of the resultant
supernatant was harvested, lysed, and its DOX concentration measured as mentioned
before. The percentage of DOX release was determined by the following equation,

% Release = (1 — %) x 100%

i
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where C; is the concentration of DOX in the supernatant of the liposome-resin mixture at
different time points, C; is the initial liposomal DOX concentration.

4.13. Transmission Electron Microscopy

The morphology of ICL formulations was observed on a JEOL-JEM 1230 Electron
Microscope (JEOL, Tokyo, Japan). Carbon-coated copper TEM grids (200 mesh) were
subjected to glow discharge before usage to increase their hydrophilicity. An aliquot (5 uL)
of diluted ICL suspension (approximately 1 mM total lipids) at pH 7.4 or 6.0 was dripped
onto the grid to wet its surface for 1 min and then blotted with filter paper to generate a thin
film. The sample film was then wetted five times with 5 pL of the negative stain 2% uranyl
acetate (UA) between blotting. The grid was dried at room temperature and then transferred
into the electron microscope for imaging at an accelerating voltage of 100 kV. The samples
of ICL mixed with model liposomes were prepared and imaged by the same method.

4.14. Cell Culture

Cervical cancer cell line HeLa, lung cancer cell line A549, and breast cancer cell lines
MDA-MB-231 and MDA-MB-468 were cultured to construct 3D MCS in order to evaluate
the anticancer activities of ICL. Hela cells were also cultured into monolayer cells. HeLa
cells were maintained in DMEM media; A549 cells were maintained in RPMI 1640 media;
MDA-MB-231 and MDA-MB-468 cells were maintained in advanced DMEM /F12 media.
All media were supplemented with 10% fetal bovine serum, 1% Penicillin-Streptomycin,
and 1% L-glutamine. All cells were grown in a humidified atmosphere of 5% CO, in air
at 37 °C and passaged at 85% confluence. In all studies, the cells were sub-cultured every
2-3 days and used for experiments at passages 5-20.

4.15. Cytotoxicity Assays on 2D Monolayer Hela Cells

Monolayer HeLa cells at ~85% confluence were suspended by trypsinization, and
the cell density was determined with a Handheld Automated Cell Counter (Millipore,
Burlington, MA, USA). The cells were then diluted to ~80,000 cells/mL in complete growth
media and seeded into 96-well Clear Microplates (Corning, NY, USA) at ~8000 cells /well
by transferring 100 pL of the cell suspension into each well. The cytotoxicity assay was
carried out on the cells 8 h after they were seeded. The cells were washed with PBS and
treated with DOX-loaded liposomes or free DOX solutions in complete growth media at
incremental concentrations. The pH of the media (10 mL) was adjusted to 7.4, 7.0, 6.5,
and 6.0 with glacial acetic acid. After 12-h incubation, the media was removed, and the
cells were washed with 100 uL PBS buffer and supplemented with 100 uL/well complete
growth media and 20 pL/well MTS CellTiter 9%6® AQueous One Solution. The mixture was
incubated for 4 h at 37 °C with 5% CO,. The cell viability was quantified by UV /visible
absorbance at 490 nm on a Synergy HT microplate reader (Biotek, Winooski, VT, USA).
The Hela cells treated with growth media at corresponding pHs without free DOX or
DOX-loaded liposomes were referred to as 100% cell viability.

4.16. Cytotoxicity Assays on 3D Multicellular Spheroids

Monolayer cells in T75 flasks were trypsinized, and the cell density in the suspensions was
determined with a Handheld Automated Cell Counter. The cells were then seeded into 96-well
Ultra-low Attachment (ULA) round-bottom microplates (Corning, NY, USA) at ~500 Hela
cells/well, ~5000 A549 cells/well, ~3000 MDA-MB-231 cells/well, and ~2000 MDA-MB-
468 cells/well by transferring 100 uL properly diluted cell suspensions in complete growth
media containing collagen (0% for HeLa, 0.3% for A549, 1% for MDA-MB-231, and 1% for
MDA-MB-468 cell lines). If needed, the microplates were centrifuged at 7 °C to promote
cell aggregation (Table S1). Complete growth media (100 pL) was added to each well on
the second day after seeding. The growth media were then partially exchanged every
other day by replacing 100 pL of media in each well with 100 pL fresh media to maintain a
200 pL/well total media volume. The cytotoxicity assays were carried out on selected MCS
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whose diameter reached or exceeded 500 um (Figure S3) [48,49]. Part of the growth media
(100 pL/well) was replaced with the same volume of DOX-loaded liposomes or free DOX
solutions in complete growth media at incremental concentrations. After 72 h incubation,
each MCS was transferred into a well of a 96-well Solid White microplate (Corning, NY,
USA) together with 100 uL media. Then, 100 pL reagent of the CellTiter-Glo 3D cell viability
assay was then added to each well, and the microplate was covered with foil, shaken on an
orbital shaker for 5 min, and then incubated for 25 min at room temperature. The viability
of MCS was then measured by luminescence intensity on a Synergy HT microplate reader
(Biotek, Winooski, VT, USA). The MCS treated by growth media without free DOX or
DOX-loaded liposomes was referred to as 100% cell viability.

5. Conclusions

Novel imidazole-based convertible liposomes (ICL) have been designed and con-
structed. ICL carries a PEG-coating and slight excess of negative surface charges at pH 7.4.
As pH decreased to 6.0, the imidazole-based lipids assumed positive charges and clustered
with negatively charged PE-PEG conjugates in ICL, which in turn partially de-PEGylated
the liposomes to enhance their adsorption to negatively charged, bio-mimetic membranes.
The drop of pH to 6.0 also enhanced the release of the anticancer drug DOX from ICL that
consisted of the imidazole lipid DHMI (>50% release in 6 h), but not those of the other two
imidazole-based lipids. TEM studies suggest that DHMI enhanced the drug release from
ICL due to its ability to convert the liposomal membrane into non-lamellar structures. The
incorporation of cholesterol improved the colloidal stability of ICL but diminished their pH-
sensitivity. ICL demonstrated substantially higher anticancer activities than the analogous
PEGylated, pH-insensitive liposomes containing doxorubicin, which is a common type of
nano-formulations in clinical use. While the anticancer activities of ICL against monolayer
Hela cells are correlated with higher pKa of the imidazole lipid, the anticancer activities
against 3D multicellular spheroids are the highest in ICL that consisted of the imidazole
lipid DHMI, which possesses the medium pKa and enhances the liposomal drug release at
pH 6.0. Our studies on ICL suggest that nano-drug delivery systems that balance the needs
of intratumoral penetration, adsorption to cancer cells, and enhanced drug release would
yield optimal anticancer activities.
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/ /www.mdpi.com/article/10.3390/ph15030306/s1, Figure S1: DART Mass Spectra of imidazole-
based lipids DHI (A), DHMI (B), and DHDMI (C); Figure S2: 1H-NMR Spectra (600 MHz, CDCI3) of
imidazole-based lipids DHI (A), DHMI (B), and DHDMI (C); Figure S3: Representative morphology
of MCS with a diameter of ~500 um in the ULA 96-well microplates for anticancer drug treatment;
Figure S4: Representative confocal images of 3D MCS for intra-MCS pH measurements; Table S1:
Conditions to culture 3D MCS of cancer cells; Table S2: Calculated pH in 3D MCS of Hela, A549, and
MDA-MB-468 cancer cells based on fluorescent images of confocal microscopy.
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