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of the IMIV research unit (Imagerie Moléculaire in Vivo—UMR 1023 Inserm/CEA/Université Paris
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Preface

Nanoparticles are increasingly utilized as drug delivery carriers in pharmaceutical research

and development. Nanoparticle-based drug delivery systems offer multiple advantages, including

enhanced drug bioavailability and absorption, as well as the reduction in drug aggregation, enzymatic

degradation, renal clearance, and undesired drug interactions. Naked drugs, such as RNAs and

proteins, are susceptible to degradation by enzymes present in serum and the gastrointestinal tract.

The tight junctions of capillary endothelial cells pose a significant barrier, preventing both low- and

high-molecular-weight drugs from crossing the endothelium from the systemic circulation into target

tissues such as the brain, eyes, and heart. Furthermore, unmodified nanoparticles are rapidly cleared

by cell-dependent mechanisms—including the reticuloendothelial system (RES) and the mononuclear

phagocyte system (MPS)—as well as by cell-independent mechanisms, such as glomerular filtration,

hepatic sinusoidal uptake, and splenic sinusoidal filtration. These biological barriers contribute to

the unmet medical needs of patients with diseases affecting these critical tissues. In addition to these

challenges, there are various technical hurdles. Nanoparticles must be biocompatible, biodegradable,

and capable of controlled drug release. Appropriate materials and designs are required to match the

characteristics of the drug cargo and the target site, in order to enable active and non-invasive delivery

to diseased tissues.

To address these issues, the Special Issue titled ‘Nanoparticle-Mediated Targeted Drug Delivery

Systems’ has been curated. This Issue includes outstanding contributions that explore the use of

nanocarriers for drug delivery. The reprint features one Editorial, six original Articles, and five Review

papers. We hope this compilation provides valuable insights into recent scientific advancements and

supports researchers in their ongoing work.

Nicolas Tournier and Toshihiko Tashima

Guest Editors
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Editorial

Nanoparticle-Mediated Targeted Drug Delivery Systems

Toshihiko Tashima 1,*,† and Nicolas Tournier 2,*,†

1 Tashima Laboratories of Arts and Sciences, 1239-5 Toriyama-cho, Kohoku-ku, Yokohama 222-0035, Japan
2 Laboratoire d’Imagerie Biomédicale Multimodale, BIOMAPS, Université Paris-Saclay, CEA, CNRS, Inserm,

Service Hospitalier Frédéric Joliot, 4 Place du Général Leclerc, 91401 Orsay, France
* Correspondence: tashima_lab@yahoo.co.jp (T.T.); nicolas.tournier@cea.fr (N.T.)
† These authors contributed equally to this work.

We will be serving as the Guest Editors for this very interesting Special Issue on
“Nanoparticle-Mediated Targeted Drug Delivery Systems”. In drug discovery and devel-
opment, selective and efficient transmembrane delivery of therapeutic substances into cells
remains a major challenge. This difficulty arises from several factors, including molecular size,
hydrophilic/hydrophobic balance, and the substrate specificity of membrane transporters—
such as influx transporters from the solute carrier (SLC) family [1,2] and efflux transporters like
multidrug resistance protein 1 (MDR1, also known as P-glycoprotein) [3,4]—as well as limited
enzymatic stability. These barriers are rooted in complex transport and metabolic systems within
the cell, based on the machinery systems regulated by structuralism, wherein the structure of
biological components fundamentally determines their function and interaction within cellular
pathways [5,6]. As a result, numerous pharmaceutical challenges arise. Substance imperme-
ability significantly contributes to low bioavailability, particularly in the case of central nervous
system (CNS) drugs, whose entry from the bloodstream into the brain is restricted by the blood–
brain barrier (BBB) [7,8]. This barrier is maintained by tight junctions and efflux transporters
such as MDR1. In addition, off-target side effects may occur due to improper tissue distribution
or unintended drug–protein interactions during systemic distribution. Substances such as RNAs
and peptides are often enzymatically degraded in the serum or small intestine before reaching
their target sites. Therefore, innovative drug delivery systems are needed to overcome these
challenges. Nanodelivery systems have shown promise in addressing these issues [9]. Notably,
microRNAs (miRNAs) encapsulated in exosomes released from donor cells can be delivered to
recipient cells through intercellular communication, without degradation by RNases [10,11]. Ex-
osomes are small, lipid-based extracellular vesicles. Interestingly, cancer cells have exploited this
system by utilizing exosomal miRNAs to modulate the tumor microenvironment, particularly
during metastasis. Similarly, nanoparticles can encapsulate therapeutic agents as cargo to protect
them from degradation and unwanted interactions. Comirnaty® (tozinameran, BNT162b2), ap-
proved by the FDA on 23 August 2021, and Spikevax® (Moderna COVID-19 vaccine), approved
on 31 January 2022, are examples of lipid nanoparticle-based mRNA vaccines developed for
COVID-19 treatment [12]. Furthermore, nanoparticles can be functionalized with targeting vec-
tors that enhance cellular uptake, such as monoclonal antibodies (mAbs) [13], cell-penetrating
peptides (CPPs) [14], or tumor-homing peptides (THPs) [15]. Although the mechanisms of CPP
internalization are not fully understood, both endocytosis and direct translocation are generally
accepted pathways. It is thought that negatively charged heparan sulfate chains, which extend
from proteoglycans (HSPGs) on the cell surface, facilitate receptor-mediated endocytosis by
serving as receptors for cationic CPPs, such as the trans-activator of transcription (TAT) peptide
(GRKKRRQRRRPQ) derived from HIV-1 [16]. Among representative THPs, RGD peptides

Pharmaceutics 2025, 17, 1480 https://doi.org/10.3390/pharmaceutics171114801
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(Arg-Gly-Asp) specifically bind to αvβ3 and αvβ5 integrins on the surface of cancer cells [17],
while NGR peptides (Asn-Gly-Arg) target the receptor aminopeptidase N [18]. Although the
binding of THPs to their receptors can induce various biological responses, endocytosis is
one of the primary mechanisms involved. Additionally, the molecular Trojan horse strategy
utilizes monoclonal antibodies (mAbs) targeting specific receptors to initiate receptor-mediated
endocytosis [19]. For example, Izcargo® (pabinafusp alfa), a conjugate of an anti-transferrin
receptor (TfR) mAb and human iduronate-2-sulfatase, was approved in Japan in May 2021 for
the treatment of all forms of mucopolysaccharidosis type II (MPS II). This therapeutic crosses the
BBB via TfR-mediated transcytosis [20]. Numerous types of nanoparticles functionalized with
such targeting vectors have since been developed [21,22]. This Special Issue aims to highlight
recent advances and emerging trends in this rapidly evolving field.

Currently, nanoparticle-based drug delivery systems are widely utilized due to their ex-
ceptional versatility and adaptability, which can be achieved through appropriate material
selection and practical surface modifications to suit various therapeutic needs and condi-
tions. Nanoparticles are primarily composed of one or more of the following constituents:
(i) biodegradable synthetic polymers, (ii) natural polymers (e.g., chitosan, PLGA, PGA), (iii)
lipids (e.g., liposomes, micelles, exosomes), (iv) inorganic materials (e.g., gold, silica, Fe3O4),
(v) organic materials (e.g., albumin, monoclonal antibodies, virosomes), (vi) emulsions, and
(vii) other specialized components. Biodegradability and biocompatibility are critical factors in
minimizing adverse side effects. In practice, functionalized or engineered nanoparticles [23]
have been developed with various specialized features, including: (i) passive targeting based on
the enhanced permeability and retention (EPR) effect, particularly in solid tumors [24,25]; (ii)
active targeting through ligand–receptor interactions that facilitate receptor-mediated endocy-
tosis, using the aforementioned vectors; (iii) magnetic responsiveness; (iv) pH sensitivity; (v)
thermosensitivity; (vi) enteric coating for oral administration [26]; and (vii) other application-
specific functionalities. Nanoparticles are employed in drug therapy for the treatment of a
wide range of diseases, including (i) cancers; (ii) central nervous system (CNS) disorders such
as Alzheimer’s disease, Parkinson’s disease, ischemic stroke, and glioma; (iii) infectious dis-
eases, including influenza, cytomegalovirus, and COVID-19; (iv) cardiovascular diseases; (v)
pulmonary diseases; (vi) ocular diseases; and (vii) other conditions. As drug carriers, nanopar-
ticles can load or encapsulate a variety of therapeutic agents, including (i) low-molecular-
weight compounds; (ii) peptides; (iii) nucleic acids (e.g., RNAs and DNAs); and (iv) other
bioactive molecules.

Active targeting based on ligand–receptor interactions, which facilitate receptor-
mediated endocytosis through specific vectors, has been utilized to deliver therapeutic
agents to selected tissues such as (1) the heart, (2) (3) the respiratory system, and (4) the
brain. While drug delivery to the brain has been extensively studied [23], research on
targeted delivery to other tissues remains limited.

(1) Toshihiko Tashima has focused on nanoparticle-based delivery to the heart using
nanodelivery systems. In this approach, nanoparticles actively traverse the cardiac capillary
endothelium via receptor-mediated transcytosis. Conversely, during myocardial infarction
(MI) and chronic heart failure (CHF), the tight junctions of the cardiac capillary endothelium
become disrupted, allowing nanoparticles to passively diffuse through these gaps into the
heart [27]. This passive transport mechanism resembles the EPR effect observed in solid
tumors [24,25].

(2) Devesh U. Kapoor et al. [28] reviewed the use of polymeric nanoparticles for
targeted lung cancer therapy. Reported delivery routes include intravenous, pulmonary
(inhalation), oral, and intratumoral administration. Multifunctional nanoparticles have
been shown to enhance tumor-specific accumulation and cellular uptake, thereby improv-
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ing bioavailability while reducing systemic toxicity. (3) Moreover, the coronavirus disease
2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) [29], had a devastating impact on global public health and triggered the
most significant economic crisis in over a century. Comirnaty® and Spikevax®, both mRNA-
encapsulated lipid nanoparticles, were administered via intramuscular injection; however,
injection site reactions such as pain, redness, and swelling were commonly reported [30].
Nicolette Frank et al. investigated novel nasal mucoadhesive nanoformulations containing
lipid-soluble epigallocatechin-3-gallate (EGCG) for the treatment of long COVID. EGCG-
monopalmitate (EC16m), a derivative of green tea, is known to possess multiple antiviral
mechanisms in addition to anti-inflammatory, antioxidant, and neuroprotective properties.
It is hypothesized that persistent SARS-CoV-2 infection in the nasal neuroepithelium may
invade support and stem cells in the olfactory mucosa, thereby contributing to neurological
symptoms, including CNS inflammation and oxidative stress. A 5 min exposure to a
saline-based EC16m mucoadhesive nanoformulation—specifically, formulation D (FD),
with a particle size of 257 ± 134 nm and a Zeta potential of −51.31 ± 1.22 mV—resulted in
99.9% inactivation of β-coronavirus OC43 in TCID50 assays using MRC-5 cells. In contrast,
when HCT-8 human intestinal epithelial cells were exposed to the same formulation for
one hour, no significant difference in cell viability was observed compared to the untreated
control. Typically, a full nasal spray volume is approximately 0.07 mL; each spray of the
FD formulation delivers about 455 million EC16m nanoparticles, an amount considered
sufficient to inactivate coronavirus present in the olfactory mucosa. Additionally, a small
portion of EC16m nanoparticles is expected to enter the CNS before clearance by nasal cilia,
where they subsequently release free EGCG [31].

(4) Nasal administration of nanoparticles is considered a promising strategy for the treat-
ment of CNS diseases, offering an alternative route for brain delivery that bypasses the BBB.
Despite this, non-invasive delivery across the BBB remains a major pharmacokinetic challenge
in CNS drug development. Alberta De Capua et al. reported the peptide functionalization of
emulsion-based nanocarriers to enhance BBB penetration. The CRT peptide (CRTIGPSVC), a
bioactive iron-mimetic peptide, selectively targets bEnd.3 cells—a widely used in vitro model of
the BBB—via Tf–TfR interactions. Paclitaxel-loaded nanoemulsions coated with two functional
layers—chitosan and hyaluronic acid conjugated to the CRT peptide—showed a 41.5% increase
in cellular uptake compared to the negative control in bEnd.3 cells. Additionally, these function-
alized nanoemulsions resulted in a 33.05% increase in cytotoxicity compared to undecorated
polyethylene glycol (PEG)-based nanoemulsions. Paclitaxel, a plant-derived alkaloid, inhibits
mitotic progression. The CRT–PEG–streptavidin–hyaluronic acid–biotin–chitosan nanoemul-
sions exhibited an average diameter of 137 ± 7 nm and a Zeta potential of −30 ± 1 mV [32]. The
use of TfR-mediated transcytosis represents a promising strategy for nanoparticle delivery to the
brain. Streptavidin, a biotin-binding protein, enables facile surface modification of nanoparticles
through strong non-covalent interactions [33,34]. Other examples of non-covalent, transient
linkages include electrostatic interactions, such as those formed between glutamic acid (Glu)
and arginine (Arg) residues [35].

Nanodelivery systems are suitable to deliver certain types of substances, such as polyphe-
nols including (5) resveratrol, cytotoxic agents including (6) cabazitaxel and RAS-selective lethal 3,
and enzymatically unstable materials including (7) peptides, (8) nucleic acids, and (9) antibiotics.

(5) Resveratrol (Res) is a type of polyphenol found in the skin of red grapes and other
botanicals, and it possesses strong antioxidant potential. Kengo Banshoya et al. developed
a water-soluble nanomicellar formulation loaded with trans-resveratrol using polyethylene
glycol monostearate (stPEG) for the treatment of intracerebral hemorrhage (ICH). They also
successfully formulated poorly water-soluble compounds such as α-tocopherol [36] and
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coenzyme Q10 [37] into water-soluble stPEG micelles. Trans-resveratrol reduces oxidative
stress, which plays an important role in brain injury following ICH. In an in vivo assay
using a collagenase-induced ICH mouse model, stPEG40/Res micelles administered via
the tail vein exhibited neuroprotective effects by suppressing motor dysfunction, compared
to stPEG40 micelles alone as a control [38]. Nanoparticles with diameters smaller than
100 nm can evade rapid sequestration by the reticuloendothelial system in the liver, spleen,
and lungs [39]. The diameter of stPEG/Res micelles suitable for intravenous administration
was adjusted within this range—85.4 nm for stPEG10/Res (Res content: 10.3% w/w) and
11.8 nm for stPEG40/Res (Res content: 8.6% w/w). Therefore, poorly water-soluble, low-
molecular-weight compounds such as α-tocopherol, coenzyme Q10, and (4) Res can be
effectively delivered using this system.

(6) Remya Valsalakumari et al. investigated the potential of cabazitaxel (CBZ) and RAS-
selective lethal 3 (RSL3) in combinatorial nanomedicine. It is well established that combination
therapies in cancer treatment often exhibit greater efficacy than monotherapies. In this context,
the combination of CBZ and RSL3, co-encapsulated within poly(2-ethyl butyl cyanoacrylate)
(PEBCA) nanoparticles, produced synergistic effects against various breast cancer cell lines [40].

(7) Nanodelivery systems are effective for delivering enzymatically unstable sub-
stances such as nucleic acids and peptides. Angiotensin-converting enzyme (ACE) in-
hibitors, such as captopril, were originally discovered from snake venom toxins [41].
Thus, venom-derived toxins have considerable potential as drug leads [42,43], despite
the historical anecdote that Cleopatra VII, Queen of the Ptolemaic Kingdom of Egypt,
is believed to have committed suicide by snakebite. As an example of venom-based
substance delivery, Álisson E. F. Alves et al. reported the development of snake venom-
loaded nanobiosystems for advanced medical applications [44]. Snake venoms, especially
in their structurally unmodified form, exhibit diverse biological activities, including cy-
totoxic, neurotoxic, and haemotoxic effects. Encapsulation of these toxins in nanocar-
riers can not only protect them from enzymatic degradation but also help mitigate off-
target side effects by controlling their biodistribution. Interestingly, certain snake venom
components—such as bradykinin-potentiating peptides (BPPs) derived from Bothrops
jararaca venom [45]—function as cell-penetrating peptides (CPPs) and can thus serve as
vectors when incorporated into nanoparticles. Therefore, snake venoms possess both phar-
macodynamic and pharmacokinetic utility in nanoparticle-based drug delivery systems.

(8) Furthermore, the clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas) system has emerged as a revolutionary and straightfor-
ward tool for genome editing [46,47]. However, in vivo gene editing remains significantly
more challenging than in vitro or ex vivo approaches, due to factors such as the enzymatic
instability of RNAs, difficulty in achieving selective distribution to target tissues, and
barriers to transmembrane transport into cells. In contrast, in vitro and ex vivo genome
editing—such as gene delivery into fertilized eggs, chimeric antigen receptor (CAR)-T
cells, or mesenchymal stem cells (MSCs)—can be achieved using established techniques
including lipofection (cationic lipid-mediated transfection), electroporation (electric pulse-
mediated delivery), viral vector systems, or microinjection [48]. To address the limitations
of in vivo gene editing, CRISPR/Cas systems delivered via nanocarriers offer a promising
solution. As a strategy for delivering enzymatically unstable substances such as nucleic
acids and peptides, Toshihiko Tashima reviewed non-invasive transmembrane delivery
methods for CRISPR/Cas9 ribonucleoproteins (Cas9 RNPs) into cells [49].

(9) Javiera Carrasco-Rojas et al. developed a nanostructured lipid carrier (NLC)-based
delivery system for rifampicin. The NLCs exhibited sustained drug release, best described
by the Korsmeyer–Peppas model, and significantly enhanced antibacterial activity against
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Staphylococcus aureus, with an IC50 value of 0.46 ng/mL—approximately three times lower
than that of rifampicin alone [50]. The Korsmeyer–Peppas model is commonly used to
analyze the drug release kinetics from pharmaceutical formulations [51–53].

Among various nanocarriers, nanogels are attracting increasing attention as a highly
promising drug delivery platform. They are composed of hydrophilic cross-linked poly-
mers capable of absorbing large amounts of water or biological fluids, along with encapsu-
lated cargo materials. This structure imparts several advantageous properties, including
high drug loading capacity, tunable permeability, controllable particle size, minimal im-
munogenicity, colloidal stability, biocompatibility, and biodegradability [54].

(10) Tapinarof is an aryl hydrocarbon receptor (AhR) agonist that exerts therapeutic
effects by downregulating proinflammatory cytokines, and is used in the treatment of
psoriasis [55]. Clinical studies have shown that tapinarof cream (1%) is both effective
and generally well-tolerated [56]. Barbara Balogh et al. explored emerging therapeutic
strategies involving nanogel-based formulations of tapinarof as a novel alternative for
topical psoriasis treatment. Nanogels offer several key advantages in transdermal drug
delivery, including enhanced skin hydration, targeted delivery to skin layers, and controlled
drug release. In their study, nanogel formulations containing tapinarof were prepared
using Carbopol 940 and 936 polymers, along with excipients such as Tween 80, Kolliphor,
and oleic acid, which facilitated the release of tapinarof [57].

(11) Moreover, Shaul D. Cemal et al. demonstrated that voriconazole-loaded nanohy-
drogels exhibited potent antifungal activity against clinical fungal isolates obtained from
the respiratory secretions of cystic fibrosis (CF) patients. Drug release was assessed by de-
tecting the fluorescence of the released voriconazole. These findings provide a foundation
for future in vivo investigations [58].

Overall, the articles in this Special Issue highlight recent advances in nanoparticle-
mediated targeted drug delivery systems and are expected to contribute significantly to
the development of this field. We extend our sincere gratitude to all the authors for their
outstanding contributions, as well as to the Assistant Editors for their invaluable support.

Funding: This research received no external funding.
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Abstract: Cardiovascular diseases remain the leading cause of death worldwide and are
often managed through invasive surgical procedures such as heart transplantation, ven-
tricular assist device implantation, coronary artery bypass grafting, and stent placement.
However, significant unmet medical needs persist in this field. The development of phar-
maceutical agents using non-invasive delivery strategies is therefore of critical importance.
Current treatments often target peripheral tissues or organs—such as capillary endothelial
cells, vascular smooth muscle, and renal tubules—to reduce cardiac workload by lowering
blood pressure. However, effective drug delivery directly to the myocardium continues
to pose a significant challenge. For conditions such as congestive heart failure (CHF) and
myocardial infarction (MI), targeted delivery of therapeutic agents to the heart is essential.
In this perspective review, I discuss the potential and emerging strategies for non-invasive
cardiac drug delivery, focusing on receptor-mediated endocytosis and transcytosis using
nanoparticle-based delivery systems that have frequently been employed for targeting the
brain or cancer cells although their use for cardiac delivery remains largely unexplored.

Keywords: cardiovascular diseases; heart-targeted drug delivery; nanoparticle-mediated
delivery; receptor-mediated endocytosis/transcytosis

1. Introduction

Cardiovascular diseases—including coronary heart disease, cerebrovascular disease,
peripheral arterial disease, rheumatic heart disease, congenital heart disease, deep vein
thrombosis, pulmonary embolism, and congestive heart failure (CHF)—are the leading
cause of death worldwide, accounting for an estimated 17.9 million deaths in 2019, of
which 85% were due to heart attacks and strokes [1,2]. Therefore, in drug research and de-
velopment, it is crucial to design pharmaceutical agents for the treatment of cardiovascular
diseases using non-invasive approaches that do not rely on commonly performed surgical
interventions such as heart transplantation, ventricular assist devices, bypass surgeries,
or stent implantation. Despite advances in treatment, significant unmet medical needs
remain in this therapeutic area. Clinically, medications such as angiotensin-converting
enzyme inhibitors (e.g., enalapril), diuretics (e.g., furosemide), and others (Figure 1) are
widely used to reduce cardiac workload by lowering blood pressure. These drugs target
tissues or organs—such as capillary endothelial cells, vascular smooth muscle, and renal
tubules—that are readily accessible through systemic circulation, even with oral administra-
tion. As such, they are well-suited for managing chronic conditions and preventing acute
cardiovascular events. However, the primary target organ of inotropes such as digoxin
(Figure 1), which increase heart rate, and β-blockers such as atenolol (Figure 1), which
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decrease heart rate, is the heart itself. These agents must be delivered to the heart via sys-
temic circulation in most cases, although β-adrenergic receptors are also present in various
non-cardiac tissues. Moreover, therapeutic drug monitoring is required to control blood
concentrations of digitoxin, which can negatively impact patients’ quality of life. The shift
toward nanoparticle-based delivery could be further driven by clinical needs and existing
therapeutic challenges. Therefore, it is essential to develop drug delivery systems capable
of selectively and efficiently transporting appropriate amounts of pharmaceutical agents to
the heart, while minimizing off-target side effects and excessive pharmacological activity.
In this perspective review, I discuss the potential and practical applications of non-invasive
cardiac drug delivery via receptor-mediated endocytosis and carrier-mediated transport
using transporters (Figure 2), based on nanodelivery systems grounded in structuralist
principles [3,4].

Figure 1. Structures of drugs used in the treatment of cardiovascular diseases. Medications such as
angiotensin-converting enzyme inhibitors (e.g., enalapril) and diuretics (e.g., furosemide) are widely
used to reduce cardiac workload by lowering blood pressure, primarily targeting tissues and organs
such as capillary endothelial cells, vascular smooth muscle, and renal tubules. In contrast, digitoxin
and digoxin act on the plasma membrane Na+/K+-ATPase of cardiac myocytes, directly targeting the
heart. MW denotes molecular weight.
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Figure 2. Schematic representation of the pathway by which drug-loaded nanoparticles, equipped
with targeting vectors, exert their effects on cardiomyocytes, illustrating the concept of drug delivery
specificity described in this review. Primarily, vector-functionalized nanoparticles cross the capil-
lary endothelium via receptor-mediated transcytosis along the transcellular route. Subsequently,
these nanoparticles enter cardiomyocytes through receptor-mediated endocytosis and release their
cargo following endosomal escape. The released drugs then exert their biological activity. During
myocardial infarction (MI) and chronic heart failure (CHF), disruption of tight junctions allows
moderately sized nanoparticles to penetrate the capillary endothelium via the paracellular route.
Additionally, drugs released into the cardiac interstitium may enter cardiomyocytes by passive
diffusion. Red circles indicate drugs; light blue and green circles represent vectors; blue and orange
ellipses indicate receptors.

2. Discussion

2.1. Strategies for Targeted Drug Delivery to the Heart
2.1.1. Overview of Cardiac Anatomy

The heart is a hollow, muscular organ that plays a vital role in the cardiovascular
system. It is located behind the sternum and between the lungs. Structurally, the heart
consists of four chambers: the right atrium, left atrium, right ventricle, and left ventricle [5].
The right atrium receives deoxygenated blood from the venae cavae and the coronary
sinus. This blood is then passed to the right ventricle, which pumps it into the pulmonary
trunk. The left atrium receives oxygenated blood from the pulmonary veins, which is
subsequently transferred to the left ventricle. The left ventricle then pumps the arterial
blood into the aorta for systemic circulation. The right atrium receives deoxygenated blood
from the venae cavae and the coronary sinus. This blood is then transferred to the right
ventricle, which pumps it into the pulmonary trunk. The left atrium receives oxygenated
blood from the pulmonary veins, which is subsequently delivered to the left ventricle.
The left ventricle then pumps this arterial blood into the aorta for systemic circulation. In
general, vertebrate muscle tissue is classified into three types: skeletal muscle, smooth
muscle, and cardiac muscle (myocardium). Among these, the myocardium, composed
of cardiomyocytes, functions as a contractile syncytium responsible for generating the
heart’s pumping force. It forms the middle layer of the heart wall, situated between the
inner endocardium—a single-cell layer—and the outer epicardium (Figure 3) [6]. Coronary
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arteries, which originate from the aortic root and branch into smaller vessels, are formed
by endocardial cells and supply nutrients and oxygen to the myocardium via the capillary
endothelium. The endocardial endothelium and the myocardial capillary endothelium
share common structural and functional features [7]. The myocardial capillary endothe-
lium is continuous and characterized by tight junctions with an approximate diameter of
4 nm [8,9] Therefore, the transepithelial transport of most compounds occurs primarily
via the transcellular route rather than the paracellular pathway. Transporters such as
sodium/glucose co-transporter 1 (SGLT1) are expressed in cardiomyocytes and capillary
endothelial cells, facilitating the uptake of hydrophilic, low-molecular-weight nutrients
into the heart through their pore [10]. Nevertheless, transporter-focused studies on cardiac
biology involving SGLT1 are not likely to be actively pursued. Endocytosis also takes place
in the myocardial capillary endothelium to internalize macromolecules; for instance, insulin
is likely internalized via receptor-mediated endocytosis involving the insulin receptor [11].
Consequently, intravenously administered substances intended for delivery to the heart
must cross the capillary endothelium branching from the coronary arteries within the heart
walls, rather than the inner endocardial layer.

Figure 3. The heart wall is composed of three layers: the middle myocardium, the inner endocardium,
and the outer epicardium. The pericardial cavity is the fluid-filled space located between the
epicardium and the parietal pericardium. Drug-loaded nanoparticles administered intravenously
should enter the heart through the myocardial capillary endothelium located in the mid-myocardium,
rather than through the endocardial endothelium in the innermost layer of the endocardium, whose
process likely occurs via receptor-mediated endocytosis or transcytosis through specific receptors
expressed on the surface of mesh-patterned myocardial capillary endothelial cells.

2.1.2. Non-Nanoparticle Drug Therapy Approaches

In general, orally administered cardiac drugs are transported from the systemic circula-
tion into the heart across continuous capillary endothelial cells [12,13]. Therefore, digitoxin
and digoxin, which are representative inotropes, must cross the capillary endothelium to
reach cardiac tissue. Additionally, oral administration requires their absorption in the small
intestine. While digitoxin undergoes hepatic metabolism, digoxin is primarily eliminated
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via renal excretion. Digoxin is known to be transported from systemic circulation into
urine by the kidney through the human organic anion transporter OATP4C1 located on the
basolateral membrane of proximal tubule cells (Km = 7.8 μM), followed by efflux mediated
by multiple drug resistance 1 (MDR1, P-glycoprotein) at the apical membrane of these
cells [14]. The uptake of digitoxin in the small intestine has been shown to be enhanced by
inhibition of MDR1 [15]. In general, compounds are filtered from the glomerular capillaries
into Bowman’s capsules, reabsorbed from Bowman’s capsules or renal tubules into the
peritubular capillaries via active transport, secreted from the peritubular capillaries into
the renal tubules, and ultimately excreted in the urine. The sequence of reabsorption
and secretion may be reversed for certain compounds. Furthermore, intestinal absorp-
tion of digoxin in rats has been reported to be facilitated by organic anion transporting
polypeptides (OATPs) and enhanced by GF120918, a specific MDR1 inhibitor [16]. These
findings suggest that digitoxin and digoxin may cross cellular membranes not only via
carrier-mediated transport involving OATP4C1 but also through passive diffusion, as
MDR1 functions to actively efflux hydrophobic compounds that have passively diffused
across the membrane [17].

Digitoxin and digoxin inhibit the Na+/K+-ATPase on the plasma membrane of cardiac
myocytes, leading to intracellular Ca2+ accumulation through the secondary suppression
of Na+/Ca2+ exchangers. As a result, calcium-induced calcium release via ryanodine
receptors on the sarcoplasmic reticulum enhances myocardial contractile force [18]. The
Na+/K+-ATPase is ubiquitously expressed in the plasma membranes of all animal cells [19].
In addition, although digitoxin and digoxin are substrates of MDR1, they are capable of
crossing the capillary endothelium via passive diffusion. Consequently, these drugs may
cause off-target side effects and severe toxicities due to overdose, necessitating routine
monitoring of serum digoxin levels. To address this, the targeted delivery of cardiovascular
drugs—including low-molecular-weight compounds—to the heart should be established
using nanoparticle-based systems. Such systems, designed according to structuralist prin-
ciples, can modulate material behavior within biological systems, including mechanisms
such as receptor-mediated endocytosis and transcytosis.

2.1.3. Nanoparticle Drug Therapy Approaches

Nanoparticle-based drug delivery systems have been developed to offer multiple
benefits, including improved drug bioavailability and absorption, as well as the reduc-
tion of drug aggregation, enzymatic degradation, renal clearance, and undesired drug
interactions [20]. A variety of materials with unique properties can be used to construct
biocompatible, biodegradable, and controlled-release nanoparticles. These nanoparticles
may be composed of: (i) synthetic biodegradable polymers, (ii) natural polymers such as
chitosan, poly(lactic-co-glycolic acid) (PLGA), and poly(glycolic acid) (PGA), (iii) lipids
including liposomes, micelles, and exosomes, (iv) inorganic materials such as gold (Au),
silicon (Si), and magnetite (Fe3O4), (v) organic materials including albumin, monoclonal an-
tibodies, and virosomes, (vi) emulsions, or (vii) other components (Table 1). Functionalized
or engineered nanoparticles have been developed to exhibit various features, including:
(i) passive targeting via the enhanced permeability and retention (EPR) effect, particularly
in solid tumors [21,22]; (ii) active targeting through ligand–receptor interactions that induce
receptor-mediated endocytosis; (iii) magnetic responsiveness; (iv) pH sensitivity; (v) ther-
mosensitivity; (vi) enteric protection for oral administration; and (vii) other beneficial
properties. Nanoparticles can be readily surface-modified with targeting vectors such
as antibodies, tumor-homing peptides, and cell-penetrating peptides (CPPs). Currently,
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active targeting via receptor-mediated endocytosis or transcytosis, enabled by nanodelivery
systems, is receiving considerable attention [23,24].

Table 1. Types of Nanoparticles Based on Material Composition.

# Nanoparticle Formulations Material Components

i Synthetic biodegradable polymers Poly(α-hydroxy esters), polyethylene glycol (PEG),
polyurethane

ii Natural polymers Chitosan, poly(lactic-co-glycolic acid) (PLGA), poly(glycolic
acid) (PGA)

iii Vesicles (liposomes, micelles, exosomes) Lipids

iv Inorganic materials Gold (Au), silicon (Si), magnetite (Fe3O4)

v Organic materials Albumin, monoclonal antibodies, virosomes

vi Emulsions Surfactants

vii Other components Others

Doxorubicin (Figure 4), an anthracycline antibiotic widely used in cancer treatment—
along with paclitaxel—has been associated with the development of cardiomyopathy [25],
MI, and CHF [26,27]. Although the precise mechanisms underlying doxorubicin-induced
cardiomyopathy remain unclear, it is proposed that oxidative stress, enhanced by free
radical generation, contributes to the progressive loss of myofibrils and vacuolization
of myocardial cells. Notably, doxorubicin-loaded nanoparticles have been shown to re-
duce cell viability more effectively than free doxorubicin [28]. As a result, surgical in-
tervention is required in some cases. Currently, no established drug therapy exists for
doxorubicin-induced cardiomyopathy. To minimize doxorubicin distribution to the heart as
a precautionary measure, doxorubicin-loaded nanoparticles based on lactosylated bovine
serum albumin (BSA-Lac) were designed to target human liver cancer cells (HepG2) via
receptor-mediated endocytosis through the asialoglycoprotein receptor (ASGPR), which
is almost exclusively expressed and highly abundant in liver cells. In cytotoxicity assays,
BSA-Lac-based nanoparticles carrying doxorubicin reduced cell viability more effectively
than free doxorubicin, potentially reducing off-target cardiotoxicity in the treatment of
hepatocellular carcinoma (HCC) [29]. ASGPR specifically interacts with galactose residues
or lactose moieties [30]. Nonetheless, various pharmaceutical agents are under investiga-
tion as potential novel treatments for doxorubicin-induced cardiomyopathy, particularly
those targeting left ventricular dysfunction or mitochondrial function. These agents in-
clude cannabidiol, carvedilol, hydrogen sulfide, coenzyme Q10, aldose reductase inhibitors,
statins, angiotensin receptor blockers, α1-adrenergic receptor agonists, phosphodiesterase
III (PDE-3) inhibitors, vitamin B1, monounsaturated fats (e.g., olive oil), phenolic an-
tioxidants (e.g., oleuropein), and a range of bioactive compounds with hemodynamic,
histological, and biochemical effects, such as flavonoids, hesperidin (a flavanone glycoside),
pycnogenol, chrysin, acacetin, berberine, and cardamonin [31]. If antioxidant agents can be
effectively and selectively delivered to the heart, non-invasive drug therapy may serve as
an alternative to surgical intervention.

Nanoparticle-mediated drug delivery into the heart through the following examples
(i)–(viii) is examined.
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Figure 4. The structures of anti-cancer drugs.

(i) Milrinone (MRN) (Figure 5) is a low-molecular-weight phosphodiesterase 3 (PDE3)
inhibitor used in the treatment of CHF. Among the PDE3 isoforms, PDE3A—rather than
PDE3B—regulates the inotropic response by hydrolyzing cyclic adenosine monophosphate
(cAMP) and modulating protein kinase A (PKA) activity. Calcium uptake into the sar-
coplasmic reticulum (SR) via SR Ca2+-ATPase (SERCA2a) is dependent on PKA-mediated
phosphorylation of phospholamban (PLN) at Ser-16. However, excessive SR Ca2+ release,
or “sparks”, can occur following the opening of ryanodine receptor 2 (RyR2), especially
when hyperphosphorylated at sites such as Ser-2808 and Ser-2030 by PKA, or Ser-2814 by
Ca2+/calmodulin-dependent protein kinase II (CaMKII). This dysregulation may contribute
to cardiac arrhythmias or sudden cardiomyocyte death. Nevertheless, PDE3 inhibitors
are also considered to have cytoprotective effects on the heart [32]. The angiotensin II
type 1 (AT1) receptor, which specifically binds the angiotensin II peptide (an 8-amino
acid sequence: DRVYIHPFHL), is overexpressed in the myocardium under conditions of
MI and CHF [33,34]. MRN-loaded nanoparticles based on human serum albumin (HSA),
surface-modified with angiotensin II through chemical conjugation using PA-(PEG)4-SPA,
EDC, and sulfo-NHS, had an average diameter of 190.2 ± 5.7 nm. These nanoparticles
were internalized into cardiac tissue via AT1 receptor-mediated endocytosis, resulting in a
3.92-fold higher concentration of MRN in the heart at 2 h post-injection, compared to free
MRN. In a rat model of CHF, intravenous administration of these targeted nanoparticles sig-
nificantly improved cardiac function, as evidenced by enhanced left ventricular fractional
shortening (LVFS), relative to treatment with free MRN [35] (Figure 6). Clustering on the
plasma membrane surface can induce endocytosis [36–38]. In the renin–angiotensin system,
binding of angiotensin II to the AT1 receptor triggers intracellular signal transduction. In
cardiac myocytes, AT1 receptor activation plays a role in processes such as cardiac fibroblast
activation [39]. Clustering of AT1 receptors with nanoparticles may also promote receptor-
mediated endocytosis. Additionally, it is known that HSA binds to the Gp60 receptor and
to secreted protein acidic and rich in cysteine (SPARC). The Gp60 receptor is specifically
expressed on the surface of continuous capillary endothelium in organs such as the heart
and lungs, but not in the cortical brain [40]. SPARC, on the other hand, is expressed by
various cell types including fibroblasts and endothelial cells, particularly in cancerous
tissues [41]. Thus, HSA-based nanoparticles may be internalized into cardiac tissue via
receptor-mediated, caveolae-dependent endocytosis through interactions with the Gp60
receptor or SPARC. However, no studies have yet demonstrated the delivery of HSA-based
nanoparticles into the heart specifically via Gp60 receptor-mediated caveolae-dependent
endocytosis. In contrast, angiotensin II has been shown to undergo AT1 receptor-mediated
transcytosis across the BBB, resulting in its delivery to the brain [42]. This suggests that
AT1 receptor-mediated transcytosis might also occur in the endothelial cells of the heart,
although it remains unclear whether AT1 receptors are highly expressed in cardiac en-
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dothelial cells. Therefore, elucidating the expression status of AT1 receptors in cardiac
endothelial cells is essential for establishing drug delivery through AT1 receptor-mediated
transcytosis.

Figure 5. Structures of nanoparticle-delivered low-molecular-weight compounds such as milrinone,
curcumin, and methotrexate.

 
Figure 6. Schematic representation of the pathway by which milrinone (MRN)-loaded human serum
albumin (HSA) nanoparticles exert their effects on cardiomyocytes. MRN-loaded HSA nanoparti-
cles conjugated with angiotensin II (indicated by light blue circles) can enter the heart either via
receptor-mediated transcellular transcytosis through angiotensin II type 1 (AT1) receptors (indicated
by blue ellipses) or via paracellular passive diffusion through disrupted tight junctions between
capillary endothelial cells. Once released in the heart, MRN may diffuse passively into cardiomy-
ocytes. Alternatively, MRN may be released from endosomes into the cytosol after receptor-mediated
endocytosis of angiotensin II–modified MRN-loaded HSA nanoparticles via AT1 receptors, although
the mechanism of endosomal escape remains to be elucidated. MRN functions as a phosphodiesterase
3 (PDE3) inhibitor, preventing the hydrolysis of cyclic adenosine monophosphate (cAMP) into AMP.
The accumulation of cAMP activates protein kinase A (PKA), which regulates cardiac contraction
by modulating Ca2+ concentrations through sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) and
ryanodine receptor 2 (RyR2). Calcium uptake from the cytosol into the sarcoplasmic reticulum (SR)
occurs via SERCA2a, whereas calcium release from the SR into the cytosol is mediated by RyR2. As a
result, MRN induces mild enhancement of cardiac contraction. MRN is indicated by a red circle, and
PDE3 is indicated by a magenta ellipse.
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(ii) A specific microRNA-1 inhibitor—anti-miR-1 oligonucleotides (AMO-1)—suppresses
cytosolic microRNA-1 expression in ischemic myocardium. MicroRNA-1 is a muscle-specific
miRNA preferentially expressed in adult cardiac and skeletal muscle tissues [43], and it is
implicated in various heart diseases. Intravenous administration of AMO-1 encapsulated
in a nanovector (AT1-PEG-DGL) conjugated with an AT1-targeting peptide led to rapid
accumulation in the infarcted myocardium, significantly more than in the control group
lacking the AT1-targeting peptide. In an in vivo mouse model of MI, this targeted delivery
system demonstrated a pronounced anti-apoptotic effect and reduced the myocardial infarct
size by 64.1% compared to the MI control group [44]. Although the exact mechanism by which
AT1-PEG-DGL crossed the vascular endothelium remains unclear (Figure 7), it was found that
AT1 receptor expression peaked at 24 h post-MI. Angiotensin II is known to activate cardiac
fibroblasts via the AT1 receptor [39,45], and AT1 receptor overexpression is thought to be a
compensatory response to myocardial injury. However, the mechanism of endosomal escape
following AT1 receptor-mediated endocytosis remains to be elucidated (Figure 7).

 
Figure 7. Schematic representation of the pathway by which anti-miR-1 oligonucleotide (AMO-1)–
loaded nanoparticles exert their effects on cardiomyocytes. The nanoparticles protect the oligonu-
cleotides from enzymatic degradation. The exact mechanism by which nanoparticles (AT1-PEG-DGL)
cross the vascular endothelium remains unclear; however, receptor-mediated transcytosis via an-
giotensin II type 1 (AT1) receptors (indicated by blue ellipses) or paracellular passive diffusion
through disrupted tight junctions between capillary endothelial cells are considered plausible path-
ways. Moreover, the mechanism of endosomal escape following AT1 receptor–mediated endocytosis
also remains to be elucidated. AMO-1 is indicated by a red circle, and miRNA is represented by a
magenta ellipse.

(iii) Oxidative stress and inflammation are elevated in CHF [46]. Curcumin (Figure 5),
a compound with potent anti-inflammatory and antioxidant properties, has shown ther-
apeutic potential in slowing the progression of CHF. Additionally, a graphene quantum
dot-based electrochemical biosensor has been reported to exhibit high sensitivity, speci-
ficity, and selectivity for the early diagnosis of MI by detecting cardiac biomarkers such
as troponin and myoglobin [47]. Indeed, PEGylated graphene quantum dot nanoparticles
loaded with curcumin (Cur-PEG-GQDs) have been shown to reduce myocardial infarct
size, fibrosis, and left ventricular end-diastolic pressure following intraperitoneal admin-
istration in an in vivo rat model of MI induced by ligation of the left anterior descending
artery. Although curcumin decreased antioxidant markers and increased oxidant markers
in the heart in a dose-dependent manner, non-classical mechanisms may contribute to the
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cardioprotective effects of Cur-PEG-GQDs against MI-induced cardiac dysfunction [48].
The mechanisms by which these nanoparticles are internalized into cardiac tissue from the
systemic circulation remain unclear, despite the known association of graphene quantum
dots with MI. Curcumin release from the nanoparticles is presumed to occur in either the
extracellular or intracellular regions of myocardial cells or associated cell types. If curcumin
is released in the extracellular space, it is likely that a portion enters cells primarily via
passive diffusion [49]. Curcumin is not considered a substrate for specific transporters.
It exhibits antioxidant and anti-inflammatory activities in myocardial cells [50], and also
exerts anti-inflammatory effects in immune cells, including macrophages, which secrete
pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α [51]. Therefore, extracellular
release of curcumin may be advantageous for exerting its therapeutic effects. Furthermore,
to overcome barriers to clinical translation by minimizing off-target effects in the brain and
reducing hepatic clearance and sequestration, drug-loaded nanoparticles should ideally
reach the myocardial capillary endothelium via the coronary circulation earlier than they
reach the brain or liver. However, direct injection into the pulmonary veins or coronary
arteries is clinically dangerous and impractical. Although intravenously administered
nanoparticles must inevitably undergo first-pass metabolism and dilution in the lungs,
all types of intravenous injections follow the circulation pathway—right atrium, right
ventricle, pulmonary circulation, left atrium, left ventricle, and aorta—before reaching the
coronary circulation, and thus arrive there earlier than in the brain or liver. The pulmonary
first-pass effect may be attenuated through appropriate nanoparticle design.

(iv) Moreover, glycerol monooleate (GMO)-based biodegradable nanoparticles loaded
with curcumin demonstrated greater protective effects compared to curcumin alone and
more effectively enhanced the activity of antioxidant enzymes under both in vitro and
in vivo conditions [52]. However, the mechanism by which GMO-based biodegradable
nanoparticles are internalized remains unclear.

Therefore, curcumin-encapsulated nanoparticles are expected to serve as promising for-
mulations for the treatment of cardiovascular diseases through multiple effective mechanisms.

(v) Methotrexate (MTX) (Figure 5) is an anti-inflammatory drug that inhibits not only
dihydrofolate reductase but also AICAR (5-aminoimidazole-4-carboxamide ribonucleotide)
transformylase. Inhibition of AICAR transformylase promotes the accumulation of AICAR,
leading to increased adenosine release. This adenosine exerts anti-inflammatory effects
through G-protein-coupled adenosine receptor subtypes, including A1, A2A, and A2B [53].
Moreover, activation of A2A and A2B receptors is essential for reducing infarct size in the
hearts of wild-type C57Bl/6N mice [54]. While MTX uptake is mediated by folate receptors,
apolipoprotein E (ApoE) is recognized by low-density lipoprotein (LDL) receptors on the
cell membrane, triggering LDL receptor-mediated endocytosis. A lipid core nanoparticle
(LDE) was formulated from a lipid mixture containing 100 mg of cholesteryl oleate and
200 mg of egg phosphatidylcholine. MTX-loaded LDE nanoparticles (LDE-MTX) signif-
icantly enhanced MTX uptake via the LDL receptor-mediated endocytic pathway in an
in vitro assay using myocardial tissue from rats with MI, compared to MTX alone. In an
in vivo study using MI-induced male Wistar rats, intravenous administration of LDE-MTX
via the tail vein resulted in a 40% improvement in left ventricular (LV) systolic function,
along with reduced cardiac dilation and LV mass [55]. Nonetheless, it has been demon-
strated that LDE enters the heart from the systemic circulation via LDL receptor-mediated
endocytosis. The release of MTX from the nanoparticles is presumed to occur either in the
extracellular or intracellular regions of myocardial cells or associated cell types. If MTX is
released extracellularly, a portion may enter cells through passive diffusion or via folate
receptor-mediated transport.

17



Pharmaceutics 2025, 17, 1365

(vi) MicroRNAs (miRNAs) play a significant role in the progression of MI. Bone
marrow-derived mesenchymal stem cells (BMSCs), which are multipotent and possess
homing ability, can migrate to sites of injury. Exosomes derived from BMSCs are com-
monly utilized as carriers for drug delivery. Murine hypoxia-conditioned BMSC-derived
exosomes enriched with miR-125b-5p have been shown to promote ischemic cardiac re-
pair by reducing cardiomyocyte apoptosis in MI mouse models, compared with murine
normoxia-conditioned BMSC-derived exosomes enriched in miR-125b-5p [56]. Conversely,
knockdown of miR-125b-5p in these exosomes exacerbates ischemic injury by increas-
ing cardiomyocyte apoptosis. MiR-125b-5p inhibits apoptosis by downregulating the
expression of p53 and BAK1. Furthermore, intravenous administration of ischemic
myocardium-targeting peptide (IMTP)-conjugated hypoxia-conditioned BMSC-derived
exosomes demonstrated higher specificity for ischemic lesions in the injured heart com-
pared with scramble peptide-conjugated or intact hypoxia-conditioned BMSC-derived exo-
somes, as shown by Cy5.5 fluorescence imaging. Nonetheless, IMTP-conjugated hypoxia-
conditioned BMSC-derived exosomes labeled with Cy5.5 were also detected in the liver
and kidneys, in addition to the heart. Exosomes are believed to be internalized by recipient
cells through membrane fusion and/or endocytosis [57]. Additionally, standardization
challenges in exosome production include (a) source variability of parental cells, such as
heterogeneity among BMSCs and differences in cell culture conditions; (b) inconsistencies
in isolation and purification, including co-isolation of contaminants and scalability issues;
(c) difficulties in characterization and quantification, such as inadequate reference stan-
dards and measurement variability; and (d) cargo heterogeneity and limited functional
reproducibility, including variable molecular content, uncontrolled drug-loading efficiency,
and batch-to-batch functional differences [58,59].

(vii) Gold–selenium core–shell nanostructures (AS-I/S NCs), modified with near-
infrared II (NIR-II) photoacoustic imaging capability, an ischemic myocardium-targeting
peptide (IMTP), and the mitochondrial-targeted antioxidant peptide SS31, significantly
improved myocardial function and promoted angiogenesis in an in vivo rat model. NIR-II
photoacoustic imaging indicated selective distribution to cardiomyocytes. IMTP facilitated
targeted cellular uptake by cardiomyocytes, while SS31 enhanced antioxidant capacity
by inhibiting reactive oxygen species (ROS), thereby reducing oxidative damage in H9c2
cells subjected to oxygen-glucose deprivation/reperfusion (OGD/R) injury [60]. No spe-
cific toxic effects attributable solely to selenium have been identified in many selenium
nanoparticles, which differ from the AS-I/S NCs mentioned above [61]. Representative
IMTPs, also referred to as cardiac-homing peptides, include peptide motifs such as CSTSM-
LKAC, CKPGTSSYC, and CPDRSVNNC, which have been identified from ischemic heart
tissue. However, CSTSMLKAC conjugated to Sumo-mCherry accumulated not only in the
ischemic myocardium but also in the kidneys [62]. Sumo-mCherry is a fusion protein com-
posed of Small ubiquitin-like modifier (Sumo) and the red fluorescent protein mCherry. The
molecular weight of the Sumo-mCherry-CSTSMLKAC conjugate is approximately 40 kDa.
The cyclic nonapeptide CSTSMLKAC mimics endogenous peptide sequences found in
proteins such as titin, optic atrophy 1 (OPA-1), and dynamin-related protein 1 (DRP-1).
Although the cellular uptake mechanism of IMTPs remains unclear [63], the receptors for
other tumor-homing peptides have been identified. For instance, RGD peptides bind to
integrin αvβ3, while NGR peptides target the aminopeptidase N (APN/CD13) receptor.
Nevertheless, IMTP-coated nanoparticles may facilitate targeted delivery to damaged
cardiac tissue following heart injury.

(viii) 8P (PHWWEYRR), a peptide isolated from the stemless Eleutherococcus senticosus,
is an antioxidant peptide that protects cells from oxidative stress-induced damage. PCM
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(WLSEAGPVVTVRALRGTGSW) is a myocardium-specific targeting peptide that binds
selectively to tenascin-X on myocardial cells. In an in vivo rodent model of doxorubicin-
induced MI, PCM-modified liposomes encapsulating 8P were effectively delivered to
myocardial cells via tail-vein injection and exhibited antioxidant activity. Although this
was an in vivo study conducted in rodents, prolonged survival and reduced arrhythmia
incidence could be anticipated in humans as long-term functional outcomes of 8P-mediated
oxidative stress prevention. Polyethylene glycol (PEG) modification extended the circula-
tion time of the liposomes by evading immune recognition and clearance. Consequently,
PEGylated liposomes may repeatedly circulate through the bloodstream and potentially
cross the capillary endothelium into the heart tissue, although the exact mechanism of
transendothelial transport remains unclear [64]. Nonetheless, the tight junctions of the
cardiac capillary endothelium can be compromised under pathological conditions such
as CHF and MI, due to factors including inflammation, ischemia, oxidative stress, and cy-
tokine release [65–68]. This disruption of the endothelial barrier may facilitate the delivery
of drugs and nanoparticles into the myocardial interstitial space, in a manner analogous to
the EPR effect observed in solid tumors [21,22].

Accordingly, nanoparticle-based drug therapy can be achieved through receptor-
mediated transcytosis using appropriate targeting vectors, such as the angiotensin II
peptide, AT1-targeting peptide, or PCM (WLSEAGPVVTVRALRGTGSW).

2.2. Promising Strategies for Targeted Substance Delivery to the Heart

Tight junctions in the cardiac capillary endothelium are frequently disrupted in con-
ditions such as CHF and MI, leading to increased vascular permeability. This enhanced
permeability facilitates the passive accumulation of drug-loaded nanoparticles in cardiac
tissue, providing a therapeutic window for targeted delivery. However, this process relies
primarily on passive distribution. Incorporating active targeting strategies in addition to
passive delivery may further enhance the efficiency of cardiac drug delivery. Nonetheless,
the limited expression of specific surface proteins on cardiac capillary endothelial cells
poses a challenge for effective active targeting.

Nanoparticle blood removal pathways (NBRPs) encompass various mechanisms re-
sponsible for the clearance and sequestration of nanoparticles from the bloodstream. These
pathways are broadly categorized into cell-dependent mechanisms—(i) the reticuloen-
dothelial system (RES), (ii) the mononuclear phagocyte system (MPS), (iii) other leukocyte-
mediated processes, and (iv) additional cellular mechanisms—and cell-independent mech-
anisms, including (i) glomerular filtration, (ii) hepatic sinusoidal uptake, (iii) splenic
sinusoidal filtration, and (iv) other non-cellular processes. As a result of these clearance
mechanisms, nanoparticles tend to accumulate in the following order of organs: liver
> spleen > lymph nodes > lungs > bone marrow > skin > kidneys > tumor [69]. Thus,
effective nanoparticle delivery to the heart remains challenging. Notably, the AT1 receptor
is among the most highly overexpressed receptors in the myocardium 24 h after MI and in
CHF [44]. In damaged cardiomyocytes, certain substances may enter cells via passive diffu-
sion through disruptions in the cell membrane. However, for more effective heart-targeted
delivery via intravenous administration, selectively expressed receptors on the surface of
cardiac capillary endothelial cells should be exploited. Nonetheless, no ideal heart-specific
receptors have been identified to date. (i) Insulin receptors are ubiquitously expressed and
are particularly abundant in the heart and endothelial cells [70]. It is well established that
insulin receptors on brain capillary endothelial cells are exploited for drug delivery across
the BBB via receptor-mediated transcytosis using anti-insulin receptor antibodies [71]. The
fundamental machinery of receptor-mediated endocytosis is common to many tissues and
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organs, including the heart, brain, and cancer tissues. Receptor-mediated endocytosis and
transcytosis for drug delivery across the BBB are well established. A similar strategy could
enable drug-loaded nanoparticles to enter the heart via receptor-mediated endocytosis or
transcytosis. By analogy, nanoparticles functionalized with anti-insulin receptor antibodies
may similarly traverse the cardiac endothelium through receptor-mediated transcytosis,
representing a potential strategy for targeted delivery to the heart.

(ii) Similarly, transferrin receptors on capillary endothelial cells at the BBB are utilized
to mediate receptor-dependent endocytosis and transcytosis for delivering substances into
the brain. However, it remains unclear whether transferrin receptors are highly expressed
on capillary endothelial cells in the heart. In a study involving lipopolysaccharide (LPS)
administration, transferrin receptor mRNA levels were significantly upregulated in the
lungs but significantly downregulated in the hearts of rats 4 h post-treatment [72]. Sur-
prisingly, transferrin conjugated with oligonucleotides has been successfully delivered to
skeletal muscle and heart tissue via transferrin receptor 1 (TfR1)-mediated transport [73].
Although the expression levels of transferrin receptors on cardiac capillary endothelial cells
remain unclear, cardiac myocytes are known to express transferrin receptors abundantly.
Nevertheless, transferrin–oligonucleotide conjugates were able to cross both the capillary
endothelium and the plasma membrane of cardiac myocytes. Given that iron is endoge-
nously abundant in the heart, nanoparticles functionalized with anti-transferrin receptor
antibodies may also traverse the cardiac endothelium via receptor-mediated transcytosis,
offering a potential strategy for targeted delivery to cardiac tissue.

(iii) As a promising non-invasive accumulation strategy, magnetic nanoparticles com-
posed of magnetic materials such as iron can be directed to target sites using an external
magnetic field [74]. In cases where toxicity arises due to excessive accumulation at the
target site, the external magnetic field can be easily discontinued, similar to external treat-
ments such as compresses or medicated patches. Since iron is naturally present in the heart,
iron-based nanoparticles are expected to exhibit minimal toxicity. Indeed, Fe3O4 core-based
nanoparticles, functionalized with PEG linked via hydrazone bonds to antibodies targeting
CD63 antigens on exosomes and to antibodies specific for myosin light chain surface mark-
ers on injured cardiomyocytes, accumulated at the site of a locally applied magnetic field.
An external magnet attracts the magnetic vesicle shuttle to the infarcted area. Under the
acidic pH of injured cardiac tissue in rabbit and rat models of MI, the hydrazone bonds
were cleaved, resulting in the release of exosomes [75]. However, it was unclear how much
more effectively the external magnet attracted the magnetic vesicle shuttle compared with
the absence of a magnet. Moreover, monodisperse Fe3O4 nanospheres administered via tail
vein injection were effectively localized in the myocardial tissue through external magnetic
targeting in an in vivo experiment. The application of a magnetic field increased uptake by
approximately 15-fold compared with conditions without a magnetic field [76]. Although
most nanoparticles enter cells via endocytosis, the precise mechanisms by which these
magnetic nanoparticles traverse the capillary endothelium of the heart remain unclear. It is
well known that IgG antibodies and albumin exhibit prolonged half-lives due to their ability
to evade lysosomal degradation through binding to the neonatal Fc receptor (FcRn) within
endosomes. Upon endosomal acidification, free IgGs or albumin bind to FcRn, and subse-
quently dissociate and are released into the systemic circulation at physiological pH [77].
Thus, it is suggested that spontaneous endocytosis in capillary endothelial cells occurs more
frequently than previously assumed, leading to the uptake of bystander substances such
as antibodies and albumin. Consequently, magnetic nanoparticles accumulating near the
heart may enter cardiac tissue as bystanders via spontaneous endocytosis or transcytosis.
(iv) As an alternative strategy, graphene quantum dot nanoparticles carrying therapeutic
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cargos, as mentioned above, have been shown to improve outcomes in MI [47,78]. These
nanoparticles can serve as carriers for highly selective drug delivery to the heart.

3. Conclusions

Cardiovascular diseases, also referred to as heart diseases, are serious disorders af-
fecting the heart and blood vessels. In addition to pharmacological therapies aimed at
regulating abnormal heart rhythms, lowering high blood pressure, or modifying myocar-
dial contractility (e.g., inotropes), surgical interventions such as heart transplantation,
ventricular assist device implantation, coronary artery bypass grafting, and stent placement
are commonly employed. However, open-heart procedures impose significant physical
stress on patients. Therefore, the development of innovative, less invasive treatment
strategies for cardiovascular diseases is urgently needed.

Currently, tissue-selective drug delivery using nanoparticles has been explored, en-
abling the selective and preferential transport of therapeutic cargos to target sites by leverag-
ing endogenous biological mechanisms. Although this approach may appear materialistic,
it is grounded in structuralism [3,4], whereby materials function within the body under the
regulation of complex biological systems. Biological activity is inherently coordinated. In
the heart, nutrients are absorbed via carrier-mediated transport or receptor-mediated endo-
cytosis. Oxygen and nutrients are supplied to cardiomyocytes from the coronary arteries
through the myocardial capillary endothelium. Similarly, substance-loaded nanocarriers
may also be delivered to the heart via these physiological pathways.

Nonetheless, in current research, the development of nanoparticles for cardiac drug
delivery has primarily focused on their materials and composition. As a result, the num-
ber of successful demonstrations of nanoparticle-mediated drug delivery to the heart re-
mains limited. The design of molecular vectors and the biological mechanisms underlying
nanoparticle transport across the blood–brain barrier have been well studied to elucidate
the time evolution of drug dosage and the saturation dynamics of cellular receptors, such
as transferrin receptors. In contrast, the design of molecular vectors and the biological
mechanisms governing nanoparticle transport to cardiac tissues and cells have not been
thoroughly investigated. Consequently, both the time-dependent behavior of drug dosage
and the receptor saturation rate remain largely unknown. Given the relatively small size
of the heart, strategies for selective and efficient distribution—similar to those developed
for brain-targeted delivery—are needed. Although nanoparticle-based drug delivery to
the heart has been achieved, reports remain scarce due to the challenges associated with
achieving such targeted and effective distribution. During conditions such as CHF and
MI, disruption of tight junctions increases endothelial permeability, allowing nanoparticles
or drug carriers to passively extravasate into the myocardial interstitial space. However,
this represents a passive form of distribution, and the extent of tight junction disruption
is highly dependent on the specific pathological conditions. Therefore, combining active
targeting with passive distribution may enable more effective drug delivery to the heart.
A widely studied strategy involves the use of well-designed nanoparticles functionalized
with targeting ligands that bind to receptors on the surface of capillary endothelial cells,
facilitating transendothelial transport via receptor-mediated transcytosis (Table 2). Follow-
ing transcytosis, some nanoparticles are further internalized into cardiomyocytes through
receptor-mediated endocytosis and subsequently release their cargos within endosomes or
the cytosol. However, in many cases of cardiac delivery, the efficiency of endosomal escape
remains poorly characterized. On the other hand, some nanoparticles release their cargos,
which then enter cardiomyocytes or immune cells via passive diffusion or carrier-mediated
transport.
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Table 2. The introduced applications of drug delivery into the heart using nanoparticls as a carrier.

# Formulation Vector Cargo Status References

i

MRN-loaded nanoparticles based
on human serum albumin (HSA),
surface-modified with
angiotensin II

HSA,
angiotensin II MRN Basic research [35]

ii

AMO-1 encapsulated in a
nanovector (AT1-PEG-DGL)
conjugated with an AT1-targeting
peptide

AT1-targeting
peptide AMO-1 Basic research [44]

iii
PEGylated graphene quantum
dot nanoparticles loaded with
curcumin (Cur-PEG-GQDs)

Graphene
quantum dot Curcumin Basic research [48]

iv

Glycerol monooleate
(GMO)-based biodegradable
nanoparticles loaded with
curcumin

GMO Curcumin Basic research [52]

v
Methotrexate (MTX)-loaded lipid
core nanoparticle (LDE)
nanoparticles (LDE-MTX)

LDE against LDL
receptor MTX Basic research [55]

vi

Bone marrow-derived
mesenchymal stem cell
(BMSC)-derived exosomes
enriched with miR-125b-5p

BMSC-derived
exosomes MiR-125b-5p Basic research [56]

vii

Gold–selenium core–shell
nanostructures (AS-I/S NCs),
modified with near-infrared II
(NIR-II) photoacoustic imaging
capability, ischemic
myocardium-targeting peptide
(IMTP), and the
mitochondrial-targeted
antioxidant peptide SS31

IMTP Antioxidant
peptide SS31 Basic research [60]

viii

myocardium-specific targeting
peptide PCM-modified liposomes
encapsulating antioxidant
peptide 8P

PCM 8P Basic research [64]

x
PEGylated graphene quantum
dot nanoparticles loaded with
MTX and MRN

Graphene
quantum dot MTX, MRN Under analysis

in Tashima lab -

Additionally, certain nanoparticles, such as graphene quantum dots, have been shown
to cross the endothelium and accumulate in the infarcted heart, although the underlying
mechanisms remain unclear. Magnetic nanoparticles composed of materials such as iron
can be directed to target sites using an external magnetic field and subsequently enter the
heart either via receptor-mediated transcytosis—when equipped with appropriate targeting
vectors—or through passive diffusion facilitated by disrupted tight junctions. Ultimately,
the development of well-designed nanoparticles guided by structuralist principles—where
material behavior is regulated by biological machinery—holds great promise for achieving
targeted drug delivery in the treatment of cardiovascular diseases.
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Abstract: Lung cancer remains a foremost cause of cancer-related impermanence globally,
demanding innovative and effective therapeutic strategies. Polymeric nanoparticles (NPs)
have turned up as a promising transport system for drugs due to their biodegradability,
biocompatibility, and capability to provide controlled and targeted release of therapeutic
agents. This review offers a thorough examination of different polymeric NP platforms,
such as chitosan, gelatin, alginate, poly (lactic acid), and polycaprolactone, highlighting
their mechanisms, formulations, and applications in the treatment of lung cancer. These
NPs facilitate the delivery of chemotherapeutic agents, gene therapies, and immune modu-
lators, with enhanced bioavailability and reduced systemic toxicity. Additionally, advanced
formulations such as ligand-conjugated, stimuli-responsive, and multifunctional NPs
demonstrate improved tumor-specific accumulation and cellular uptake. The review also
discusses quantum dots, magnetic and lipid-based NPs, and green-synthesized metallic
polymeric hybrids, emphasizing their potential in theranostics and combination thera-
pies. Preclinical studies show promising results, yet clinical translation faces challenges;
for example, large-scale production, long-term toxicity, and regulatory hurdles. Overall,
polymeric NPs represent a powerful platform for advancing personalized lung cancer
therapy, with future prospects rooted in multifunctional, targeted, and patient-specific
nanomedicine.

Keywords: polymeric nanoparticles; lung cancer; anticancer; molecular pathways; targeted
therapy

1. Introduction

Lung cancer continues to be the most fatal cancer globally, accounting for approx-
imately 1.8 million deaths in 2020, alongside 2.2 million newly diagnosed cases [1,2].
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Regions such as Europe, Eastern Asia, and Southeast Asia report the highest prevalence,
with the use of tobacco identified as the key risk factor, contributing to nearly 85% of all
cases [3]. However, non-smoking-related lung cancer, often linked to genetic mutations
(e.g., epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase [4] receptors)
and environmental exposures (e.g., radon, air pollution), accounts for 10–25% of cases
globally [5–9].

Age-standardized incidence rates are higher in men, though increasing trends among
women, particularly in high-income countries, are concerning [10]. Socioeconomic dis-
parities also influence outcomes, with lower survival rates due to delayed detection and
inadequate treatment availability, which low- and middle-income nations face [1,11,12].
Advances in early detection (e.g., low-dose computerized tomography (CT) screening) and
targeted therapies have improved survival in high-resource settings, yet global disparities
persist (National Lung Screening Trial Research Team 2011). Figure 1 illustrates the trends,
disparities, and emerging risks of lung cancer globally.

 

Figure 1. Diagrammatic representation of the global burden of lung cancer.

Lung cancer arises from a complicated interaction of behavioral, environmental, and
genetic factors. Tobacco smoking remains the primary cause, contributing to 80–90% of
cases, with carcinogens like polycyclic aromatic hydrocarbons and nitrosamines inducing
DNA mutations [1]. However, 15–20% of lung cancers occur in people who do not have
a smoking habit, with risk factors including radon gas, secondhand smoke, air pollution
(e.g., PM2.5), and occupational exposures (asbestos, arsenic, silica) [13] (Figure 2).

Genetic susceptibility plays a crucial role, with mutations in EGFR, KRAS (Kirsten
rat sarcoma virus), ALK, and Tumor suppressor (TP) 53 driving oncogenesis, particularly
in non-smokers [14]. Additionally, chronic inflammation from conditions like chronic ob-
structive pulmonary disease (COPD) and pulmonary fibrosis elevates lung cancer risk [15].
Emerging evidence suggests dietary factors (low fruit/vegetable intake) and hormonal
influences (estrogen signaling) may contribute, though further research is needed [15]. In re-
cent years, electronic cigarette (e-cigarette) use has raised concerns due to potential carcino-
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genic effects, though long-term studies are still lacking [15]. Understanding these multifac-
torial causes is essential for preventive strategies and personalized treatment approaches.

 

Figure 2. Illustration of the etiology of lung cancer.

Lung cancer pathogenesis involves the dysregulation of key molecular pathways that
drive tumor initiation, progression, and metastasis. The EGFR/RAS/RAF/MEK/ERK and
PI3K/AKT/mTOR pathways are frequently activated, promoting cell proliferation and
survival [16]. Mutations in EGFR, KRAS, and BRAF are common in non-small cell lung
cancer (NSCLC), while ALK, ROS1, and RET rearrangements define distinct molecular
subtypes [15]. In small-cell lung cancer (SCLC), TP53 and RB1 inactivation are nearly
universal, leading to unchecked cell cycle progression [17]. Epigenetic alterations, such
as DNA methylation and histone modifications, further contribute to oncogenic signal-
ing [18]. The immune checkpoint pathways (PD-1/PD-L1, CTLA-4) play a critical role
in tumor immune evasion, making them key targets for immunotherapy [18]. Emerg-
ing research highlights the role of tumor microenvironment [19] components, including
cancer-associated fibroblasts and immune cells, in modulating therapeutic resistance [20].
Additionally, WNT/β-catenin and Hippo-YAP/TAZ signaling pathways are implicated in
lung cancer stemness and metastasis [20].

Polymeric nanoparticle systems can be strategically designed not only to deliver ther-
apeutic agents but also to actively remodel the tumor microenvironment [19] to overcome
resistance mechanisms. Beyond stimuli-responsive release, PNPs can be engineered to
co-deliver immunomodulators, such as checkpoint inhibitors or cytokines that reprogram
immunosuppressive TMEs into immunostimulatory ones, enhancing antitumor immunity.
Surface functionalization with ligands targeting cancer-associated fibroblasts or tumor-
associated macrophages can disrupt stromal barriers, reduce extracellular matrix (ECM)
density, and improve drug penetration [21]. Incorporating enzymes like hyaluronidase or
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collagenase within PNPs enables localized ECM degradation, lowering interstitial fluid
pressure and enhancing vascular perfusion. Polymeric NPs can also deliver agents that
inhibit pro-survival signaling pathways (e.g., STAT3, HIF-1α) or modulate hypoxia by
carrying oxygen-generating compounds, thereby sensitizing tumors to chemotherapy or
radiotherapy [22]. Additionally, NPs can be designed to release reactive oxygen species
modulators to disrupt redox balance, making cancer cells more vulnerable to therapy. By
integrating these TME-modulating capabilities with precise drug delivery, polymeric NPs
offer a multifunctional approach to simultaneously overcome physical, biochemical, and
immunological resistance barriers, ultimately improving therapeutic efficacy in lung cancer
management [23].

2. Targeted Therapies in Lung Cancer

Current progress in nanotechnology has led to the development of advanced drug
delivery methods, enhancing the effectiveness of cancer therapy while reducing harmful
adverse effects [24–27]. Among these, liposomal formulations remain clinically dominant
due to their biocompatibility and ability to encapsulate both hydrophilic and hydrophobic
drugs [28]. Modern liposomes incorporate surface modifications, such as PEGylation, to
extend circulation times and antibody conjugation for active tumor targeting.

Polymeric NPs, particularly those using biodegradable poly(lactic-co-glycolic acid)
(PLGA), demonstrate excellent controlled-release properties through tunable polymer
degradation rates [29,30]. Recent innovations include stimuli-responsive designs that
release payloads specifically in acidic tumor microenvironments [31,32]. Dendrimers offer
unparalleled structural precision for high drug-loading capacity and functionalization,
though toxicity concerns require further investigation [33].

Inorganic NPs, such as gold nanostructures, provide dual diagnostic and therapeutic
capabilities through photothermal ablation and imaging contrast enhancement [34]. Mean-
while, natural exosome-based systems show promise for their innate biocompatibility and
homing capabilities to specific tissues [35]. Current research focuses on hybrid systems
combining multiple nanocarrier advantages while addressing manufacturing scalability
and regulatory requirements for clinical translation.

However, translating polymeric NPs from bench to bedside in lung cancer therapy
faces multifaceted challenges. Scalability remains a primary hurdle, as achieving repro-
ducible size, drug loading, and surface characteristics during large-scale manufacturing is
technically demanding and cost-intensive [36]. Regulatory considerations add complexity,
with evolving guidelines for nanomedicines requiring exhaustive characterization, tox-
icological profiling, and demonstration of long-term safety. Safety evaluation is critical,
given the potential for unforeseen immunogenicity, off-target accumulation, or toxicity
from degradation products, particularly with repeated dosing [37]. Comprehensive in vitro
and in vivo studies, alongside predictive models, are essential for risk assessment. Even-
tually, cost-effectiveness poses a barrier; despite promising therapeutic outcomes, high
production and quality control costs can limit commercial viability and patient accessibility.
Addressing these challenges will require standardized manufacturing protocols, robust
regulatory frameworks, advanced safety analytics, and cost-reduction strategies to ensure
clinical translation and broader adoption of PNP-based lung cancer therapeutics [38].

Comparison Between Conventional and Novel Therapies Involved in the Management of
Lung Cancer

Traditional approaches to managing lung carcinoma, such as surgical resection, sys-
temic chemotherapy, and radiotherapy, have historically served as the primary treatment
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options. Nevertheless, these methods frequently exhibit poor precision, resulting in severe
adverse effects and reduced effectiveness, particularly in late-stage disease [39]. Emerging
treatment strategies, including molecularly targeted agents, offer promising alternatives.
Therapy, immunotherapy, and nanotechnology-based drug delivery offer improved selec-
tivity, reduced systemic toxicity, and enhanced therapeutic outcomes. Targeted therapies
inhibit specific molecular pathways, while immunotherapy boosts the body’s immune
response against cancer. Nanocarriers enhance drug accumulation at tumor sites [40].
Although novel drug delivery suppresses the disadvantages of conventional therapies,
the mucociliary clearance is indeed a critical physiological barrier limiting the pulmonary
residence time of inhalable therapeutics. In the formulation, the polymeric NPs were
engineered with a muco-inert surface by incorporating PEGylated polymers, which reduce
adhesive interactions with mucus glycoproteins, thereby enabling deeper penetration into
the lung epithelium. Furthermore, the NPs possess a narrow size distribution (~200 nm) to
avoid rapid entrapment in mucus mesh pores while facilitating alveolar deposition [41].
The hydrophilic polymer coating also minimizes opsonization and phagocytic uptake by
alveolar macrophages, supporting prolonged drug retention. In addition, the controlled-
release matrix of the polymer enables sustained drug liberation at the target site, countering
clearance-driven loss. Collectively, these features synergistically mitigate mucociliary
removal, enhance deep lung bioavailability, and ensure prolonged therapeutic levels at
the tumor site, thereby maximizing the clinical potential of our inhalable polymeric NP
system for localized lung cancer therapy [42]. Therefore, overall, novel approaches provide
personalized and more effective management, especially for NSCLC, though they may
still face challenges like resistance and high cost. A comparative data on conventional and
novel therapies for lung cancer management is presented in Table 1.

Table 1. Comparing conventional and novel therapies for lung cancer management.

Therapy Aspect Conventional Therapies Novel Therapies References

Primary treatment types
- Surgery (lobectomy, pneumonectomy)
- Chemotherapy (platinum-based)
- Radiation therapy (external beam)

- Targeted therapy (EGFR inhibitor/PI3K inhibitor)
- Immunotherapy (PD-1/PD-L1 inhibitors)
- Stereotactic body radiotherapy (SBRT)

[40,43,44]

Mechanism of action
- Cytotoxic drugs kill rapidly dividing

cells
- Radiation induces DNA damage

- Targeted drugs block specific oncogenic pathways
- Immunotherapy enhances T-cell antitumor activity [13]

Response rates
- 20–30% for chemotherapy
- 30–50% for radiation in early stages

- 60–80% for targeted therapy in mutation-positive cases
- 20–40% durable responses with immunotherapy [14]

Adverse reactions
- Bone marrow suppression
- Nausea/vomiting
- Radiation pneumonitis

- Immune-related adverse events (colitis, pneumonitis)
- Skin rash with EGFR inhibitors [45–48]

Personalization level
- Largely based on cancer stage

and histology
- Requires molecular profiling (NGS)
- Biomarker-driven (PD-L1, TMB) [49–52]

5-Year survival benefit
- 15–20% for stage III chemo-radiation
- 40–50% for early-stage surgery

- 25–30% for stage IV with targeted therapy
- 15–25% long-term survivors with immunotherapy [52–55]

3. Advanced Nanoparticle Platforms for Lung Cancer Theranostics and
Targeted Therapy

3.1. Magnetic Nanoparticles

Magnetic NPs have emerged as efficient tools in lung cancer diagnosis and treatment
because of their unique physicochemical properties. Superparamagnetic iron oxide NPs are
extensively studied, enabling magnetic resonance imaging (MRI) enhancement for early
tumor detection with high sensitivity [56]. Functionalized MNPs conjugated with targeting
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ligands (e.g., EGFR antibodies) improve tumor-specific drug delivery, reducing systemic
toxicity [57].

In hyperthermia therapy, alternating magnetic fields heat Magnetic NPs to 42–46 ◦C,
inducing selective cancer cell apoptosis while sparing healthy tissue [58]. Combined with
chemotherapy, e.g., doxorubicin (DOX)-loaded MNPs, this approach enhances tumor pene-
tration and treatment efficacy [57]. MNPs also facilitate gene therapy by delivering siRNA
to silence oncogenes (e.g., KRAS) [59]. Recent advances include multifunctional MNPs
integrating imaging, therapy, and real-time monitoring [60]. For example, superparam-
agnetic iron oxide NPs coated with PD-L1 inhibitors enable immunotherapy alongside
MRI tracking [61]. Challenges remain in optimizing biocompatibility, biodistribution, and
large-scale production [62].

3.2. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) have gained attention as efficient drug transport
systems for lung cancer due to their stability, biocompatibility, and ability to encapsu-
late both water-loving and hydrophobic drugs [63]. Composed of physiological lipids,
SLNs increased tumor targeting while reducing the systemic toxicity [64]. Their small
size (50–300 nm) facilitates passive accumulation in tumors via the enhanced permeability
and retention (EPR) effect, improving drug bioavailability [64]. SLNs are particularly
valuable for delivering chemotherapeutic agents (e.g., paclitaxel, docetaxel) with reduced
side effects compared to conventional formulations [65]. Surface modification with ligands
(e.g., folate, transferrin) enables active targeting of cancer cells overexpressing specific
receptors [66]. Additionally, SLNs can co-deliver siRNA or miRNA to silence oncogenic
pathways (e.g., EGFR, KRAS), enhancing therapeutic efficacy [67]. Recent studies highlight
SLNs in combination therapy, such as co-loading chemotherapeutics with immunomodula-
tors (e.g., PD-1 inhibitors) to synergize treatment [64]. SLNs also show promise in inhalable
formulations, enabling localized lung delivery and bypassing first-pass metabolism [68].

3.3. Polymeric Reduced Green Metallic Nanoparticles

Polymeric reduced green metallic (PRGM) NPs represent a convergence of green chem-
istry and nanotechnology, offering an eco-friendly alternative, sustainable to conventional
nanoparticle synthesis methods. These NPs are synthesized using biocompatible polymers
and reducing agents derived from natural plant extracts, microbes, or other biotic resources,
eliminating the need for hazardous chemicals [69]. PRGM NPs have emerged as a novel
and sustainable approach in lung cancer therapy, integrating the principles of nanotechnol-
ogy, green chemistry, and polymer science. These NPs are synthesized using either natural
or synthetic polymeric materials as reducing agents, offering an eco-friendly alternative
to conventional chemical methods [69]. The green synthesis minimizes toxicity while
improving biocompatibility, essential traits for cancer therapeutics. Incorporating biopoly-
mers such as chitosan, PLGA, or polyethylene glycol (PEG) into the nanoparticle matrix
enhances stability, targeted delivery, and controlled drug release. Further, the variability
in process of fabrication of NPs can be minimized through authenticated sourcing, purity,
and standardized synthesis process in case of synthetic polymers and extraction protocols
for natural gums. Furthermore, the process standardization includes fixed parameters
(pH, temperature, isolation-to-precursor ratio) and quality control checkpoints to moni-
tor precursor quality, extraction yield, and NPs characteristics. This approach enhances
reproducibility, comparability, and therapeutic predictability while reducing batch-to-batch
variability. PRGM NPs can be engineered to carry chemotherapeutic agents or imaging
molecules, enabling simultaneous treatment and diagnosis (theranostics). Their surface
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can be functionalized for tumor-specific targeting, allowing for improved accumulation in
cancerous lung tissues via the EPR effect or active targeting ligands.

In lung cancer, where drug resistance and systemic toxicity pose significant challenges,
polymeric reduced green metallic NPs provide enhanced cellular uptake, reduced off-target
effects, and the potential to bypass multidrug resistance pathways [70]. Additionally,
their antioxidant and anti-inflammatory properties derived from the plant extracts used
in synthesis can contribute to synergistic therapeutic effects. Overall, polymeric reduced
green metallic NPs represent a promising and sustainable nanoplatform for advancing
lung cancer treatment, offering high efficacy with minimized side effects and ecological
impact [71]. Table 2 illustrates the comprehensive tabular summary of PRGM NPs in lung
cancer management.

Table 2. Comprehensive tabular summary of polymeric reduced green metallic nanoparticles (PRGM
NPs) in lung cancer management.

Aspect Key Findings References

Targeted imaging

Folic acid-conjugated chitosan nanoparticles (fCNA) significantly
enhanced protoporphyrin IX (PpIX) accumulation in colorectal
cancer cells (HT29, Caco-2) via folate receptor-mediated endocytosis,
improving tumor detection.

[72]

Chemotherapy
Mitochondria-targeted green AuNPs increased reactive oxygen species
(ROS) 4.2-fold in H460 cells and reduced tumor volume by 72% in
xenografts (5 mg/kg dose).

[73]

siRNA delivery Chitosan-coated AuNPs delivered EGFR siRNA to A549 xenografts,
reducing tumor growth by 65% (0.5 mg/kg, q3d × 4 weeks). [74]

Combo therapy

Fol-LSMO NPs enable targeted hyperthermia with DOX release in
breast cancer. Triggers apoptosis and autophagy via caspase/LC3-II
pathways. Folate conjugation enhances uptake, reduces
off-target effects.

[75]

3.4. Quantum Dots

Quantum dots (QDs) are semiconductor nanocrystals, typically 2–10 nm in diameter,
that exhibit unique size-dependent optical and electronic properties due to quantum
confinement effects [76]. They possess high photostability, tunable emission wavelengths,
and exceptional brightness, making them highly suitable for biomedical imaging, targeted
drug delivery, and multifunctional theranostic applications [77]. Their surfaces can be
functionalized with biomolecules, drugs, or polymers, enabling simultaneous diagnostic
and therapeutic functions within a single nanoplatform.

Many QDs especially those with cadmium selenide (CdSe), cadmium telluride (CdTe),
or lead-based cores pose significant heavy metal toxicity risks. Cadmium ions, released
through core degradation under physiological conditions, can induce oxidative stress,
mitochondrial damage, and DNA strand breaks, leading to mutagenesis and carcinogene-
sis. These effects are exacerbated by the small size and large surface area of QDs, which
facilitate cellular uptake and interaction with biomolecules [77]. Chronic exposure or
incomplete clearance may result in accumulation in organs such as the liver, spleen, kid-
neys, and brain, raising concerns over nephrotoxicity, hepatotoxicity, and neurotoxicity.
Long-term persistence could also trigger chronic inflammation and immune dysregulation,
potentially contributing to fibrosis or secondary malignancies. While surface coatings
(e.g., PEG, silica, or polymer shells) and heavy-metal-free alternatives (e.g., carbon or in-
dium phosphide QDs) can reduce immediate toxicity, their long-term safety profiles remain
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underexplored [78]. Comprehensive in vivo studies covering biodistribution, degradation
pathways, clearance rates, and delayed toxic effects are essential before clinical translation.
Without such evaluation, the full risk profile of QD-based lung cancer theranostics remains
uncertain, particularly for repeated or high-dose applications [78].

QDs exhibit substantial promise in revolutionizing lung cancer theranostics through
multifunctional capabilities. Research demonstrates that QDs functionalized with targeting
ligands, such as EGFR antibodies or RGD peptides, significantly enhance the selective deliv-
ery of chemotherapeutic agents (e.g., DOX, cisplatin) to lung tumor cells in vitro and animal
models, improving efficacy while minimizing off-target effects compared to free drugs [79].
Their exceptional optical properties are leveraged for superior imaging; specifically, near-
infrared-II (NIR-II) window QDs enable deep-tissue, high-resolution tumor visualization,
precise lymphatic mapping, and real-time monitoring of drug distribution and therapeutic
response, surpassing conventional imaging agents in sensitivity and photostability [80].
The inherent theranostic potential of QDs is further exploited in integrated platforms where
QDs co-loaded with drugs and photosensitizers facilitate combined chemotherapy and
photodynamic therapy, generating reactive oxygen species (ROS) upon light activation for
synergistic tumor cell killing, as confirmed in recent studies [81]. Addressing biocompat-
ibility, significant research focuses on mitigating potential toxicity: surface engineering
with dense PEG layers or biocompatible polymers reduces opsonization and prolongs
circulation [82]. Furthermore, QDs are being explored as carriers for siRNA targeting
oncogenes (e.g., survivin, KRAS) and for immune checkpoint inhibitors (e.g., anti-PD-L1),
demonstrating enhanced gene silencing efficacy and potentiation of antitumor immunity
in lung cancer models [83]. Despite compelling preclinical evidence for enhanced targeting,
imaging, combination therapy, and improved safety profiles of novel compositions, the
translation of QD-based systems necessitates rigorous large-scale toxicity assessments and
scalable manufacturing solutions [84].

4. Application of Polymeric Nanoparticles in Lung Cancer Management

Polymeric nanoparticles are colloidal systems composed of synthetic or natural poly-
mers, typically measuring between 10 and 1000 nm in size. These NPs are engineered to
encapsulate, protect, and transport therapeutic agents to specific target areas, enabling
controlled drug release and improved bioavailability. Due to their biocompatibility and
tunable surface characteristics, they are extensively utilized in targeted drug delivery ap-
plications [85]. In lung cancer therapy, polymeric NPs significantly improve treatment
effectiveness while lowering systemic toxicity. They facilitate the targeted delivery of
chemotherapeutic drugs, immune checkpoint inhibitors, or gene therapies directly to tu-
mor sites, enhancing drug concentration in cancerous tissues while sparing healthy lung
cells [86]. Additionally, polymeric NPs can overcome biological barriers and release drugs
in response to tumor-specific triggers, such as acidic pH or elevated enzyme levels. This
targeted approach enhances therapeutic efficiency while reducing adverse effects often
seen with traditional lung cancer treatments [87]. Different polymers exhibit distinct degra-
dation mechanisms and by-products, influencing long-term safety in pulmonary delivery.
Chitosan degrades enzymatically via lysozyme to glucosamine and N-acetylglucosamine,
both naturally occurring metabolites with low toxicity [88]. Alginate undergoes depolymer-
ization by alginate lyase to guluronic and mannuronic acid residues, which are generally
well tolerated [89]. PLGA hydrolyzes into lactic and glycolic acid, entering the Krebs cycle,
though rapid degradation in poorly ventilated lung regions may cause transient local
acidity [90]. A comparative overview of key polymers, targeting approaches, and delivery
routes for polymeric NPs in lung cancer therapy has been presented in Table 3.
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Polymeric NPs can be engineered for multimodal theranostic applications in lung
cancer by integrating various imaging agents. Magnetic resonance imaging labels, such as
superparamagnetic iron oxide or gadolinium chelates, provide high soft-tissue contrast
without ionizing radiation, though sensitivity is lower than nuclear techniques. Com-
puted tomography (CT) contrast can be achieved by incorporating high-Z elements (gold,
bismuth, iodine), enabling excellent spatial resolution for lung anatomy but at the cost
of radiation exposure [100]. Positron emission tomography and single photon emission
computed tomography use radio-labeled NPs for highly sensitive, quantitative molecular
imaging, with PET offering higher resolution but shorter isotope half-lives. Optical imag-
ing, particularly near-infrared modalities, enables real-time, high-resolution visualization
for surgical guidance, although tissue penetration is limited in the thoracic region. Ultra-
sound and photoacoustic imaging employ NP-encapsulated acoustic or optical absorbers
for real-time, radiation-free imaging, but pulmonary air spaces limit deep-tissue access.
Hybrid PNP systems combining multiple imaging modalities can leverage complementary
strengths for improved diagnosis, image-guided therapy, and treatment monitoring in lung
cancer theranostics [101]. A summary on different imaging modalities integrated with
polymeric nanoparticles for lung cancer theranostics is presented in Table 4.

Table 4. Imaging modalities integrated with polymeric nanoparticles for lung cancer theranostics.

Imaging Modality Key Advantages and Limitations in Lung Cancer Theranostics References

MRI High soft-tissue contrast, non-ionizing; sensitive tracking of NP biodistribution;
lower molecular sensitivity; gadolinium safety concerns. [102]

CT Excellent spatial resolution, widely available; uses ionizing radiation, low molecular
sensitivity, possible metal-agent toxicity. [103]

PET Highest molecular sensitivity, quantitative biodistribution, detects metastases; short
isotope half-lives, radiation exposure, complex radiochemistry. [104]

SPECT Good sensitivity, longer-lived isotopes, whole-body tracking; lower spatial
resolution than PET, regulatory hurdles. [94]

Optical (NIR, NIR-II) High sensitivity, real-time surgical guidance; limited tissue penetration,
autofluorescence, mainly preclinical use. [105]

Ultrasound/Photoacoustic Real-time, no ionizing radiation, depth improvement with PA; lung air limits access,
microbubble stability issues. [106]

4.1. Chitosan-Based Nanoparticles

Traditional chemotherapy methods face numerous challenges, such as rapid drug
clearance, poor drug targeting, multidrug resistance, and limited therapeutic efficiency.
Chitosan, a polymer naturally derived from chitin via deacetylation, comprises β-(1-4)-
linked d-glucosamine and N-acetyl-d-glucosamine units [92]. Its favorable properties
are biocompatibility, biodegradability, and mucoadhesiveness, which make it a suitable
candidate for developing nanoparticulate drug delivery systems. Due to the presence
of free amino groups, it is modifiable and allows functionalization according to specific
therapeutic needs, specifically for lung cancer treatment. Recent advancements in chitosan
NPs (CNPs) demonstrate their promising application in targeted drug delivery [107].

Pawar and Jaganathan illustrated the high loading capacity of glycol-modified CNPs
for hepatitis B vaccines, supporting their ability in mucosal vaccine delivery [108]. En-
capsulation of DOX in CNPs notably improved drug targeting and drug permeability, as
demonstrated by Zare et al., showing a 12.7-fold increase in intestinal absorption. Paclitaxel-
loaded CNPs demonstrated stronger anticancer effects than free paclitaxel in MDA-MB-231
breast cancer cells, with sustained release and improved cytotoxicity. Studies also show
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pH-responsive release and enhanced uptake of 5-FU-loaded CNPs in colorectal cancer
models [109].

A study by Shali et al. [110] examined the co-delivery of insulin-like growth factor 1
receptor (IGF-1R)-specific small interfering RNA (siRNA) and DOX using chitosan-based
NPs to improve anticancer efficacy in the A549 lung cancer cell line. The CNPs had an
average size of approximately 176 nm along with a zeta potential of about 11 mV and
a polydispersity index of 0.3, indicating their suitability for drug delivery. The results
illustrated that the combination of IGF-1R siRNA and DOX encapsulated in CNPs pos-
sessed a synergistic effect, notably maximizing cytotoxicity and inducing apoptosis in
A549 cells. The co-delivery system significantly downregulated cell migration and reduced
the expression of vascular endothelial growth factor (VEGF), matrix metalloproteinase
9 (MMP9), and signal transducer and activator of transcription 3 (STAT3). All of these
are associated with tumor progression and metastasis. These findings suggested that the
chitosan-based NP system effectively increases the therapeutic efficacy of DOX by simulta-
neously silencing IGF-1R, a receptor implicated in cancer cell survival and proliferation.
This dual-target approach holds beneficial results for improving lung cancer treatment
outcomes by overcoming limitations associated with conventional chemotherapy.

Mahmood et al. [111] also demonstrated the synthesis and anticancer potential of
selenium NPs (Se NPs) combined with CNPs (Se-CNPs) for lung cancer therapy. These NPs
were synthesized by using grape seed extract, applying a green synthesis approach that is
environmentally friendly and sustainable. Characterization of the NPs revealed spherical
shapes with average sizes of 55.285 nm for SeNPs and 30.9 nm for Se-CNPs. Both types
possessed dose-dependent cytotoxicity against the A549 lung cancer cell line, having IC50
values of 24.09 μg/mL for CNPs and 18.56 μg/mL for SeNPs. Also, normal human kidney
(HK-2) cells were not significantly affected, which indicated the selective toxicity toward
cancer cells. Mechanistic studies showed that treatment with SeNPs and Se-CNPs led to
amplified generation of ROS, resulting in loss of membrane potential and mitochondrial
dysfunction. These effects resulted in apoptosis of A549 cells via ROS-mediated pathways.
The findings suggest that Se NPs and Se-CNPs can modulate ROS signaling, leading to
cancer cell death. These results emphasize the potential of biogenic Se NPs and Se-CNPs as
promising nanotherapeutic agents for lung cancer treatment, leveraging an eco-friendly
alternative to conventional therapies.

Mahmoud and colleagues [112] investigated the development and properties of
berberine-loaded chitosan nanoparticles (BBR-CNPs) and evaluated their efficacy in protect-
ing male albino mice from urethane-induced lung cancer. The synthesized BBR-COSNPs
exhibited a spherical morphology with an average size of 45.56 nm and a zeta potential
of 39.82 mV, indicating excellent stability and suitability for drug delivery. In vivo studies
demonstrated that BBR-COSNPs effectively inhibited lung tumor progression and pro-
moted apoptosis by regulating serum BAX levels and caspase 9 gene expression in lung
tissue. Additionally, these NPs reduced tumor angiogenesis by lowering serum VEGFR2
and suppressing HIF-1 gene expression in the lungs. The study suggests that BBR-COSNPs
could be a promising oral anticancer therapy for lung cancer, offering an environmentally
friendly alternative to traditional treatments. These findings underscore the potential of
BBR-COSNPs as an effective nanotherapeutic approach for lung cancer management.

Zhu et al. [113] examined the targeting efficacy of T7 peptide-modified (CBT) NPs was
examined through a fluorescence uptake study involving six experimental groups (non-
modified CB NPs and targeted CBT NPs at 30 and 60 min, and pretreated CB/CBT with
free T7 at 60 min). Flow cytometry amplified fluorescence uptake, thereby revealing that
CBT at 60 min possessed the highest intensity. To confirm the specificity of T7-mediated
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targeting, cells were pretreated with excess free T7 peptide, that notably reduced CBT
uptake. Immunofluorescence imaging of lung cancer cells (A549 and H1299) validated the
findings. The fluorescence distribution pattern supported increased cellular uptake due to
the T7 targeting peptide.

Patel et al. [114] conducted a study aimed at developing a targeted pulmonary drug
delivery system for lung cancer treatment using silibinin-loaded CNPs functionalized
with folic acid NPs. The researchers aimed to increase the therapeutic efficacy and site-
specific delivery of silibinin by utilizing a quality by design approach, a natural anticancer
agent, by creating inhalable NPs that actively target folate receptors, which are highly
expressed in many lung cancer cells. Folic acid was electrostatically conjugated to CNPs
to achieve targeted delivery. The optimized formulation demonstrated promising physic-
ochemical characteristics, including a spherical morphology, an average particle size of
275 ± 1.20 nm, a polydispersity index of 0.234 ± 0.07, and a positive surface charge (ζ-
potential) of 32.50 ± 0.21 mV, which is favorable for cellular uptake. The drug-loading and
entrapment efficiency were satisfactory, with 75.52 ± 0.87% of silibinin encapsulated within
the NPs. In vitro release studies showed a cumulative drug release of 63.25 ± 1.21% over
48 h, indicating sustained drug delivery. The aerodynamic behavior of the formulation
was assessed to ensure its suitability for pulmonary administration with a mass median
aerodynamic diameter of 2.75 ± 1.02 μm and a geometric size distribution of 3.15 ± 0.88 μm
in the optimal range for deep lung deposition. The cytotoxicity assay conducted on a lung
cancer cell-bearing rat model indicated an IC50 value of 24.5 μg/mL after incubating for
24 h, suggesting notable anticancer potential. The biodistribution studies confirmed that
silibinin-loaded CNPs functionalized with folic acid NPs led to a higher accumulation of
silibinin in lung tissues compared to non-targeted formulations. These results collectively
show that the developed NPs system not only offers a non-invasive delivery method
but also confirms improved localization of the therapeutic agent at the tumor site due to
active targeting, making it a promising candidate for lung cancer therapy.

4.2. Sodium Alginate-Based Nanoparticles

Polymeric biomaterials like alginate (ALG) are widely used in medical applications
due to their compatibility with physiological conditions and lesser adverse effects. ALG
is highly valued for its biocompatible and hemostatic properties, as well as its capacity
for chemical modification. Its hydroxyl and carboxyl groups allow hydrogen bonding,
making it suitable for gel formation, muco-adhesion, and improving transdermal drug
delivery [115]. ALG NPs are effective drug carriers, allowing biodegradability, high drug-
loading potential, and low toxicity. These NPs can seal a variety of therapeutic agents,
including oligosaccharides, proteins, and anticancer compounds. They are adaptable
for multiple administration routes—oral, nasal, intravenous, and ocular [115]. ALG’s
properties can be improved through blending with other polymers, chemical or physical
crosslinking, or surface modifications using targeting agents such as antibodies, peptides, or
aptamers. These modifications enhance specificity and minimize required drug doses [115].

Huang et al. [116] formulated an innovative nanocomposite comprising silver NPs
(Ag NPs) supported on alginate-modified magnetic NPs (Fe3O4/Alg). The material was
synthesized to target human lung carcinoma cells. The use of sodium alginate, which
is a natural anionic polysaccharide, provided stability and biocompatibility during the
reduction of Ag(I) ions to Ag NPs. The resulting nanocomposite combines the therapeutic
potential of the magnetic targeting capability of Fe3O4 with silver. Given the high mortality
rate of lung cancer and limitations in current treatments, this study shows a promising
magnetically controllable, biocompatible, and cytotoxic agent, particularly designed to
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oppose lung cancer cells without harming normal cells. The synthesis of the Fe3O4/Alg-Ag
nanocomposite began with the preparation of magnetite (Fe3O4) particles, served as the
magnetic core. These particles were coated with sodium alginate, which functioned as both
a stabilizer and reducing agent for silver ions. Then, after AgNO3 was introduced, AgNPs
were reduced in situ, resulting in their stable deposition on the alginate-modified Fe3O4

surface. The resulting composite was characterized by various techniques; Fourier Trans-
form Infrared (FTIR) confirmed chemical bonding and functional groups Field Emission
Scanning Electron Microscopy (FE-SEM) and Transmission electron microscopy [117] of-
fered morphological insights, Energy Dispersive X-ray (EDX) analysis validated elemental
composition, Vibrating Sample Magnetometer (VSM) evaluated magnetic properties, and
inductively coupled plasma–optical emission spectrometer (ICP-OES) provided quantita-
tive elemental analysis. To evaluate biological effects, cytotoxicity studies were conducted
using the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay. Non-
small cell lung carcinoma cell lines NCI-H1975, NCI-H1563, and NCI-H1299 were treated
with varying concentrations of the nanocomposite. The MTT assay assessed mitochondrial
activity by measuring absorbance at 570 nm. Human umbilical vein endothelial cells (HU-
VECs) were used as a control to detect toxicity toward normal cells. The nanocomposite’s
antioxidant activity was analyzed by using the 2,2-(2,2-diphenyl-1-picrylhydrazyl (DPPH)
assay, in which half of the free radicals were neutralized at a concentration of 194 μg/mL,
demonstrating moderate antioxidant capacity, potentially linked to its anticancer effects.

Recently, Işıklan et al. [118] formulated an innovative alginate-based bio-nanocomposite
for targeted delivery of the chemotherapeutic drug etoposide and improved photother-
mal therapy in lung cancer treatment. The research highlights the central role of alginate
in creating a stable, responsive delivery platform. Chemical modifications in alginate
were performed by grafting it with poly (2-hydroxypropyl methacrylamide), forming a
copolymer (SA-g-poly (2-hydroxypropyl methacrylamide) that improved the structural
and functional features of the nanocomposite. The (SA-g-poly (2-hydroxypropyl methacry-
lamide) matrix was further combined with magnetite-functionalized graphene oxide to
enhance responsiveness to external stimuli. However, it is the alginate backbone that
provides the primary scaffold, ensuring the hydrogel maintains its integrity and allows
for environmentally sensitive drug release. The nanocomposite was synthesized by using
an emulsion method and underwent comprehensive physicochemical characterization
using FT-IR, ultraviolet–visible (UV–Vis) spectroscopy, X-ray diffractometer (XRD), dy-
namic light scattering (DLS), TEM, FE-SEM, and atomic force microscope (AFM) analyses.
These techniques confirmed the successful formation of a nanostructured network with
favorable morphological and surface properties. Upon exposure to near-infrared laser light
(808 nm, 1 W/cm2, 10 min), the composite possessed a notable temperature rise of over
29 ◦C. This thermal response facilitated a controlled release of etoposide, further regulated
by pH, magnetic fields, and magnetite-functionalized graphene oxide concentration. The
alginate-based platform played a vital role in enabling stimulus-responsive drug release,
making it especially effective for site-specific lung cancer therapy. Cell studies using H1299
lung cancer lines revealed that the nanocomposite, when combined with near-infrared irra-
diation, notably increased cell death, demonstrating the synergistic potential of combined
chemotherapy and photothermal treatment.

4.3. Gelatin-Based Nanoparticles

Gelatin-based NPs (GNPs) offer significant benefits in the management of lung cancer
due to their biodegradability, biocompatibility, and ease of surface modification. Derived
from collagen, gelatin is a naturally occurring polymer that is well tolerated and non-toxic
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in biological systems, making it an ideal material for drug delivery applications. GNPs can
encapsulate a vast range of therapeutic agents, including targeted therapies, chemothera-
peutics, and immunomodulators, allowing for controlled and sustained release at tumor
sites [119]. In lung cancer, targeted delivery is especially critical to reduce damage to
healthy lung tissue and minimize systemic side effects. One major benefit of GNPs is
their ability to increase drug solubility and stability, thus improving the bioavailability of
poorly soluble anticancer drugs. Their flexible surface properties allow for functionalization
with antibodies and ligands, enabling active targeting of cancer cells or tumor-associated
microenvironments [120]. This targeted approach enhances therapeutic efficacy and mini-
mizes off-target toxicity. GNPs can be engineered to respond to specific stimuli such as pH
or enzymes present in tumor tissues, allowing site-specific drug release. Their small size
promotes penetration into tumors and increases cellular uptake. Overall, GNPs display a
promising and versatile platform for safer, more effective lung cancer therapy [121].

Ali et al. [122] performed a novel approach to improve cancer immunotherapy by
using GNPs as carriers for nivolumab, which is a PD-1 checkpoint inhibitor, to promote
the cytotoxic activity of effector Jurkat T-cells against A549 lung carcinoma cells. The
researchers developed GNPs to increase the delivery of nivolumab for improved cancer
immunotherapy. The optimized GNPs (191.9 nm, PDI 0.027, 54.67% entrapment) showed
increased cytotoxicity in a Jurkat T-cell–A549 lung carcinoma co-culture. Nivolumab-loaded
GNPs achieved an 87.88% inhibition rate versus 60.53% for the free drug and a lower IC50

(0.41 μM vs. 1.22 μM), indicating increased potency. This nano-formulation allows a
promising, more effective, and safer alternative for targeted cancer immunotherapy.

Gu et al. [94] formulated paclitaxel-loaded PEGylated GNPs (PEG-PTX-GNPs) to
improve treatment efficacy in NSCLC. First, PTX-GNPs were synthesized using glutaralde-
hyde crosslinking and then PEGylated with PEG 400. These NPs were evaluated for surface
morphology, size, drug loading, in vitro release, zeta potential, cytotoxicity, cellular uptake,
in vivo antitumor activity, histopathology, pulmonary deposition, and immunohistochem-
istry. The PEG-PTX-GNPs were spherical (90–115 nm) with a drug loading of 20.18–32.11%
and stable encapsulation efficiency. In vitro, they showed the highest antiproliferative
effect and cellular uptake. In vivo, they achieved 100% survival, maximum tumor inhibi-
tion, highest pulmonary deposition (6.5–12.55 μg/g), and superior histological outcomes,
confirming their therapeutic potential in NSCLC.

Vaghasiya et al. [123] formulated an enzyme-responsive, advanced, and receptor-
targeted drug delivery system using GNPs for effective lung cancer therapy. These NPs
were designed to respond particularly to the TME by targeting overexpressed mannose
receptors and matrix metalloproteinase-2 (MMP-2) enzymes commonly found in NSCLC
tissues. The GNPs were surface-functionalized with concanavalin A, a plant lectin that
binds to mannose-rich glycoproteins on cancer cells or tumor cells membranes, increasing
receptor-mediated endocytosis. Cisplatin was encapsulated within the gelatin matrix to
form CG-NP, and when coated with concanavalin-A, the final construct was termed CCG-
NP. This NP system possessed a dual-targeting mechanism as concanavalin-A allowed cell-
specific uptake via mannose receptor recognition, and the gelatin matrix was engineered
for MMP-2-sensitive degradation, leveraging enzyme-triggered and localized release of
cisplatin. In vitro studies using A549 lung cancer cells showed that CCG-NPs possessed
superior cellular internalization after 12 h compared to non-coated particles. The presence
of MMP-2 boosted drug release, enhancing therapeutic outcomes. Also, CCG-NPs notably
induced ROS production, induced apoptosis, and caused cell cycle arrest in S and G2/M
phases. Overall, this stimuli-responsive, inhalable, NP system provides a highly selective
and efficient platform for lung cancer treatment.
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Kononenko et al. [124] examined a novel lung cancer treatment strategy using GNPs as
carriers for APS7, which is a synthetic analog of a marine toxin that functions as a nicotinic
acetylcholine receptor (nAChR) antagonist. Their study aimed to improve chemotherapy
efficacy while reducing off-target effects, mainly in nicotine-exposed lung cancer cells, which
often show high resistance to therapy due to nAChR activation. Nicotine, by stimulating
these receptors, supports cancer cell proliferation and inhibits apoptosis. By administering
APS7 through GNPs, the researchers targeted these resistance mechanisms in A549 lung
adenocarcinoma cells, displaying a potential dual-action therapeutic nanoplatform. APS7 was
encapsulated within GNPs (APS7-GNPs) and their biological effects were tested on A549 lung
cancer cells, including in nicotine-stimulated conditions. The study assessed calcium influx,
proliferation, and chemosensitivity to cisplatin. Both APS7 and APS7-GNPs blocked nicotine-
induced calcium influx and improved cisplatin efficacy. APS7-GNPs notably outperformed
free APS7 by more effectively reducing proliferation and demonstrating higher selectivity,
sparing normal lung epithelial BEAS-2B cells. The primary method to measure reproductive
survival and colony formation was a clonogenic assay, assessing the influence of nicotine,
APS7, and cisplatin on cancer cell viability over 13 days. The panel in Figure 3A evaluated the
impact of nicotine on untreated and pretreated A549 cells utilizing a clonogenic assay. Cells
exposed to 0.5 μM nicotine displayed notably higher surviving fractions (SFs) as compared to
those grown in nicotine-free medium, indicating nicotine’s pro-survival effect. This suggests
that nicotine improves the reproductive viability of lung cancer cells, which may contribute
to chemoresistance. Figure 3B shows the effects of pre-treatment with GNPs, APS7, and
APS7-GNPs on reproductive survival were examined. Pre-treatment with empty GNPs had
no significant effect on SF in either medium. Free APS7 reduced the SF of nicotine-stimulated
cells but not in standard medium. Significantly, APS7-GNPs notably minimized SF in both
media, suggesting increased efficacy and a more generalized antiproliferative effect. Figure 3C
displays a panel that assessed cisplatin’s impact, alone and in combination with APS7 or
APS7-GNPs. Cisplatin alone reduced SF in normal conditions (SF = 0.56), but its effect was
negligible under nicotine exposure (SF = 0.94). When combined with either APS7 or APS7-
GNPs, this nicotine-induced resistance was attenuated. APS7-GNPs were more effective,
restoring cisplatin sensitivity even in the presence of nicotine. Figure 3D presents imaging of
colonies, further validating APS7-GNPs’ superior performance.

In 2020, Chen et al. [125] performed a study to address the challenge of cisplatin
resistance in lung cancer therapy by developing a dual-drug delivery system using gelatin-
based NPs. Cisplatin is a standard chemotherapeutic agent in treating lung cancer, but
its efficacy is hindered by the development of resistance. To counter the limitation, the re-
searchers designed a nanocarrier system incorporating both cisplatin and epigallocatechin
gallate, a naturally occurring polyphenol known for its anticancer properties. Gelatin was
selected as the polymeric matrix due to its inherent biocompatibility, biodegradability, and
capacity for drug encapsulation, making it an ideal vehicle for targeted drug delivery. The
self-assembled gelatin/epigallocatechin gallate (GE) NPs were synthesized first, followed
by the incorporation of cisplatin to create GE NPs. These particles were spherical with an
average size of 75 nm and a positive zeta potential of +19.83 ± 0.25 mV, as determined by
dynamic light scattering and confirmed through TEM. The NPs showed high drug-loading
efficiency, approximately 63.7% for cisplatin and 89% for epigallocatechin gallate. In vitro
experiments using A549 human lung adenocarcinoma cells showed that GE-Pt NPs at low
concentrations, i.e., epigallocatechin gallate 5 μg/mL and cisplatin 2 μg/mL, possessed
notably improved cytotoxicity as compared to cisplatin alone. Further analysis via induc-
tively coupled plasma mass spectrometry displayed higher intracellular accumulation of
cisplatin when delivered through the NPs, attributed to efficient endocytic uptake, and this
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improved delivery led to increased therapeutic efficacy. The combination of epigallocate-
chin gallate and cisplatin within a gelatin-based nanocarrier possessed a synergistic effect,
suggesting a promising approach to overcome cisplatin resistance. The study emphasizes
the advantages of gelatin as a nanocarrier, not only for its safe biological profile but also for
its ability to improve drug stability and promote controlled release. Overall, the research
supports the potential of GE-Pt NPs as an effective strategy for enhancing lung cancer
treatment outcomes.

Figure 3. Effects of APS7-GNPs and cisplatin on colony formation of A549 lung cancer cells in normal
and nicotine-containing conditions. (A) Schematic illustration of the clonogenic assay procedure.
Cells were treated with gold nanoparticles (GNPs), APS7, APS7-GNPs, or cisplatin for 24 h, with or
without nicotine, followed by seeding and incubation for 13 days before colony counting. (B) Quanti-
tative analysis showing that APS7-GNPs significantly reduced colony formation compared to GNPs
or APS7 alone, especially under nicotine exposure. (C) Combination of APS7-GNPs with cisplatin
further reduced surviving fraction (SF), even in nicotine-containing medium. (D) Representative
images of colony formation under each treatment condition. ** equals p < 0.01; *** equals p < 0.001;
NS equals p > 0.05—not significant; ANOVA with Bonferroni’s post test). Data from [124], published
by Elsevier, 2024.

4.4. Poly Lactic Acid-Based Nanoparticles

Poly lactic acid (PLA)-based NPs are biocompatible and biodegradable carriers derived
from renewable sources, mainly used in drug delivery applications, including cancer
therapy. In the management of lung cancer, PLA NPs offer a major platform for the targeted
delivery of gene therapies, chemotherapeutic drugs, and immune-modulating agents. Their
biodegradability ensures safe breakdown into lactic acid, a naturally occurring metabolite,
minimizing long-term toxicity [126]. The primary advantage of PLA-based NPs lies in
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their ability to provide controlled and sustained drug release, which increases therapeutic
efficiency while minimizing dosing frequency. Their small size facilitates deep tumor
penetration and cellular uptake, while surface modification allows active targeting of
lung cancer cells or tumor-specific receptors. PLA NPs can also protect sensitive drugs
from premature degradation, improving their bioavailability [126]. Overall, PLA-based
NPs systems increase treatment precision, reduce systemic side effects, and support the
development of safer and more effective therapies for lung cancer patients.

Wang et al. [127] introduced a novel targeted drug delivery system using transferrin-
conjugated polymeric NPs (CD-RES TNPs) to increase resveratrol (RES) delivery for the
treatment of NSCLC. RES is a natural polyphenol with anticancer properties, but it has poor
solubility and bioavailability. By complexing RES with cyclodextrin (CD) and encapsulating
it in poly lactic glycolic acid (PLGA) NPs, functionalized with transferrin ligands, the
researchers aimed to improve RES targeting to NSCLC cells via transferrin receptor (TfR)-
mediated endocytosis, thereby enhancing therapeutic outcomes and reducing off-target
toxicity. The researchers formulated cyclodextrin-RES-loaded NPs (CD-RES NPs) and
CD-RES TNPs using PLGA and tested them in H1299 NSCLC cells. NPs demonstrated
high encapsulation efficiency ~90%. Cytotoxicity assays indicated that CD-RES TNPs
notably reduced IC50 values and colony growth compared to plain RES or non-targeted NPs.
Apoptosis induction and anti-migration effects were improved in CD-RES TNPs. Hemolysis
assays confirmed biosafety. Three-dimensional spheroid culture studies mimicking tumor
architecture validated the superior efficacy of CD-RES TNPs in tumor penetration and
growth inhibition over 15 days, under both single and multiple dosing regimens. Figure 4A
shows single-dose spheroid images: After one dose of 7 μM treatment on day 0, spheroids
were imaged over 15 days. Control spheroids showed continuous growth, while CD-RES
NP and CD-RES TNP treatments significantly inhibited spheroid expansion. CD-RES
TNPs notably reduced spheroid size more than plain RES, indicating enhanced tumor
inhibition from receptor-mediated delivery. Figure 4B shows single-dose spheroid volume
data: Quantitative data showed control spheroids grew 2.59 ± 0.30-fold (≈258.7%), while
RES-treated spheroids grew 1.48 ± 0.30-fold (≈148.4%). CD-RES NP and CD-RES TNP-
treated spheroids shrank notably, with volumes decreasing to 15.6 ± 14.0% and 67.1 ± 3.1%
of the original size, respectively. CD-RES TNPs outperformed plain RES significantly
(p < 0.05), though no statistical difference was found between CD-RES NP and CD-RES
TNP groups. Figure 4C displays multiple-dose spheroid images: In a repeated-dose setup,
spheroids treated with all formulations (RES, CD-RES NP, CD-RES TNP) possessed visibly
reduced growth compared to controls. Visual observation confirmed a consistent pattern
of volume suppression by NP treatments over 15 days. Figure 4D displays multiple-dose
spheroid volume data: Control spheroids expanded 2.21 ± 0.27-fold (~221.5%), while RES,
CD-RES NP, and CD-RES TNP groups reduced volumes to 58.3 ± 3.9%, 52.3 ± 4.0%, and
61.9 ± 3.6%, respectively (p < 0.0001 vs. control). This confirms the superior therapeutic
efficiency of NP-based formulations in sustained tumor growth inhibition.

Yao et al. [128] conducted a study to improve lung cancer treatment by developing a novel
nano-delivery system using PLGA NPs to co-deliver resveratrol and phosphatase and tensin
homolog deleted on chromosome ten (PTEN) siRNA. NSCLC contributes to a majority of lung
cancer cases are mainly metastatic, and survival rates remain low because of limited therapeutic
efficacy and cancer cell resistance. Resveratrol, a naturally occurring polyphenol, possesses
significant anticancer properties, including prevention of carcinogenesis, inhibition of tumor
proliferation, and induction of apoptosis. However, its clinical application is restricted because of
poor bioavailability and short biological half-life. To overcome this, the researchers encapsulated
resveratrol along with PTEN-targeting siRNA into PLGA NPs modified with polyethylene imine
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(PEI). PLGA was selected due to its favorable characteristics—biocompatibility, biodegradability,
excellent drug-loading capacity, and extended systemic circulation, making it an ideal vehicle
for controlled and passive tumor-targeted drug delivery. The NPs were synthesized using
a solvent-free evaporation technique without stabilizers and were then characterized using
electron microscopy. Resveratrol and siRNA were fluorescently labeled with Oregon Green and
Cy5, respectively, to help in tracking and cellular uptake analysis. The final NPs complexes,
termed PLGA-PEI-RES-PTEN, measured approximately 80 nm in size. Notably, NPs’ size
increased upon PEI surface modification and siRNA loading. Functional studies, including
Western blotting and CCK8 assays, indicated that co-delivery of resveratrol and PTEN siRNA
enhanced cytotoxicity against A549 and cisplatin-resistant A549/T12 lung cancer cell lines. The
knockdown of PTEN notably amplified resveratrol’s toxicity toward cancer cells, suggesting
a synergistic anticancer effect. Additionally, the nanocomplex was effectively internalized by
cancer cells, facilitating PTEN gene silencing and thereby disrupting tumor cell survival and
proliferation. The study demonstrated that this PLGA-based nanoplatform not only improved
the therapeutic efficacy of resveratrol but also provided a dual-action approach by combining
chemotherapeutic and gene silencing effects.

 

Figure 4. Three-dimensional spheroid assay evaluating the impact of treatments on H1299 tumor
spheroid growth. (A) Representative images from a single dose. (B) Quantitative analysis of spheroid
volume, normalized to day 0, for the single-dose group over 15 days. (C) Multiple-dose experiments
captured at 10× magnification on days 0, 3, 9, and 15 (scale bar = 500 μm). (D) Volume quantification
for multiple-dose spheroids during the same period. Significance between groups was analyzed by
one-way ANOVA and Tukey’s multiple comparisons test. * p < 0.05 and **** p < 0.0001. Reproduced
with permission from Xuechun Wang et al., Journal of Drug Delivery Science and Technology;
published by Elsevier, 2025 [127].
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Chittasupho and colleagues demonstrated that conjugating the CXCR4-targeting
peptide LFC131 onto PLGA NPs significantly enhanced the delivery of doxorubicin to
CXCR4-expressing A549 lung cancer cells. These LFC131-DOX NPs exhibited faster and
greater cellular uptake, CXCR4-specific internalization confirmed via competitive inhibi-
tion, and sustained drug release, highlighting their promise as a targeted and controlled
delivery system [83]. In another study, the authors demonstrated that cLABL-conjugated
PLGA NPs specifically target ICAM-1-expressing A549 lung epithelial cells, enhancing
doxorubicin uptake and cytotoxicity via ICAM-1-mediated internalization. The system
showed sustained drug release and confirmed potential as a targeted and controlled-release
drug delivery platform [84].

4.5. Poly Caprolactone-Based Nanoparticles

Polycaprolactone (PCL)-based NPs are a class of biodegradable and biocompatible
polymeric carriers known for their slow degradation rate and excellent drug encapsula-
tion capabilities. In the context of lung cancer management, PCL NPs have emerged as
a valuable platform for the sustained and targeted delivery of anticancer agents. Their
hydrophobic nature allows effective loading of poorly water-soluble chemotherapeutic
drugs, enhancing their solubility and therapeutic impact [129]. The key advantage of PCL
NPs is their long-term drug release profile, which maintains therapeutic drug levels over
extended periods, reducing the need for frequent dosing. This sustained delivery helps
minimize systemic toxicity and enhances patient compliance. Additionally, PCL NPs can
be surface-functionalized for active targeting of lung tumor cells, improving drug accumu-
lation at the tumor site while sparing healthy tissue. Their stability and compatibility with
a range of drugs make PCL NPs a promising tool for improving treatment outcomes in
lung cancer therapy [130].

Cabeza et al. [131] developed DOX-loaded PCL NPs as a strategy to enhance antitumor
efficacy while reducing systemic toxicity in lung and breast cancer treatments. Recognizing
the severe side effects of free DOX, especially cardiotoxicity, the researchers designed PCL
NPs with improved physicochemical and biocompatibility profiles. Their goal was to assess
these NPs’ ability to deliver DOX more effectively to tumor sites while sparing healthy
tissues, using both in vitro and in vivo models, including human and mouse breast and
lung cancer cell lines, as well as immunocompetent mice bearing tumor xenografts. In
their experimental setup, the team synthesized DOX-loaded PCL NPs via a modified nano-
precipitation method and characterized them for cellular uptake, cytotoxicity, and in vivo
therapeutic effect. The NPs displayed excellent biocompatibility, enhanced DOX uptake
by cancer cells, and induced up to a 98% reduction in the IC50 in E0771 breast cancer cells.
In vivo studies confirmed a significant reduction in tumor volume (~36%) in both breast
and lung tumor models. Importantly, mice treated with DOX-PCL NPs maintained normal
body weight and showed fewer toxic side effects, particularly reduced cardiotoxicity, com-
pared to free DOX-treated groups. Figure 5A demonstrates tumor volume in C57BL/6 mice.
No significant difference was seen between saline and blank PCL NP groups. However,
mice treated with DOX-PCL NPs showed a ~36% greater tumor volume reduction than
those treated with free DOX, in both lung and breast cancer models (p < 0.05), indicating
superior antitumor efficacy of the nano-formulation. Figure 5B highlights survival data.
In lung tumor-bearing mice, DOX-PCL NP treatment significantly prolonged survival
compared to free DOX. However, no survival difference was observed between the DOX
and DOX-PCL NP groups in breast cancer models, as shown by overlapping Kaplan–Meier
curves. Figure 5C shows organ-specific toxicity. Histological examination of liver and lung
tissues revealed no notable injuries across all treatment groups, confirming the safety of
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PCL NPs at the administered dose. Figure 5D focuses on cardiotoxicity markers. Free DOX
elevated CRP levels by 49.7% (p < 0.05), indicating inflammation, while DOX-PCL NPs
caused no such increase. Other markers like MMP-9 and sVACM-1 remained stable across
all groups. Figure 5E depicts body weight trends during a 14-day study. No significant
weight changes were observed in any group, further supporting the minimal systemic
toxicity of DOX-loaded PCL NPs.%

 

Figure 5. (A) Tumor volume progression in C57BL/6 mice with subcutaneous tumors derived from
E0771 breast cancer and LL/2 lung cancer cells is shown after intravenous treatment with DOX-
loaded PCL NPs, free DOX, and blank PCL NPs. Tumor growth inhibition is graphically presented
as mean ± S.D. (n = 10), with representative images of LL/2 tumors. (B) Kaplan–Meier survival
curves depict the survival outcomes of mice following the same treatments. Statistical differences
between groups were analyzed using the log-rank test (n = 10). (C) Hematoxylin and eosin staining
of heart, liver, and lung tissues reveals cardiotoxic effects in mice treated with free DOX. (D) Blood
biomarkers of cardiovascular injury show elevated CRP levels in the free DOX group. (E) Body
weight trends over 14 days post-treatment show weight loss in mice given free DOX. Reproduced
with permission from Laura Cabeza et al., European Journal of Pharmaceutical Sciences; published
by Elsevier, 2017 [131].

Akbari et al. [132] analyzed a novel dual-drug nanocarrier system to improve the ther-
apeutic efficacy of lung cancer treatment by co-encapsulating cisplatin and methotrexate
(MTX) within a PLA-PEG copolymer-based NPs platform. The study aimed to harness the
complementary mechanisms of these two clinically established anticancer agents. Cisplatin
induces DNA damage leading to apoptosis, while MTX disrupts folate metabolism essential
for DNA synthesis and repair. The combination of these drugs within a single delivery
system offers a strategic advantage in targeting multiple pathways involved in cancer
progression. The selected PLA-PEG polymeric matrix was chosen due to its biodegrad-
able, biocompatible, and environment-responsive properties, making it an ideal candidate
for controlled and sustained drug release in cancer therapy. The NPs, characterized as
spherical via scanning electron microscopy, effectively encapsulated both drugs. In vitro
evaluation against A549 human lung carcinoma cells demonstrated that the methotrexate-
co-encapsulating cisplatin-loaded NPs notably reduced cell viability, as confirmed by MTT
assay, and induced significant levels of apoptosis, as observed through DAPI nuclear
staining. Further, qRT-PCR analysis supported these findings by revealing enhanced ex-
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pression of apoptosis-related genes. This dual-drug-loaded nanocarrier exhibited superior
antitumor activity compared to single-drug formulations, highlighting its potential in
overcoming chemoresistance and enhancing cytotoxic effects. The synergistic action of
MTX and co-encapsulating cisplatin, delivered through a PLA-PEG platform, not only
maximizes therapeutic impact but also reduces systemic toxicity by allowing for targeted
and localized drug release. The study underlines the critical role of PLA-PEG copolymers
in nanomedicine, as they provide a stable, customizable, and efficient vehicle for deliver-
ing combination chemotherapy agents. These findings suggest that PLA-PEG-based NPs
co-loaded with methotrexate and cisplatin represent a promising and effective approach
for the treatment of NSCLC, warranting further preclinical and clinical exploration.

4.6. Poly(amidoamine)-Based Nanoparticles

Poly(amidoamine) (PAA or PAMAM) could be stepwise synthesized to yield den-
drimers that have a hyper-branched, tree-like structure with active functional groups and
well-defined size. Dendrimers are biocompatible, water soluble, and redox sensitive. Re-
grettably, uncoated dendrimers were reported to have certain cellular toxicity; therefore,
surface modification, such as PEGylation, is essential to improve their safety [133].

Guo et al. [134] synthesized PAA-iRGD/siEGFR polyplexes from PAA dendrimers that
were functionalized with iRGD tumor penetration peptide and complexed with siEGFR,
siRNA that silences EGFR for lung cancer therapy. PAA-iRGD showed an average size of
223.7 ± 3.1 nm and zeta potential of 35.2 ± 3.2 mV. PAA-iRGD/siEGFR showed higher
gene silencing ability compared to PAA and PEI, significantly inhibited H1299 cells’ prolif-
eration and migration. PAA-iRGD/siEGFR inhibited lung tumor growth in BALB/c mice
compared to PAA/siEGFR and PEI/siEGFR. These findings indicated that PAA-iRGD is a
promising gene carrier in cancer treatment.

Bai et al. [135] prepared docetaxel (DTX)-alendronate (ALN)-PAMAM (DTX@ALN-
PAMAM) to treat bone metastases of lung cancer. The drug loading, size, and zeta potential
of DTX@ALN-PAMAM were 5.2 ± 0.4%, 99 ± 13 nm, and 4.35 ± 0.28 nm, respectively.
DTX@ALN-PAMAM significantly enhanced DTX anticancer activity and inhibited osteo-
clast formation in in vitro bone metastases model. DTX@ALN-PAMAM showed the highest
cancer inhibition rate compared to ALN and free DTX in vivo mouse model. The findings
suggested that DTX@ALN-PAMAM exhibited synergistic effects that could be used on
bone metastases of lung cancer.

4.7. Polymethacrylate-Based Nanoparticles

NPs from poly (methyl methacrylate) (PMMA) are easy to synthesize and functionalize,
biocompatible. Core–shell PMMA NPs were developed to resolve the agglomeration issue
of PMMA. Yin et al. [136] prepared polymethacrylic acid (PMAA) NPs loaded with Fe(III)
and cypate dye coated with mesenchymal stem cell membrane (MSCs) or red blood cell
membranes (RBCs) for photothermal-enhanced radiotherapy of NSCLC. The average
size and zeta potential of Cyp-PMAA-Fe@MSCs were 248.4 and −22.3 mV. Cyp-PMAA-
Fe@MSCs exhibited a strong photothermal hyperthermia effect when exposed to 808 nm
laser irradiation. The fluorescence signal of Cyp-PMAA-Fe@MSCs in tumor-bearing mice
was 21% stronger than that in the RBCs group, indicating more tumor accumulation.
Tumors on mice treated with photothermal therapy and radiotherapy shrank 32% more
than those treated with only radiotherapy. The findings suggested that Cyp-PMAA-
Fe@MSCs could be applied for tumor diagnosis and precise treatment of NSCLC. Table 5
illustrates the recent investigation of polymeric NPs for the treatment of lung cancer.
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Table 5. Studies for polymeric NPs for lung cancer management.

Type of Polymeric NPs Drug Encapsulated/Cell Line Used
In Vitro/In Vivo

Studies
Outcome References

Chitosan Carbamazepine In vivo Enhanced brain targeting and therapeutic
efficacy at 219 nm and 80% drug entrapment [92]

Glycol-modified chitosan Hepatitis B vaccines In vivo Enhanced mucosal delivery [108]

Chitosan DOX In vivo Enhanced intestinal absorption [137]

Chitosan Paclitaxel—MDA-MB-231 breast
cancer cells Both Enhanced anticancer activity compared to free

paclitaxel in MDA-MB-231 breast cancer cells [137]

Chitosan DOX, siRNA, IGF-1R—A549 lung
cancer cell line In vitro Improve anticancer efficacy in A549 lung

cancer cell line [110]

Chitosan Berberine—urethane-induced lung
cancer in male albino mice In vivo

Prevented tumor angiogenesis by reducing
levels of serum VEGFR2 and lung HIF-1 gene
expression, oral administration and
eco-friendly alternative

[112]

Gelatin Nivolumab—A549 lung carcinoma cell In vitro 87.88% inhibition rate, increased potency [122]

PEGylated gelatin Paclitaxel NSCLC Both Highest antiproliferative effect, 100% survival,
maximum tumor inhibition [94]

Gelatin Concanavalin A—A549 lung
cancer cells In vitro Increased apoptosis by boosted drug release [123]

Gelatin APS7 and cisplatin—A549 cells In vitro Improved cisplatin efficacy by blocking
nicotine-induced calcium influx [124]

Polycaprolactone DOX—E0771 breast cancer cells and
lung models Both Reduced DOX cardiotoxicity and improved

anticancer activity [131]

Poly(amidoamine) Docetaxel (DTX)-alendronate
(ALN)—A549 cells and mouse model Both

Enhanced DTX anticancer activity
Suppressed bone resorption, pain response,
and growth of bone metastases

[135]

5. Clinical Trials Associated with Polymeric NPs-Based Drug Delivery
for Lung Cancer

Clinical trials investigating polymeric NPs for lung cancer treatment are gaining mo-
mentum due to their potential to enhance targeted drug delivery and reduce systemic
toxicity. Several ongoing and completed trials have evaluated polymeric NP-based for-
mulations such as albumin-bound paclitaxel (Abraxane) and PEGylated drug carriers for
improved therapeutic outcomes [138]. These trials focus on evaluating safety, pharma-
cokinetics, and tumor response in patients with NSCLC. Early results indicate improved
drug accumulation at tumor sites and reduced adverse effects compared to conventional
therapies. However, larger-scale, randomized studies are needed to establish their efficacy
and enable widespread clinical adoption. Table 6 illustrates the summary of clinical trials
on polymeric NPs for lung cancer management.
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6. Challenges, Limitations, and Future Perspective

Despite the promising advancements in polymeric NPs for targeted lung cancer
therapy, several critical challenges and limitations hinder their full clinical translation.
These challenges are associated with physicochemical properties, biological barriers, safety
concerns, manufacturing scalability, and regulatory approval. The major obstacle for
polymeric NPs mediated lung cancer therapy is the complex biological environment that
impedes efficient drug delivery [143]. After systemic administration, NPs must navigate
through the bloodstream, avoid clearance by the mononuclear phagocyte system, and
overcome endothelial barriers to reach the tumor site. Even when utilizing passive targeting
via the EPR effect, many NPs are sequestered by the liver and spleen, reducing lung-specific
accumulation. Active targeting using ligands such as antibodies or peptides improves
specificity, but receptor heterogeneity in tumors can limit their efficacy [144].

The EPR effect, while foundational to passive tumor targeting, is highly heterogeneous
and influenced by multiple factors. Tumor type significantly affects vascular permeabil-
ity, with highly angiogenic and leaky vasculature in some solid tumors (e.g., hepatocel-
lular carcinoma) favoring stronger EPR, whereas desmoplastic or poorly vascularized
tumors (e.g., pancreatic cancer) exhibit limited NP accumulation. Tumor size also plays
a role—smaller, rapidly growing tumors often have immature vasculature that enhances
permeability, while larger tumors may develop necrotic or hypoxic cores with reduced
perfusion, limiting drug delivery [145]. Additionally, tumor location impacts EPR efficacy;
for example, tumors in highly vascularized organs (like the liver) may exhibit different
NP uptake patterns than those in low-perfusion sites or protected areas (such as the brain,
due to the blood–brain barrier). These variabilities present challenges in clinical transla-
tion, as preclinical models often overestimate EPR-driven delivery efficiency, compared to
human tumors, which are more heterogeneous. Understanding and accounting for these
factors is essential for designing nanomedicines with consistent and predictable therapeutic
outcomes [146] (Table 7).

Table 7. Factors influencing EPR effect variability and their impact on clinical translation.

Factor Influence on EPR Effect Impact on Clinical Translation References

Tumor type

Highly angiogenic tumors (e.g., liver, some breast
cancers) exhibit greater vascular permeability;
desmoplastic tumors (e.g., pancreatic, some lung
tumors) have restricted NP extravasation.

Nanomedicine accumulation varies widely;
EPR-based delivery more effective in leaky
tumors, less so in fibrotic or poorly
vascularized tumors.

[147]

Tumor size
Small, rapidly growing tumors have immature,
leaky vasculature; large tumors may have hypoxic
or necrotic cores with poor perfusion.

Drug penetration is reduced in large tumors;
dosing strategies may need to be tailored to
tumor growth stage.

[148]

Tumor location

Location determines local blood flow and vessel
permeability; tumors in highly vascularized organs
differ from those in low-perfusion or protected
areas (e.g., brain).

EPR effect is less pronounced in tumors with
restricted access (e.g., behind the BBB),
limiting passive targeting efficacy.

[149]

Tumor
microenvironment

Dense extracellular matrix, high interstitial fluid
pressure, and stromal barriers reduce
NP penetration.

May necessitate combination strategies
(e.g., stromal modulation, vascular
normalization) to enhance delivery.

[147]

Patient-specific
physiology

Variations in vascular density, permeability, and
immune response affect NP clearance
and distribution.

Personalized nanomedicine design and patient
stratification may improve
therapeutic predictability.

[148]

While pulmonary (inhalation) delivery is ideal for localized lung cancer treatment,
achieving uniform drug deposition in deep lung tissues remains difficult. Factors such
as mucociliary clearance, enzymatic degradation, and variable breathing patterns impact
drug retention and efficacy. Moreover, the formulation must maintain aerodynamic prop-
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erties compatible with inhalation devices without compromising NP stability or drug
activity [144].

Maintaining the physical and chemical stability of polymeric NPs during formulation,
storage, and administration is another challenge. Premature drug leakage, aggregation, and
degradation can reduce therapeutic efficiency. Ensuring controlled, stimulus-responsive
drug release triggered by pH, enzymes, or redox conditions in the TME requires precise
engineering, which is often difficult to reproduce consistently across batches [150].

Although polymeric materials like PLGA, chitosan, and PEG are generally biocom-
patible, the degradation products of some polymers may cause inflammation or toxicity.
Furthermore, limited data exist on the long-term fate and clearance of NPs, especially when
repeatedly administered. Accumulation in non-target organs and the risk of immunogenic-
ity remain unresolved concerns. Surface modifications intended to prolong circulation
or enhance targeting can inadvertently increase toxicity or alter pharmacokinetics unpre-
dictably [151].

Translating lab-scale synthesis to large-scale production poses major technical and
economic challenges. Reproducibility in NPs size, drug-loading efficiency, surface charge,
and batch consistency is essential for clinical success. Sophisticated techniques such as mi-
crofluidics or nanoprecipitation, though precise, are often expensive or not easily scalable,
limiting their commercial viability [152]. Moreover, from a health economics standpoint,
cost-effectiveness is influenced by quality-adjusted life years gained. Preliminary pharma-
coeconomic modeling in oncology suggests that targeted nanomedicine, despite higher
upfront costs, can achieve favorable cost per quality-adjusted life years ratios when ac-
counting for extended survival and improved quality of life. Additionally, the potential for
multifunctional theranostic NPs combining therapy and real-time imaging could streamline
diagnostic workflows, further reducing cumulative costs [153]. Nonetheless, manufac-
turing scalability, supply chain logistics, and regulatory compliance remain cost drivers.
Without economies of scale and optimized production, these therapies risk being unafford-
able in low- and middle-income countries. Health systems may require value-based pricing
models and risk-sharing agreements to ensure accessibility [154]. In conclusion, while novel
NP-based lung cancer therapies currently carry higher sticker prices than conventional
modalities, their potential to deliver durable clinical benefits with fewer downstream costs
positions them as economically viable in the long term provided manufacturing and policy
innovations support widespread adoption [155].

The regulatory pathway for NPs-based drug delivery systems is still evolving. These
systems often blur the lines between drugs and devices, complicating approval processes.
Agencies such as the FDA and EMA require comprehensive characterization of physic-
ochemical properties, stability, pharmacokinetics, biodistribution, and long-term safety.
Demonstrating consistent manufacturing under Good Manufacturing Practice conditions is
essential [156]. Additionally, lack of standardized evaluation protocols for NPs complicates
the approval process. Regulatory submissions must address potential immunogenicity,
accumulation in non-target tissues, and variability in patient responses due to tumor hetero-
geneity. Bridging preclinical promise to clinical reality will require harmonized guidelines,
robust scalability strategies, and cost-optimized manufacturing pipelines [97]. Additionally,
patient variability, tumor heterogeneity, and limited predictive animal models further
complicate clinical trials [99].

The patient variability and tumor heterogeneity in lung cancer stem from diverse
genetic mutations (e.g., EGFR, KRAS, ALK) and phenotypic traits, as well as differences
in tumor microenvironments. These variations can significantly impact therapeutic re-
sponse, making one-size-fits-all NP designs less effective. To address this, PNPs with
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active targeting ligands can be engineered for patient-specific profiles [151]. Molecular
profiling through next-generation sequencing can guide the selection of ligands—such as
antibodies, peptides, or aptamers—that bind receptors overexpressed in an individual’s
tumor subtype. Multifunctional PNPs can also incorporate multiple ligands to simultane-
ously target heterogeneous cell populations within the same tumor, reducing the risk of
resistant subclones. Additionally, stimuli-responsive PNPs can be tuned to exploit unique
tumor microenvironment features (pH, enzymes, redox gradients) that differ between
patients [157]. Modular PNP platforms further allow rapid swapping of targeting moieties
and payloads, enabling personalized therapy adaptation during treatment. This precision
design approach improves drug accumulation in genetically diverse tumors, enhances
therapeutic efficacy, and mitigates off-target toxicity, ultimately bridging the gap between
nanomedicine innovation and real-world patient variability [158].

The integration of polymeric NPs into lung cancer therapy holds immense promise for
transforming current treatment paradigms. Future research must prioritize the formulation
of multifunctional, stimuli-responsive NPs effective in co-delivering chemotherapeutics,
gene therapies, and immunomodulators in a single platform [145]. Innovations in ligand
engineering, particularly tumor-specific peptides and antibodies, will enhance active tar-
geting, overcome tumor heterogeneity, and improve drug accumulation at tumor sites.
Additionally, the design of inhalable NP formulations offers a non-invasive, localized
approach to maximize therapeutic outcomes while minimizing systemic toxicity, a critical
advancement for lung cancer care [159].

Emerging trends in bioinspired and green-synthesized NPs, including hybrid polymer-
metallic systems, also warrant extensive exploration, given their potential for synergistic
imaging and therapeutic applications [160]. Long-term safety evaluations, pharmacoki-
netics, and scalable manufacturing techniques must be refined to bridge the gap between
laboratory innovation and clinical translation. Moreover, integrating artificial intelligence
and machine learning for predictive modeling of NP behavior and personalized therapy
optimization could redefine precision oncology in lung cancer. Ultimately, multidisci-
plinary collaboration among materials scientists, oncologists, and regulatory agencies will
be essential to realize the full clinical potential of polymeric nanomedicine for effective,
patient-tailored lung cancer management [161].

7. Conclusions

Lung cancer remains a leading therapeutic challenge due to its aggressive nature,
late diagnosis, and limitations of conventional treatments. Polymeric NPs have turned
up as promising tools for targeted drug delivery, offering ameliorated efficacy, tumor
specificity, and reduced systemic toxicity. This review explores polymeric NPs, including
chitosan, gelatin, alginate, poly lactic acid, and polycaprolactone, which enhance the de-
livery of chemotherapeutics, gene therapies, and immunomodulators. These nanocarriers
protect drugs from degradation and improve bioavailability. Advanced designs, including
ligand-conjugated, stimuli-responsive, and multifunctional NPs, have further improved
therapeutic outcomes. Incorporating green-synthesized metallic NPs and quantum dots
into polymeric platforms has introduced novel theranostics opportunities, combining
imaging and treatment. However, barriers including NPs stability, biological interactions,
long-term toxicity, and production scalability remain key challenges. Future directions in-
clude optimizing material properties, enhancing biocompatibility, and exploring inhalable
formulations. Artificial intelligence-based therapy design may also accelerate personalized
treatment development. In conclusion, polymeric NPs represent a transformative approach
in lung cancer therapy. With continued interdisciplinary research and clinical validation,
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these systems could significantly improve treatment outcomes, survival rates, and quality
of life for lung cancer patients globally.
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Abstract: Following recovery from the acute infection stage of the SARS-CoV-2 virus (COVID-19),
survivors can experience a wide range of persistent Post-Acute Sequelae of COVID-19 (PASC),
also referred to as long COVID. According to the US National Research Action Plan on Long
COVID 2022, up to 23.7 million Americans suffer from long COVID, and approximately one million
workers may be out of the workforce each day due to these symptoms, leading to a USD 50 billion
annual loss of salary. Neurological symptoms associated with long COVID result from persistent
infection with SARS-CoV-2 in the nasal neuroepithelial cells, leading to inflammation in the central
nervous system (CNS). As of today, there is no evidence that vaccines or medications can clear
the persistent viral infection in olfactory mucosa. Recently published clinical data demonstrate
that only 5% of long COVID anosmia patients have fully recovered during the past 2 years, and
10.4% of COVID patients are still symptomatic 18 months post-infection. Our group demonstrated
that epigallocatechin-3-gallate-monopalmitate (EC16m) nanoformulations possess strong antiviral
activity against human coronavirus, suggesting that this green-tea-derived compound in nanoparticle
formulations could be developed as an intranasally delivered new drug targeting the persistent
SARS-CoV-2 infection, as well as inflammation and oxidative stress in the CNS, leading to restora-
tion of neurologic functions. The objective of the current study was to evaluate the mucociliary
safety of the EC16m nasal nanoformulations and their efficacy against human coronavirus. Methods:
Nanoparticle size and Zeta potential were measured using the ZetaView Nanoparticle Tracking
Analysis system; mucociliary safety was determined using the MucilAir human nasal model; contact
antiviral activity and post-infection inhibition against the OC43 viral strain were assessed by the
TCID50 assay for cytopathic effect on MRC-5 cells. Results: The saline-based EC16 mucoadhesive
nanoformulations containing 0.005 to 0.02% w/v EC16m have no significant difference compared
to saline (0.9% NaCl) with respect to tissue integrity, cytotoxicity, and cilia beat frequency. A 5 min
contact resulted in 99.9% inactivation of β-coronavirus OC43. OC43 viral replication was inhibited
by >90% after infected MRC-5 cells were treated with the formulations. Conclusion: The saline-based
novel EC16m mucoadhesive nasal nanoformulations rapidly inactivated human coronavirus with
mucociliary safety properties comparable to saline, a solution widely used for nasal applications.

Keywords: respiratory virus; long COVID; nasal drug; EC16; EGCG-palmitate; nanoformulations

1. Introduction

According to the Center of Disease Control and Prevention (CDC), long COVID
symptoms can last for weeks, months, or years after the initial COVID-19 illness and can
sometimes result in disability (CDC, long COVID or post-COVID conditions). A recent
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analysis of clinical data found that only 5% of long COVID anosmia patients have fully
recovered during the past 2 years, and 10.4% of COVID patients are still symptomatic
18 months post-infection [1]. The neurologic symptoms associated with long COVID in-
clude fatigue; “brain fog”; cognitive impairment; headache; sleep, mood, smell, or taste
disorders; myalgias; sensorimotor deficits; dizziness; anxiety; depression; earache; hearing
loss and/or ringing in the ears; dysautonomia; and psychiatric manifestations [2–4]. The
pathogenesis of these long COVID neurologic symptoms involves neuroinvasion of SARS-
CoV-2 from the nasal neuroepithelium to the support and stem cells in the olfactory mucosa,
causing persistent olfactory dysfunction (anosmia). This persistence of SARS-CoV-2 also
induces dysregulation of innate and adaptive immunity with prolonged cytokine release,
oxidative stress, and lymphocytic infiltration in the central nervous system (CNS), lead-
ing to stress, demyelination, and neurodegeneration [5]. Thus, therapeutic approaches
targeting long COVID neurologic symptoms must address the persistent presence of SARS-
CoV-2. Effort has been taken to reduce the neurologic symptoms using antiviral drugs
such as Nirmatrelvir (oral), and steroids like fluticasone (nasal), mometasone (nasal), and
naltrexone (oral). Among these clinical studies, the only randomized double-blind clinical
trial showed that mometasone nasal spray did not lead to significant improvement in
recovery rates or duration of anosmia [6]. A Phase II clinical trial using nasal irrigation
with saline + 400 mg theophylline in long COVID patients did not generate satisfactory
outcomes [7]. Despite induction of a robust intranasal antibody production by mRNA
vaccines [8], there is presently no evidence for clearance of persistent SARS-CoV-2 from the
olfactory mucosa by vaccination [9].

In order to address the “root cause” of long COVID neurologic symptoms, the best
approach would be to simultaneously reduce the persistent SARS-CoV-2 viral presence
(persistent infection), the inflammation of olfactory epithelia, and the oxidative stress and
damage in the CNS [10]. Based on our recent studies, we hypothesized that epillagocatechin-
3-gallate (EGCG)-mono-palmitate (EC16m), a compound with multiple mechanisms of
antiviral activity, plus anti-inflammatory, antioxidant, and neuroprotective properties, has
the potential to become a new nasal drug to minimize long-COVID-associated neurologic
symptoms such as anosmia [11,12].

EGCG is a naturally formed hydrophilic major green tea polyphenol which has a wide
spectrum of antiviral activity [13,14], including against SARS-CoV-2 [15]. EGCG can be
esterified chemically to EC16m [16]. The mono-palmitoylated EGCG (EC16m), which is
also a naturally occurring green tea catechin, is an amphipathic compound [17]. We have
shown that EC16m is able to enter epithelial cells and is hydrolyzed by esterase in the
cytoplasm, releasing free EGCG [17,18].

In addition to its antiviral properties, EGCG is able to reduce epithelial cell inflam-
mation in vitro and in vivo [19]. In autoimmune animal studies, we found that EGCG
significantly reduces lymphocyte infiltration and serum autoantibody levels and protects
human cells from TNF-α-induced cytotoxicity [20,21]. Interestingly, our animal studies
showed that EGCG modulates the antioxidant defense enzymes to protect cells from free-
radical-induced damage [22], stabilizes p21 expression, and reduces DNA damage from
inflammation-induced reactive oxygen species [23]. Also, it has been widely reported in
preclinical studies and clinical trials that EGCG provides neuroprotective effects [24–26].
However, the poor bioavailability and instability of EGCG prevent its beneficial effects
from being realized in new drug development [16,27–30].

In comparison to water-soluble EGCG, EC16m is significantly more potent against
influenza virus, herpes simplex virus, and norovirus [29,31,32]. Our recent studies demon-
strate that nanoparticles of EC16 (contains 50% EC16m) or EC16m in saline-based nasal
formulations are able to rapidly inactivate human coronavirus [33,34].

The preparation of green tea catechin (polyphenol) NPs has been explored previously
with different methods. For example, lipid-based NPs of EGCG were produced with
different lipids and a surfactant and evaluated for potential use in cancer treatment through
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oral administration [34–36]. EGCG can be encapsulated in hordein NPs [37] and further
coated with chitosan [38] to improve the bioavailability of EGCG [39].

Our invention of a “facilitated self-assembling” method to generate nanoparticles of
the amphipathic compound EC16/EC16m is a milestone in nanotechnology (U.S. Applica-
tion No. 63/490,712) which enables us to formulate aqueous suspensions of the nanoparti-
cles for various purposes, especially for disease control and prevention using highly effec-
tive and natural compounds. The EC16 nanoparticles (NPs) do not belong to any current
NP classifications such as incidental, bioinspired, anthropogenic, or engineered NPs [33].

Unlike other engineered EGCG NPs, the EC16/EC16m NPs were produced through
a “facilitated self-assembling” method (proprietary, patent pending), which does not
involve association with metals, monomers, oil, or encapsulation. In addition to the
high efficacy of rapid inactivation of human coronaviruses OC43 and 229E, the water-
based nanoformulations are not associated with cytotoxicity [11,12]. In contrast, re-
cently published data showed that engineered EGCG-AgNPs are cytotoxic to human
skin cells (CC50 = 30 μg/mL), and the efficacy is poor against human herpes simplex virus
type 1 and type 2, with less than log10 2 reduction (<99%) after 60 min of incubation [40].
Another study indicated that EGCG-AgNPs become cytotoxic at nM levels [41], while EC16
NPs at 1.4 mM are not associated with cytotoxicity [12].

For intranasally applied formulations, nasal mucociliary clearance transit time (MC-
CTT) and mucociliary toxicity must be considered. The previously tested, saline-based,
aqueous EC16m nanoformulations required further formulation to create a mucoadhesive
formulation because the human MCCT is under 20 min [42]. These novel EC6m mucoadhe-
sive nanoformulations should possess a rapid antiviral effect without mucociliary toxicity.
The objectives of the current study were to evaluate the mucociliary safety of the EC16m
nasal nanoformulations using a 3D Human Nasal Epithelium Model (MucilAir) and test
the efficacy against human β-coronavirus OC43.

2. Materials and Methods

2.1. Virus and Cell Lines

OC43 human β-coronavirus (ATCC VR-1558), HCT-8 human epithelial cells (ATCC
HRT-18), and MRC-5 human respiratory fibroblast cells (ATCC CCL-171) were purchased
from ATCC (Manassas, VA, USA). HCT-8 cells were used in cell viability (MTT) assays.
MRC-5 cells were used for antiviral assays on OC43 virus.

2.2. EC16m and Other Supplies

Epigallocatechin-3-gallate-4′ mono-palmitate (EC16m, CAS# 507453-56-7) was provided
by Camellix, LLC (Evans, GA, USA). Dulbecco’s Modified Eagle’s Medium (DMEM) was
purchased from ATCC (30-2002). Trypsin-EDTA solution was purchased from ATCC (30-2101).
Fetal bovine serum (FBS) was obtained from Neuromics (Edina, MN, USA). Penicillin, strepto-
mycin, and amphotericin B solution (100×) was obtained from Corning (Glendale, AR, USA).
Carboxymethylcellulose (CMC) was obtained from Fisher Scientific (Waltham, MA, USA).
Plasticwares were purchased from Southern Labware (Cumming, GA, USA).

2.3. EC16 Mucoadhesive Nanoformulations

EC16m (formula weight 697) nanoparticles were initially dispersed in 90% glycerol
as stable stocks at 1% w/v using a facilitated self-assembling method (proprietary) that
does not involve specialized equipment. Four formulations, A-D (FA-FD), were prepared
by diluting this EC16m nanoparticle stock with normal saline (0.9% NaCl) containing
carboxymethylcellulose (CMC) for a final concentration of 0.5% CMC. Formulation C
contained 0.05% (700 μM) EC16m. Formulations A, B, and D each contained the same
amount of a food-grade dispersing agent (proprietary information) and EC16m at 0.02%
(280 μM), 0.01% (140 μM), and 0.002% (28 μM), respectively. The nanoformulations with
the dispersing agent had a pH of 6.22 and viscosity of 19 mPa. The FC nanoformulation
without the dispersing agent had a pH of 6.21 and viscosity of 14 mPa.
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2.4. Evaluation of Particle Size Distribution

ZetaView nanoparticle tracking analysis was performed according to a method de-
scribed previously [12,43]. The particle size distribution and concentration were measured
using the Zetaview ×20 (Particle Metrix, Meerbusch, Germany) and corresponding soft-
ware. The measuring range for particle diameter is 10–2000 nm. These samples were
diluted by the same volume of 1× PBS and then loaded into the cell. Particle information
was collected from the instrument at 11 different positions across the cell, with two cycles
of readings. Standard operating procedure was set to a temperature of 23 ◦C, a sensitivity
of 70, a frame rate of 30 frames per second, and a shutter speed of 100. The post-acquisition
parameters were set to a minimum brightness of 20, a maximum area of 1000, a minimum
area of 10, and a trace length of 15 [43].

2.5. Evaluation of Cytotoxicity by Cell Viability (MTT) Assay

HCT-8 cells were seeded in 48-well plates at 5 × 104 cells/well and allowed to form
a monolayer prior to incubation with the nanoformulations (Formulations A, B, C, and
D) and control formulation (normal saline) in a series of dilutions for 60 min. The tested
nanoformulations were then replaced with DMEM medium with 10% FBS and incubated
overnight. The MTT assay was performed the next day using CytoSelect MTT Cell Prolifer-
ation Assay kit (Cell Biolabs, Inc., San Diego, CA, USA) according to the method provided
by the manufacturer.

2.6. Evaluation of Mucociliary Toxicities of EC16m Nanoformulations by 3D MucilAir Human
Nasal Epithelium Model (Performed by Epithelix Sàrl, Plan-les-Ouates, Switzerland)

The aim of this evaluation was to study the acute mucociliary toxicological effect of
EC16m nasal spray nanoformulations using fully differentiated human nasal epithelial
cells cultured at the air–liquid interface. Human nasal epithelia (MucilAir™-Pool, Epithelix
Sàrl, Plan-les-Ouates, Switzerland) were reconstituted with a mixture of cells isolated
from 14 different normal nasal donors. Formulations A, B, C, and D (FA, FB, FC, and FD)
were exposed apically for 2 days. At time 0 (day 1), 10 μL of the nanoformulation was
applied apically on MucilAir™-Pool inserts (Figure 1) twice a day over a 30 min period
with a 6 h interval. This was repeated on day 2. Subsequently, tissue integrity (TEER),
lactate dehydrogenase (LDH) release (cytotoxicity), and cilia beating frequency (CBF) were
measured at the end of the experiment. Detailed protocols are presented as appendices.
The experiments were repeated three times in the Epithelix laboratories. Normal saline
(0.9% NaCl) was used as the vehicle control, and 10% Triton X in the culture medium was
used as positive control.

 

Figure 1. Schematic illustration of sample application and end-point measurements of MucilAire 3D
human nasal model.

2.7. Direct Contact Antiviral Activity Tests

Infection of cells by OC43 virus and viral titer: MRC-5 cells were cultured in DMEM
Medium supplemented with 10% FBS and 1% penicillin, streptomycin, and amphotericin
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B. The viral infection assay and viral titering were performed in 96-well cell culture plates
when the cells had reached 90% confluency. A 10-fold series dilution of OC43 virus in
DMEM containing 2% FBS (MM) was loaded into wells in quadruplicates per dilution.
After a one-hour adsorption, the viral dilutions were removed, and 100 μL MM was added,
followed by incubation at 33 ◦C with 5% CO2 for >4 days to allow a CPE (cytopathic effect)
to become visible. Viral titer was calculated by TCID50 Excel software (November 2013,
Research Gate) based on the Reed–Muench method [44]. A minimum of three independent
experiments were performed and results recorded.

2.8. Post-Infection Test

To test whether EC16m nasal nanoformulations possess a post-infection effect, MRC-5
cells were allowed to form a monolayer (90% confluent) in a 96-well cell culture plate prior
to a one-hour infection of OC43 virus in a series dilution to 10–9 before removal of the virus.
Then, 50 μL of EC16m nanoformulation was applied to the designated wells for 5 min
before being replaced by MM. The vehicle control wells were treated with the vehicles after
viral infection for 5 min before medium change. The cytopathic effect (CPE) was captured
after incubation for at least 6 days.

2.9. Statistical Analysis

The primary statistical tests were parametric one-way ANOVAs based on three
or more repeated test points. Alpha was 0.05. GraphPad Prism version 6.0 software
(www.graphpad.com) was used for most analyses. Reported errors are given as standard
deviation (SD).

3. Results

Based on the results from cell viability assays and 3D MucilAire Human Nasal Model
evaluation, only Formulations C and D were selected for the rest of the experiments.

3.1. Size Distribution and Zeta Potentials of Particles

As shown in Figure 2A the FC nanoformulation showed a polydisperse particle size
distribution, with a median size of 252.6 + 109 nm (SD, n = 2). More than 90% of the particles
were within 222 to 296 nm range, while 6.2% were in the 100 nm range. The concentration
of particles was 2.2 × 109/mL (2.2 billion particles/mL). For the FD nanoformulation
(Figure 2B), the particle size distribution ranged from 45.4 to 331 nm, with a broader left
(smaller particle) tail than FC. The median size for FD was 257 ± 134 nm (SD, n = 2). About
78% of the particles were in the 265 to 331 nm range, and rest were within 45 and 128 nm
range. The particle concentration was 6.5 × 109 (6.5 billion/mL). (Figure 2C). The Zeta
Potential of the FC nanoformulation diluted 30× with water at 25 ◦C was −29.49 ± 1.02 mV.
The Zeta Potential Distribution was 29.49 mV FWHM 6.05 (SL1/2). (Figure 2D). The Zeta
Potential of the FD nanoformulation similarly diluted was −51.31 ± 1.22 mV. The Zeta
Potential Distribution was 51.31 mV FWHM 4.47 (SL1/2). Thus, particles appeared to be
more evenly distributed in FD compared to FC.

3.2. Cell Viability after 1 h Incubation with HCT-8 Cells

To assess the initial toxicity of the novel EC16m mucoadhesive nanoformulations prior
to the 3D Human Nasal Epithelium Model safety tests, HCT-8 human intestinal epithelial
cells were exposed to the mucoadhesive nasal nanoformulations for 1 h. After replacement
of the formulations with media and overnight incubation, an MTT assay was performed.
One-way ANOVA showed a significant difference between the groups (p = 0.009). As
shown in Figure 3, the untreated control cell viability measured by absorption at 450 nm was
0.844 ± 0.105, and the value for the vehicle (saline) was 0.774 ± 0.014. There is no significant
difference between these controls (Tukey’s multiple comparisons test, p = 0.63, n = 3).
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Figure 2. (A) Size distribution of particles in FC. (B) Size distribution of particles in FD The
size distribution profile for one representative sample/formulation determined by NTA is shown.
(C) Zeta potential and distribution of FC. (D) Zeta potential and distribution of FD.

Figure 3. Cell viability (MTT) assay results for the four nanoformulations in comparison to saline as
vehicle control and untreated cell control. The assay was conducted in 48-well tissue culture plates
with confluent HCT-8 cells in each well (n = 3). Select p values are shown; ns: not significant (p >
0.05). Arrows point to columns with differences.

In comparison to the saline vehicle control, only FB (140 μM EC16m in combination
with a dispersing agent), showed a significant reduction in MTT value (0.66 ± 0.03; Dun-
nett’s multiple comparisons test, p = 0.01). Formulations A, C and D were not significant
different from saline treated cells (0.70± 0.02, 0.81 ± 0.06, p = 0.44 and 0.82 ± 0.04, respec-
tively, p ≥ 0.08). Thus, there was no indication for a cytotoxic effect for CMC in combination
with EC16m (FC, p = 0.69 vs saline), and there was a weak trend towards a cytotoxic effect
at the higher concentrations of EC16m tested in combination with a dispersing agent.
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3.3. Mucociliary Toxicity
3.3.1. Tissue Integrity

The normal range of tissue integrity (TEER) for MucilAir Human Nasal Epithelium
Model are 200–800 Ω.cm2. Figure 4 shows that the saline vehicle control, and FB-FD were
all in the normal range (with saline and FB at the lower end of the range), while FA was
below the normal range. One-way ANOVA showed a significant difference between the
groups (saline and FA-FD; p = 0.003). Formulation A gave a TEER value (167 ± 24.4)
significantly lower than FB-FD (Tukey’s multiple comparisons test, p ≤ 0.026), but there
was no significant difference between FB-FD (p > 0.50) and the controls. In comparison
to the saline vehicle control, there was no significant difference with FA-FD (Dunnett’s
multiple comparisons test, p ≥ 0.052) with FA showing the borderline significance. Thus,
FB, FC, and FD did not impair tissue integrity in this model.

Figure 4. Impact on tissue integrity of the nanoformulations in comparison to saline (vehicle). Select p values
are shown; ns: not significant (p > 0.05). Arrows indicate significant difference between pairs of columns.
Brackets show groups of columns with no significant difference to indicated column to adjacent columns.

3.3.2. Cytotoxicity Measured by LDH Release

Results shown in Figure 5 indicated that the untreated control and the vehicle gave
similar, modest levels of LDH release (8.03 and 8.40%, respectively; p = 1.0, Tukey’s multiple
comparisons test) based on 100% release with 10% Triton-X100. For these two controls and
the formulations, one-way ANOVA showed a significant difference between the groups
(p < 0.0001). Formulation A exhibited a significant increase in release (16.0 ± 1.7%) relative
to the two controls (p ≤ 0.0002) and in comparison to FB-FD (p ≤ 0.011). There were no
significant differences between FB-FD and the controls (p ≥ 0.13). Therefore, FA induced a
significant increase in FA, but FB-FD did not and were comparable to saline.

Figure 5. Cytotoxicity induced by the nanoformulations in comparison to untreated control, saline
(vehicle), and positive control (10% Triton X-100). Select p values are shown; ns: not significant
(p > 0.05). Arrows indicate significant difference between pairs of columns. Brackets show groups of
columns with no significant difference to indicated column to adjacent columns.
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3.3.3. Cilia Beating Frequency (CBF)

After application of the nanoformulations or controls twice daily for two consecutive
days, one-way ANOVA showed significant differences between the groups (p = 0.001)
(Figure 6). The untreated and vehicle controls displayed CBF values of 4.96 and 4.01 Hz that
were not significantly different (Tukey’s multiple comparisons test, p = 0.073). Formulation
A gave a CBF of 3.15 ± 0.37 Hz, significantly lower than the CBF for the vehicle (Dunnett’s
multiple comparisons test, p = 0.023), whilst FB-FD were not significantly different from the
vehicle (p ≥ 0.24). There were no significant differences among FB-FD (Tukey’s multiple
comparisons test, p ≥ 0.16). The three formulations containing the dispersal agent (FA, FB,
FD) all gave CBF values significantly lower than the untreated control (p ≤ 0.028), whilst
FC was not significantly different (p = 0.38). Formulation A was also significantly lower
than FC (p = 0.019). Therefore, the dispersal agent had a modest effect on CBF, with a trend
to a dose dependence for F18m, but at the lower levels of EC16m there was no significant
difference compared to the saline control.

Figure 6. Cilia beating frequency measurements for the four nanoformulations in comparison to
saline (vehicle) after two days of applications based on twice daily 30 min application/each schedule.
FA was the only nanoformulation associated with significantly reduced CBF among the formulations.
Select p values are shown; ns: not significant (p > 0.05). Arrows indicate significant difference between
pairs of columns. Brackets show groups of columns with no significant difference to indicated column
to adjacent columns.

3.4. Contact Inhibition of OC43 Viral Infection

According to the results from cell viability and the 3D Human Nasal Epithelium
Model safety assessment, FA and FB demonstrated viability and mucociliary safety levels
consistently lower than the vehicle (either as a trend or statistically significant), while both
FC and FD showed similar levels for these safety parameters, comparable to the vehicle.
Therefore, only FC and FD were used in follow-up in vitro efficacy tests to validate the
antiviral activity of the novel mucoadhesive nasal nanoformulations.

As shown in Figure 7, both FC and FD were able to reduce OC43 infectivity by approx-
imately 99.9% at the times tested (2.83–3.42 log10), FC at both times and FD at 5 min. This
reduction was significantly greater than zero (one-sample t-test, p ≤ 0.0076, Bonferroni
correction to alpha = 0.0125 (n = 4)). For FD at 15 min (2.83 log10), the difference was not
significant after Bonferroni correction (p = 0.023). The vehicle control did not reduce the
infectivity of the virus (p > 0.05). For FC, 5 min and 15 min incubations with the virus led to
titer reductions of log10 3.42 ± 0.52 and log10 3.33 ± 0.14, respectively. For FD, 5 min and
15 min incubations with the virus led to log10 2.92 ± 0.38 and log10 2.83 ± 0.76 reduction,
respectively. There were no statistical differences among pairwise comparisons of incuba-
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tion times or formulations (repeat measures one-way ANOVA, p = 0.26), which were all
significantly greater than the vehicle controls (p ≤ 0.024).

Figure 7. Mean log10 reduction in OC43 infectivity after incubation with FC and FD for 5 and 10 min
(V: vehicle control). The results are from three independent TCID50 assays for the nanoformulations.
Select p values are shown; ns: not significant (p > 0.05).

3.5. Post-Infection Inhibition of OC43 Viral Replication

As shown in Figure 8, the vehicle controls showed a minimal effect on viral titer
(log10 0.50 ± 0.25 reduction) that was not significantly different from zero (one sample
t-test p = 0.07). There was no statistical difference between the vehicle controls. The FC
nanoformulation without the dispersal agent exhibited only a small inhibitory effect against
OC43 replication in MRC-5 cells (log10 0.83 ± 0.14 vs. vehicle control) that was significantly
greater than zero (one sample t-test, p = 0.01) but without a statistical difference compared
to the vehicle control (one-way ANOVA, Tukey’s multiple comparisons test, p = 0.26). In
contrast, post-treatment with the FD nanoformulation reduced OC43 viral replication in
infected cells by more than 99% (log10 2.33 ± 0.14), which was significantly different from
the vehicle control (p = 0.005) and from FC (p = 0.023).

Figure 8. Mean log10 reduction in OC43 infectivity after post-infection incubation with FC and FD for
5 min (VC, VD: vehicle controls for FC and FD, respectively). The results are from three independent
TCID50 assays for the nanoformulations.
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4. Discussion

Our understanding of the etiology of long COVID is still evolving. Currently, it is
thought that the persistence of SARS-CoV-2 in the neuroepithelium leads to invasion of the
support and stem cells in the olfactory mucosa, causing persistent olfactory dysfunction
(anosmia) and induction of dysregulation of innate and adaptive immunity with prolonged
cytokine release, oxidative stress, and lymphocytic infiltration in the central nervous system
(CNS), leading to stress, and demyelination, and neurodegeneration [2–5].

The current study is the first attempt to validate the suitability of EC16m nanoparti-
cle/saline based mucoadhesive nasal formulations for use in humans using the 3D MucilAir
Human Nasal Epithelium Model (MucilAir) and in vitro toxicity/efficacy methods. We
previously reported a series of test results from EC16 and EC16m nanoformulations that
were saline-based aqueous suspensions of the nanoparticles designated as F18, F18D,
F18m, and F18Dm that showed high antiviral efficacy [11,12]. However, these high-efficacy
nanoformulations lack a mucoadhesive nature, and therefore they are not suitable for nasal
application due to the mucociliary clearance transit time of 20 min [42]. Accordingly, the
novel nanoformulations tested in the current study were adjusted with the addition of
CMC to increase the viscosity up to 19 mPa, which increased the mucoadhesive capability
and the mucociliary clearance time. With a pH of approximately 6.20, the FC and FD
formulations are comparable to the pH of the human nasal cavity.

Compared to EC16 nanoparticles such as those in F18D [12], the EC16m nanoparticles
in FC and FD have a slightly larger particle size (Figure 2). Nanoparticles in FC have a
median size of 252.6 + 109 nm (SD, n = 2), and nanoparticles in FD have a median size is
257 + 134 nm (SD, n = 2). In contrast, the F18D particles have a median particle size of
186.6 + 20.62 nm. Differences in the particle size distributions could be due to the chemical
and physical differences between EC16m (EGCG-mono-palmitate) and EC16, which is a
mixture of EGCG-mono-palmitate, EGCG-di-palmitate, and EGCG-tri-palmitates (EGCG-
palmitates containing 50% EC16m) [45]. Comparing FC and FD, the particle density of
FD is 3 times greater than FC, which is reflected in the more polydisperse particle size in
FD (with more smaller particles) (Figure 2). The addition of the food-grade dispersing
agent in FD also resulted in a greater Zeta potential (−51.31 ± 1.22 mV) than the FC
nanoformulation (−29.49 ± 1.02 mV), suggesting that the FD nanoformulation is more
stable (Figure 2). Thus, the dispersing agent plays an important role in FD formulation’s
stability by preventing particle aggregation. On the other hand, the direct contact antiviral
activities between the two nanoformulations are comparable without a statistical difference
(Figure 7).

The results from MTT assays and the 3D Human Nasal Epithelium Model demon-
strated that both the FC and FD nanoformulations showed levels of cytotoxicity and
mucociliary toxicity comparable to the vehicle (saline) control (Figures 3–6). Normal saline
(0.9% NaCl) is used widely in nasal formulations with a consistent safety record [46]. The
current toxicity data for FC and FD confirmed that these mucoadhesive nasal nanoformu-
lations can be expected to be tolerable by human nasal epithelium without acute toxicity,
pending clinical studies.

As shown in Figure 7, the saline-based vehicles had no antiviral activity with regard
to OC43 virus, while both the FC and FD nanoformulations possessed potent antiviral
activity in a concentration range from 0.005 (70 μM) to 0.02% (280 μM). This effective
concentration range is significantly lower than for the F18D nanoformulation (0.1% or
1.25 mm) [12]. The F18D nanoformulation is extremely active against OC43 with a 1 min
exposure time–kill rate of 99.9999% [12]. However, a 3D Human Nasal Epithelium Model
test indicated that the F18D nanoformulation is toxic to the nasal epithelium. It is interesting
to observe that all of the EC16 or EC16m nanoformulations tested so far demonstrated
a rapid action against human coronavirus [11,12]. This rapid antiviral action was also
seen for FC and FD, where 5 min and 15 min incubations with OC43 virus did not have
significant difference in efficacy (Figure 7), suggesting that the damage to the viral structure
occurred immediately upon contact with the formulations, as we reported previously [12].
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Whilst it would have been ideal to use SARS-CoV-2 for these studies, that would have
required a BSL-3 facility, and since our goal was to test the formulations by exclusion
(i.e., whether they had been cytotoxic or shown low or no antiviral activity), the use of a
lower-risk model beta-coronavirus was appropriate [47]. As the formulations have now
been shown to be suitable, future studies using the SARS-CoV-2 virus are warranted.

Unlike the results from the contact time–kill assays, where both FC and FD exhibited
comparable potent antiviral activity, a surprising result from the post-infection inhibition
assay was observed, which indicated that unlike FD, FC has little effectiveness against
OC43 viral replication after the virus has already entered the cells (Figure 8). One explana-
tion could be the difference in particle size distribution between the two nanoformulations.
Only 6.2% of FC nanoparticles are in 100 nm range, while 93.8% of particles are in the 200 to
300 nm range (Figure 2A). In contrast, 78.3% particles in FD are in the 200 to 330 nm range,
and the rest (21.7%) are in the 45 to 124 nm range (Figure 2B). It could be postulated that
smaller particles enter the cells with higher efficiency than larger particles, and therefore
the FD nanoformulation shows a significantly higher antiviral effect (>99%) (Figure 8).
This particle-size-associated intracellular antiviral activity should be further explored, as it
would be important for new drug designs. Another factor that cannot be ruled out is the
presence of CMC, which increased the viscosity of the nanoformulation. That is, the large
particles in the FC formulation may have a slower release from a thick formulation onto
the cell membrane within 5 min.

According to the pathogenesis of long COVID, an ideal intranasal intervention tar-
geting the cause of long COVID neurologic symptoms should contain an agent (drug)
possessing a potent antiviral activity to clear the persistent viral presence; a strong anti-
inflammatory property to reduce inflammation in the affected tissues; and powerful antiox-
idant activity. In addition, the formulation must be safe and stable. Based on the overall
considerations, Formulation D (FD) is the best EC16m nanoformulation for this purpose
due to the efficacy (>99% reduction in viral infectivity in direct contact or post-infection
application in 5 min), mucociliary safety (similar to normal saline), and stability (Zeta
potential at about −50 mV). There are several advantages to the patent-pending “facili-
tated self-assembled” EGCG-mono-palmitate nanoparticles (EC16m) over other reported
nanoparticles containing EGCG. One of the advantages is the amphipathic chemical nature
of EC16m, which not only significantly increased the antiviral activity against human
pathogenic viruses, but also increased the bioavailability in reaching target tissues. Quan-
titatively, the particle density of FD is 6.5 billion particles/mL. In general, a full nasal
spray volume is approximately 0.07 mL. Therefore, each spray of the FD nanoformulation
delivers about 455 million EC16m nanoparticles. Since the persistent infection of the ol-
factory mucosa is associated with >0.5 million RNA copies [48] (not the number of viable
viral particles), on a proportional basis, 0.07 mL/nostril (0.14) of the FD nanoformula-
tion (910 million nanoparticles) would be sufficient to inactivate (by structural change
and other mechanisms) the coronavirus in the olfactory mucosa within a short period of
time. In addition, a small quantity of the EC16m nanoparticles will enter the CNS prior
to cilia clearance and release free EGCG to perform anti-inflammatory, antioxidant, and
neuroprotective activities.

To date, we have no information on the nature of the physicochemical interaction of
the EC16m nanoparticles with the virus or the interaction of the nanoparticles with mucin
and other mucosa secretions or how this interaction could affect mucociliary clearance
rates. These important issues will be addressed in future studies.

In summary, the results of the current study demonstrated that the saline-based EC16m
mucoadhesive nasal Formulation D was highly effective against human β-coronavirus
OC43, a strain with high genome homology with SARS-CoV-2 [47], and in reducing viral
replication after a single 5 min post-infection treatment, without mucociliary toxicity. With
the known anti-inflammatory, antioxidant, and neuroprotective properties, intranasally
delivered EC16m by Formulation D could not only terminate the “persistent infection”
in the olfactory epithelium but also inhibit local inflammation and apoptosis, thereby
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restoring the olfactory function and reducing free radical levels and inflammation in the
CNS.

5. Conclusions

In conclusion, the EC16m (drug grade) intranasal Nanoformulation D is suitable for a
new intranasal drug to minimize long-COVID-associated anosmia and other neurologic
symptoms, pending chronic mucociliary safety and human studies.

6. Patents

PCT/US23/74377 Pending: Compositions and methods of minimizing Long COVID.
Inventor: Stephen Hsu (2023).
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Abstract: New strategies for enhancing drug delivery to the blood–brain barrier (BBB) represent
a major challenge in treating cerebral diseases. Nanoemulsion-based nanocarriers represent an
ideal candidate to improve drug delivery thanks to their versatility in functionalization and cargo
protection. In this work, a paclitaxel-loaded nano-emulsion has been firstly functionalized and
stabilized with two layers constituted of chitosan and hyaluronic acid, and, secondly, the latter has
been conjugated to the CRT peptide. CRT is a bioactive peptide that selectively recognizes bEnd.3 cells,
a model of the BBB, thanks to its interactions with transferrin (Tf) and its receptor (TfR). Cytotoxic
results showed a 41.5% higher uptake of CRT functionalized nano-emulsion than the negative
control, demonstrating the ability of this novel tool to be accumulated in brain endothelium tissue.
Based upon these results, our approach can be fully generalizable to the design of multifunctional
nanocarriers for delivery of therapeutic agents to the central nervous systems.

Keywords: blood–brain barrier; peptide targeting; nanoemulsions; drug delivery; transferrin receptor;
glioblastoma

1. Introduction

Effective cancer therapy for the treatment of brain tumors and central nervous system
(CNS) diseases remains one of the most challenging areas in drug delivery research. One of
the major issues is represented by the inability to cross the physical obstacle of the blood–
brain barrier (BBB) [1,2]. Identifying routes for non-invasive drug delivery to the brain and
developing targeting strategies to transport biologics into the brain represent a research
area of growing importance [3]. It is known from the literature that enhancing lipophilicity
and positive charge is a possible strategy to increase passive diffusion, like glucose, water,
amino acids and small lipophilic molecules that are crucial to neural function [4]. This is,
for instance, the penetration mechanism of cell-penetrating peptides possessing multiple
positive charges. However, these modifications generally lead to higher unspecific uptake
in many tissues, often resulting in off-target effects since they are not selective. A promising
strategy for overcoming the BBB to deliver biologics is targeting endogenous receptor-
mediated transport (RMT) systems that engage vesicular trafficking to transport ligands
across the BBB endothelium. Drug delivery systems (DDS), modified with appropriate
targeting ligands, could improve access to the brain via RMT and release their cargo [5].

The transferrin receptor (TfR) is one of the first RMT systems studied for BBB drug
delivery applications [6]. TfR is ubiquitously overexpressed on brain capillary endothelial
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cells because it mediates iron delivery to the brain via binding and intracellular trafficking of
the iron-binding protein transferrin (Tf). Most importantly, compared to healthy brain cells,
TfR has much higher expression levels in human glioblastoma because it is required for
cancer cell proliferation [7,8]. The use of Tf as a targeting ligand has been demonstrated [9].
Unfortunately, there is competitive binding to TfR between the endogenous Tf and the
Tf-modified DDS in vivo, thus inducing insufficient delivery to the tumor site [10]. One
approach to overcome this issue is the use of targeting moieties whose TfR recognition
is mediated by a different molecular pathway. A recently published disulfide-bridged
cyclic peptide, CRTIGPSVC (CRT), was discovered by selection of a phage display peptide
library in vivo [11]. CRT functionally mimics iron by binding to apo-Tf and causes the
adoption of the iron-bound holo-Tf conformation, thereby gaining access to the brain
through the Tf-TfR interaction. A CRT-labeled DDS would then be able to overcome the
limitations of Tf-modified DDS by directly activating endogenous Tf towards TfR binding
and internalization. This peptide exhibited promising results for the treatment of brain
tumors by delivering the herpes simplex virus thymidine kinase gene to a mouse model of
human glioma [11,12]. The delivery was accomplished via intravenous administration of a
CRT-targeted adeno-associated virus and phage hybrid vector and resulted in significant
tumor shrinkage. Another example of the therapeutic potential of CRT for glioblastoma
involved the treatment with paclitaxel-loaded CRT–nanoparticles (NPs) in diseased mice,
resulting in a remarkably prolonged median survival was observed [13]. Chitosan-based
NPs have also been covalently modified with the widely used T7 peptide, and with the CRT-
NPs have 1.9-fold higher availability by avoiding the competitive inhibition of endogenous
Tf [14]. More recently, CRT functionalized core-shell nanoparticles, featuring a midazolam
coating, enabled transferrin receptor (TfR)-mediated brain-targeting in mice [15].

However, although biodegradable, solid nanoparticles are classified as nanomaterials
and there are some concerns regarding their use with heavy regulatory paths. Here, we
propose an alternative liquid-based nanocarrier, which is an oil in water nanoemulsion
(O/W NE). An O/W NE is a versatile tool in the drug delivery field, which can be easily
functionalized with several targeting moieties while protecting drugs solubilized in their
lipophilic phase, as in the case of solid NPs [16]. In this work, we prepare O/W NEs that are
stabilized by two polymeric layers of chitosan and biotinylated hyaluronic acid, the latter
being functionalized with the CRT bioactive peptide to promote the NEs’ accumulation on
the BBB. An easy additive decoration strategy that exploits biotin−streptavidin physical
interaction [12] is adopted to conjugate the peptide outside the system. CRT is linked
to a biotinylated poly(ethylene glycol) (PEG) chain in order to inhibit the NEs’ clearance
by reticuloendothelial system (RES) and expose the peptide on the external side. To
verify its specificity toward cells over-expressing TfR receptor, biological tests of peptide
functionalized O/W NEs have been carried out. We chose a mouse brain cell line (bEnd.3)
as our model of the blood–brain barrier, and paclitaxel (PTX), a well-known cytotoxic drug,
to assess peptide-mediated accumulation on bEnd.3 cells by the induced cytotoxicity. Even
though PTX is an anticancer drug, its purpose in this context is mainly to assess the ability
of NEs to accumulate a harmful substance toward healthy BBB cells thanks to the CRT
peptide. Our results suggest that the designed vector is ready for targeted pharmacophore
delivery and that further integration on the surface of a cell-penetrating peptide [17] will
lead to safe crossing of the BBB by the carrier to reach the tumor site.

2. Materials and Methods

2.1. Materials

Surfactant Lipoid E80 (egg lecithin powder 80–85% enriched with phosphatidylcholine
and 7–9.5% content in phosphatidylethanolamine) was purchased from Lipoid GmbH and
used without further purification. Soybean oil (dietary source of long-chain triglycerides
and other lipids, n20/D 1.4743), ethanol (99%) and acetic acid (99.7%) were purchased
from Merck. CO2 (≥99.998%) was purchased from Nippon gases (Italy). For prepara-
tion of all nanoemulsions and solutions, Millipore Milli-Q water was used. Chitosan
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(CT, LMW 90–150 kDa, degree of deacetylation (DDA) 84% determined via 1H-NMR),
1-hydroxybenzotriazole hydrate (HOBt, ≥95%), N,N′-Diisopropylcarbodiimide (DIC, 99%),
N,N-Diisopropylethylamine (DIEA, 99.5%), trifluoroacetic acid (TFA, ≥99.5%, Romil),
dimethyl sulfoxide (DMSO, ≥99.9%), dichloromethane (DCM, ≥99.5%), anhydrous N,N-
dimethyl-formamide (DMF, 99.8%), 1,2-Ethanedithiol (EDT, 99%), Triisopropylsilane (TIS,
≥98%), piperidine (≥99%), acetone (reagent grade) and diethyl ether (≥99%) were pur-
chased from Sigma Aldrich and used without further purification. Hyaluronic acid 250 kDa
and Biotin-PEG-COOH 2kDa were purchased from Creative PEGWorks. N-α-Fmoc amino
acids and coupling reagents were provided by NovaBiochem (>98%). Paclitaxel (99%
purity) was purchased from Discovery Fine Chemicals Ltd, Wimborne, UK.

2.2. Peptide Synthesis and Purification

CRT (βA-CRTIGPSVC-βA-K) peptides were synthesized using the standard solid-
phase-9-fluorenyl methoxy carbonyl (Fmoc) procedure and were obtained with good overall
yields (50–60%). The syntheses were performed using a Biotage®Syro WaveTM peptide
synthesizer (Biotage, Uppsala, Sweden). The peptide scale synthesis was 0.1 mmol. It was
assembled on Rink amide resin with a substitution level of 0.71 mmol/g. The following
protected amino acids were used to synthesize the peptide:

Fmoc-Lys(Boc)-OH; Fmoc-Ile-OH; Fmoc-Gly-OH; Fmoc-Ser(tBu)-OH; Fmoc-Arg(Pbf)-
OH; Fmoc-Pro-OH; Fmoc-Cys(Trt)-OH; Fmoc-Ala-OH; Fmoc-Thr(tBu)-OH; Fmoc-Val-OH

The synthetic procedure can be summarized as follow:

1. Deprotection: Fmoc group was removed at the beginning of cycle with a 20% piperi-
dine solution in DMF. After deprotection, the resin was washed with DMF to remove
the residual piperidine. The peptide resin was then ready for coupling.

2. Activation: The carboxyl group of each Fmoc-amino acid was activated by addition
of HBTU (2 eq.)/Oxyma Pure (2 eq.)/DIEA (4 eq.).

3. Coupling: The pre-activated Fmoc-amino acid reacted with the free amino-terminal
group of the growing peptide chain on the resin using DMF as the reaction solvent

4. Capping: This reaction was performed after each coupling step, using a solution
of Ac2O 20% and DIEA 5% in DMF. Capping cycle was introduced to prevent dele-
tion byproducts.

Deprotection, coupling and capping steps were repeated for each subsequent amino
acid, until the chain assembly was completed. When the coupling was complete, the resin
was washed with DMF. At completion of the synthesis, the resin was washed several times
with DMF and finally dried. The peptide was cleaved from the resin by treating it with
94% TFA/2.5% EDT/2.5% water/1% TIS for 2 h at room temperature. The mixture was
then concentrated and transferred to glass centrifugal tubes for compound precipitation
using ice-cold diethyl ether, which was performed repeatedly. Purified CRT peptide was
obtained by preparative RP-HPLC with a Vydac C18 column (Grace, Columbia, MD, USA,
22 mm × 250 cm; 10 μm), eluted with a linear gradient (solvent A, H2O 0.1% TFA; solvent
B, Acetonitrile, ACN 0.1% TFA) from 20 to 70% B over 58 min at a flow rate of 23 mL·min−1.
All analyses were performed at detection wavelength of 220 nm and reported after blank
chromatogram subtraction.

2.3. Peptide Cyclization

CRT peptide was dissolved in an aqueous solution at a concentration of 0.1 mM. Then,
DMSO was added dropwise until its final concentration was 5% (10 mL final volume). The
reaction mixture was kept open to atmosphere under vigorous magnetic stirring overnight.
The product was monitored by LC-MS analysis. When the reaction was completed, the
water was evaporated; the peptide was precipitated in cold ethyl acetate and lyophilized.

2.4. Biotin-PEG-COOH Peptide Conjugation

The peptide was conjugated at the N-term with Biotin-PEG-COOH directly on the
resin. Firstly, the Fmoc protecting group was removed with a 20% piperidine solution in

77



Pharmaceutics 2024, 16, 1010

DMF, followed by several washing steps. Then, the coupling reaction with Biotin-PEG-
COOH (2 equivalents) was conducted directly on the resin (10 mg) with DIC/HOBt/DIEA
(1:1:2) 0.1 M, using DMF as solvent, overnight under nitrogen flow. At completion of the
synthesis, the resin was washed several times with DMF, NMP, DCM, isopropanol and
methanol, and finally dried. Biotin-PEG-peptide was cleaved from the resin by treating
with 94% TFA/2.5% EDT/2.5% water/1% TIS for 2 h, precipitated in ice-cold diethyl ether
and lyophilized.

2.5. Peptides Analysis and Purification

The identity of crude peptides was analyzed by analytical RP-HPLC–ESI-MS. The
LC-MS was performed with a Shimadzu LC-10ADvp equipped with an SPDM10Avp diode-
array detector. ESI-MS spectra were recorded on a Shimadzu LC-MS-2010EV system with
ESI interface and Shimadzu LC-MS solution Workstation software (ver. 3.41) was used
for the data processing. A Q-array-Octapole-Quadrupole mass analyzer was used as the
detector. Argon was used as ion gas in the CID cell and data were analyzed by Shimadzu
LC-MS solution Workstation software. The optimized MS parameters were selected as
followed: curved desolvation line (CDL) temperature 200 ◦C; block temperature 200 ◦C;
probe temperature 200 ◦C; detector gain 1.6 kV; probe voltage +4.5 kV; CDL voltage −15 V.
Nitrogen served as nebulizer gas (flow rate: 1.5 L·min−1). All analyses were performed
with a Vydac C18 column (4.6 mm × 150 mm; 5 μm), eluted with a linear elution gradient
from 1% to 70% B over 35 min at a flow rate 1 mL·min−1. The running eluents were: solvent
A, H2O 0.1% TFA and solvent B, ACN 0.1% TFA.

The crude non-cyclic peptide was further purified by preparative RP-HPLC with a
Vydac C18 column (22 mm × 250 cm; 10 μm), eluted with a linear gradient (solvent A,
H2O 0.1% TFA; solvent B, ACN 0.1% TFA) from 20 to 80% B over 58 min at flow rate of
23 mL·min−1. All analyses were performed at detection wavelength of 220 nm. The pooled
fractions, containing the desired products, were lyophilized. The peptides homogeneity
was assessed by analytical HPLC and by ESI mass spectrometry. The crude Biotin-PEG-
peptide was purified by preparative flash chromatography, using a Biotage ISOLERA flash
purification system, ISO-1SW model, equipped with a diode-array detector. The product
was eluted with a linear gradient (solvent A, H2O 0.1% TFA; solvent B, ACN 0.1% TFA)
from 0% to 95% B over 20 column volumes, using SNAP C18 12 g as column. The pooled
fractions, containing the desired products, were analyzed by analytical RP-HPLC–ESI-MS.

2.6. MALDI-TOF Analysis of PEGylated Peptides

PEGylated peptide was characterized by matrix-assisted laser desorption/ionization
mass spectrometry coupled to two times of flight analyzers (MALDI-TOF-TOF). The sample
was prepared with a final concentration of ~2 pmol/μL in the matrix by mixing the
peptide with a solution 60% of α-cyano-4-hydroxycinnamic acid (CHCA) and 40% of
5-Dihydroxybenzoic acid (DHB).

The two matrix solutions were prepared as follows:

1. 20 mg/mL of CHCA in a solution of H2O 5% formic acid in ACN (30/70 v/v);
2. 20 mg/mL of DHB in a solution of H2O 0.1% TFA in ACN (30/70 v/v).

Approximately 0.25 μL of the sample was deposited on the MALDI plate after a layer
deposition of a saturated solution of CHCA in acetone and allowed to dry prior to analysis.
The mass spectra were recorded on an AB SCIEX TOF/TOF 5800 instrument operated in
the reflector positive mode. MALDI-TOF MS analyses were conducted at a laser intensity
of 4287 units and laser pulse rate of 400 Hz with a set mass range of 1000 to 6000 Da.
A continuous stage motion set in a random pattern at 600 μm/s was used for sampling.
Calibration was performed using Cal mix 5 from AB SCIEX as calibrants, which contained
des-Arg1-Bradykinin, Angiotensin I, Glu1-Fibrinopeptide B, adrenocorticotropic hormone
ACTH (1–17 clip), ACTH (18–39 clip) and ACTH (7–38 clip), resulting in a mass accuracy of
50 ppm. Each spectrum represents the sum of 2040 laser pulses from randomly chosen spots
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per sample position. Raw data were analyzed using TOF/TOF Series Explorer software
(ver. 4.1) provided by the manufacturer and are reported as monoisotopic masses.

2.7. Paclitaxel-Loaded Oil in Water Nanoemulsion

Firstly, a 20 wt% oil in water pre-emulsion was prepared. A mass of 5.8 g of lecithin
Lipoid E 80 (egg lecithin powder 80–85% enriched with phosphatidyl choline and 7–9.5%
content in phosphatidyl ethanolamine) was dissolved in 24 mL of soybean oil (density
at 20 ◦C of 0.922 g·mL−1) at 60 ◦C using the immersion sonicator (Ultrasonic Processor
VCX500 Sonic and Materials, Hielscher Ultrasonics GmbH Teltow, Germany), performing
runs of 10 s for 1 min at 10% of sonication amplitude (microtip screwed). Then, 1 mL of
ethanol solution of PTX (5 mg/mL) was added to the oil phase and kept for 1 h at 70 ◦C
to evaporate the ethanol. Subsequently, the oil phase was added to the aqueous phase
(Milli-Q water), and mixed using the immersion sonicator with runs of 10 s for 8 min at 70%
of amplitude (a pulse-on and a pulse-off respectively of 10 s). The pre-emulsion was finally
homogenized for 3 single cycles and 200 steps at a pressure of 2000 bar by a high-pressure
homogenizer (110P series microfluidizer) to obtain the final nanoemulsion.

2.8. Polymers Multilayer Deposition above Paclitaxel-Loaded O/W NEs

Firstly, a layer of chitosan was deposited around the oil template with a final con-
centration of oil and chitosan of 10 wt% and 0.1 wt%, respectively. A 0.1 M acetic acid
solution of chitosan (0.125 wt%) was prepared with a final pH = 4. Nanoemulsion 20 wt%
oil was added quickly to the chitosan solution under vigorous stirring and kept under
stirring for 15 min to allow uniform chitosan deposition. The nanoemulsion with the
first positive layer of chitosan was passed through a high-pressure valve homogenizer at
700 bars for 100 continuous steps. The next hyaluronic acid layer was prepared by aid
of two syringe pumps (HARVARD APPARATUS 11 PLUS) and an ultrasonic bath (FALC
INSTRUMENTS). Starting from the secondary nanoemulsion 10 wt% oil–0.1 wt% CT, a
negative charged polymer layer was deposited by mixing 1:1 (v:v) of a 0.24 wt% aqueous
solution of biotinylated hyaluronic acid with the secondary nanoemulsion suspension.
The two liquid phases were injected at the same flow rate (0.4 mL min−1) through two
Polymicro flexible fused silica micrometric capillaries (inner diameter of 200 μm) interfaced
at their extremities (Molex). Each drop was then collected inside a glass tube immersed
in the ultrasonic bath at room temperature, 59 kHz and 100% power for 15 min. The NCs
were characterized at each step of preparation by dynamic light scattering (DLS) analysis.

2.9. Nanocarrier Assembly

The streptavidin solution was prepared by dissolving 1 mg in 1 mL of Milli-Q water
(16.6 μM). It was added to the HA-Biotin 0.12 wt%-CT 0.05 wt%-NEs 5 wt% oil, under
sonication for 15 min and T = 20 ◦C, at a final concentration of 5.69 μM. In the same way
the compound CRT-PEG-Biotin was added under sonication for 15 min and T = 20 ◦C to
the streptavidin-HA-Biotin-CT-NEs (SAV-HA-Biotin-CT-NEs) at a molar ratio 2:1 between
CRT-PEG-biotin and the streptavidin. The final concentrations were 3.2 μM and 6.4 μM for
streptavidin and CRT, respectively, while the final oil weight percentage was 2.78 wt%. The
NCs were characterized at each step of preparation measuring the size and Z-potential by
DLS, as described next.

2.10. Particle Size and Z-Potential Measurements

All nanoemulsions and their successive functionalization were characterized at each
step of preparation by measuring size and polydispersity index (PdI), using a Zetasizer
Nano ZS device (Malvern Instruments) with a 4 mW He-Ne ion laser at the wavelength
of 633 nm and a photodiode detector at an angle of 173◦. All the samples were diluted
to a droplet concentration of 0.025 wt% using 20 mM acetic acid at pH 4 for monolayer,
and Milli-Q water for emulsions and bilayer suspensions. The calculation of the particle
size distribution was performed using a default refractive index ratio (1.59) and 5 runs
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for each measurement (1 run lasting 100 s), at least 3 times for each sample. A particle
electrophoresis instrument (Zetasizer zs nano series ZEN 3600, Malvern Instruments Ltd.,
Malvern, UK) was used for the Z-potential determinations. Samples were diluted as for
the particle size analysis. Setting 50 runs for each measurement carried out the Z-potential
analysis. Samples were collected into polystyrene cuvettes and measured three times,
and the results presented are the averages of these measurements. Experiments were
carried out at 25 ◦C. Zetasizer software 7.11 (Malvern Instruments) was used to obtain the
data. Cumulate analysis was used to give the Z-average value, hydrodynamic diameter,
polydispersity index and the intensity size distribution graphs.

2.11. Cryo-TEM Characterization

For the preparation of the frozen-hydrated sample the plunge freezing method was
performed. Briefly, a drop of 3 μL of the samples were put on a previously glow-discharged
200 mesh holey carbon grids (Ted Pella, Redding, CA, USA) after that the grid was inserted
in the chamber of a FEI Vitrobot Mark IV (FEI company, Eindhoven, The Netherlands)
at 4 ◦C and 90% of humidity. The droplet of sample was blotted with filter paper for 1 s,
(blot force 1, drain time 0.5 s) and then the grid was plunged into the liquid propane. The
grid was then stored in liquid nitrogen in a grid box until it was finally transferred to a
cryo-specimen 626 holder (Gatan, Inc., Pleasanton, CA, USA) and loaded into the cryo-
transmission electron microscope for imaging. To obtain the image of the nanoparticles
we used a Tecnai G2 20, a cryo-tomo transmission electron microscope (FEI company, The
Netherland) equipped with LaB6 emitter (acceleration voltage of 200 kV) and recorded at
with a 2 k × 2 k CCD-Eagle 2HS camera. The frozen-hydrated sample is radiation-sensitive
material, so to avoid damaging; the observation was carried out in Low Dose Mode.

2.12. Cell Culture

bEnd.3 cells were grown in DMEM (10% FBS, 1% L-Glu, 1% streptomycin–penicillin).
Cell cultures were always performed at 37 ◦C in 5% CO2 and 100% relative humidity (RH).
Cells were used from passages 23 to 30.

2.13. Cytotoxicity Analysis

Cell viability was quantified by the PrestoBlue Assay (Invitrogen, Waltham, MA, USA)
and compared to non-treated cells, which were used as a control. Briefly, 1 × 104 bEnd.3
cells were seeded in a 96-well and incubated several times (30 min, 2 h and 4 h) with
PTX-loaded CRT-PEG-NEs, PEG-NEs and free PTX, diluted 1:5 in cells, at a final PTX
concentration of 1.4 μM. PrestoBlue Assay was performed according to the manufacturer’s
procedure, after 24 h. Fluorescence of PrestoBlue reagent solution (excitation 535 nm) was
read at 615 nm using a spectrofluorometer (Wallac 1420 Victor2, Perkin–Elmer, Waltham,
MA, USA). All experiments were performed in triplicate. We conducted one-way ANOVA
tests using MATLAB® (MathWorks, Natick, MA, USA) to quantitatively evaluate cell
viability at 30 min, 2 h, 4 h and 24 h.

2.14. Uptake of PTX-Loaded NCs

bEnd.3 cells were cultured in DMEM supplemented with 10% FBS, 1% L-Glutamine
and 1% streptomycin–penicillin. After seeding 1 × 104 cells, they were incubated overnight
to allow for attachment. The cells were then treated with PTX-loaded CRT-PEG-NEs and
PEG-NEs, incorporating rhodaminated streptavidin during the nanoparticle assembly
for 4 h at 37 ◦C in cell-specific medium. Post-treatment, the cells were washed twice
with PBS and fixed with 4% paraformaldehyde (PAF) for 20 min. To label the nuclei and
cell membranes, DRAQ5 (excitation at 633 nm) and WGA 555 were used, respectively.
Fluorescence intensity was analyzed using a Zeiss LSM 700 confocal microscope equipped
with a 20×/0.8NA objective lens.

Image reconstruction was performed with ImageJ. For each sample, at least 5 confocal
digital images were randomly collected and analyzed. Images were acquired with a
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resolution of 512 × 512 pixels (949 × 949 μm). The experiment was performed in triplicates.
Significant differences of data obtained from image analysis were assessed by ANOVA
using MATLAB® (MathWorks, Natick, MA, USA).

3. Results and Discussion

3.1. Synthesis, Purification and Characterization of CRT

One of the most promising peptides that can recognize the TfR receptor is the cyclic
9-mer peptide CRT, with the sequence CRTIGPSVC. The amino acid sequence is slightly
modified here by introducing a non-α-amino acid (β-alanine) at the N-term and C-term,
and a lysine at the C-term as the last amino acid (βA-CRTIGPSVC-βA-K). β-alanine acts as
a spacer to reduce the influence of the nanocapsule surface on the peptide conformation,
while the Lys was inserted to exploit its side chain (-NH2) for further functionalization (i.e.,
fluorophore labelling). The peptide synthesis was performed using solid-phase protocols (SPPS),
utilizing 9-fluorenylmethoxycarbonyl (Fmoc) chemistry and a super acid labile resin. The resulting
peptide was deprotected and cleaved from the resin. The crude peptide purity was assessed
by analytical RP-LC-MS, with the chromatogram and mass spectra reported in Figure 1A. The
purified CRT peptide was cyclized by dissolving it in an aqueous solution containing 5% DMSO
to the recommended dilute concentration of the thiol moieties (0.01–0.1 mM), thus favoring
the intra-chain disulfide bond formation between the two cysteine residues over dimer
formation, which is a frequent side reaction during cyclization [18,19]. Unambiguous
indication of peptide cyclization was accomplished by LC-MS analysis (Figure 1B). A slight
shift in the retention time of non-cyclic and cyclic peptides can be observed, followed by a
two unit difference in the [M+H]+ values corresponding to the expected loss of two protons
upon disulfide bridge formation.

Peptide Biotin/PEGylation was performed to anchor the cyclic peptide to our nanocap-
sules by exploiting biotin–streptavidin affinity (Figure 2).

A biotin functionalized PEG linker (Biotin-PEG-COOH) was conjugated at the N-
term of the peptide sequence, directly on the resin, via amide bond formation with the
carboxyl group.

Solid-phase synthesis was preferred to simplify the removal of impurities from PEGy-
lated peptide by several wash steps with a set of solvents (NMP-DCM-iPrOH-Et2O). Once
the peptide coupling with the Biotin-PEG-COOH linker was complete, the Biotin-PEG-CRT
peptide (CRT-PEG) was deprotected and cleaved from the resin. The crude CRT-PEG was
purified by preparative flash chromatography, obtaining a pure product with a final yield
of approximately 5%. The pooled fractions containing the desired products were analyzed
by analytical RP-HPLC, with the chromatogram reported in Figure 3.

Identification of the product at Rt = 23.78 min was performed by matrix-assisted
laser desorption/ionization mass spectrometry coupled to two time of flight analyzers
(MALDI-TOF-TOF). Comparison of the centroid mass peaks of Biotin-PEG-COOH linker
acquired before and after peptide conjugation confirms the reaction outcome (Figure 4).

The intense polydisperse Gaussian distribution and the typical expected ethylene
oxide repeat units of 44 Da were observed, corroborating the presence of PEG within the
samples. The mass increment for CRT-PEG perfectly corresponds to the CRT peptide, clear
evidence that the reaction took place. The observed mass increment (2589.11 ± n × 44 Da)
with respect to the expected theoretical isotopic mass of CRT-PEG (2566.22 ± n × 44 Da) is
due to the +23 m/z sodiated species (MNa)+. Peptide cyclization was then performed as
described before directly on the obtained pegylated peptide.
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Figure 1. (A) RP-HPLC chromatogram of crude CRT. ESI-MS spectrum relative to the peak at
Rt = 27.86 min that corresponds to [M+H]+ of CRT (theoretical mass: 1246.50 Da; observed mass:
1246.65 Da). (B) RP-HPLC chromatogram of pure cyclic CRT. ESI-MS spectrum relative to the peak at
Rt = 28.14 min that corresponds to [M+H]+ of cyclic-CRT (theoretical mass: 1244.49 Da; observed
mass: 1244.60 Da). Detector counts of the photodiode array are reported in arbitrary units (Au).

 

Figure 2. Schematic representation of the solid-phase synthetic strategy of CRT peptide PEGylation.
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Figure 3. Analytical RP-HPLC chromatogram of purified CRT-PEG, detected at λ = 220 nm. Detector
counts of the photodiode array are reported in arbitrary units (Au).

 

 

Figure 4. MALDI mass spectra (centroid) of Biotin-PEG-COOH linker on the top and CRT-PEG
peptide at the bottom, showing the expected mass shift upon peptide conjugation. Insets report the
zoomed centroid section of the spectra.
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3.2. Nanocarrier Assembly

The CRT-PEG was then linked to the multi-layered NEs (CRT-PEG-NEs) to exploit
its recognition of overexpressed TfR on the brain endothelium. We used a previously
optimized decoration strategy [16], featuring an outer shell of biotinylated hyaluronic acid
(HA-Biotin-NEs), with the only difference being that the oil core of the nanoemulsion is
loaded with paclitaxel. Briefly, the streptavidin (SAV) was added to HA-Biotin-NEs under
sonication, followed by the addition of CRT-PEG. The system was characterized at all
stages by DLS (Table 1 and Figure 5). At all stages, narrowly monodispersed functional-
ized nanocapsules were obtained with a net negative charge according to the Z-potential
measurements.

Table 1. Size, PdI and Z-potential measurement of each NCs component, loaded with paclitaxel,
during the several steps of assembly. Data are reported as mean (n = 3) ± SD.

Size (nm) PdI Z-Potential (mV)

NEs 89 ± 1. 0.080 ± 0.015 −27 ± 4
CT-NEs 93 ± 2 0.086 ± 0.003 +25 ± 1

HA-Biotin-CT-NEs 113 ± 9 0.094 ± 0.015 −31 ± 2
SAV-HA-Biotin-CT-NEs 131 ± 7 0.145 ± 0.017 −28 ± 3

CRT-PEG-SAV-HA-Biotin-CT-NEs 137 ± 7 0.152 ± 0.002 −30 ± 1
PEG-SAV-HA-Biotin CT-NEs 138 ± 5 0.139 ± 0.002 −30 ± 1

Figure 5. (A) Overlapping of hydrodynamic size of each component deposited around NEs. (B) Cryo-
TEM projection image of paclitaxel-loaded HA-CT-NEs. Scale bar corresponds to 500 nm.

The morphological characterization of the paclitaxel-loaded nanocapsule was per-
formed by cryo-TEM analysis (Figure 5B). The microscopy clearly shows a homogeneous
sample fixed in its frozen hydrated state confirming the size distribution observed by DLS.
The image displays a well-defined electron-dense core, corresponding to the PTX-loaded in
the oil core that makes it difficult to observe the polymer layers around the O/W NEs.

DLS periodical measurements were performed to evaluate the size evolution over
time. Figure 6 shows that the hydrodynamic diameter of CRT-PEG-NEs is quite stable
within the one-month detection window, with only minimal coalescence in the last 5 days
(~20% radius increase).

3.3. Preliminary Biological Tests

bEnd.3 cells, an immortalized mouse brain endothelial cell line, represent an attractive
candidate as model of the BBB due to their rapid growth, maintenance of BBB characteristics
and formation of functional barriers [20]. It was demonstrated in our group that the number
of TfRs per bEnd3 cells was 100-fold higher than in HUVEC cells, confirming a high value
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expression of TfRs [21]. To understand the best conditions to appreciate the selective activity
of CRT-PEG-NEs toward bEnd.3 cells, thanks to CRT-TfRs interaction, we investigated the
PTX effect on this cell line using the same procedure of Falanga et al. [22].

 

Figure 6. Dimensional behavior over time for PTX-loaded CRT-NEs measured by DLS analysis.

A confluent monolayer of bEnd.3 cells was incubated with PTX-loaded CRT-PEG-NEs,
diluted 1:5 in cells, at a final PTX concentration of 1.4 μM for 30 min, 2 h and 4 h. Moreover,
cells were treated with cell medium alone as positive control, free PTX as negative control
and un-functionalized PEG-NEs that act as blanks. After incubation, the cells were washed
and a quantitative evaluation of cell viability (normalized to positive control, which is set
to 100%) was obtained by PrestoBlue® assay after 48 h (Figure 7).

Figure 7. Cytotoxicity assay of PTX-loaded CRT-PEG-NEs, PEG-NEs and free PTX. bEnd.3 cells
were treated at several incubation times (30 min, 2 h and 4 h) and cell viability was evaluated after
48 h. Data are reported as mean of three independent experiments (n = 3 ± SD) and expressed as
percentage compared to control cells.
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We conducted one-way ANOVA tests using MATLAB® (MathWorks, Natick, MA,
USA) to quantitatively evaluate cell viability at 30 min, 2 h, 4 h and 24 h. Data are reported
as mean of three independent experiments and expressed as percentage compared to
control cells. The column Prob ≥ F shows the p-values for the treatments (CTRL, Free drug,
CRT-PEG-PXT and PEG-PXT, Prob ≥ F of 0) and time of treatments (30 min, 2 h, 4 h; Prob
≥ F of 0.0004) and the interaction between them (Prob ≥ F of 0.2525) (Table 2). These values
indicate that the type and time of treatments affect the percentage yield of living cells, but
there is no evidence of interaction effect of the two (Table 2).

Table 2. Two-way ANOVA for cytotoxicity analysis.

Two-Way ANOVA

Source SS Df MS F Prob ≥ F

Columns 570.513 3 190.171 236.64 0

Rows 14.9 2 7.45 9.27 0.0004

Interaction 6.527 6 1.088 1.35 0.2525

Error 38.575 48 0.804

Total 630.515 59

The data showed an increase of cell mortality both for free PTX and for CRT-PEG-NEs
over time, with no significant difference between two and four hours. Very interestingly,
it was possible to observe a significant cytotoxicity effect of CRT-PEG-NEs compared to
blank (PEG-NEs). This is an evident consequence of peptide capability to accumulate the
nanocarrier on the cells surface, and allow its internalization, thanks to ligand–receptor
interaction. For all the incubation times, CRT-PEG-NEs exhibit an increase of cell death
relative to PEG-NEs and free PTX. For instance, at 30 min of incubation, CRT-PEG-NEs
exhibit an increase of 38% of cell death relative to PEG-NEs and almost 17% relative to
free PTX. Considering an average over all times, relative to un-functionalized PEG-NEs,
CRT-PEG-NEs induced increased cell death of 33.05 ± 4.42%.

To confirm the effect due to the targeted accumulation, cellular uptake assays by con-
focal microscopy were performed. A confluent monolayer of bEnd.3 cells were incubated
with CRT-PEG-NEs and PEG-NEs for 4 h at the same experimental condition of cytotoxicity
test described before. Rhodaminated streptavidin was used during the nanocapsules assem-
bling to detect their fluorescence. In addition, the control (CTRL) consisted in cells treated
with cell medium alone. Figure 8 shows confocal microscopic images of the bEnd.3 cell
monolayer after NCs uptakes, which sheds light on the previous cytotoxicity results. The
presence of functionalized nanocapsules is shown in red, while the cell cytoplasm and the
nuclei are in green and blue respectively. In Figure 9, the plot of rhodaminated NCs ‘mean’
fluorescence intensity normalized for the bEnd.3 cell number is reported. Particularly, three
replicates for sample and at least five images for replicate are considered and statistical
results are reported in Table 3.

Table 3. One-way ANOVA for uptake analysis.

One Way-ANOVA

Source SS Df MS F Prob ≥ F

Columns 2.28946e+10 1 2.28946e+10 0.3 0.6156
Error 3.09993e+11 4 7.74983e+10

Total 3.32888e+11 5
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Figure 8. Confocal images of bEnd.3 cell. Untreated, rhodaminated CRT-PEG-NEs and PEG-NEs
interactions with a confluent monolayer of bEnd.3 cells. Nuclei (blue) and cellular membrane (green)
of the cells were stained with DAPI and WGA 555, respectively, while the red color represents
rhodamine uptake. Scale bar is 100 μm.

Figure 9. Plot of mean fluorescence intensity of rhodaminated nanocapsules normalized to cells
number. bEnd.3 cells were treated with CRT-PEG-NEs and PEG-NEs. Data are reported as mean
(n = 3) ± SD, p-value = 0.6150.
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The uptake data are consistent with the previous cytotoxicity results, showing a
clear fluorescence difference between CRT-PEG-NEs and PEG-NEs. No fluorescence was
detected in the images of the control cells. Specifically, the fluorescence intensity of peptide-
functionalized NCs was approximately 40% higher compared to the negative control.
Furthermore, a small amount of PEG-NEs was detected in the cells.

4. Conclusions

In this study, we demonstrate the versatility of engineered layer by layer nanocapsules
in active targeting. To develop a novel nanocapsule able to target the BBB, our O/W NEs
have been functionalized with the CRT peptide, which is able to recognize the BBB cells
thanks to the Tf/TfR mechanism. O/W NEs are stabilized by a double layer of chitosan
and biotinylated hyaluronic acid, and, thanks to their long shelf-life, represent an ideal
candidate for further decoration of a bioactive peptide on the outer layer by an additive
strategy, without purification steps. CRT-functionalized NEs preserve a narrowly dis-
tributed hydrodynamic diameter below 150 nm and are stable over time. Preliminary
cytotoxic tests were carried out using a mouse brain cell line (bEnd.3) as a model of en-
dothelial brain tissue. Results show an increased cellular death of 33.05 ± 4.42% compared
to undecorated PEG-NEs that acted as a control, while the uptake of CRT-PEG-NEs in-
creased 41.5 ± 24% with respect to the negative control. We proved in vitro the ability of
the CRT peptide to target brain endothelium tissue while conjugated to the proposed O/W
NE-based carrier. These in vitro results are in agreement with the current literature on CRT
peptide decorate NCs. Previous strategies have utilized various nanotechnology-based
delivery systems such as liposomes, polymeric nanoparticles (like PLGA NPs) and micelles.
These systems often incorporate surface modifications to exploit receptors overexpressed
at the BBB. For instance, PLGA NPs have been modified with transferrin receptor-targeting
peptides, demonstrating improved brain targeting and reduced cytotoxicity in vitro and
in vivo [23,24].

Recent advancements also include the use of receptor-mediated transcytosis to en-
hance drug delivery to the brain. Strategies such as the SGT-53 liposome, which targets the
transferrin receptor, have shown promising results in glioblastoma treatment when com-
bined with immunotherapy. Peptide-based targeting and advanced nanocarrier systems
offer significant potential for improving drug delivery across the BBB, targeting tumors,
and enhancing therapeutic efficacy. By leveraging passive and active targeting strategies
and employing novel nanotechnologies, these approaches aim to optimize drug delivery
while minimizing adverse effects. It is remarkable that here we were able to develop such
an advanced functional nanocarrier starting with a simple basic nanocarrier, namely O/W
NEs, thanks to the stability we can confer to it, bringing the intrinsic advantage of oil to
encapsulate powerful lipophilic drugs. The proposed platform paves the way to the design
of novel multifunctional nanocarriers for the delivery of therapeutic agents to the CNS
with the additional advantage that the vegetable oil core is easily degraded and absorbed
with no concerns in terms of accumulation in the body, in contrast with many solid-based
nanomaterials. Further development will concern the integration of a cell-penetrating
peptide, like gH625, able to cross the BBB. Moreover, for anticancer therapeutic purposes,
potentially new therapeutics [25] or the well-established curcumin instead of PTX can be
used, the latter being used in this case only as a cytotoxic molecule to test NCs’ accumu-
lation ability. Indeed, curcumin not only has been demonstrated to be a good anticancer
substance, but it is also specific for tumor cells [16]. Specifically, curcumin delivery systems
that exploit the unique properties of nanoparticles and surface modifications demonstrate
enhanced brain targeting and therapeutic outcomes for neurological diseases and brain
tumors. The integration of these innovative delivery methods represents a promising
frontier in the treatment of CNS disorders, potentially leading to more effective and safer
therapies [23]. Therefore, it may be an ideal candidate for blood–brain barrier treatments,
because, although a fraction of NCs will break and release curcumin in the endothelial cells
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instead of crossing them, such a molecule has no activity toward these cells, avoiding side
effects to healthy sites.

Author Contributions: Conceptualization, R.V. and P.A.N.; Methodology, A.D.C. and M.C.; Validation,
A.D.C.; Formal analysis, R.V., M.C., A.L. and E.L.; Data curation, A.D.C. and C.S.; Writing—original draft,
A.D.C., R.V. and M.C.; Supervision, R.V., M.C., A.L. and P.A.N.; Funding acquisition, A.L. and P.A.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by EU funding within the MUR PNRR “National Center
for Gene Therapy and Drugs based on RNA Technology” (Project no. CN00000041 CN3 Spoke #8
“Platforms for RNA/DNA delivery”, CUP E63C22000940007, CUP J33C22001130001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors thank Valentina Mollo for the TEM analyses and Denise Pagliara
for the support on the statistical analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pardridge, W.M. Drug Transport across the Blood–Brain Barrier. J. Cereb. Blood Flow Metab. 2012, 32, 1959–1972. [CrossRef]
2. Oller-Salvia, B.; Sánchez-Navarro, M.; Giralt, E.; Teixidó, M. Blood–Brain Barrier Shuttle Peptides: An Emerging Paradigm for

Brain Delivery. Chem. Soc. Rev. 2016, 45, 4690–4707. [CrossRef]
3. Del Genio, V.; Bellavita, R.; Falanga, A.; Hervé-Aubert, K.; Chourpa, I.; Galdiero, S. Peptides to Overcome the Limitations of

Current Anticancer and Antimicrobial Nanotherapies. Pharmaceutics 2022, 14, 1235. [CrossRef]
4. Walter, F.R.; Santa-Maria, A.R.; Mészáros, M.; Veszelka, S.; Dér, A.; Deli, M.A. Surface Charge, Glycocalyx, and Blood-Brain

Barrier Function. Tissue Barriers 2021, 9, 1904773. [CrossRef]
5. Barra, T.; Falanga, A.; Bellavita, R.; Laforgia, V.; Prisco, M.; Galdiero, S.; Valiante, S. gH625-Liposomes Deliver PACAP through a

Dynamic in Vitro Model of the Blood–Brain Barrier. Front. Physiol. 2022, 13, 932099. [CrossRef]
6. Friden, P.M.; Walus, L.R.; Musso, G.F.; Taylor, M.A.; Malfroy, B.; Starzyk, R.M. Anti-Transferrin Receptor Antibody and Antibody-

Drug Conjugates Cross the Blood-Brain Barrier. Proc. Natl. Acad. Sci. USA 1991, 88, 4771–4775. [CrossRef]
7. Recht, L.; Torres, C.O.; Smith, T.W.; Raso, V.; Griffin, T.W. Transferrin Receptor in Normal and Neoplastic Brain Tissue: Implications

for Brain-Tumor Immunotherapy. J. Neurosurg. 1990, 72, 941–945. [CrossRef]
8. Gomme, P.T.; McCann, K.B.; Bertolini, J. Transferrin: Structure, Function and Potential Therapeutic Actions. Drug Discov. Today

2005, 10, 267–273. [CrossRef]
9. Silva, M.C.; Torres, J.A.; Castro, A.A.; da Cunha, E.F.F.; Alves de Oliveira, L.C.; Corrêa, A.D.; Ramalho, T.C. Combined

Experimental and Theoretical Study on the Removal of Pollutant Compounds by Peroxidases: Affinity and Reactivity toward a
Bioremediation Catalyst. J. Biomol. Struct. Dyn. 2016, 34, 1839–1848. [CrossRef]

10. Salvati, A.; Pitek, A.S.; Monopoli, M.P.; Prapainop, K.; Bombelli, F.B.; Hristov, D.R.; Kelly, P.M.; Åberg, C.; Mahon, E.; Dawson,
K.A. Transferrin-Functionalized Nanoparticles Lose Their Targeting Capabilities When a Biomolecule Corona Adsorbs on the
Surface. Nat. Nanotechnol. 2013, 8, 137–143. [CrossRef]

11. Staquicini, F.I.; Ozawa, M.G.; Moya, C.A.; Driessen, W.H.P.; Barbu, E.M.; Nishimori, H.; Soghomonyan, S.; Flores, L.G.; Liang,
X.; Paolillo, V.; et al. Systemic Combinatorial Peptide Selection Yields a Non-Canonical Iron-Mimicry Mechanism for Targeting
Tumors in a Mouse Model of Human Glioblastoma. J. Clin. Investig. 2011, 121, 161–173. [CrossRef]

12. Hajitou, A.; Trepel, M.; Lilley, C.E.; Soghomonyan, S.; Alauddin, M.M.; Marini, F.C.; Restel, B.H.; Ozawa, M.G.; Moya, C.A.;
Rangel, R.; et al. A Hybrid Vector for Ligand-Directed Tumor Targeting and Molecular Imaging. Cell 2006, 125, 385–398. [CrossRef]

13. Kang, T.; Jiang, M.; Jiang, D.; Feng, X.; Yao, J.; Song, Q.; Chen, H.; Gao, X.; Chen, J. Enhancing Glioblastoma-Specific Penetration
by Functionalization of Nanoparticles with an Iron-Mimic Peptide Targeting Transferrin/Transferrin Receptor Complex. Mol.
Pharm. 2015, 12, 2947–2961. [CrossRef]

14. Liu, M.; Wu, L.; Shan, W.; Cui, Y.; Huang, Y. Iron-Mimic Peptide Converts Transferrin from Foe to Friend for Orally Targeting
Insulin Delivery. J. Mater. Chem. B 2018, 6, 593–601. [CrossRef]

15. Du, Y.; Gao, J.; Zhang, H.; Meng, X.; Qiu, D.; Gao, X.; Zheng, A. Brain-Targeting Delivery of MMB4 DMS Using Carrier-Free
Nanomedicine CRT-MMB4@MDZ. Drug Deliv. 2021, 28, 1822–1835. [CrossRef]

16. De Capua, A.; Palladino, A.; Chino, M.; Attanasio, C.; Lombardi, A.; Vecchione, R.; Netti, P.A. Active Targeting of Cancer Cells by
CD44 Binding Peptide-Functionalized Oil Core-Based Nanocapsules. RSC Adv. 2021, 11, 24487–24499. [CrossRef]

17. Fotticchia, T.; Vecchione, R.; Scognamiglio, P.L.; Guarnieri, D.; Calcagno, V.; Di Natale, C.; Attanasio, C.; De Gregorio, M.; Di
Cicco, C.; Quagliariello, V.; et al. Enhanced Drug Delivery into Cell Cytosol via Glycoprotein H-Derived Peptide Conjugated
Nanoemulsions. ACS Nano 2017, 11, 9802–9813. [CrossRef]

89



Pharmaceutics 2024, 16, 1010

18. Chan, W.; White, P. (Eds.) Fmoc Solid Phase Peptide Synthesis: A Practical Approach; Oxford University Press: Oxford, UK, 1999;
ISBN 978-0-19-963725-6.

19. Chen, L.; Annis, I.; Barany, G. Disulfide Bond Formation in Peptides. Curr. Protoc. Protein Sci. 2001, 23, 18.6.1–18.6.19. [CrossRef]
20. Brown, R.C.; Morris, A.P.; O’Neil, R.G. Tight Junction Protein Expression and Barrier Properties of Immortalized Mouse Brain

Microvessel Endothelial Cells. Brain Res. 2007, 1130, 17–30. [CrossRef]
21. Fotticchia, I.; Guarnieri, D.; Fotticchia, T.; Falanga, A.P.; Vecchione, R.; Giancola, C.; Netti, P.A. Energetics of Ligand-Receptor

Binding Affinity on Endothelial Cells: An in Vitro Model. Colloids Surf. B Biointerfaces 2016, 144, 250–256. [CrossRef]
22. Falanga, A.P.; Melone, P.; Cagliani, R.; Borbone, N.; D’Errico, S.; Piccialli, G.; Netti, P.A.; Guarnieri, D. Design, Synthesis and

Characterization of Novel Co-Polymers Decorated with Peptides for the Selective Nanoparticle Transport across the Cerebral
Endothelium. Molecules 2018, 23, 1655. [CrossRef] [PubMed]

23. Askarizadeh, A.; Barreto, G.E.; Henney, N.C.; Majeed, M.; Sahebkar, A. Neuroprotection by Curcumin: A Review on Brain
Delivery Strategies. Int. J. Pharm. 2020, 585, 119476. [CrossRef] [PubMed]

24. Na, Y.; Zhang, N.; Zhong, X.; Gu, J.; Yan, C.; Yin, S.; Lei, X.; Zhao, J.; Geng, F. Polylactic-Co-Glycolic Acid-Based Nanoparticles
Modified with Peptides and Other Linkers Cross The Blood–Brain Barrier for Targeted Drug Delivery. Nanomedicine 2023, 18,
125–143. [CrossRef]

25. De Fenza, M.; Esposito, A.; D’Alonzo, D.; Guaragna, A. Synthesis of Piperidine Nucleosides as Conformationally Restricted
Immucillin Mimics. Molecules 2021, 26, 1652. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

90



Article

Development of a Water-Soluble Nanomicellar Formulation
Loaded with Trans-Resveratrol Using Polyethylene Glycol
Monostearate for the Treatment of Intracerebral Hemorrhage

Kengo Banshoya 1,*,†, Aoi Machida 1,2,†, Saki Kawamura 1, Tetsuhiro Yamada 1, Riko Okada 1, Yui Kawamoto 1,

Hikaru Kimura 1,3, Sachi Shibata 4, Yuhzo Hieda 1, Yoshiharu Kaneo 1, Tetsuro Tanaka 1 and Masatoshi Ohnishi 1,2,*

1 Faculty of Pharmacy and Pharmaceutical Sciences, Fukuyama University, Fukuyama 729-0292, Hiroshima, Japan;
machida@fukuyama-u.ac.jp (A.M.); p7119028@fukuyama-u.ac.jp (S.K.); p7120097@fukuyama-u.ac.jp (T.Y.);
p7120020@fukuyama-u.ac.jp (R.O.); p7120029@fukuyama-u.ac.jp (Y.K.); kimurahikaru@yamaguchi-u.ac.jp (H.K.);
hieda@fukuyama-u.ac.jp (Y.H.); kaneoyoshiharu@gmail.com (Y.K.); tanaka@fukuyama-u.ac.jp (T.T.)

2 Graduate School of Pharmacy and Pharmaceutical Sciences, Fukuyama University,
Fukuyama 729-0292, Hiroshima, Japan

3 Pharmacy Department, Yamaguchi University Hospital, Ube 755-8505, Yamaguchi, Japan
4 Faculty of Health and Welfare Science, Okayama Prefectural University, Soja 719-1197, Okayama, Japan;

sachi_shibata@fhw.oka-pu.ac.jp
* Correspondence: kban@fukuyama-u.ac.jp (K.B.); ohnishi@fukuyama-u.ac.jp (M.O.);

Tel.: +81-84-936-2111 (K.B. & M.O.)
† These authors contributed equally to this work.

Abstract: Background/Objectives: Trans-resveratrol (Res) has been reported to possess many bio-
logical activities, including neuroprotective effects, owing to its anti-inflammatory and antioxidant
properties. However, Res has very low water solubility, which limits its therapeutic application. In
this work, we formulated water-soluble micellar formulations incorporating Res using polyethylene
glycol monostearate (stPEG). Methods: These formulations (stPEG/Res) were developed using five
types of stPEG containing 10, 25, 40, 55 and 140 PEG repeat units. The formulations were charac-
terized for Res content, water solubility, particle size, zeta potential, precipitation, biodistribution,
and efficacy against neuronal and motor dysfunction in intracerebral hemorrhage (ICH). Results:

Intravenous administration of stPEG40/Res, which demonstrated particle size, water solubility, and
biodistribution properties suitable for intravenous administration, suppressed neurological and mo-
tor dysfunction following in a collagenase-induced ICH mouse model. These effects were inhibited
by zinc protoporphyrin-9, an inhibitor of the antioxidant enzyme heme oxygenase-1, suggesting that
Res contributes to antioxidant enzyme expression and anti-inflammatory activity. Conclusions: The
stPEG/Res micellar formulation developed in this study may offer a promising therapeutic approach
for ICH treatment.

Keywords: trans-resveratrol; micellar formulation; water-soluble; polyethylene glycol monostearate;
intracerebral hemorrhage

1. Introduction

Intracerebral hemorrhage (ICH) is a neurological disease caused by nontraumatic
bursting of blood vessels in the brain. It is the second most common stroke subtype after
ischemic stroke [1]. The mortality rate within the first month after ICH onset exceeds 30%,
with only 14% of survivors regaining functional independence after 12 months [2]. The
primary treatment for ICH is surgical evacuation of the hematoma, which itself can cause
secondary damage. Due to the lack of pharmacological treatment options, ICH remains
the most challenging subtype of stroke [3]. Therefore, there is an urgent need to develop
safe and effective treatment strategies. Numerous studies have demonstrated that factors
such as oxidative stress caused by red blood cell lysis products and plasma components
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lead to brain damage after ICH [4]. Oxidative stress is involved in the pathophysiology of
numerous brain diseases, including neurodegenerative diseases, depression, and ischemic
stroke [5]. Importantly, oxidative stress is also a major mediator of secondary brain injury
after ICH [5]. Thus, oxidative stress plays an important role in brain injury following
ICH [6]. Due to the lack of effective pharmacological strategies for the treatment of ICH,
researchers have increasingly turned to traditional and alternative medicines, particularly
natural products [7].

One natural product that is an effective antioxidant for the treatment of ICH is trans-
resveratrol (Res). Res is the most useful, common, and abundantly available polyphenol
in pharmaceutical and dietary supplements [8]. Res is a safe compound that has been
proven to exhibit many neuroprotective effects in various neurological diseases, such
as stroke, Alzheimer’s disease, and Parkinson’s disease [9–12]. Importantly, frequent
oral administration of Res has been shown to reduce brain injury in experimental ICH
models [13]. However, when Res is administered orally, most of it is rapidly metabolized in
the liver and excreted in urine and feces [14]. In addition, the need for pre-administration
of Res and the fact that some patients with ICH are comatose makes oral administration of
Res unsuitable for the treatment of ICH. Res is highly lipophilic, with a low water solubility
of approximately 0.03 mg/mL [15]. Therefore, a study has been reported in which Res
was dissolved in dimethyl sulfoxide and administered intravenously to investigate its
therapeutic effect in ICH model animals [16]. However, intravenous administration of
organic solvents, such as dimethyl sulfoxide, is clinically problematic due to their toxicity.
Water-insoluble compounds are usually difficult to formulate as injectable drugs, and
Res is no exception. As a solubilized formulation of Res that can be safely administered
intravenously, there is a report on nano-formulation using lipids [17]. Lipid-based nano-
formulations loaded with compounds other than Res have also been reported to be effective
against ICH [18,19]. However, lipid-based nano-formulations are expensive and require
complex manufacturing procedures. Therefore, a water-soluble Res injection formulation
that overcomes these issues is required for the treatment of ICH.

One way to improve the performance of hydrophobic compounds is to use polymeric
micelle systems [20–23]. Polymeric micelles, composed of amphiphilic polymers containing
polyethylene glycol (PEG), have several advantages, including improved drug solubiliza-
tion, stability, and ease of preparation and storage [24]. Polyethylene glycol monostearate
(stPEG) is generally regarded as an essentially nontoxic and nonirritating material, and this
amphiphilic block polymer containing PEG can be used in topical, oral, and intravenous
formulations [25]. Furthermore, stPEG has various HLB values depending on the PEG
length [25]. This makes it possible to use stPEG with optimal properties for solubilization
of hydrophobic compounds.

We have successfully developed water-soluble stPEG micellar formulations of
α-tocopherol and coenzyme Q10 [26,27]. Similar to these, Res is a poorly water-soluble
antioxidant. In the present study, we developed novel intravenous Res micelle formulations
using five different PEG lengths of stPEG, encapsulating Res in the inner hydrophobic part
of the micelle. These micelles were investigated for their Res content, particle size, zeta
potential, precipitation, saturation solubility, toxicity, and therapeutic effects in ICH models.

2. Materials and Methods

2.1. Materials

Res was purchased from Tokyo Chemical Industry (Tokyo, Japan). Medetomidine
and pentobarbital were obtained from Kyoritsu Seiyaku (Tokyo, Japan). MuLV reverse
transcriptase was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Ran-
dom primers were obtained from Takara Bio (Shiga, Japan). Other primers were ob-
tained from Eurofins Genomics (Tokyo, Japan). The LightCycler FastStart DNA Master
SYBER Green I was purchased from Roche Diagnostics Japan (Tokyo, Japan). Collagenase
type IV was purchased from Sigma-Aldrich (Tokyo, Japan). The MTX-LDH was sourced
from Kyokuto Seiyaku (Tokyo, Japan). Zinc protoporphyrin-9 (ZnPPIX) was purchased

92



Pharmaceutics 2024, 16, 1462

from Cayman Chemicals (Ann Arbor, MI, USA), and paraformaldehyde (PFA) was pur-
chased from Nacalai Tesque (Kyoto, Japan). Mouse anti-neuronal nuclei (NeuN) antibody
was purchased from Merck Millipore (Burlington, MA, USA). Biotinylated anti-mouse
IgG (H + L) and an avidin-biotinylated horseradish peroxidase complex (Vectastain Elite
ABC Kit) were obtained from Vector Laboratories (Burlingame, CA, USA). stPEG140 was
kindly provided by Kao (Tokyo, Japan), and other stPEGs, reagents, and solvents were
obtained from FUJIFILM Wako Pure Chemical (Osaka, Japan). All other chemicals and
reagents used were of the highest grade commercially available and were used without
further purification.

2.2. Cell Culture and Animals

Dulbecco’s Modified Eagle Medium (DMEM), penicillin/streptomycin, and
trypsin/EDTA solution were purchased from FUJIFILM Wako Pure Chemical (Osaka,
Japan). Fetal bovine serum (FBS) and fetal horse serum (HS) were purchased from Japan
Bioserum (Fukuyama, Japan). PC-12 cells (established by Greene L.; JCRB0733), a rat
pheochromocytoma cell line commonly used as a neuroblast model, were provided by
JCRB Cell Bank (Osaka, Japan). The cells were maintained in DMEM supplemented with
5% FBS, 10% HS, 100 U/mL penicillin, and 100 μg/mL streptomycin. They were cultured
at 37 ◦C in a humidified atmosphere containing 5% CO2. Four-week-old male ddY mice
were purchased from Shimizu Laboratory Supplies (Kyoto, Japan) and housed in cages
with sawdust bedding and free access to commercial food and distilled water.

2.3. Preparation of stPEG/Res

The stPEG/Res micelles were prepared by dissolving stPEG (400 mg) in 80 mL of
distilled water under magnetic stirring. Subsequently, a solution of Res (40 mg) dissolved
in 2 mL of acetone was slowly added to each stPEG solution using a syringe while stirring.
These solutions were stirred for 3 h at room temperature to volatilize the acetone and
then lyophilized with light shielding to obtain stPEG/Res micelle powder. Samples were
stored at 4 ◦C, protected from light. Distilled water or 5% glucose was added to the micelle
powder before use, followed by sonication.

2.4. High-Performance Liquid Chromatography (HPLC) Analysis

Res was quantified using HPLC. The HPLC system consisted of an LC-20AD pump
(Shimadzu, Kyoto, Japan) and a variable-wavelength ultraviolet detector (SPD-20A, Shi-
madzu, Kyoto, Japan). The detection wavelength was set at 305 nm, and a 4.6 × 150 mm
C18 reversed-phase column (TSKgel ODS 80TM, Tosoh, Tokyo, Japan) was maintained at
40 ◦C. The mobile phase comprised methanol, distilled water, and acetic acid (200:199:1, v/v/v),
with a flow rate of 1.0 mL/min. The injection volume was 20 μL. The Res content (w/w)%
of each micelle was calculated as follows:

Res content (w/w)% = (mass of Res loaded in micelles / mass of micelles) × 100

2.5. Measurement of Particle Size and Zeta Potential

The average particle size and zeta potential of each stPEG/Res micelle were mea-
sured using a Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK), as
described previously [26]. Each micelle type was prepared at a concentration of 1 mg/mL.

2.6. Measurement of Saturation Solubility

The saturation solubility of each stPEG/Res sample was measured using the aforemen-
tioned HPLC system. Specifically, 50 mg of the Res-equivalent of stPEG/Res was mixed
with 2 mL of distilled water and centrifuged at 10,000 rpm for 30 min. The supernatant
was filtered through a 0.45 μm filter (Millex®-LH filter, Merck Millipore, Burlington, MA,
USA) and diluted appropriately with the mobile phase for HPLC measurement.
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2.7. Precipitation of stPEG/Res

The formation of stPEG/Res precipitates in the aqueous solution was evaluated.
Briefly, 5 mg/mL solution of each stPEG/Res micelle formulation was prepared, filtered
through a 0.45 μm filter, and stored in the dark at room temperature for 1 week. The
formation of precipitates was visually confirmed.

2.8. In Vitro and in Vivo Toxicity

In vitro toxicity was evaluated by measuring the cytotoxicity of PC-12 cells using the
lactate dehydrogenase (LDH) assay. Cells were seeded in 96-well plastic plates (CORNING,
New York, NY, USA) at a density of 5 × 105 cells/well. After 24 h of culture, the cells
were treated with the test sample for 24 h. Subsequently, 25 μL of culture supernatant was
transferred to each well of a 96-well plate pre-loaded with 75 μL/well of the chromogenic
substrate for MTX-LDH assay. The plates were then incubated in the dark for 15 min at
room temperature. The reaction was terminated with 1 M HCl, and the absorbance at
540 nm was measured using a microplate reader (Bio-Rad, Hercules, CA, USA).

The in vivo toxicity and the LD50 of stPEG40/Res were determined by limiting studies
in five male ddY mice (4 weeks old). The mice received intravenous injections of 100 mg/kg
Res-equivalent stPEG40/Res via the tail vein every 24 h. Mice that became moribund were
euthanized for humane reasons (none of them exhibited morbidity in this study). Surviving
animals were monitored for delayed mortality over a 14-day period.

2.9. RNA Preparation and Quantitative Real-Time PCR

Changes in the expression of antioxidant genes were measured in PC-12 cells. The
cells were seeded at a density of 1 × 106 cells/well in 35 mm dishes and treated with the
test samples. After incubation for 6 h, the cells were washed with phosphate-buffered
saline (PBS), and total RNA was extracted using the acid guanidinium thiocyanate-phenol-
chloroform method. Complementary DNA (cDNA) was synthesized using MuLV reverse
transcriptase and 50 pmol of random primers. Real-time reverse transcriptase-polymerase
chain reaction (RT-PCR) was performed using a LightCycler 2.0 system (Roche Diagnostics
Japan, Tokyo, Japan). In brief, reverse-transcribed cDNA, equivalent to 0.1 μg of total
RNA, was used per reaction with LightCycler FastStart DNA Master SYBER Green I
and 1 μM of primers. For the heme oxygenase-1 (HO-1) gene, the forward primer was
5′-TCTATCGTGCTCGCATG-3′ and the reverse primer was 5′-TTCCTCTGTCAGCAGTG-3′.
For the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene, the forward primer was
5′-TCTTCACCACCATGGAGA-3′ and the reverse primer was 5′-TGTCATGGATGACCTTGG-3′.
Relative expression was calculated using the ΔΔCt method, with normalized to GAPDH as
the endogenous control.

2.10. In Vivo ICH Mouse Model and Administration of stPEG/Res

To evaluate the therapeutic effects of stPEG/Res, a collagenase-induced ICH mouse
model [28] was established. Mice were placed in a stereotactic frame (Narishige Scientific
Instrument Lab, Tokyo, Japan) after an intraperitoneal injection (i.p.) of a mixture of
medetomidine (0.3 mg/kg) and pentobarbital (40 mg/kg). The scalp was incised and the
skull drilled. Collagenase type IV (0.03 U; volume: 3 μL/mouse; rate: 1 μL/min) or an
equal volume of saline was injected into the right striatum (3.5 mm ventral from the skull
surface, 2.2 mm lateral to the bregma midline suture, and 0.2 mm anterior to the coronal
plane) using a Hamilton syringe (outer diameter: 0.019 inches; Hamilton, Reno, NV, USA).
The Hamilton syringe was left for 5 min after injection and then gradually withdrawn.
The scalp incision was closed with sutures and the mice were placed in a cage with ad
libitum access to water and food. One hour prior to the collagenase injection, ZnPPIX, an
inhibitor of HO-1 activity, was administered intraperitoneally at a dose of 5 mg/kg. ZnPPIX
was dissolved in 0.1 M NaOH, neutralized with an equal volume of 0.1 M HCl, diluted
25-fold with 0.9% NaCl to a concentration of 1 mg/mL, and administered to the mice.
Twenty minutes after the collagenase injection, stPEG40/Res (20 mg/kg Res-equivalent) or
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stPEG40 was administered via the tail vein. Both stPEG40/Res and stPEG40 were dissolved
in 5% glucose before being administered.

2.11. Immunohistochemical Examinations

After 24 h of ICH induction, mice were reanesthetized with a mixture of medetomi-
dine/pentobarbital i.p., and transcardial perfusion was performed with 10 mL of cold
PBS and 4% PFA. Whole brains were excised, fixed in 4% PFA for 1 h, and then immersed
in 15% sucrose overnight at 4 ◦C. The cerebellum was removed from the whole brain,
frozen on dry ice, and stored at −80 ◦C until sectioning. Subsequently, 12 μm thick sections
were prepared using a cryostat (Leica Biosystems, Wetzlar, Germany) and mounted on
CREST-coated glass slides (Matsunami Glass Ind., Ltd., Osaka, Japan). NeuN antigen
revival was performed by autoclaving the sections in 10 mM citric acid (pH 6.0) at 121 ◦C
for 15 min (HIRAYAMA Manufacturing, Saitama, Japan). Sections were incubated with
mouse anti-NeuN antibody (1:200) overnight at 4 ◦C following immersion in PBS contain-
ing 5% HS and 0.1% Triton X-100 for 1 h at room temperature. After washing with PBS,
sections were incubated with biotinylated anti-mouse IgG (H + L) (1:200) for 1 h at room
temperature. Finally, the sections were treated with an avidin-biotinylated horseradish
peroxidase complex, and peroxidase activity was visualized using diaminobenzidine
and H2O2.

Bright-field images were captured randomly using an inverted microscope (ECLIPSE
TE300; Nikon, Tokyo, Japan) with a camera (DS-Ri2; Nikon). The NIS-Elements D software
4.30 (Nikon) was used for image acquisition and processing. Hematoma size was measured
using coronal section images, including a syringe mask for collagenase injection. The area
inside the hematoma was quantified using the ImageJ software 1.53t [29].

2.12. Behavioral Tests

The motor function of mice one day after ICH induction was assessed using corner-
turn [30], modified beam-walking [29], and pole tests [31]. All animals were pretested, and
investigators were blinded to group allocation.

In the beam-walking test, a 90 cm long beam, 1.5 cm wide and elevated 50 cm, was
placed with dark home cages containing food on either end. The mice were placed at the
center of the beam, and their behavior was observed and scored according to the criteria
listed in Supplementary Table S2. Three trials of 2 min each were conducted, and the total
score from all trials was calculated.

In the corner-turn test, the mice were directed toward a 30◦ corner, with the choice to
turn left or right based on whisker contact with the wall. Ten trials were performed, and
the percentage of turns to the right was calculated.

The pole test used a horizontal, rough-surfaced pole (8 mm diameter). The mice were
placed on this pole with their forelimbs. Their behavior was observed and scored according
to the criteria shown in Supplementary Table S3. Three trials of 30 s each were conducted,
and the total score was calculated from all trials.

2.13. Statistical Analysis

Data are presented as mean ± standard deviation or standard error of the mean.
ANOVA followed by Tukey’s multiple comparison test was used to analyze statistical dif-
ferences between multiple groups. A p-value < 0.05 was considered statistically significant.
R version 4.3.0 (Vienna, Austria) was used for all statistical analyses.

3. Results and Discussion

3.1. Characterization of stPEG/Res

stPEG forms nanoparticles at a concentration of approximately 1–10 μg/mL in an
aqueous environment due to aggregation of stearyl groups [27]. At concentrations well
above the CMC of stPEG, most stPEG molecules are thought to form micelles in water.
Therefore, to efficiently incorporate Res into the hydrophobic core of the micelles, we used
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an stPEG aqueous solution at 5 mg/mL in the formulation, significantly exceeding the
CMC. The Res content in the stPEG/Res formulation was determined using HPLC and
ranged from 8.1% to 10.3% w/w (Table 1), which was approximately consistent with the
initial weight ratio of Res during preparation. Table 1 summarizes the results of the DLS
analysis and zeta potential measurements. DLS analysis of each formulation revealed that
the diameter of stPEG10/Res was 85.4 nm, while the other stPEG/Res formulations had
diameters of approximately 10–20 nm. The zeta potential values of all formulations were
approximately −20 mV. Nanoparticles with diameters smaller than 100 nm are known to
increase blood circulation to avoid rapid trapping by the reticuloendothelial system in the
liver, spleen, and lungs [32]. The size of stPEG/Res was within this range, suggesting that
it was suitable for intravenous formulations. The particle size and zeta potential of the
PEGylated nanoparticles depend on the surface density, length, and structure of the PEG
chains. The areal density of PEG on nanoparticles can affect its conformation, with a high
surface density resulting in a brush-like appearance and a low surface density producing a
mushroom-like appearance [33]. Owing to these factors, stPEG10/Res may have a larger
particle size than the other stPEG/Res formulations.

Table 1. Properties of the stPEG/Res.

Sample
Res Content

(% w/w)
Diameter

(nm)
Zeta Potential

(mV)
Saturation Solubility

(mg/mL) †

stPEG10/Res 10.3 ± 1.8 85.4 ± 7.2 −20.7 ± 0.5 0.93 ± 0.03

stPEG25/Res 8.8 ± 0.2 10.6 ± 0.6 −16.0 ± 4.2 12.42 ± 0.24

stPEG40/Res 8.6 ± 0.6 11.8 ± 0.2 −17.6 ± 4.6 12.30 ± 0.35

stPEG55/Res 9.8 ± 0.6 11.4 ± 0.3 −18.9 ± 2.0 12.19 ± 0.48

stPEG140/Res 8.1 ± 1.2 16.6 ± 1.2 −21.3 ± 1.4 0.43 ± 0.01
Values are expressed as mean ± standard deviation (n = 3). † The saturation solubility immediately after
dissolution is expressed as Res-equivalent.

Saturation solubility measurements revealed that the Res formulation with stPEG10
and 140 had low saturation solubility, less than 1 mg/mL Res equivalent, while the for-
mulations consisting of stPEG25, 40, and 55 demonstrated very high saturation solubility,
approximately 12 mg/mL Res equivalent (Table 1). The emulsifying and dispersing abilities
of a nonionic surfactant can be estimated by calculating the hydrophile–lipophile balance
(HLB) value from its chemical structure. The HLB values of stPEG10–140 were calculated
using the formula proposed by Griffin [34]: HLB = PEG (wt. %)/5. The calculations re-
sulted in HLB values of 12.2, 15.9, 17.2, 17.9, and 19.1 for stPEG 10–140, respectively. Griffin
classified surfactants in the HLB range of 10–13 as o/w emulsifiers, 13–15 as detergents,
and 15–18 as solubilizers [34]. The saturation solubility results suggest that a solubilizers
with HLB values of 15–18 are suitable for solubilizing Res using nonionic surfactant stPEG.

We further evaluated the precipitation properties of the three stPEG/Res samples with
high saturation solubility after one week of storage. At a micellar concentration of 5 mg/mL,
the stPEG40/Res solution remained clear, whereas the stPEG25/Res and stPEG55/Res
solutions appeared cloudy (Figure 1). In addition, stPEG10/Res and stPEG140/Res at 5
mg/mL could not be dissolved without sonication. However, stPEG25-55/Res remained
soluble without sonication under gentle agitation. It was suggested that stPEG10/Res
and stPEG140/Res are unstable particles that tend to form aggregates and do not disperse
unless energy such as sonication is applied.
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Figure 1. Precipitation of stPEG25/Res (A), stPEG40/Res (B), and stPEG55/Res (C) at a formulation
concentration of 5 mg/mL in water after 1 week.

3.2. Neuroprotective Effect of stPEG/Res in ICH

Res exhibits protective activity against central nervous system damage by increasing
the expression of antioxidant enzymes, including HO-1 [35]. Therefore, we focused on
stPEG40/Res, which demonstrated no precipitation (Figure 1) and had the highest amount
of Res concentration in the brain 10 min after administration (Supplementary Table S1). We
inferred HO-1-mediated neuroprotective activity by measuring the increase in HO-1 gene
expression following stPEG40/Res exposure in PC-12 cells (Figure 2). Exposure of 15 μM
Res, a non-toxic concentration (Figure 3), significantly increased HO-1 mRNA expression
compared to the control group in PC-12 cells. Furthermore, exposure of stPEG40/Res at
an equivalent Res concentration of 15 μM significantly increased HO-1 mRNA expression
compared to the control and the Res-exposed groups. The results showed that the Res
formulation with stPEG may have a higher drug efficacy. stPEG promotes the intracel-
lular translocation of loaded drugs [36]. The greater increase in HO-1 gene expression
after exposure to this formulation may have been due to the enhanced internalization of
Res by stPEG.

Following administration of stPEG40/Res at 20 mg/kg Res-equivalent dose, the
average Res concentration in the brain was 0.75 μg/brain (Supplementary Table S1), ap-
proximately 11 μM. Given the results shown in Figures 2 and 3, this concentration was
expected to increase HO-1 expression with low toxicity. Therefore, we evaluated the in vivo
toxicity of stPEG40/Res and the in vivo efficacy of stPEG40/Res following ICH. To evaluate
the in vivo toxicity of stPEG40/Res, we performed LD50 measurements, which indicated
that the LD50 for stPEG40/Res was higher than that of the 100 mg/kg Res-equivalent
(Table 2).

Figure 2. Effect of treatment with stPEG40/Res on the mRNA expression of HO-1 in PC-12 cells (n =
6–8). The values are presented as mean ± standard deviation. *—p < 0.05.
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Figure 3. Cell injury in PC-12 cells induced by Res and stPEG40/Res, as assessed by the LDH assay.
Cells were exposed to the samples for 24 h (n = 5). The values are presented as mean ± standard
deviation.

Table 2. In vivo acute toxicity of stPEG40/Res in ddY mice.

Sample LD50 (mg/kg) 95% Confidence Interval (mg/kg)

stPEG40/Res >100 † –
†—Res-equivalent.

Based on previous results, we evaluated the efficacy of stPEG40/Res at a 20 mg/kg
Res-equivalent dose in an ICH model (Figure 4A), which was sufficiently lower than
the LD50 value and was expected to achieve pharmacologically effective Res concentra-
tions in the brain. The in vivo efficacy of stPEG/Res against ICH was evaluated using a
collagenase-induced ICH mouse model, a widely used animal experimental model [37].
The neuroprotective effects of stPEG40/Res were assessed by measuring nerve damage
and hematoma size through immunohistochemical staining with an anti-NeuN antibody.
The hematoma size 24 h after ICH induction was not significantly different between the
solvent and stPEG40/Res groups (Figure 4E). In contrast, the number of NeuN-positive
neurons around the hematoma was significantly higher in the stPEG40/Res group than
that in the solvent group (Figure 4B–D). Furthermore, administration of the HO-1 inhibitor
ZnPPIX prior to stPEG40/Res treatment reversed the increase in NeuN-positive neurons
caused by stPEG40/Res (Figure 4B–D). Thus, the neuroprotective effects of stPEG40/Res
were mediated by HO-1.

Given the neuroprotective effects of stPEG40/Res, we expected that this formulation
would be effective against motor dysfunction caused by ICH. We investigated its effect in
suppressing motor dysfunction (Figure 5). Intravenous administration of stPEG40/Res
at 20 mg/kg Res-equivalent to an ICH mouse model significantly improved performance
on the beam walking test and corner turn test compared to the vehicle-administered
group (Figure 5A,B). In addition, pole test scores tended to improve with stPEG40/Res
administration (Figure 5C). Similar to the immunohistochemical staining evaluation, we
performed a previous study in which ZnPPIX was administered. Regarding the beam-
walking and pole test scores, the groups administered with both ZnPPIX and stPEG40/Res
showed scores comparable to the vehicle-administered group (Figure 5A,C). In other
words, similarly to the examination of the neuroprotective effect, ZnPPIX inactivated the
effect of stPEG40/Res in improving motor dysfunction. These results indicate that the
neuroprotective and motor dysfunction-improving effects of stPEG40/Res are mediated
via HO-1.
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Figure 4. Neuroprotective effect of stPEG40/Res against intracerebral hemorrhage (ICH). (A) Ex-
perimental schedule using ICH model. (B) Magnified images of NeuN-immunopositive signals in
the perihematomal area 24 h after ICH. Scale bar = 50 mm. (C) Representative images of NeuN
immunostaining in the hematoma 24 h after ICH. Scale bar = 1 mm. Weak signals inside the dotted
line are considered as a hematoma. (D) Number of NeuN-positive cells in the periphery of the
hematoma (n = 8–9). (E) Summary of the hematoma size (n = 8–9). The values are presented as mean
± standard error. *—p < 0.05.

 

Figure 5. Efficacy of stPEG40/Res in alleviating motor dysfunction caused by intracerebral hemor-
rhage (ICH). (A) Effects of ICH and stPEG40/Res on beam walking ability (n = 10–11). (B) Effects of
ICH and stPEG40/Res on corner turn test scores (n = 11–12). (C) Effects of ICH and stPEG40/Res on
pole test scores (n = 9–10). The values are presented as mean ± standard error. *—p < 0.05.
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Based on these findings, we successfully developed stPEG/Res, a water-soluble Res
formulation that is effective for treating ICH and can be easily administered intravenously,
even to unconscious patients. Furthermore, Res has been reported to be effective against
various diseases, such as cardiovascular disease [38], kidney disease [39], malignant tu-
mors [40], and neurological diseases [9–12]. Thus, stPEG/Res may have potential applica-
tions as therapeutic agents for these diseases. In this study, we used ZnPPIX to show that
the neuroprotective effects and motor dysfunction improvement effects of Res in ICH were
mostly mediated through HO-1. To the best of our knowledge, this is the first study to
show that the mechanism of action of Res in ICH is primarily mediated through HO-1. This
research is an example showing that poorly soluble compounds that could not previously
be used as therapeutic agents because of bioavailability issues can be used as therapeutic
agents by incorporating them into nanoparticles such as nanomicelles using stPEG or other
materials. We hope that this research will have an impact on the development of new
therapeutic agents that solubilize poorly soluble compounds.

4. Conclusions

In this study, we developed a novel intravenous micelle formulation composed of Res
and stPEG, which exhibited suitable properties for intravenous administration. This formu-
lation is inexpensive and easy to prepare compared with other nano-formulations. Further-
more, in vitro experiments using PC-12 cells demonstrated that stPEG40/Res induced the
gene expression of enzymes that protect against oxidative stress and inflammation. In vivo
experiments using a collagenase-induced ICH mouse model showed that intravenous
administration of stPEG40/Res provided neuroprotective effects and suppressed motor
dysfunction following ICH. These effects may be due to the upregulation of antioxidant
and anti-inflammatory enzyme expression by Res. Consequently, these results suggest that
stPEG/Res represents a novel and effective therapeutic formulation for ICH treatment.
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Abstract: Background: Combination therapies for cancer have gained considerable atten-
tion due to their potential for enhancing therapeutic efficacy and decreasing drug resistance.
Introducing nanodrug delivery systems in this context may further improve the therapy
due to targeted delivery, improved drug stability, sustained drug release, and preven-
tion of rapid clearance from circulation. This study evaluates the combinatorial effects
of two cytotoxic drugs, cabazitaxel (CBZ) and RSL3 (RAS-selective lethal 3), in free form
as well as encapsulated within poly(2-ethyl butyl cyanoacrylate) (PEBCA) nanoparticles
(NPs) in breast cancer cell lines. Methods: Cell proliferation was assessed using IncuCyte
technology, and synergistic drug effects were determined with SynergyFinder Plus. Cell
viability was measured with the MTT assay. Additionally, we investigated whether the
combinatorial effects were reflected in alterations of metabolic activity or reactive oxy-
gen species (ROS) production using Seahorse technology and the CM-H2DCFDA assay,
respectively. Results: The data presented reveal, for the first time, that CBZ and RSL3
exhibit synergistically or additively combinatorial effects on various breast cancer cell lines.
The pattern of cytotoxic effects was consistent, whether the drugs were in free form or
encapsulated in NPs. Moreover, the combinatorial effects were not observed to be associ-
ated with early changes in metabolic activity or ROS production. Conclusion: This study
highlights the potential of CBZ and RSL3 in combinatorial nanomedicine as they may act
synergistically. Further studies are warranted to better understand the mechanisms behind
these combinatorial effects.

Keywords: cabazitaxel; RSL3; combinatorial effects; breast cancer; poly(2-ethyl butyl
cyanoacrylate); nanoparticles

1. Introduction

Cancer is a multifactorial disease, where different cells and diverse molecules are en-
gaged in complex regulatory networks and cross-talks between biological processes [1–3].
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Hence, it is poorly manageable with a single therapeutic agent, which may lead to drug
resistance [4] and tumor recurrence [5]. Combination therapy involving two or more
therapeutic agents or modalities has evolved as a key strategy in cancer therapy [6]. Com-
bining multiple agents may enhance efficacy, reduce drug resistance, and improve the overall
survival of patients by targeting multiple pathways or mechanisms either synergistically or
independently [6–8]. In the present scenario, chemotherapy has become an indispensable
part of treatment even if the drugs used contribute to undesirable effects and adverse reac-
tions [9]. This results in a narrow therapeutic window in addition to resistance [10]. Hence,
combining chemotherapy with radiation, immunotherapy, or other targeted therapies has
now been implemented in clinical practice, and novel combinations are continually being
reported at the preclinical phase or undergoing clinical trials [11–14].

Cabazitaxel (CBZ) is a second-generation taxane approved for the treatment of
castration-resistant prostate cancer [15] and has also undergone clinical evaluation for
the treatment of breast cancer [16–18]. It is a microtubule inhibitor like other taxanes but
has the advantage of having less affinity to P-glycoprotein, resulting in increased cellular
retention and higher efficacy [19]. Still, low aqueous solubility and toxicity can limit clinical
use, where alternate approaches are needed [20]. RSL3 is a known ferroptosis inducer [21],
and it has been reported to induce improved anticancer effects when combined with other
chemotherapy drugs, monoclonal antibodies, and mTOR inhibitors through different mech-
anisms [22–25]. It has been reported that RSL3 acts by inactivating the protein glutathione
peroxidase 4 (GPX4) after binding to its active site, which in turn causes iron-dependent
accumulation of ROS within the cells and eventually leads to ferroptotic cell death [21].
However, poor pharmacokinetic properties [26] and off-target side effects limit its potential
for clinical applications.

In the present study, we have investigated how the combination of CBZ and RSL3
affects the viability of breast cancer cell lines. These cell lines, SKBR3, JIMT-1 and MCF7 (all
human), and EO771 (murine), have different expression levels of estrogen receptors (ER),
progesterone receptors (PR) and HER2 receptors, and they also have different sensitivity to
CBZ and RSL3.

The effects were evaluated either when the drugs were in their free form or encapsu-
lated within PEGylated PEBCA NPs. PEBCA NPs are synthesized by polymerization of
2-(ethyl butyl cyanoacrylate) monomers and possess excellent properties to encapsulate
hydrophobic molecules such as CBZ or RSL3. We have published multiple articles evaluat-
ing the biological effects and efficacy of these NPs loaded with CBZ in different models of
breast cancer, which showed promising results; see, e.g., [27–29]. Hence, it was interesting
to conduct studies comparing the combinatorial effects of drugs in their free form or en-
capsulated within the PEBCA NPs. The present study demonstrates that CBZ and RSL3
act synergistically and are promising candidates for developing combinatorial therapy for
breast cancer. Nonetheless, the mechanism of action needs further elucidation. Moreover,
encapsulation of these drugs within PEBCA NPs did not hamper the combinatorial effects,
indicating that these NPs may improve the pharmacokinetic properties and thus should be
studied further in in vivo models.

2. Materials and Methods

2.1. Materials

RPMI 1640 medium, DMEM medium, bovine serum albumin (BSA), fetal bovine serum
(FBS), dimethyl sulfoxide (DMSO), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bro-
mide (MTT; cat#M5655), 1S,3R-RSL3 (https://www.sigmaaldrich.com/NO/en/product/
sigma/sml2234 (accessed on 24 August 2022); info of, i.e., formula and purity, >98%)

104



Pharmaceutics 2025, 17, 657

and penicillin/streptomycin (Pen/Strep P4333) were purchased from Merck (Darm-
stadt, Germany). DMEM F12 medium was procured from ThermoFisher Scientific
(Waltham, MA, USA). CBZ was obtained from Biochempartner Co., Ltd. (Shanghai, China,
https://www.biochempartner.com/183133-96-2-BCP27641 (accessed on 24 August 2022);
i.e., with information on formula and purity, 98%). Milli-Q water was freshly prepared
by the Millipore Milli-Q Biocell purification system (Burlington, MA, USA). All chemicals
used were of analytical quality. Materials used for NP synthesis and other reagents are
mentioned together with the methods.

2.2. Cell Lines

A panel of breast cancer cell lines having different molecular characteristics was
used for the study. EO771 cells (murine, ERα− PR+, HER2+) were cultured in DMEM.
SKBR3 (ER−, PR−, HER2+) and MCF-7 (luminal A, ER+, PR+, HER2−) cells were cul-
tured in RPMI 1640. JIMT-1 cells (ER−, PR−, HER2+) were cultured using a 1:1 mixture of
DMEM/F-12 medium. All media were supplemented with 10% (v/v) FBS and 100 units/mL
penicillin/streptomycin. JIMT-1 cells were obtained from the German Collection of Mi-
croorganisms and Cell Cultures (DSMZ; Braunschweig, Germany). All cells were routinely
subjected to mycoplasma testing.

2.3. Synthesis and Characterization of NPs

PEGylated PEBCA NPs were synthesized using a miniemulsion polymerization tech-
nique [27–30]. An oil phase (2.7 mL), containing 0.9 g of 2-ethylbutyl cyanoacrylate (EBCA)
(Cuantum Medical Cosmetics, Bellaterra, Spain) and the co-stabilizer Miglyol® 812 (1.1%
(w/w), Cremer Oleo GmbH & Co., KG, Hamburg, Germany), was mixed with a water
phase (6.5 mL) consisting of the non-ionic PEG stabilizers Brij® L23 (5 mM, Sigma-Aldrich,
St. Louis, MO, USA) and Kolliphor® HS 15 (6 mM, Sigma-Aldrich) in 0.1 M HCl. Com-
pounds to be encapsulated were added to the oil phase (CBZ, 10% (w/w oil phase), and
RSL3, 10% (w/w oil phase)) prior to mixing. The oil phase was added to the aqueous phase
and immediately sonicated for 3 min on ice (6 × 30 sec intervals, 60% amplitude, Bran-
son Ultrasonics digital sonifier 450, Brookfield, CT, USA). The solution was then rotated
(15 rpm, Stuart SB3 rotator, Keison Products, Chelmsford, UK) at room temperature (RT)
over two nights. The emulsions were extensively dialyzed (Spectra/Por dialysis membrane
MWCO 100,000 Da, Spectrum Labs, Rancho Dominguez, CA, USA) against 1 mM HCl (pH
3.0). Loading of CBZ within PEBCA NPs was quantified by mass spectrometry analysis
(Agilent, Santa Clara, CA, USA, 1290 HPLC system coupled to an Agilent 6490A triple
quadrupole mass spectrometer), and encapsulation efficiency was determined as described
earlier [27]. Loading of RSL3 was quantified by mass spectroscopy analysis. RSL3-PEBCA
NPs were diluted in DMSO/acetonitrile/ammonium acetate (50%/45%/5%), and separa-
tion was performed using a column (Ascentis Express Phenyl Hexyl) with mobile phases
A: water with 25 mM formic acid and B: acetonitrile with 25 mM formic acid. The size
(diameter; z-average: intensity-based mean calculations), polydispersity index (PDI), and
zeta potential (calculations based on the Helmholtz-Smoluchowski equation) of the NPs
were measured in PBS, pH 7.4 (diluted 1:50, approx.NP conc. 2 μg/mL) by dynamic light
scattering using a Zetasizer Nano ZS Malvern Instrument and the accompanied software
package (ver. 6.01) for data acquisition and analysis (Malvern, UK). The NPs were found to
be stable regarding size, drug loading and colloidal stability for a period of 2 years when
stored at 4 ◦C in 1 mM HCl (pH 3.0), during which the experiments were performed.
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2.4. Evaluation of Cell Proliferation

Cellular proliferation was evaluated by measuring cell confluence using the Incucyte
technology [31]. Briefly, cells were seeded at a density of 8 × 103 cells/well of 96-well
plates in suitable medium (200 μL). The plates were incubated for 24 h before treating them
with either free drugs, PEBCA drugs or combinations in triplicate. This is followed by
real-time image-based cell density measurements using the Incucyte® S3 live cell imaging
and analysis system (Sartorius, Gottingen, Germany) equipped with a confluence analysis
module. At least three images were captured per well. Measurements were started on
day 0 of treatment and continued up to 4–6 days, depending upon the cell line. Data were
plotted as % cell confluence normalized to the day of treatment initiation.

2.5. Analysis of Combinatorial Effects

The cell density measurements retrieved from the Incucyte analysis were used to assess
the combinatorial effects of the treatments using the SynergyFinder Plus (version 3.10.3)
web application [32]. Briefly, the normalized values of cell density measurements during
the last time point of treatment were used to calculate percent inhibition with respect
to untreated control. The SynergyFinder Plus application used these values to calculate
the synergy scores according to different reference models. The degree of synergistic or
antagonistic effect is quantified by comparing the observed combinatorial response against
the expected response, calculated using a reference model that assumes no interaction
between the drugs. Different reference models quantify the degree of synergy either as
the excess over the maximum single drug response (highest single agent (HSA)) [33], as
the multiplicative effect of single drugs as if they acted independently (Bliss) [34], as the
expected response corresponding to an additive effect as if the single drugs were the same
compound (Loewe) [35], or as the expected response corresponding to the effect as if the
single drugs did not affect the potency of each other (zero interaction potency (ZIP)) [36].
Suitable synergy models were chosen for each cell line, according to the observed drug
responses. The threshold is set in a way that synergy scores greater than 10 indicate
synergy, scores between −10 and +10 indicate additivity and scores less than −10 indicate
no combinatorial effects. However, synergistic effects are highly contextual; hence, this
scale should be assumed as a spectrum where increasing positive values from zero span
from additivity towards synergy and negative values from zero span across additivity
towards no effect and then towards antagonistic effect.

2.6. Cell Viability Assay

Cell viability was assessed by the MTT assay as described elsewhere [29]. Briefly,
cells were seeded and treated as described for the proliferation assay. Treated plates were
incubated for 96 h at 37 ◦C. The medium was then aspirated, followed by the addition of
MTT reagent (100 μL of 0.25 mg/mL in serum-free, phenol red-free medium) and further
incubation for 3 h at 37 ◦C. Afterwards, the formazan crystals formed were dissolved in
DMSO with 0.5% ammonia solution (200 μL/well), and the absorbance was measured at
570 nm against a 650 nm reference wavelength using a Synergy2 microplate reader (Biosys
Ltd., Essex, UK). Percent cell viability was calculated with respect to the untreated control.

2.7. ROS Assay

Cells were seeded in glass-bottom white plates (Costar, Corning, NY, USA) at a
density of 1.5 × 104/well in 200 μL media. After 24 h, the cells were gently washed
with 100 μL pre-warmed medium without FBS and phenol red, followed by the addition
of 10 μM ROS sensor (General Oxidative Stress Indicator, CM-H2DCFDA, Invitrogen;
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https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp36103.pdf (accessed on
September 1 2022)) (50 μL/well). The plate was then incubated in the dark at 37 ◦C for
45 min. Subsequently, the sensor was removed, and the cells were treated with indicated
concentrations of free drugs, PEBCA drugs, combinations or empty PEBCA NPs in suitable
media. H2O2 (500 μM) was used as a positive control. Fluorescence readout was performed
after 1 h and 5 h of treatment using a Victor™ X3 multiplate reader (Perkin Elmer, Waltham,
MA, USA) equipped with fluorescent filters (excitation 485 nm, emission 535 nm) and a
prewarmed plate holder at 37 ◦C. Data of treated cells are normalized to cells treated only
with the sensor.

2.8. Metabolic Assay

Mitochondrial metabolism was assessed using the Seahorse XFe96 Analyzer (Agi-
lent, Santa Clara, CA, USA) employing the Mito Stress Test according to the manufacturer’s
guidelines [37]. Briefly, the assay cartridge was hydrated and placed in an incubator at 37 ◦C
without CO2 supplementation overnight. Cells were incubated in Seahorse 96-well plates
overnight and treated with either free drugs, PEBCA drugs, combinations or empty PEBCA
NPs for 4 h. The cells were then rinsed with phenol red and bicarbonate-free medium
(pH 7.4), supplemented with 10 mM glucose, 1 mM pyruvate, and 2 mM L-glutamine
(Agilent, Santa Clara, CA, USA), and incubated for 1 h at 37 ◦C without CO2. Modulating
compounds used in the assay included 1.5 μM oligomycin, 0.5 μM rotenone/antimycin
A (Agilent, Santa Clara, CA, USA), and 0.5 μM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP). Oligomycin inhibits ATP synthase, leading to a reduction in
mitochondrial respiration by limiting the flow of electrons through the electron trans-
port chain (ETC). FCCP, a protonophore, uncouples the proton gradient from respiration,
enabling unrestricted electron flow through mitochondrial complexes and maximizing
oxygen consumption at complex IV by disrupting the mitochondrial membrane potential.
The spare respiratory capacity was determined as the difference between maximal and
basal respiration rates. Additionally, the injection of rotenone and antimycin A inhibits
complexes I and III, effectively halting the entire electron transport chain and allowing the
measurement of non-mitochondrial respiration, driven by processes outside the mitochon-
dria. The oxygen consumption rate (OCR) was measured using a solid-state sensor that
detects changes in dissolved oxygen and free proton concentrations, which reflect oxygen
consumption from mitochondrial respiration. Seahorse Wave Software v2.6.3 was utilized
for data analysis. Normalization was conducted by determining total protein concentration
via BCA Protein Assay (ThermoFischer Scientific, Waltham, MA, USA) at the end of the
experiment, following the manufacturer’s instructions.

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism v9 (GraphPad Software, La
Jolla, CA, USA). Statistical significance in the experiments was determined either by one-
way ANOVA followed by the Tukey–Kramer multiple comparison test. In some cases, a
two-tailed unpaired Student’s test was performed, which has been mentioned in respective
figure legends. p values < 0.05 were considered statistically significant.

3. Results and Discussion

3.1. Physicochemical Characterization of NPs

The NPs used and their physicochemical properties are shown in Figure 1. When
combinatory treatment with PEBCA-CBZ and PEBCA-RSL3 is performed, the terminology
PEBCA drugs is used. NPs exhibit a size range of 130–175 nm with PDI less than 0.36 in
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PBS, pH 7.4. They are also similar in their structure and PEGylation levels, while they
differ in the percentage of drug loading, which is 6.8% and 5.1% of total dry weight for
PEBCA-CBZ and PEBCA-RSL3, respectively.

Figure 1. Schematic representation and physicochemical properties of NPs. (A) Representation of
PEGylated PEBCA NPs used in different studies: empty NPs and NPs loaded either with CBZ or
RSL3. (B) Physicochemical characteristics of NPs such as size, zeta potential, PDI and % (w/w) drug
loading with respect to CBZ and RSL3. Size and PDI were measured whenever the NPs were used for
experiments. Presented here are averages of 4 measurements performed from the time of preparation
and for a period of 2 years. Zeta potential and drug loading were measured at one time point, within
a week after the preparation of the NPs.

3.2. Combination of CBZ and RSL3 Improved Cytotoxic Effects Compared to Drugs Alone

The microtubule inhibitor, CBZ, and the ferroptosis inducer, RSL3, are well-known
cytotoxic agents and have been utilized in several studies along with other therapeutic
agents [15,16,21,22]. Our previous studies have shown that PEBCA NPs are suitable to
encapsulate hydrophobic drugs such as CBZ, which also improved the therapeutic ef-
fects [27,29]. This prompted us to explore the combinatorial effects of two encapsulated
drugs and compare them with the combination of free drugs. Thus, we decided to encapsu-
late RSL3 into PEBCA NPs and investigate whether a combinatory treatment with RSL3
and CBZ could improve the cytotoxic effects compared to the drugs alone. Studies were
performed in four breast cancer cell lines with different origins, molecular characteristics
and sensitivity to CBZ or RSL3. The treated cells were monitored for their proliferative
capacity, and the combinatorial effects were analyzed using the SynergyFinder Plus ap-
plication. Figures 2–5 show the effect of combinatorial treatment of CBZ and RSL3, either
in their free form or encapsulated in PEBCAs in EO771, SKBR3, JIMT-1 and MCF-7 cells,
respectively. The results corresponding to each cell line are discussed as below.

EO771: Figure 2A represents the synergy scores for combinations of different con-
centrations of CBZ and RSL3 in EO771 cells. The HSA reference model is found suitable
for this cell line because one of the drugs (CBZ) is not inducing any inhibitory effect. The
combination of 100 nM RSL3 and increasing concentrations of CBZ shows the highest
synergy scores. Figure 2C shows the response curves for the combinations with the most
pronounced synergistic effect. It is notable from the dose–response curves of CBZ and
RSL3 (Figures S1 and S2) that EO771 cells are insensitive to CBZ at the concentrations
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studied but are sensitive to RSL3 in a time- and concentration-dependent manner. How-
ever, the sensitivity to RSL3 is transient, and the cells regained the capacity to proliferate
effectively at a later time point. Hence, the evident combinatorial effects are relevant, which
means that CBZ plays a significant role in maintaining the inhibition caused by RSL3,
and this inhibition increases with increasing concentration of CBZ. Similar is the case of
encapsulated drugs, where PEBCA-CBZ and PEBCA-RSL3 showed similar dose responses
(Figures S1 and S2) and combinatorial effects as free drugs (Figure 2C,D).

Figure 2. Combinatorial effects of CBZ and RSL3 or PEBCA-CBZ and PEBCA-RSL3 in EO771 cells.
Figures shown in the left panel correspond to free drugs or their combinations, and the right panel
corresponds to PEBCA drugs or their combinations. EO771 cells were treated with different con-
centrations of CBZ/PEBCA-CBZ and RSL3/PEBCA-RSL3 as single drugs or as combinations. Drug
responses were evaluated by quantifying cell confluence through Incucyte analysis, and synergy
scores were derived using SynergyFinder Plus. HSA model scores are shown here. (A,B) Synergy
scores of all combinations used, respectively, for drugs alone and PEBCA drugs, confirming the
synergistic effects of different concentrations of CBZ with higher concentrations of RSL3. Combi-
nations showing high synergy scores are outlined in blue (C,D). Plots showing drug responses of
combinations that showed synergistic effects and highest scores (outlined in blue in panels (A,B)),
respectively, for drugs alone and PEBCA drugs. Presented here are mean values with standard
deviations (error bars) of cell confluence normalized to day 0 of treatment from one out of three
independent experiments, each run with triplicates. PEBCA is abbreviated to PB in graphs.
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Figure 3. Combinatorial effects of CBZ and RSL3 or PEBCA-CBZ and PEBCA-RSL3 in SKBR3 cells.
Figures shown in the left panel correspond to free drugs or their combinations, and the right panel
corresponds to PEBCA drugs or their combinations. SKBR3 cells were treated with different con-
centrations of CBZ/PEBCA-CBZ and RSL3/PEBCA-RSL3 as single drugs or as combinations. Drug
responses were evaluated by quantifying cell confluence through real-time Incucyte analysis for up to
4 days. Combinatorial effects were analyzed, and synergy scores were derived using SynergyFinder
Plus software. Bliss model scores are shown here. (A) Synergy scores of all combinations used,
respectively, for drugs alone and PEBCA-drugs, confirming the additive effects of certain combi-
nations. Combinations showing the highest scores are outlined in blue. (C,D) Plots showing the
drug responses of combinations that showed additive effects and highest scores (outlined in blue
in panels (A,B)), respectively, for drugs alone and PEBCA drugs. Presented here are average values
with standard deviations in error bars of % cell confluence over a period of 4 days from one out of
three independent experiments run with triplicates. PEBCA is abbreviated to ‘PB’ in graphs.

SKBR3: Figure 3A,B show the synergy scores representing the effect of combinatorial
treatment by free drugs and encapsulated drugs, respectively, in SKBR3 cells. Differing from
EO771 cells, SKBR3 cells are sensitive to both CBZ and RSL3 with increasing concentrations
(Figures S1 and S2), and the combination of drugs shows additive effects, where the synergy
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scores are near to zero. The Bliss reference model was used. The highest scores are shown
when 10 nM CBZ was combined with different concentrations of RSL3, and this pattern
is similar for both free and encapsulated drugs, as shown in Figure 3A,B. The real-time
effect of the combinations showing the highest synergy scores is presented in Figure 3C,D,
corresponding to free drugs and encapsulated drugs, respectively.

Figure 4. Combinatorial effects of CBZ and RSL3 or PEBCA-CBZ and PEBCA-RSL3 in JIMT-1
cells. Figures shown in the left panel correspond to free drugs or their combinations, and the right
panel corresponds to PEBCA drugs or their combinations. JIMT-1 cells were treated with different
concentrations of CBZ/PEBCA-CBZ and RSL3/PEBCA-RSL3 as single drugs or as combinations.
Drug responses were evaluated by quantifying cell confluence through real-time Incucyte analysis
for up to 4 days. Combinatorial effects were analyzed, and synergy scores were derived using
SynergyFinder Plus software. Bliss model scores are shown here. (A,B) Synergy scores of all
combinations used, respectively, for drugs alone and PEBCA drugs, confirming the additive effects
of certain combinations. Combinations showing the highest scores are outlined in blue. (C,D) Plots
showing drug responses of combinations that showed additive effects and highest scores (outlined in
blue in panels (A,B)), respectively, for drugs alone and PEBCA drugs. Presented here are average
values with standard deviation (error bars) of % cell confluence over a period of 4 days from one out
of three independent experiments run with triplicates. PEBCA is abbreviated to PB in graphs.

JIMT-1: As shown in Figures S1 and S2, JIMT-1 cells are sensitive to both CBZ and
RSL3 in a dose-dependent manner. Hence, the Bliss reference model was chosen. Also,
the combined effect of different concentrations of the drugs either in free or encapsulated
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forms is shown in Figure 4A and Figure 4B, respectively, from which it is obvious that
certain combinations seem to induce additive effects (scores 0–10). Plots comparing the
effects of these combinations when the drugs are either in their free or encapsulated forms
are shown, respectively, in Figure 4C,D. Generally, the trends are similar except for slight
differences in the inhibitory effects between free RSL3 and PEBCA-RSL3, which eventually
reflect in the synergy scores as well.

Figure 5. Combinatorial effects of CBZ and RSL3 in MCF-7 cells. MCF-7 cells were treated with
different concentrations of CBZ and RSL3 as single drugs or as combinations. Drug responses
were evaluated by quantifying cell confluence through real-time Incucyte analysis for up to 6 days.
Combinatorial effects were analyzed, and synergy scores were derived using SynergyFinder Plus
software. (A) Synergy scores of all combinations used, derived by the HSA model, confirm the
synergistic effects of certain concentrations. Combinations showing high synergy scores are outlined
in blue. (B) Plots showing drug responses of combinations that showed synergistic effects and
highest scores (outlined in blue in panel (A)). Presented here are average values with standard
deviations (error bars) of % cell confluence over a period of 6 days from one out of three independent
experiments run with triplicates.

MCF-7: MCF-7 cells are sensitive to CBZ in a concentration-dependent manner (Figure S1)
but resistant to even high concentrations of RSL3 (Figure S2). Hence, assessing combina-
torial effects using the HSA model was found appropriate. The resistance to RSL3 in this
cell line was correlated to the lack of endogenous acyl-CoA synthetase long-chain family
member 4 (ACSL4) [38], which was reported as an essential component to induce ferropto-
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sis [38]. Figure 5A shows the combinatorial effects of different concentrations of CBZ and
RSL3, and the synergy scores show that the combination is highly synergistic. It is quite
interesting that even if the cells are tolerant to RSL3 alone, this compound/drug/inhibitor
sensitizes the cells to chemotherapy. We could not test encapsulated drugs in the case
of MCF-7 because we knew from our previous experience [28] that empty PEBCA NPs
themselves induce toxic effects in MCF-7 cells at concentrations equivalent to the higher
concentrations of encapsulated RSL3. Of note, the concentrations of PEBCA used in the
case of all other cell lines were below the toxic range, as is evident from Figure S3.

3.3. In Vitro Combinatorial Effects Are Similar for Free Drugs and Encapsulated Drugs

Combining multiple therapeutic drugs simultaneously within a drug delivery system
can unify the pharmacokinetic properties of the drugs [39,40]. Moreover, it may offer
protection of labile drugs along with controlled release of therapeutics for aiding combi-
natorial effects [41]. However, there are several challenges that make this strategy less
encouraging. Vyxeos, a liposomal formulation of daunorubicin and cytarabine, is the only
one that has gained approval so far [42]. Co-encapsulating drugs within proximal 3D space
could promote several interactions that may affect the stability and optimal release of the
drugs. Moreover, it is difficult to control all the possible interactions and their consequences
to achieve optimal co-encapsulation while maintaining batch-to-batch reproducibility [41].
In the present study, the drugs are not co-encapsulated; instead, they are independently
loaded within the same type of PEBCA NPs. This is mainly because it is not practical to
evaluate the range of combinatorial effects in different cells when the drugs are co-loaded
in a single known ratio within the NPs. This approach will also unify the drug delivery
properties in the physiological system and would also allow sequential treatment of mul-
tiple therapeutics where one drug could sensitize the cells to make them more prone to
the effect induced by the other. However, this may result in a higher accumulation of
the NPs, and it is therefore important to investigate the safety limit of the NPs. Higher
loading efficiency might be one of the criteria that need to be considered. As mentioned
before, the present study utilized independently loaded CBZ and RSL3 within PEBCA
NPs, and their combinatorial effects were compared with those of free drugs in three of the
cell lines studied. The results shown in Figures 2–4 demonstrate that the combination of
encapsulated drugs is equally effective as the combination of free drugs in all the cell lines
in the in vitro conditions, also confirming that encapsulation in PEBCA does not affect the
individual drug’s mode of action. This study thus supports investigating the potential
for improved efficacy of PEBCA drugs in the in vivo setting and perhaps also including a
co-encapsulation strategy for the drug combination.

3.4. Combinatorial Effects Are Cell Type Dependent

The four cell lines differ in their sensitivity to single drugs. It is well known that
the sensitivity of different cells to ferroptotic agents such as RSL3 depends upon various
factors such as the ability of ACSL4 to modulate the composition and distribution of
phospholipids [38,43], cell density [44], and the endogenous activity of GPX4 [45]. Similarly,
sensitivity to CBZ is also associated with several molecular and cellular factors like activity
of the tyrosine kinase receptor protein, Ror2 [46], and expression of the MDR1 gene [47].
From Figures 2–5, one could conclude that the combinatorial effects of CBZ and RSL3 are
highly cell-dependent. Interestingly, the combination induced highly synergistic effects
in EO771 and MCF-7 cells, where the cells have low sensitivity to one of the drugs. This
may be caused by mutual sensitization as reported for RSL3, which gives a synergistic
effect with many compounds, including taxanes [22–25,48]. For instance, Ye et al. reported
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that a low concentration of paclitaxel acts synergistically with RSL3 in hypopharyngeal
squamous cell carcinoma by paclitaxel-mediated upregulation of mutant p53 expression,
which in turn suppresses the transcription of SLC7A11, rendering the cells more vulnerable
to RSL3-induced ferroptosis [49]. Similarly, Yuan et al. reported that RSL3 increases
the chemosensitivity of triple-negative breast cancer to paclitaxel by inducing ferroptosis
through NF-κB signaling [22]. Hence, single or multiple mechanisms may be involved,
which may differ with the molecular characteristics of each cell line.

3.5. Cell Viability Assay Correlates with Cell Proliferation Assay

Cell proliferation assays evaluate the ability of the cells to divide, whereas cell viability
assays assess single or multiple parameters of cellular function in response to treatment [50].
Evaluating drug responses utilizing different methods is valuable and will enhance our
understanding of the mechanism of action. Hence, we have also evaluated the combina-
torial effects by MTT assay, which assesses the metabolic activity of cells by measuring
NAD(P)H-dependent oxidoreduction. Results showing effects corresponding to free drugs
and PEBCA drugs are shown in Figures 6 and 7, respectively.

Figure 6. MTT assay showing combinatorial effects of drugs alone in breast cancer cell lines. Cells
were treated with drugs alone or their combinations for 96 h, and the cytotoxicity was measured
by MTT assay. Data corresponding to the range of drug concentrations that showed combinatorial
effects with the highest significance are shown. Data are presented as % cell viability ± standard
deviations from one out of three independent experiments, each run in triplicate. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.
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Figure 7. MTT assay showing combinatorial effects of PEBCA drugs in breast cancer cell lines.
Cells were treated with PEBCA drugs or their combinations for 96 h, and the cytotoxicity was
measured by MTT assay. Data corresponding to the range of PEBCA drug concentrations that
showed combinatorial effects with the highest significance are shown. Data are presented as % cell
viability ± standard deviations from one out of three independent experiments, each run in triplicate.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. PEBCA is abbreviated to PB in graphs.

As shown in Figure 6, certain combinations induced improved cytotoxic effects com-
pared to the single drugs in all cell lines studied. It is important to note that the concentra-
tions that showed evident combinatorial effects differ between the two assays, especially in
EO771 cells. This might be because the MTT assay was assessed after 96 h and could not
be continued because the cells became confluent. In contrast, the proliferation assay was
continued up to 6 days, which was essential to distinguish the combinatorial effects from
the transient inhibitory effect of RSL3 alone. In addition to this, the comparison between
single drugs and combinations is also different in the two assays, which might be due to
differences in the end points and assessed parameters. Similar patterns were observed in
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the case of PEBCA drugs or their combinations (Figure 7). Altogether, it can be concluded
that the combinatorial effects evaluated by the two methods correlate, which confirms that
the drug combinations are effective.

3.6. Combinatorial Treatment Did Not Cause Immediate Effects on ROS Levels

ROS molecules exhibit pleiotropic functions within the cell. Besides modulating
cellular signaling, their excess also induces DNA damage, protein oxidation or lipid
peroxidation, being responsible for different cell death mechanisms [51]. Increased ROS
levels upon CBZ and RSL3 treatment have been reported in several studies. CBZ was
described to have pro-oxidant effects and mediate apoptosis in cancer cells by increasing
ROS and mitochondrial damage [52]. Kosaka et al. reported decreased expression of the
Sestrin 3 gene leading to elevated ROS levels upon CBZ treatment in cancer cells [53]. RSL3
covalently binds to the antioxidant protein GPX4, and there are several papers reporting
increased levels of ROS after RSL3 treatment [21]. GPX4 is considered a central player
in regulating ferroptosis, as this protein removes lipid peroxides that are produced from
polyunsaturated fatty acids by elevated ROS levels.

To investigate whether the combinatorial effects are mediated through ROS produc-
tion, the ROS levels were assessed using the fluorescence probe CM-H2DCFDA after
treating the cells for up to 5 h. As shown in Figure S4, no effects on ROS production were
induced by free or encapsulated CBZ and RSL3, nor their combinations, in all the cell
lines studied, irrespective of their differences in H2O2-induced ROS production (Figure
S5). However, we also observed that empty PEBCA NPs caused a slight increase in ROS
levels in SKBR3 cells at the equivalent concentrations of PEBCA drugs used for the studies
(Figure S6). We have earlier published that treatment with higher concentrations of empty
PEBCA NPs (25 μg/mL) increased ROS production in MDA-MB-231 cells [54], whereas the
concentrations used in the present studies are below 2 μg/mL. Hence, we speculate that
this effect of empty PEBCA is cell dependent. To conclude, the combinatorial treatment did
not cause an increase in ROS production at an early time point in any of the cell lines.

3.7. Combinatorial Effects Are Not Accompanied by Immediate Effects on Cell Metabolism

We investigated whether the combinatorial effects can be correlated with any changes in
cell metabolism. Hence, we studied the effect of free drugs, PEBCA drugs and combinations on
mitochondrial metabolism using a Seahorse Analyzer employing a MitoStress assay. Data are
presented as oxygen consumption rate (OCR) in terms of basal respiration (Figures S7 and S8)
and maximal respiration (Figures 8 and 9). As shown in Figures 8A and S7A, treatment
with a higher concentration of RSL3 caused a significant decrease in OCR in EO771 cells.
Otherwise, the free drugs or combinations did not induce any large effects. Nevertheless,
in the case of PEBCA drugs, a gradual decrease in OCR was observed towards higher
concentrations of the combinations (Figures 9A and S8A). The decrease is caused mainly by
the effect of the encapsulated drugs, as the empty PEBCA NPs had no effect (Figure S9A)
on the cell line. The effect of RSL3 fits with our recently published data for MDA-MB-231
cells [55]. Others have also shown that GPX4 inhibition with RSL3 increased ROS levels in
mitochondria, leading to their impaired function and decrease in maximal respiration [56].
Moreover, decreased OCR for both basal metabolism and maximal respiration shows that
cellular metabolism is affected by the treatment with CBZ and RSL3. This might be due
to a decreased mitochondrial potential (ΔΨM) caused by RSL3 [55,57]. Moreover, it has
been reported that CBZ also decreases ΔΨM, i.e., giving mitochondrial depolarization in
prostate cancer cells due to increased ROS levels [52]. Hence, we speculate that drugs and
NPs together contribute to the effect caused by PEBCA drugs.

116



Pharmaceutics 2025, 17, 657

Figure 8. Effect of free drugs or combinations on mitochondrial respiration. Cells were treated for
5 h at 37 ◦C and were analyzed by Mito Stress Assay using a Seahorse analyzer. Shown here are
data from (A) EO771, (B) SKBR3, (C) JIMT-1 and (D) MCF7 cells. The graphs show variation of
oxygen consumption rate (OCR) after addition of different modulators of mitochondrial respiration
in terms of maximal respiration. Values represent the mean ± SD of three technical replicates. One
representative experiment is shown. * p < 0.05, ** p < 0.01, **** p < 0.0001.
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Figure 9. Effect of PEBCA drugs or their combinations on mitochondrial respiration. Cells were
treated for 5 h at 37 ◦C and were analyzed by Mito Stress Assay using a Seahorse analyzer. Shown
here are data from (A) EO771, (B) SKBR3 and (C) JIMT-1 cells. The graphs show variation of oxygen
consumption rate (OCR) after addition of different modulators of mitochondrial respiration in
terms of maximal respiration. Values represent the mean ± SD of three technical replicates. One
representative experiment is shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

JIMT-1 and SKBR3 cell lines did not show significant responses to free drugs or
combinations, except that the higher concentrations of combinations significantly decreased
the OCR in SKBR3 cells (Figures 9B and S7B for SKBR3 cells and Figures 9C and S7C for
JIMT-1 cells, respectively). At the same time, these cell lines responded differently to the
treatment with PEBCA drugs and combinations. The OCR in SKBR3 cells was significantly
affected by PEBCA-RSL3 and all of the combinations (Figures 9B and S8B), while JIMT-1
cells seemed unaffected (Figures 9C and S8C). It is interesting to note that empty PEBCA
also induced a decrease in OCR in SKBR3 cells and JIMT-1 cells at the highest concentrations
equivalent to the combinations (Figure S9B and S9C , respectively). This did, however, not
seem to have a profound impact on the effect of PEBCA drugs in JIMT-1 cells, as shown in
Figures 9C and S8C. Whereas in SKBR3 cells, when comparing Figures 9B, S8B and S9B,
we could conclude that both RSL3 and PEBCA NPs are responsible for the action. It should
be studied whether CBZ also contributes to this effect when it is combined with RSL3 and
PEBCA. Concurrently, the effects of empty PEBCA NPs on SKBR3 cells are so evident, as
the results from the ROS assay (Figure S6B) correlate well with those of the Seahorse assay
(Figure S9B). We already showed that empty PEBCA NPs increase ROS accumulation in
MDA-MB-231 cells at a concentration of 25 μg/mL [54]. In the present study, even though
we used several-fold lower concentrations of NPs, SKBR3 cells might be more susceptible to
NP-induced ROS production than MDA-MB-231 cells. However, none of these effects were
reflected in the proliferation and cell viability assays, where free and PEBCA drugs showed
similar patterns (Figures 3, 6C and 7C). This is supported by our previous report, where
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MS-based proteomics studies revealed that different breast, colon and prostate cancer cell
lines have altered proteomes upon NP treatment [28]. Here, treatment with PEBCA-CBZ
led to a decrease in the total amount of proteins, even though it was not reflected in the
cytotoxicity pattern of free and encapsulated CBZ in all of the three cell lines studied [28].
MCF-7 cells, on the other hand, are resistant to RSL3. Still, all concentrations of RSL3,
CBZ and the combinations caused a significant decrease in OCR in these cells, as shown
in Figures 8D and S7D. However, there were no differences between drugs alone and
combinations.

Altogether, the results from the four cell lines emphasize that the combinatorial effects
are not due to immediate changes in cell metabolism as measured with the Seahorse
Analyzer. However, it is possible that the treatment may induce metabolic changes after
long-time exposure, which has to be explored further. Also, it is evident that PEBCA
NPs alone or in combination with the drugs could influence the ROS production and cell
metabolism in a cell-dependent manner, even though these changes may not be reflected in
their cytotoxic effects when compared to the free drugs in the in vitro setting.

4. Conclusions

We here demonstrate that CBZ and RSL3 can give synergistic effects in vitro, indi-
cating the possibility of developing combinatorial nanomedicine using these drugs. The
combinatorial effects were similar for the free and encapsulated drugs. Remarkably, syn-
ergy was obtained even in cell lines that are non-responsive to monotreatment with one of
the compounds. The drug combination did not cause immediate effects on ROS production
and cell metabolism. However, we cannot exclude the possibility of an impact after a
prolonged period. The fact that also encapsulated drugs give synergy could be important
for the possible in vivo use, as this may provide the drug with a better pharmacokinetic
profile, as documented in our previous in vivo studies with PEBCA-CBZ [27,29]. Based on
the promising results shown here, future studies should address the mechanisms behind
the combinatorial effects in different cell types. Importantly, drug combinations should be
tested in preclinical tumor models.
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Abstract: Advances in medical nanobiotechnology have notably enhanced the application
of snake venom toxins, facilitating the development of new therapies with animal-derived
toxins. The vast diversity of snake species and their venom complexities underline the need
for ongoing research. This review is dedicated to exploring the integration of snake venom
with nanoparticles to enable their use in human therapies aiming to develop treatments.
The complex mixture of snake venom not only inflicts significant pathological effects but
also offers valuable insights for the creation of innovative therapies, particularly in the realm
of nanobiotechnology. Nanoscale encapsulation not only mitigates the inherent toxicity of
snake venom but also amplifies their antitumoral, antimicrobial, and immunomodulatory
properties. The synergy between venom-derived macromolecules and nanotechnology
offers a novel pathway for augmenting the efficacy and safety of conventional antivenom
therapies, extending their applicability beyond treating bites to potentially addressing a
myriad of health issues. In conclusion, nanotechnology presents a compelling therapeutic
frontier that promises to improve current treatment modalities and ameliorate the adverse
effects associated with venomous snakebites.

Keywords: drug delivery; drug discovery; nanomedicine; nanoformulation; venom peptides

1. Introduction

Snakebite accidents represent a major public health problem worldwide [1,2]. How-
ever, it was only recently recognized as a neglected tropical disease by the World Health
Organization (WHO) in 2017 [3]. Due to their physiology, snakes are abundant in warm
climates, particularly in tropical regions with higher rates of snakebite accidents [4]. Many
victims do not opt for healthcare services and instead resort to traditional treatments [5]
and different needs are required in different communities [6]. Nevertheless, available
data show that, annually, 4.5 to 5.4 million people are affected by snakebites. Of these,
1.8 to 2.7 million develop clinical illnesses, and 81,000 to 138,000 die due to the disease’s
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implications [3]. The WHO has subsequently developed a comprehensive plan known as
the snakebite roadmap, aiming to achieve the ambitious objective of reducing the global
burden of snakebites by 50% by the year 2030 [7].

Brazil is recognized for its vast biodiversity, of which Viperidae and Elapidae are
snake families considered venomous and of medical importance [8–10]. Venomous and
poisonous animals provide a wide variety of compounds, among which proteins, peptides,
and neurotransmitters are the ones that draw the most attention for scientific research [11].
Nanotechnology has been applied for various purposes within the healthcare field with the
production of nanomaterials. In the context of snakebite, nanoparticles have shown promis-
ing results in the development of more efficient therapies [12]. The encapsulation of snake
venom in polymeric nanoparticles, as an example, is well studied due to its biodisponibility
and selectivity for treatment, as well as the decrease in systemic toxicity [13].

Within this context, the present review holds significant promise in elucidating the
therapeutic potential of nanosystems in conjunction with snake venom, as documented in
the existing literature (Figure 1).

Figure 1. Uniting nature and technology for health purposes.

2. Snake Venom Composition

Venoms and/or poisons are used for predatory and defensive purposes and have
evolved independently in a wide phylogenetic range of organisms, including snakes, spi-
ders, scorpions, and jellyfish, among others [14–16]. Ophidian venoms are innovative
sources found scattered throughout the animal evolutionary tree [17]. The bioactive prop-
erties of these toxins are key points for the discovery of new drugs for possible human
therapies [18]. Numerous molecules with different therapeutic approaches have been
discovered due to the great biological diversity that is capable of providing us with various
solutions to public health problems [19].

It has been scientifically determined that there is a direct correlation between the
level of biodiversity within a biome and the complexity of chemical–ecological interactions
among organisms occupying the same niche. Furthermore, this biodiversity directly
contributes to an increased abundance of diverse molecules and pharmacological activities
within these cohabiting organisms. Consequently, it is widely acknowledged that the
likelihood of successful drug discovery from natural sources is significantly enhanced
when maximal levels of both biodiversity and chemical diversity are present [20].

A specific group of molecules derived from animal venom, which has consistently
garnered attention, consists of bioactive peptides. These molecules exhibit high selectivity
for specific cell receptors and target specificity, alongside structural stability in bodily fluids
and suitability for genetic and synthetic engineering. Due to these characteristics, natural
venom peptides serve as promising frameworks for the development of biopharmaceuticals
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or biotherapeutics. Examples of such peptides include cysteine-stabilized and linear helical
peptides [21–23].

In venom, the primary enzymatic classes are oxidases and hydrolases [24]. Snake venoms
contain various compounds, mostly protein mixtures including phospholipase A2 (PLA2) that
can cause myotoxicity and inflammation; snake venom metalloproteinases (SVMPs) with patho-
logical effects like hemorrhage and coagulation inhibition; snake venom serine proteases (SVSPs)
that can cause coagulation inhibition; L-amino acid oxidases (LAAOs) causing cytotoxicity
and oxidative stress; disintegrins (DISs) causing inhibition of platelet aggregation; and C-type
lectins (CTLs) causing hemostasis modulation and blood coagulation [25,26]. Three-finger
toxins (3FTxs) (that cause neurotoxicity and paralysis), PLA2s, SVMPs, and SVSPs are the most
abundant components of these venom protein families, which exhibit multifunctionality and
are encoded by multilocus gene families [27,28]. Figure 2 summarizes the composition and
pathological effects of these components.

Figure 2. Components, compositions, and the pathological effects of snake venom.

These snake venom components play a crucial role in snakebite accidents and have
been adopted in various therapies, including anticancer agents, antihemorrhagic agents,
and antihypertensive agents [24,29–31]. As an example of an antihypertensive agent, there
is the contemporary pharmaceutical known as captopril which was synthesized using the
venom obtained from a type of pit viper that is endemic to Brazil, scientifically referred to
as Bothrops jararaca, commonly known as the Brazilian lancehead snake [32].

The pathological effects of snakebites are diverse and can include neuromuscular
paralysis (neurotoxicity), hemorrhage and coagulopathy (hemotoxicity), and/or local
swelling, blisters, and tissue necrosis (cytotoxicity) around the bite site [4]. Most venoms of
the Viperidae family and some Elapidae induce local tissue damage. The PLA2 present
in these venoms is mainly responsible for the myotoxic action leading to myonecrosis by
binding to the plasma membrane of muscle fibers, causing its integrity to rupture [33,34].

The development of Small Molecule Therapeutics (SMT) for the initial and adjunctive
treatment of snakebites has been shown by Bulfone et al. [35] and these types of review
studies are related to enabling successful strategies and potential uses such as drug targets
on venom molecules.

3. Snake Venom as Treatment

As venoms are a cocktail mixed with toxins with plenty of physiological activities,
some products from snake venoms are available for a range of disease treatments. As
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cited before, captopril is an example of an antihypertensive agent, acting as an angiotensin-
converting inhibitor, produced from research on bradykinin potentiator peptides (BPPs).
Snake Bothrops jararaca venom’s BPPs aid in capturing the target by lowering its blood
pressure. In pharmaceuticals, captopril is used in a similar manner for humans: it relaxes
blood vessels, which is indicated for hypertensive patients [16,32,36,37].

Eptifibatide, a synthetic cyclic heptapeptide disintegrin, used to prevent the formation
of blood clots, is a peptide derived from the Sistrurus miliarius barbourin snake, a rattlesnake
species [38,39]. Tirofiban, inspired by the echistatin structure, also a short monomeric
disintegrin from the venom of the snake species Echis carinatus, is also a blood thinner;
similar to Eptifibatide, this medicine can also prevent the formation of blood clots in the
medical condition that leads to acute blood blockage of blood flow to the heart and heart
attack [38,40].

Another important medicine produced from snake venom is Batroxobin, isolated from
Bothrops moojeni snake venom. Its pathway includes the dissolution of fibrinogen to fibrin
and D-dimer and the mobilization of endothelial cells to promote thrombolysis [41]. In
nature, it enables the snake to capture the prey by activating blood clotting. Clinically, this
capability was explored to treat different types of bleeding and thrombosis [16].

A PLA2 from Bothrops erythromelas, an endemic snake in northeast Brazil, was
isolated, and its biological activity was tested confirming antibiofilm activity against
Acinetobacter baumannii and antibacterial activity against Staphylococcus aureus [42,43].

Still under research are compounds from snake venoms such as Collinein-1, cro-
tamine, and Crotalphine, which have shown potential for some clinical disorders. First,
Collinein-1 is a serine protease from Crotalus durissus colllineatus, a species that occurs
all over Brazil as well as in other countries in South America. This toxin presents the
ability to block a specific potassium channel expressed in some cancer lines, reducing
the tumor cells’ viability [11,37,44]. Second, crotamine, a compound from the venom of
the Crotalus durissus terrificus sp., widely distributed in Brazil [44], is a peptide with the
ability of membrane translocation with cytoplasmic, vesicular, and nuclear distributions.
In melanoma and lymphoma cells, it can undergo an intake process during cell prolifera-
tion, constituting a potential anticancer drug [37,45–47]. Crotalphine, also isolated from
the snake Cortalus durissus terrificus venom, is a peptide that has shown activity against
peripheral opioid receptors and has been investigated as a potent painkiller for cancer
pain [47–49].

In antivenom serum, IgG is fractionated to produce F(ab) and F(ab′)2, which reduces
adverse reactions and increases efficacy. Commercial antivenoms constitute polyclonal
mixtures of antibodies or their fractions raised against all toxin antigens in a specific
venom. Improvements in antivenoms aiming for safety and more effectiveness have taken
place in recent years. Proteomics and transcriptomics are two of these improvements that
have been applied to venom toxin composition (venomics), guiding the understanding of
medically important toxins. Also, it is important to point out that these methodologies can
identify toxins that contain epitopes recognized by antivenom molecules (antivenomics).
Furthermore, humanized and fully human monoclonal antibodies and their fractions as
well as enzyme inhibitors have been experimentally developed against venom toxins [50].

4. Challenges in Venom Therapy: Addressing Formulation Needs and
the Role of Nanotechnology

Venom composition has been studied and it has been demonstrated that it is composed
of 100 to 500 pharmacologically active compounds. As shown, there are millions of
natural products that can be used for drug discovery. Nevertheless, less than 0.01%
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have been identified and characterized and a large proportion of toxins act on unknown
receptors. Well-known toxins, usually, are described incompletely; the reasons for this are
the difficulties in obtaining reliable sources of venoms, inadequate use of screening tests,
difficulties in purifying and characterizing the given toxin in detail, and the limited number
of academic or industrial research groups working, which is increasing significantly [51,52].

Although there is a larger number of molecules in the venom pool to be analyzed,
multiple sophisticated and complementary bioanalytical methodologies and approaches
are employed for the isolation, characterization, and assessment of the pharmacological
attributes of proteins and peptides found in snake venom. These efforts are directed
towards advancing drug discovery investigations. Purification of the peptide requires
a combination of chromatographic methods, and, recently, a new online microfluidic
high-resolution screening method was employed to identify neurotoxic components [53].
Search-based sequencing uses bioinformatics tools, such as Mascot (Matrix Science) or
Protein Pilot (ABSciex), modern mass spectrometers (MSs), and ESI or MALDI TOF mass
spectrometers. MS/MS, (MS)n, or cleaving of the peptide backbone is performed using
a variety of methods, including post-source decay (PSD), collision-induced dissociation
(CID), and high collision energy dissociation (HCD). The radical fragmentation technique
is used to analyze peptides with labile posttranslational modifications, such as electron
capture dissociation (ECD) and electron transfer dissociation (ETD) [54]. As shown briefly,
a considerable number of techniques are required to guarantee an optimal characterization
of animal toxins.

Other approaches can be explored in the field of mass spectrometry with direct infusion
nanoelectrospray ionization (nano-ESI-MS) to evaluate peptide distributions in Bothrops
snake venoms, as shown by Souza et al. [55], or even the use of proline present in B. jararaca
venom, as carriers of therapeutic agents, which cannot cross the cell membrane, increasing
their applicability in drug delivery [56].

Furthermore, identification, isolation, and purification are not the only concerns in this
field nowadays, but the therapeutic potential of these venoms has also been considered, e.g., as
shown in Biswas et al. and Munawar et al. [57,58]; this method is illustrated in Figure 3.

Figure 3. Representation of snake venom characterization and evaluation for biological tests.

According to Biswas et al. [57], nanosized particles exhibit unique properties that
can be harnessed to enhance the pharmacological and therapeutic efficacy of medications.
The process of nanoencapsulation for these potent therapeutic compounds serves not
only as a platform for improved drug delivery but also contributes to heightened stability,
increased bioavailability, and targeted application of the drugs. While larger molecules
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may be subject to elimination from the body, nanoparticles, due to their size, are effectively
taken up by cells. A variety of hydrophilic nanoparticles, including chitosan, nano-gold,
nano-silver, magnetic and superparamagnetic nanoparticles, and dendrimers, among
others, are currently under extensive investigation for their role as drug delivery vehicles.
This involves the conjugation of these nanoparticles with various therapeutically potent
substances, including venoms and toxins, particularly peptides, proteins, and antigens.

5. Commonly Used Nanosystems to Encapsulate Snake Venom

Nanomedicine emerges as a pioneering field that holds great promise for the twenty-
first century, employing nanotechnology to enhance healthcare and pharmaceutical prod-
ucts [59,60]. Consequently, it has been determined that diverse nanocarriers present
numerous benefits, including (i) ensuring consistent drug dosage and targeted delivery
while avoiding concentration fluctuations, (ii) maximizing therapeutic efficacy while mini-
mizing potential side effects and risks of toxicity, and (iii) providing drug protection against
enzymatic degradation [61].

In the field of drug delivery systems, nanomaterials have emerged as key contributors
to enhancing drug stability, solubility, release control, minimizing toxicity, and achieving
enhanced therapeutic effects [62]. Various nanocarrier systems (Figure 4), including poly-
meric nanoparticles, inorganic nanoparticles, and nanohydrogels, have been developed to
address these challenges [63].

Figure 4. The use of nanotechnology is based on the incorporation of proteins derived from
snakes. (A) Polymeric nanoparticles; (B) liposomes nanoparticles; (C) gold nanoparticles (GNPs);
and (D) mesoporous silica nanoparticles. (E) Schematic representation showing that nanoparti-
cles, regardless of their nature, can be modified, thus improving their physical, chemical, and
biological properties.

The progress made in the field of nanotechnology, specifically in nanovaccinology, has
mitigated the limitations associated with conventional vaccines and paved the way for the
creation of an innovative nanoparticle-based delivery system for vaccines. Nanotechnology
allows designing nanoparticles with varying characteristics such as composition, size,
shape, and surface properties to meet specific medical needs [64].

Currently, there is a significant research trend using nanotechnology in venom and
toxin studies [65]. The research on nanotechnology and snake venom/toxin has two distinct
dimensions: (i) the use of nanotechnology in developing antivenom for snake venom and
(ii) the application of nanotechnology in developing drug indicators against physiopatholo-
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gies such as arthritis, cancer, and HIV. So far, antivenom snake serum (ASVS) has been the
only clinically used antidote against snakebite, which was developed in 1894 at the Pasteur
Institute in Paris by Dr. Calmette. The limitations (cost factor, shelf life, no protection
against local effects, hemorrhage, and organ toxicity) and side effects (anaphylactic shock,
pyrogenic reaction, and serum sickness) on patients are well known [66].

Snakebites can be treated by the administration of antivenom serum and can be
associated with adjuvants such as immunoadjuvants that increase the immune response to
antigens which are unable to stimulate the immune system with their properties [67]. In
this sense, the use of nanotechnology has been investigated aiming at inducing effective
adaptive immune responses and reducing tissue damage caused by the toxins present in
the venom [68]. In addition, these toxins can be evaluated for their therapeutic efficacy,
against emerging diseases [69]. Approaches using nanotechnology emerge as trends and
strategies in current medicine.

With a wide range of applications in nanotechnology in biomedical sciences, it is
essential to understand how these nanoparticles function within the biological system.
It is a huge commercial market today, with billions of investments in global prospects,
and it is expected to be a giant market in the future. Various nanoproducts are already
commercially available, and numerous products are under research and development.
Therefore, nanotechnology can be considered the next technological revolution that has a
direct impact on human health and the environment [66].

Over the years, snake venoms have been used as medical research tools or therapeu-
tic/diagnostic agents [57,70]. Calmette et al. [71] proposed that the physiologically active
components of these venoms may have therapeutic potential. They demonstrated that
these venoms could kill cancer cells in animal models. Subsequently, many reports estab-
lished the anticancer potential of different species of Elapidae, Viperidae, and Crotalidae
snake venoms [72–74]. It has also been observed that these compounds are highly toxic,
producing adverse neurological, cardiac, and respiratory effects [75].

Many attempts have been made to increase the therapeutic potential and decrease the
toxicity of venom toxins in biological systems. One such approach in modern research has
been nanotechnology, which can provide higher efficacy and lower toxicity [66]. A common
approach is to attach the protein present in the venom to a nanoparticle through the process
of non-covalent electrostatic adsorption [76]. However, this non-covalent interaction is
not stable at high salt concentrations and pH values above the protein’s isoelectric point.
A covalent bond between the toxin protein of the venom and the nanoparticle is more stable,
and the binding site to the nanoparticle can be controlled. Conjugation of nanoparticles with
snake venom can cause protein folding/unfolding [77]. It is advised to verify the function
of the peptide/protein structure after conjugation with nanoparticles. Co-functionalization
of nanoparticles with polyethylene glycol can aid in protein unfolding and can be used in
the formation of nanoparticles loaded with snake venom [66].

In the pharmaceutical field, there are several approaches involving polymers, and one
alternative is poly(ε-caprolactone) (PCL), which has been used as a material for controlled
release to produce micro- and nanospheres, reducing toxicity and increasing hydrophobic
solubility and passivation, segmentation, or action [78]. PCL’s high permeability to various
drugs and molecules allows them to be released from the matrix by diffusion [79,80].

The biodegradability of PCL has garnered considerable attention in academic and
research circles [81,82]. Numerous research investigations have documented the effective
utilization of multi-arm PCL-based nanoparticles in conveying a spectrum of medications,
encompassing anticancer agents, antibiotics, and anti-inflammatory substances [83,84].
Colloidal systems utilizing PCL have sparked significant interest owing to their application
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as drug delivery vehicles [85]. Self-assembled structures such as micelles have been
extensively investigated for their efficacy in encapsulating a diverse array of drugs and
proteins [86].

The parameters of each technique must be adjusted to obtain stable spheres with
sufficient electric charge and solubility and with the smallest diameter. These factors
are important because they determine the drug target in the body, the type of cellular
interaction, and its release [87].

6. Encapsulation of Venom Fractions with Bioactivity and
Its Applications

6.1. Nanosystems Containing Bothrops Snake Venom

In the context of improving antivenom serums, nanoparticles are colloidal disper-
sions that can be targeted through a modified release of protein biomolecules [88]. In a
study by Santos-Silva et al. [68], a new immunoadjuvant was prepared based on cationic
PLGA nanoparticles (CNps), which are biocompatible with Bothrops jararaca venom, thus
comparing antibody production with a conventional immunoadjuvant such as aluminum
hydroxide. The particles showed positive charges by the addition of polyethyleneimine
(PEI), where an increase in zeta potential was observed with an increasing PEI/polymer
ratio. The concentrations of 0.5 and 1.0% were used for B. jararaca (BJ) venom in the CNps,
obtaining an encapsulation efficiency higher than 98%. In the presence of venom, the
nanoparticles showed little variation in size, given in nanometers, for CNps without the
venom (140.0 ± 1.8), CNps + 0.5%BJ venom (167.3 ± 6.3), and CNps + 1.0%BJ venom
(168.7 ± 3.8), and zeta potential, given in millivolts, as 47.38 ± 6.24, 42.83 ± 14.6, and
35.6 ± 13.4, respectively, with more than 98% encapsulation efficiency for both concentra-
tions. From the results in the in vivo studies, it was observed that, in the immunization
protocol, animals treated with only CNps did not show an immune response, whereas when
treated with aluminum hydroxide or nanoparticles containing the venom, they produced
detectable antibodies at the lowest dilution tested (1 to 51,200); no statistical difference was
shown between aluminum hydroxide and CNps, making cationic nanoparticles promising
in the study of nanoformulations containing bioactive molecules as immunoadjuvants.

Among the nanosystems related to the Bothrops genus, nanoparticles are found in
different studies, such as the one using chitosan, which is a polysaccharide obtained by
partial N-deacetylation of chitin and has also been investigated as an immunoadjuvant
for reducing side effects and improving the efficiency of serums and vaccines [89,90].
Thus, CNPs loaded with venoms of B. jararaca and B. erythromelas were evaluated by
Soares et al. [67] for the production of serum against these venoms. According to these
authors, the particles were obtained by the ionic gelation technique, through titrations of
a tripolyphosphate (TPP) in a chitosan solution, with an average size of 167.5 nm, zeta
potential (ZP) of +24.5 mV, and polydispersity index (PdI) of ≤0.3. To incorporate the
proteins in the formulation, they were carried in the particles through the incorporation
method using a TPP solution, causing no harm to the formation of CNPs. The encapsulation
efficiency showed values of 87% for all formulations tested containing B. erythromelas
venom. For B. jararaca, the protein encapsulation efficiency reached levels higher than 67%.
The results showed that chitosan is a less inflammatory biopolymer that requires a lower
dose of antigen, with equivalent or better performance than aluminum hydroxide as an
immunoadjuvant.

Another applicability for bioactive components presents in snakes of the genus Bothrops
is in the development of drugs with bacterial resistance. In this sense, Bothrops jararacussu
venom-loaded CNPs were studied by Ribeiro et al. [91] with potential antibacterial activity.
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The nanoparticles were obtained by ionic gelation, with a size of approximately 160 nm
(PdI < 0.5) and a protein loading efficiency higher than 70%. The antibacterial activity
was performed by broth microdilution on Escherichia coli and Staphylococcus aureus strains.
Bothrops jararacussu venom showed antimicrobial activity and the nanoparticle containing
0.5 and 1.0% of venom showed great potential as an antibacterial agent against Gram-
positive strains.

Another approach to the utilization of Bothrops venoms is related to the induction
of oral tolerance through the previous oral administration of an antigen, as seen in the
work of Tsuruta et al. [92], who evaluated the induction of tolerance to snake venoms
adsorbed to/encapsulated in nanostructured SBA-15 silica in BALB/c mice, observing
specific tolerance and cross-reactivity with other toxins of Bothrops species. The authors
developed a protocol in BALB/c mice for oral tolerance, by administration of B. jararaca
venom, measuring antibody titers in antisera after immunization with snake venoms, to
understand the mechanisms involved. With this, it was observed that the induction of
oral tolerance by the venom will depend on the dose administered and is specific for
each snake species, showing that tolerance was induced more effectively when the same
snake venom was used in oral administration and immunization, even when the antiserum
showed cross-reaction with venom from other snakes. The study of Wambre and Jeong [93]
demonstrates the application of oral tolerance as a non-invasive form, allowing studies in
the prophylaxis and treatment of diseases.

Nanotechnology also allows for a reduction in the toxicity of venoms and for use in
the immunization of horses for the development of antisera to treat snakebites, reducing
the stress and suffering of the horse, as reported by Costa et al. [94], who proposed a
modification of the immunization protocol, with inactivated venoms and encapsulation in
stabilized liposomes. The particles showed an encapsulation efficiency of 59% to liposomes
with venom of Bothrops (LB) and 99% to liposomes with crotalic venom (LC), as followed
by filtration on Sephacryl S1000. Light scattering measurements led them to conclude that
both LB (119 ± 47 nm) and LC (147 ± 56 nm) were stable for 22 days at 4 ◦C, even after
lyophilization. The venoms used were from five different Bothrops species (B. alternatus, B.
jararaca, B. jararacussu, B. moojeni, and B. neuwiedi) and Crotalus durissus terrificus, which
were solubilized in an MPB-pBB/EDTA buffer (20 mM phosphate, 295 mM mannitol, 5 mM
EDTA, 3 mM pBB, pH 7.2). Therefore, the aim of this study was to inactivate the venom in
order to reduce the toxicity and inhibition of PLA2 resulting in the stabilization of liposomes,
using the chelating agent CaNa2EDTA and EDTA to increase the inhibition of PLA2. The
authors also pointed to the importance of formulation stability after freeze-drying, which
was demonstrated in another study by Oliver et al. [95]: freeze-dried liposomes containing
PLA2 and partially rehydrated at controlled humidities did not show PLA2 activated
during freeze-drying but were more active during rehydration. Another problem found
was the stability of the membrane after freeze-drying, which was overcome by using
mannitol as a cryoprotectant. Bothropic venom-loaded liposomes showed an efficiency of
99%, while crotalic venoms showed 59%. After the procedures, no signs of venom toxicity
were observed in the horses immunized with the liposomal formulations containing snake
venom, due to venom alkylation and delivery within stable nanosystems, showing no
differences in their reactivity. In addition, the lipolytic activity associated with venoms
is directly related to the PLA2, which can induce membrane rupture through fusogenic
agents such as lysophosphatidylcholine [96–98].

According to Carvalho et al. [99], another possibility for the use of liposomes is the
use of sphingomyelin in its composition for the encapsulation of B. jararaca, resistant to
phospholipase, with a high cholesterol content to increase membrane stability. The authors
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used a mouse model to evaluate the toxicity of B. jararaca venom encapsulated in liposomes,
in order to protect animals against the lethal effects of poisoning. The encapsulation
method was dehydration–rehydration vesicles according to Kirby and Gregoriadis [100].
Two immunostimulants were used: a hydrophilic lipopolysaccharide (LPS), which was
solubilized together with the venom, and hydrophobic monophosphoryl lipid A (MPLA),
solubilized with the lipids. There was a reduction in the clinical toxicity of encapsulated
B. jararaca (BJ) venom, where no mice died after injection of a dose equivalent to 6×LD 50
of liposome-encapsulated BJ venom. The formulations were stable at 37 ◦C, with a retention
of 65% of the originally encapsulated B. jararaca venom, allowing future studies to examine
the use of liposomes as immunoadjuvant systems for commercial antivenoms.

The PLA2 isolated from Bothrops jararacussu venom can also be evaluated for its
anti-Leishmania amazonensis activity in vitro according to de Barros et al. [101] who added
2 mg/mL of the PLA2 to a lipid mixture, which was solubilized in chloroform and dried
under nitrogen flow, with the formation of the vesicles by the extrusion method. The
liposomes showed monodisperse populations with 205.2 nm of the encapsulated Asp49
liposomes. The zeta potential was −25.4 mV and there was an encapsulation rate of 69.6%,
meaning 1.4 mg of the toxin was detectable in 1 mL of the liposomes produced. The formed
nanosystems reduced 78% of promastigote forms and preserved 82% of J774 macrophage
viability. In addition, there was a considerable reduction (55%; p < 0.05) in amastigote forms,
compared to the control group, conferring the possibility of biotechnological studies using
nanotechnology against neglected diseases, such as leishmaniasis. The same liposome
nanosystem was later used by the same research group of de Barros et al. [102] in another
study to evaluate the in vivo anti-Leishmania amazonensis activity. In comparison to the
control group, a 57.1% reduction was observed in the paw tissue. The infected groups
treated with Asp49-PLA2 liposomes exhibited a notable increase in TNF-α production in
the lymph nodes and paws (43.73 pg/mL ± 2.25 and 81.03 pg/mL ± 5.52, respectively),
along with elevated nitrite levels (31.28 μM ± 0.58 and 35.64 μM ± 5.08 in lymph nodes
and paw tissues, respectively) when compared to the untreated groups.

6.2. Nanosystems Containing Crotalus Snake Venom

Chitosan nanoparticles were developed by Glaucia-Silva et al. [103] through an ionic
gelatinization method containing Crotalus durissus cascavella crude snake venom capa-
ble of inducing murine immunization, incorporating auxiliary components to enhance
the immunogenicity of the serum or vaccine. Chitosan nanoparticles (CNPs) exhibit
characteristics such as biocompatibility, biodegradability, mucoadhesive properties, and
controlled drug release. Physicochemical properties of these CNPs were determined with-
out venom (size: 155.5 ± 7.6 nm; PdI: 0.296 ± 0.007; zeta potential: +30.8 ± 12.9 mV),
with 0.5% of C. d. cascavella venom (size: 147.4 ± 9.0 nm; PdI: 0.316 ± 0.004; zeta po-
tential: +36.0 ± 18.6 mV), with 1.0% of C. d. cascavella venom (size: 147.7 ± 12.0 nm;
PdI: 0.323 ± 0.009; zeta potential: +41.80 ± 14.1 mV), and with an encapsulation effi-
cacy over 95% for both concentrations. Immunization with CNPs incorporated with
C. d. cascavella in BALB mice exhibited high effectiveness when compared with the control,
producing high IgG titters until the dilution of 1 to 6400, positioning them as a promising
pharmaceutical agent.

Crotoxin, a major component of the venom of Crotalus durissus terrificus, demonstrated
in vivo immunomodulatory and anti-inflammatory characteristics [104]. Thus, in order to
nanoencapsulate crotoxin, Sant’Anna et al. [105] employed nanostructured mesoporous
silica (SBA-15) and evaluated its responsiveness in the context of experimental autoimmune
encephalomyelitis (EAE) in a murine model of multiple sclerosis; SBa-15 was utilized, with
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the incorporation of crotoxin diluted in PBS at a ratio of 1:10 (toxin to silica) maintained for
24 h at 2 ◦C to 8 ◦C with sporadic agitation. It was observed that the use of crotoxin+SBA-15
in the initial phase of development could ameliorate EAE-induced neuroinflammation
by preventing the recruitment of peripheral Th17 cells, reducing cellular infiltration into
the central nervous system, decreasing IL-17, and inhibiting glial cell activation. This, in
turn, led to a reduction in the intensity and incidence of clinical signs while preserving
muscular function. Furthermore, it demonstrated potential as a nanocarrier for use with
biological compounds, exhibiting significant efficacy in reducing toxicity, allowing for
increased dosage without a corresponding rise in toxic effects, and enhancing the delivery
and effectiveness of crotoxin compared to its non-encapsulated form [105–107].

In a study conducted by Karpel et al. [108], gold nanoparticles (GNPs) were employed
to be optimized with crotamine. Crotamine was adsorbed onto GNPs through the inter-
action involving the covalent bonding of the peptide and a polyethylene glycol (PEG)
ligand, resulting in the formation of the PEG–crotamine–GNP transport complex. The
particles exhibited a zeta potential close to zero (−0.6 mV) and a crotamine-free surface
charge (−25 mV), with diameters for GNPs, GNP–PEG, and GNP–PEG–crotamine mea-
sured at 10, 34, and 43 nm, respectively. GNPs associated with crotamine demonstrated
high efficiency in being absorbed by HeLa cells, indicating the sustained cell-penetrating
nature of crotamine even after complex association. In this context, GNPs are emerging as
increasingly significant players in multimodal and multifunctional molecular imaging for
the early-stage detection of diseases such as cancer. Moreover, the research highlighted that
GNP–crotamine complexes have evolved into potential platforms for therapeutic agents.

In a study using chitosan nanoparticles (CNPs), Jimenez-Canale et al. [109] studied the
venom of Crotalus molossus molossus for cytotoxic activity against T-47D breast carcinoma
cells. The particles, derived from the venom (primarily composed of VAP2A, Ruberlysin,
Apoxin I, and PLA2), exhibited dimensions of 415.9 ± 21.67 nm, a polydispersity index
(PdI) of 0.44 ± 0.03, and a zeta potential of +28.3 ± 1.17 mV. They displayed distinct
features of a smooth and semi-spherical surface. Moreover, these particles demonstrated
non-hemolytic properties in human red blood cells and reduced cell viability in T-47D
breast carcinoma cells.

Utilizing liposomes as a nanoencapsulated system, Magalhães et al. and Freitas and
Frézard [110,111] generated nanoliposomes encapsulating crotoxin to observe the effects of
these nanoparticles as immunostimulants and their immunomodulatory impacts for poten-
tial antivenom therapy or vaccination purposes, respectively. In both studies, liposomes
associated with crotoxin elicited immunization effects in rats against the respective venom,
concurrently reducing toxicity and allowing for increased doses with diminished toxic
effects. Magalhães et al. [110] showed that the toxicity of liposomes containing crotoxin
was influenced by the composition of the membrane. Thus, encapsulating crotoxin in
liposomes composed of sphingomyelin significantly diminished its toxicity; even when
mice were inoculated with more than 50 times the lethal dose (LD50) of crotoxin, none
succumbed. When crotoxin was encapsulated into dehydration–rehydration vesicles, a
protection level exceeding 50% was achieved for both Magalhães et al. and Freitas and
Frézard [110,111]. Immunization with 100% protection was achieved by Magalhães et al.
when the immunization with liposomes encapsulating crotoxin was prepared using a
non-phospholipid mixture and without immunostimulants, resulting in this intriguing
outcome. This method proved to be cost-effective, with a preparation cost of approximately
USD 80 per liter of liposome preparation.

By employing the Stöber method, Baudou et al. [112] investigated the adsorption of
Crotalus durissus terrificus snake venom onto silica nanoparticles (SiNPs), resulting in the
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formation of nanovenoms. Through experimentation with various enzymatic activities,
the researchers demonstrated that SiNPs effectively bound snake venom proteins while
preserving their biological activity. This study demonstrated that venom nanoparticles
conserve the cytotoxic effect that was tested in THP-1 cells (human monocytic cell line
derived from acute monocytic leukemia), and a significant decrease in proliferation (∼84%)
was constated in different concentrations tested for nanoparticles venom (5 and 10 μg/mL).

Improved biodistribution is observed when the venom is encapsulated. Gomes et al. [113]
conducted a comparative study on the biodistribution of free and encapsulated Crotalus durissus
terrificus venom in mice. Upon subcutaneous inoculation of the encapsulated venom at a higher
dose of 25 μg/mouse (2 LD50), no C. d. terrificus was detected in the kidney, spleen, brain, or
other tissues. On the other hand, free C. d. terrificus venom following subcutaneous injection
was detected in the serum 15 min after administration, reaching its peak concentration at 30
min (45 ± 5 ng/mL), and was cleared from circulation within 6 h. Two hours post-inoculation,
the venom was found in the kidney (57 ± 9 ng/g of tissue), spleen (18 ± 4 ng/g of tissue), and
brain (14 ± 6 ng/g of tissue). However, after intravenous injection of the encapsulated venom
at a dose of 5 μg/mouse (LD50), venom was observed in liver and spleen tissues. Whether
administered subcutaneously or intravenously, free C. d. terrificus venom was initially detected
in the kidney. The paper focuses on the implications of encapsulated venom biodistribution in
relation to the reduction in toxicity and enhancement of adjuvanticity effects. All the information
about the nanosystems used to encapsulate the different snake venoms is summarized and
highlighted in Table 1. Some nanosystems of Elapidic venom can also be found in the literature.

6.3. Nanosystems Containing Lachesis Snake Venom

We conducted a comprehensive search across various available databases aiming
to identify studies that explored the utilization of Lachesis snake venom in nanosystems.
However, no studies reporting this specific association have been found thus far. The
absence of identified studies highlights a current gap in scientific knowledge regarding
the utilization of Lachesis venom in nanotechnology. This finding underscores the need
for future research in this area to explore the potential of this association and its possible
applications in nanomedicine and nanotherapy.

To the best of our knowledge so far, it is noteworthy to mention that although no
studies investigating the combination of Lachesis venom with nanotechnology were found,
in our search, there exist numerous studies reporting on the biological activities of this
venom. These studies have elucidated various pharmacological and therapeutic properties
associated with Lachesis venom. Future research endeavors could draw upon these bio-
logical activities as a foundation for bridging these two scientific domains, thus exploring
the potential synergistic effects and novel applications that may arise from integrating
nanotechnology with the known biological activities of Lachesis venom.

In the realm of Lachesis venom’s biological activities, several studies have shed light
on its remarkable properties. For instance, research by Stransky et al. [114] demonstrated
the potent cytotoxic effect of different cell lines, the toxicity observed in this context
encompasses the integration of diverse mechanisms of cell death. Lachesis muta muta venom
decreased, in a concentration-dependent manner, the cell viability of the tumor (MGSO-3
and HeLa), as well as immortalized (VERO, EA.hy 926) and normal cells (keratinocytes).
Different levels of toxicity were observed for each cell type. Vero cells (EC50 = 0.83 μg/mL)
and MGSO-3 (EC50 = 2.26 μg/mL) were the most sensitive to venom and HeLa cells
(EC50 = 7.14 μg/mL) were more resistant.
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Additionally, studies by Fuly et al. [115] highlighted the procoagulant, proteolytic,
and phospholipase A2 activities. Furthermore, according to Almeida et al. (2015) [116],
investigations on patent application fields showed anti-aging antioxidant preparations
[application number: RU20010122763], prevention and treatment of viral and bacte-
rial infections in avian species [application number: RU20020111635], antimicrobial
agents [application number: IE20070000737, WO2008EP08602], and analgesic composition
[application number: US2015030691]. These notable findings not only underscore the di-
verse biological activities associated with Lachesis venom but also serve as a foundation for
future studies that can harness these activities in tandem with nanotechnology, opening
new avenues for therapeutic interventions and biomedical applications.

7. Theragnostic Applications of Polymeric Nanosystems

Crotamine exhibits distinct selectivity towards actively proliferating (AP) cells [117–119]
and is primarily internalized via endocytosis, even when loaded with a cargo [120]. It
selectively facilitates the delivery of plasmid DNA into AP mammalian cells [118,120].
The capacity to transport cargo without requiring covalent bond formation [120], coupled
with its preferential cytotoxicity towards tumor cells [121], indicates the potential utility of
crotamine in cancer therapy and/or diagnostics.

Short peptides derived from crotamine, such as CyLoPs (Cytosol Localizing Peptides)
and Nucleolar Targeting Peptides (NrTPs), have been extensively studied [122]. Notably,
NrTP-1, a prototype of the NrTP series, was originally designed [123] and subsequently
modified by replacing the cysteine residue at position 4 with a serine, resulting in an
analog called NrTP-6 (YKQSHKKGGKKGSG) [124,125]. NrTP-6 has demonstrated efficient
penetration and accumulation in specific cancer cell lines and populations, making it a
promising theragnostic probe for imaging cancer heterogeneity and targeted delivery of
chemotherapeutics to specific subpopulations of cancer cells [126].

Crotalicidin, a vipericidin [127], and an Asian elapid CRAMP (cathelicidin-related
antimicrobial peptide) have exhibited notable biological activities, particularly in re-
lation to their antipathogenic and antitumoral properties, as extensively reviewed
elsewhere [128–130]. The interaction of crotalicidin and elapid CRAMPs with biological
membranes and biomimetics has been extensively demonstrated, encompassing not only
the native, full sequences but also short derived peptide fragments. Their ability to induce
perturbations in the plasma membrane is closely associated with the mechanisms under-
lying their antimicrobial activity [131–135], as well as their pronounced antitumor effects,
which have been experimentally validated in vitro using various cancer cell lines [136,137].

Cardiotoxin VII4, obtained from the Mozambique spitting cobra Naja mossambica
mossambica, has been identified as a cell-penetrating peptide with the capability to enter
mitochondria. Its application led to mitochondrial fragmentation in both mouse primary
cortical neurons and human neuroblastoma (SH-SY5Y) cells [138]. A short cationic [13-mer]
peptide derived from the C-terminal region of the Lys49 PLA2 from the venom of the
broad-banded copperhead snake Agkistrodon contortrix laticinctus was prepared and this
imparted engineered peptide characteristics of CPPs and AMPs and revealed an effective
leishmanicidal activity [139].

According to Sciani et al. [56], Bradykinin-Potentiating Peptides (BPPs) derived from
the venom of Bothrops jararaca have exhibited notable cell-penetrating capabilities. Flu-
orescence microscopy experiments revealed the translocation of these peptides into the
cytoplasm of human melanoma tumor cells (SK-MEL-28 and A2058), without any detectable
cytotoxic effects even when 4 μM peptide was used. Thus, no change in metabolism, cell
cycle, or morphology was observed with either labeled or unlabeled CPPs, clearly demon-
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strating their role as cargo carriers rather than drugs themselves. A label-free method
for identifying CPP peptides, regardless of biological source, has been developed and
validated, potentially opening the way for the discovery of new and more effective drug
delivery systems.

8. Clinical Trial, Patents, and Market

Increasingly sustainable economies are being represented by the bioeconomy. The
focus is on bio-innovations that explore renewable natural resources for bio-inputs crucial
to the development of new bioprocesses and bioproducts [140,141]. The enhancement of
bio-entrepreneurship [142] with biotechnology plays a pivotal role in shaping this new
knowledge-based bioeconomy [143–145]. Innovative products emerge from the integration
of cellular and molecular biotechnology techniques with bio-resources [146]. In this context,
both known and yet-to-be-discovered organisms that make up our natural biodiversity
could serve as primary sources for novel bio-compounds with boundless applications in
what is nowadays called One Health.

An example of bioactive compounds that have been used in the design of new ther-
apeutic agents and products with diverse pharmacological applications, cosmeceuticals,
and diagnostic tools can be found in a review carried out by [11].

A considerable number of patents applied to the discovery of medicines based on
bioactive compounds from venomous animals have been developed [116]. New technolo-
gies, such as nanotechnology, have been used for the targeted delivery of medicines based
on the delivery of materials from synthetic and natural sources to their clinical applications,
aiming to improve pharmacokinetics and pharmacodynamics, which is a very prosperous
area for the development and study of new products [62].

Snake venom is a rich source of biological compounds. Patents referring to toxins
present in the genus Bothrops are related to hypotensive and vasodilatory formulations,
medicines for the treatment of systemic–degenerative diseases, modulators of acetylcholine
receptors, anticoagulant and thrombolytic formulations, bactericides, and others [116].
The captopril was developed based on the bradykinin potentiating factor obtained from
Bothrops jararaca snake venom and it was the first animal toxin-based drug approved for
human use [147,148].

Almeida and collaborators [116] report that Crotalus genus snakes are the most investi-
gated in Brazil for drug discovery, and patent registrations for bioactive compounds origi-
nating from the venom of this type of snake are used to obtain various pharmaceutical prod-
ucts with different applications, such as antimicrobial drugs, drugs for cancer treatment,
analgesic drugs to treat AIDS, anti-inflammatory agents, and others. A study developed
by Boldrine-Franca et al. [149] demonstrated that a toxin isolated from the venom of the
snake Crotalus durissus collilineatus demonstrated important activity against several strains
of cancer, being a potential candidate for the development of a pharmacological product.

The United States Patent and Trademark Office [150] stated, by a cooperative
patent classification (CPC), that patents including snake venom are one of the most fre-
quently reported patents, with 7242 patents reported until the year 2020 in the field of
agriculture [151].

Clinical trials using snake venom are challenging due to their complex protein and
peptide toxins, making them clinically challenging and scientifically fascinating [152]. High
variability in snake venom composition is responsible for the various clinical manifestations
in envenoming, making it difficult to find clinical trials using snake venom [4]. Clinical
trials using snake venom are difficult to find due to the lack of relevant studies in the
literature [153,154]. However, a recent review by Matkar et al. highlights the significance of

137



Pharmaceutics 2025, 17, 204

research on natural products, emphasizing the role of serine proteases and their applications
in human therapies, including amyloid formation [155]. This underscores the critical
need to explore the diverse therapeutic potential of natural product-derived compounds,
particularly those sourced from animals, when starting new clinical trials.

9. Conclusions

The application of snake venom in medical therapies has garnered global attention
due to its potential to advance our understanding of biological activity and enhance immu-
nization strategies against toxic effects. Among the most promising developments is the
utilization of polymeric, lipidic, or metal nanoparticles to encapsulate and/or incorporate
venom toxins from various snake species. This innovative approach offers significant
therapeutic potential by improving treatment efficacy and reducing the damage caused
by envenomation.

Despite these advancements, the vast diversity of snake species and the intricate
composition of their venoms highlight the substantial knowledge gaps that remain. Con-
tinued exploration, particularly focusing on less studied species, is essential to deepen our
understanding of venom components and their therapeutic applications. This research not
only aims to refine treatments for snakebite envenomation but also opens new avenues
for the development of novel therapies. Ultimately, these efforts contribute to expanding
scientific knowledge and advancing human health in multiple domains.
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Abstract: The clustered regularly interspaced short palindromic repeats/CRISPR-associated
protein 9 (CRISPR/Cas9) system is a promising biotechnology tool for genome editing.
However, in living organisms, several pharmacokinetic challenges arise, including off-
target side effects due to incorrect distribution, low bioavailability caused by membrane
impermeability, and instability resulting from enzymatic degradation. Therefore, innova-
tive delivery strategies must be developed to address these issues. Modified nanoparticles
offer a potential solution for the non-invasive delivery of CRISPR/Cas9 ribonucleoproteins
(Cas9 RNPs). Cas9 RNPs encapsulated in nanoparticles are protected from enzymatic degra-
dation, similar to how microRNAs are shielded within exosomes. It is well-established that
certain materials, including proteins, are expressed selectively in specific cell types. For
example, the α-7 nicotinic receptor is expressed in endothelial and neuronal cells, while
the αvβ3 integrin is expressed in cancer cells. These endogenous materials can facilitate
receptor-mediated endocytosis or transcytosis. Nanoparticles encapsulating Cas9 RNPs
and coated with ligands targeting such receptors may be internalized through receptor-
mediated mechanisms. Once internalized, Cas9 RNPs could perform the desired gene
editing in the nucleus after escaping the endosome through mechanisms such as the proton
sponge effect or membrane fusion. In this review, I discuss the potential and advan-
tages of delivering Cas9 RNP-encapsulated nanoparticles coated with ligands through
receptor-mediated endocytosis or transcytosis.

Keywords: CRISPR/Cas9; drug delivery system; nanodelivery; transmembrane substance
delivery; receptor-mediated endocytosis/transcytosis

1. Introduction

Biotechnology has significantly contributed to the advancement of medicine, but the
creation of genetically modified animals required for in vivo testing often presents chal-
lenges, such as the lack of desired embryonic stem cells. Therefore, efficient methods for
obtaining knockout animals are needed. Currently, the clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system is a revolutionary
and simple tool for genome editing [1,2], alongside zinc finger nucleases (ZFNs) [3] and
transcription activator-like effector nucleases (TALENs) [4]. In recognition of their pioneer-
ing work on this genome editing system, the 2020 Nobel Prize in Chemistry was awarded
to Dr. Emmanuelle Charpentier and Dr. Jennifer Doudna. Although various Cas protein
families have been discovered, Cas9 is a CRISPR-associated endonuclease that facilitates
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RNA-guided, site-specific DNA cleavage. In its natural form from Streptococcus pyogenes,
Cas9 functions in conjunction with a dual-guide RNA, which consists of CRISPR RNA
(crRNA) and trans-activating crRNA (tracrRNA). The mechanism of the type II CRISPR-Cas
system can be summarized in three steps [5]: (i) Adaptation Stage: during the first infection,
bacteria incorporate a new genetic spacer, derived from invading bacteriophages (phages),
into the CRISPR array. (ii) crRNA Biogenesis: Upon reinfection, precursor CRISPR RNAs
(pre-crRNAs) are transcribed from the CRISPR array. These pre-crRNAs are then processed
into mature crRNAs with the help of tracrRNA and Cas9, facilitated by RNase III. (iii) In-
terference Stage (Figure 1): A complex of Cas9, tracrRNA, and crRNA binds to a short
protospacer adjacent motif (PAM) sequence (3–6 nucleotides) located next to the target
DNA protospacer sequence, enabling site-specific DNA targeting. Double-strand DNA is
unwound around the PAM sequence. The single-stranded complementary DNA, which
forms base pairs with the spacer of crRNA, is cleaved by the HNH domain (an endonu-
clease domain named for its characteristic histidine and asparagine residues), while the
single-stranded non-complementary DNA is cleaved by the RuvC domain (an endonucle-
ase domain named after an Escherichia coli protein involved in DNA repair). Ultimately, the
targeted double-strand DNA break occurs in this manner [6]. Genome editing is achieved
through non-homologous end joining (NHEJ) and homology-directed repair (HDR) fol-
lowing double-strand DNA cleavage. NHEJ is a repair mechanism that directly joins the
ends of cleaved double-strand DNA. Occasionally, this process results in the insertion of
unnecessary sequences, leading to repair errors. In bacteria, an excess of Cas9 can cause
repeated double-strand DNA breaks, ultimately leading to repair errors [7]. On the other
hand, HDR is a repair mechanism that uses a complementary sequence to guide precise
DNA repair, allowing for accurate genome editing [8]. To improve efficiency, single-guide
RNA (sgRNA) is artificially formed by connecting crRNA and tracrRNA (Figure 2). It is
believed that CRISPR/Cas9 ribonucleoprotein (Cas9 RNP) is essential for the execution
of gene editing in advance, providing an advantage over drug delivery and functional
expression. However, the delivery of Cas9 into cells across the plasma membrane poses a
challenge due to its large protein size. Nevertheless, in vitro or ex vivo gene editing can be
performed through methods such as injection into fertilized eggs, chimeric antigen receptor
(CAR)-T cells, or mesenchymal stem cells (MSCs) using techniques like lipofection (cationic
lipid-mediated transfection), electroporation (electric pulse method), viral vector-based
gene delivery, or microinjection [9]. However, in vivo gene editing in a non-invasive man-
ner, without off-target side effects, presents several challenges that differ from in vitro gene
editing using methods such as lipofection, electroporation, or microinjection. RNAs are
degraded by RNases, while proteins are degraded by proteases. Interestingly, microRNAs
(miRNAs) in exosomes released from donor cells into the systemic circulation are protected
from such enzymatic degradation. A nanodelivery system using nanoparticles could poten-
tially protect Cas9 RNP from enzymatic degradation. Furthermore, Cas9 RNP alone lacks
the ability for cell internalization and cell selectivity. Currently, selective drug delivery
systems, particularly those utilizing biological machinery such as receptor-mediated endo-
cytosis/transcytosis, have been developed [10,11]. Therefore, in this perspective review,
I explore the potential and implementation of selective, effective Cas9 RNP delivery into
cells using nanoparticles to achieve non-invasive in vivo gene editing.
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Figure 1. The interference mechanism of the type II CRISPR-Cas system involves the cleavage
of target double-stranded DNA, originating from bacteria, at two endonuclease domains on the
Cas9 protein: the HNH domain (named for its characteristic histidine and asparagine residues) and
the RuvC domain (named after an Escherichia coli protein involved in DNA repair). CRISPR RNA
(crRNA) and trans-activating CRISPR RNA (tracrRNA) recognize the target gene based on a specific
protospacer adjacent motif (PAM).

Figure 2. Single-guide RNA (sgRNA) is an engineered RNA molecule formed by combining CRISPR
RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA). PAM refers to the protospacer adjacent
motif. The HNH domain is an endonuclease domain named for its characteristic histidine and
asparagine residues, while the RuvC domain is an endonuclease domain named after a protein in
Escherichia coli that plays a role in DNA repair.

2. Discussion

2.1. Membrane Impermeability/Permeability of Substances

In drug discovery and development, membrane impermeability poses a significant
pharmacokinetic challenge in living organisms. This is particularly evident for hydrophobic
low-molecular-weight compounds and hydrophilic high-molecular-weight compounds,
which cannot cross the blood–brain barrier (BBB) to enter the brain [12]. The BBB’s function
is primarily attributed to physical barriers, including (i) the hydrophobic lipid bilayers of
the capillary endothelial cell plasma membranes, (ii) the tight junctions between capillary
endothelial cells, and (iii) periendothelial accessory structures supported by pericytes and
astrocytes. Additionally, biological barriers play a role, such as (iv) excretion by efflux
transporters like multidrug resistance protein 1 (MDR1, P-glycoprotein), which capture
hydrophobic low-molecular-weight compounds that pass through the apical membrane of
capillary endothelial cells. Consequently, the BBB significantly hinders the development
of drugs for central nervous system (CNS) diseases. Moreover, cancer drug resistance
is often attributed to the overexpression of MDR1 proteins at the apical membrane [13],
posing a significant challenge to the development of effective cancer therapies. Therefore,
it is crucial to establish selective and efficient transmembrane drug delivery systems by
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leveraging existing biological machinery, as guided by the principles of structuralism
proposed by Dr. Claude Lévi-Strauss [14,15]. For example, nutrients such as glucose
and amino acids are transported from systemic circulation into the brain across the BBB
through solute carrier (SLC) transporters, including glucose transporter 1 (GLUT1) and the
large neutral amino acid transporter (LAT). The mechanisms by which substances enter
tissues, such as the brain, from the bloodstream across the endothelium or epithelium can
be categorized into the following pathways: the paracellular pathway, including (i) passive
diffusion through tight junctions, and the transcellular pathway, including (ii) passive
diffusion through the lipid bilayers, (iii) carrier-mediated transport via solute carrier (SLC)
transporters, (iv) receptor-mediated endocytosis/transcytosis involving specific receptors,
(v) bystander macropinocytosis, and (vi) other less understood or unconventional transport
methods [10]. The specific internalization mechanisms that occur depend on the proper-
ties of the substances, such as their molecular size, hydrophobicity or hydrophilicity, the
structural environment in which they are situated, and their administration site. In some
cases, multiple mechanisms occur simultaneously. Generally, substances are categorized
based on molecular weight into low-molecular-weight compounds (molecular weight
(MW) < approximately 500), high-molecular-weight compounds (MW > approximately
3000), and middle-molecular-weight compounds (MW approximately 500–3000). High-
molecular-weight monoclonal antibodies, such as IgG molecules (approximately 14.2 nm in
diameter and 150 kDa) [16], cannot pass through the pores of SLC transporters due to their
size. Additionally, their hydrophilic nature prevents them from penetrating the membrane
via passive diffusion. Nanoparticles (10–100 nm in diameter) face greater size limitations
than monoclonal antibodies. It is well-known that nanoparticles coated with vectors such
as anti-receptor monoclonal antibodies, cell-penetrating peptides (CPPs), or tumor-homing
peptides (THPs) can cross cell membranes via receptor-mediated endocytosis. Among the
various types of endocytosis, (i) clathrin-dependent endocytosis (with endosomal diam-
eters of 85–150 nm) is the most prevalent. Other types include (ii) caveolae-dependent
endocytosis (endosomal diameters of 50–100 nm), (iii) clathrin- and caveolae-independent
endocytosis (endosomal diameters of approximately 90 nm), (iv) macropinocytosis (en-
dosomal diameters of 0.2–5 μm), and (v) other less understood or mechanically complex
forms of endocytosis [10]. Thus, Cas9 RNP-encapsulated nanoparticles can effectively cross
membranes through carefully designed strategies that leverage structuralism to control
biological machinery systems. The use of nanoparticles not only protects Cas9 RNP from
degradative enzymes but also allows for easy surface modifications, enabling additional
functionalities such as enhanced membrane internalization, cell selectivity, and immune
tolerance. Indeed, nanoparticles encapsulating Cas9 RNP have been developed following
these principles, as detailed below.

2.2. Nanoparticles Encapsulating Cas9 RNPs
2.2.1. Distribution to Tissues, Such as the Liver, Involved in the Reticuloendothelial System

The establishment of in vivo genome editing has the potential to significantly expand
therapeutic options for patients. Notably, (i) NTLA-2001, an intravenously administered
lipid nanoparticle formulation encapsulating Cas9 messenger RNA (mRNA) and sgRNA
targeting transthyretin (TTR), has been studied in a phase 1 clinical trial since 2020 for hered-
itary TTR amyloidosis with polyneuropathy (ATTRv-PN) and TTR amyloidosis-related
cardiomyopathy (ATTR-CM) (NCT04601051). Preclinical studies demonstrated that, by
day 28, the mean reduction in serum TTR protein concentration was 52% in the group
receiving a dose of 0.1 mg per kilogram and 87% in the group receiving a dose of 0.3 mg per
kilogram in humans [17]. TTR is a plasma transport protein responsible for carrying retinol
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(vitamin A) and thyroxine, primarily synthesized in the liver and the choroid plexus [18].
TTR amyloidosis is a gradually progressive condition resulting from the accumulation
of misfolded TTR protein in tissues. Preclinical studies also revealed that NTLA-2001
complexes with apolipoprotein E (APOE) entered hepatocytes via receptor-mediated endo-
cytosis utilizing low-density lipoprotein receptor (LDLR), leading to a reduction in serum
TTR protein expression due to TTR gene knockout (Figure 3). It is believed that captured
APOE acts as a vector facilitating internalization into hepatocytes. Endosomal escape is
thought to occur through the breakdown of the lipid nanoparticle (LNP) and the disrup-
tion of the endosomal membrane. NTLA-2001 is formulated with proprietary ionizable
lipids, combined with 2,3-dioleoyl-glycero-1-phosphocholine (DOPC), 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG), and cholesterol (Figure 4) [19].
DOPC is a unique zwitterionic lipid that adopts a disordered superstructure characteristic
of a fluid membrane [20]. Fundamentally, the delivery methods for Cas9 mRNA/sgRNA
are the same as those for Cas9 RNPs, as both are encapsulated in nanoparticles. In the
case of lipid nanoparticles, endosomal escape occurs through membrane fusion, membrane
disruption, or the proton sponge effect. However, after being released from endosomes,
Cas9 RNPs can immediately perform genome editing. In contrast, Cas9 mRNA must first
undergo translation to produce the Cas9 protein. Table 1 presents studies that utilize either
RNP delivery or mRNA/sgRNA delivery.

 

Figure 3. The pathway of NTLA-2001 involves lipid nanoparticles encapsulating Cas9 messenger
RNA (mRNA) and single-guide RNA (sgRNA) targeting transthyretin (TTR), coated with apolipopro-
tein E (APOE) protein. APOE binds to low-density lipoprotein receptor (LDLR) to facilitate endocyto-
sis. Endosomal escape is likely achieved through the breakdown of the lipid nanoparticles and the
disruption of the endosomal membrane.

Additionally, (ii) a lipid nanoparticle (LNP)-based Cas RNP delivery system incor-
porating optimally designed single-stranded oligonucleotides (ssODNs) was developed
(Figure 5). The LNP formulation consisted of 1,10-[[2-[4-[2-[2-[bis(2-hydroxydodecyl)amino]
ethylamino]ethyl]piperazin-1-yl]ethyl]azanediyl]bis(dodecan-2-ol) (C12-200), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE), cholesterol, DMG-PEG, and 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) (Figure 4), with molar ratios of 35:16:46.5:2.5:0.25,
respectively. Cas9 RNP-ssODN complexes remain stable at temperatures below 25 ◦C
but release ssODNs in the cytosol at 37 ◦C under physiological conditions. Regarding
gene editing efficiency, RNP-loaded LNPs containing anti-TTR sgRNA (sgTTR-G269) and
ssODNs designed with a 50% complementation rate (calculated Tm: 30 ◦C) achieved the
highest suppression of TTR protein levels in serum, reducing them by 34% one week after
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intravenous administration in mice. Similarly, RNP-loaded LNPs containing anti-TTR
sgRNA (sgTTR-G211) and ssODNs designed with a 40% complementation rate (calculated
Tm: 26 ◦C) achieved the highest suppression of TTR protein levels, reducing them by
56% [21]. It has been suggested that the affinity between ssODNs and RNPs plays a role in
suppression activity. An LNP-based Cas RNP delivery system utilizing ssODNs may help
avoid interactions with off-target sequences within cells. Typically, ssODNs, composed
of no more than 200 nt, contain a ≥30-nt homology arm at both the 5′ and 3′ ends, which
can pair with both the DNA donor of sgRNA and the target site [22]. The mechanism of
endosomal escape in this case is unknown; however, it is likely due to membrane fusion,
although this is not certain. It is known that multicomponent lipoplexes, incorporating
three to six lipid species simultaneously, were fused to the endosomal membrane [23]. It
was not believed that PEGs played a role in endosomal escape because DMG-PEG was
present with a relatively low content (0.25%). Alternatively, ionic lipids might induce local
membrane disruption [24]. From the perspective of absorption, distribution, metabolism,
and excretion (ADME), both RNP-loaded LNPs and free RNP predominantly migrated
to the liver after intravenous administration, although they were also observed in the
spleen, kidney, and lungs to a lesser extent. RNP-loaded LNPs accumulated in the liver,
as it is a key organ for metabolism within the reticuloendothelial system. It is also sug-
gested that phagocytic cells, such as macrophages, engulf LNPs. PEGs on nanoparticles
help evade macrophage uptake by reducing protein attachment. It has been reported
that polyglycerol on nanoparticles prevents macrophage uptake more effectively than
PEG [25]. In other cases of nanodelivery, it is well-known that nanoparticles are sponta-
neously accumulated in solid cancer tissues due to passive targeting, which is based on the
enhanced permeability and retention (EPR) effect [26,27]. Nanoparticles pass through the
leaky vessels of neovasculature into solid tumor parenchyma, where the lymphatic system
is underdeveloped. Eventually, in this case, with respect to distribution, intravenously
injected LNPs encapsulating Cas9-RNP (termed pLNP) and HDR template (pLNP-HDR)
(245 ± 4 nm in diameter) via tail vein injections delivered Cas9-RNPs primarily to the liver,
with additional presence in the spleen and lungs of Ai9 female mice. On the other hand,
intravenously injected LNPs encapsulating Cas9 mRNA and sgRNA (termed mLNP) and
HDR template (mLNP-HDR) (150 ± 2 nm in diameter) via tail vein injections delivered
Cas9 mRNA mainly to the liver. mLNP resulted in 60% gene knockout in hepatocytes in
mice. Both LNPs were composed of C12-200, DOPE, cholesterol, DMG-PEG, and DOTAP.
It is likely that Cas9 mRNA was translated into Cas9 protein in situ, while Cas9-RNP was
short-lived. In fact, mLNP-HDR surpassed pLNP-HDR in gene editing efficiency in in vitro
tests using HEK293T or HEPA1-6 cells [21]. It is believed that the spontaneous delivery of
nanoparticles to the liver via the reticuloendothelial system is a form of passive targeting
in a broad sense. Nonetheless, nanoparticles were also observed in the spleen, kidney, and
lung, in addition to the liver. Therefore, distribution based on more active targeting is
expected to help avoid serious off-target side effects.

(iii) Ionizable cationic lipids with a pKa of approximately 6.4 bind to negatively
charged RNAs at the pH used during mixing, thereby protecting the RNA. Tumor sup-
pressor genes such as P53, PTEN, and RB1 were targeted by RNPs. The 5A2-DOT type of
LNP was composed of 5A2-SC8/DOPE/cholesterol/DMG-PEG/DOTAP in a molar ratio
of 15:15:30:3:7 (Figure 6). As a component, 5A2-SC8 is a degradable dendrimer containing
multiple ester groups, while DOTAP is a permanently cationic lipid. The notation 5A2-
DOT-n refers to LNPs with n mole% DOTAP incorporation. Intravenous administration
of 5A2-DOT-5 LNPs encapsulating Cas9/sgP53/sgPTEN/sgRB1 RNPs resulted in visible
tumor formation on the liver in adult C57BL/6 mice. Similarly, intravenous administration
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of 5A2-DOT-50 LNPs encapsulating Cas9/sgEml/sgAlk RNPs induced Eml4-Alk rear-
rangements, leading to lung tumor formation in adult C57BL/6 mice (Figure 7) [28]. The
formation of tumors in the liver and lungs following administration of LNPs encapsulating
RNPs targeting tumor suppressor genes suggests a lack of tissue selectivity in these LNPs.
The internalization mechanism was identified as lipid raft-mediated endocytosis, which
could be inhibited by methyl-β-cyclodextrin (MβCD) or at 4 ◦C. Although the exact mecha-
nisms of endosomal escape remain unclear, DOTAP, a permanent cationic lipid highlighted
in the study, may locally disrupt the membranes of LNPs and endosomes. The presence
of cationic lipid–anionic lipid ion pairs has been suggested to cause disruption of the
endosomal membrane by inducing a non-bilayer structure [24]. It is also believed that the
membrane of PEG-coated LNPs is composed primarily of DMG-PEG, which lacks anionic
phosphate groups, along with DOPE, which contains anionic phosphate groups. Thus,
anionic DOPE may interact with cationic DOTAP. It is well-established that PEGylation on
the surface of nanoparticles acts as a stealth polymer, suppressing aggregation, opsoniza-
tion, and phagocytosis, thereby extending circulation time in drug delivery systems [29].
In this system, lipid raft-mediated endocytosis is believed to occur due to interactions with
cholesterol present in the LNP membranes. Thus, PEGs did not sterically hinder their bind-
ing to the cell surface. However, membrane fusion between LNPs coated with hydrophilic
PEGs and the lipid bilayer of the plasma membrane is unlikely, although it might occur
depending on modifications to the PEG ends, similar to cell–cell fusion [30]. Additionally,
free PEGs are commonly known to relax the lipid bilayer structure of cell membranes,
thereby promoting adhesion between membranes during cell–cell fusion. Nevertheless,
the endosomal escape mechanism was attributed to local membrane disruption caused
by DOTAP.

 
Figure 4. The structures of lipid nanoparticle components include 2,3-dioleoyl-glycero-1-
phosphocholine (DOPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethyleneglycol-2000 (DMG-
PEG), cholesterol, 1,10-[[2-[4-[2-[2-[bis(2-hydroxydodecyl)amino]ethylamino]ethyl]piperazin-1-
yl]ethyl]azanediyl]bis(dodecan-2-ol) (C12-200), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP).
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Figure 5. The outline of a lipid nanoparticle (LNP)-based Cas9 RNP delivery system uses opti-
mally designed single-stranded oligonucleotides (ssODNs). The mechanism of endosomal escape is
unknown; however, it is likely due to membrane fusion, although this remains uncertain.

 
Figure 6. The structures of lipid nanoparticle components such as 5A2-SC8, 1,2-dioleyloxy-3-
dimethylaminopropane (DODMA), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC).

 

Figure 7. The pathway of LNPs encapsulating Cas9 ribonucleoprotein (Cas9 RNP), surrounded by
cationic lipids such as 5A2-SC8 and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) (depicted
by a red circle), is described. Cas9 RNP is a complex of Cas9 protein and single-guide RNA (sgRNA).
The LNPs are internalized into cells via lipid raft-mediated endocytosis. Although the mechanisms
of endosomal escape remain unknown, DOTAP, as a permanent cationic lipid, may disrupt the
membranes of both LNPs and endosomes.
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(iv) Nanoassemblies composed of Cas9 RNP with oligo (20) glutamic acid tags
(Cas9E20) targeting PTEN and gold nanoparticles, such as Arg-AuNPs, were developed
using a linker that enabled electrostatic interactions between glutamic acid and arginine
residues (Figure 8). Following tail-vein injection into BALB/c mice, these nanoassemblies
exhibited significantly higher distribution in macrophages compared to T cells and B cells
in the liver and spleen. This nanoparticle selectivity between macrophages and immune
cells like T cells may be attributed to the reticuloendothelial system, which plays a crit-
ical role in host defense against infectious agents. The average gold content in sorted
CD11+ macrophages was higher in the spleen compared to the liver. Nanoassemblies
(285 ± 23 nm in diameter) administered via tail-vein injection into mice achieved gene edit-
ing efficiencies of over 8% in liver macrophages and over 4% in spleen macrophages [31].
The internalization mechanism of Cas9E20 into cells was not receptor-mediated endocy-
tosis but membrane fusion facilitated by nanoassemblies, whose nanoparticle membrane
consisted of linoleic acid. The uptake of nanoassemblies was not detected through fluores-
cence microscopy analysis of cell fluorescence. Instead, during the process of membrane
fusion, the nanoassemblies integrated into the membrane and released Cas9E20 into the
cytosol. Cas9E20 subsequently entered the nucleus, guided by a nuclear localization signal
(PKKKRKV) [32]. However, this process might also involve macrophage phagocytosis,
given the observed cell selectivity between macrophages and T cells.

 

Figure 8. The structure of the nanoassembly is composed of Cas9 ribonucleoproteins (RNPs) with
an oligo (20) Glu tag (Cas9E20) and a gold nanoparticle, linked through electrostatic connections
between Glu (purple) and Arg (yellow).

(v) Methoxy-poly(ethylene glycol)-b-poly [2-(azepan-1-yl)ethyl methacrylate] (mPEG-
PC7A) contains ionizable PC7A units with both cationic and hydrophobic side groups. Con-
sequently, Cas9 RNPs with ssODNs, facilitating genome editing via HDR, spontaneously
form nanoparticles with mPEG-PC7A polymers due to hydrophobic interactions (termed
HDR-NP) when the amino groups are not protonated. Conversely, they self-disassemble
when the amino groups are protonated during endosomal acidification (Figure 9). Similarly,
Cas9 RNPs facilitating genome editing via NHEJ spontaneously form nanoparticles with
mPEG-PC7A polymers (termed NHEJ-NP). The Cas9 RNPs targeted a STOP cassette con-
sisting of three SV40 polyA sequences to block transcription of the downstream tdTomato
gene. NHEJ-NP (29.4 nm in diameter), administered intravenously, intratracheally, or intra-
muscularly, induced efficient gene editing in the liver, lungs, and skeletal muscle of mice,
respectively. Intravenous administration of NHEJ-NP likely resulted in its distribution to
the liver via the reticuloendothelial system. The site of administration plays a crucial role.
Moreover, intramuscular injection of HDR-NP (33.3 nm in diameter) demonstrated muscle
strength recovery in a Duchenne muscular dystrophy mouse model. Clathrin-dependent
endocytosis (with an endosomal diameter of 85–150 nm) is the most prominent mode of
endocytosis, although several mechanisms exist. The endocytosis of NHEJ-NPs in HEK293
cells was inhibited by chlorpromazine (an inhibitor of clathrin-dependent endocytosis),
methyl-β-cyclodextrin, and genistein (both inhibitors of caveolin-dependent endocytosis).
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This indicates that clathrin-dependent and caveolin-dependent endocytosis occur simul-
taneously. The size of the nanoparticles is appropriate for cellular uptake through these
pathways, whereas the Cas9 protein has a diameter of 7.5 nm, the sgRNA has a diameter of
5.5 nm. After endocytosis, HDR-NPs containing Cas9 RNPs with ssODNs as the payload
and mPEG-PC7A polymers dissociated from the positively charged protonated polymers
in endosomes and escaped into the cytosol via the proton sponge effect [33]. Interestingly,
CPP-NHEJ-NPs, prepared using 50% CPP-PEG-PC7A and 50% mPEG-PC7A, were not
internalized via endocytosis in HEK293 cells, unlike NHEJ-NPs. Their internalization
was not inhibited by chlorpromazine or genistein. TAT (CYGRKKRRQRRR) was used
as the CPP. Typically, positively charged TAT induces receptor-mediated endocytosis by
utilizing negatively charged heparan sulfate proteoglycans (HSPGs) as receptors. It is
unlikely that CPP-NHEJ-NPs (approximately 33.3 nm in diameter) cross the membrane
via passive diffusion or direct translocation due to their overall molecular size, although
both endocytosis and direct translocation are widely recognized as mechanisms for CPP
internalization into cells. Thus, the internalization mechanisms of CPP-NHEJ-NPs remain
uncertain. Possible mechanisms could include macropinocytosis, other less understood
forms of endocytosis, or membrane disruption. While it is true that CPP-NHEJ-NPs were
not internalized via endocytosis, the trajectories of fluorophore-labeled compounds often
differ from those of their original counterparts due to alterations in physical properties.
Furthermore, the in vivo distribution of HDR-NPs and CPP-NHEJ-NPs may vary after
administration due to interactions between the positively charged TAT and endogenous
materials, such as serum albumin.

 

Figure 9. The pathway of nanoparticles, composed of the Cas9 ribonucleoprotein (RNP) formed
by Cas9 and single-guide RNA (sgRNA), and the single-stranded oligonucleotide (ssODN) self-
assembled with mPEG-PC7A through hydrophobic interactions, involves the release of the Cas9 RNP
and ssODN complex into the cytosol via endocytosis. This process is followed by self-disassembly
due to acidification in the endosomes and endosomal escape based on the proton sponge effect. As
indicated in yellow, proton acceptance by amines in the endosomes triggers an influx of chloride ions
and water, leading to osmotic rupture of the endosomal/lysosomal membrane.

(vi) Endosomal escape via the proton sponge effect was achieved using CPPs such
as the Lys- and His-rich amphipathic peptide LAH5 (KKALLALALHHLAHLAHH-
LALALKKA). Nanocomplexes, measuring 200–400 nm in diameter and formed electro-
statically by combining Cas9 RNP with cationic LAH5 peptides, were internalized via
endocytosis, likely mediated by anionic HSPGs acting as receptors for receptor-mediated
endocytosis. Upon acidification of the endosomes, the LAH5 peptides became protonated,
causing an endosomal burst through the proton sponge effect and facilitating the release of
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the nanocomplexes into the cytosol. The nuclear localization signal (NLS) sequences on
Cas9 directed it into the nucleus. Nanocomplexes targeting CCR5 successfully achieved
gene editing across the membrane in various cell lines [34]. Although this LAH5-based de-
livery strategy for CRISPR-Cas genetic engineering shows promise for in vitro and ex vivo
applications, the current nanocomplex formulation is unlikely to be stable for in vivo appli-
cations. However, Cas9 RNP-loaded nanoparticles coated with LAH5 could be practical
for in vivo use.

(vii) Exosomes are lipid bilayer membrane vesicles (40–160 nm in diameter) and a type
of natural nanoparticle released by cells to facilitate cell-to-cell communication. It is well-
established that cancer cells release exosomes containing miRNAs to prepare a favorable
microenvironment for metastasis [35]. This discovery suggests that natural exosomes could
be utilized for tissue-selective drug delivery. In fact, exosomes derived from hepatic stellate
cells have demonstrated selectivity toward hepatic cells. ExosomeRNP nanocomplexes,
created by loading Cas9 RNPs into purified exosomes isolated from hepatic stellate cells
via electroporation, were successfully taken up by hepatocytes. Tail vein administration
of ExosomeRNP targeting PUMA alleviated acute liver injury caused by a single overdose
of acetaminophen. The p53 up-regulated modulator of apoptosis (PUMA) protein was
significantly elevated in the livers of acetaminophen-treated mice. Similarly, tail vein
administration of exosomeRNP targeting CcnE1 alleviated chronic liver fibrosis caused
by three intraperitoneal injections of CCl4 per week for five weeks. Cyclin E1 (CcnE1),
a member of the cyclin-dependent protein kinase family, promotes the proliferation of
hepatic stellate cells. Additionally, tail vein administration of exosomeRNP targeting KAT5
improved orthotopic hepatocellular carcinoma (HCC) transplanted via hepatic portal
injection. K (lysine) acetyltransferase 5 (KAT5) is essential for HCC growth. Studies
revealed that exosomeRNP nanocomplexes were internalized via endocytosis, which was
inhibited by chlorpromazine (a clathrin-dependent endocytosis inhibitor), genistein (a
caveolin-dependent endocytosis inhibitor), or exposure to 4 ◦C [36]. The cargo delivery
mechanisms of exosomes into cells are categorized into two modes: (a) fusion with the
plasma membrane of recipient cells or (b) endosomal escape after endocytosis. The liver is
a key metabolic organ. The exosomes taken up by hepatocytes may undergo degradation
or follow the secretory pathway within the endo-lysosomal system, depending on the
signal proteins on the surface of the exosomes or the endocytic internalization of bystander
exosomes due to the high frequency of endocytosis in the liver. Nonetheless, it is believed
that the endosomal escape mechanism of loaded Cas9 RNPs involves fusion between the
endosome and the exosomes (Figure 10).

Figure 10. The pathway of exosomeRNP nanocomplex internalization involves endocytosis and
endosomal escape of the Cas9 ribonucleoprotein (RNP), composed of Cas9 and single-guide RNA
(sgRNA), with these components acting as their cargos via membrane fusion.
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2.2.2. Restricted Distribution to the Target Sites via Local Injections

Simple Cas9 RNP-loaded nanoparticles lack cell selectivity, leading to off-target side
effects. To improve bioavailability and minimize such side effects, local injections can
restrict distribution to specific target sites, compared to oral or intravenous administration,
although intravenous administration is technically a form of injection. Local injections have
been implemented in the eye, bone marrow cavity, and cranial regions. The blood–retinal
barrier (BRB) and the blood–aqueous barrier (BAB) pose challenges for delivering drugs
to the eyes. Therefore, local injections directly into the eye are effective. The cornea of
the eye consists of three cell layers: the epithelial cell layer, the stromal layer, and the
endothelial layer.

(viii) Intrastromal injection of LNP-encapsulated CRISPR targeting tdTomato in the
loxP-3xStop-loxP-tdTomato reporter system resulted in successful transfection not only
of stromal cells but also of endothelial cells in all wild-type eyes of 3-month-old hybrid
B6129F1-loxP-3xStop-loxP-tdTomato mice. tdTomato is an exceptionally bright red fluo-
rescent protein, capable of producing fluorescence detectable up to a depth of 1 cm from
the epidermis [37]. Several Cas9 RNPs were tested for their ability to disrupt stop signals
and activate tdTomato expression. Although the corneal stroma is separated from the
single-cell-thick endothelium by a thin, acellular matrix known as Descemet’s membrane,
the injected LNPs successfully crossed this barrier, as evidenced by tdTomato fluorescence.
Moreover, Cas9 RNP-loaded LNPs corrected the Sey variant and restored FLAG-tagged
PAX6 expression in 38% of ex vivo cortical neurons derived from a mouse model of
aniridia, known as Small eye (Sey). This model carries the nonsense c.580G>T (p.G194X)
variant in the Pax6 gene [38]. The LNPs used in these experiments were composed of
1,2-dioleyloxy-3-dimethylaminopropane (DODMA), DOPE, 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), and cholesterol (Figure 6). This delivery strategy, utilizing LNPs
encapsulating RNP and DNA template mixtures via intrastromal injection, holds potential
for CRISPR/Cas9-based genome editing therapies for corneal diseases.

Leukemia stem cells (LSCs) sustain the progression of acute myeloid leukemia (AML),
a type of cancer that originates in the blood-forming cells of the bone marrow, and con-
tribute to disease relapse.

(ix) Mesenchymal stem cell membrane-coated nanofibrils (MSCM-NFs), loaded with
(a) bioreducible LNPs encapsulating Cas9 RNP targeting the critical gene interleukin-1
receptor accessory protein (IL1RAP) in human LSCs and (b) CXCL12α, a ligand of the
C-X-C chemokine receptor 4 (CXCR4) (Figure 11), were injected into the bone marrow
cavity of mice. This approach successfully demonstrated that IL1RAP knockout reduced
the colony-forming capacity of LSCs and decreased the leukemic burden [39]. CXCL12α
facilitated the recruitment of leukemia cells. Consequently, vascular cell adhesion molecule
1 (VCAM-1), derived from the mesenchymal stem cell membrane (173.8 ± 46.4 nm in
thickness) on nanofibrils (1.0 ± 0.2 μm in diameter and 22.0 ± 10.1 μm in length), bound
to integrin α4 (VLA-4) on the surface of leukemia stem cells. LNPs (73.3–162.2 nm in
diameter) encapsulating Cas9 RNPs, which separated from MSCM-NFs, were internalized
into leukemia stem cells via endocytosis. They induced efficient gene editing after endo-
somal escape, likely through membrane fusion [40]. The endosomal diameter in clathrin-
dependent endocytosis or clathrin- and caveolae-independent endocytosis is approximately
85–150 nm and around 90 nm, respectively, although the specific type of endocytosis that
occurs remains uncertain. A single LNP could fit within an endosome. The SpCas9 protein
has a molecular weight of 160 kDa and a hydrodynamic diameter of approximately 7.5 nm,
while sgRNA has a molecular weight of around 31 kDa and a hydrodynamic diameter
of about 5.5 nm [41]. Therefore, due to their size, several Cas9 RNP molecules could be

157



Pharmaceutics 2025, 17, 201

encapsulated within one LNP. Since the target IL1RAP gene is located in the cell nucleus,
efficient gene editing is successfully achieved.

α

α

α

Figure 11. The interaction between leukemia stem cells and injected mesenchymal stem cell
membrane-coated nanofibrils (MSCM-NFs) loaded with LNPs encapsulating Cas9 RNP targeting
the critical genes interleukin-1 receptor accessory protein (IL1RAP) and CXCL12α was studied.
CXCL12α, a ligand for C-X-C chemokine receptor 4 (CXCR4), recruited leukemia stem cells. As
a result, vascular cell adhesion molecule 1 (VCAM-1) derived from the mesenchymal stem cell
membrane bound integrin α4 (VLA-4) on the surface of leukemia stem cells. Endocytosed LNPs
encapsulating Cas9 RNP induced efficient gene editing in leukemia stem cells following endosomal
escape.

The BBB significantly hinders drug delivery to the brain. Consequently, local injections
into the brain serve as an alternative and urgent method for direct delivery. The potential of
locally injecting Cas9 RNP into the brain was evaluated to assess genome editing using the
tdTomato reporter system, similar to the intrastromal injections into the cornea described
earlier. Although the tdTomato locus is relatively large, the expression of the tdTomato
protein in a mouse model indicates the actual genome editing efficiency and the distribution
of Cas9 RNP. Four repeats of the positively charged Simian Vacuolating Virus 40 nuclear
localization sequences (SV40-NLS) were fused to the N-terminus, along with two repeats
fused to the C-terminus of Cas9, enabling it to spontaneously move to the cell nucleus. In
total, six SV40-NLS sequences were fused to Cas9 (4x-Cas9-2x). Cell-penetrant Cas9 RNPs
were injected into the striatum of lox-stop-lox Ai9 mice. As a result, these cell-penetrant
Cas9 RNPs edited more neurons in the region near the injection site, as indicated by
tdTomato fluorescence. In contrast, transient RNP complexes delivered using AAV serotype
9 (Cas9-AAV) exhibited better diffusion throughout the brain. However, brains treated with
Cas9-AAV showed significantly elevated Cd3e gene expression, indicative of an adaptive
immune response. Meanwhile, brains treated with Cas9 RNPs experienced acute microglial
activation, which could be mitigated by reducing endotoxin levels. Consequently, Cas9
RNPs demonstrated superior safety compared to Cas9-AAV [42]. The restricted distribution
of Cas9 RNPs, along with their safety profile, could potentially be enhanced through the
use of nanoparticles.

(x) Non-viral, biodegradable PEGylated nanocapsules (NCs) encapsulating Cas9
RNPs (less than 35 nm in diameter) were evaluated for genome editing in neurons fol-
lowing intracerebral injection. The optimal formulation utilized a molar ratio of acrylic
acid (AA)/N-(3-aminopropyl)methacrylamide hydrochloride (APMA)/1-vinylimidazole
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(VI)/N,N′-bis(acryloyl)cystamine (BACA)/acrylate-polyethylene glycol (Ac-PEG)/RNP
at 927/927/244/231/64/1. The small size of the NCs may facilitate their diffusion within
the brain. Indeed, NCs loaded with RNPs containing anti-Ai14 sgRNA, administered via
intracerebral injection into the healthy mouse striatum, demonstrated successful genome
editing of striatal neurons as determined by the tdTomato reporter system. The Cas9 RNP
targeting sites were located within each of the three SV40 polyA sequences in the STOP cas-
sette. The removal of two SV40 polyA cassettes led to the expression of tdTomato. Genome
editing was predominantly observed in medium spiny neurons (>80%), with occasional
editing in cholinergic, calretinin, and parvalbumin interneurons [43]. The conjugation of
neuron-specific ligands, such as the rabies virus glycoprotein-derived peptide (RVG pep-
tide: YTIWMPENPRPGTPCDIFTNSRGKRASNG), a ligand for the α-7 subunit of nicotinic
acetylcholine receptors (AchRs) in neuronal cells [44], could enhance specificity for neuron-
targeted delivery. Moreover, conjugation of cell-penetrating peptides (CPPs) such as TAT
may enhance cellular uptake. However, contrary to expectations, the addition of either
CPP or RVG to the nanocapsules (NCs) did not significantly affect the neuronal editing
efficiency or the size of the edited brain area in this assay system. The Cas9 RNP-loaded
NCs facilitated endosomal escape via imidazole-containing monomers (VIs) and amine-
containing monomers (APMAs), likely due to the proton sponge effect. Subsequently, the
Cas9 RNPs were separated from the NCs through cleavage of the glutathione-responsive
cross-linker in the cytosol.

(xi) CRISPR–gold targeting the metabotropic glutamate receptor 5 (mGluR5) gene efficiently
reduced local mGluR5 protein levels in the striatum by 40–50% following intracranial injection
into the brains of Fmr1 knockout mice, a model of fragile X syndrome (FXS). This reduction in
mGluR5 protein levels ultimately led to a decrease in hyperlocomotor activities, such as excessive
digging and jumping behavior, in the Fmr1 knockout mice [45]. FXS [46] is an inherited genetic
disorder caused by mutations in the fragile X mental retardation 1 (FMR1) gene. The FMR1
gene contains a CGG repeat in the 5′-untranslated region. Silencing the FMR1 gene prevents
the expression of the FMR protein (FMRP). Low-molecular-weight metabotropic glutamate
receptor 5 (mGluR5) antagonists have been developed for the treatment of FXS [47]. mGluR5 is
an excitatory G-protein-coupled receptor. According to the mGluR theory of FXS, glutamatergic
signaling through mGluR5 is enhanced in the absence of FMRP, thereby inducing various
neurological and neuropsychiatric features of FXS. At present, low-molecular-weight mGluR5
antagonists are unlikely to be clinically available for the treatment of FXS. Local injections into
the brain, which bypass the BBB, may be a significant strategy for treating inherited genetic
diseases, including FXS.

(xii) The development and progression of psoriasis are associated with NLRP3 in-
flammasomes, which are large protein complexes that play a crucial role in regulating
the innate immune response and inflammation. Therefore, genome editing of the NLRP3
inflammasome could alleviate the inflammatory symptoms of psoriasis. Polyamidoamine
nanocomplexes (named GBLA-22), coated with phenylboronate and lipoic acid moieties
as ligands and containing Cas9 RNP targeting NLRP3, achieved a 33.7% gene disruption
at the NLRP3 locus in psoriatic skin tissues in an in vivo assay. This was accomplished
via subcutaneous injection into the psoriatic skin on the back through two-point injections
at the upper and lower parts of the area, using an imiquimod-induced psoriatic mouse
model. The treatment led to a reduction in the levels of IL-1β, IL-17, IL-18, TNF-α, and
IL-12/23p40 [48]. Psoriatic model mice were generated by applying imiquimod cream
daily to a shaved 2 cm × 2 cm area of skin for seven consecutive days. Phenylboronate
and lipoic acid moieties were identified as crucial ligands for protein binding, endocyto-
sis, endosomal escape, and intracellular protein release. The cellular uptake mechanism
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was determined to be lipid raft-mediated endocytosis, as it was inhibited by MβCD (a
cholesterol-depleting reagent) or at 4 ◦C but remained unaffected by cytochalasin D (a
macropinocytosis inhibitor), genistein (a caveolae-dependent endocytosis inhibitor), or
chlorpromazine (a clathrin-dependent endocytosis inhibitor). Furthermore, the endosomal
escape mechanism was suggested to occur via membrane disruption. Following subcuta-
neous injection, GBLA-22-Cy5/RNP complexes were detected in the skin and liver from
days 1 to 5, as indicated by Cy5 fluorescence, suggesting that these organs serve as the
primary sites of nanoparticle metabolism.

(xiii) Overexpressed microRNA-21 (miR-21) in human hepatocellular carcinoma in-
hibits the expression of tumor suppressor genes. Therefore, miR-21-sensitive nanodelivery
systems can selectively induce apoptosis in cancer cells. Nanocapsules composed of
nanoassembled, engineered DNAzyme shells encasing Cas9 RNP targeting the MIR-21
gene—referred to as miR-21-responsive DNAzyme-functionalized nanocapsules (R-DN)—
demonstrated significant tumor growth inhibition of up to 75.94% in an in vivo assay.
This was achieved through intratumoral injection in a HepG2 tumor mouse model, which
was established by subcutaneous armpit injection of 2 × 106 cells in a PBS/Matrigel (1:1,
v/v) mixture [49]. In general, DNAzyme is a catalytic single-stranded DNA that binds
to and cleaves target RNA in a sequence-specific manner. R-DN entered cancer cells via
endocytosis, which was inhibited by MβCD (a cholesterol-depleting reagent) and chlorpro-
mazine (a clathrin-dependent endocytosis inhibitor). After endosomal escape—through
mechanisms that remain unclear—cytosolic miR-21 was believed to interact with R-DN. It
was discovered that as little as 1.7 pM of miR-21 could trigger the on-demand release of
Cas9 RNP from R-DN through a conformational change in the DNAzyme upon miR-21
binding. The released Cas9 RNP then edited the miR-21 gene, leading to the upregulation
of tumor suppressor genes that induce apoptosis. This process established a positive
feedback-driven autonomous catabolic cycle between miR-21 and R-DN.

Nonetheless, local injections cause physical pain to patients, although Cas9 RNPs are
reliably delivered to the target sites and remain in the restricted area, such as the cranial
cavity. Therefore, non-invasive administration methods should be developed.

2.2.3. Selective and Effective Distribution Through Non-Invasive Methods

Selective and effective distribution through non-invasive methods, combining active
targeting with a deliberate approach and passive targeting with a laissez-faire approach,
is anticipated to minimize off-target side effects. Nevertheless, differences between target
sites and other healthy regions persist due to inherent biological mechanisms rooted
in structural principles. Cell surfaces are generally covered with negatively charged
HSPGs, which interact with CPPs to facilitate receptor-mediated endocytosis. However,
the surface of cancer cells exhibits a more negatively charged characteristic due to their
unique metabolic processes, which produce lactate anions as part of the Warburg effect [50].
The secretion of lactate anions displaces cations such as H+ and Na+ from the cancer cell
surface, enhancing the negative charge. The Warburg effect also creates a mildly acidic
extracellular environment (pH 6.6–6.8) in cancer tissues [51]. Furthermore, phospholipids
such as phosphatidylethanolamine and phosphatidylserine flip to the outer surface of
cancer cells [52]. Nonetheless, more pronounced differences may be necessary for effective
targeting. The potential for achieving cell selectivity between cancer and normal cells
remains an area for discovery. Notably, RGD peptides are well-known for inducing receptor-
mediated endocytosis by utilizing αvβ3 integrins as receptors on the cancer cell surface [53].
Cell-selective internalization was achieved in cancer drug delivery systems using iRGD
(c(CRGDKGPDC)) as a tumor-homing ligand.
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(xiv) Nanoparticles coated with iRGD were used for the co-delivery of Cas9 RNP targeting
the Nrf2 gene and the antitumor photosensitizer chlorin e6 (Ce6). These nanoparticles, with
diameters ranging from 84 to 92 nm, were administered intravenously and internalized into
cells via receptor-mediated endocytosis in a mouse tumor model. In this model, cellosaurus
CNE-2 cells, derived from nasopharyngeal carcinoma, were subcutaneously injected into the
mice’s armpits. Near-infrared irradiation, administered 12 h after nanoparticle delivery, induced
the generation of reactive oxygen species (ROS) by Ce6. These ROS destabilized lysosomal
membranes, enabling the nanoparticles to escape the lysosome. This facilitated genome editing,
thereby increasing tumor sensitivity to ROS [54]. The ROS generated by Ce6 exhibited a syner-
gistic antitumor effect, inducing apoptosis in addition to destabilizing lysosomal membranes.
Furthermore, the Nrf2 protein is implicated in promoting angiogenesis. Hypoxia-inducible
factor 1α (HIF1α) and vascular endothelial growth factor-A (VEGF-A) are key angiogenic
factors. Treatment with Ce6 and Cas9 RNP-encapsulated nanoparticles led to a reduction in
HIF1α and VEGF-A levels by 50.0% and 44.6%, respectively, compared to levels observed with
Ce6-encapsulated nanoparticles without Cas9 RNP. Consequently, intravenously administered
nanoparticles encapsulating both Ce6 and Cas9 RNP demonstrated a more significant antitumor
effect than those lacking iRGD.

(xv) Intravenously administered glutathione-responsive silica nanocapsules (SNCs) conju-
gated with glucose and an RVG peptide, encapsulating Cas9 mRNA along with either App659

sgRNA or Th sgRNA, achieved up to 6.1% editing efficiency of the amyloid precursor protein
(App) gene in the thalamus/hypothalamus (resulting in a 19.1% reduction in intact APP ex-
pression levels) and up to 3.9% editing efficiency of the tyrosine hydroxylase (Th) gene in the
thalamus/hypothalamus (resulting in a 30.3% reduction in Th expression levels), respectively,
in C57BL/6J wild-type mice. These SNCs crossed the BBB via receptor-mediated transcytosis,
utilizing glucose transporter-1 (GLUT1) and the α-7 AchR of endothelial cells. Subsequently, the
SNCs were internalized into neurons via receptor-mediated endocytosis, utilizing the α-7 AchR
of neuronal cells. The GSH-responsive SNCs released their cargo into the cytosol following
endo/lysosomal escape, likely facilitated by the proton sponge effect of the imidazole-containing
chains [55]. Overall, the strategy of using GSH-responsive, imidazole-rich SNCs conjugated
with glucose and the RVG peptide was highly effective in achieving targeted delivery. However,
the precise mechanisms underlying endosomal escape remain unclear.

(xvi) Intravenously injected, thin disulfide-cross-linked polymeric shell nanocapsules
decorated with angiopep-2 peptide and encapsulating Cas9 RNP (approximately 30 nm
in diameter) achieved high PLK1 gene editing efficiency in brain tumors, reaching up to
38.1% in orthotopic CSC2-Luc GSC tumor-bearing mice [56]. The angiopep-2 peptide
(TFFYGGSRGKRNNFKTEEY) is a ligand that binds to low-density lipoprotein receptor-
related protein-1 (LRP-1), which is highly expressed on both BBB endothelial cells and
glioblastoma (GBM) cells. These nanocapsules crossed the BBB via receptor-mediated
transcytosis using LRP-1 as a receptor, as well as through passive diffusion induced by
BBB disruption caused by GBM. Subsequently, the nanocapsules were internalized into the
neurons via receptor-mediated endocytosis, utilizing LRP-1.

Similarly, (xvii) a brain-targeted CRISPR/Cas9-based nanomedicine was developed
by fabricating angiopep-2-decorated, guanidinium- and fluorine-functionalized polymeric
nanoparticles that loaded Cas9/gRNA RNP for the treatment of GBM. These nanoparticles
exhibited approximately 32% gene knockout and a 67% reduction in the protein levels of
the targeted proto-oncogene, polo-like kinase 1 (PLK1), in in vitro tests using U87MG cells.
This gene knockout was sufficient to prolong the median survival time of mice bearing
orthotopic glioblastoma to 40 days, without serious side effects or off-target effects [57].
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(xviii) Anti-colon disease drugs can be administered orally if they are resistant to
degradation by stomach acid or proteases and are not absorbed in the small intestine. The
progression of ulcerative colitis (UC) and colitis-associated colorectal cancer (CAC) is linked
to the overexpression of CD98. P127M@pCD98s, composed of negatively charged LNPs
derived from mulberry leaves and the U.S. Food and Drug Administration (FDA)-approved
polymer Pluronic F127 (P127), encapsulate a CRISPR/Cas plasmid targeting CD98 (pCD98)
with an approximate diameter of 267.2 nm. In an in vivo assay using a CAC mouse model,
oral administration of P127M@pCD98s significantly reduced CD98 expression and demon-
strated therapeutic efficacy against CAC [58]. The CRISPR/Cas plasmid encodes both
sgRNA and the Cas9 protein. P127M@pCD98s penetrated the mucus layer, accumulated in
inflamed colon tissues, and were internalized by colon epithelial cells and macrophages
via galactose receptor-mediated endocytosis, facilitated by the galactose end groups. After
endosomal/lysosomal escape, pCD98 was released and became active. Macrophages are
known to express CD98. However, since LNPs with a diameter of 267.2 nm are relatively
large, they may not fit into endosomes. Therefore, LNPs might undergo size reduction
during transport to facilitate internalization via galactose receptor-mediated endocyto-
sis in colon epithelial cells and macrophages. Alternatively, the tight junctions between
colon epithelial cells in CAC might be partially disrupted, enabling passive diffusion of
LNPs. Subsequently, LNPs might enter macrophages via macropinocytosis, likely occurring
within the reticuloendothelial system.

Therefore, a selective and effective distribution of Cas9 RNP-encapsulated nanoparti-
cles in a non-invasive manner has been developed.

2.2.4. Promising Delivery of Intravenously Administered Cas9 RNP-Encapsulated
Nanoparticles to the Brain

It is well established that clustering induces endocytosis [59–61]. Therefore, a multili-
gand strategy on nanoparticles is more likely to promote cluster formation. For instance,
SNCs conjugated with glucose as a GLUT1 ligand and RVG peptide as an α-7 AchR ligand
were designed using a multiligand approach to target capillary endothelial cells [43]. The
expression of receptors involved in endocytosis is often not limited to target cells. For
example, HSPGs, which serve as receptors for CPPs like TAT, are expressed ubiquitously.
A single-ligand strategy may result in off-target side effects. In contrast, a multiligand
strategy is more likely to stochastically bind to specific regions that act as entry points to
target sites, especially within systemic circulation.

The ligand–receptor selectivity of monoclonal antibodies is higher than that of CPPs or
THPs. Consequently, Cas9 RNP-encapsulated nanoparticles coated with monoclonal anti-
bodies can bind tightly and selectively to receptors that facilitate endocytosis or transcytosis.
Notably, the clinically approved J-Brain Cargo® system [62] enables antibody–drug conju-
gates to cross the BBB through receptor-mediated transcytosis via the transferrin receptor in
capillary endothelial cells. Thus, Cas9 RNP-encapsulated nanoparticles coated with mono-
clonal antibodies targeting the transferrin receptor can cross the BBB via receptor-mediated
transcytosis. Additionally, nanoparticles coated with bispecific monoclonal antibodies
targeting both the transferrin receptor and the α-7 AchR can subsequently enter neurons
after transendothelial migration.

3. Conclusions

The CRISPR/Cas9 gene editing technique is a powerful tool for precisely cutting
and modifying DNA. However, delivering Cas9 RNPs within living organisms presents
challenges, including low cell selectivity and bioavailability. While internalization into
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cells such as fertilized eggs, CAR-T cells, or MSCs can be achieved using methods like
lipofection (cationic lipid-mediated transfection), electroporation (electric pulse methods),
viral vector-based gene delivery, or microinjection, these approaches have limitations.
Utilizing carrier nanoparticles coated with vectors such as monoclonal antibodies, CPPs,
or THPs offers a promising solution to these challenges [Table 1]. Nanoparticles protect
Cas9 RNPs from enzymatic degradation, while the vectors on nanoparticles facilitate
receptor-mediated endocytosis or transcytosis by targeting tissue-specific receptors. Endo-
somal escape, enabling the release of Cas9 RNPs, is achieved through mechanisms such as
membrane disruption via the proton sponge effect [33], ionic lipid-mediated local mem-
brane disruption [24], fusion between endosomes and LNPs [23], or other strategies. Since
Cas9 RNPs cannot cross membranes via passive diffusion, carefully designed Cas9 RNP-
encapsulated nanoparticles coated with appropriate vectors can effectively enter target
cells through receptor-mediated endocytosis, followed by successful gene editing after en-
dosomal escape, leveraging the biological machinery system. Intravenously administered
Cas9 RNP-encapsulated nanoparticles, coated with suitable vectors such as glucose and
an RVG peptide, successfully crossed the BBB via receptor-mediated transcytosis utilizing
GLUT1 and α-7 AchR in capillary endothelial cells, respectively. These nanoparticles were
subsequently internalized into cells, including neurons, through receptor-mediated endo-
cytosis via α-7 AchR. Ultimately, they facilitated gene editing for central nervous system
(CNS) diseases following endosomal escape [43]. Conversely, intravenously administered
Cas9 RNP-encapsulated nanoparticles, coated with suitable vectors such as iRGD, entered
cancer cells via receptor-mediated endocytosis mediated by αvβ3 integrins and ultimately
facilitated gene editing following endosomal escape [54].

Intelligent nanoparticles coated with vectors, such as specific membrane receptor
ligands that induce endocytosis/transcytosis, could address scalability, reproducibility,
and safety concerns in clinical translation. Notably, NTLA-2001 (NCT04601051) is an
intravenously administered lipid nanoparticle formulation encapsulating Cas9 mRNA
and sgRNA targeting TTR. NTLA-2001 forms complexes with APOE, enabling receptor-
mediated endocytosis via LDLR in the liver, ultimately leading to reduced serum TTR
protein expression through TTR gene knockout (Figure 3) [17]. Cas9 RNP-encapsulated
nanoparticles coated with appropriate vectors are expected to be clinically introduced
soon. However, human germline editing remains a topic of debate, as such modifications
are inherited by future generations [63]. Therefore, the use of Cas9 RNP-encapsulated
nanoparticles should be strictly limited to disease treatment. Additionally, Casgevy® was
clinically approved by the FDA in December 2023 for the treatment of sickle cell disease.
This therapy involves using modified hematopoietic (blood) stem cells taken from the
patient’s bone marrow. It is the first FDA-approved treatment utilizing CRISPR/Cas9,
although it does not rely on a nanodelivery system [64].

Regarding scalability [65], large-scale production must be established. Developing
scalable methods for nanoparticle production with high reproducibility and consistency is
essential for translating these technologies into clinical and industrial applications [66–70].
This scalability issue can be addressed by focusing on (a) establishing robust production
processes that ensure nanoparticles are consistently produced at a larger scale, (b) optimiz-
ing nanoparticle synthesis to maintain high-quality standards while increasing production
capacity, (c) implementing standardization and quality control measures at each stage of
production, (d) automating and integrating manufacturing steps to maintain reproducibil-
ity and consistency, (e) ensuring regulatory compliance, which is crucial for successful
translation into clinical and industrial applications, and (f) achieving cost efficiency for
large-scale commercialization.
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Regarding reproducibility [66–70], efficient and stable encapsulation methods need to
be developed. Achieving effective encapsulation of RNPs while maintaining their stability
remains a significant challenge. Ensuring the structural and functional integrity of RNPs
during formulation and storage is crucial for their effectiveness. The optimization of
encapsulation techniques is based on (a) the selection of suitable carriers, such as LNPs,
and (b) encapsulation methods.

Regarding safety [71], toxicity and biocompatibility are important considerations.
Certain materials used for nanoparticle functionalization, such as ligands, may induce
toxicity or trigger adverse immune responses, thereby limiting their clinical applicability.
(a) Utilizing highly selective ligands, such as monoclonal antibodies, CPPs, or THPs, can
help prevent off-target effects caused by incorrect distribution. Additionally, (b) PEG
modification on the surface of nanoparticles is known to reduce immune responses.

Nonetheless, the CRISPR/Cas9 system has the potential to create new biological
machinery through precise molecular design. Medicinal chemists and pharmaceutical
scientists are expected to develop innovative drugs based on Cas9 RNP-encapsulated
nanoparticles to treat patients suffering from genetic disorders.
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Abstract: Background/Objectives: Rifampicin is a typical antibiotic used for the treatment
of Staphylococcus aureus (S. aureus) infections; however, its clinical utility is limited by poor
aqueous solubility, chemical instability, and increasing bacterial resistance. Nanostructured
lipid carriers (NLCs) offer a promising strategy to improve drug solubility, stability, and
antimicrobial performance. Methods: In this study, rifampicin-loaded NLC (NLC-RIF)
was developed using a hot homogenization with a low energy method and characterized
in terms of particle size, polydispersity index, zeta potential, encapsulation efficiency,
colloidal stability, and drug loading. Results: In vitro release studies under sink conditions
demonstrated a biphasic release pattern, best described by the Korsmeyer–Peppas model,
suggesting a combination of diffusion and matrix erosion mechanisms. Antimicrobial
activity against S. aureus revealed a substantial increase in potency for NLC-RIF, with an
IC50 of 0.46 ng/mL, approximately threefold lower than that of free rifampicin. Cytotoxicity
assays in HepG2 cells confirmed over 90% cell viability across all tested concentrations.
Conclusions: These findings highlight the potential of NLC-RIF as a biocompatible and
effective nanocarrier system for enhancing rifampicin delivery and antibacterial activity.

Keywords: nanostructured lipid carrier; antibiotic; rifampicin; drug release; Staphylococcus
aureus; HepG2 cell

1. Introduction

Global concern about multidrug resistance to antimicrobials has increased in recent
years. The World Health Organization has emphasized the need to develop new strategies
to combat antimicrobial resistance [1]. Conventional antibiotics still suffer from limitations
such as low bioavailability, rapid clearance, and poor penetration into infection sites, often
aggravated by biofilm formation. These shortcomings contribute to therapeutic failures,
rising resistance levels, and patient discontinuation of treatment due to lack of efficacy.
To overcome these barriers, nanoscale delivery systems can be employed to encapsulate,
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target, and release drugs at specific sites, thereby improving treatment efficacy, reducing
dosage, and enhancing patient adherence [2–4].

In this context, two main categories of nanoantibiotics have been described [5]. The
first corresponds to nanosystems that have antibacterial activity in themselves, such as
silver, zinc, and gold nanosystems. The second group is nanoparticles capable of conju-
gating antibiotics on the surface or incorporating them into the matrix of the nanosystem.
Nanotechnology is an appropriate strategy to circumvent bacterial resistance mechanisms
because it circumvents the mechanisms that bacteria have developed for drugs. Addition-
ally, improves key physicochemical and biopharmaceutical properties of drugs, such as
water solubility and half-life [2,6]. Furthermore, strategies can be developed to design
modified releases that could reduce the frequency and dose of administration [7], and may
enable synergistic effects by co-delivering multiple antibiotics in a single formulation [8,9].

Among the various nanocarrier types, solid lipid nanoparticles (SLN) and nanos-
tructured lipid carriers (NLCs) are particularly attractive due to their low toxicity, high
stability, biocompatibility, biodegradability, and ability to encapsulate both hydrophilic
and lipophilic drugs [10]. Moreover, their manufacturing is cost-effective and readily
scalable [11].

Specifically, NLCs mitigate burst release during storage by their reduced recrystal-
lization rate. This arises from a less-ordered lipid matrix formed by mixing solid and
liquid lipids, which creates additional spaces for drug accommodation [12]. Accordingly,
NLCs have emerged as versatile platforms to optimize the delivery of various therapies,
including antibiotics [13]. Moreover, these nanoparticles can be fabricated using a combi-
nation of lipids and polymer-lipid conjugates, including polyethylene glycols (PEGs) of
varying lengths and end-moieties or functionalized with different polymers [14,15]. This
approach enables multiple functionalizations with various agents to direct the nanosystem
to specific targets [16]. Therefore, they combine excellent biocompatibility and long-term
drug retention with surface properties amenable to targeting ligands, while their nanoscale
dimensions facilitate enhanced interactions with bacterial membranes [17,18].

Rifampicin is a hydrophobic, zwitterionic antibiotic characterized by both acidic and
basic functional groups, pKa 1.7 and 7.9, respectively. It is regarded as one of the most
potent bactericidal agents and is widely used to treat infections caused by surface-adherent
microorganisms [19]. Its therapeutic efficacy is attributed to its broad-spectrum antimicro-
bial activity, which includes most Gram-positive bacteria and select Gram-negative species.
However, rifampicin is not exempt from pharmacokinetic drawbacks, including variable
solubility and instability in different conditions of pH, which may limit their efficacy against
resistant strains and intracellular pathogens [20]. Rifampicin remains a cornerstone of
tuberculosis therapy; in 2012, an estimated 450,000 cases of multidrug-resistant tuberculosis
were reported globally, 10% of which were extensively drug-resistant [21]. Resistance to ri-
fampicin in Staphylococcus aureus remains relatively low (~6.2%), yet vigilance is warranted
given its potential to increase over time [22]. Therefore, strategies to reduce the emergence
of antimicrobial resistance are urgently needed.

The high lipophilicity of rifampicin (LogP 2.83) favors its encapsulation within lipid
matrices [10], while its ionizable groups support the controlled release into aqueous en-
vironments. Although rifampicin-loaded nanosystems have been evaluated against My-
cobacterium tuberculosis [23], Escherichia coli [24], Pseudomonas aeruginosa [25], Klebsiella pneu-
moniae [26], and Staphylococcus aureus [27]. To our knowledge, no study has yet reported
rifampicin encapsulation in NLCs specifically against Staphylococcus aureus [28–30].

In this study, we developed nanostructured lipid carriers (NLCs) for the encapsulation
and controlled release of rifampicin, with a primary focus on evaluating their biological
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performance. We conducted a comprehensive biological assessment, including antimicro-
bial activity against Staphylococcus aureus and cytotoxicity using a hepatic cell model to
investigate biocompatibility. Additionally, physicochemical characterization and colloidal
stability of the nanosystems, along with in vitro release kinetics, were evaluated to support
the biological findings. Our results contribute to the growing evidence supporting NLCs as
promising platforms for advanced antibiotic delivery, offering a potential route to enhance
drug performance and address the ongoing challenge of bacterial resistance.

2. Materials and Methods

2.1. Materials

Gelucire® 44/14 was donated by Gattefosse. Miglyol® 812, Tween® 80, rifampicin
(≥95% HPLC), dimethyl sulfoxide (DMSO, Molecular Biology), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium (MTT, ≥97.5%), Amicon® Ultra 10 KDa, and triple sugar
iron medium (TSI) were purchased from Merck (Merck KGaA, Darmstadt, Germany).
SnakeSkinTM Dialysis Tubing of cellulose membrane with a MWCO 10 kDa was purchased
from Thermo Fisher Scientific (Thermo Fisher Scientific, Carlsbad, CA, USA). Acetic acid
(HPLC grade) and acetonitrile (HPLC grade) were purchased from PanReac AppliChem
ITW Reagents (Darmstadt, Germany). Dulbecco’s Modified Eagle Medium (DMEM high-
glucose), phosphate-buffered saline (PBS, without calcium and magnesium), fetal bovine
serum (FBS), and penicillin/streptomycin solution were obtained from Cytiva. Trypsin-
EDTA solution (0.25%) was purchased from Gibco. Ultra-pure water (18.2 MΩcm) was
produced using a Simplicity System from Millipore. All materials were used as received
without any further purification.

2.2. Preparation of NLCs

The fabrication process was described in a previous report [31]. The NLC is composed
of Gelucire® 44/14, Miglyol® 812, Tween® 80, and water. Briefly, for a 100% formulation,
the lipid phase consisted of 4% w/w Gelucire® 44/14, 1% w/w Miglyol® 812, and 2%
w/w Tween® 80, which were mixed and heated to 85 ◦C. Meanwhile, the aqueous phase,
comprising 93% w/w water heated to 85 ◦C, was slowly added to the lipid phase under
constant stirring at 400 rpm. Then the mixture was then cooled rapidly at 4 ◦C for at
least 30 min without stirring. To prepare rifampicin-loaded NLC, rifampicin (50 mg) was
incorporated into the lipid phase, and the process continued as described. We previously
determined the optimal amount of rifampicin loaded into the nanocarrier. The resulting
formulation was designated NLC-RIF.

2.3. Incorporation Efficiency and Drug Loading

To quantify the different drugs incorporated in NLC, the formulations were ultra-
centrifuged in 10,000 Da MWCO Amicon® Ultra for 15 min at 6900 rcf. Then, the filtered
section was separated and quantified through HPLC.

The rifampicin method was adapted from Goutal and collaborators [32]. Chromato-
graphic analysis was performed using a Shimadzu Prominence HPLC system (Kyoto,
Japan). The separation was achieved using an Inertsil ODS-3 C18 column (GL Science Inc.,
Tokyo, Japan) (4.6 mm × 250 mm, 5 μm). The mobile phase was composed of water/acetic
acid 0.01% (phase A) and acetonitrile/acetic acid 0.01% (phase B). The gradient elution
mode considers a change of phase B to phase A increased linearly from 30% to 60% from 0
to 10 min. The flow was set at 1.2 mL/min while the injection volume was 50 μL. Rifampin
was detected at 7.3 min during a total run time of 13 min at a wavelength of 335 nm.
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The drug loading and incorporation efficiency percentages were determined according
to the following Equations (1) and (2), respectively:

% Incorporation efficiency =
Rifampicintotal − Rifampicinfree

Rifampicintotal
∗ 100 (1)

% Drug loading =
Rifampicintotal − Rifampicinfree

Solid lipid +
(

Rifampicintotal − Rifampicinfree)

∗ 100 (2)

where Rifampicintotal and Rifampicinfree are initial drug amounts, incorporated into the
NLC-RIF preparation. The unloaded drug amount corresponds to the evaluated by the
corresponding HPLC method.

2.4. Physicochemical Characterization

To determine hydrodynamic diameter (HD), polydispersity index (PdI), and zeta
potential (ZP), a Malvern Zetasizer Nano ZS equipment (Malvern Panalytical Ltd., Malvern,
UK) was used. HD and PdI were measured by dynamic light scattering (DLS) and ZP
was determined by Doppler laser microelectrophoresis. Samples were measured in an
aqueous medium with a dilution of 1:10 and each determination was measured three times
corresponding to the average of eleven determinations. The condition of the medium
presents a viscosity of 0.08872 cP, refractive index of 1.330, and sample refractive index of
1.333 with a wavelength of 633 nm with a detection angle of 173◦ and equilibration time of
120 s. Disposable cuvettes (model DTS0012) and disposable folded capillary cells (model
DTS1060) were used for HD and ZP measurements, respectively.

On the other hand, to determine the formulation concentration, a nanoparticle tracking
analysis (NTA) NanoSight NS300 (Malvern Panalytical, Malvern, UK) was used. The
diluted samples were injected with sterile syringes into the sample chamber equipped
with a 532 nm diode laser (green). All samples were measured in a single shutter and
gain mode for 90 s with manual shutter, gain, brightness, and threshold adjustments at
room temperature.

2.5. Colloidal Stability Assessment

The colloidal stability of all types of nanoparticles was determined over 1, 2, 3, 4, 7,
and 8 weeks at 4 ◦C. In each case, HD, PdI, and ZP were registered.

2.6. Morphology of Nanoparticles

To visualize the NLC and NLC-RIF morphology, transmission electron microscopy
was performed. Briefly, NLC and NLC-RIF were diluted 100 times with water, deposited
on film-coated copper grids, stained with 1% phosphotungstic acid for 2 min, washed with
water, and dried for 48 h at room temperature. The samples were evaluated on an Inspect
F50 Scanning Transmission Electron Microscope (FEI, Hillsboro, OR, USA).

2.7. Drug Release Studies

Release of rifampicin-loaded NLC and free rifampicin was measured using the dialysis
bag method. SnakeSkin TM dialysis bag of 10 kDa MWCO was embedded in 10 mL of
PBS (pH 7.4) containing 0.1% of Tween® 80 at 37 ◦C. Samples (1 mL) were withdrawn at
selected time intervals for 72 h and replaced with 1 mL of fresh medium. The amount of
release drugs was quantified in triplicate by HPLC methods described previously. Once
the data were obtained, kinetic models were used to fit the release profile of studies and
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the coefficient of determination (R2) and Akaike information criterion (AIC) were used to
select the model with the best fit.

2.8. Bacterial Strain and Culture Conditions

The reference strain Staphylococcus aureus ATCC 25923 (American Type Culture Collec-
tion, Manassas, VA, USA) was used for all microbiological assays. Bacterial stocks were
maintained at −80 ◦C and routinely cultured in TSI at 37 ◦C under aerobic conditions.

2.9. Antibacterial Activity Assay

To evaluate the antibacterial activity of NLC, NLC-RIF, and free rifampicin, a fresh
bacterial suspension was prepared on Falcon® 5 mL Round Bottom Polystyrene Test Tube
at a turbidity equivalent to 0.5 McFarland standard, using a DensiCheck Plus turbidimeter
(BioMérieux, Marcy-l’Étoile, France). An inoculum corresponding to 1.5 × 107 colony-
forming units (CFUs) was dispensed into each well of a sterile 96-well microplate, followed
by the addition of treatment formulations at final concentrations ranging from 0.5 ng/mL
to 1 μg/mL in a total volume of 200 μL of TSI per well.

Plates were incubated for 18 h at 37 ◦C under normoxic conditions. Bacterial growth
was quantified by measuring absorbance at 600 nm using a microplate reader (Multiskan
Sky, Thermo Scientific, Waltham, MA, USA). The percentage of growth inhibition relative to
untreated controls was calculated for each concentration, and dose–response curves were
fitted to determine the half-maximal inhibitory concentration (IC50) values. All experiments
were performed independently at least three times, each in biological quintuplicates.

2.10. Metabolic Activity Assay

To evaluate the biosafety of rifampicin, a human hepatocellular carcinoma cell line
(HepG2, ATCC® HB-806), kindly provided by Dr. Carlos F. Lagos, was used to assess
cell viability. Cells were cultured under standard conditions (37 ◦C, 5% CO2, humid-
ified atmosphere) in DMEM high-glucose supplemented with 10% fetal FBS and peni-
cillin/streptomycin solution. When cultures reached approximately 90% confluence, cells
were washed twice with 1X PBS (0.0067 M) and detached by incubation with 0.25% trypsin-
EDTA solution at 300× g for 5 min. Subsequently, cells were seeded at a density of
1 × 104 cells per well in 96-well plates. Treatments were applied, including NLC, NLC-RIF,
and free rifampicin, at increasing concentrations ranging from 0.5 ng/mL to 1 μg/mL.

After 24 h of incubation, cell viability was assessed using the MTT assay at a final
concentration of 0.5 mg/mL. Following 1.5 h of incubation at 37 ◦C, the resulting formazan
crystals were dissolved in DMSO, and absorbance was measured at 570 nm using a SYN-
ERGY H1 microplate reader (BioTek Inc., Winooski, VT, USA) with Gen5 v3.16 software.
Statistical analysis was performed using two-way ANOVA with multiple comparisons in
GraphPad Prism (10.0), and differences were considered statistically significant at p < 0.05.

2.11. Data Analysis and Statistics

The experiments were performed at least in triplicate, and the data were described as
the mean value ± standard deviation (SD). The software used for statistical data analysis
was GraphPad Prism software version 10.4.2. Statistical analysis was performed using
two-way ANOVA with multiple comparisons and differences were considered statistically
significant at p < 0.05. In the case of kinetic fit, the DDSolver add-Inn Microsoft Excel
program was used.
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3. Results and Discussion

3.1. NLC Physicochemical Properties

In this study, the biological evaluation of rifampicin-loaded nanostructured lipid
carriers (NLC-RIF) was conducted, focusing on their antimicrobial activity against Staphy-
lococcus aureus and cytotoxicity in HepG2 cells. Physicochemical characterizations were
performed to evidence the suitable characteristics of the nanocarrier and its colloidal stabil-
ity, alongside an assessment of release kinetics, to support the biological findings. NLC and
NLC-RIF were successfully prepared by a low-energy hot-emulsion method. The results
show that both nanomaterials exhibit nanometric mean hydrodynamic diameter (Table 1),
and low polydispersity indices, indicative of a highly monodisperse distribution. Antibiotic
loading produced a modest increase in size, yet both systems remained well below 250 nm.
It is well established that nanoparticles smaller than ~280 nm can more readily navigate
biological barriers—such as mucosal layers and tight endothelial junctions—to access in-
fection sites [33]. However, achieving effective therapeutic delivery requires more than an
optimal size; colloidal stability, surface charge, and the ability to protect the cargo until
reaching the target are equally critical determinants of in vivo performance [34]. In this
work, the low-energy fabrication yielded particles with hydrodynamic diameters below
130 nm and zeta potentials around −4 to −6 mV, balancing steric and electrostatic stabi-
lization without compromising biocompatibility. Moreover, these dimensions compare
favorably with other rifampicin-loaded lipid carriers, which often exceed 200 nm in diame-
ter and may face clearance or penetration limitations [35]. This scalable, energy-efficient
approach therefore produces NLCs ideally sized for systemic administration and targeted
antibiotic release.

Table 1. Characterization of NLC and NLC-RIF through hydrodynamic diameter (nm ± SD), PdI
(±SD), and zeta potential (mV ± SD) by dynamic light scattering (DLS) and particle concentration by
nanoparticle tracking analysis (NTA).

Nanomaterial
Hydrodynamic Size

± SD (nm)
Polydispersity

Index ± SD
Zeta Potential ± SD

(mV)
Particle Concentration
± SD (Particle/mL)

NLC 98.6 ± 2.2 0.06 ± 0.03 −4.9 ± 0.1 2.1 × 1017 ± 1.8 × 1016

NLC-RIF 121.5 ± 2.0 0.18 ± 0.03 −3.4 ± 1.6 8.7 × 1016 ± 1.2 × 1015

On the other hand, NLCs exhibited near-neutral zeta potentials, which alone could
compromise colloidal stability by reducing electrostatic repulsion and promoting particle
aggregation. However, Gelucire® 44/14 and Tween® 80 in the lipid matrix provide robust
steric stabilization: the polyethylene glycol moieties of Gelucire® 44/14 coat the particle sur-
face, while Tween® 80 lowers interfacial tension, together preventing agglomeration. Upon
rifampicin loading, the zeta potential became slightly less negative, a change attributable
to the drug’s protonated aliphatic amine groups at pH 5.5, which partially neutralized
the surface charge (pKa 7.9). Consequently, despite low electrostatic zeta values, the dual
steric–electrostatic stabilization mechanism maintains the colloidal integrity of both NLC
and NLC-RIF.

According to Guo and colleagues, one of the main limitations in the application
of nanomedicine is the lack of pure and well-characterized nanoparticles. In this re-
gard, accurate population size determination is known to be relevant and crucial for
drug delivery systems [36]. Nanoparticle tracking analysis (NTA) measurements revealed
that empty NLC and rifampicin-loaded NLC (NLC-RIF) differ markedly in both mean
size and distribution width. Empty NLC exhibited a mean hydrodynamic diameter of
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84.3 ± 1.1 nm, a mode of 76.5 ± 1.0 nm, and a standard deviation of 21.4 ± 3.0 nm. Its
D10, D50, and D90 values indicated a relatively narrow, monomodal distribution (Table 2).
Upon incorporation of rifampicin, the mean diameter increased to 110.2 ± 3.9 nm with a
mode of 89.1 ± 5.5 nm and a larger standard deviation of 33.9 ± 2.8 nm. Correspondingly,
D10, D50, and D90 all shifted toward higher values, and the D90–D10 span grew from
~32 nm to ~84 nm, reflecting a broader distribution and a pronounced tail of larger particles.
These findings indicate that rifampicin loading leads to particle enlargement and increased
polydispersity, likely due to interfacial localization of the drug and reorganization of the
lipid–surfactant shell.

Table 2. Analysis of NLC and NLC-RIF size distributions using NTA.

Nanosystem
Nanoparticle Tracking Analysis (nm ± SD)

D10 D50 D90

NLC 84.3 ± 1.1 80.0 ± 0.2 100.4 ± 2.6
NLC-RIF 75.3 ± 2.2 101.7 ± 4.6 159.1 ± 8.9

On the other hand, the colloidal stability studies demonstrate that the hydrodynamic
size and ζ-potential persist without significant changes during at least eight weeks at
4 ◦C (Figure 1). Blank NLC maintained a mean diameter of 140–145 nm throughout the
study (140 ± 2 nm at week 1 vs. 144 ± 2 nm at week 8), whereas NLC-RIF exhibited
a modest increase from 185 ± 3 nm to 205 ± 5 nm over the same period. ζ-Potential
values for blank NLC remained consistently around −11.5 ± 0.5 mV at week 1 and
−12.0 ± 0.6 mV at week 8, indicative of stable electrostatic repulsion, while NLC-RIF
showed a slightly less negative surface charge, consistent with partial neutralization by
rifampicin at the lipid–water interface. The polydispersity index of both formulations
remained below 0.2 throughout the entire eight-week evaluation at 4 ◦C, demonstrating a
consistently narrow size distribution. These results indicate that both NLC and NLC-RIF
maintain satisfactory colloidal stability under refrigerated storage.

Figure 1. Colloidal stability of NLC and NLC-RIF at 4 ◦C assessed by hydrodynamic diameter and
zeta potential (mean ± SD). n = 3.

To investigate the shape and morphology of NLC and NLC-RIF, transmission elec-
tron microscopy (TEM) was employed. Both samples exhibited a spherical shape with
a monodisperse size distribution, demonstrating the reproducibility of the preparation
process (Figure 2). A slight discrepancy was observed between the sizes measured by
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dynamic light scattering (DLS) and TEM. This difference arises because TEM images reflect
the size of the nanoparticles in their solid state after drying, which can lead to a flattened
shape and slight deformation at the matrix edges.

 

Figure 2. Transmission electron microscopy (TEM) micrograph of (a) NLC and (b) NLC-RIF. Scale
bar: 2 μm.

3.2. Incorporation Efficiency and Drug Loading

Rifampicin is a molecule with pH-dependent low water solubility, reported as 0.31,
0.87, and 1.4 mg/mL at pH 4.0, 7.0, and 9.0, respectively [37]. Additionally, rifampicin
exhibits a high log p value, which explains its high lipophilicity. However, it contains func-
tional groups such as -OH groups (phenols), an -NH group, and ketone/quinone functions,
which give it a certain capacity to form hydrogen bonds, so it is not completely insoluble
in water. Therefore, it can behave as an amphipathic molecule in certain environments,
which is useful for its incorporation into systems such as lipid nanoparticles (NLC, SLN,
liposomes, etc.).

In this case, rifampicin was readily incorporated into the NLCs without complications,
yielding an encapsulation efficiency of 98.1 ± 0.6% and a drug loading of 4.5 ± 0.3%.
These results indicate that 59.6 μmol of rifampicin is encapsulated, ensuring that 1.64 mg
of rifampicin can be available per 1 mL of formulation, independent of the pH of the
medium. Consequently, nearly all of the rifampicin introduced during formulation became
encapsulated, eliminating the need for organic solvents to enhance loading. While some
reports employ organic solvents to improve rifampicin incorporation [38,39], such strategies
necessitate additional solvent-removal steps that may leave residual traces and adversely
affect in vitro or in vivo performance. In contrast, our method produced a solvent-free
NLC-RIF formulation with high encapsulation efficiency.

Regarding the location of drugs within such nanostructures, the literature highlights
several key considerations. Firstly, a correlation has been reported between the proportion
of the liquid lipid used in the formulation and the drug’s location within the matrix.
Specifically, it has been demonstrated that when less than 10% liquid lipid is employed, it
forms a distinct drug-loaded phase located at the edges of the nanostructure matrix [12].
Secondly, the emulsification and cooling temperatures significantly affect the initial drug
incorporation and its retention within the matrix during storage. During emulsification,
typically conducted at approximately 85 ◦C, rifampicin’s aqueous solubility may slightly
increase. As the formulation cools, rifampicin rapidly loses aqueous solubility, leading to
enhanced interactions with the lipid phase and subsequent entrapment within the lipid
matrix [40]. Additionally, the literature indicates that the cooling process can influence the
nanostructure’s conformation. In this context, slow cooling rates (<1–2 ◦C/min) promote
the formation of a β conformation, resulting in a more stable nanostructure and reduced
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likelihood of drug expulsion from the matrix [41]. Therefore, in this case, rifampicin is
expected to be predominantly dispersed within the liquid lipid at the edges of the matrix,
which should exhibit a β conformation.

3.3. Drug Release and Kinetic Fitting

The release of rifampicin loaded in NLC and free rifampicin at pH 7.4 and 37 ◦C is
presented in Figure 3. Free rifampicin achieves complete diffusion in approximately 2 h.
In contrast, rifampicin release from NLC reaches about 35% within 72 h, corresponding
to approximately 1.94 mg of rifampicin. The results show that there is no abrupt release
of rifampicin; this is attributed to the drug being incorporated into the lipid matrix and
remaining there. This responds to the conformation of an NLC since by containing a liquid
lipid, it forms an imperfect matrix that allows for a less structured conformation inside,
thus preventing the abrupt expulsion of the drug from the interior of the matrix [12]. In this
case, the type of NLC corresponds to type I, since they contain mono-, di-, and triglycerides
from Gelucire® 44/14, which generate multiple spaces providing a more suitable environ-
ment for the incorporation of the drug [16]. In general, there is little background in the
literature on rifampicin loaded into lipid systems, so it is difficult to find direct comparisons;
however, there are some precedents. For example, the literature shows that rifampicin
loaded in a solid lipid nanoparticle (SLN) presents a burst release, possibly because the
nanosystem design only includes solid lipids, therefore the internal conformation is com-
pletely compacted and rapidly expels drug molecules to the outside [42]. In another case,
in the work conducted by Aliyazdi, et al., they fabricated lipid nanocapsules loaded with
rifampicin; and release studies showed a release similar to that obtained in our study, but
in a shorter period of time [43]. Meanwhile, the release of rifampicin from polyelectrolyte
nanoparticles has been evaluated and in that case, it reaches about 60% at pH 7.4 [19].
Rifampicin is an oxygen-sensitive molecule; therefore, various articles have been described
in the literature that use an antioxidant during release tests. Additionally, it has been shown
that rifampicin undergoes oxidation reactions usually at neutral or basic pH more rapidly
than in acidic media. However, it has been shown that there is no significant difference in
the antimicrobial activity of free rifampicin and its oxidized form [44].

Figure 3. Cumulative release of free rifampicin (magenta line) and rifampicin-loaded NLC (blue line)
at 37 ◦C and pH 7.4 over 72 h (mean ± SD). Inset: release of rifampicin-loaded NLC up to 6 h. n = 3.
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The kinetic release data for NLC-RIF were fitted to zero-order, first-order, and
Korsmeyer–Peppas models Table 3. The results show that the Korsmeyer–Peppas model
provided the best overall description of the release profile (kKP = 4.07; n = 0.99; R2 = 0.986;
AIC = 56.6), as indicated by its markedly lower AIC value compared with the other
models. The diffusional exponent (n = 0.99) corresponds to case II transport, consistent
with a release mechanism governed primarily by matrix relaxation and/or erosion rather
than simple Fickian diffusion. These results demonstrate that rifampicin release from the
NLCs follows an ostensibly zero-order regime in its principal phase, controlled by lipid
matrix dynamics.

Table 3. Kinetic fit evaluation to NLC-RIF at 37 ◦C. In equations, Q0 and Qt are the initial amount of
rifampicin and the amount of rifampicin dissolved at time t, respectively. Qt/Q∞ is the fractional
release of rifampicin, K0 is the zero-order constant, K1 is the first-order constant, kKP is the Korsmeyer–
Peppas constant and n is the diffusional exponent.

Zero-Order First Order Korsmeyer–Peppas

k0 (%h−1) R2 AIC
k1

(h−1)
R2 AIC kKP n R2 AIC

NLC-RIF 1.64 0.879 130.2 0.04 0.995 75.3 4.07 0.99 0.986 56.6

3.4. Antimicrobial Activity

The antimicrobial activity of NLC-RIF against Staphylococcus aureus (S. aureus) was
evaluated through a non-linear regression analysis using a four-parameter logistic (4-PL)
model without constraints (Figure 4a). The fitted curve demonstrated a high goodness
of fit, with an R2 value of 0.9791. The IC50 value obtained was 0.0004638 μg/mL, corre-
sponding to a LogIC50 of −3.334. The Hill slope was −4.730, indicating inhibitory activity
with moderate cooperativity and a relatively steep response curve. The maximum via-
bility observed (Top) was 90.81%, while the minimum viability achieved (Bottom) was
4.215%, resulting in a span of 86.59%. Confidence intervals (95% CI) were narrow for most
parameters, supporting the robustness of the model. Altogether, these results suggest
that the NLC-RIF nanosystem exhibits potent and efficient antibacterial activity against
S. aureus, achieving substantial bacterial inhibition at very low concentrations. On the
other hand, rifampicin shows a fit yielded an IC50 of 0.0019 μg/mL with a Hill coefficient
of −19.06, suggesting extremely rapid and cooperative inhibition, characterized by an
almost abrupt response curve (Figure 4b). In addition to its markedly lower IC50 and
steeper Hill slope, the NLC-RIF formulation exhibits a substantially narrower dynamic
range than free rifampicin: the transition from ~80% to ~20% bacterial viability occurs over
only ~0.2 logμg/mL for NLC-RIF, versus ~0.4 logμg/mL for the unencapsulated drug.
This narrow window underscores a pronounced threshold-type response induced by lipid
encapsulation, which may help minimize the gap between subtherapeutic and potentially
toxic doses allowing it to be useful for applications where effective inhibition is desired
but with some modulation. Moreover, both curves display small standard errors at their
upper and lower plateaus, attesting to the high reproducibility of the assay, and both NLC-
RIF and free rifampicin achieve virtually complete bactericidal activity (≤5 % viability) at
concentrations ≥ 10−2 mg/mL. These findings reinforce that NLC encapsulation not only
enhances potency but also enhances dose–response control and experimental consistency.
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Figure 4. Viability study of Staphylococcus aureus at concentrations of 1.0 to 0.0005 μg/mL of ri-
fampicin. (a) NLC-RIF and (b) RIF. n = 5.

Although a complete inhibition of bacterial growth (0% viability) was not achieved un-
der the experimental conditions, the concentration corresponding to the minimal observed
bacterial viability (~4%) was estimated at 1.0 μg/mL, suggesting a near-MIC behavior for
NLC-RIF nanosystems.

This outcome may be attributed to two factors: intrinsic rifampicin resistance in S.
aureus and/or the ability of NLCs to overcome this resistance, thereby enhancing antimi-
crobial efficacy. Rifampicin has been shown to inhibit transcription by interfering with the
beta subunit of RNA polymerase; therefore, the mechanism of rifampin resistance in S.
aureus is determined by mutations in the RpoB gene, which encodes the B subunit of RNA
polymerase [45]. The most common mutations are those that cause changes in the amino
acid sequence of the RpoB protein [46]. In terms of the interaction of the nanosystem with
the microorganism, this result is consistent with what has been reported in the literature,
since Gram-positive bacteria have a thin layer of peptidoglycan with teichoic acid and
pores, which allows easy penetration of NLC and cause cell membrane damage and cell
death [34,47]. In addition, the increase in antimicrobial activity is attributed to the NLC
lipids diffusing inward through the thick peptidoglycan layer causing a disruption in the
bacteria and enhancing the effect of the antibiotic [48]. For this reason, a lower concen-
tration of rifampicin is required when loaded into the NLC to achieve the same effect as
free rifampicin.

In relation to the data obtained in the literature, the group of Tran in 2018 evaluated
non-lamellar lyotropic liquid crystalline nanoparticles loaded with rifampicin and obtained
an IC50 between 0.01 and 0.03 μg/mL [49]. Therefore, the system proposed by our group
requires a lower concentration of loaded rifampicin to decrease the IC50 by two orders
of magnitude. There are more reports in the literature of rifampicin-loaded nanosystems;
however, these are nanoparticles that are tested on strains other than S. aureus [50,51],
or of a different nature than inorganic nanoparticles [52,53], or to evaluations of intra-
cellular infection [54,55], for different purposes [56–60], so they are not comparable with
this research.

3.5. Cytotoxicity Outcomes

To assess the potential cytotoxicity of the NLC-RIF formulation, a cell viability assay
was performed using HepG2 cells exposed to various concentrations of free rifampicin,
blank NLCs, and NLC-RIF in a range of 1 to 0.0005 μg/mL, expressed as rifampicin
concentration (Figure 5). The results showed that cell viability remained above 90% under
all tested conditions, with no significant differences observed between treatments. Neither
free rifampicin, blank NLCs, nor NLC-RIF negatively affected the viability of HepG2 cells,
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even at the highest tested concentration (1 μg/mL), indicating good cellular tolerability of
the nanostructured formulation.

Figure 5. Metabolic effect of rifampicin and NLC formulations treatment on HepG2 cells. Cell viability of
HepG2 cells after 24 h of exposure to increasing concentrations of rifampicin (RIF), blank nanostructured
lipid carriers (NLCs), and rifampicin-loaded NLC (NLC-RIF). Cells were treated with concentrations
ranging from 0.5 ng/mL to 1 μg/mL. Cell viability was assessed using the MTT assay and expressed as
a percentage relative to untreated controls. No statistically significant differences were observed among
treatments at any concentration tested. Data are presented as mean ± standard deviation (n = 4).

The excellent cell viability observed in HepG2 cells following exposure to NLC-RIF
indicates that the formulation does not exert significant cytotoxic effects at concentrations
up to 1 μg/mL. This result is consistent with the NLC formulation, as Gelucire® 44/14
has been recognized as GRAS (generally recognized as safe) [61]; Miglyol® 812 has been
studied as a safe excipient [62,63]. In the case of Tween® 80, its surfactant properties can
disrupt cell membranes [64,65]; however, this material interacts with the NLC surface, and
at its present concentration, it is not sufficient to cause destabilization and subsequent
cell death.

The comparable viability values across free rifampicin, blank NLCs, and NLC-RIF sug-
gest that encapsulation of rifampicin within the lipid matrix does not introduce additional
cytotoxicity. These findings support the suitability of NLC-RIF for further development as a
safe delivery system, particularly for therapeutic applications requiring systemic exposure
or long-term treatment.

A study evaluating an NLC against HepG2 cells is reported in the literature; however,
the objective of this study was to investigate an anticancer NLC. Despite this, based on
the published results, it can be concluded that NLC cytotoxicity is not predominant [66].
Gundogdu and colleagues developed an NLC with two types of Gelucire®, oleic acid,
compritol, Span® 80, Tween® 80, and lipoid derivatives; therefore, the materials are sim-
ilar to those used by our group. In this case, the nanosystem was studied in a gastric
adenocarcinoma cell line. Although the authors do not show the cytotoxicity of NLC, all
nanocarriers showed cell viability above 80% [67]. On the other hand, the Chandan group
manufactured an NLC composed of glyceryl monostearate, castor oil, and Pluronic F68.
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The authors evaluated cytotoxicity using MTT in Caco-2 cells and determined that the
unloaded NLCs exhibited cell viability greater than 80% at all concentrations tested [68].

4. Conclusions

The development of nanostructured lipid carriers loaded with rifampicin resulted
in a stable and biocompatible nanosystem with enhanced antibacterial activity against
Staphylococcus aureus. The NLC-RIF formulation exhibited favorable physicochemical
characteristics, sustained drug release, and a significantly lower IC50 compared to free
rifampicin, indicating improved potency. In addition, the system maintained excellent
colloidal stability over extended storage and demonstrated high cell viability in hep-
atic cells, supporting its safety for biomedical use. These findings position NLC-RIF
as a promising platform for targeted antibiotic delivery. Future work should explore
the in vivo pharmacokinetics, biodistribution, and therapeutic efficacy of this nanosys-
tem, as well as its applicability against other clinically relevant bacterial strains and
biofilm-associated infections.
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Abstract: Psoriasis is a chronic inflammatory skin disease characterised by increased ox-
idative stress, the overproliferation of keratinocytes, the accumulation of inflammatory
mediators, and skin barrier damage. Although a number of therapeutic options are avail-
able, finding long-term treatments that are well-tolerated and patient-friendly treatments
remains a challenge. Tapinarof is a new type of aryl hydrocarbon receptor (AhR) modulator
that has recently attracted attention as a promising non-steroidal alternative. However, its
application may be limited by its poor water solubility and low degree of skin penetra-
tion. Nanotechnology-based drug carriers, specially nanogels, offer new opportunities to
overcome these limitations by combining the advantages of targeted drug delivery and
enhanced skin penetration. Furthermore, nanogel formulations can improve skin hydration
and support the restoration of skin barrier function, which are important in the treatment
of psoriasis. This review focuses on current and emerging therapeutic approaches, with
particular emphasis on the potential of incorporating tapinarof into nanogel formulations
as a novel alternative to topical psoriasis treatment.

Keywords: tapinarof; non-steroid; aryl hydrocarbon receptor; dermatological therapies;
nanotechnology for psoriasis

1. Introduction

Although several reviews have already discussed the pathophysiology and treatment
of psoriasis, most have focused on either systemic biological therapies or conventional
topical treatments. However, a significant number of patients with psoriasis still try to
avoid the use of biologic agents and corticosteroids, and there is still a strong need for well-
tolerated topical treatments that can be used in the long term. Despite this, few publications
have explored the formulation-specific challenges and opportunities associated with newer
topical agents.

Tapinarof is a recently approved topical aryl hydrocarbon receptor (AhR) agonist that
has emerged as a promising therapeutic option due to its anti-inflammatory, antioxidant,
and barrier-restoring properties. However, despite its growing clinical relevance, there is a
lack of comprehensive discussion on how its efficacy and safety could be further optimised.
This review aims to bridge that gap by combining current knowledge on tapinarof with
pharmaceutical strategies designed to enhance its performance.
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Among these strategies, nanogels deserve particular attention for their ability to im-
prove skin penetration, offer controlled drug release, and reduce systemic side effects,
properties that are beneficial for chronic inflammatory skin diseases such as psoriasis.
While nanotechnology-based drug delivery systems are increasingly being explored in
dermatology, the incorporation of tapinarof into nanogel formulations is a novel and
unexplored area. This review summarises current progress and emerging trends, high-
lighting the potential of advanced carrier platforms to improve the therapeutic profile of
tapinarof. This review also offers a unique perspective to help readers better understand
where emerging therapies, such as nanogel-based approaches, fit into the current context
of psoriasis treatment.

2. Methodology

This review was conducted using a structured search of peer-reviewed, English-
language scientific articles, clinical trial reports, and regulatory documents related to
psoriasis, tapinarof, and nanogel-based drug delivery systems. Only publications from
2014 to 2025 that were written in English were considered. Databases searched included
PubMed, Scopus, Web of Science, PubPharm, and Google Scholar including the following
terms: “tapinarof”, “nanogel”, “psoriasis”, “topical treatment”, “AhR agonist”, “drug
delivery systems”, “nanotechnology in psoriasis”, “dermal drug delivery”, and “tapinarof
in dermatology”. In addition, clinical trials related to tapinarof were identified through
www.clinicaltrials.gov (accessed on 9 March 2025). Articles were selected based on their
relevance to the topic of the review, with priority given to recent studies and those involving
regulatory approvals, particularly by the FDA.

3. Structure and Barrier Function of the Epidermis

The skin is the largest organ in the human body, operating as a multifunctional defence
system and maintaining homeostasis. The structure of the skin is extremely complex and
divided into three major layers: the epidermis, the dermis, and the hypodermis. Each has
different anatomical and functional characteristics [1–3].

The epidermis is composed of five different layers: the uppermost layer is the stra-
tum corneum, followed by the stratum lucidum, stratum granulosum, stratum spinosum,
and stratum basale. As the epidermis is the most external layer of the skin, it consists of
exfoliating epithelial cells, called keratinocyte cells, that are constantly renewing them-
selves, ensuring the integrity of the outer protective layer. When exposed to UV radiation,
the keratinocytes of the epidermis synthesise vitamin D, which is essential for calcium
metabolism and the proper functioning of the immune system. It also contains specific
cell types such as melanocytes, Langerhans cells, and Merkel cells, which are responsible
for pigmentation, immune defence, and sensory function. In addition, the sebaceous and
sweat glands of the skin perform exocrine functions, helping to keep the skin hydrated and
eliminating toxins. The functions of the sweat glands is also crucial for thermoregulation,
as they reduce body temperature by evaporating sweat. The stratum corneum prevents
water loss and the penetration of pathogens due to the presence of a hydrophobic lipid
layer [1,2].

Overall, the upper layer of the skin not only provides physical and chemical protection,
but it is also an active participant in the metabolic processes of the body [2].

4. General Characteristics of Psoriasis

Psoriasis is a chronic immune-mediated skin disease that affects 1–3% of the world’s
population, more than 100 million people [4–7]. It can emerge at any age, but it typically

189



Pharmaceutics 2025, 17, 731

first appears between the ages of 15 and 25, with a second peak in emergence observed
between the ages of 50 and 69 [8,9].

Genetic, environmental, and immunopathological factors all influence the pathogene-
sis of this disease [6,9–11]. Familial accumulation and specific gene variants (e.g., genes
involved in the regulation of immune response and keratinocyte proliferation) may also
contribute to its development. The initial presentation of psoriasis and subsequent flare-ups
can be provoked by a variety of environmental factors, such as infections, stress, smoking,
alcohol consumption, and cold, dry weather [1,6,9].

Both the adaptive and innate immune systems take part in the pathogenesis of psoria-
sis, characterised by a mixture of autoimmune and autoinflammatory mechanisms, with a
central role played by antigen-presenting cells (APCs) and inflammatory cytokines (TNF-α,
IL-17, and IL-23) [6,9,11–14]. These inflammatory responses result in keratinocyte hyper-
proliferation, which lead to a thickening of the skin and the typical plaque lesions [1,14,15].

Psoriasis is not a contagious illness, but it is associated with significant inflammation
that manifests as painful, itchy, scaly plaques that show intermittent remission and exacer-
bation [16–19]. Skin cells normally mature and slough off in about a month, whereas in
psoriasis this process takes only 3–5 days, leading to an accumulation of cells [20].

There is currently no permanent cure, but symptoms can be controlled and the quality
of life can be improved with the right therapy [8,19]. The National Psoriasis Foundation
categorises psoriasis as mild (<3%), moderate (3–10%), and severe (>10%) according to the
extent of the disease and the proportion of the affected body surface. The severity of psori-
asis is measured by calculating a PASI (Psoriasis Area and Severity Index) score ranging
from 1 to 10, where 10 indicates severe and 1 indicates good psoriatic skin condition. [6].

Psoriasis can occur in several forms, which can be classified into the following types
according to the American Academy of Dermatology [18]:

• Plaque psoriasis (psoriasis vulgaris): The most common form (>80% of cases), associ-
ated with erythematous plaques covered with silvery scales [18,21,22]. This usually
appears in the elbows, knees, scalp, navel, and sacrum regions [19,23].

• Guttate psoriasis: Appears mainly in children and young adults, with drop-shaped
erythematous lesions, often after infections [8,23,24].

• Pustular psoriasis: A less common but more severe form with sterile, pustular blis-
ters, which can be localised (palms, soles) or generalised (involving the whole body
surface) [23–25].

• Erythrodermic psoriasis: The most severe form, affecting more than 90% of the skin
and associated with severe inflammation, scaling, oedema, and even life-threatening
complications [23].

• Intertriginous psoriasis (inverse psoriasis): A form that appears in the folds of the
body (armpits, groin) and is associated with red, scaleless, painful plaques [8,23,25].

Psoriasis not only damages the skin but it can also trigger inflammatory processes
throughout the body, which can be associated with a number of comorbidities, affecting
the daily lives of patients [21,26]. These inflammatory processes can contribute to cardio-
vascular disease, metabolic syndrome, obesity, and inflammatory bowel disease [6,19,21].
In addition, psoriatic arthritis evolves in 10–30% of cases and manifests as arthritis. It can
lead to the erosion of cartilage tissue in joints and cause irreversible joint damage in the
long term [12,18,19,21]. Psoriasis also increases the risk of depression and anxiety threefold,
which can be a consequence of the social stigmatisation and chronic pain associated with
skin symptoms [22,27]. In the early-onset form of the disease, around 75% of patients
experience more severe comorbidities, while the late-onset form has a higher prevalence of
other types of comorbidities [19]. Although the disease has a fluctuating progression and it
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is currently incurable, targeted therapies can provide significant improvements in quality
of life [8].

5. Immunological and Molecular Pathogenesis of Psoriasis

The most important of the pathogenesis is uncontrolled proliferation of keratino-cytes
and dysregulation of the immune system that lead to abnormal skin lesions [16,27,28]. The
condition of this disease becomes autoimmune as the cells of the body activate the immune
system [24].

The evolution of psoriasis can be described in two main phases: initiation and main-
tenance. In the initiation phase, various environmental factors, such as stress, trauma
(e.g., tattooing), bacterial or viral infections (e.g., streptococcal pharyngitis in guttate pso-
riasis), drugs (e.g., beta-blockers, lithium), and dry, cold weather conditions, can lead to
the activation of the disease [10,19,21,27]. In the maintenance phase, chronic activation
of the immune system, overproduction of inflammatory mediators, and abnormal cell
proliferation ensure the persistence of the condition. Several components of the immune
system active participate in the maintenance of the disease [21]. Dendritic cells, T cells
(particularly Th17 cells), and various other immune cells, including neutrophils, monocytes,
macrophages, and mast cells, play roles in its pathogenesis [10,21,24,25]. These cellular
interactions and immune mechanisms are illustrated in Figure 1.

Figure 1. Aetiology and pathomechanisms of psoriasis (created with BioRender.com).

Following activation by external or internal stimuli, dendritic cells in the epidermis
produce various inflammatory cytokines, including TNF-α, IL-12, and IL-23, which pro-
mote the differentiation of naive T cells into Th1 and Th17 cells [2,14,19,29]. IL-17, IL-22,
and IFN-γ cytokines produced by Th17 cells contribute to inflammatory processes, stimu-
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lating keratinocyte proliferation and neutrophil recruitment to the skin, thus exacerbating
the inflammatory condition [2,8,27,29]. IFN-γ produced by Th1 cells also maintains the
inflammatory cascade and skin barrier dysfunction [10,21,28]. Inflammatory cytokines
result in an over-proliferation of keratinocytes, which causes exfoliation. This increases the
production of inflammatory mediators (TNF-β, IL-1, IL-22, and IL-6), which generate a
positive feedback loop that recruits more inflammatory cells to the skin, thus increasing the
intensity of the inflammatory response [10]. It also enhances angiogenesis and aggravates
psoriasis symptoms by increasing the production of vascular endothelial growth factor
(VEGF) to serve the increased metabolic needs of rapidly proliferating skin cells [8,24].
In general, innate immune cells, especially neutrophils, are highly important in the early
stages of psoriasis development, whereas T cell-dominated adaptive inflammation is a
feature of stable plaques in the later stages.

Different signalling pathways are also essential in the maintenance and exacerbation
of psoriasis. The NF-κB (TNFAIP3, NFKBIA, NFKBIZ) and JAK-STAT (STAT3) signalling
pathways play a prominent role in the regulation of the inflammatory environment through
excessive keratinocyte growth and immune cell activation [21]. The IL-23/IL-17 axis is
substantial, as IL-23 maintains the activity of Th17 cells, which produce IL-17 and IL-
22, promoting inflammation and keratinocyte proliferation [10]. In addition, adjacent
keratinocytes, leukocytes, and fibroblasts also communicate to enhance and maintain in-
flammation [2]. In short, the interaction between immune cells, cytokines, and keratinocytes
creates a self-sustaining chronic inflammatory cycle that leads to the persistent nature of
the condition [8].

A deeper knowledge of the pathogenesis of psoriasis is essential for identifying
new therapeutic targets for the development of more effective and targeted treatment
strategies [4,10].

Future goals are further exploring the molecular mechanisms of psoriasis, gaining a
better understanding of the role of genetic factors, and developing personalised treatments
to improve the quality of life of the patients. The application of innovative therapies,
such as nanotechnology-based drug delivery systems, could open up new possibilities for
treatment. These new approaches may contribute to the long-term improvement of the
condition of patients with psoriasis and provide an opportunity for more effective and
long-term control of the disease [10,30–32].

6. Psoriasis Therapies and Their Limitations

The treatment of psoriasis involves multiple approaches, such topical, oral, biological,
and intravenous therapies, as well as phototherapy [1,23]. As psoriasis is mainly a skin
disease, topical treatment is the first choice in mild and moderate cases [23]. The majority of
patients with psoriasis (80%) can be effectively treated with topical therapy [33]. However,
these treatments present a number of challenges, including side effects, discomfort, and
low patient adherence, which are significant problems for therapeutic success.

The currently available topical treatments are corticosteroids, vitamin D analogues
(calcipotriene, calcitriol), retinoids (tazarotene), and calcineurin inhibitors (pimecrolimus,
tacrolimus) [14,16,34]. These agents often have side effects, which limits their long-term
use; the problems associated with each are summarised in Table 1 [5,34–36]. This situation
creates an urgent need for well-tolerated topical therapies with minimal side effects that
are suitable for long-term use [4,28].

Combination therapy can be more effective than monotherapy as it targets several
pathomechanisms at one time. The combined use of corticosteroids and vitamin D ana-
logues not only increases therapeutic efficacy but also moderates irritation. Similarly, the
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combination of topical retinoids and calcineurin inhibitors can boost treatment efficacy
while reducing side effects [12,14,17]. Previous studies have also indicated that salicylic
acid can improve the permeation of calcineurin inhibitors, vitamin D analogues, and
corticosteroids through the skin, thereby helping to improve their therapeutic profile [37].

Moderate and severe psoriasis may require systemic therapies, which include
methotrexate, cyclosporine, and acitretin [1,17,23]. Although great advances have been
made in newer biologic therapies and phototherapy, they are not available or appropriate
for all patients due to their high cost and potential immunological side effects [31]. Systemic
drugs are very effective and can relieve the patient of symptoms for a period of time, but
the risk of side effects is much higher than with topical treatments; this is presented in
Table 2. Thus, in moderate to severe forms of the disease, the combination of systemic and
topical agents could be necessary to achieve a complete cure [22].

The priorities of psoriasis treatment are to alleviate symptoms, clear the skin, and
make patients’ daily life easier. The optimal therapy is selected on an individual basis,
considering disease severity, plaque location, comorbidities, patient preferences, response
to prior treatments, and expert opinion [9,27,31]. Maintaining patient adherence remains
a major challenge in the management of psoriasis. The main reasons for discontinuing
therapy include low efficacy, unsatisfactory cosmetic results, and suboptimal doctor–patient
relationships [12,22]. In addition, conventional topical treatments are often uncomfortable,
difficult to apply, or take too long to achieve the desired therapeutic effect [12,22,27]. More
than 50% of patients are dissatisfied with the current treatment options, which results in
poor patient compliance [27,38].

Although advances have been made in current therapeutic options, high patient
dissatisfaction rates and low adherence suggest a potential need for a well-tolerated, non-
steroidal topical therapy [12,33,39]. Novel nanocarrier-based strategies offer a promising
alternative, as they improve the skin penetration of active ingredients, reduce side effects,
and can provide effective therapy at lower doses, thus increasing patient satisfaction. The
aim for the future is to develop therapeutic approaches that are not only more effective and
safer, but also better adapted to patients’ lifestyles and expectations [17].

New topical therapeutic options include tapinarof nanogels, which may offer a promis-
ing alternative to current treatments as a non-corticosteroid agent. Tapinarof is an aryl
hydrocarbon receptor (AhR) agonist that exerts anti-inflammatory and antioxidant effects,
thereby helping to reduce plaque formation and inflammatory processes [33,40]. Clini-
cal trials have demonstrated that tapinarof is effective in improving skin lesions and is
well-tolerated in the long term, with a more favourable side effect profile than that of
conventional corticosteroids [33]. Therefore, this compound could potentially be a new and
promising option for the treatment of psoriasis [40].

Table 1. Topical treatments for psoriasis: mechanisms, side effects, and examples.

Therapy Mechanism Adverse Effects Examples References

Corticosteroids
Inhibit the production of

cytokines and reduce
inflammatory mediators

Tachyphylaxis, atrophy,
stretch marks, erythema

Clobetasol, betametazon,
mometazon [9,12,22,23,33]

Vitamin D analogues

Inhibit dendritic cell
maturation, T-cell

activation, and
keratinocyte proliferation

Skin irritation, burning,
erythema

Calcipotriene,
calcitriol [2,12,17,23,25]
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Table 1. Cont.

Therapy Mechanism Adverse Effects Examples References

Retinoids Inhibit keratinocyte
proliferation

Erythema, peeling, skin
irritation, burning,

itching

Tazarotene,
tretinoin

Calcineurin inhibitors

Reduce T-cell activation
and the production of

inflammatory cytokines
(IL-2) by inhibiting the

enzyme calcineurin

Skin irritation, burning,
itching

Tacrolimus,
pimecrolimus [22,23,27,33,41]

Keratolytics

Reduce the intercellular
cohesion of the stratum
corneum by dissolving

the intercellular
cementum

Frontal headache, central
nervous system

symptoms, metabolic
acidosis, tinnitus, nausea,

vomiting

Salicylic acid [23,42]

Table 2. Systematic treatments for psoriasis: mechanisms, side effects, and examples.

Therapy Mechanism Adverse Effects Examples References

Dihydrofolate
reductase inhibitors

Block the proliferation of
keratinocytes and immune

cells by inhibiting
dihydrofolate reductase

Dry skin, hair loss, liver
toxicity, risk of skin cancer,

nausea, infections, bone
marrow suppression

Methotrexate

Retinoids Inhibit keratinocyte
proliferation

Nausea, hepatotoxicity,
infections, xerosis, nail and

hair fragmentation,
teratogenicity

Acitretin [1,9,17,23]

Calcineurin inhibitors

Reduce T-cell activation
and the production of

inflammatory cytokines
(IL-2) by inhibiting the

enzyme calcineurin

Dry skin, cardiovascular
and gastrointestinal
problems, gingival
hyperplasia, tremor,

leukopenia, hepatotoxicity,
nephrotoxicity,

hypertension, increased
immunosuppression

Cyclosporine [1,2,6,17,41]

Biological therapies

Inhibit cytokines or
cytokine receptors

(IL-12/23 inhibitors, TNF
inhibitors, IL-17 inhibitors)

Expensive, safety concerns,
high risk of malignant

tumours and facial
paralysis

Etanercept, adalimumab,
ustekinumab, infliximab [1,2,9,23]

Phototherapy

Causes cell death by
apoptosis, necrosis or
autophagy; reduces

epidermal proliferation

Melanoma, photoaging,
burning, erythema,

pruritus, xerosis, pain, and
discomfort

Ultraviolet B light,
psoralen ultraviolet A
light, photodynamic

therapy

[1,2,6,23,41]

7. New Therapeutic Strategies for Psoriasis

Over the last decade, several new therapies have been developed to attack the physio-
logical mechanisms behind inflammatory diseases. The US Food and Drug Administration
(FDA) has approved multiple new agents for the treatment of psoriasis, which have led
to the establishment of new therapeutic options. Notably, IL-17 and IL-23 antagonists, as
well as oral TYK2 inhibitors and topical agents such as PDE4 inhibitors and AhR agonists,
have shown significant clinical efficacy. Table 3 summarises recently FDA-approved agents,
detailing their applications, drug classes, and indications [43–46].
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Table 3. New active agents recently approved by the FDA.

Active
Substance

Market
Name

Application Drug Class Indication
FDA

Approval
Year

Ref.

Bimekizumab Bimzelx subcutaneous
injection

IL-17A, IL-17F
antagonist

moderate-to-severe
plaque psoriasis 2023 [47–49]

Deucravacitinib Sotyktu oral application TYK2 inhibitor moderate-to-severe
plaque psoriasis 2022 [43,47–50]

Roflumilast Zoryve topical
application PDE4 inhibitor mild-to-severe plaque

psoriasis 2022 [51–54]

Tapinarof Vtama topical
application AhR agonist mild-to-severe plaque

psoriasis 2022 [27,42,55]

Risankizumab Skyrizi subcutaneous
injection

IL-23
antagonist

moderate-to-severe
plaque psoriasis 2019 [43,44,56,57]

Certolizumab
pegol Cimzia subcutaneous

injection TNF-α blocker moderate-to-severe
plaque psoriasis 2018 [58–61]

Tildrakizumab Ilumya subcutaneous
injection

IL-23
antagonist

moderate-to-severe
plaque psoriasis 2018 [62–65]

Guselkumab Tremfya subcutaneous
injection

IL-23
antagonist

moderate-to-severe
plaque psoriasis 2017 [43,66–69]

Brodalumab Siliq subcutaneous
injection

IL-17A
antagonist

moderate-to-severe
plaque psoriasis 2017 [43,70–72]

Ixekizumab Taltz subcutaneous
injection

IL-17A
antagonist

moderate-to-severe
plaque psoriasis,
psoriatic arthritis

2016 [43,73–75]

8. Tapinarof

8.1. Structural Properties and Pharmacological Relevance of Tapinarof

The chemical properties of tapinarof are also crucial for its pharmacological application.
It is a solid white powder with the chemical formula C17H18O2 and a molecular weight
of 254.32 g/mol [76,77]. Its solubility in DMSO is 2 mg/ml, and it is insoluble in water,
which is a challenging issue for drug technology development [78]. Stability studies have
demonstrated that it degrades in aqueous environments, and the degradation process is
enhanced at higher temperatures and with exposure to UVA radiation. Degradation of
about 50% in the presence of molecular oxygen was observed in a pH 7.4 aqueous solution
after 48 h at laboratory temperature [79].

Tapinarof belongs to the group of polyphenols, specifically phenolic transstilbenes,
which are produced by certain bacteria. It is structurally and functionally different from
polyphenols of plant origin, such as resveratrol. However, tapinarof can be considered
an isopropyl analogue of resveratrol, as shown in Figure 2. Tapinarof and its structurally
related derivatives— resveratrol, pterostilbene, and pinocylvin—have been extensively
studied [79,80]. Natural stilbenes are produced by many plants as a defence mechanism
against various stresses, such as excessive UV radiation, heat stress, insect attack, and
fungal or bacterial infections [79].

Although tapinarof and resveratrol are structurally similar compounds, their activities
are significantly different [80]. Resveratrol is a natural phenolic compound produced by
many plants (grapes, nuts, and berries) and acts as a partial agonist at the AhR. Research
has shown that resveratrol is able to attenuate imikimod (IMQ)-induced psoriasis-like
dermatitis in mice by reducing IL-17A and IL-19 [29]. While tapinarof directly activates
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the AhR pathway, resveratrol is only weakly or barely able to do so. The different origins
(bacterial vs. plant) likely contribute to the differences in their activity. Profiling studies
have demonstrated that the two compounds have different interactions with the AhR-
ARNT complex, which is important for their biological effects. This suggests that tapinarof
has a more specific and potent mechanism of action in activating AhR than resveratrol [80].

Figure 2. Chemical structure of tapinarof (a) and resveratrol (b) [77].

8.2. Tapinarof as a New Nonsteroidal AhR Modulator

Tapinarof (WBI-1001), also known as benvitimod or GSK2894512, is a non-steroidal
anti-inflammatory compound that has a significant effect on the regulation of the immune
response [4,10,16,81,82]. It is a novel topically applied agent that targets aryl hydrocarbon
receptors, which are conductive to antioxidant activity, skin barrier protein expression, and
cytokine regulation [11,12,83]. Tapinarof binds to AhRs to modulate the expression of skin
barrier proteins, thereby reducing skin inflammation and promoting the recovery of skin
barrier function. It also inhibits Th17 cell differentiation and reduces the expression of
inflammatory cytokines such as IL-17, IL-22, and IL-23 by its mechanism of action. Further-
more, it alleviates oxidative stress through its antioxidant activity [11,83,84]. The role of
AhR is crucial in this disease. Tapinarof and other AhR modulators could open up new
perspectives in the treatment of psoriasis and other inflammatory skin diseases [16,83,85].

This compound was originally developed in China, and it has been evaluated for
efficacy and safety in a comprehensive clinical trial programme. The formulation is opti-
mised for twice-daily application and contains proprietary excipients to enhance its topical
efficacy [11,16,86,87]. The FDA approved tapinarof 1% cream for the topical treatment of
plaque psoriasis in adults in May 2022 [86,88,89].

It has shown excellent efficacy and favourable tolerability in clinical trials due to its
unique mechanism [26,83,90]. It is also currently being investigated for the treatment of
atopic dermatitis [33,83,91,92]. Whether marketed as benvitimod or tapinarof, despite
formulation differences, this innovative molecule could become a promising alternative for
the treatment of plaque psoriasis [85].

8.3. The Biological Origin of Tapinarof

Tapinarof is a natural, non-herbal polyphenol that is produced by Photorhabdus
luminescens [13,81,93]. It is a bioluminescent, Gram-negative bacillus that lives in symbiosis
with the nematode Heterorhabditis [26,33,82]. Nematodes harbour this bacterium in their
intestinal tract and excrete it into insects. The bacterium produces metabolites that destroy
the host, thus providing the optimal environment for nematode development. Observations
showed that insects infected with nematodes did not decompose as quickly after death as
those that were not exposed to the parasite [13,16].
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The discovery of tapinarof was based on a random study of secondary metabolites of
P. luminescens. The first observations date back to 1959, when Dutky and colleagues [94].
observed that insects infected with nematodes did not decompose rapidly, in contrast to the
rapid decomposition observed in their absence [12,13]. This phenomenon suggested that P.
luminescens may produce metabolites that have an antibiotic nature with anti-inflammatory
properties, preventing rapid degradation of the infected host, and are responsible for the
observed phenomenon [26,88].

Researchers isolated and identified the bioactive molecule produced by P. luminescens,
called 3,5-dihydroxy-4-isopropylstilbene (also known as tapinarof) [16,90]. Subsequent
research has characterised the compound in detail, which has been shown to produce
immunomodulatory and anti-inflammatory effects when bound to AhR [16,81]. This led
to the pharmaceutical development of the compound, which eventually became a topical
therapy for the treatment of psoriasis and other skin diseases.

8.4. The Role of AhR Activation and the Therapeutic Potential of Tapinarof in the Treatment of
Inflammatory Skin Diseases

The aryl hydrocarbon receptor is a cytoplasmic, ligand-dependent transcription
factor that is activated by several exogenous and endogenous ligands [36,84,93]. It is
widely expressed in various skin cells, including keratinocytes, fibroblasts, masocytes, and
melanocytes, where it functions as a chemical sensor, converting external and internal
stimuli into biological responses [14,36,89]. In healthy skin, AhR signalling is essential for
maintaining skin homeostasis, regulating the immune response, and modulating inflam-
matory processes [36,84,93].

The expression of AhR is modified in psoriasis, influencing the pathogenesis of the
disease. Activation of AhR regulates the terminal differentiation of CD4+ T-helper cells
(Th17 and Th22) and the production of IL-17 and IL-22 cytokines, which are responsible for
the maintenance of inflammation [22,26,33,80].

AhR can be activated by exogenous ligands such as environmental toxins (e.g.,
2,3,7,8-tetrachlorodibenzo-p-dioxin) and endogenous ligands such as tryptophan deriva-
tives [26,29,84,86]. After AhR binds to the ligand, the AhR–ligand complex migrates to
the nucleus where it dimerizes with the AhR nuclear translocator (ARNT). The resulting
AhR–ligand–ARNT complex binds to specific DNA recognition sites, triggering gene tran-
scription and affecting skin barrier function, keratinocyte differentiation, and immune cell
activity [26,29,87,93].

Since AhR activation is associated with the regulation of inflammatory and immuno-
logical processes in the skin, AhR agonists thus provide a promising therapeutic strategy
for the treatment of inflammatory skin diseases [13,26,27,33,87]. In vitro and in vivo stud-
ies have demonstrated that AhR deficiency induces an enhanced inflammatory response,
which increases the production of pro-inflammatory cytokines and makes the skin more
vulnerable to inflammatory processes [16,29]. Furthermore, since keratinocyte prolifer-
ation and differentiation play a central role in the development of psoriasis, inhibiting
keratinocyte hyperproliferation is also considered an effective therapeutic approach to treat
the disease [36].

Through the activation of AhR, tapinarof induces anti-inflammatory and antioxidant
effects, and repairs the skin and maintains its homeostasis (Table 4) [39,55,80,90]. It down-
regulates the production of inflammatory cytokines such as IL-17 and IL-22 [13,55,80].
These cytokines play a central role in keratinocyte proliferation, so their inhibition helps
to suppress excessive cell division and restore normal skin structure. In this way, they do
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not only play a role in alleviating inflammatory symptoms, but also support the long-term
health of the skin [29,33,90].

Table 4. Molecular pathways of tapinarof [13,27,92].

Effect Mechanism

Anti-inflammatory effect Reduces the expression of Th2 cytokines (IL-4, IL-5, IL-13, IL-31) and Th17 cytokines
(IL-17A, IL-17F), which are involved in the pathogenesis of psoriasis.

Skin barrier enhancement Increases the expression of skin barrier proteins (filaggrin, loricrin, involucrin) and
ceramide skin lipids, helping to normalise the skin barrier.

Antioxidant effect Activates the Nrf2 pathway and reduces reactive oxygen species levels, contributing
to the reduction in oxidative stress and the antioxidant response of the skin.

In addition, tapinarof upregulates the production of skin barrier proteins with reduced
expression in psoriasis, such as filaggrin and loricrin, resulting in normalising of the skin
barrier [55,84,88]. It also promotes the maintenance of skin function by regulating the gene
expression of immune cells and skin cells [26,29,33,80].

Tapinarof also has antioxidant properties, partly due to its own chemical structure
and partly due to activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)
pathway [35,81,88]. The 4′-OH group plays an significant role in the antioxidant activ-
ity of stilbenols [81]. In addition, the molecule contains two phenolic groups that directly
neutralise reactive oxygen species (ROS): superoxide anions and hydroxyl radicals. By acti-
vating the AhR-Nrf2 transcription factor pathway, it promotes the expression of antioxidant
enzymes such as NADPH quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-
1), decreasing oxidative stress. This dual effect may help to moderate psoriasis-associated
cell damage [83,84,86,92].

Tapinarof also has antimicrobial activity, especially against Gram-positive bacteria
and fungi, which can promote the balance and condition of the microbiome of the skin [90].

8.5. Results of Clinical Trials

Tapinarof is a first-in-class AhR approved by the FDA for the treatment of pso-
riasis, and it is currently being investigated for the treatment of atopic dermatitis as
well [88,91,92,95]. It is presently only available as a cream. Its efficacy and safety have
been evaluated in several preclinical and clinical trials in recent years, particularly in the
treatment of psoriasis [12,28,33,55].

8.5.1. Preclinical Studies

Preclinical studies of the mechanism of tapinarof have shown that its effects are
strongly dependent on the presence of AhR and have confirmed its anti-inflammatory
action, providing the basis for its clinical development [27,80].

Its effects were investigated in an IMQ-induced psoriasis mouse model. Topical
application of 1% tapinarof cream alleviated psoriasis symptoms and reduced IL-17A
expression in wild-type mice [96]. Tapinarof application also reduced pro-inflammatory
cytokine levels and alleviated clinical signs of inflammation in mouse models of IMQ-
induced psoriasis and lipopolysaccharide-induced ear oedema [27,29,80,86]. Its safety
profile has also been investigated: a skin sensitisation test with 8% tapinarof cream in
guinea pigs did not show significant skin irritation. Although human data on the risks of
application are not available during lactation and pregnancy, animal studies have shown
the presence of tapinarof in breast milk, but there is no evidence of teratogenicity [27].
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Zhu et al. investigated the effect of tapinarof in two mouse models of psoriasis induced
by imiquimod (IMQ) and interleukin-23 (IL-23). They observed that while tapinarof
ameliorated IMQ-induced psoriasis-like dermatitis, there was also evidence of decreased
keratinocyte proliferation, reduced epidermal thickness, and normalised differentiation.
However, it paradoxically exacerbated inflammation in the IL-23-induced model. Tapinarof
treatment in the IL-23 model led to increased epidermal thickness and the presence of
differentiated epithelial dysplasia.

In contrast, Urashima et al. demonstrated that tapinarof suppressed IL-23-induced
psoriasis-like dermatitis in mice, reducing ear thickness, inflammatory cell infiltration, and
pro-inflammatory cytokine expression. A main difference between the two studies was
in the timing of tapinarof administration. Zhu et al. applied tapinarof as a prophylactic
treatment (concurrently with IL-23 injection), whereas Urashima et al. initiated treatment
after inflammation had already been established. This temporal variation may explain
the divergent results, suggesting that the immunomodulatory effects of tapinarof are
context-dependent and may change according to the stage of the disease [14,97].

Overall, in the mouse models, tapinarof treatment attenuated keratinocyte prolif-
eration and expression of inflammatory cytokines, leading to an alleviation of lesions
characteristic of psoriasis. In addition, its antioxidant properties reduced the production of
reactive oxygen species in keratinocytes, which further reduced the inflammation [29].

8.5.2. Clinical Studies

In a phase II trial, 227 adult patients (aged 18 to 65 years) with plaque psoriasis were
randomised to receive tapinarof cream at a concentration of 1% or 0.5% once or twice daily
and were compared to the placebo group to assess efficacy and safety [12,27,33,83]. Treat-
ment success was determined by PGA scores (Physician Global Assessment for Psoriasis)
and PASI scores [27,29]. By the end of week 12, a higher proportion of those using 1%
tapinarof (65% for twice daily and 56% for once daily) had achieved a “clear” or “almost
clear” PGA score compared with the control group (11% for twice daily and 5% for once
daily) [33,86,88]. The PASI-50 and PASI-75 response rates were also significantly higher in
the tapinarof group (PASI-50: 71–92%, PASI-75: 46–65%) compared to the placebo group
(PASI-50: 10–32%, PASI-75: 5–16%) [10,12,27,33].

Two major 12-week phase III trials (PSOARING 1 and PSOARING 2) included a total
of 1025 adult patients (aged 18 to 75 years) with moderate to severe psoriasis [27,55,86].
The results confirmed previous observations that patients using tapinarof had improved
PGA and PASI scores compared to the control group [10,16,55,86]. In these studies, once-
daily application of 1% tapinarof cream significantly reduced PASI scores [10,16,33,90].
By the end of week 12, the PGA endpoint was reached by 35.4–40.2% of patients in the
tapinarof group compared to only 6.0–6.3% in the control group [13,16,29]. The PASI-75
improvement rate was 36.1–47.6% in the tapinarof group compared to only 6.9–10.2% in
the control group [27,55,88]. Overall, 85.8% of patients in the trials reported that tapinarof
helped them to easily manage their psoriasis and 62.9% agreed that tapinarof cleared their
skin and prevented recurrence [33,55].

8.5.3. Long-Term Safety Studies

The PSOARING 3 study included 763 patients who had previously completed PSOAR-
ING 1 or 2 and were allowed to receive tapinarof for up to 52 weeks from baseline to the
end of PSOARING 3 [12,55,86,91]. The aim of the 40-week phase was to evaluate long-
term efficacy, safety, and ability to maintain the remission of tapinarof [12,27,33]. In this
study, tapinarof 1% cream was applied in long-term, intermittent periods, and treatment

199



Pharmaceutics 2025, 17, 731

provided a lasting effect for 12 weeks followed by a 4-week break [27,86,91]. A total of
40.9% of patients achieved complete skin clearance (PGA score = 0) at least once, and of
those with active disease at baseline (PGA score ≥ 2), 58.2% achieved a PGA score = 0
on one or more occasions [12,27,86,88]. The results of the PSOARING 3 trial showed that
tapinarof treatment not only produced durable improvement but also helped patients
maintain symptom-free status for up to four months after the discontinuation of ther-
apy. Longer-term clinical trials have shown low relapse rates with tapinarof, suggesting
that tapinarof not only reduces symptoms but may also contribute to longer remission
maintenance [12,27,88,91]. In addition, no tachyphylaxis was observed with prolonged
use [13,27,91].

8.5.4. Pharmacokinetics

Based on pharmacokinetic studies, both 1% and 2% tapinarof cream had low transder-
mal absorption [33]. Peak blood concentrations were observed on the first day of treatment
and decreased significantly afterwards, which led to minimal systemic exposure. This
is probably because the impaired skin barrier of psoriatic lesions at the start of therapy
facilitates increased absorption, which may support early therapeutic efficacy. However,
tapinarof activates the AhR during therapy, which boosts the expression of skin barrier
proteins such as filaggrin, loricrin, and involucrin. As a consequence, the skin barrier is
progressively restored over time, further reducing systemic absorption without decreasing
local efficacy [27,33,88,98].

Therefore, the risk of systemic side effects remains low and no significant drug–drug
interactions or cardiovascular effects have been reported [13,33]. The drug is mainly
metabolised in the liver via CYP1A2 and CYP3A4 enzymes, while oxidation, sulfation, and
glucuronidation occur in hepatocytes and the drug is strongly bound to plasma proteins
(~99%) [27,33,86].

8.5.5. Side Effects

During treatment, the most commonly reported side effect is folliculitis [82,88,91]. Con-
tact dermatitis [16,28,86], upper respiratory tract infection [10,12,55], headache [10,16,88],
and itching [27,55,88] have also been reported. Other less common adverse reactions are
nasopharyngitis, influenza, urticaria, and drug-induced skin rash [27]. The majority of
adverse reactions are mild to moderate in severity, and only a small proportion of patients
discontinue treatment because of them [28,33,86,90].

Clinical studies have shown that VTAMA (tapinarof 1% cream) is generally well-
tolerated in patients with psoriasis. Most adverse events have been mild to moderate in
severity, and long-term use of the cream has not revealed any new safety risks [13,55,88].

Clinical trials are currently ongoing in the paediatric population (2–17 years), in which
all participants receive 1% tapinarof cream once daily [99]. This is important because
approximately 25% of psoriasis cases occur before the age of 18 years [27,90]. Trials have
been carried out in atopic dermatitis, and the results show that tapinarof is safe for children
over 2 years [100–103]. However, further research is needed to evaluate the safety of the
product in pregnant patients [27,90].

Ghani et al. compared tapinarof with another new topical agent, roflumilast, in terms
of safety and efficacy. Their findings showed that tapinarof was associated with more
frequent but less severe side effects (folliculitis and contact dermatitis), while roflumilast
showed less frequent but more severe side effects (diarrhoea, headache, and insomnia).
However, further comparative clinical trials are needed to determine which agent is more
effective and cost-effective in the long term [104].
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However, further combination treatment options remain the subject of required trials.
Research is ongoing to evaluate whether tapinarof in combination with other therapeutic
modalities, such as biological agents or other topical agents, can enhance the efficacy and
durability of treatment [12,33].

In parallel, studies are being carried out to assess the therapeutic equivalence of the
tapinarof cream 1% developed by Teva Pharmaceuticals USA and the VTAMA tapinarof
cream 1% already approved by Dermavant Sciences in adult patients with plaque psori-
asis [105]. Separate studies have also investigated the efficacy and safety of the VTAMA
(tapinarof) cream, 1% formulation, in patients with intertriginous psoriasis (underarm or
groin area) [106].

Overall, the results of clinical trials have shown that the once-daily use of 1% tapinarof
cream is safe and effective for the treatment of mild-to-moderate psoriasis for up to one
year [13,91]. This cream’s favourable clinical profile makes it a promising therapeutic
option, particularly for those who do not respond well to other treatments or who are
seeking a long-term, sustainable, steroid-free therapy [16,28,33].

9. Nanotechnology in Dermatology

Nanotechnology is a scientific field that focuses on the development, synthesis, and
characterisation of materials at the nanoscale (1–100 nm), creating new opportunities for
drug delivery [8,17,107]. In recent decades, there has been a rising interest in nanotechno-
logical solutions for dermal and transdermal therapies, particularly in the development of
nanoparticle drug delivery systems, which have been playing a dominant role since the
1990s [31,108–110]. The application of nanoparticles in drug delivery provided valuable
opportunities to enhance the therapeutic outcomes of different types of drugs, and may
offer innovative strategies in the treatment of psoriasis [30,31].

One of the most important aims of pharmaceutical nanotechnology is the application
of therapeutic and biocompatible drug carriers in nanoforms [111]. Nanocarriers provide
the possibility for targeted delivery of active ingredients, which increases bioavailability
and thereby enhances therapeutic efficacy [8,107,112].

Nanoparticles play a significant role in transdermal drug delivery, as their large surface
area promotes skin penetration, retention, and sustained release [37,107,111]. Their efficacy
is highly dependent on their penetration through the skin barrier, which is influenced by pa-
rameters such as particle size, molecular weight, surface charge, and pH [31,107,111]. Con-
ventional drug formulations, such as creams and ointments, often have limited permeation,
which makes it difficult to deliver drugs through the skin [9]. In contrast, nanotechnology
can evade this obstacle by reducing particle size, which improves drug penetration through
the stratum corneum, offering the possibility of targeted delivery of drugs to deeper layers
of the skin [18,31,111].

Furthermore, drugs encapsulated in nanocarriers are protected from degradation,
increasing the half-life of the active drug and minimising systemic toxicity [18,25,41]. In
addition, their large surface area promotes the solubility of active ingredients and thus
their bioavailability [31,112,113].

This is especially essential for hydrophobic drugs, as a significant proportion of
novel drugs are lipophilic in nature and have poor water solubility, which limits their
bioavailability and drug delivery efficacy [108]. Approximately 40% of drugs on the market
and nearly 90% of molecules under development have poor water solubility, which is often
a major cause of therapeutic failure [108,114,115]. Nanotechnology has revolutionised this
field, as nanoparticle-based drug formulations can significantly improve the dissolution
rate, permeation, and therapeutic efficacy of drugs [108,114]. This is advantageous in
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topical drug delivery, where the stratum corneum is the major limiting factor, acting as
a primary barrier to drug entry [2,111,116]. Nanotechnology-based formulations offer an
excellent opportunity for targeted and effective transdermal delivery of drugs with limited
water solubility [108,112,114].

The active substances used to treat psoriasis (corticosteroids, retinoids, and im-
munomodulators) often have limited skin penetration and can cause severe side ef-
fects [8,111]. Nano-sized drug carriers offer the potential to address these issues [8,18].

10. Nanoparticle Carriers

In recent decades, several new generations of nanoparticle carriers have emerged
that offer promising opportunities for topical therapies against psoriasis. Nanoparticle
carriers can be grouped into four main categories: nanoparticles, nanofibres, physical
carriers, and matrix nanocarriers [8,117]. In this section, we evaluate the advantages,
limitations, and applicability of the most common nanoparticle types used in experimental
psoriasis therapies.

10.1. Nanoparticles
10.1.1. Vesicular Carriers

Liposomes, niosomes, transferosomes, and ethosomes are vesicular carriers [8,117].
Liposomes are nano-sized, phospholipid-based vesicular structures that form spon-

taneously in aqueous environments and are widely used as biocompatible, low-toxicity
nanocarriers to enhance drug solubility, controlled release, and targeted skin delivery [8].

In a recent study, cyclosporin-loaded cationic liposomes developed by Walunj et al.
achieved an entrapment efficiency of 93%, with a particle size of ~111 nm and zeta potential
of +41 mV. In vivo application of the liposomal gel decreased psoriasis-related symptoms
in an IMQ-induced mouse model. The treatment led to a 3.40-fold reduction in IL-22, a 1.47-
fold reduction in IL-17, and a 1.71-fold reduction in TNF-α levels. Significant reductions
were also observed in PASI scores, ear thickness, and spleen-to-body weight ratios, which
confirm their therapeutic potential. Despite these advantages, challenges related to large-
scale production, formulation reproducibility, and long-term physical stability hinder their
broader clinical translation. Moreover, high drug loading can also lead to precipitation or
particle aggregation, particularly when using thin-film hydration methods [118].

Niosomes are non-phospholipid-based bilayer vesicles composed of non-ionic sur-
factants and cholesterol, offering improved chemical stability and lower production costs
compared to liposomes [17,117]. Their structural flexibility provides improved skin pene-
tration [17].

A study by Abu Hashim et al. investigated an acitretin-loaded niosomal gel
for topical psoriasis therapy. The optimised formulation achieved high drug entrap-
ment (90.32 ± 3.80%), a particle size of 369.73 ± 45.45 nm, and a zeta potential of
−36.33 ± 1.80 mV. Ex vivo skin permeation assays demonstrated a 3.16-fold increase
in cumulative permeation and significantly enhanced drug deposition in the viable epider-
mis and dermis (330.86 ± 5.32 μg/cm2), compared to a conventional acitretin gel. In vivo,
the formulation showed antipsoriatic efficacy in a mouse tail model, promoting orthok-
eratosis and reducing epidermal thickness, with no signs of skin irritation. Despite these
promising findings, its clinical relevance remains uncertain due to the lack of human data.
Furthermore, long-term stability and safety were not fully carried out, as the formulation
was only tested under limited storage conditions and short-term application [119].

Transfersomes are vesicular particles consisting of ultradeformable lipid bilayers and
at least one internal aqueous compartment. Their flexibility allows the vesicles to deform
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without structural damage and effectively penetrate the skin barrier, thereby facilitating
targeted delivery of the drug to deeper layers. They provide a more efficient and controlled
drug delivery than conventional liposomes [8,17].

Vohra et al. developed a nano-transferosomal gel loaded with aloe vera and vita-
min E, which showed high entrapment efficiency (92.29%) and a stable zeta potential
(−38.5 mV). The nanoformulations demonstrated notable anti-inflammatory effects and
skin compatibility during topical application and significantly outperformed a commer-
cial vitamin E cream. This was evidenced by results obtained in a TPA-induced mouse
ear oedema model. However, the study lacked in vivo psoriasis-specific efficacy data,
limiting its disease-specific relevance. Thus, while the carrier shows promise for herbal-
based anti-inflammatory applications, its specific benefit in psoriasis therapy remains to be
demonstrated in appropriate disease models [120].

Ethosomes are also ultradeformable phospholipid-based nanoparticles containing a
high concentration of ethanol (20–45%) [8]. One of the major advantages of ethosomes over
other lipid-based nanocarriers such as liposomes or transferosomes is that they are more
efficient in penetrating the stratum corneum due to their ethanol content [8,41,117].

An ethosomal gel based on tacrolimus and hyaluronic acid was formulated by
Dadwal and co-workers. The optimised nanoscale vesicles had high drug loading ef-
ficiency and excellent physicochemical properties. Ex vivo skin permeation studies using
goat skin revealed a flux of 90.22 ± 0.52 μg/cm2/h for the ethosomal gel, compared to
72.15 ± 0.31 μg/cm2/h for the commercial tacrolimus formulation, resulting in an enhance-
ment ratio of 1.33. These results indicate improved transdermal absorption and suggest
that the combination of ethosomal nanocarriers with hyaluronic acid can offer a promising
strategy for the topical treatment of psoriasis. However, further comparative preclinical and
clinical studies are needed to confirm long-term safety and efficacy and to quantitatively
assess the benefit over other nanocarriers [121].

10.1.2. Lipid Nanoparticles

Examples of lipid nanoparticles include solid lipid nanoparticles (SLNs) and nanos-
tructured lipid carriers (NLCs).

Solid lipid nanoparticles are spherical, lipid-based nanoparticles that stay solid at
room and body temperature [17,117]. One of their main advantages over conventional
liposomes is their more efficient drug delivery, which includes higher drug loading capacity,
controlled release, and enhanced stability of the active substances [17,117].

In their study, Serini and co-workers reported that solid lipid nanoparticles containing
curcumin and α-linolenic acid were able to reduce IMQ-induced inflammation in an
in vitro psoriasis model, which was evidenced by decreases of 43% in IL-23, 73.7% in IL-6,
and 26.5% in IL-8 expression in macrophages. In addition, the levels of two markers of
ferroptosis (TFRC and MDA) were significantly reduced, suggesting an antioxidant effect.
However, while these findings indicate that curcumin and α-linolenic acid-loaded SLNs
may represent a promising nanocarrier-based strategy, the effects have so far only been
demonstrated in vitro and further preclinical and clinical studies are needed to assess the
translational potential [122].

Nanostructured lipid carriers contain physiologically compatible lipids, surfactants,
and emulsifying agents. They can enhance skin hydration, strengthen the skin barrier,
improve bioavailability, and provide targeted drug delivery. NLCs are particularly advanta-
geous in the field of drug delivery systems due to their ease of production, biocompatibility,
non-toxicity, and scalability [8].
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For the treatment of hyperproliferative skin disorders, Llorente et al. developed
riluzole-containing nanostructured lipid carriers. The optimised formulation demonstrated
a mean particle size under 200 nm, a high entrapment efficiency (~87%), and a zeta potential
around −25 mV. In vitro studies using HaCaT cells demonstrated that the formulation
significantly inhibited cell proliferation in a dose-dependent manner (p < 0.0001), with
effects comparable to free riluzole. In animal models, topical application of the preparation
led to reduced skin thickness and visible alleviation of inflammatory signs. Although
the study demonstrated promising physicochemical properties and therapeutic effects of
riluzole-loaded NLCs, it did not include comprehensive in vivo toxicity data. Additionally,
the formulation process is relatively complex due to the low solubility and light sensitivity
of the active ingredient, requiring optimisation for stability and efficacy [123].

10.2. Nanofibres

Nanofibres are fibres or fibre-like structures made from natural or synthetic polymers
that provide fluid absorption, moisture control, and gas permeability [117]. Nanofibres
have an excellent surface-to-volume ratio, which allows for the efficient delivery of both
hydrophilic and hydrophobic drugs [124]. They are promising in the treatment of psoriasis,
where they are often used in combination with nanoparticles to promote synergistic drug
release and skin regeneration [117].

Kang and coworkers investigated curcumin-filled nanofibre films using electrostatic
fibre pulling. The optimised film contained curcumin at 58.7 ± 10.1 μg/cm2 with an
entrapment efficiency of 56.5 ± 9.7% and tensile strength of 4.86 ± 0.14 MPa. In vitro
skin deposition studies using a psoriasis mouse model showed a >2.0-fold increase in
curcumin deposition with lipid-hybridised films compared to lipid-free controls. In vivo,
treatment with the hybrid film significantly reduced skin thickening, scaling, and pro-
inflammatory cytokines (TNF-α and IL-6), with anti-inflammatory efficacy approaching
that of a commercial corticosteroid. These advantages suggest strong potential in psoriasis
therapy. However, challenges such as curcumin-induced skin staining and limited dermal
penetration highlight the necessity for further optimisation [125].

10.3. Physical Carriers

These systems are hybrids of hypodermic needles and transdermal patches containing
hundreds of tiny, microscale needles, which create microscopic channels through the
stratum corneum, enhancing drug penetration efficiency [117,126].

Du et al. designed a microneedle patch containing hyaluronic acid and methotrex-
ate for the topical treatment of psoriasis. In vitro studies showed that the preparation
preserved the antiproliferative activity of API against HaCaT keratinocytes and achieved
~90% drug release within 1 h. In vivo, the microneedles successfully penetrated both
normal and psoriatic mouse skin (~150 μm), dissolved within 10 min, and significantly
reduced epidermal thickness, ear swelling, and cytokine expression (IL-17, IL-23, Ki67) in
an imiquimod-induced psoriasis model. Compared to oral methotrexate at the same dose
(13.8 μg), microneedle-delivered methotrexate achieved superior therapeutic outcomes
with less systemic toxicity. However, disadvantages include reduced mechanical strength
at higher drug loads and the lack of long-term safety evaluation [126].

10.4. Matrix Nanocarriers

Matrix-based nanocarriers such as nanoemulsions and nanogels offer promising ad-
vantages in transdermal drug delivery. Nanoemulsions are kinetically stable dispersions
of immiscible liquids (typically oil and water) with droplet sizes between 10 and 200 nm,
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which enhances drug solubility and bioavailability [112,113,115,116]. However, their low
viscosity makes their application problematic, which can be solved using nanogels [115,127].
By incorporating nanoemulsions into a gel matrix, nanogels combine the advantages of gel
formulations and nanotechnology to provide a more efficient drug delivery system [115].

Nanogels are a three-dimensional, nanoscale (20 to 250 nm) network of hydrophilic
polymers with viscoelastic properties [109,111,128]. They are made from polymers or
through heterogeneous polymerisation of monomers, and their structure can be stabilised
by cross-linkages, either physical or chemical [3,8].

Their constitution affects their biocompatibility and biodegradation, which minimises
toxicity and immune response. They are able to provide stable delivery and enhanced skin
penetration of different types of drugs, provide protection against degradation and environ-
mental effects, and also increase the stability and bioavailability of drugs [25,109,117,129].
Due to their high water retention capacity, they hydrate the skin surface while providing
controlled and prolonged drug release, maintaining the desired therapeutic effect over a
longer period of time [8,23,117,128].

Since psoriasis treatment requires long-term commitment, patient adherence is es-
sential [3,8]. Nanogels support this by enabling sustained drug release, reducing dosing
frequency, and improving treatment comfort and compliance [8,25,41,111].

Previous studies have confirmed that these new nanoformulations may present excit-
ing potential not only for the treatment of psoriasis but also for other skin conditions.

Chandrashekhar and co-workers evaluated a tretinoin nanogel (0.025%) versus a
conventional gel in a randomised, multicentre clinical trial involving 207 acne patients. The
nanogel group showed significantly higher reductions in total (72.9% vs. 65.0%; p = 0.03)
and inflammatory lesions (78.1% vs. 66.9%; p = 0.02), and fewer local adverse events (13.3%
vs. 24.7%; p = 0.04) compared to the conventional formulation [130].

Avasatthi et al. developed a methotrexate-loaded nanostructured lipid carrier nanogel
that achieved 47.32% drug release at 48 h, compared to 94.23% from conventional methotrex-
ate gel, indicating sustained release. In a psoriasis mouse model, the preparation reduced
PASI scores and restored skin histology, while the conventional gel resulted in persistent
parakeratosis [131].

Kakade et al. formulated a tacrolimus-loaded nanogel based on nanostructured
lipid carriers, which demonstrated over 90% sustained drug release over 24 h, excellent
spreadability, and a high drug content of 99.73 ± 1.4%. In vivo, the nanogel improved skin
elasticity, resolved psoriatic lesions in oxazolone and imiquimod models, and showed no
cytotoxicity or irritation, supporting its effectiveness and safety [132].

Despite the remarkable advantages, their production faces several technological chal-
lenges, especially in high-volume manufacturing where reproducibility, stability, and
cost-effectiveness are main factors [110,129,133].

Their stability is a critical factor, as they are sensitive to storage conditions such as
temperature fluctuations and changes in humidity [110,112,133]. In addition, the desired
quality cannot always be ensured in high-volume production [42,110,112].

As these materials are gradually degraded in the body, long-term biocompatibility
testing is essential as it is important that they do not cause any toxic side effects [41,133]. In
light of this, nanogels have noticeably more advantages than disadvantages, as presented
in Figures 3 and 4 [3].

Nevertheless, nanogels represent one of the most promising developments in the field
of drug delivery systems and are expected to play a prominent role in the treatment of
advanced drug formulations such as psoriasis and other skin diseases in the future [134].
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Figure 3. Advantages of nanogels in transdermal drug delivery (created with BioRender.com).

Figure 4. Disadvantages of nanogels in transdermal drug delivery (created with BioRender.com).

206



Pharmaceutics 2025, 17, 731

11. Tapinarof Delivery Systems

11.1. Patented Tapinarof Formulations

Currently, the only approved and commercially available formulation of tapinarof
is VTAMA (tapinarof cream 1%), which was developed and patented by Dermavant Sci-
ences [13,55,88]. This formulation is protected by a series of patents (e.g., US11590088B2,
US11938099B2) covering its composition and use for chronic dermatological conditions
such as plaque psoriasis [135]. and atopic dermatitis [136]. Other formulations exist
at the research level or as patent registrations but not for clinical use. A US patent
(US20210000758A1) describes the encapsulation of tapinarof in nanoparticles (e.g., na-
nomicelles, nanospheres) for ophthalmic applications such as the treatment of uveitis
or macular degeneration [137]. Another patent (US20220160650A1) describes various
tapinarof-based gel, ointment, and foam formulations designed to improve the stability
and skin absorption of the active ingredient [138].

11.2. Challenges in Formulating Tapinarof

One of the major challenges in the dermatological application of tapinarof is its
hydrophobic nature and instability, which make it difficult to formulate in conven-
tional systems [139]. The compound is highly sensitive to temperature and humidity,
which can negatively impact long-term stability and reduce therapeutic efficacy during
storage [79,110,112,133].

Nanogels offer a promising strategy to overcome these challenges, as they are able to
encapsulate the active ingredient, thereby protecting it from environmental degradation
and improving long-term shelf-life [18,25,41]. Non-ionic surfactants and natural polymers
not only support the solubilisation of the drug, but also improve biocompatibility and skin
tolerability [10,24].

Furthermore, considering the chronic and relapsing nature of psoriasis, formulations
should be designed for safe, prolonged use without causing irritation or sensitisation [10,20].
Patient adherence can be further improved by ensuring favourable application properties
(e.g., texture, spreadability) and reducing the dosing frequency. Altogether, these factors
highlight the urgent need for effective, steroid-free, and well-tolerated topical therapies
that are suitable for long-term monotherapy or combination therapy without the risk of
drug–drug interactions [28,33,55].

11.3. Nanogel-Based Tapinarof Formulations

To overcome formulation-related challenges of tapinarof, Balogh et al. developed
nanogel-based delivery systems aiming to improve drug solubility, skin penetration,
and stability. The nanogels were prepared using Carbopol 940 and 936 polymers com-
bined with excipients such as tween 80, kolliphor, and oleic acid to enhance therapeutic
performance. Dynamic light scattering (DLS) confirmed nano-sized particle distribu-
tions (151–173 nm), and rheological analyses demonstrated pseudoplastic behaviour with
temperature-dependent viscosity, which is very important for spreadability and controlled
release at skin temperature. During texture analysis, the formulations exhibited low com-
pressive resistance, ensuring easy topical application. Cytotoxicity was evaluated on HaCaT
keratinocyte cells via MTT assays. None of the tested formulations showed cytotoxicity.
Notably, nanogel II showed a better release profile in the Franz diffusion assays, as 81%
of tapinarof was released after 5 h compared to 52% for nanogel I, with a corresponding
increase in drug flow. A wound healing study showed that the incorporation of tap-
inarof into the nanoformulations enhanced its antiproliferative and antimigratory activity.
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Taken together, these findings indicate that nanogel-based tapinarof delivery systems are a
promising candidate for topical psoriasis therapy [139].

11.4. Future Directions

Preliminary in vitro studies on tapinarof-loaded nanogels have demonstrated promis-
ing results in terms of active ingredient absorption and cellular tolerability, indicating their
potential as a novel topical delivery system [139]. However, these findings represent only
an early stage of development. To support clinical application, further preclinical and
clinical studies are essential to confirm the efficacy and safety of these formulations in vivo.

Preclinical studies in animal models (e.g., IMQ-induced mouse model) can provide in-
formation regarding dosing, pharmacokinetics, pharmacodynamics, and long-term stability.

Following successful preclinical testing, phase I clinical trials should be conducted in
healthy volunteers to assess safety, local tolerability, and pharmacokinetics. If these results
are appropriate, phase II trials involving psoriasis patients can evaluate efficacy and dose
optimisation. Following these, phase III randomised, double-blind, placebo-controlled
studies are required to confirm therapeutic benefit, long-term safety, and patient adherence.
Although this is a lengthy process, it is necessary to make tapinarof nanogels a reliable and
effective treatment option for patients with psoriasis.

During development, it is also essential to compare tapinarof nanogels with existing
psoriasis treatment modalities, for example, steroids or other topical therapies. These
comparative studies may reveal the benefits and potential limitations of nanogels, helping
to determine their clinical applicability more accurately [12].

Additionally, efforts must focus on establishing reproducible, cost-effective manufac-
turing processes, as well as ensuring long-term stability and wide applicability. Addressing
these challenges is essential to support the clinical integration of tapinarof nanogels as
a safe, patient-friendly alternative for long-term topical management of chronic plaque
psoriasis [28,39].

12. Conclusions

The complex and multifactorial pathophysiology of psoriasis continues to make it
difficult to develop truly optimal treatments. Despite major advances in the use of systemic
biologic agents for the treatment of moderate to severe forms of the disease, a large pro-
portion of psoriasis cases remain untreated, mainly due to side effects of systemic drug
treatments or inappropriate drug delivery through the stratum corneum in topical treat-
ments. In this context, nanotechnology offers a revolutionary solution, particularly nanogel
formulations that enhance drug penetration and bioavailability at the place of action. With
proven potency in the treatment of psoriasis, incorporating tapinarof into nanogels can
significantly improve therapeutic outcomes by targeting the skin more effectively and
reducing potential side effects. Nanogels can also provide a controlled sustained release
of the active ingredient, enhancing the stability and efficacy of tapinarof. This approach
can enhance both the convenience and long-term efficacy of topical therapies. Addition-
ally, integrating nanotechnology into psoriasis management could help tailor therapies
to the individual needs of patients, improving their adherence to treatment and overall
quality of life. Eventually, the incorporation of tapinarof nanogels into clinical practice
could revolutionise the way psoriasis is treated, offering a patient-friendly approach to
treating this challenging dermatological condition. Future studies should further explore
tapinarof-loaded nanogel formulations to support their clinical translation and ensure
safety, efficacy, and long-term therapeutic benefits in patients with psoriasis.
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Abstract: Background/Objectives: Filamentous fungi, in particular the species Aspergillus,
Scedosporium, and Exophiala, frequently colonize the lungs of cystic fibrosis (CF) patients.
Chronic colonization is linked to hypersensitivity reactions and persistent infections lead-
ing to a significant long-term decline in lung function. Azole antifungal therapy such as
voriconazole (VRC) slows disease progression, particularly in patients with advanced CF;
however, excessive mucus production in CF lungs poses a diffusional barrier to effective
treatment. Methods: Here, biodegradable nanohydrogels (NHGs) recently developed
as nanocarriers were evaluated for formulating VRC as a platform for treating fungal
infections in CF lungs. The NHGs entrapped up to about 30 μg/mg of VRC, and physico-
chemical properties were investigated via dynamic laser light scattering and nanoparticle
tracking analysis. Diameters were 100–400 nm, and excellent colloidal stability was demon-
strated in interstitial fluids, indicating potential for pulmonary delivery. Nano-formulations
exhibited high in vitro cytocompatibility in A549 and HEK293T cells and were tested for the
release of VRC under two different sink conditions. Results: Notably, the antifungal activ-
ity of VRC-loaded nanohydrogels was up to eight-fold greater than an aqueous suspension
drug against different fungal species isolated from CF sputum, regardless of the presence
of a CF artificial mucus layer. Conclusions: These findings support the development of
potent VRC nano-formulations for treating fungal disorders in CF lungs.

Keywords: voriconazole; biodegradable nanohydrogels; cystic fibrosis; CF mucus model;
drug delivery; drug release

1. Introduction

Cystic fibrosis (CF) is the most common inherited life-limiting disease among Cau-
casian people, affecting 90,000 people worldwide [1]. This single-gene disease, with
autosomal recessive inheritance is caused by a mutation in the CF gene encoding the
transmembrane conductance regulator (CFTR) [2], which forms a chloride channel that is
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critical to efficient mucus transport. Mutations in CFTR disrupt chloride secretion, sodium
reabsorption, and water transport, leading to mucus hyper concentration and decreased
mucociliary clearance [3].

The resultant dehydrated form of mucus is characterized by a reduced mesh size
(60−300 nm) [4] in comparison to physiological mucus (497−503 nm) [5]. Dehydrated
mucus secretions lead to endobronchial infection with a narrow spectrum of distinctive bac-
teria and fungi and an exaggerated inflammatory response, resulting in the development of
severe bronchiectasis rather than fibrosis and, eventually, respiratory failure [6]. Therefore,
in mucus-related pathologies such as CF, an overexpression of mucins, accumulation of
extracellular DNA, and cellular debris, as well as the persistent presence of bacteria and
fungi, confer mucus stasis, leading to a vicious cycle of infection and inflammation that
can be chronically sustained [7,8]. This pathological mucus strongly limits the absorption
of antibiotics, antifungals, and anti-inflammatory drugs, preventing them from reaching
target sites [9–13].

Despite great advancements in disease management in recent decades, pulmonary
failure remains the main cause of morbidity and mortality in CF patients [2]. Recurrent
lung infections that lead to chronic airway inflammation and respiratory failure remain the
major prognostic problem accounting for over 90% of mortality [14]. Clinical research and
therapy mostly focus on the role of bacterial species with little attention to the role of fungi
in the pathogenesis of lung function decline, despite their frequent isolation in respiratory
samples [15].

Filamentous fungi, especially Aspergillus, Scedosporium, and Exophiala species, are
frequent lung colonizers in CF patients [16]. Chronic filamentous fungal colonization is
particularly observed at a late stage of the disease and is associated with allergic bron-
chopulmonary mycosis and chronic infections related to a significant decline in lung
function that persists over time [16–23]. Chronic antifungal therapy with azole drugs such
as voriconazole (VRC) slows down this progression, mainly in patients with advanced
disease [18].

However, the use of VRC is often limited by its poor solubility and bioavailability.
VRC is a relatively lipophilic molecule with a Log D = 1.8 at pH 7.4, with an epithelial
lining fluid/plasma ratio between 6 and 11 when administered through a systemic route
in humans [24]. The low aqueous solubility of VRC leads to challenges in formulation
and reduced absorption in the gastrointestinal tract. This poor bioavailability necessitates
higher doses to achieve therapeutic levels, increasing the risk of adverse effects and drug
interactions, particularly CF patients who receive multiple concomitant medications [25].
Overcoming these limitations is crucial for improving the efficacy and safety of VRC in
chronic therapy.

Currently, there are commercially available VRC dosage forms for oral and parenteral
delivery. However, the oral administration of VRC may induce dose-related side effects
(hepatotoxicity, cutaneous malignancies, visual disturbances, and neuro-psychiatric symp-
toms) [26]. The usefulness of VRC may also be limited by the inability to reach therapeutic
levels in the main focus of infection: the lung using the oral route [27]. No inhaling dosage
form of VRC is commercially available nowadays. However, inhaled VRC has been used in
clinical and investigational settings through compounded nano-formulations or extempo-
raneous preparations such as VRC suspension [28]. In addition, the pathological CF mucus
strongly limits the absorption of drugs and their ability to reach target sites in the lung
(bronchi, alveoli).

To date, no VRC formulation has been specifically designed for CF. Existing formu-
lations or drug delivery systems for VRC have been developed with a focus on invasive
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fungal infections [29–33], which do not involve the pathological mucus environment char-
acteristic of CF patients.

Therefore, more effective drug delivery to mucosal surfaces is needed to achieve
optimized antifungal therapy in CF patients. For this purpose, drugs and drug carriers
must bypass the adhesive mucus barrier [5].

Nanoparticles (NPs), densely coated with poly(ethylene glycol) (PEG), a muco-inert
material, can rapidly diffuse through human mucus secretions [34]. These “mucus-penetrating
particles (MPPs)” demonstrated improved mucosal distribution, enhanced pharmacokinetics,
and superior treatment efficacy in applications such as CF lung gene therapy [35].

This study involves the synthesis of series of NHGs based on our established method-
ology as a platform for loading VRC as a delivery system for treating broncho-pulmonary
fungal infections in CF patients. As the mucus presents a diffusional barrier, the NHGs used
here were composed of an outer shell of poly(ethylene oxide) (PEO), which was recently
shown to cross lung-generated mucus [34]. An in vitro model of pulmonary pathological
mucus that mimics the chemical composition, structural features, and viscoelastic properties
of CF mucus [36] allowed us to study their penetration across this diffusional barrier and
to assess their activity against the three major molds affecting CF patients worldwide. The
biocompatible and biodegradable monodisperse NHG libraries, which range in size from
100 to 400 nm, are disclosed in Figure 1. NHGs are generated through the polymerization of
mixtures of N-isopropylacrylamide and di-block (hydrophilic-hydrophobic) and tri-block
(hydrophobic-hydrophilic-hydrophobic) copolymer acrylamide macro-monomers made
of Jeffamine using recently developed biodegradable cross-linkers [37]. The schematic
structure of the NHG is presented in Figure 1, notably a radial distribution of hydrophilic
PEO at a high ratio in the outer shell of the NHGs (Figure 1a in blue) and poly N-isopropyl
acrylamide (PNIPAM) at a high ratio in the center of the NHGs (Figure 1b in yellow).
NHGs possess two significant advantages: mono-dispersity and biocompatibility. Their
unique design allows for the fine-tuning and optimization of biological applications by
adjusting the particle size within the 100–400 nm range, while maintaining the same particle
composition. This tunability offers potential for diverse applications, including targeted
drug delivery, imaging, and tissue engineering, where particle size plays a critical role in
determining the efficacy and specificity of the intended biological interaction.

Figure 1. Schematic representation of all NHGs. (a) Hydrophilic corona: High ratio of PEO,
(b) Hydrophobic core: High ratio of PNIPAM.

2. Materials and Methods

Polymerizations were performed in a DAIHAN scientific water bath shaker polymer-
izer. Jeffamine® ED-2003 (Mn = 1900), acryloyl chloride, polyvinyl-pyrrolidone (PVP360000),
potassium persulfate (KPS), ethylene glycol, triethanol amine, and Amicon ultrafilter tube
(100 kDa cutoff) were purchased from Merck (Jerusalem, Israel); N-isopropylacrylamide
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(NIPAM, 99.0%) from Acros Organics Co. Ltd. (St. Louis, MI, USA); and Cellulose Es-
ter Spectra/Pore (1000 kDa cutoff) dialysis membrane from Spectrum Laboratories, Inc.
(Rancho Dominguez, CA, USA).

Hydrodynamic sizes and size distributions were determined using a Zetasizer 3000
HSA (Malvern Instruments Ltd., Malvern, UK). NP tracking analysis (NTA) was conducted
to determine the zeta potential (ζ) and NP number (concentration) using a ZetaView PMX-
230 instrument (Particle Metrix GmbH, Inning am Ammersee, Germany). An XTT assay
kit (Biological Industries, Beit Haemeq, Israel) was used according to the manufacturer’s
instructions. A humidified water-jacketed automatic CO2 incubator (US Autoflow, NuAire
Inc., Plymouth, MA, USA) was used for cell culture. Dimethyl sulfoxide (DMSO) and
VRC were purchased from Merck-Sigma-Aldrich (Buenos Aires, Argentina), and mucin
from porcine stomach (type II, powder), sodium alginate, calcium carbonate (CaCO3),
D-(+)-gluconic acid δ-lactone (GDL), and sodium chloride (NaCl) were used to develop the
artificial airway mucus model. All solvents used were of analytical- or high-performance
liquid chromatography (HPLC)-grade.

2.1. Synthesis of NHGs

The novel NHGs of PNIPAAM-co-PPO-PEO-PPO (Poly(N-isopropylacrylamide)-co-
Poly(propylene oxide)-Poly(ethylene oxide)-Poly(propylene oxide)) were obtained via free-
radical polymerization using monomeric mixtures of (Acr)1.1Jeffamine1900 and NIPAM, at
differing ratios for obtaining different particle sizes, as previously shown [37].

In addition, for obtaining two different families of biodegradable NHGs, the ester-
functionalized cross-linkers (Figure 2), Ethane-1,2-diyl diacrylate (EDDA), and Nitrilot-
ris(ethane-2,1-diyl) triacrylate (NTEDTA) were introduced in separate reactions in the
presence of potassium persulfate (KPS) as an initiator together with the surfactant poly-
vinylpyrrolidone (PVP360000) [37]. These cross-linkers were selected based on their hy-
drolytically labile ester bonds, which introduce controlled degradability into the polymer
backbone under physiological conditions.

(a) EDDA (b) NTEDTA

Figure 2. Structure of cross-linkers: (a): EDDA; (b): NTEDTA.

E1–3/E4–6 series present EDDA/NTEDTA cross-linked NHGs, respectively (Table 1).
Polymerization was performed at 73 ◦C in H2O (10 mL) with PVP and KPS (5 mg each).

Table 1. Synthesis of E1–3 and E4–6 NHG series (mg) [37].

# (Acr)1.1Jeffamine1900 NIPAM EDDA NTEDTA

E1 130 120 15 -
E2 260 120 15 -
E3 320 120 15 -
E4 200 188 - 19
E5 300 188 - 19
E6 400 188 - 19
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2.2. DLS Analysis

Hydrodynamic sizes and size distributions were measured using diluted NHGs
(50 μg/3 mL) with a Zetasizer 3000 HSA (Malvern Instruments Ltd., UK) operating with
a 4 mW HeNe laser (632.8 nm), a detector positioned at a scattering angle of 90◦, and
a temperature-controlled cuvette. Three measurements consisting of 10 sub runs were
performed for each sample.

2.3. Atomic Force Microscopy Characterization

Samples were prepared using the simple spin-coating method. NHGs (1 mg/mL,
50 μL) were coated on a silicon wafer substrate. The coating timer was adjusted for 30 s at
2000 RPM. After spin-coating, samples were thoroughly dried with nitrogen and transferred
for AFM imaging (Bruker, GmbH—Karlsruhe, Germany).

2.4. Concentration and Zeta Potential (ζ) by NTA

NTA was conducted to determine the ζ and particle number (concentration) of the
NPs using the ZetaView instrument described above. Data were collected and analyzed
using ZetaView software (version 8.05.16 SP7). Reported particle numbers correspond to the
median.

All NHG samples were stored at 4 ◦C until measurement and were diluted to 1:50,000
in particle-free sterile Milli-Q (MQ) water immediately prior to measurement. The samples
were analyzed in light scattering mode using a 488 nm laser. Particles were counted and size-
distributed at 25 ◦C. Instrumental parameters were adjusted as follows: minimum brightness
of 30 AU, frame rate of 30 per second (10 per cycle), sensitivity of 85 AU, and shutter of
100 AU. Data for two exposures at 11 measurement positions were collected for each sample.
The zeta potential was measured twice at 25 ◦C with sensitivity of 80 AU and shutter of 150.

2.5. Mucus Penetration Assay for NHGs Monitored by NTA

To further investigate the interaction of nano-formulations with mucus, an assay was
set to track the movement of single particles through simulated mucus. For this purpose,
we used the previously described (Section 2.3) NTA instrument for quantifying the number
of NHGs of different sizes that were able to cross a mucus layer prepared as described by
Pacheco et al. [36]. To evaluate the NP penetration, an experiment using a dual-chamber
model was designed. In the upper compartment, a quantified equal number of NHGs
(see Table S1) was placed onto a homogeneous film formed by 100 μL of simulated mucus,
supported in a Transwell® insert with a 1 μm microporous membrane. Meanwhile, the
lower receiving compartment was filled with 2 mL of PBS. The same setup without the
mucus layer was taken as the control. In both cases, the entire setup was incubated at
37 ◦C for 24 h. At predetermined time intervals (0, 4, and 24 h), 200 μL samples were
withdrawn from the lower compartment for analysis. To keep the lower-well volume
constant, an appropriate refill of medium (PBS) was performed at each sampling point.
For each withdrawn PBS sample, the number of NHGs that managed to pass through the
mucus layer was measured with the NTA instrument. Until quantification, samples were
preserved at 4 ◦C, and prior to measurement, dilution in particle-free sterile MQ water was
performed, i.e., 1:25 v/v for samples up to 8 h and 1:2000 v/v otherwise (up to 24 h).

2.6. Loading of VRC

VRC-loaded NHGs (VRC-NHGs) were prepared using the solvent evaporation
method [38]. Briefly, VRC (10 mg) was dissolved in chloroform (1 mL), and 200 μL aliquots
of the stock solution (10 mg/mL) were dropped into 1 mL of NHGs aqueous solution
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(10 mg/mL) and mixed overnight at room temperature (RT) to volatilize the chloroform.
The obtained NHGs were isolated using an Amicon® ultrafilter tube by centrifugation at
6000 rpm for 20 min and repeated washings with DDW until no signal from the filtrate was
detected by UV-visible spectroscopy. The loaded amount of drug was determined using a
systematic method. A calibration plot (see Figure S1) was obtained using a set of standard
solutions prepared with known concentrations of VRC in acetonitrile. The linear portion of
this plot served as a reference to calculate the concentration of drug in NHGs.

The VRC-NHGs (1 mL, 10 mg/mL) were lyophilized for loading calculations. The
freeze-dried powder was treated with 5 mL MeCN and filtered to obtain a clear solution
that was analyzed by UV spectroscopy. The absorbance was measured at 255 nm, enabling
the determination of the loaded amount of drug through the application of the calibration
equation derived from the linear portion. This method provides a reliable approach for
quantifying encapsulated drug in NHGs [39].

The drug loading efficiency (DLE) and drug loading capacity (DLC) were calculated as:

DLE (%) = (weight of loaded drug/weight of drug used in formulation) × 100 (1)

DLC (%) = (weight of encapsulated drug/total weight) × 100 (2)

2.7. In Vitro Release of VRC

In vitro drug release studies were performed under sink conditions as previously
reported [40]. Briefly, VRC-NHGs containing equivalent amounts of VRC were transferred
in a suspended dialysis bag to a container for urine analysis containing 100 mL phosphate-
buffered saline (PBS) at pH 7.4 and 37 ◦C with continuous orbital agitation. Samples (1 mL)
from the PBS bath were taken at specific intervals (1, 2, 4, 6, 24, 48, 72 h) for quantification
of VRC, and an equal amount of fresh PBS was replaced to maintain the volume constant.
A solution of free VRC at the same concentration placed in a dialysis bag using the same
procedure was used as the control. The amount of VRC released at each interval was
analyzed with a fluorimeter (λex = 255 nm, λem = 372 nm). Assays were performed in
duplicates, and the results were expressed as the average ± SD.

A number of studies also reported the use of simulated interstitial lung fluid (SILF,
pH 7.4) to investigate the release properties of drug formulations due to its close replication
of the mucosal fluids in the respiratory system [41–43]. A release experiment was also con-
ducted in SILF (pH 7.4) supplemented with 1% w/v Tween® 80 as previously reported [42].
Dialysis in SILF (pH 7.4) with the addition of 1% w/v Tween® 80 as external medium
was carried out to investigate the in vitro release profiles from the polymeric matrices of
the NHGs. SILF was prepared in 1 L of distilled water (pH 7.4): MgCl2 (98.5 mg), NaCl
(6.032 g), KCl (404 mg), Na2HPO4 (436 mg), NaHCO3 (2.59 g), Na2SO4 (83 mg), CaCl2
(359 mg), sodium acetate (607 mg), and trisodium citrate (115 mg).

2.8. Cell Culture

Human lung cancer cell line A549 and embryonic kidney cell line HEK293T were
cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich, New York, NY, USA), 100 μg/mL streptomycin, and 100 U/mL penicillin at 37 ◦C
in a 5% CO2 atmosphere.

2.9. Cytotoxicity

The in vitro cytotoxicity of VRC-NHGs was determined in the A549 and HEK293T cell
lines using an XTT assay and compared to free VRC. For this purpose, 8 × 103 cells/well
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were pre-incubated in a 96-well plate for 24 h and incubated for 48 h at 37 ◦C with 5% CO2 and
different concentrations of non-loaded NHGs, free VRC, or VRC-NHGs (60 μM VRC). Cells
treated with 2% triton were used as the positive control and fresh medium as the negative
control. Subsequently, 50 μL of XTT reagent (with initiator) was added, and the cells were
incubated for 4 h. The absorbance was read at 570 nm using a TECAN microplate reader.

Cell viability (%) = (Isample/Icontrol) × 100, where Isample is the absorbance of NHG
treated wells and Icontrol is the absorbance of control wells without NHG treatment. Experi-
ments were repeated twice. Assays were carried out according to known procedures [44].

2.10. Antifungal Susceptibility Testing

Antifungal susceptibility testing was performed in the mold isolates most frequently
recovered from respiratory secretions of CF patients (A. fumigatus, A. flavus, A. terreus,
A. niger, A. nidulans, S. aurantiacum, and E. dermatitidis) against non-loaded NHGs, VRC-
NHGs, VRC suspension, and VRC/DMSO following the clinical laboratory standard insti-
tute (CLSI) M38 3rd ed. Document [36]. All clinical fungal isolates included in this study
were wild-type with respect to azole antifungals and were collected from spontaneously
expectorated sputum samples of CF patients as part of a surveillance study conducted in
Argentina [45]. All these isolates are available in the culture collection of the Mycology
bank of the Center of Mycology of the School of Medicine (University of Buenos Aires,
Argentina). A. fumigatus ATCC 204305 (obtained from American Type Culture Collection)
was used as the quality control strain for susceptibility testing.

VRC suspension, VRC/DMSO (5 mg/mL), and VRC-loaded NHGs were prepared
in sterile saline buffer. Two-fold dilutions of each drug formulation (8 to 0.015 μg/mL)
were prepared in 100 μL of RPMI−MOPS in 96-well plates. In total, 5 × 104 CFU/mL were
added to each well. The results were recorded 48 h post incubation at 37 ◦C. The MIC was
defined as the lowest drug concentration causing the complete inhibition of visible growth.

Antifungal susceptibilities were interpreted using the available epidemiological cutoff
values (ECVs) for VRC and the VRC clinical breakpoint for A. fumigatus published in the
CLSI documents M57S-Ed4 and M38M51S-Ed3, respectively, as previously reported by
Brito Devoto et al. [45], who characterized the antifungal susceptibility profile of all the
clinical strains included in this study.

Aiming at developing an optimized method for the administration of VRC through
the mucus barrier, the antifungal activity of VRC-NHGs was evaluated using the CF mucus
composition previously described by Pacheco et al. for drug diffusion assays [36]. A
16.3 mg/mL NaCl solution was prepared, and a solution of 21 mg/mL alginate sodium
salt was dissolved in it using gentle magnetic agitation. Concurrently, a suspension con-
taining 43.7 mg/mL mucin was meticulously prepared in DDW and left to gently agitate
overnight. Subsequently, the alginate and mucin solutions were combined at a 1:4 ratio
utilizing interconnected luer-lock syringes, and a suspension of 7 mg/mL CaCO3 in the
16.3 mg/mL NaCl solution was intricately blended at 1:5 proportions. A freshly concocted
70 mg/mL GDL solution in 16.3 mg/mL NaCl was merged with the previously created
suspension (comprising alginate, mucin, and CaCO3) at 1:6 proportions, always under
aseptic conditions. Lastly, 100 μL of the prepared mucus was accurately pipetted onto the
96-well surface, previously inoculated with fungal conidia. The different VRC formulations
(VRC-NHGs, VRC suspension, and VRC/DMSO) were added onto the surface of the mucus
layer, finalizing the experimental procedure. This antifungal susceptibility procedure was
performed according to the abovementioned CLSI document against A. fumigatus as the
most common filamentous fungus isolated from the airways of CF patients [46].
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3. Results and Discussion

3.1. Physico-Chemical Characterization of NHGs and VRC-NHGs

Chronic pulmonary infections caused by opportunistic pathogens affect more than
90% of CF patients. In addition to bacterial colonization, these patients are predisposed
to fungal colonization due to the capacity of environmental fungi to colonize the lower
respiratory tract and to the frequent cycling of antibiotics required to control the disease.

One of the main goals of the present study was the synthesis of a series of NHGs
based on our established methodology as a platform for loading the antifungal drug
VRC as a delivery system for an optimized antifungal therapy of broncho-pulmonary
infections caused by molds in CF patients. As the mucus presents a diffusional barrier to
the antifungal treatment, the NHGs used in this study were composed of a shell of PEG,
recently shown to be capable of crossing lung-generated mucus [34].

With this in mind, we developed novel polymeric monodispersed NHGs with a large
range of sizes starting from 100 nm up to 400 nm, which according to previous results
exhibited high biocompatibility both in vitro and in vivo [37,39,47,48]. This non-toxic
profile may support its potential use for treating fungal infections especially in CF patients.

In the present study, monomeric mixtures in water at RT spontaneously formed
star/flower-like self-assemblies with uncontrollable poly-dispersed sizes around 100–800 nm.
Upon heating at 75 ◦C, NIPAM and the hydrophobic elements of the macro-monomers
(PPO) collapse together into well-defined self-assemblies probably with a high concen-
tration of the hydrophobic elements in the core (NIPAM and PPO chains) and a high
concentration of the hydrophilic elements of the macro-monomeric chains (PEO and NH2
groups) at the outer shell. These self-assemblies can be polymerized, leading to particles
with sizes that correlate with those of the intermediate self-assemblies. The size of the
assemblies can be tuned/calibrated by combining different ratios of the starting monomeric
mixtures at high temperature, as previously reported [37,39,47,48]. Larger amounts of
(Acr)1.1Jeffamine1900 correspond to smaller NHG diameters due to increased hydrophobic
interactions during self-assembly.

Dh represents the particle size of pristine and VRC-NHGs as measured by DLS at
25 ◦C, and the polydispersity index (PDI) represents the relative variance in the particle
size distribution [49,50]. Each value is the average of three measurements by DLS. The
results shown in Table 2 indicate that both EDDA cross-linked (series E1–3) and NTEDTA
cross-linked NHGs (series E4–6) are highly monodisperse and thermo-responsive [37].

Table 2. Physical properties of NHGs and VRC-NHG series at 25 ◦C. Dh [nm] results represent the
mean ± SD, (n = 3).

#
NHGs VRC-NHGs

Dh [nm] PDI ζ [mV] NPs/mL Dh [nm] PDI ζ [mV] NPs/mL

E1 410 ± 4 0.17 −27.9 5.7 × 1012 424 ± 2 0.12 −21.7 1.4 × 1012

E2 242 ± 8 0.28 −28.8 7.4 × 1012 251 ± 6 0.19 −9.2 4.8 × 1012

E3 136 ± 5 0.17 −23.3 3.7 × 1012 145 ± 5 0.22 −27.5 5.2 × 1012

E4 392 ± 2 0.08 −27.1 1.3 × 1012 407 ± 4 0.14 −26.7 1.6 × 1012

E5 198 ± 6 0.15 −27.3 2.4 × 1012 220 ± 5 0.23 −23.5 6.7 × 1012

E6 121 ± 7 0.24 −11.9 6.4 × 1012 134 ± 3 0.19 −20.0 5.6 × 1012

The DH of the VRC-NHGs is a key parameter for their potential clinical use as nanocar-
riers in CF patients. Carriers in the nano scale have a greater potential to penetrate the
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airway mucus of CF patients than microparticles, avoiding steric interactions [51]. Thus,
VRC-NHGs can overcome the mucus barrier for a better treatment outcome. The data
summarized in Table 2 show that all VRC-NHGs maintain their size upon encapsulation.
For instance, the E1 batch of NHGs and VRC-NHGs span 410 and 424 nm, respectively. In
both cases, there is a unimodal narrow size distribution according to the PDI (0.17/0.12 for
NHGs/VRC-NHGs).

The zeta potential measures the electrostatic charge on the surface of particles in a
colloidal dispersion (at the shear plane of the particle) [49,50]. The potentials of NHGs
and VRC-NHGs were examined by NTA at 25 ◦C, pH 7.4. All ζ measured at neutral pH
were clearly negative (Table 2). This negativity is attributed to the presence of sulfate
groups generated at the starting polymeric chains by KPS initiator that are accommodated
at the shear plane of the NHGs. A negative zeta potential offers several benefits for NPs.
It enhances stability by repelling charges, preventing aggregation, and ensuring a more
uniform dispersion, crucial for colloidal stability [52,53]. In biomedical applications, NPs
with higher negative potential typically show improved bioavailability. Cellular uptake
and intracellular trafficking can also be influenced, providing better control over drug
release kinetics and targeting specificity, which is particularly advantageous for drug
delivery systems [52]. Moreover, the reduced interaction with cells and tissues due to a
high negative ζ can potentially lower the toxicity of NPs, enhancing their biocompatibility,
particularly in biomedical imaging, diagnostics, and therapeutics [53].

AFM analysis characterization of E1–3 and E4–6 NHGs (Figure 3) showed spherical and
monodispersed particles. Line profiles from the marked region in the AFM image indicate
smaller sizes on a Si wafer compared to DLS (Table 2), as we expected due to the NHGs
dryness during AFM measurement.

E1 E2 E3

E4 E5 E6

Figure 3. AFM topography images of E1–3 (top) and E4–6 (bottom) NHGs.
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3.2. Mucus Penetration Assay of NHGs Monitored by NTA

The goal of this experiment was to evaluate NHG diffusion through artificial mucus
using a dual-chamber setup (Figure 4a). PBS samples taken from the lower compartment at
specific intervals (0, 4, and 24 h) were measured by NTA to quantify the particles reaching
that compartment after crossing the mucus layer.

Figure 4. (a) Illustration of double-chamber setup and NTA images. (b) Percentage of NHG particles
trespassing mucus over time.

The entire setup was incubated at 37 ◦C for 24 h. As our NHGs are based on thermo-
responsive poly(N-isopropylacrylamide) (PNIPAM), exposure to temperatures above the
low critical solution temperature (LCST) value of 37 ◦C induces a reversible phase transition
in the polymer chains—from a swollen coil state to a collapsed globule. This thermally
driven transition can be utilized in an on–off delivery system [54–56]. In other words, the
NHGs decrease in size when the temperature exceeds the LCST. Consequently, under the
experimental conditions, all NHGs were smaller than the mesh size of the mucus layer [37].

Percentages (see Table 3 and Table S2) were calculated relative to the total number of
particles on the receptor media of the same setup without mucus (Figure 4b). The results
are shown in Table 3 and Figure 4b as percentages of an equally added number of particles
crossing the mucus over time.

Table 3. Percentage of NHGs crossing the mucus barrier over time.

% Particles Trespassing Mucus Barrier

Time [h] E1 E2 E3 E4 E5 E6

4 7.2 3.8 1.5 3.8 1.8 0.3
24 20.1 15.1 12 7.8 2.8 0.4

Series E1–3 shows, in general, better penetration than series E4–6. As for the size, larger
NPs display more penetration for both series. We speculate that smaller particles seem to
exhibit more interaction with the mucus film interstices and therefore spend more time
within this layer compared to larger ones, in contrast to previous reports [57,58].

Our findings support recent results [59], which showed that larger PEGylated nanopar-
ticles (200 and 500 nm) penetrate mucus more effectively than smaller counterparts. This
observation suggests two possible explanations: (1) the mucus mesh spacing may be signif-
icantly larger and more heterogeneous than previously believed, and/or (2) mucus may
exhibit an “exclusion” mechanism similar to exclusion chromatography. In this model,
particles navigate through two distinct pathways—one consisting of tightly condensed
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regions with small mesh pores that trap smaller particles, and another comprising larger
mesh channels that allow rapid transit of larger particles. Regardless of the mechanism,
PEG-coated large nanoparticles appear to diffuse through low-viscosity channels without
substantially disrupting mucus structure.

In addition to enhanced transport, larger nanoparticles offer other benefits, including
higher drug-loading capacity, increased stability during formulation and storage, and
more sustained drug release profiles. However, while larger sizes confer these advantages,
excessively large particles may suffer from limited diffusion and decreased cellular uptake.
Therefore, optimizing nanoparticle size is essential to maximize therapeutic efficacy across
various mucosal tissues [59].

3.3. VRC Loading into NHGs

In all loading experiments, the applied amount of VRC was 2 mg in 10 mg of NHGs.
The DLE and DLC were calculated according to these parameters. The results in Table 4
indicate that larger NHGs have a better drug loading capacity that is directly proportional to
their increased hydrophobicity due to their higher content of PNIPAM in their structure as
measured by NMR in a previous report [37]. Both series display a similar loading capacity.

Table 4. Drug loading efficiency and capacity of NHG series. Data represent the mean ± SD, (n = 3).

# Loaded VRC [μg] DLE [%] * DLC [%]

E1 325 ± 8 16.2 3.2
E2 276 ± 9 13.8 2.8
E3 208 ± 5 10.4 2.1
E4 312 ± 10 15.6 3.1
E5 245 ± 7 12.2 2.4
E6 198 ± 6 9.9 2.0

* In all cases, 2 mg of drug was applied into 10 mg of NHGs. DLE/DLC was calculated accordingly.

Overall, both NP hydrophobicity and size, as well as the hydrophobic nature of the
drug, contribute to the drug loading capacity [60].

3.4. In Vitro Drug Release Study of VRC-NHGs

To investigate the drug release from the NHGs, the fluorescence of released VRC was
measured at predetermined time intervals (λex = 255 nm, λem = 372 nm). VRC-NHGs and
free VRC as the control were dialyzed in PBS (50 mL), as largely studied by others under
sink conditions [40,61]. VRC-NHGs from both series (Figure 5a,b) showed similar release
profiles with approximately 50% of encapsulated VRC released within 24 h and around 80%
released after 72 h. In contrast, the free VRC control demonstrated a more rapid release,
exceeding 80% after just 8 h, emphasizing the role of NHGs in facilitating a controlled
release mechanism.

A release experiment was also conducted in SILF (pH 7.4), supplemented with 1% w/v
Tween® 80 as previously reported (Figure 5c,d) [42]. This external medium was utilized to
explore the in vitro release profiles of VRC. Here, we dialyzed VRC-NHGs and free VRC as
the control in SILF (50 mL), as largely studied by others under sink conditions [41–43].

In the SILF environment, both series of VRC-NHGs exhibited similar release profiles
(Figure 5c,d) with over 60% of encapsulated VRC released within 24 h and ~85% after 72 h.
The free VRC control exhibited a release of 85% after 8 h. This further highlights the role of
NHGs in enabling a sustained release of VRC.
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The slightly faster release of VRC observed in the SILF environment compared to the
PBS environment can be attributed to its ionic composition, which closely mimics lung
interstitial conditions, enhancing drug solubility and diffusion.

VRC exhibits very low solubility in phosphate-buffered saline (PBS), which can limit
its release from nanohydrogel formulations in such environments. In PBS, the release of
VRC from nanohydrogels is primarily governed by the drug’s dissolution rate, which is
constrained due to its poor solubility in aqueous media. This limitation affects the diffusion
of VRC from the nanohydrogel matrix into the surrounding medium.

Figure 5. In vitro release profiles of VRC from NHGs: (a) (E1–3) and (b) (E4–6) in PBS; (c) (E1–3) and
(d) (E4–6) in SILF environment. Data represents the mean ± SD, (n = 2).

In contrast, when evaluating VRC release in SILF, the addition of 1% w/v Tween® 80
to the release medium was employed. Tween® 80, a non-ionic surfactant, enhances the
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solubility of hydrophobic drugs like VRC by forming micelles that encapsulate the drug
molecules, thereby increasing their apparent solubility in aqueous environments. This
micellar solubilization facilitates a more efficient release of VRC from the nanohydrogel
into the SILF medium.

Moreover, the ionic composition of the release medium can influence the swelling
behavior of hydrophilic polymers within the nanohydrogel, potentially affecting drug
release dynamics. However, the primary role of Tween® 80 in this context is to improve the
solubility and release profile of VRC by mitigating its inherent hydrophobicity, rather than
directly altering the ionic characteristics of the medium.

In summary, the incorporation of Tween® 80 into the SILF release medium serves to
enhance the solubility and subsequent release of VRC from nanohydrogel formulations,
addressing the solubility challenges posed by the drug’s hydrophobic nature.

3.5. Cytotoxicity Studies of NHGs and VRC-NHGs

Ensuring the safety and compatibility of the formulation with lung cells is essential
for developing a pulmonary drug delivery system, as inhalation of toxic substances may
deplete lung surfactant and trigger phagocytic cell activation [62]. Both NHGs and VRC-
NHGs were tested for cell toxicity using XTT viability assay and were compared to the
relevant controls on HEK-293T and A549 cell lines. The results demonstrate that NHGs
(Figure 6a) are devoid of toxicity at concentrations of 2 mg/mL on A549 and HEK293T cell
lines after incubating for 48 h. Both cell lines show beyond 90% viability. This concentration
is by far higher than those reported for most of the NPs reported as having low toxicity [28].
VRC-NHGs are non-toxic with 20 μg/mL of VRC on A549 and HEK-293T after incubating
for 48 h (Figure 6b).

Figure 6. In vitro cytotoxicity of (a) NHGs and (b) VRC-NHGs (20 μg/mL) at 48 h incubation in
HEK293T and A549 cell lines. Each column represents the mean ± SD (n = 3).
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Both cell lines show beyond 80% viability. The viability of the control group (free VRC:
20 μg/mL) was 80–84%.

These results show that VRC-NHGs could be considered a “safe nano-formulation”
where cell viability is not compromised. Cell viability above 70% is considered safe in vitro
assays according to the ISO 10993-5 guideline [63].

3.6. Antifungal Effect of VRC-NHGs

The antifungal studies showed that only 400 nm VRC-NHGs (see E1 and E4 in Table 5)
maintained high activity, comparable to free VRC in DMSO and up to eight-fold higher than the
aqueous suspension. For instance, 400 nm VRC-NHGs exhibited lower MIC values against A.
fumigatus (four-fold), A. flavus (four-fold), A. terreus (four-fold), A. niger (four-fold), A. nidulans
(four-fold), S. aurantiacum (four-fold), and E. dermatitidis (eight-fold) than those MIC values
observed for the drug aqueous suspension (Table 5). These data might be related to the capacity
of the NHGs to increase VRC aqueous solubility and sustain its release compared to the drug
suspension where VRC is homogenously dispersed (but not solubilized) in aqueous medium.
The non-loaded NHGs did not display any antifungal activity against any of the studied strains.
Activity decreases proportionally with size, resulting in a MIC similar to that of VRC suspension
(see E2, E3, E5, and E6 in Table 5).

Table 5. MIC (μg/mL) values of VRC-NHGs (no mucus layer). Each value is the mean of two measurements.

Fungal
Species

VRC-DMSO VRC Susp. VRC-E1 VRC-E2 VRC-E3 VRC-E4 VRC-E5 VRC-E6

A. fumigatus 0.25 2 0.5 1 1 0.5 1 2

* A. fumigatus 0.25 2 0.5 1 1 0.5 1 2

A. terreus 1 2 0.5 1 2 0.5 1 2

A. flavus 0.5 2 0.5 1 2 0.5 1 2

A. niger 0.5 2 0.5 1 2 0.5 1 2

A. nidulans 0.5 2 0.5 1 1 0.25 1 2

E. dermatitidis 0.5 2 0.25 1 1 0.25 1 2

S. auarantiacum 0.5 2 0.5 1 2 0.5 1 1

* The same activity was found in the presence of a mucus layer (the second row).

By using an in vitro model of pulmonary pathological mucus that mimics the chemical
composition, structural features, and viscoelastic properties of CF mucus [36], we studied
their penetration across this diffusional barrier and assessed the antimicrobial capacity
of the developed NHGs against A. fumigatus, which is the most frequent fungal agent
affecting CF patients worldwide. The results indicate that the introduction of a mucus
barrier for A. fumigatus (denoted by a star) did not significantly alter the antifungal effect
of all VRC-NHGs, which remained comparable to that observed under conditions without
the mucus barrier. These results are in line with chitosan-based polymeric micelles for the
pulmonary delivery of itraconazole and with Soluplus-based polymeric micelles for the
pulmonary delivery of VRC, where the micellar system and a drug solution in DMSO were
compared [64,65].

Furthermore, these data suggest that the encapsulation of VRC within the 400 nm
NHGs have an improved antimicrobial potential to the aqueous suspension itself, con-
sidering that nowadays only an aqueous VRC suspension and a dug parenteral solution
represent the commercially available dosage forms.

Regarding the mucus penetrating assay, the results suggest that the 400 nm NHGs
(E1 and E4) can penetrate through the mucus better, as shown also for the non-loaded
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NHGs in Figure 4, serving as a sustained release depot, improving the antifungal efficacy
of VRC against the tested major molds. It should be further explored whether these mucus-
penetrating NHGs, containing different hydrophobic therapeutics effectively bypass the
mucus barrier, allowing better drug distribution and absorption at mucosal surfaces.

The ability of these novel 400 nm NHGs to bypass the mucosal barrier offers a signifi-
cant advantage for the treatment of CF, where highly viscoelastic mucus presents a major
diffusional barrier relevant to drug delivery challenges in CF.

These results are promising, as our VRC nano-formulation demonstrated improved
in vitro antifungal activity, overcoming a physical barrier like the artificial CF mucus. The
data denote the potential of our 400 nm NHG system for enhanced clinical management
of CF patients employing a VRC respirable nanocarrier. In particular, the MIC results
observed for the VRC-NHG formulation were both lower than the VRC clinical breakpoint
for A. fumigatus (1 μg/mL), regardless of the presence of the mucus layer, and lower
than the VRC ECV described for the other fungal species (1 μg/mL for A. flavus and
A. terreus, and 2 μg/mL for A. niger and A. nidulans). Currently, there are no established
ECVs for VRC specifically for S. aurantiacum and E. dermatitidis. In a study involving clinical
isolates of various Scedosporium [66] species, including S. aurantiacum, VRC demonstrated
significant activity, with an MIC of ≤2 μg/mL for most isolates. Another study evaluating
51 E. dermatitidis strains isolated from CF patients found that the MIC range for VRC was
0.03 to 0.5 μg/mL, suggesting good in vitro activity for the drug [67].

Then, VRC-loaded NHGs could be effective in reducing pulmonary fungal load and
improving clinical outcome in CF patients.

4. Conclusions

Ester-functionalized cross-linked NHGs with tunable sizes (100–400 nm), and devoid
of toxicity, were prepared by free radical polymerization. The present study demonstrates
that the newly developed NHGs are effective for controlled drug delivery, as evidenced by
the in vitro controlled release of VRC-NHGs under different sink conditions.

The 400 nm VRC-NHGs (E1 and E4) exhibit high antifungal activity, comparable to free
VRC in DMSO and superior to an aqueous VRC suspension. Notably, even in the presence
of a mucus barrier, the antifungal effect remained consistent. This research showcases
the significant advancements in the field of biodegradable NHGs and their potential for
diverse biological applications, such as the therapy of lung disorders caused by fungi in
CF patients. These findings are at the basis of ongoing in vivo investigations aimed at
exploring the applications and advantages of these promising NHGs.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/pharmaceutics17060725/s1. Figure S1: Calibration curve of VRC/MeCN
for quantification of loading VRC in NHGs; Table S1: Initial number of NHGs for mucus penetration
assay; Table S2: Percentage of NHGs crossing the mucus barrier over time.
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