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Preface

Drug and vaccine delivery are continuously evolving and have received significant attention in

recent years to enhance safety, efficacy, and targeted and delayed delivery, as well as ease cost in

order to enhance access to everyone. The evolution of therapeutics from small molecules to more

complex macromolecules and conjugates has imposed additional challenges for the development

of novel therapeutics from proof-of-concept lab-scale investigations to final large-scale applications.

This reprint is a collection of efforts by several researchers engaged in the field to advance drug and

vaccine delivery systems. The presented research and review articles are valuable for the scientific

community focused on drug delivery research.

Vibhuti Agrahari and Prashant Kumar

Editors

ix





Citation: Kumar, P.; Agrahari, V.

Emerging Trends and Translational

Challenges in Drug and Vaccine

Delivery. Pharmaceutics 2024, 16, 98.

https://doi.org/10.3390/

pharmaceutics16010098

Received: 9 January 2024

Accepted: 9 January 2024

Published: 11 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceutics

Editorial

Emerging Trends and Translational Challenges in Drug and
Vaccine Delivery †

Prashant Kumar 1,* and Vibhuti Agrahari 2,*

1 Department of Pharmaceutical Chemistry, Vaccine Analytics and Formulation Center, University of Kansas,
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† This article belongs to the Special Issue Emerging Trends and Translational Challenges in Drug and

Vaccine Delivery.

Drug and vaccine delivery have received considerable attention in recent years. Many
rationally designed innovative approaches are being explored to address the challenges
related to safety, efficacy, patient compliance, and cost-effective means for existing and
new therapeutics. The extensive assessment of drug delivery involves pre-formulation and
physicochemical characterization, mechanistic biochemical pathways at the molecular level,
pharmacological and toxicological evaluations, and detailed preclinical investigations.
Recent advancements have evolved to address the limitations that emerged with the
evolution of novel therapeutic modalities from simple small molecules to more complex
macromolecules, including nucleic acids, peptides, proteins, antibodies, and conjugates [1].
There’s immense interest in exploring the in vitro and in vivo behavior of drugs and
vaccines to overcome biological barriers to reach target sites, and in expeditious translation
from the lab to a manufacturing scale [2]. This Special Issue on “Emerging Trends and
Translational Challenges in Drug and Vaccine Delivery” is the collection of those efforts
by several researchers to address the unmet need of advanced drug and vaccine delivery
systems. The studies published in this Special Issue are summarized below and are valuable
for the readers of Pharmaceutics and the scientific community working in the field of drug
and vaccine delivery.

The first paper in this collection by Alkholief et al. demonstrated the use of dexamethasone-
sodium-phosphate (DEX)-chitosan nanoparticles (CSNPs) coated with hyaluronic acid (HA)
as a controlled release ocular delivery vehicle for the treatment of endotoxin-induced-uveitis
(EIU) in a rabbit model [3]. The CSNPs were stable at 25 ◦C for 3 months and in vitro
studies showed a similar DEX release in a range of 74–77% for uncoated and HA-coated
nanoparticles. Drug-loaded CSNPs were safe for ocular applications and showed a noTable
10-fold increase in transcorneal flux and permeability of DEX in the case of HA-CSNPs
vs. DEX-aqueous solution (DEX-AqS). The findings suggest improved delivery proper-
ties and promising anti-inflammatory effects of DEX-CSNPs in EIU rabbits with ocular
bioavailability, with the half-life and ocular MRT0-inf of DEX being significantly higher
than DEX-AqS.

Another study focused on extracellular nanovesicles (EVs) that have great potential
as drug delivery systems for precision therapy but are limited due to technical challenges
to purify and characterize the EVs. To address this issue, Nguyen et al. developed a 3D
inner filter-based technique for the simple extraction of apoplastic fluid from blueberries,
enabling EV purification [4]. The high drug loading capability and properties to modulate
the release of proinflammatory cytokine IL-8 and total glutathione have enabled blueberry-
derived EVs (BENVs) to be a promising edible multifunctional nano-bio-platform for future
immunomodulatory therapies.
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Vaccination is the most effective way to prevent infectious diseases but suffers from
fading immunity requiring frequent boosters to maintain the immune response. In a novel
approach, Kooji et al. demonstrated the effectiveness of a single injection with sustained-
release microspheres as an alternative to the conventional multiple injection (prime-boost)
immunization schedule of bovine serum albumin in terms of eliciting the same levels of
IgG antibody response in mice [5]. The microspheres were designed based on two novel
biodegradable multi-block copolymers with an opportunity to tailor the release profile in a
range of 4 to 9 weeks by varying the polymer ratios.

Adjuvants are ingredients used in many vaccines to elicit a stronger immune response.
In a recent study, Liang et al. demonstrated the use of formulated phospholipid 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), a component of oil-in-water vaccine
adjuvant emulsion (known as a stable emulsion or SE), as non-canonical agonists for murine
and human TLR4 [6]. The effects of DMPC on human cells were proven but were less
pronounced than the composition of emulsion oil and were dependent on the saturation,
size, and headgroup of the phospholipid.

The next article is focused on drug loaded-microneedles, which are minimally invasive
systems capable of painless delivery and offer dose-sparing benefits with a potential to
replace hypodermal needles and oral routes of delivery. In this study, Faizi et al. developed
a deferasirox-nanosuspension (DFS-NS) loaded with dissolving microneedles (DMN) for
intradermal delivery for effective treatment of iron overload [7]. DFS-NSs were formulated
by the wet media milling procedure using PVA and showed a 3-fold higher dissolution
rate vs. pure DFS. The skin deposition studies showed significantly higher drug deposition
from DFS-NSs loaded with polymeric dissolving microneedles (NS-DMN) as compared to
DFS-NS transdermal patches without needles (DFS-NS-TP) or pure DFS-DMNs. Hence,
the authors showed that loading DFS-NSs into novel DMN devices can be effectively used
for transdermal delivery of sparingly soluble drugs, i.e., DFS in aqueous systems.

In another study, Peng et al. demonstrated the development of amphotericin B (AMB)-
and levofloxacin (LVX)-loaded chitosan films for potential use in antimicrobial wound
dressings [8]. An HPLC method developed by the authors measured 100% and 60% re-
lease of LVX and AMB, respectively, from the chitosan film after a week. An ex vivo
deposition study showed that 20.96 ± 13.54 and 0.35 ± 0.04 of LVX and AMB, respec-
tively, were deposited in porcine skin 24 h after application. Further, the films were able
to inhibit the growth of Candida albicans and Staphylococcus aureus, demonstrating their
antimicrobial applications.

Wang et al. in their recent review discussed the translational challenges and prospec-
tive solutions for implementing biomimetic delivery systems (BDSs) for therapeutic deliv-
ery [9]. BDSs are based on complex designs of biological structures and have emerged as
a powerful tool for drug and vaccine delivery. This review provides recent advances in
the development of BDSs, discusses the challenges faced in the translation of BDs from re-
search to clinical applications, and presents emerging solutions, emphasized by real-world
case studies.

Luo et al. provide insights into the development of organs-on-chips (OCs) and their
impact on precision medicine and advanced system simulation [10]. OCs are devices with
micro-physiological systems containing small tissues grown inside microfluidic chips with
controlled cell microenvironments to study the pathophysiology and effect of drugs on
the human body. OCs represent a faster, economical, and precise approach to study drug
safety, efficacy, disease modelling and treatments with a potential to complement/replace
traditional preclinical cell cultures, animal studies, and even human clinical trials.

Ingle and Fang in their recent review present an overview of the stability and de-
livery challenges of commercial nucleic acid (NA)-based therapeutics, including DNA,
RNA, oligonucleotides, siRNA, miRNA, mRNA, small activating RNA, and gene ther-
apies [11]. The review highlights NA-based therapeutics approved by the European
Medicines Agency (EMA) and US Food and Drug Administration (US FDA) with a focus
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on the current progress in improving the stability, delivery, cost, and regulatory acceptance
of these therapeutics.

There is significant interest in developing approaches to overcome the blood–brain
barrier (BBB) for treatment of central nervous system (CNS) diseases. Meyer et al. in their
recent review described novel developments to enable the treatment of CNS diseases with
targeted drug delivery [12]. The review focuses on unfolding the full potential of novel
therapeutic entities, i.e., gene therapy and degradomers, using innovative delivery systems
for possible application in the treatment of CNS diseases.

In conclusion, this Special Issue converses through the translation of therapeutic
delivery from discovery to large-scale production for pharmaceutical and biotechnology
applications. The discussed strategies, including the use of polymeric nanoparticles, extra-
cellular nanovesicles, sustained release microspheres, microneedles, polymeric biofilms,
biomimetic delivery systems, new adjuvants, and organ-on-chips, possess great potential
in addressing the limitations of drug and vaccine delivery. The editors express their grati-
tude for the interest and cooperation of the contributors and believe this Special Issue of
Pharmaceutics would be an interesting addition to the scientific community engaged in
drug delivery research.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Zhe Wang 1 , Xinpei Wang 2, Wanting Xu 2, Yongxiao Li 2, Ruizhi Lai 1, Xiaohui Qiu 2, Xu Chen 2, Zhidong Chen 2,
Bobin Mi 3,4, Meiying Wu 2,* and Junqing Wang 2,*

1 Department of Pathology, The Eighth Affiliated Hospital, Sun Yat-sen University, Shenzhen 518033, China;
wangzh379@mail.sysu.edu.cn (Z.W.); lairzh3@mail2.sysu.edu.cn (R.L.)

2 School of Pharmaceutical Sciences, Shenzhen Campus of Sun Yat-sen University, Shenzhen 518107, China;
wangxp39@mail2.sysu.edu.cn (X.W.); xuwt27@mail2.sysu.edu.cn (W.X.); liyx356@mail2.sysu.edu.cn (Y.L.);
qiuxh27@mail2.sysu.edu.cn (X.Q.); chenx589@mail2.sysu.edu.cn (X.C.); chenzhd9@mail2.sysu.edu.cn (Z.C.)

3 Department of Orthopaedics, Union Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan 430022, China; mibobin@hust.edu.cn

4 Hubei Province Key Laboratory of Oral and Maxillofacial Development and Regeneration,
Wuhan 430022, China

* Correspondence: wumy53@mail.sysu.edu.cn (M.W.); wangjunqing@mail.sysu.edu.cn (J.W.)

Abstract: Biomimetic delivery systems (BDSs), inspired by the intricate designs of biological systems,
have emerged as a groundbreaking paradigm in nanomedicine, offering unparalleled advantages
in therapeutic delivery. These systems, encompassing platforms such as liposomes, protein-based
nanoparticles, extracellular vesicles, and polysaccharides, are lauded for their targeted delivery,
minimized side effects, and enhanced therapeutic outcomes. However, the translation of BDSs
from research settings to clinical applications is fraught with challenges, including reproducibility
concerns, physiological stability, and rigorous efficacy and safety evaluations. Furthermore, the
innovative nature of BDSs demands the reevaluation and evolution of existing regulatory and ethical
frameworks. This review provides an overview of BDSs and delves into the multifaceted translational
challenges and present emerging solutions, underscored by real-world case studies. Emphasizing the
potential of BDSs to redefine healthcare, we advocate for sustained interdisciplinary collaboration
and research. As our understanding of biological systems deepens, the future of BDSs in clinical
translation appears promising, with a focus on personalized medicine and refined patient-specific
delivery systems.

Keywords: biomimetic; bioinspired; nanodiscs; liposomes; virus-like particles; albumin; ferritin;
polysaccharides; extracellular vesicles

1. Introduction

Biomimetic delivery systems (BDSs), defined by their ability to mimic biological
systems, hold significant promise in the realm of biomedicine and nanomedicine. They
leverage the principles of nature, emulating the structural or functional attributes of bio-
logical systems to enhance drug delivery capabilities [1–3]. BDSs often involve the use of
naturally derived materials (Figure 1), the structural mimicry of biological entities, or the
replication of biological processes, with the aim of improving drug delivery outcomes such
as targeting ability, controlled release, and biocompatibility [4–6]. Recent advancements in
biomimicry have resulted in the creation of innovative drug delivery systems [7–9] span-
ning various paradigms, such as liposomal carriers [10], virus-like nanoparticles (VLPs)
for gene delivery [11–13], and hydrogel structures [14–16]. Additionally, new classes of
delivery vehicles have emerged, including extracellular vesicles (EVs) [17,18], red blood
cell (RBC)-based carriers [19,20], and nanodiscs (NDs), each presenting unique therapeutic
prospects. EVs, naturally occurring cellular delivery systems, comprised of microvesicles
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and exosomes [21,22], hold promise due to their bio-compatibility and targeted delivery
capability [23,24], stimulating interest in their use for delivering RNA-based therapeu-
tics [21,25]. RBCs, with their advantageous properties such as a long circulatory half-life
and immune evasion, are under investigation as potential drug carriers, with methods
involving their engineering and manipulation into biomimetic nanoparticles [26–28]. NDs,
mimicking high-density lipoproteins (HDL) [29,30], are versatile delivery platforms due
to their ability to solubilize and present various drug molecules; additionally, they have
potential benefits for targeted cancer therapy due to their preferential uptake by cancer
cells [31,32].
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Figure 1. The general illustration of biomimetic delivery systems (BDSs). BDSs are designed to
emulate natural structures, thereby augmenting therapeutic efficacy. Notable examples encompass
liposomes, protein-based nanoparticles (PNPs), extracellular vesicles (EVs), cell membrane-derived
nanocarriers (CMDNs), nanodiscs, and polysaccharides.

The theoretical bedrock of biomimetic delivery systems (BDSs) is fundamentally rooted
in the principles of self-assembly, molecular recognition, and biocompatibility [1–3]. Self-
assembly refers to the process by which molecules spontaneously organize into ordered
structures [33,34]. This characteristic, borrowed from nature, is widely harnessed to
construct nanoscale delivery vehicles [35]. Molecular recognition refers to the ability
of molecules to interact specifically with others, typically resulting in a biological function
or response. This principle allows for the precise targeting of therapeutic agents to disease
sites, minimizing off-target effects. Lastly, the nano-bio interface effect and biocompatibility
are critical attributes of any biomimetic nanosystem intended for clinical use, ensuring that
the system does not elicit adverse immune responses or toxic effects [36,37]. The paradigm
of drug delivery has seen revolutionary advancement with the burgeoning interest in BDSs,
which intimately mimic biological structures to enhance therapeutic efficacy [38–40].

These advancements have catalyzed previously unattainable therapeutic opportunities,
including targeted cancer therapies [41], gene editing [42], and regenerative medicine [43]. The
diversity and adaptability of these BDSs underscore the significant potential of leveraging
nature’s design in the development of next-generation therapeutic interventions. However,
the path from the bench to bedside translation is fraught with complexity. Despite the theo-
retical advantages of BDSs, their translation into clinical applications has been slower than
expected, hindered by various technical, biological, and regulatory challenges. For instance,
issues such as scalability of production, immunogenicity, stability of the systems under
physiological conditions, and navigating regulatory approvals pose significant hurdles.
The urgency for such a discourse is evident. The promise of biomimicry in healthcare can
only be realized when these delivery systems transition from being experimental novelties
to tools readily available in the clinician’s arsenal.
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This review elucidates the translational challenges prevalent in the field, focusing on
their intricate aspects and contemplating potential resolutions (Figure 2). Given the broad
scope of this review, emphasis is placed on general themes rather than meticulous analyses
of individual cases. We initially provide an overview of the strengths and weaknesses
of various BDSs, then we examine challenges segmented into technical, biological, and
regulatory categories before presenting emerging solutions and strategies, highlighted by
instances of successful translation. Conclusively, we offer insights into the future challenges
in the BDS field, emphasizing the revolutionary impact of these technologies on healthcare
and advocating for sustained research and collaboration in this realm.
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2. An Overview of the Strengths and Weaknesses of BDSs

In the rapidly evolving landscape of drug delivery, BDSs stand out as a beacon of inno-
vation, drawing inspiration from biological structures and processes to optimize therapeutic
delivery. By mimicking nature, BDSs aim to overcome the myriad challenges associated
with traditional drug delivery, ranging from off-target effects to limited bioavailability [5].
BDSs span a broad spectrum, from liposomal structures to protein-based nanoparticles and
CMDNs [1,8,42,44]. While the promise of BDSs is undeniable, it’s imperative to evaluate
their strengths and weaknesses in comparison with each other (Table 1).

Liposomes are spherical vesicles composed of phospholipid bilayers that can encapsu-
late a wide variety of therapeutic agents. Their biocompatibility arises from their resem-
blance to biological membranes, making them a preferred choice for drug delivery [45].
Despite their adaptability in drug loading, liposomes are not without limitations [46]. A
critical issue pertains to their stability, which can be compromised during storage, neces-
sitating the development of sophisticated stabilization strategies to ensure the longevity
and efficacy of the liposomal formulation [47–50]. In vivo, liposomes may exhibit rapid
clearance from the bloodstream, primarily due to opsonization and subsequent phagocy-
tosis by the cells of the mononuclear phagocyte system [51,52]. This necessitates careful
consideration of liposome size, surface charge, and surface modification with polymers
such as polyethylene glycol (PEG) to extend their circulatory half-life [51,53].
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Table 1. An overview of strengths, weaknesses, and therapeutic applications of BDSs.

BDS Strengths Weaknesses Therapeutic
Applications

Liposomes
Biocompatible,
versatile in drug
loading

Limited stability,
potential for rapid
clearance

Anticancer and
antifungal therapy

Protein-based NPs

Albumin NPs Natural origin, good
safety profile

Variable drug loading
efficiency

Anticancer drug
delivery

Protein-based
nanocages

Defined structure,
biodegradable Complex production

Enzyme replacement
therapy, vaccine
delivery

VLPs
High
immunogenicity,
targeted delivery

Production challenges Vaccines, cancer
immunotherapy

NDs
Membrane protein
stabilization, defined
size

Limited drug loading
Drug and vaccines
delivery, drug
discovery

Silk Fibroin
Biocompatible, high
mechanical strength,
thermal stability

Potential
immunogenicity,
variable degradation
rates, processing
challenges

Bone tissue
engineering, wound
healing, anticancer
drug delivery

Gelatin Biodegradability, ease
of modification

Potential risk of
disease transmission,
temperature
sensitivity.

Drug delivery, tissue
engineering

EVs Natural origin, low
immunogenicity

Isolation purity
challenges

Regenerative
medicine, anticancer
therapy

CMDNs Mimics natural cells,
targeted delivery Complex production

Targeted drug
delivery,
immunotherapy

Polysaccharides

Alginate Biocompatible,
gel-forming

Rapid degradation
in vivo

Wound healing, drug
delivery

Chitosan Biocompatible,
mucoadhesive

Limited solubility in
neutral and alkaline
pH

Wound healing,
vaccine delivery

Hyaluronic acid
Biocompatible,
natural targeting to
CD44 receptors

Rapid degradation
in vivo

Osteoarthritis
treatment, drug
delivery

Dextran Soluble,
biocompatible

Potential for
hypersensitivity
reactions

Iron-deficiency
treatment, drug
delivery

Protein-based NPs, encompassing albumin NPs, protein-based nanocages, VLPs, and
NDs, offer a versatile toolkit for enhancing drug delivery, each with distinct advantages
and shared challenges. Albumin NPs utilize human serum albumin, which has a natural
propensity to bind to various substances, thereby facilitating the transport of a wide range
of molecules [54]. The biodegradability and lack of immunogenicity of albumin contribute
to its appeal as a drug carrier. Notably, albumin has a unique ability to accumulate in
tumor tissues due to the enhanced permeability and retention (EPR) effect, making it par-
ticularly useful for oncological applications [55,56]. However, the drug loading efficiency
of albumin NPs can be unpredictable, and their interaction with the biological environ-
ment may sometimes lead to rapid clearance from the circulatory system. Despite this,
the clinical success of albumin NPs is exemplified by the FDA-approved drug Abraxane,
which is an albumin-bound form of paclitaxel used for the treatment of various cancers [57].
Protein-based nanocages are a novel form of protein NPs that offer a highly structured
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and uniform platform for drug delivery [58]. They are engineered by utilizing the self-
assembling properties of certain proteins to form cage-like structures that can encapsulate
therapeutic agents within their hollow interior [59]. This allows for precise control over the
dosage and protection of the cargo from enzymatic degradation. However, the complexity
of synthesizing these nanocages poses a significant challenge, potentially limiting their
rapid deployment in clinical settings [60]. VLPs are multiprotein structures that mimic the
organization and conformation of viruses but are devoid of viral genetic material, which
mitigates safety concerns associated with live viral vectors. The repetitive, high-density
display of antigens on their surface makes VLPs particularly effective as vaccine platforms,
eliciting strong immune responses [11,61,62]. However, the production of VLPs is techni-
cally demanding, often requiring cell culture systems, and the scale-up for mass production
can be challenging [63–65]. Nanodiscs are synthetic nanoscale particles that incorporate
membrane proteins within a phospholipid bilayer stabilized by scaffold proteins. NDs
provide a unique milieu for the study of membrane proteins in their near-native state,
which is invaluable for drug discovery and development [66]. While they offer a con-
trolled environment for membrane proteins, their therapeutic application as drug delivery
vehicles is still nascent [30,67,68], with issues related to production scalability and drug
loading capacity yet to be fully addressed. In a comparative context, while albumin NPs
have achieved clinical use, protein-based nanocages and VLPs are still primarily in the
research or early clinical trial stages. NDs, being relatively recent developments, and have
not yet been extensively explored for therapeutic delivery but hold potential due to their
unique ability to present membrane proteins and delivery of lipophilic drugs. Each of these
protein-based NPs has its advantages in terms of specificity, biocompatibility, and targeting
ability; however, they also face common challenges such as production complexity, stability,
and potential immunogenicity.

Silk fibroin (SF) and gelatin (GA) epitomize the contrasting paradigms within BDSs,
each with inherent strengths and challenges. SF is distinguished by its robust mechanical
properties and sustained release potential, making it a quintessential candidate for struc-
turally demanding applications such as in bone tissue engineering and targeted cancer
therapies [69–71]. Nevertheless, its utility is occasionally circumscribed by intricate process-
ing requirements and immunogenic concerns. Conversely, GA is celebrated for its facile
chemical modifiability and hydrogel formation aptitude, characteristics that are pivotal for
localized therapeutic delivery and tissue engineering scaffolds [72,73]. Yet, its application
is sometimes compromised by inferior mechanical integrity, thermal instability, and the
latent risk of pathogenic transmission [74]. The selection between SF and GA for DDSs
is thus dictated by a nuanced balance between the therapeutic context and the material’s
physicochemical congruity, with each material offering distinctive contributions to the
diversifying landscape of biomimetic therapeutic delivery.

EVs and CMDNs represent two innovative approaches in the realm of biomimetic
drug delivery, each leveraging the innate properties of cellular components. EVs, owing to
their natural origin, can transport a wide variety of biomolecules and have the ability to
cross biological barriers with a low risk of immune response, positioning them as promising
vectors for regenerative medicine and targeted cancer therapies [18,75,76]. Nevertheless,
isolating EVs with high purity remains a significant technical challenge [77–79]. CMDNs,
on the other hand, utilize the unique attributes of cell membranes to cloak nanoparticles,
enabling them to evade the immune system and increase delivery specificity [27,80,81]. This
strategy has shown considerable promise in targeted drug delivery and immunotherapy,
capitalizing on the natural homing abilities of cells. Both EVs and CMDNs still face
substantial production complexities (EVs in terms of isolation and CMDNs with membrane
extraction and nanoparticle integration).

Polysaccharides, a diverse group of biopolymers, including alginate, chitosan, hyaluronic
acid, and dextran, play a pivotal role in the landscape of therapeutic delivery due to their
inherent biocompatibility and tailored biodegradability [82,83]. Alginate, renowned for
its gel-forming capabilities, is widely used in wound healing applications and as a matrix
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for cell encapsulation, benefiting from its gentle gelation conditions that preserve cell
viability [84,85]. Chitosan, with its distinctive mucoadhesive properties and ability to open
tight junctions [86], is exploited for enhanced mucosal delivery of drugs, offering improved
bioavailability and prolonged retention at the site of administration. Hyaluronic acid, by
virtue of its specific interaction with CD44 receptors [87], which are overexpressed in many
cancer cells, has emerged as a targeted delivery vehicle, especially in the treatment of
osteoarthritis, where it can provide both viscosupplementation and targeted relief [88].
Dextran, due to its excellent solubility and minimal toxicity, is employed in various drug
delivery systems and as a plasma volume expander, with its iron-conjugated forms used to
treat iron-deficiency anemia [89,90].

Despite these advantages, the application of polysaccharides is not devoid of chal-
lenges; their susceptibility to rapid degradation in vivo may limit their utility, and potential
immunogenicity cannot be entirely discounted. Moreover, the batch-to-batch variabil-
ity and the complexity of producing highly purified, well-characterized polysaccharides
can impact the reproducibility and scalability of pharmaceutical products. Hence, while
polysaccharides offer considerable benefits for drug delivery, their clinical application
requires meticulous optimization to ensure efficacy, safety, and manufacturability.

3. Challenges and Approaches in Clinical Translation of BDSs
3.1. Complexity and Reproducibility

In the realm of biomimetic delivery systems, different biomimetic materials and
structures have been explored for their potential advantages in the delivery of therapeutic
agents. Each of these systems brings unique complexities and challenges in terms of their
production and ensuring their reproducibility (Table 2), which is vital for their successful
translation into clinical applications.

Liposomes, vesicular structures composed of lipid bilayers, are valuable carriers
for various drugs, improving their pharmacokinetics, biodistribution, and therapeutic
index, exemplified by clinically approved liposomal drugs such as Doxil®/Caelyx® and
AmBisome® [91]. However, challenges in clinical translation include the heterogeneous
nature of liposomes affecting consistency between batches, impacting drug delivery efficacy
and therapeutic outcomes [92]. Size and lipid composition variations, stability concerns
related to environmental factors, and deviations in morphology and drug release under in-
appropriate storage temperatures or extreme pH levels are notable issues [47,51,93–95]. To
mitigate these, real-time monitoring, process analytical technologies (PAT), and techniques
such as nuclear magnetic resonance (NMR) spectroscopy and liquid chromatography–mass
spectrometry (LC–MS) are crucial to ensure formulation consistency and rectify deviations
immediately [96–98]. For instance, PAT provides real-time data that enables the monitoring
and control of the manufacturing process, ensuring quality and consistency in the produc-
tion of BDSs. LC-MS, on the other hand, is indispensable for the precise analysis of complex
biodistributions and pharmacokinetics in BDSs, which is critical for the optimization of
therapeutic delivery. Challenges in liposomal drug manufacturing include the need for
meticulous control over storage and handling, stringent quality control, and managing the
transition from the laboratory to the industrial scale, all contributing to increased costs and
complexity [48]. However, continuous manufacturing processes and advanced technolo-
gies, such as high-throughput screening and microfluidic systems, can enhance consistency
and uniformity, ensuring precise formulation control for therapeutic outcomes [99]. In
silico methods aid in designing stable liposomal systems [100,101]. While it’s improbable to
eradicate all challenges in liposomal drug delivery systems (LDDS), integrating advanced
technologies can alleviate them, ensuring efficient and consistent production of clinically
effective LDDS. The integration of these technologies into formulation and production
processes is crucial in addressing the challenges comprehensively.
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Table 2. A summary of the complexities, reproducibility challenges, and prospective solutions related
to various BDSs.

BDS Complexity and
Reproducibility Prospective Solutions

Liposomes

Diverse lipids induce variability.
Sustained stability is
challenging. Surface alterations
cause variability. Scaling up
adds variability.

Advanced lipid-mixing
technologies. Freeze–thaw
increases reproducibility.
Advanced ligand conjugation
methods. Automated
production control.

Protein-based NPs

Albumin NPs

Influenced by albumin source.
Uniform size and shape are
difficult to attain. Altered
surface for specific targeting.
Efficient drug encapsulation
control.

High-pressure homogenization.
Improved purification
techniques. High-throughput
screening. Microfluidics and
computational modeling.

Protein-based nanocages

Ensuring consistent protein
folding. Reproducible
encapsulation. Stable surface
chemistry. Efficient drug
encapsulation control.
Consistent drug release profiles.

Advanced bioengineering
methods. Monitoring protein
folding in real-time. New
modification methods for
stability. Innovative
drug-loading for consistency.
Smart release systems for
specific triggers.

VLPs

Complexity in VLP assembly.
Attaining purity and
reproducibility. Heterogeneous
surface modifications.
Inconsistent therapeutic
encapsulation in VLPs.

Advanced purification such as
SEC. Genomic engineering for
optimized production.
Developed specific
bioconjugation techniques.
High-throughput techniques for
optimal encapsulation.

NDs

Component multiplicity causes
variability. Consistent size and
shape. Adding functional
groups increases complexity.
Batch-to-batch variability

Synthesis and purification for
uniformity. Advanced assembly
techniques. Site-specific
functionalization and modular
design. Standardized protocols,
real-time QC, and advanced
characterization.

Silk Fibroin and Gelatin

Source variability affecting
properties. Controlling
degradation profile. Ensuring
efficient encapsulation.
Batch-to-batch variability due to
natural sourcing. Sensitivity to
processing conditions leading to
variability.

Implement strict source control
and purification processes.
Crosslinking and site-specific
functionalization. Develop
recombinant alternatives.
Standardizing protocols.
Quality assurance measures.
Process analytical technology
(PAT).

EVs

Heterogeneity of EV
populations. Differentiating EV
subtypes is challenging.
Possible contamination with
proteins. Ensuring efficient
encapsulation. Controlling
release kinetics. Maintaining EV
properties post-modification.
Ensuring targeting specificity.
EV source depends on
donor cells.

Advanced centrifugation.
High-resolution imaging and
flow cytometry. Improved
purification processes.
Sonication or electroporation.
Covalent and non-covalent
linking. Bio-orthogonal
chemistry. Molecular imprinting
techniques. Standardized cell
lines/biofactories.
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Table 2. Cont.

BDS Complexity and
Reproducibility Prospective Solutions

CMDNs

Potential heterogeneity due to
cell sources. Unpredictable
biological interactions.
Batch-to-batch differences.
Enhanced nanocarrier
functionality/specificity.

Improved cell culture
techniques. Predictive
molecular modeling and
simulation. Controlled
nanocarrier production via
microfluidics. Surface
engineering, genetic
modifications, molecular
tethering strategies.

Polysaccharides

Alginate

Variability in alginate
source/purity. Gelation process
control. Encapsulation
efficiency variability.

Advanced chromatography for
purification. Microfluidics for
consistent gel bead formation.
Advanced
sonication/emulsification.

Chitosan

Molecular weight influences
properties. Degree of
deacetylation influences
properties. Replicating desired
structures is challenging.
Crosslinking variability affects
stability. Uniform surface
properties are challenging.

Advanced chromatographic
techniques to standardize
molecular weight. Spectroscopy
for precise deacetylation.
High-resolution microscopy and
automated synthesis. Advanced
controlled crosslinking
techniques. Advanced surface
characterization.

Hyaluronic acid
Variability in sources.
Consistent molecular weight
is crucial.

Microbial synthesis of HA for
consistency. Real-time
molecular weight monitoring.

Dextran

Variability in molecular weight
distribution. Branching
variation affects behavior.
Functional group variation.
Achieving consistent
size/morphology is
challenging.

Controlled polymerization
methods. Detailed structure
analysis via spectroscopy.
Controlled enzymatic/chemical
modifications. Microfluidics for
controlled and reproducible
nanosystem generation.

The exploration of endogenous proteins such as albumin in drug delivery is growing
due to their biocompatibility and enhanced pharmacokinetics. However, the translation
of albumin-based carriers is intricate due to challenges in modification and resultant vari-
ability [102]. The complexity arises from albumin’s tendency to undergo conformational
changes and the presence of a single free thiol group that is reactive under physiological
conditions, complicating the controlled modification. Additionally, albumin’s multiple
drug-binding sites pose a challenge for achieving specific drug-to-protein ratios [103–105].
Methods such as covalent linkage and encapsulation are used for drug attachment to albu-
min [106], requiring precision to maintain albumin’s integrity, and inconsistencies in these
processes can lead to variations in drug loading and reproducibility [107]. While albumin
is naturally benign, modifications can potentially induce immune reactions, impacting its
biocompatibility, binding affinities, biodistribution, and pharmacokinetics, thereby posing
a risk of undermining its inherent benefits [104,108]. Such modifications and variability
in drug release kinetics can influence drug efficacy, plasma levels, and safety [109,110].
Utilizing high-resolution techniques and computational modeling can provide structural
insights and predict interaction behaviors in biological settings, helping in refining drug
loading and streamlining the design process [111–114]. Scaling from the lab to the industrial
level can impact product quality and characteristics in albumin-based systems, and the
complexity of albumin modification challenges the reproducibility [102,115]. Implementing
microfluidic devices [116,117], utilizing standardized albumin sources such as rHSA [118],
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and employing automated synthesis platforms can enhance reproducibility by ensuring
consistent reactions and minimizing variability and contamination [119]. The incorpo-
ration of sensors and analytical tools for real-time feedback and continuous monitoring
of synthesis parameters further ensures product consistency [120–122]. The complexity
and need for precise reproducibility in albumin-based delivery systems pose significant
challenges, but technological advancements, from high-resolution analyses to automation,
combined with strategic design, address these challenges [54,123], paving the way for
broader clinical adoption.

Ferritin-based PNPs show promise for personalized medicine due to their encap-
sulation abilities but face translation challenges stemming from the complexity and re-
producibility of assembly [124–126]. Notably, ferritin assembly is governed by both pH
and ionic strength, which exert their influence through the modulation of amino acid
ionization states and subunit interactivity, respectively [125,127–129]. Variations in pH
alter the protonation state of amino acids at the subunit interfaces, consequently affecting
their charge and dictating the electrostatic landscape critical for subunit alignment and
stabilization. Ionic strength contributes to this regulation by screening these electrostatic
charges; elevated ionic strength can shield repulsive interactions, thereby promoting assem-
bly, whereas diminished ionic strength may not provide adequate shielding, potentially
leading to disassembly [125,130]. This delicate balance of physicochemical conditions is
essential for the proper biological functioning of ferritin, as it dictates both the structural
integrity and iron-storage capacity of the complex. Therefore, precise control of pH and
ionic strength is critical due to ferritin’s conformational plasticity, and deviations can lead
to irregular nanoparticles affecting drug delivery and therapeutic outcomes [129]. Standard
assembly/disassembly methods and advanced spectroscopic techniques are pivotal for
maintaining conditions and understanding ferritin conformational transitions [131,132].
Modifications to optimize encapsulation can disrupt self-assembly and affect size, thus
impacting pharmacokinetics and pharmacodynamics [59,133,134]. Standardized modifica-
tion protocols, including directed evolution and genetic fusion, are crucial for maintaining
consistency [135]. The inherent size variability of ferritin nanoparticles poses further chal-
lenges [136], necessitating advanced separation methods and size-exclusion techniques to
ensure uniform therapeutic outcomes [137]. Real-time monitoring and advanced charac-
terization techniques such as cryo-electron microscopy provide insights into structures,
aiding in addressing polydispersity [138]. Integration of technology advancements such as
molecular dynamics simulations offers perspectives on ferritin assembly behavior, aiding
in addressing the polydispersity [128,139] for informed design. A comprehensive approach
focusing on control and standardization can help overcome challenges and realize ferritin’s
clinical potential in personalized medicine.

Virus-like particles (VLPs) use the infectious properties of viruses for therapeutic
delivery, relying on complex recombinant DNA technology [13], and face inherent pro-
duction variability. Advanced bioinformatics tools can refine the integration of foreign
DNA [140,141], reducing genetic risks and enabling exact cellular condition control, as-
sisted by modern bioreactors and real-time monitoring [65]. These innovations, along with
high-throughput screening and synthetic biology, can mitigate biological system variability
and genetic instability, promoting consistent VLP manufacturing [141–143]. However, puri-
fying VLPs is complex due to their similarity to host proteins and size variation. Variations
in purification methods can affect VLP yield and characteristics [144], possibly causing
inconsistent therapeutic results. Nanotechnology and advanced filtration [145,146], cou-
pled with real-time monitoring and cutting-edge spectroscopy [147–149], address these
challenges by distinguishing VLPs from impurities and ensuring structural integrity. A
deeper understanding of fundamental biological processes and targeted interventions,
backed by advancements in technology and knowledge, are crucial for developing more
efficient and reliable production strategies for VLP delivery systems.

Nanodiscs (NDs), stabilized by membrane scaffold proteins (MSPs), are discoidal
structures apt for studying membrane proteins and delivering bioactive agents due to their
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biomimetic nature [29,30]. However, their clinical application is hindered by challenges
in the complex, multi-step assembly process and reproducibility. The assembly involves
the self-assembly of phospholipids and MSPs, and the correct protein-to-lipid ratio is
crucial for ND integrity and function [150]. Factors such as lipid type, MSP variant,
and assembly conditions necessitate optimization and significantly impact the assembly
complexity and reproducibility [150,151], which are essential for complying with strict
pharmaceutical regulations. Minor variations could alter ND properties, affecting their
in vivo behavior and therapeutic efficacy, leading to batch variability and translational
challenges. Microfluidic automation [152], real-time monitoring [153], and design strategies,
such as molecular dynamics simulations [154–156] can address assembly complexity and
enhance understanding of ND behavior. The scalability of ND production is pivotal,
with continuous flow synthesis being a potential solution to maintain quality and meet
regulatory demands for manufacturing consistency, as traditional batch processes introduce
variability and are challenging to scale [157,158]. Efficient detergent-removal strategies and
the exploration of biocompatible, biodegradable detergents are vital to mitigate toxicity
concerns and simplify post-assembly purification [159–161]. In conclusion, overcoming the
challenges in assembly complexity, reproducibility, and scalability is crucial to harness the
full potential of NDs in innovative therapeutic delivery systems.

Silk fibroin (SF) and gelatin (GA) have been extensively researched for their potential
in biomimetic delivery systems, owing to their biocompatibility and adjustable degradation
rates, essential for in vivo nanoparticle application, especially in drug delivery [72–74,162].
However, translational challenges arise from their inherent complexity and the associated
reproducibility issues in nanoparticle fabrication. For SF, clinical application is hindered by
product heterogeneity arising from variability in silk sources and fibroin properties [163].
Advanced genetic engineering tools, such as CRISPR/Cas systems, and standardized fi-
broin extraction methods can help overcome such variability, ensuring consistent quality and
properties essential for drug delivery [164–166]. Similarly, GA faces variability and repro-
ducibility challenges due to differences in source animals and extraction methods [167–169].
High-throughput screening techniques and process standardization [170–172], including
controlled crosslinking conditions and microfluidic platforms [171–174], are crucial for
maintaining consistency in nanoparticle production. These enhancements, along with
computational models predicting interactions between SF or GA and encapsulated drugs,
contribute to achieving optimal and consistent biological performance [175–177]. Thus,
standardized sourcing, purification, and fabrication procedures coupled with a comprehen-
sive understanding of their impacts are imperative for the successful clinical translation of
these biomimetic systems.

Extracellular vesicles (EVs) are notable for their potential in targeted therapeutic
delivery and have gained prominence in biomedical research due to their capacity to
transfer cellular information. However, their clinical transition is impeded by challenges
related to their production, heterogeneity, scalability, and stability [178,179]. EVs, origi-
nating from cell cultures, play roles in cellular communication and waste management
but exhibit considerable variability in size, content, and origin, complicating manufactur-
ing and impacting therapeutic predictability and reproducibility [180]. Controlling this
variability is crucial and can be achieved using single-vesicle analysis techniques, such
as nanoscale flow cytometry, and potentially through synthetic biology approaches to
ensure uniform EV production [178,181–183]. Scalability remains a significant challenge,
with existing methods such as ultracentrifugation being inefficient and inducing structural
alterations in vesicles [184]. The introduction of novel technologies such as bioreactors and
microfluidic platforms has revolutionized EV production by optimizing cell conditions
and enhancing yield and process efficiency [185–188]. The stability of EVs is paramount,
with external factors impacting their functionality and safety. Advanced lyophilization,
nano-encapsulation, and cryoprotectants have been employed to enhance EV shelf life,
protect vesicle integrity, and prevent aggregation [189–191]. The application of artificial
intelligence and machine learning can expedite and standardize EV analysis for quality
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control [192]. Despite their immense therapeutic potential, the realization of EVs necessi-
tates advancements in their biology, production optimization, and rigorous quality control
to address the prevailing challenges.

Cell membrane-derived nanocarriers (CMDNs), particularly from erythrocytes, present
a promising frontier in targeted therapeutic delivery due to their biological stealth charac-
teristics [20,26,27]. Nonetheless, the complexities in isolation, modification, and loading
processes, coupled with the need for rigorous quality control and reproducibility, impede
their clinical translation [193]. The isolation of CMDNs is intricate, involving donor cell
selection, cell lysis, and the removal of cellular components, and each stage introduces
potential variability, affecting product consistency [194]. Donor cell selection, influenced by
age, health, and genetics, affects nanocarrier characteristics and performance. Implemen-
tations of microfluidic technologies, automation, and the utilization of ‘cell banks’ with
optimal donor cells can standardize processes and diminish variability [152,195]. Addition-
ally, post-isolation engineering of CMDNs for enhanced stability, circulation, and targeted
delivery introduces further complexity. Controlled conditions and precision are requisite
for consistent modifications across batches, facilitated by techniques such as atomic layer
deposition and bio-orthogonal chemistries [196,197], with real-time monitoring ensuring
uniformity [198,199]. Rigorous validation is vital for confirming drug loading and release
profiles, crucial for therapeutic efficacy. The need for stringent quality control amid varied
CMDN properties necessitates comprehensive quality control approaches. Techniques
such as nanoparticle tracking analysis and dynamic light scattering are fundamental for
characterizing CMDN parameters [200]. However, inherent biological variability and mul-
tifaceted production processes exacerbate the challenges in capturing CMDN diversity.
Feedback-controlled systems, such as process analytical technology (PAT) [201], and com-
putational models leveraging molecular dynamics and machine learning provide predictive
insights into nanocarrier behavior and aid in optimizing production parameters [202,203].
Overcoming the production complexities, variability, and quality control challenges is
pivotal for the clinical realization of CMDNs.

Polysaccharides such as alginate, chitosan, hyaluronic acid (HA), and dextran are
prominent in nanoparticle synthesis due to their biocompatibility and safety [204]. How-
ever, their natural origins introduce variability in source, purification, and modification,
yielding heterogeneity in nanoparticle properties which can impact the stability and repro-
ducibility of delivery systems. The diverse sources, with variations in biological, chemical,
and physical properties, influence polysaccharide properties, such as molecular weight
and degree of deacetylation, thereby affecting nanoparticle attributes such as size, charge,
stability, and, ultimately, therapeutic efficacy [205–207]. Modern extraction techniques and
purification processes can mitigate batch variability, while sensor-based technologies and
process adjustments aim to enhance consistency [208–211]. However, residual contaminants
and modifications to polysaccharides amplify heterogeneity issues, impacting solubility,
degradation, and drug loading. The employment of machine learning and artificial in-
telligence optimizes modification parameters, ensuring consistent processes and reduced
product variability. The inherent variability in polysaccharide-based nanoparticles alters
biological interactions and poses challenges in clinical translation, affecting pharmacokinet-
ics, biodistribution, and therapeutic efficacy [212]. Advanced characterization methods and
real-time monitoring technologies, such as PAT and digital twins of the production process,
are crucial to control heterogeneity and enhance reproducibility [201,213]. The inherent
complexity and reproducibility challenges of polysaccharides necessitate the development
of standardized methods for extraction, purification, and modification, as well as advanced
characterization techniques. Integrating technological advancements and innovative design
strategies is pivotal for developing consistent and effective polysaccharide-based delivery
systems, essential for bridging the gap from laboratory to clinical application.
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3.2. Stability and Longevity

The quest for the stability and longevity of BDSs in physiological conditions is a
complex journey marked by numerous challenges (Table 3). These systems, while crafted to
mimic the natural biological environment, still encounter substantial difficulties in withstanding
rapid clearance or degradation within the human body. This factor reduces their therapeutic
window, undermining their effectiveness in achieving the desired clinical outcomes.

Table 3. An overview of the stability, longevity challenges, and prospective solutions related to
various biomimetic delivery systems.

BDS Stability and Longevity
Challenges Prospective Solutions

Liposomes

Sensitivity to oxidation and
hydrolysis. Fusion/aggregation in
serum. Rapid clearance from
circulation.

Liposome coating (e.g., PEGylation).
Incorporation of cholesterol.
Antioxidant inclusion.

Protein-Based NPs

Albumin nanoparticles
Instability in harsh environments
(e.g., acidic pH). Enzymatic
degradation.

Cross-linking of albumin molecules.
Encapsulation with protective
polymers. Surface modifications.

Protein-based nanocages
Structural disintegration at
non-optimal conditions. Immune
recognition and clearance.

Chemical surface modifications.
Incorporation of stability-enhancing
ligands. Fusion with other stable
proteins.

VLPs
Potential immunogenicity. Stability
issues due to dynamic protein
structures.

Genetic modifications.
Encapsulation within protective
matrices. Surface modifications to
reduce immunogenicity.

NDs
Sensitivity to physiologic conditions,
leading to structural alteration.
Potential immune recognition.

Use of stable lipids. Protective
protein inclusion. Surface
modification.

Fibroin and Gelatin Sensitivity to temperature and pH.
Enzymatic degradation in vivo.

Chemical cross-linking.
Incorporation into composite
materials. Coating with protective
polymers.

EVs

Susceptibility to clearance
mechanisms. Sensitivity to
physiologic conditions leading to
vesicle disruption.

Surface modifications. PEGylation.
Encapsulation within biomaterials.
Cryopreservation techniques.

CMDNs
Potential immunogenicity.
Sensitivity to in vivo degradation
mechanisms.

Immune camouflage techniques.
Genetic modifications for enhanced
stability. Surface modifications.

Polysaccharides

Alginate
Rapid degradation in vivo.
Instability in the presence of
divalent cations.

Cross-linking with divalent cations.
Incorporation into composite
materials. Layer-by-layer assembly.

Chitosan Solubility issues in neutral and basic
pH. Rapid degradation in vivo.

Chemical modifications for
solubility. Cross-linking.
Layer-by-layer assembly.

Hyaluronic acid
Rapid enzymatic degradation
in vivo. Instability under harsh
conditions.

Derivatization and cross-linking.
Hydrogel formulations. Composite
materials incorporation.

Dextran Sensitivity to oxidative conditions.
Enzymatic degradation.

Cross-linking. Encapsulation within
protective matrices. Blend with
other stable polymers.

Liposomes are inherently unstable due to the susceptibility of phospholipids to oxida-
tion and hydrolysis, affecting their structural integrity and function [214,215]. Oxidation
leads to the formation of cytotoxic peroxidation by-products, posing substantial challenges
to clinical applications [52]. Antioxidants such as vitamin E and ferulic acid can neutralize
oxidative damage, and their uniform distribution is facilitated by advanced techniques
such as high-pressure homogenization [49,216,217]. The incorporation of stable phospho-
lipids such as sphingomyelin and cholesterol can further enhance membrane stability [218].
Conversely, hydrolysis disrupts liposomal structure and compromises the stability and the
encapsulated agents’ efficacy in physiological environments [219–222]. Encapsulation with

15



Pharmaceutics 2023, 15, 2623

lipid-polymer conjugates such as PEG-PE and emerging techniques such as electrospinning
can mitigate hydrolytic degradation [223,224]. Utilizing hydrolytically stable phospho-
lipid analogs and designing liposomes with interdigitated lipid phases or incorporating
ceramides can also bolster resistance to hydrolytic degradation [225]. Therefore, a pro-
found understanding of phospholipid oxidation and hydrolysis is essential for developing
stabilization strategies, which are crucial for liposomes’ successful clinical translation.

Albumin-based BDSs, revered for their biocompatibility and molecule-binding po-
tential, encounter numerous challenges in clinical transition due to their interactions
with various bodily substances, leading to aggregation and premature therapeutic re-
lease [109,110,226]. Such interactions risk sub-optimal outcomes and affect pharmacokinet-
ics and efficacy as they are quickly cleared by the immune system. Furthermore, enzymatic
actions in the body can jeopardize their structural integrity and result in variable drug
levels and adverse events [102]. Storage and transport also present challenges, including
denaturation, oxidation, and aggregation [111,227–229]. Generally, protein-based BDS are
highly sensitive to environmental conditions such as temperature fluctuations and light ex-
posure, which can significantly compromise their structural integrity and stability [228,230].
Elevated temperatures may cause denaturation and aggregation of the biomimetic compo-
nents while exposure to light, particularly UV light, can initiate oxidative reactions and
photoinduced damage that further destabilize the protein structure. These changes not only
lead to altered pharmacokinetics and reduced drug-binding efficacy, but also raise safety
concerns due to the potential for increased immunogenicity. Thus, maintaining controlled
storage and transport conditions is critical to preserve the functionality of protein-based
BDSs. Several strategies have been developed to mitigate these challenges, including na-
noencapsulation and PEGylation to prevent premature interactions and extend circulation
half-life [231–233]. Modifying nanoparticle size and shape, utilizing enzyme-inhibiting
coatings, and employing cryopreservation and lyophilization address issues related to im-
mune evasion, enzymatic degradation, and structural integrity [234,235]. Implementations
of antioxidants, hydrogel encapsulation, and optimized buffer solutions offer protection
against various stresses and maintain albumin structure [236,237]. Molecular imprint-
ing and stimuli-responsive elements have also been utilized for improved drug loading
and controlled delivery [238–241]. Hence, integrating these methodologies is pivotal in
addressing the complications associated with albumin-based BDSs, enabling enhanced
therapeutic delivery.

Protein-based nanocages, led by ferritin, are a breakthrough in theranostic devices.
They promise innovative drug delivery systems based on biomimetic principles. However,
the journey to clinical use presents challenges, including structural disruption in varying
in vivo environments, which might trigger unintended drug release [129]. These nanocages
also risk denaturation, aggregation, or deactivation under certain conditions, necessitating
specialized storage solutions. While ferritin’s capability to traverse biological barriers is no-
table, controlling sustained drug release remains complex [127,242], with modifications for
targeted delivery potentially introducing immunogenicity [243,244]. Ensuring uniformity
in properties and drug potency during clinical manufacturing is imperative. Address-
ing these challenges demands a multidisciplinary approach, employing advancements in
material science, innovative storage technologies, molecular engineering for precise drug
release, advanced bioconjugation, computational simulations, high-resolution analytics,
and machine learning for real-time monitoring [245,246]. This integrated methodology,
combining the expertise of nanotechnologists, biologists, and pharmacologists, is crucial
for unleashing the full potential of ferritin-based systems in targeted oncology.

VLPs are renowned for their precise control, defined structures, and adjustable im-
munogenicity, marking them as ideal candidates for targeted delivery platforms. However,
their stability is compromised in demanding physiological environments due to factors such
as pH fluctuations and the presence of proteases, causing potential premature therapeutic
release and impacting targeting capabilities [140,247–249]. The inherent immunogenicity of
VLPs, while advantageous for vaccines, poses a significant challenge for drug delivery, as it
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can provoke immune responses leading to rapid clearance and possible side effects [12].
Addressing these issues involves incorporating pH-responsive modifications and protease-
resistant motifs to enhance stability [250–253], leveraging nanotechnology and surface
modifications to augment targeting precision [254–256], and developing innovative strate-
gies including “stealth” VLPs and biomimetic coatings to balance immunogenicity [257,258].
Such developments are pivotal in evolving VLPs into efficient, stable therapeutic delivery
systems poised to yield enhanced clinical outcomes.

NDs serve as versatile drug delivery platforms but are hampered by challenges
stemming from their amphiphilic lipid nature, causing instability in size, shape, and
functional efficacy. Factors including temperature, pH, and ionic strength can induce lipid
phase transitions and nanodisc aggregation, potentially causing premature drug release
and reducing therapeutic efficacy [259,260]. The vulnerability of NDs to oxidation and
enzymatic degradation poses significant concerns regarding their longevity, and interaction
with serum proteins can further induce instability [261]. Additionally, the formation of a
protein corona can lead to swift immune clearance and can elicit immune responses, thereby
raising safety concerns [262]. Strategies to enhance ND stability include reinforcing the lipid
layer, incorporating antioxidants, PEGylation, and developing stimuli-responsive NDs, all of
which are crucial to maintaining ND biocompatibility and therapeutic potency [29,40,263,264].
The advancement in these strategies holds the potential to revolutionize ND-based drug
delivery systems.

Fibroin and gelatin, due to their biocompatibility and biodegradability, are widely
used in biomimetic delivery systems but face challenges related to stability and longevity
under physiological conditions [265,266]. These proteins are susceptible to enzymatic
degradation and pH variations, which affect their structural integrity and could lead to pre-
mature therapeutic release. Additionally, traditional sterilization methods can compromise
their structural effectiveness for drug delivery. Several strategies are being developed to
overcome these challenges. Chemical crosslinking and blending with synthetic polymers
enhance resistance to degradation and improve mechanical properties [267–270]. Inte-
gration of bioinert nanoparticles and lyophilization offers stability and controlled drug
release [271,272]. Innovations such as pH-responsive coatings [273,274], coacervation- and
electrospinning-optimized encapsulation technologies [275–278], and novel fabrication and
sterilization methods, including supercritical carbon dioxide-based NP formation method-
ologies and cold plasma sterilization [71,279], are being explored to maintain material
integrity and safety. These advancements reinforce the significance of fibroin and gelatin in
evolving biomedical applications.

EVs exhibit promising capabilities for targeted therapies due to their unique biological
functionality but face substantial challenges in maintaining stability and longevity [190,280–282].
Physiological factors, along with difficulties in isolation, purification, and modification, can
alter EV structure and hinder therapeutic delivery capabilities [77–79,282,283]. The unstable
nature of EVs necessitates advancements in methodology to preserve functionality during
storage, transport, and therapeutic loading, with issues such as sensitivity to freeze–thaw
cycles and long-term storage further complicating their utilization [191,284]. Strategies such
as encapsulation technologies [285,286], surface modifications [287], and advanced isolation
methods are being developed to address these challenges [187,188,288]. Additionally,
innovations in cryoprotectants, packaging, and transport solutions are being explored to
enhance EV stability and integrity [235,289]. The advancement of these strategies, coupled
with interdisciplinary collaboration, is pivotal for harnessing the therapeutic potential of
EVs in modern medicine.

In biomimetic delivery, CMDNs, particularly those derived from red blood cells
(RBCs), display significant stability and longevity challenges and can trigger immune
responses leading to premature clearance due to alterations during the extraction and
modification processes [290]. The mononuclear phagocyte system (MPS) recognizes altered
RBC-derived nanocarriers, reducing their bloodstream longevity [291]. Solutions including
surface camouflage (immune evasion through surface engineering with biocompatible
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polymers such as polyethylene glycol (PEG) or proteins that mimic the natural RBC sur-
face), synthetic RBC mimetics, and the controlled release (response to pH, temperature, or
particular biomolecules) of immunosuppressive agents are being explored to mitigate these
challenges and prolong circulation [292,293]. Furthermore, preserving structural integrity
and maintaining optimal stability and efficacy during storage and transport is crucial, with
enhancements via nanoengineering, refined cryopreservation, lyophilization methods, and
innovative preservatives being pivotal [294–296]. The development of CMDNs necessitates
a multidisciplinary approach, combining biotechnology, material science, and pharmacol-
ogy, to optimize the stability, longevity, and controlled-release kinetics of RBC-derived
nanocarriers, heralding advancements in therapeutic delivery systems.

Polysaccharide-based carriers such as alginate, chitosan, hyaluronic acid, and dextran
exhibit unique stability issues. Alginate and chitosan are notable for their biocompatibility
and biodegradability but are susceptible to instability due to their hydrophilic nature,
resulting in vulnerability to environmental factors such as pH and ionic strength [297,298].
Chemical modifications and protective coatings can address these vulnerabilities, improv-
ing their resilience. Hyaluronic acid faces stability issues due to susceptibility to enzymatic
degradation by hyaluronidases, affecting its longevity and therapeutic effect [299]. The
introduction of enzyme inhibitors or structural modifications can improve its resistance.
Dextran, while soluble and biocompatible, is sensitive to microbial contamination, affecting
its long-term stability [299]. Enhanced sterilization, incorporation of antimicrobial agents,
and encapsulation techniques can mitigate this susceptibility. The formulation of these
polysaccharides into nanoparticles or microspheres offers improved stability and controlled
therapeutic release, symbolizing a promising development in creating robust delivery plat-
forms [204,211,300]. Furthermore, the profound potential of polysaccharide-based BDSs is
notably challenged by inherent stability issues. The integration of technological advance-
ments, innovative design, chemical modifications, and protective strategies is crucial for
realizing their full therapeutic capabilities, promoting the development of more resilient
and efficient delivery platforms. Despite the revolutionary prospects of these delivery
systems in drug delivery, stability and longevity challenges in physiological conditions,
storage, and transport require continuous research, development, and optimization of
fabrication and handling processes. This emphasizes the need for stabilizing agents and
optimized procedures to enhance the clinical translatability of these promising systems.

3.3. Efficacy and Safety

The efficacy and safety of therapeutic agents, especially BDSs that emulate natural
biological entities, are fundamental to their clinical utility. These BDSs are anticipated to
provide efficacy comparable or superior to existing treatments with a satisfactory safety
profile, but their clinical translation encounters substantial challenges such as unpredictable
in vivo behavior, potential off-target effects, and unexpected immune responses [301].
Comprehensive evaluation, including preclinical and clinical studies of pharmacokinetics,
pharmacodynamics, and immunogenicity, is pivotal to establish therapeutic validity.

Liposome-based BDSs, noted for their ability to encapsulate diverse agents, promise
enhanced drug solubility and targeted delivery [91]. However, intrinsic challenges exist,
impacting therapeutic efficacy and safety [302]. Variations in entrapment efficiency can
result in sub-optimal drug concentrations, affecting therapeutic outcomes. Challenges
with drug release kinetics, premature or delayed, can compromise drug effectiveness [303].
Rapid clearance and degradation in biological fluids and interactions with serum proteins,
enzymes, or immune cells diminish drug bioavailability [301]. Inaccurate targeting and
off-target interactions can necessitate higher doses, inducing potential side effects. Lipo-
somal formulations, especially those modified with targeting ligands, may elicit immune
responses, ranging from allergies to severe anaphylaxis [304,305], and certain liposomal
components can exhibit toxicity. The variability in the enhanced permeability and retention
(EPR) effect introduces an additional complexity [306]. Rapid drug release due to desta-
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bilization presents overdose risks [307]. Despite the potential of liposomal systems, these
multifaceted concerns necessitate meticulous consideration and ongoing refinement.

The clinical translation of liposomal technologies, exemplified by pioneering formula-
tions such as Doxil® and AmBisome®, highlights the innovation in therapeutic delivery.
Doxil®, a paradigmatic FDA-approved nanodrug, utilized adaptive trial designs for dy-
namic dose adjustments, balancing efficacy with safety and showcasing the importance
of real-time data-based refinements [308]. AmBisome® distinguished itself with a metic-
ulous comparative approach in clinical trials, revealing its superior therapeutic index in
antifungal treatments [309,310]. The imperative theme is the necessity of adaptable and
flexible trial designs; MAMS, or multi-arm multi-stage designs are a novel approach in
clinical trial methodology, allowing for multiple treatments to be tested simultaneously
against a common control group [311,312]. This design provides flexibility to add or drop
treatment arms based on interim results. Therefore, MAMS designs are efficient by al-
lowing simultaneous evaluations of various formulations, accelerating development and
optimizing resource allocation. In the post-approval phase, the integration of real-world
evidence (RWE) and stringent post-marketing surveillance are crucial, providing insights
into long-term safety, rare side effects, adherence patterns, and therapeutic outcomes in
diverse populations [313,314]. This approach, drawing from the foundational successes
of Doxil® and AmBisome®, informs and refines subsequent clinical trials and therapeutic
guidelines. The clinical success of liposomal technologies underscores the essential role
of innovative trial designs, adaptability, and ongoing evaluation in advancing liposomal
therapeutics from experimental to established clinical treatments.

PNPs, encompassing a diverse set of biomaterials such as Albumin nanoparticles,
protein-based nanocages (exemplified by ferritin), VLPs, NDs, fibroin, and gelatin, are
advancing to the forefront of drug delivery research due to their inherent biocompatibility,
biodegradability, and potential for precision-targeted therapeutic delivery. For Albumin
nanoparticles, despite being synthesized from endogenous proteins, the inherent risk lies
in the potential elicitation of immunogenic reactions, stemming from slight alterations
or impurities during the nanoparticle formation process [315]; moreover, their inherent
stability is also a concern, as degradation can substantially affect drug release kinetics,
leading to suboptimal therapeutic effects [102,229]. Turning to protein-based nanocages,
specifically ferritin, they display the dual challenges of potentially inconsistent drug loading
efficiencies, which directly impact the therapeutic dosing [127,316], and a heightened
sensitivity to environmental factors such as pH or temperature; this sensitivity might
result in unintended, premature drug release [127,129]. Additionally, their natural role
in iron storage poses concerns over inadvertently disrupting iron homeostasis in the
body [317]. VLPs, while ingeniously designed to lack viral genetic material, are not without
concerns, primarily rooted in the potential of evoking systemic immune reactions. Their
complex synthesis pathway also introduces the risk of production inconsistencies and,
albeit rarely, a shadow of concern regarding potential mutations, raising the specter of
inadvertently reintroducing pathogenic properties [12,318]. NDs, in their design, carry lipid-
based structures, which render them susceptible to oxidation or hydrolysis, challenges further
exacerbated by potential size inconsistencies that can lead to variable biodistribution, affecting
their therapeutic reach and efficacy [150]. Finally, the naturally-derived PNPs, fibroin and
gelatin, introduce their own set of challenges: their natural sourcing can lead to variability in
nanoparticle properties between batches, potential toxicity stemming from the use of chemical
crosslinkers, and the concern of rapid degradation in physiological settings, which can obstruct
the controlled, sustained release of therapeutic agents [162,167,173,319]. In summation, while
the promise of PNPs in revolutionizing therapeutic delivery is undeniable, their path
is fraught with multifaceted scientific challenges that mandate rigorous research and
optimization before clinical fruition.

EVs and CMDNs, including exosomes, microvesicles, and apoptotic bodies, are promi-
nent for their therapeutic delivery potential due to their biocompatibility and capability
for targeted delivery, offering advantages over synthetic carriers. Nevertheless, integrat-
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ing them into clinical paradigms requires rigorous evaluation of therapeutic efficacy and
safety [320,321]. Achieving site-specific delivery is challenging, potentially leading to off-
target effects [322]. Stability during storage is vital, with factors such as temperature fluctu-
ations compromising therapeutic potential [190]. Immunogenicity is a significant concern;
while autologous sources mitigate risks, large-scale production from allogenic or xenogenic
sources amplifies associated risks [323]. Batch-to-batch variability and contamination risks
during isolation compound safety concerns [324]. The potential for horizontal gene trans-
fer by exosomes could inadvertently transfer detrimental genes. As the biomedical field
progresses with the rise of EVs and CMDNs, there’s an escalating need for reconfigured
clinical trial frameworks to address the unique challenges associated with these therapies,
particularly due to variable cargo loading efficiencies influenced by variations in vesicu-
lar dimensions, intricate lipidomic architectures, and membrane biomechanics [325,326].
Adaptive clinical trial designs become indispensable, allowing for modifiable responses
based on interim findings and leveraging real-time pharmacokinetic feedback to optimize
dosages [327,328]. The MAMS designs are noteworthy, enabling concurrent evaluations to
optimize therapeutic precision [329]. Integration of real-world data is crucial to understand
the longitudinal stability and efficacy in real clinical settings, balancing trial controls with
patient variability. Safety evaluations should consider the diverse origins of EVs, employ-
ing basket and umbrella trial structures to assess immunogenicity risks across different
patient cohorts [330]. Sequential multiple assignment randomized trial (SMART) designs,
renowned for flexibility, are pivotal to counter variability and contamination threats, allow-
ing treatment recalibrations based on evolving responses or risks [331,332]. The latent risk
in exosomes mediating detrimental horizontal gene transfers demands meticulous dynamic
surveillance mechanisms supported by Bayesian analytical paradigms. In conclusion, to
realize the potential of EVs and cell membrane-based nanocarriers without compromising
safety, clinical trial methodologies must evolve, incorporating innovative, adaptive, and
rigorous designs.

Polysaccharide-based BDSs are renowned for their biocompatibility, biodegradabil-
ity, and functional modification capacities, making them prominent in drug delivery re-
search [83,204,211,300]. However, alginate exhibits challenges including burst release
patterns and syneresis, impacting optimal drug concentrations and release kinetics and
posing potential overdose concerns [333,334]. Contaminants in alginate can also provoke
inflammatory responses. Chitosan’s solubility is pH-dependent, affecting its efficacy in
diverse bodily microenvironments, and variations in its molecular weight distribution
can lead to discrepancies in drug loading and release profiles [298]. Its biodegradation
kinetics can leave residual fragments in vivo, raising safety concerns including rare aller-
gic reactions. HA’s propensity for rapid enzymatic degradation limits its suitability for
sustained drug delivery, and its purity is crucial if derived from animal sources to avoid
immune responses or pathogen transmission [299]. Dextran, though versatile, presents chal-
lenges, with variable molecular weights affecting delivery profiles, and has rare instances
of induced anaphylactic reactions associated with higher molecular weights [205,335].

A holistic assessment of polysaccharide-based BDSs necessitates a transition from tra-
ditional to more innovative, flexible clinical trial designs, with adaptive designs becoming
pivotal for modifications including dose titrations based on interim analyses, addressing
biomimetics’ unpredictability [308,327,328]. The efficient MAMS design allows simultane-
ous evaluations of diverse formulations, swiftly sidelining suboptimal candidates, while
platform trials provide a dynamic scaffold for continuous comparison of polysaccharide
derivatives [312,328,329]. The specificity of umbrella and basket trials is invaluable for
discerning patient subpopulations benefiting from particular formulations, enhancing pre-
cision medicine [330]. Integration of RWE is crucial, offering insights into broader clinical
scenarios and assessing the real-world effectiveness of polysaccharide-based BDSs [314].
Incorporating patient feedback in patient-centric trials facilitates comprehensive assess-
ments of biocompatibility and efficacy [336]. However, the employment of such innovative
designs involves complexities; they require sophisticated statistical methodologies, con-
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tinuous monitoring, and transparent, ethical decision-making. In summary, the clinical
validation of polysaccharide-based BDS systems is intrinsically linked to the strategic
employment of these innovative, nuanced trial designs in therapeutic applications.

In conclusion, while each biomimetic delivery system carries unique opportunities,
they all share common challenges in terms of their in vivo behavior, safety, and efficacy
profiles. To enable their clinical translation, a comprehensive understanding of these
challenges and the development of strategies to address them is crucial. This should include
extensive preclinical and clinical evaluation of their pharmacokinetics, pharmacodynamics,
and potential for inducing immunogenicity. The successful resolution of these challenges
will unlock the therapeutic potential of these biomimetic delivery systems, improving
patient outcomes across a range of diseases and conditions.

3.4. Regulatory and Ethical Challenges

The clinical implementation journey of BDSs encompasses intricate regulatory ne-
cessities and significant ethical considerations, often aligning with advanced therapy
medicinal products (ATMPs) or nanomedicines, requiring specialized regulatory path-
ways [337,338]. The diverse forms of BDSs, such as liposomes, albumin, CMDNs, and
various polysaccharides, necessitate the formulation of innovative regulatory guidelines
and consistent dialogue between researchers and regulatory entities to navigate the clinical
translation pathway. Ethical considerations become paramount, especially with human-
derived biomimetic materials such as EVs or RBCs [339], necessitating thorough informed
consent processes, strict privacy protection measures, and equitable access considerations
encompassing production cost, pricing, and healthcare infrastructure disparities. While ad-
dressing technical challenges is crucial, ethical concerns require equal emphasis, requiring
a multidimensional approach to harmonize scientific innovation, regulatory compliance,
and ethical responsibility in the clinical translation of biomimetic delivery systems.

Liposomes require intricate characterization due to their diverse properties, raising
regulatory and informed consent complexities [46], and their predisposition to degradation
necessitates stabilization efforts. PNPs such as albumin and ferritin pose risks of adverse
immune reactions, batch variability, and contamination, particularly from animal-derived
proteins, which elevate ethical concerns and can limit acceptability among certain de-
mographics [340]. VLPs, although non-pathogenic, invoke apprehension about potential
immunogenic responses and necessitate elevated consent standards due to uncertainties
surrounding their long-term effects [64]. NDs, being relatively novel, face challenges in
standardization and harbor unresolved ethical considerations. EVs present hurdles in
achieving reproducible isolation and purification protocols and pose potential risks in
transmitting undesired biomolecules, emphasizing the need for transparency [77–79,323].
CMDNs face challenges in preserving native membrane characteristics while balancing
potential immunogenic reactions, especially when sourced from human tissues. Polysac-
charides bring forth challenges related to consistency and contamination [211], with their
derivation methods potentially conflicting with the preferences or beliefs of certain patient
groups, thus intensifying ethical dilemmas.

The emerging BDSs epitomize the integration of nature’s complex designs with human
technological developments and have brought to the forefront an urgent necessity for
advanced regulatory and ethical frameworks tailored to their nuances (Table 4). Historically,
the edifice of regulatory standards has been anchored on principles of safety, efficacy, and
quality, further buttressed by ethical cornerstones such as informed consent, equitability,
and transparency. These tried-and-true paradigms, though effective for conventional
therapeutics, grapple with the multifaceted challenges inherent to BDS. A hallmark feature
of these systems is their biological variability and complexity, which, while promising
targeted precision, complicates the path to achieving consistent reproducibility, i.e., a
gold standard in therapeutic evaluations. This variability is compounded by BDSs’ novel
and potentially multifactorial mechanisms of action, which can diverge significantly from
traditional therapeutics and demand a deeper level of scrutiny. Further, owing to their
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intimate mimicry of biological systems, BDSs introduce the possibility of unprecedented
interactions with native biological entities, necessitating rigorous preemptive assessment
and monitoring. On the ethical front, the material source variability of BDSs introduces
intricate layers of concerns, spanning from informed consent and potential exploitation
to uncharted territories of long-term biocompatibility and unforeseen systemic effects.
The sophistication and innovation underlying BDSs, while promising groundbreaking
therapeutic solutions, might also inadvertently escalate production and distribution costs,
thus catalyzing debates on equitable accessibility, especially in socioeconomically diverse
settings. As the biomedical community stands at this crossroads, a forward-thinking
regulatory strategy is of paramount importance. This strategy should champion adaptive
oversight mechanisms, foster interdisciplinary dialogues, and advocate for harmonized
global standards, ensuring that BDS innovations are not siloed but shared collaboratively.
Concurrently, ethical protocols require a renaissance, one that broadens the boundaries of
informed consent, deepens stakeholder participation, and relentlessly pursues transparency,
ensuring that the transformative potential of BDSs is harmoniously balanced with societal,
moral, and patient-centric imperatives. The dawn of biomimetic delivery systems demands
a rethinking of our regulatory and ethical scaffolds. While the challenges are intricate,
they present an opportunity: to shape a future where innovation flourishes within robust
societal safeguards, ensuring that advancements in drug delivery truly serve humanity’s
best interests.

Table 4. Overall insights into regulatory and ethical challenges for BDS.

Categories Insights

Regulatory Challenges

• Biological variability and complexity
• Achieving consistent reproducibility
• Potential unprecedented interactions with

biological entities

Regulatory Frameworks

• Adaptive oversight mechanisms
• Interdisciplinary dialogues
• Harmonized global standards

Ethical Challenges

• Sourcing material from sentient entities
(humans/animals)

• Informed consent and potential exploitation
• Equitable accessibility in diverse settings

Ethical Frameworks
• Broadened boundaries of informed consent
• Stakeholder participation
• Pursuit of transparency

4. Conclusions

BDSs have emerged as a transformative frontier in nanomedicine, promising unparal-
leled advantages in drug delivery and therapeutic modalities. These systems, rooted in
the principles of self-assembly, molecular recognition, and biocompatibility, encompass
a variety of platforms such as liposomes [91], PNPs [30,74,162,242,341,342], extracellular
vesicles [17], and polysaccharides [300]. Their clinical applications have been praised for
achievements in targeted delivery, reduced side effects, and improved therapeutic out-
comes. However, the journey of these innovative delivery systems from the lab bench to
the bedside is not without its hurdles. The inherent complexity of biomimetic designs
poses challenges in ensuring reproducibility, a crucial factor in clinical applications. The
physiological environment presents issues related to the stability and longevity of these
delivery systems. Moreover, the efficacy and safety of these novel therapies, although
promising, need rigorous evaluation. Beyond the technical challenges lie intricate regula-
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tory mazes and ethical considerations that must be navigated to achieve successful clinical
translation. To overcome these challenges, the scientific community has turned to vari-
ous strategies. Technological innovations have been at the forefront, addressing issues of
complexity and reproducibility. The exploration and integration of advanced biomaterials
aim to bolster the stability and lifespan of biomimetic systems in physiological settings.
Recognizing the unique properties and challenges of biomimetic delivery, there has been a
push for innovative clinical trial designs that can more aptly evaluate their efficacy and
safety. Furthermore, it’s evident that the traditional regulatory and ethical frameworks
might fall short, necessitating the evolution of these frameworks in alignment with the
innovative nature of biomimetic delivery systems. Real-world case studies provide tangible
evidence of these challenges and, more importantly, shed light on successful strategies and
interventions that have paved the way for clinical translation. These instances not only
offer insights, but also inspire confidence in the potential of biomimetic delivery systems to
revolutionize healthcare.

The future holds substantial promise for the clinical translation of BDSs as advance-
ments in understanding biological systems continue to refine the design and capabilities
of BDSs. Anticipated innovations, emerging from interdisciplinary collaborations among
biologists, chemists, engineers, and clinicians, will likely be more refined, efficient, and per-
sonalized, aligning with individual patient profiles for optimized outcomes. The evolving
familiarity of global regulatory bodies with BDSs anticipates the establishment of more
streamlined guidelines, expediting clinical translation. Initial challenges and learnings
in clinical translation will be instrumental in refining subsequent iterations of BDSs for
enhanced clinical application. In essence, BDSs, merging nature’s design with human
ingenuity, have immense potential in revolutionizing drug delivery, and despite existing
challenges, the commitment of the scientific community and ongoing technological and
regulatory advancements underline a future replete with potential.
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Abstract: Uveitis is an ocular illness that if not treated properly can lead to a total loss of vision. In
this study, we evaluated the utility of HA-coated Dexamethasone-sodium-phosphate (DEX)-chitosan
nanoparticles (CSNPs) coated with hyaluronic acid (HA) as a sustained ocular delivery vehicle for
the treatment of endotoxin-induced-uveitis (EIU) in rabbits. The CSNPs were characterized for
particle size, zeta potential, polydispersity, surface morphology, and physicochemical properties.
Drug encapsulation, in vitro drug release, and transcorneal permeation were also evaluated. Finally,
eye irritation, ocular pharmacokinetics, and pharmacodynamics were in vivo. The CSNPs ranged
from 310.4 nm and 379.3 nm pre-(uncoated) and post-lyophilization (with HA-coated), respectively.
The zeta potentials were +32 mV (uncoated) and −5 mV (HA-uncoated), while polydispersity was
0.178–0.427. Drug encapsulation and loading in the CSNPs were 73.56% and 6.94% (uncoated) and
71.07% and 5.54% (HA-coated), respectively. The in vitro DEX release over 12 h was 77.1% from the
HA-coated and 74.2% from the uncoated NPs. The physicochemical properties of the CSNPs were
stable over a 3-month period when stored at 25 ◦C. Around a 10-fold increased transcorneal-flux and
permeability of DEX was found with HA-CSNPs compared to the DEX-aqueous solution (DEX-AqS),
and the eye-irritation experiment indicated its ocular safety. After the ocular application of the CSNPs,
DEX was detected in the aqueous humor (AH) till 24 h. The area under the concentrations curve
(AUC0–24h) for DEX from the CSNPs was 1.87-fold (uncoated) and 2.36-fold (HA-coated) higher than
DEX-AqS. The half-life (t1/2) of DEX from the uncoated and HA-coated NPs was 2.49-and 3.36-fold
higher, and the ocular MRT0-inf was 2.47- and 3.15-fold greater, than that of DEX-AqS, respectively.
The EIU rabbit model showed increased levels of MPO, TNF-α, and IL-6 in AH. Topical DEX-loaded
CSNPs reduced MPO, TNF-α, and IL-6 levels as well as inhibited NF-κB expression. Our findings
demonstrate that the DEX-CSNPs platform has improved the delivery properties and, hence, the
promising anti-inflammatory effects on EIU in rabbits.

Keywords: dexamethasone; chitosan-nanoparticles; hyaluronic-acid; ocular-pharmacokinetics; endotoxin;
uveitis; cytokines; histopathology

1. Introduction

Uveitis is a prevalent condition with a prevalence of 24.9 cases per 100,000 persons
that affects either gender population significantly by geographic location and all ages of
patients [1]. Among the different types of uveitis, the anterior uveitis is the most prevalent
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and the posterior uveitis is the least prevalent [2,3]. The rodent model for endotoxin-
induced uveitis (EUI) is widely applied to evaluate anterior uveitis [4]. EIU is an acute
inflammation of the anterior chamber of the eye that is induced by the intravitreal injection
of endotoxins (also known as lipopolysaccharides; LPSs) [4]. Prostaglandin E2 (PGE2) and
tumor necrosis factor-alpha (TNF-α) are the primary meditates associated with EIU [5,6],
but other chemokines and cytokines have also been shown to play a role in EIU [6,7]. Thus,
suppressing pro-inflammatory mediators is a key strategy in controlling and resolving EIU.

Previous studies have revealed that systemic glucocorticoids such as dexamethasone
(DEX) (9α-fluoro-16α-methyl-11β,17α,21-trihydroxy-1,4-pregnadiene-3,20-dione) mitigate
the production of inflammatory mediators in EIU animal models [5,8]. DEX is a long-acting
synthetic glucocorticoid and, among other corticosteroids, DEX sodium phosphate has
the highest potency and efficacy against ocular inflammatory conditions [9,10]. It acts by
binding to corticosteroid receptors found in human trabecular meshwork cells and the
iris as well as the ciliary bodies of rabbit eyes. DEX sodium phosphate reduces pain and
swelling by inhibiting the phospholipase-A2 pathway and the associated inflammatory
eicosanoids, including prostaglandins and leukotrienes. Thus, it is often used to reduce
injury-, surgery-, and infection-induced eye inflammation.

However, the prolonged use of DEX may cause some systemic adverse effects such
as muscle weakness, osteoporosis, cataracts, glaucoma, ecchymosis, insomnia, and skin
changes (bruising/fragility/hirsutism) [11–14]. Some general side effects such as hyper-
tension, hyperglycemia, and cognitive alterations have also been reported [15]. Although
topical application can avoid such effects, the self-protective barriers of the eye and the
tight junctions of the corneal and conjunctival epithelia allow only a small percentage of
topically administered drugs to penetrate through ocular tissues [16], rendering limited
drug availability to the anterior/posterior segments as well as corneal stroma [17]. Devel-
oping novel formulations that efficiently transport conventional ocular preparations across
the cornea represents a major challenge. New ocular drug delivery carriers, such as mu-
coadhesive polymer-based nanoparticles, are needed to achieve effective ophthalmic drug
levels. Chitosan (CS) polymer-based nanoparticles are believed to adhere to the surface
of the eye for prolonged periods without causing significant irritation [18]. Furthermore,
they have been shown to reversibly loosen corneal epithelial tight junctions and thereby
improve the transcorneal flux of the applied drug [19].

Our previous studies exhibited less ocular bioavailability in terms of transcorneal
permeation and aqueous humor drug concentration as compared to the HA-coated DEX-
CSNPs [18]. Remarkably, prior evidence has demonstrated that DEX-loaded nanocarriers
improved the efficiency of drug delivery applied to the eyes [20], with a high concentration
of DEX accumulating on the ocular surface [18,21]. This in turn triggers transcorneal flux
and delivery of DEX to the anterior and posterior segments of the eyes [22]. In that manner,
DEX-loaded nanocarriers achieve controlled and constant delivery of DEX to the target site,
ultimately reducing ocular inflammation [23].

The inherent properties of chitosan (CS) and hyaluronic acid (HA), such as biodegrad-
ability, biocompatibility, and susceptibility to enzyme-based hydrolysis and ocular safety
make this a promising drug delivery platform [18,24,25]. Furthermore, HA has been shown
to improve the proliferation (and hence regeneration) of corneal and conjunctival epithelial
cells through direct interaction with CD44 receptors, which are increasingly expressed
during ocular inflammation [17,26,27]. Additionally, the surfaces of HA and chitosan
nanoparticles (CSNPs) bind to form an interfacial HA-CS complex, which has been shown
to improve cellular targeting [28] and uptake via receptor-facilitated endocytosis [18].

The purpose of this study was to examine the therapeutic effects of DEX-loaded CSNPs
in rabbits with LPS-induced uveitis. We evaluated the utility of uncoated and HA-coated
DEX-CSNPs as a sustained ocular delivery vehicle to deliver DEX. The HA-coated DEX-
CSNPs have been reported by many researchers, but in the present study, we focused
on their pharmacodynamic application in EIU in rabbits. Furthermore, the transcorneal
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penetration of DEX on the excised rabbit cornea as well as the eye-irritation potential of the
CSNPs, including ocular pharmacokinetics, were also assessed.

2. Materials and Methods
2.1. Chemicals

Dexamethasone sodium phosphate (C22H28FNa2O8P; MW: 516.4 g/mol), hydrocor-
tisone (C21H30O5; MW: 362.5 g/mol), low-molecular-weight chitosan (75–85% deacety-
lated) with viscosity average molecular weight of 50–190 k, sodium tripolyphosphate
(sodium-TPP), and sodium dihydrogen phosphate were purchased from Sigma Aldrich
(St. Louis, MO, USA). Glacial acetic acid was purchased from BDH Ltd. (Poole, UK).
Hyaluronic acid (200 kDa) was obtained from Medipol SA (Lausanne, Switzerland). A Spec-
tra/Por regenerated cellulose (RC) dialysis membrane with 12–14 kDa molecular weight cut-
off was procured from Spectrum Laboratories, Inc. (Rancho Dominguez, CA, USA). Man-
nitol was purchased from Qualikems Fine Chem. Pvt. Ltd. (Vadodara, India). Methanol
and acetonitrile (HiPerSolv CHROMANORM® for HPLC) were purchased from BDH
Prolabo® (Leuven, Belgium). Purified water was obtained using a Milli-Q® water purifier
(Millipore, Molsheim, France). All other solvents were of HPLC grade, and the remaining
chemicals were of analytical grade. LPS from Escherichia coli was purchased from Chem-
Cruz (Santa Cruz Biotechnology, Inc. Dallas, TX, USA), and the ELISA kits were purchased
from MyBiosource, Inc. (San Diego, CA, USA).

2.2. Preparation of CSNPs, Surface Coating, and Lyophilization of DEX-CSNPs

The chitosan nanoparticles (CSNPs) were prepared by the ionic-gelation method at
physiologic pH range [29]. Self-aggregation of CS and Tripolyphosphate-Sodium (TPP-Na)
resulted in ionic crosslinking, where TPP-Na acts as a cross-linker. The magnetic stirring
(for 2–3 h at 700 rpm) at low w/w ratio of TPP and CS ratio produced stable NPs. The
detailed method for the preparation of DEX-loaded CSNPs and their surface coating with
HA was reported previously [24]. Briefly, CS was solubilized in 1% (v/v) acetic acid to
obtain a concentration range of CS (0.2, 0.4, 0.6, and 1.0 mgmL−1). The DEX (10 mg)
was dissolved in CS solution. The TPP was solubilized in Milli-Q® water to get different
concentrations (0.2, 0.4, 0.6, 0.8, and 1.0 mgmL−1) and the pH was maintained to 7.2 with
0.1 M sodium dihydrogen phosphate (NaH2PO4) buffer. Subsequently, TPP solution (6 mL)
was added in CS solution (12 mL) at 1.5 mLmin−1 of rate of addition. For HA coating,
20 mg of CSNPs was suspended in 0.1 M acetic acid (2 mL) at pH 5. The suspension
was added drop wise to 2 mL of HA containing (0.5, 1, 2, 5, 10, and 20 mgmL−1) 0.1 M
acetic acid solution. The process was performed at magnetic stirring (1000 rpm for 30 min).
Thereafter, the nanosuspension was ultra-filtered against purified water through the dialysis
membrane [30,31]. The suspensions of DEX-CSNPs and HA-coated DEX-CSNPs were
lyophilized with and without mannitol (2.5%, 5%, and 7.5% w/v) [32,33] and then stored at
25 ◦C for further characterization. The nanosuspensions of CSNPs were filtered through
the Millipore® syringe filters (450 µ), frozen at −80 ◦C, and lyophilized by FreeZone-4.5
Freeze Dry System (Labconco Corporation, Kansas City, MO, USA). The lyophilization was
performed with and without mannitol at varying concentrations (2.5%, 5%, and 7.5%, w/v)
as lyoprotectant. The lyophilized products were stored as mentioned above.

2.3. Physical and Physicochemical Characterizations

The physical characterizations including the size, distribution, polydispersity-index
(PDI), and zeta potentials (ZP) of the DEX-CSNPs (HA-coated and uncoated, with and
without mannitol) were determined by dynamic light scattering (DLS) using Zetasizer
Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK).

The morphologies of HA-coated and uncoated DEX-CSNPs were characterized by
transmission electron microscopy (TEM). Concisely, the nanosuspensions were sonicated
for 5 min prior to grid preparation. A copper grid (300 meshes) with carbon type-B
support film (manufactured by Ted-Pella Inc. Redding, CA, USA) was kept on butter paper.
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One drop of the CSNPs suspensions (previously sonicated for 5 min) was put separately on
the grid and left for 15 min to settle down the NPs. The grid was left overnight to dry. The
dried grid was then mounted in the sample holder of the machine, and the shape of the
NPs was investigated under JEM-1010, TEM (JEOL, Tokyo, Japan). The machine operated
at 80 kV (accelerating voltage) and 60,000- to 150,000-times magnification power at room
temperature [34].

Drug encapsulation efficiency (EE) and loading capacity (DL) were estimated indi-
rectly by measuring the free drug concentration of DEX via an ultra-performance liquid
chromatography coupled with the ultraviolet detection (UPLC-UV) method [24,35]. Briefly,
the Waters Acquity H-Class UPLC system coupled with a Waters TUV Detector by Ac-
quity (Waters, Milford, MA, USA) for the analysis of DEX was used. Elution of DEX
was completed on a Acquity UPLC BEHTM C18 Column (1.7 µm, 2.1 × 50 mm) that was
maintained at ambient temperature. The mobile phase (60/40 acetonitrile and water, where
the pH of water was adjusted to 3.2 with O-phosphoric acid) was isocratically pumped at
0.14 mL.min−1 flow rate, and the volume of injection was 10 µL. The EMPOWER software
was used for data acquisition, processing, as well as to control the UPLC system.

The transparency of the prepared nanosuspensions (coated and uncoated) was deter-
mined by visual observation under light against a black and white background. The pH
was checked using a pH-meter (MP-220; Mettler Toledo, Switzerland), and the refractive
index was estimated by an Abbe Refractometer (model DR-A1, ATAGO, Inc., Bellevue,
Washington, USA). The viscosity of nanosuspensions was measured using a cone and
plate viscometer (Physica Rheolab, Austria) with an MK-22 spindle. The above param-
eters were evaluated initially and after three months storage at 25 ± 2 ◦C, as reported
previously [36–38].

2.4. In Vitro Drug Release

The dialysis membrane method was employed for the in vitro drug release experi-
ment [39]. After maintaining the isotonicity by mannitol, an equivalent amount of NPs and
DEX-solution in triplicate, containing 0.1% (w/v) of drug (i.e., 1.0 mg/mL), were placed
in dialysis bags (MWCO 10–12 kDa) and both ends were tightly closed. The filled bags
were put in beakers containing 50 mL of simulated tear fluids (STF). The whole assembly
was placed in a water bath (shaken at 50 rpm and maintained at 35 ± 0.5 ◦C just to mimic
the ocular surface temperature). Samples were withdrawn at predetermined time points
and the same amount of fresh STF (maintained at 35 ± 0.5 ◦C) was replaced after each
sampling to maintain the sink conditions. The withdrawn samples were centrifuged for
10 min at 13,000 rpm and 4 ◦C, supernatants were collected (diluted with STF, whenever
needed), and the concentration of released DEX was analyzed using UPLC-UV as described
previously [24,35,40]. A calibration curve (y = 10984x – 639.32), R2 = 0.999, was used to
calculate the DEX concentration. The cumulative amounts of drug released (%DR) was
calculated using Equation (1) and plotted against time (h).

% DR =
Conc.

(
µgmL−1)× Dilution f actor × Volume o f STF (mL)

Initial dose (µg)
× 100 (1)

2.5. In Vivo Animal Study

Thirty male New Zealand Albino rabbits (2.0–3.0 kg) were acquired from the College
of Pharmacy (Animal Care and Use Center, King Saud University, Riyadh, Saudi Arabia).
The animal experiments were performed as per the Association for Research in Vision and
Ophthalmology (ARVO) statement regarding the use of animals in ophthalmic and vision
research, and they were approved by the Institutional Animal Care and Use Committee
of King Saud University (SE-19-90). The drug-loaded CSNPs were subjected to in vivo
ocular experiments based on the results of the physicochemical characteristics, in vitro
drug release study, and permeation parameters.
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2.5.1. Ocular Irritation Study

The drug-loaded CSNPs intended for topical ocular application were cryoprotected
by mannitol (2.5%, w/v), freeze-dried, and sterilized by UV-radiation. The formulations
were exposed to UV-light at 254 nm wavelength for 2 h [41,42]. The formulations were
reconstituted in sterile water for injection before ocular administration. Six rabbits were
divided in two groups (n = 3). The eye irritation test was performed as per Draize’s protocol
for rabbits [43]. We instilled the sterilized formulations into rabbit eyes three times/day for
10 days and visually observed them throughout the experiment. The level of eye irritation
was judged by observing the animals’ uneasiness and assessing signs/symptoms in the
cornea, conjunctiva, and eyelids according to previously reported scoring systems [44].

2.5.2. Transcorneal Permeation

After a washout period of three weeks, five rabbits (previously utilized for ocular
irritation experiments) were sacrificed to excise ten corneas. Among these, nine corneas
were used for transcorneal permeation study by the double-jacketed automated transder-
mal diffusion cell-equipped sampling system (SFDC-6; Logan, NJ, USA). The detailed
methodology was as previously reported [18]. The cross-section of the cornea measured
0.636 cm2. Phosphate buffered saline (PBS; 6.9 mL, pH = 7.4) was used as the release
medium, and the initial drug concentration was 500 µg·mL−1. The study was performed
in triplicate for 6 h and the amount of permeated DEX was analyzed by UPLC-UV [35].
Permeation parameters such as steady-state flux (J, µgcm−2s−1) and apparent permeability
(Papp, cms−1) were determined by Equations (2) and (3).

J (µgcm−2s−1) = dQ/dt (2)

Papp (cms−1) = J/C0 (3)

where Q is the quantity of DEX that passes through the cornea, t is the exposure time,
and C0 is the initial DEX concentration (µg·mL−1) in the donor compartment of the Franz
diffusion cell.

2.5.3. Ocular Pharmacokinetics

Nine animals were divided into 3 groups (n = 3). As per the directive of the Association
for Research in Vision and Ophthalmology (ARVO) for animal use in ophthalmic and vision
research only one eye (either right or left) should be used for the experimental purpose.
Therefore, only the left eye of all rabbits was treated. The concentration of DEX in AH was
determined after the instillation of sterilized formulations such as DEX-CSNPs (group-A),
HA-coated DEX-CSNPs (Group-B), and DEX-aqueous solution (DEX-AqS; Group-C). In
addition, AH was collected at different time intervals, and its DEX concentration was
analyzed by UPLC-UV as previously reported [18]. A non-compartmental approach was
used for determining pharmacokinetic parameters. The area under the curve to the last
measurable concentration (AUC0–t), area under the curve to infinity (AUC0–inf), maxi-
mum concentration (Cmax), time to Cmax (tmax), and half-life (t1/2) were computed using
PK-Solver software (Nanjing, China) in Microsoft Excel 2013 [18,45]. The paired t-test
(GraphPad Software, Inc., San Diego, CA, USA) was utilized to compare the obtained
pharmacokinetic parameters; p-value < 0.05 was considered statistically significant.

2.5.4. Effect of DEX-CSNPs on LPS-Induced Ocular Inflammation
Study Design and Animal Model of Experimental Uveitis

Fifteen rabbits were divided in 5 groups (n = 3). Rabbits in Group-1 (normal control
group) received 5% mannitol (vehicle). Group-2 was injected with LPS. Group-3 received
DEX-AqS. Group-4 was treated with DEX-CSNPs and Group-5 was treated with HA-coated
DEX-CSNPs. All groups except Group-1 received intravitreal injections of LPS (20 µL;
100 ng) in both eyes to induce uveitis [46,47]. Topical anesthesia was applied by admin-
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istering one drop of 0.5% Proparacaine Hydrochloride. After retracting the upper lid,
100 ng (20 µL, dissolved in water for injection) of the endotoxin was injected intravitreally
with a 29-gauge needle. After the induction of uveitis, the sterilized formulations were
instilled topically into the animals’ left eye 3 times a day for 3 days. Seventy-two hours
after the induction of uveitis, AH was sampled for cell count, protein, interleukin-6 (IL6),
myeloperoxidase (MPO), nuclear factor kappa B (NF-κB)-DNA binding activity, and esti-
mated TNF-α [20]. Rabbits were re-examined for clinical signs of uveitis and then sacrificed.
Animals’ eyes were enucleated for histopathologic examination [48].

Grading System for Ocular Inflammation

The clinical signs of ocular inflammation were graded on a scale of 0 to 4 according
to a previously reported scoring system [49] as follows: no inflammatory reaction (= 0),
discrete inflammatory reaction (= 1), moderate dilation of the iris and conjunctival vessels
(= 2), intense iridial hyperemia with flaring in the anterior chamber (= 3), intense iridial
hyperemia with intense flaring in the anterior chamber and the presence of fibrinoid
exudates in the papillary area (= 4). Grading was performed 24 and 72 h post intravitreal
injection of LPS [47,48].

Aqueous Humor (AH) Sampling

A combination of Ketamine Hydrochloride (20–40 mg·kg−1 b. wt.) and Xylazine
(1–2 mg·kg−1 of body weight) was intravenously injected into the rabbits’ marginal ear
veins to induce anesthesia. The Proparacaine Hydrochloride (0.5%, w/v) was instilled in the
eyes to facilitate general anesthesia. A 29-gauge needle was used to remove approximately
50–100 µL of AH from the anterior chamber of the eyes while taking care not to injure the
iris, lens, and other areas of the eyes.

Total Cell Count

Approximately 50 µL of AH was suspended in 50 µL of Turk’s stain solution. Cells
were counted using a hemocytometer with the aid of a light microscope. Afterward, the
number of cells per milliliter of AH was calculated [50,51]. Cell counting was performed
on the day of AH sampling.

Estimation of Total Protein and Inflammatory Cytokines (TNF-α and IL6)

The Estimation of total protein in AH samples was performed according to Lowry’s
method [52]. Briefly, AH (10 µL) samples were diluted with 990 µL of 1 N NaOH and
reacted with 4 mL of copper reagent. After 10 min, 500 µL of Folin’s reagent was added to
each sample and the solutions were vortexed. Then, the samples were stored for 30 min in
the dark. Absorbance was recorded with a spectrophotometer at 620 nm. Bovine serum
albumin (BSA) was used as the standard for calculating the protein content of the samples.
All estimations were performed in triplicate. Protein estimation was performed on the
day of AH sampling. The levels of TNF-α and IL6 in AH were determined by using a
commercially available ELISA kit per the manufacturer’s instructions [53].

Western Blot Assay

Frozen eye tissues were homogenized in a 0.5% (w/v) hexadecyltrimethylammonium
bromide solution, solubilized in 0.01 M potassium phosphate buffer (pH = 7), and cen-
trifuged at 6000 rpm for 30 min at 4 ◦C. The concentration of protein in tissues was measured
by Lowry’s method [52]. Tissue lysates (25 µg/well) were loaded in 10% Mini-Protean TGX
Gels (Bio-rad, Hercules, CA, USA), underwent electrophoresis, and were transferred to a
PVDF membrane (Bio-rad, Hercules, CA, USA). The membrane was then blocked, and,
with 5% (w/v) skimmed milk, prepared in Tris-buffered saline and Tween 20 (TBS-T). The
membrane was then incubated with primary antibodies prepared based on the manufac-
turer’s recommendation overnight at 4 ◦C. Membranes were then washed and incubated
with the suitable secondary antibody, horseradish peroxidase-coupled anti-rabbit or anti-
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mouse antibody. Bands were visualized using the Western Bright ECL Kit for 5000 cm2

Membrane and Blue Basic Autoradiography Film (Bioexpress, Kaysville, CA, USA) [54].

Histopathological Evaluation

The eyes of sacrificed rabbits were enucleated 72 h post intravitreal injection of LPS
and stored in 10% (v/v) formaldehyde solution. Sections (approximately 4 to 5 µm thick)
were cut and stained with Hematoxylin and Eosin stains (H&E) and evaluated using
light microscopy.

2.6. Statistical Analysis

All results were expressed as mean of three measurements with standard deviation
(Mean ± SD). The statistical analysis was performed using GraphPad Prism V 5.0 (Graph-
Pad Software Inc., San Diego, CA, USA). All parameters were compared using one-way
ANOVA. The paired t-test (GraphPad Software Inc., San Diego, CA, USA) was employed
to compare the obtained parameters, considering the p-value (p < 0.05) as statistically
significant.

3. Results and Discussion
3.1. Development of DEX-CSNPs and Their Coating

CSNPs were prepared by ionic gelation, wherein self-aggregation of CS and sodium-
TPP resulted in ionic crosslinking. Continuous magnetic stirring (at 500 rpm for 2 h) at
low TPP: CS weight ratios produced stable NPs. The TPP: CS ratio of 0.4:0.6 (mg/mL)
produced NPs of an optimal size suitable for ocular application. They had high EE, DL,
and appropriate drug release properties that made them ideal for HA-coating and further
characterization [24,40].

The optimum CSNPs were coated with a 2% (w/v) solution of HA in diluted acetic
acid according to the previous reports [24,31]. We coated CSNPs with HA because it
enhances cellular targeting and interacts with CD-44 receptors to regenerate corneal and
conjunctival epithelia [17], which in turn supports receptor-mediated transportation and
hyaluronan biodegradation [55]. Hyaluronic acid-coating reversed the surface charge of
NPs from highly positive to negative. This could be attributed to the effective adsorption
of negatively charged HA molecules to positively charged CSNPs. A reversal in surface
charge can result in a high negative charge density around HA-coated CSNPs, which in
turn increases their hydrodynamic diameters [56]. Furthermore, HA-coating also was able
to protect against the pH-dependent endosomal-mediated disruption of CS [30]. Thus,
HA-coating of CSNPs is key for CSNP stability over time, particularly, under low pH
conditions within the lysosomes.

3.2. Characterization of HA-Coated DEX-CSNPs

The representative TEM images (Figure 1a,b) indicated that DEX-loaded CSNPs were
evenly distributed and did not aggregate. They were found to have solid, dense, spherical
morphology with a smooth surface (in the case of HA-coated ones), while the surfaces
of uncoated CSNPs were slightly rough, which was also reported previously [57]. Apart
from the surface modification, HA-coating increased the particle size, which was further
confirmed by DLS measurement as represented in Figure 2. Here, Figure 2a,b represents the
particle size and zeta potential distributions of the DEX-loaded CSNPs (uncoated), whereas
Figure 2c,d represents the particle size and zeta potential distributions of the DEX-loaded
CSNPs coated with HA.

Particle size, polydispersity index (PDI), and zeta potentials are important parameters
for preventing eye irritation as well as for prolonging drug retention in the conjunctiva
and cornea. Particles must be small (ranging from a few nm to 900 nm), since larger
particulates may cause ocular irritation and discomfort and possibly negatively affect
patient compliance [58]. In our study, the size of CSNPs was 310.4 ± 12.4 nm before
lyophilization and without HA coating, and 368.5 ± 14.4 nm after lyophilization and HA
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coating. Because human eyes can tolerate particulates up to 10 µm in diameter [58,59], our
system of HA-coated CSNPs would be a good candidate for the ocular delivery of DEX.
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Zeta potential and PDI values are summarized in Table 1. High negative or positive
zeta potentials would probably lead to a stable colloidal solution, where electrostatic
repulsion prevents NP aggregation. Small PDI values also are indicative of stable dispersion
and unimodal distribution of CSNPs in the dispersion medium (Table 2). The CSNPs
produced by magnetically stirring TPP and CS at a ratio of 0.4:0.6 (mg/mL) for 2 h at
500 rpm had good EE and DL. In order to evaluate the effect of drug concentration on EE
and DL, varying amounts of DEX (5, 10, and 15 mg) were added to the DEX-CSNPs formula.
We found that 10 mg DEX was optimal for producing DEX-CSNPs with high EE and DL
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and for which all the physical characteristics were appropriate for ocular application. The
values of the obtained parameters are summarized in Table 2.

Table 1. Physical characteristics of uncoated and HA-coated drug-loaded CS-NPs before and after
lyophilization without cryoprotectant. The data were presented as the mean of three readings with
standard deviations (Mean ± SD, n = 3).

Parameters

Optimized DEX-CS-NPs
before Lyophilization

Optimized DEX-CS-NPs
after Lyophilization

Uncoated HA-Coated Uncoated HA-Coated

Particle size (nm) 310.4 ± 12.4 337.3 ± 14.2 356.8 ± 14.1 368.5 ± 14.4
Polydispersity Index 0.142 ± 0.021 0.179 ± 0.078 0.248 ± 0.041 0.325 ± 0.021
Zeta potential (mV) +31.4 ± 4.1 −5.7 ± 1.3 +32.2 ± 2.1 −6.2 ± 1.4

Table 2. Physical characteristics of uncoated and HA-coated DEX-loaded CS-NPs after lyophilization
with mannitol (2.5%, w/v) as cryoprotectant. The data were presented as the mean of three readings
with standard deviations (Mean ± SD, n = 3).

Formulation
Uncoated CS-NPs HA-Coated CS-NPs
(0.4:0.6/TPP:CS) (0.4:0.6/TPP:CS)

Particle size (nm) 361.9 ± 14.3 379.3 ± 13.9
Polydispersity Index (PDI) 0.194 ± 0.075 0.209 ± 0.084

Zeta potential (mV) +31.2 ± 1.9 −5.6 ± 1.2
Encapsulation (%EE) 73.6 ± 4.6 71.1 ± 3.4
Drug loading (%DL) 6.9 ± 0.4 5.5 ± 0.2

† Aggregation # # #
† Aggregation: “#” = low (minimum), and “# #” = intermediate (medium).

The physicochemical characteristics, including clarity, refractive index, pH, and viscos-
ity of the CSNP suspensions were deemed appropriate for ocular application (Table 3). That
is, the pH values of CSNP suspensions, which remained virtually unchanged throughout
the storage period, were suitable for ocular use (approaching to the normal physiological
pH of ocular surfaces in humans, i.e., 7.1 ± 1.5) [60]; and the observed refractive indexes
were similar to that of tear fluid. Thus, we anticipate that the formulations would not
impair vision and would be comfortable. The viscosity of the nanosuspension affects the
proper instillation of ophthalmic medications as well as the ease of sterilization (if by filtra-
tion). The observed viscosity of the two nano-formulations was within the range of optimal
viscosity (20–30 mPa.s) for ocular preparations [61,62]. Hence, there was no chance of eye
discomfort because of blurred vision and foreign particles, and in turn, there was no risk
of the elimination of preparations due to reflex tears and frequent eyelid blinking [62–64].
Therefore, the formulations could be retained for prolonged periods without impairing
the vision.

3.3. In Vitro Drug Release

Weighed CSNP samples with equivalent amounts of DEX (0.1%, w/v) were used for
in vitro release experiments based on encapsulation and initially prepared concentrations
of drug and excipients. The in vitro release experiment demonstrated an initial burst release
of DEX from the uncoated CSNPs lasting ~3 h, after which there was a sustained release for
up to 12 h. On the other hand, there was a sustained release of DEX from the HA-coated
CSNPs. We noted that 33.62% of the drug was released at 1 h and around 56.32% at 3 h
from the uncoated CSNPs in the rapid release phase, while it was only 13.49% at 1 h and
went to 31.54% at 3 h from the HA-coated NPs. The release profile (Figure 3a) indicated
slow drug release from the HA-coated NPs, which must be due to the HA-coating of the
DEX-loaded CSNPs [24,40]. Although the total amount of released drug from both the NPs
was almost comparable, the pattern of drug release from the HA-coated NPs was sustained
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and consistent over 12 h. In addition, the sustained release of DEX from HA-coated NPs
can be explained by Higuchi’s square root plot (Figure 3b). It represents the release rate
plots for the diffusion of DEX from the CSNPs, where the fraction of the released drug was
plotted against the square root of time. The increase in the fraction of DEX released from the
HA-coated CSNPs was practically linear (with R2 = 0.957) against the square root of time
(h1/2) as compared to uncoated CSNPs (R2 = 0.695), which justifies the sustained-release
property of HA-coated CSNPs rather than that of the uncoated one [39].

Table 3. Physicochemical characteristics evaluated at ambient temperature of uncoated and HA-
coated DEX-loaded CS-NPs after lyophilization with mannitol (2.5%, w/v) as cryoprotectant. The
data were presented as the mean of three readings with standard deviations (Mean ± SD, n = 3).

Parameters Time Points Uncoated NPs HA-Coated NPs

Clarity Initially Clear and transparent Clear and transparent
After 3 months Clear and translucent Clear and transparent

Refractive index
Initially 1.34 ± 0.07 1.35 ± 0.12

After 3 months 1.35 ± 0.09 1.35 ± 0.31

pH Initially 6.69 ± 0.34 6.81 ± 0.21
After 3 months 7.15 ± 0.23 7.21 ± 0.03

Viscosity (mPa.s) Initially 30.74 ± 1.49 33.76 ± 3.12
After 3 months 34.73 ± 2.19 37.54 ± 2.09
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The initial rapid release of DEX from the uncoated CSNPs could be attributable to a
desorption phenomenon, i.e., the rapid dissolution and diffusion of the surface-adsorbed
loosely bound drug from the surface of NPs [65], while the release rate of DEX from HA-
coated NPs was slower during the initial hours due to the HA-coating. One explanation
is that the HA-coating hindered the rapid dissolution and diffusion of the drug from the
CSNP core in the release medium (STF). The slow and sustained release of DEX from the
HA-coated NPs is owing to the changes in the release mechanism (including liberation
and diffusion of drug from the polymer matrix). Another possibility for such an outcome
may be due to the polymer degradation in STF or even the combined effects of both drug
diffusions from the polymer matrix and polymer degradation in STF.
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3.4. Transcorneal Permeation

The permeation flux and Papp values of different formulations were calculated (Table 4).
The uncoated CSNPs were able to permeate around 28.4 µgcm−2 of drug, while it was
only 11.8 µgcm−2 for the HA-coated CSNPs at 30 min. The HA-coated CSNPs achieved
a sustained transcorneal permeation of DEX starting from 30 min until 6 h (Figure 4),
which reached a maximum of 69.32 µgcm−2 at 6 h. There was around a 4.7-fold and
10.1-fold enhanced flux for uncoated and HA-coated CSNPs, respectively, as compared to
DEX-AqS. Due to high mucoadhesiveness and HA interaction with hyaluronan receptors
on corneal surfaces, our nano-formulation exploits this property of surface targeting [28]
that could potentially enhance cellular uptake through receptor-mediated endocytosis [18].
This could explain the improved permeation of the HA-coated CSNPs compared to the
uncoated CSNPs.

Table 4. Corneal permeation parameters of DEX-containing formulations. The data were presented
as the mean of three readings with standard deviations (Mean ± SD, n = 3).

Corneal Permeation
Parameters

DEX-AqS
(0.1%, w/v) Uncoated CS-NPs HA-Coated CS-NPs

Cumulative amount of DEX
permeated (µgcm−2 at 0.5 h) 58.44 ± 3.04 28.36 ± 2.05 11.86 ± 3.12

Cumulative amount of DEX
permeated (µgcm−2 in 6 h) 66.86 ± 3.51 59.52 ± 3.67 69.32 ± 4.58

pH 7.12 ± 0.08 6.69 ± 0.34 6.81 ± 0.21
Steady-state flux,
J (µgcm−2h−1) 1.76 ± 0.13 8.27 ± 0.49 17.81 ± 0.43

Enhancement ratio --- 4.70 ± 0.39 10.14 ± 0.92
Permeability coefficient,

P (cmh−1) (3.52 ± 0.25) × 10−3 (16.53 ± 0.99) × 10−3 (35.62 ± 0.86) × 10−3
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Figure 4. Transcorneal permeation of DEX from CSNPs and DEX−aqueous solution (0.1%, w/v). The
data were presented as the mean of three readings with standard deviations (Mean ± SD, n = 3).

A neutral pH plays an important role in DEX permeation through the cornea. The
first pKa of DEX is 1.89, at which point the ratio of neutral: monoanion is 50:50. At the
second pKa (6.4), the monoanion: dianion ratio is 50:50. Because DEX has maximum
mobility at pH 7, the second pKa provides high water solubility with sufficient buffering
capacity to the formulations for ocular use [66]. In our study, the pH of CSNP suspensions
was almost neutral (equivalent to that of tears), whereby a large amount of DEX remained
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in the unionized state to promote high corneal permeation. The observed additional DEX
permeation in the initial hours of the experiment (Figure 4) could be potentially due to the
large fraction of unionized DEX at the neutral pH (7.11 ± 0.12) of DEX-AqS [18,67].

3.5. Ocular Irritation

The ocular irritation of CSNPs suspensions in rabbit eyes was assessed against NaCl
solution (0.9%, w/v). We have shown in a previous study that recurrent instillation of
uncoated and HA-coated CSNPs resulted in slight eye irritation in some rabbits [18]. In
contrast, none of the animals in our current study displayed acute or long-term signs
of discomfort (Grade 0), which might be due to the immune variability of the animals.
Moreover, irritation levels for the conjunctiva, cornea, and eyelids were Grade 0 among
rabbits receiving coated and uncoated DEX-CSNPs. The results of this experiment support
that DEX-CSNPs are safe and nonirritating for ocular use.

3.6. Ocular Pharmacokinetics

The previously validated UPLC-UV method is effective for the analysis of DEX in as-
pirated AH samples after the topical application of DEX-containing formulations [18]. The
measured concentrations of drug in AH samples at different time points are represented in
Figure 5, and the pharmacokinetic parameters calculated using PK-Solver are summarized
in Table 5.
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Figure 5. Aqueous humor (AH) drug concentration-time profile of DEX following topical ocular
instillation of different formulations containing DEX in rabbits. The data were presented as the mean
of three readings with standard deviations (Mean ± SD, n = 3).

The concentrations of DEX in the AH samples were easily quantified for up to 6 h in
Group-C (DEX-AqS group); but afterward, the drug was not detectable, demonstrating
the relatively faster precorneal loss of DEX from aqueous solution. In contrast, DEX was
easily quantified for up to 24 h in animals treated with uncoated (Group-A) and HA-
coated (Group-B) drug formulations. The ocular bioavailability of DEX was significantly
(p < 0.005) higher in the DEX-CSNPs formulations compared to DEX-AqS. The difference
in AUC0–24h was approximately 1.87- and 2.36-fold greater in uncoated and HA-coated
DEX-CSNPs compared to that of DEX-AqS, respectively. The biological t1/2 of DEX from
uncoated and HA-coated DEX-CSNPs was 2.49- and 3.36-fold higher, while the Cmax of
the drug from uncoated and HA-coated DEX-CSNPs was 1.44- and 1.38-fold lower than
that of DEX-AqS, respectively. Mean residence time to infinity (MRT0–inf) of the drug in
the ocular area was 2.47- and 3.15-fold greater for uncoated and HA-coated DEX-CSNPs
as compared to DEX-AqS. The strong mucoadhesive nature of CS and HA is known to
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support ocular bioadhesion of the DEX-loaded NPs [17]; hence, extending drug retention
in the eyes thereby enhances drug availability to ocular tissues [68]. Similarly, we believe
that the strong interaction between HA and CD44/hyaluronan receptors on the epithelial
surface of ocular tissues is responsible for the improved pharmacokinetic parameters of the
HA-coated CSNPs.

Table 5. Pharmacokinetics of dexamethasone in aqueous humor following topical application of
different formulations. The data were presented as the mean of three readings with standard
deviations (Mean ± SD, n = 3).

Pharmacokinetic Numerical Values for

Parameters DEX-AqS (0.1%, w/v) DEX-CSNPs HA-Coated DEX-CSNPs

t1/2 (h) 2.18 ± 0.37 5.44 * ± 0.70 7.34 * ± 1.22
Tmax (h) 4.00 ± 0.00 6.00 ± 0.00 6.00 ± 0.00

Cmax (ngmL−1) 809.26 ± 45.51 561.79 ± 40.51 584.32 ± 50.74
AUC0–24 (ngmL−1.h) 2826.71 ± 219.84 5294.19 * ± 687.36 6691.48 * ± 570.10
AUC0-inf (ngmL−1.h) 2830.95 ± 224.12 5727.33 * ± 897.67 7774.81 * ± 489.53

AUC0–24/0-inf 0.99 ± 0.001 0.93 ± 0.02 0.86 ± 0.04
AUMC0-inf

(ngmL−1.h2) 11,458.50 ± 1239.01 57,896.82 * ± 14,377.82 99,040.13 * ± 15,826.01

MRT0-inf (h) 4.04 * ± 0.12 10.01 * ± 0.89 12.73 * ± 1.77

* p < 0.005 versus DEX-AqS.

Indeed, our computed pharmacokinetic parameters suggest the bioadhesion of DEX-
CSNPs to the corneal and conjunctival epithelium, which enhanced ocular retention and
maintained a high transcorneal DEX flux exceeding that of DEX-AqS. In the case of HA-
coated DEX-CSNPs, and consistent with previous reports, we believe that such a response
is due to the direct interaction with hyaluronan receptors on corneal and conjunctival
epithelia [18,27], leading to improved drug retention of the HA-coated DEX-CSNPs on
ocular surfaces and an associated transcorneal flux and permeability of the drug.

The HA is known to improve cellular targeting and accelerate cellular uptake of the
HA-coated NPs through receptor-mediated endocytosis [18,69]. The high ocular bioavail-
ability of DEX in the HA-coated DEX-CSNPs might have been reinforced by the phagocytic
propensity of conjunctival and corneal epithelial cells for HA-coated CSNPs [18,68]. Since
the pharmacokinetic parameters of DEX preparations had low variability and were consis-
tent throughout the in vivo, this suggests promising potentials of CSNPs in the topical or
intravitreal delivery of DEX to the eyes.

3.7. Ocular Pharmacodynamics

Intravitreal LPS injections induced inflammatory reactions with a marked cellular flare
in all LPS-treated rabbit groups. Treatment of LPS-induced uveitis (LIU) with DEX-AqS,
DEX-CSNPs, and HA-coated DEX-CSNPs significantly suppressed ocular inflammation
in rabbits, as evidenced by visual inspection (i.e., grading in a blinded fashion 24 h after
LPS injection). The clinical signs of ocular inflammation, on a scale of 0 to 4 according
to a previously published scoring system [49] are presented in Figure 6a. Lipopolysac-
charide treatment induced severe inflammation, such that the clinical score for ocular
inflammation (3.732 ± 0.053; 100%) was several folds higher in LIU rabbits than in the
normal control group. Ocular treatment with DEX-AqS, DEX-CSNPs, or HA-coated DEX-
CSNPs significantly reduced those clinical scores to 2.67 ± 0.085 (28.45%), 1.578 ± 0.048
(57.71%), and 0.93 ± 0.053 (75.08%), respectively. Importantly, the clinical scores clearly
demonstrated that improving the bioavailability and sustained-release characteristics of
DEX help in suppressing ocular inflammation. Topical steroids have been highly effective
at mitigating ocular inflammation in several uveitis models [70,71]. In our study, intrav-
itreal injections of LPSs increased cellular infiltration of polymorphonuclear (PMN) cells
and monocytes into the AH of rabbits by 775% (LIU). However, this was significantly
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suppressed through DEX treatment to 533.33% with DEX-AqS, 416.67% with DEX-CSNPs,
and 308.33% with HA-coated DEX-CSNPs. Accordingly, our findings demonstrate that
HA-coated DEX-CSNPs might exhibit improved clinical outcomes as manifested by sup-
pression of PMN infiltration to the aqueous humor (AH). Turk’s staining further illustrated
the level of cellular infiltration in LIU rabbits, demonstrating that DEX formulations in-
hibit the augmentation of cellular infiltrations (Figure 6b). To confirm such an improved
protective effect of our HA-coated DEX-CSNP platform compared to other formulations
and DEX-AqS, we quantified the protein levels in AH of the formulations studied; HA-
coated DEX-CSNPs were the strongest inhibitors of ocular inflammation, as evidenced
by reductions in cellular infiltration and clinical scores. To investigate the mechanism by
which the formulations inhibited inflammation, we evaluated the effect of various DEX for-
mulations on AH protein concentrations, which we estimated using Lowry’s method [52].
As shown in Figure 6c, the protein concentration in the AH of LIU rabbits was 801.47%
(5.05 ± 0.40 to 45.61 ± 1.63 mg·mL−1) higher than that of normal rabbits, owing to the
cellular infiltration, cytokines, and chemokines at the site of ocular inflammation. The
effectiveness of treatment in order of the percentage reduction in the protein concentration
with respect to that of untreated LIU rabbits was as follows: HA-coated DEX-CSNPs (64.3%;
45.61 ± 1.63 to 16.27 ± 0.46) > DEX-CSNPs (52.9%; 45.61 ± 1.63 to 21.48 ± 0.66) > DEX-AqS
(38.4%; 45.61 ± 1.63 to 28.08 ± 1.09) > LIU (0%; 45.61 ± 1.63 to 45.61 ± 1.63) (Figure 6c).
These results suggest that HA-coated DEX-CSNPs and uncoated DEX-CSNPs significantly
attenuated ocular inflammation as is evident from the reduction in protein concentrations
in AH.
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Figure 6. Effects of DEX treatment on LPS-induced uveitis in rabbits: (a) clinical scores of uveitis;
(b) infiltrations of polymorphonuclear (PMN) cells; (c) protein concentrations; (d) tumor necrosis
factor-α; (e) interleukin-6; (f) and myeloperoxidase (MPO) in the AH of rabbits after intravitreal
injection of LPS. Compared to normal control (*)/to LPS control (#), but the effect did not reach
significance (p > 0.05). All the data were expressed as the mean of three measurements with standard
deviations (Mean ± SD, n = 3).
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In the LIU model for acute inflammation, researchers have shown that PMN cells,
neutrophils, and monocytes migrate from the iris venules and infiltrate the surrounding oc-
ular tissues [72,73]. Our study also evaluated the levels of TNFα, IL-6, and MPO following
intravitreal injection of LPS and in response to the different drug formulation. Our results
demonstrated that LPS treatment induced the influx of all cytokines (i.e., TNFα, IL-6, and
MPO). However, the drug formulations have suppressed these levels as Figure 6d–f show,
which were all statistically significant. The effectiveness of treatment based in the percent-
age reduction in TNF-α levels with respect to that of untreated LIU rabbits was as follows:
HA-coated DEX-CSNPs (77.7%) > DEX-CSNPs (65.6%) > DEX-AqS (13.2%). The effective-
ness of treatment in order of the percentage reduction in IL6 levels with respect to that of
the untreated LIU rabbits was as follows: HA-coated DEX-CSNPs (56.3%) > DEX-CSNPs
(54.3%) > DEX-AqS (31.2%). Also, the effectiveness of treatment in order of the percentage
reduction in MPO levels with respect to that of the untreated LIU rabbits was as follows:
HA-coated DEX-CSNPs (47.4%) > DEX-CSNPs (39.4%) > DEX-AqS (23.7%). Thus, the
results indicate that the DEX formulations have significantly ameliorated ocular inflamma-
tion by inhibiting the release of cytokines and reducing cellular infiltration. These results
might be owed to the superior pharmacokinetic parameters exhibited by the DEX-CSNP,
including the drug bioavailability and sustained-release efficacy.

Lipopolysaccharides are known inducers of redox-sensitive transcription factor NF-κB,
which plays a key role in eliciting a cascade of pro-inflammatory genes, such as TNF-α,
IL-1β, IL-6, and COX-2, in different inflammatory conditions, including uveitis [74–76].
Under physiological conditions, the p65 subunit of NF-κB is bound with its inhibitor to
form a trimetric complex (IκB-NF-κBp50/p65). Upon exposure to LPS, for instance, p65
is released to translocate to the nucleus to induce gene transcription. Exposure of THP-1
monocytes to LPS for 24 h enhances p65 protein levels in the cytosol and nucleus [77] and
causes the number of NF-κB p65-positive cells in iris ciliary bodies to gradually increase
over a period of 3–24 h [78,79]. In our study, NF-κB p65 proteins were overexpressed in
the LIU group (Group-2) compared to the normal control group (Group-1) at 24 h after the
LPS injection. Treatment with DEX-CSNPs and HA-coated DEX-CSNPs inhibited NF-κB
p65 expression and alleviated ocular inflammation in the LIU rabbits as illustrated in
Figure 7. Lipopolysaccharides induce TNF-α–dependent apoptosis in inflammatory tissues
of the eye [80]. In turn, TNF-α induces host cell destruction by stimulating caspase-3, a
downstream cysteine proteinase, through various apoptotic pathways [81,82]. Immunoblot
analysis revealed that expression of the pro-apoptotic protein caspase-3 was enhanced
and expression of the anti-apoptotic B-cell lymphoma 2 (BCL2) protein was reduced in
LIU tissues compared to that of normal control tissues. Treatment with DEX formulations
significantly mitigated the extent of apoptosis by down-regulation of caspase-3 and up-
regulation of BCL2 proteins. The effectiveness of the treatment in order of the extent of
reduction in apoptosis was as follows: HA-coated-DEX-CSNPs > DEX-CSNPs > DEX-AqS.
These results further established that HA-coated DEX-CSNPs and DEX-CSNPs significantly
attenuate LPS-induced apoptotic injuries in uveal tissues, as illustrated in Figure 7a–c.

Finally, histological examination of the LIU group (Group-2) showed substantial cell
infiltration, primarily into the anterior chamber, compared to that of the normal control
group. Histological scoring and pathology revealed that amelioration of LIU reduced the
inflammatory cell infiltration into the anterior chamber of cells. The effectiveness of the
treatment in order of the extent of reduction in cellular infiltration was as follows: HA-coated
DEX-CSNPs > DEX-CSNPs > DEX-AqS > LIU. The results of the present investigation as
shown in Figure 8 are in accordance with previously published reports [72,82].
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Figure 8. Effects of DEX treatment on the histopathological changes of intraocular inflammation of
LIU rabbits. (a) Infiltrations of PMN cells were displayed in normal control rabbits. (b) Highest PMN
cells infiltrated the extravascular uveal tissue in the vehicle + LIU rabbits. (c) Slight reduction in PMN
cells infiltrated the extravascular uveal tissue in the DEX-loaded CS-NPs + LIU rabbits. (d) Moderate
reduction in PMN cells infiltration in the extravascular uveal tissue in the DEX-loaded CS-NPs + LIU
rabbits. (e) Maximum reduction in PMN cells infiltration in the extravascular uveal tissue in the
DEX-loaded HA-coated CS-NPs + LIU rabbits. (e) Histopathological scores of LIU rabbits. Compared
to normal control (*)/to LPS control (#), but the effect did not reach significance (p > 0.05). The data
in (f) were expressed as mean with standard deviations three measurements. Tissues were stained
with hematoxylin and eosin and viewed under 200× magnification.
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4. Conclusions

Our findings demonstrate that DEX release from HA-coated DEX-CSNPs could be
sustained in vitro for 12 h, and the physicochemical characteristics (pH, clarity, refractive
index, and viscosity) of the nano-formulation were suitable for topical ocular delivery,
such that uncoated and HA-coated DEX-CSNPs were only mildly irritating to rabbit eyes.
The Transcorneal passage of DEX from the CSNPs through the excised rabbit cornea was
improved, and the ocular bioavailability of DEX from the CSNPs was higher than DEX-
AqS. Importantly, coating the CSNPs’ surfaces with HA might improve cellular uptake of
nanocarriers and improve corneal and conjunctival healing. In comparison to the topical
administration of DEX-AqS, uncoated and HA-coated DEX-CSNPs markedly reduced signs
and symptoms of LIU, inflammatory cell counts, protein concentration, and the levels of
TNFα, IL-6, and MPO in AH. We believe that the DEX-mediated inhibition of apoptosis
in uveal tissues is due to an increase in drug bioavailability over time (i.e., sustain release
efficacy) afforded by the use of HA-coated and uncoated nanocarriers. In conclusion, our
findings suggest that CSNPs have great potential for drug delivery, particularly, for the
topical treatment of various inflammatory eye conditions. This nano-formulation may also
be administered intravitreally, for instance, in the treatment of retinal disease; however,
further investigations are warranted to understand the pharmacokinetics and safety profile
of this administration.
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DEX Dexamethasone sodium phosphate
CS Chitosan
TPP Tripolyphosphate sodium
NPs Nanoparticles
CSNPs Chitosan nanoparticles
DEX-CSNPs DEX-loaded chitosan nanoparticles
AqS Aqueous suspension
ZP Zeta potential
PDI Polydispersity index
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AH Aqueous humor
HA Hyaluronic acid
LPS Lipopolysaccharide
LIU Lipopolysaccharide-induced uveitis
PMN Polymorphonuclear
BCL2 B-cell lymphoma 2
MPO Myeloperoxidase
NF-κB Nuclear factor kappa B
TNFα Tumor necrosis factor α
IL Interleukin
COX-2 Cyclooxygenase-2
REC Research Ethics Committee
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Abstract: Over the past decade, there has been a significant expansion in the development of plant-
derived extracellular nanovesicles (EVs) as an effective drug delivery system for precision therapy.
However, the lack of effective methods for the isolation and characterization of plant EVs hampers
progress in the field. To solve a challenge related to systemic separation and characterization in
the plant-derived EV field, herein, we report the development of a simple 3D inner filter-based
method that allows the extraction of apoplastic fluid (AF) from blueberry, facilitating EV isolation
as well as effective downstream applications. Class I chitinase (PR-3) was found in blueberry-
derived EVs (BENVs). As Class I chitinase is expressed in a wide range of plants, it could serve
as a universal marker for plant-derived EVs. Significantly, the BENVs exhibit not only higher
drug loading capacity than that reported for other EVs but also possess the ability to modulate
the release of the proinflammatory cytokine IL-8 and total glutathione in response to oxidative
stress. Therefore, the BENV is a promising edible multifunctional nano-bio-platform for future
immunomodulatory therapies.

Keywords: plant EV; biomarker; pathogen-related proteins; class I chitinase; drug delivery;
immunomodulatory

1. Introduction

Plant-derived extracellular vesicles (EVs) have emerged as an unconventional means
of self-protection from invasion by pathogens [1]. In addition, plant-derived EVs can
block fungal growth by generating papillae and encasements using cargos contained in
the EVs, namely antifungal peptides and small RNAs [1]. For the pharmaceutical industry,
plant-derived EVs are an attractive alternative to mammalian-derived EVs due to their
human-friendly characteristics such as their non-immunogenic properties [2].

Concerns have been raised regarding the safety of mammalian-derived EVs since
they might transfer hazardous materials such as zoonotic or human pathogens [2] or pro-
cancerous elements [3] from the parental cancer or immortalized cells to the recipient human
cells. In contrast, plant-derived EVs are less immunogenic, contain intrinsic therapeutic
abilities, display better cellular uptake, and are able to withstand the harsh environment
of the gastrointestinal tract [2]. Furthermore, the preparation of plant-derived EVs is less
complex than that of animal-derived EV platforms [2]. In addition, plant-derived EVs
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provide better protection of their cargoes, securely concealing the cargoes from proteinases
and nucleases to minimize enzymatic decomposition [4]. Therefore, the development of
plant-derived EVs as effective therapeutic and delivery platforms provides a new weapon
to the armamentarium for cancer therapeutics, including cancer immunotherapy. However,
compared to their mammalian EV counterparts, the field of plant-derived EVs faces a
series of technical challenges, including techniques for isolation and characterization, the
ability to carry a high quantity of payload, and the evaluation of internalization into and
interaction with targeted cells [2].

Currently, plant-derived EV-like nanoparticles are commonly isolated from juices
generated by grinding or squeezing methods. The collected plant-derived EVs from these
methods do not come from the extracellular space only, but are contaminated by micro-
somal fragments during the grinding and juicing processes [5]. To protect the plasma
membrane from collapsing and to retain cell wall-bound proteins, several approaches
have been introduced such as vacuum infiltration–centrifugation [6–9], pressure dehy-
dration with careful temperature adjustment [10,11], filtration using appropriate simu-
lated apoplastic solutions [12], vacuum perfusion [13], and elution [14]. Nevertheless,
these techniques have some limitations. For example, the elution method is unable to
discriminate between apoplastic fluids and protoplasts, resulting in more than 30% con-
tamination from the protoplast fluids present in the collected solution. Moreover, the
ratio between the cutting surface and tissue volume determines the level of contamina-
tion of released intracellular solutes [10]. On the other hand, the vacuum perfusion and
pressure dehydration techniques require complicated and cumbersome instruments, ren-
dering them unsuitable for large-scale production. Although perfusion and infiltration
methods are fast and inexpensive, there is a possibility of altering the ionic composition,
pH value, and metabolite concentration of apoplastic fluid due to additive-stimulated
apoplastic solutions or water infiltration [15]. In addition, it is impractical to evaluate the
physiological concentration of distinct metabolites and molecules in the apoplastic fluid
ex situ [15]. Finally, the vacuum infiltration–centrifugation method generates a low amount
of apoplastic proteins in waxy-coated leaves (e.g., rice and maize), hence reducing the
extracted proteome [16]. Therefore, there is an urgent unmet pharmaceutical need for
effective methods to extract plant-derived EVs from extracellular fluid outside the plasma
membrane to achieve high-quality plant-derived EVs for clinical therapy.

Another challenge that impedes the development of plant-derived EVs is the lack
of suitable and reliable biomarkers for plant-derived EVs. The development of plant
EV biomarkers will contribute to the advancement of all aspects in the field, including
isolation and characterization techniques, classifications, and downstream applications.
So far, only a few plant-derived EV proteomes from apoplasts have been analyzed, such
as those from olive pollen grains [17], A. thaliana (thale cress) leaves [18,19], sunflower
seedlings [20], and N. benthamiana leaves [18]. In addition, no commercial antibodies against
biomarkers for plant-derived EVs are available, hindering further progress in the field.
Pinedo et al. suggested that there are three possible EV markers that were presented in both
plant and mammalian proteomes, including heat shock protein 70 (HSP70), S-adenosyl-
homocysteinase, and glyceraldehyde 3 phosphate dehydrogenase (GAPDH) [21]. Other
possible cytosolic proteins in plant-derived EVs include native Pattelin-1 and -2 (PATL-1
and PATL-2), which participate in membrane-trafficking activities [21]. Unfortunately,
these protein families are also found in plant-derived nanoparticles that might have been
contaminated by destructive processes, together with proteins originating from plant-
derived EVs such as glutathione S-transferase and annexin [22–25]. Pinedo et al. also
suggested that plant-derived EV biomarkers should persist across different plant species
and accumulate at high levels in EVs instead of in whole cells [21]. However, the diversity
of plant proteomes poses a major challenge for the development of biomarkers for plant-
derived EVs.

In this study, we aimed to address several challenges in the development of plant-
derived EVs. Firstly, we established a comprehensive EV isolation system for succulent
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fruits using blueberry (BB) as a model plant source, followed by extensive characterization
and an attempt to identify specific biomarkers for blueberry-derived EVs (BENVs) as well
as plant-derived EVs in general. We have identified a general biomarker for plant-derived
EVs from different edible fruits and showed that BENVs have a much higher drug loading
capacity than other types of EVs. The confirmation of the presence of anthocyanins in
blueberry-derived EVs supports their potential health benefits, such as antioxidant proper-
ties, protection against cardiovascular diseases, cancers, diabetes, and UV-B radiation [26].
Our results suggest that the isolated BENVs retain the antioxidant properties of the whole
fruit and are thus a promising next generation of edible drug delivery vehicle with intrinsic
anti-inflammatory capacity.

2. Materials and Methods
2.1. Materials

Aspirin (Sigma-Aldrich, St. Louis, MO, USA, Cat #5376) and curcumin (Sigma-Aldrich,
Cat #C1386) were purchased from Sigma Aldrich (USA). The solvents were used at HPLC
grade and other analytical grade chemicals were utilized without further purification.

2.2. Cell Culture

Human colon adenocarcinoma epithelial cell line (Caco-2) and human colorectal
adenocarcinoma cell line (HT-29) were acquired from American Type Culture Collection
(ATCC) (Manassas, VA, USA). All cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen, Waltham, MA, USA, Cat #12800-017) supplemented with 12–15% fetal
bovine serum (FBS, Hyclone, Logan, Utah, Cat #A50111-5039), 100 U/mL penicillin and
100 µg/mL streptomycin (InvitrogenTM, Cat #15070-063). Cells were kept at 37 ◦C and 5%
CO2 in an incubator.

2.3. Preparation of Plant-Derived Nanovesicles

Blueberries were directly purchased from Tuckerberry Hill Blueberry Farm (Drysdale
Victoria, Australia), or from Coles Supermarket (Waurn Ponds, VIC, Australia). Blueberries
were washed 3 times with Milli-Q water. The unripe and rotten fruits were eliminated.
After that, the blueberries were frozen and stored at −20 ◦C for further use.

Apoplastic fluid (AF) was extracted from blueberries using the centrifugation method
modified from a study by Wada et al. [27]. Briefly, each blueberry was cut with a disposable
blade and 2 mm of the pericarp from the stylar (distal) was removed as the residual
part. The flat cut surface was immediately placed onto a homemade, reusable filter tube
produced by 3D printing technique (Figure S1). Subsequently, the filter tube was put into
the 50 mL conical tube. Next, the tube was centrifuged at 30× g for 10 min at 4 ◦C and
the solution at the bottom of the tube was discarded to eliminate symplast contamination
from the cutting method and damaged cells [28]. The filter tube containing blueberry was
transferred into a clean 50 mL conical tube and then centrifuged at 200× g, 4 ◦C for another
10 min to collect the apoplastic fluid. The apoplastic fluid was filtered through a 0.8 µm
mixed cellulose esters membrane to remove cellular debris and unwanted organelles before
being stored at −20 ◦C for further use.

In this study, BENVs were isolated from AF using differential centrifugation ap-
proaches modified from a method described by Regente et al. [20]. Briefly, 13 mL of AF
was centrifuged at 2000× g at 4 ◦C for 20 min and then 10,000× g for 30 min at 4 ◦C to
eliminate cells and cellular debris in the pellet. The supernatants were collected for EV
collection using differential ultracentrifugation. Minced juices (MJs) of different fruits were
prepared as follows: Blueberry juice was produced by homogenizing frozen blueberries in
a blender for 5 min to collect juice; grapefruits with skin removed were cut in half before
squeezing in a cold room to collect juice. In the case of grapes, after removal of the skin,
they were homogenized in a blender for 2 min. The grape juice was diluted with cold PBS
(1:1) and centrifuged at 2000× g for 10 min at 4 ◦C to collect the supernatant. The collected
juices were filtered through a 0.45 µm mixed cellulose esters syringe filter. Subsequently, all
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filtered juices were centrifuged at 2000× g for 20 min followed by centrifuged at 10,000× g
for 30 min to eliminate cells and cellular debris in the pellets. Finally, the supernatants
collected from AF and juices were centrifuged at 40,000× g and 100,000× g, respectively,
for 6 h at 4 ◦C using the Beckman Coulter Optima L-90K Ultracentrifuge, and the pellets
were suspended in 400 µL PBS.

2.4. Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy (ATR-FTIR)

Solution samples were directly examined on the “Gold Gate” single reflection diamond
ATR accessory using a Bruker Vertex 70 FTIR spectrometer at a resolution of 4 cm−1. The
instrument was performed with an average of 32 scans and in the wavelength range of
600–4000 cm−1. The FTIR data was analyzed as described by Mihály et al. [29].

2.5. Nanoparticle Tracking Analysis (NTA)

NTA analysis was performed as described in our previous study [30]. In brief, 1 mL of
diluted sample was loaded into the chamber of NTA equipment, and three videos were
recorded in 60 s. The average size and number of particles from three recorded videos were
then determined.

2.6. Transmission Electron Microscopy (TEM)

Ten microliters of BENVs collected at the centrifugal force of 40,000× g or 100,000× g
was fixed in 50 µL of 2% paraformaldehyde (Sigma-Aldrich). Then, 5 µL of the mixed
solution was transferred onto a Formvar carbon-coated electron microscopy grid and
incubated for 20 min in a closed petri dish. The grid was subsequently washed by 100 µL
of PBS for 2 min and transferred with 50 µL of 1% glutaraldehyde for 5 min, followed
by washing with milli-Q water for 2 min. Next, the grid was negatively stained with 2%
phosphotungstic acid (Sigma-Aldrich) for 2 min, and the excess staining solution was
removed by a piece of filter paper before allowing to dry for 15 min in air. The TEM images
were obtained using JEOL JEM 2100 TEM at 100 kV.

2.7. Protein Extraction of Plant Samples

Plant proteins were extracted using Kikuchi’s method with minor modification [31].
Briefly, one mL of sample (containing either 1.8 mg/mL or 0.9 mg/mL of total protein)
was mixed with 10 mL of extraction buffer (8 M urea, 50 mM Tris–HCl, pH 7.6, 2% (w/v)
Triton X-100, 5 mM EDTA, 10 mM dithiothreitol (DTT) and protease inhibitor mixture
tablet (Roche, Basel, Switzerland, Cat #11697498001)) for 5 min at 25 ◦C. The mixture was
centrifuged at 16,000× g, for 10 min at 4 ◦C. Proteins in the supernatants were precipitated
by adding 40 mL of acetone and incubation at −20 ◦C overnight. The suspension was
centrifuged at 2300× g for 5 min at 4 ◦C. The pellets were washed twice with 75% acetone
and dissolved in protein extract solution (1.2% (w/v) sodium dodecyl sulfate (SDS), 50 mM
Tris-HCl, pH 6.8, 1% (v/v) β-mercaptoethanol, 20% glycine, and 0.001% (w/v) bromophenol
blue), at 95 ◦C for 5 min. Insoluble proteins were eliminated by a brief centrifugation at
10,000× g for 1 min at 4 ◦C. The final protein concentration in samples were determined
using BCA protein assay kit (Thermo Scientific, Waltham, MA, USA) and stored at −80 ◦C
for further analysis.

2.8. Aptamer Binding Assay Using Fluorescence Polarization

Modified SYL3C aptamer labelled with FAM (FAM-anti-EpCAM-Chol aptamer) [32]
(25 nM) was synthesized from IDT. The aptamers were folded by denaturing at 85 ◦C for
5 min in binding buffer (PBS containing 5 mM of MgCl2), followed by returning to room
temperature over 10 min and a refolding at 37 ◦C for at least 15 min.

BENVs were lysed by incubating isolated BENVs with 0.05% Triton X-100 for
30 min at room temperature. An equal volume of intact BENVs or lysed BENVs
(1.56 × 108 particles/mL) was added into a 96-well black plate and mixed with 5 nM
of modified SYL3C aptamer in PBS at different ratios to obtain a total reaction volume of
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100 µL. The plate was placed onto an orbital shaking incubator for 15 or 30 min at room
temperature in the dark, with gentle shaking at 30 rpm. Subsequently, the fluorescence
polarization values were measured with an excitation at 485 nm and an emission at 528 nm
using VICTORTM X5 Plate Reader.

2.9. DiD-Labeled Aptamer-Conjugated BENVs

The labeling of aptamer-conjugated BENVs (Apt-BENVs) with Vybrant DiD solution
(Thermo Fisher, Waltham, MA, USA, Cat #V22887) was performed as follows: 1 mL
of aptamer-conjugated BENVs (1.56 × 107 particles/mL) was incubated with 6 µL of
Vybrant DiD solution for 30 min, followed by two washes with 1 mL of PBS followed by
ultracentrifugation at 4 ◦C, 100,000× g for 1 h each to remove free dyes. The pellet was
resuspended in filtered PBS and stored at −80 ◦C for further analysis.

2.10. Cellular Uptake

Caco-2 cells and HT-29 cells were seeded on 8-chamber slides (Thermo Fisher,
Cat #154534PK) at 4000 cells/well and 3000 cells/well, respectively. After culturing for
48 h at 37 ◦C, the cells were washed twice with Hank’s balanced salt solution (HBSS,
Sigma-Aldrich). Then, 200 µL of fresh culture media containing DiD-BENVs-Apt
(3 × 106 particles/mL) was added to each well and incubated for 6 h at 37 ◦C. Prior
to analyzing by microscope, cells were extensively washed with 0.5 mL of HBSS for three
times to remove the non-internalizing DiD-BENVs-Apt. Next, cells were treated with 50 µL
of nucleic indicator Hoechst 33342 (2 µg/mL) and incubated at room temperature in the
dark for 10 min. Subsequently, cells were washed extensively with HBSS to remove the
DiD-BENVs-Apt bound on the cell surface. The uptake of DiD-BENVs-Apt was analyzed
using ECLIPSE Ti2 inverted microscope and flow cytometry.

2.11. Transport Study

Caco-2 cells were seeded onto Corning Transwell inserts (0.4 µm pore diameter, 1.12 cm2)
for 21 days prior to studying of drug transportation. Before analysis, the inserts were washed
twice and equilibrated with transport medium (i.e., 25 mM HEPES in HBSS (pH 7.4)). An
addition of 1% DMSO in the transport buffer served as co-solvent. The integrity of the Caco-2
cells monolayer and their differentiation were evaluated by measuring the trans-epithelial
electrical resistance (TEER) using the Millicell® ERS-2. The resistance value is presented as Ω
(electric resistance), and the TEER value was calculated as:

TEER (Ω·cm2) = (Ωcell insert − Ωcell-free insert) × 1.12 cm2

Next, 0.5 mL of DiD-labeled BENVs (108 particles/mL) in transport buffer were
added on the apical side of the chamber and 1.5 mL of transport buffer was added on the
basolateral side. After incubation in an orbital shaking incubator at 37 ◦C, 150 µL of media
was collected from the basolateral side at different intervals of incubation (i.e., 0, 1, and 3 h),
and fresh media was added to maintain the volume at the lower chamber. At the end of
the experiment, the TEER was measured again to examine the intact BENVs of the Caco-2
cell monolayer. Moreover, the transported DiD-BENVs in the basolateral chamber were
determined by fluorescence microscopy.

2.12. Preparation of Drug-Loaded BENVs
Drug-loaded BENVs were prepared by conventional incubation method. BENVs at

different concentrations (i.e., 500 µg/mL or 1000 µg/mL of total proteins) after thawing
were immediately kept at different temperatures (i.e., 4 ◦C or 25 ◦C) for 5 min or 10 min
to determine the effects of conditions before drug loading. Next, payload, either 120 µM
aspirin or 100 µM curcumin in absolute ethanol, was incubated with the designed amounts
of BENVs at different temperature (i.e., 25 ◦C and 37 ◦C), shaking condition (i.e., 150 rpm
and 200 rpm), and incubation time (i.e., 15, 20, 30, 45, and 60 min). All the experiments with
curcumin were performed in the dark. After the incubation, the mixture was centrifuged
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at a low speed of 5000× g for 10 min at 4 ◦C to remove the unbound precipitated drugs.
Supernatants were collected and designated as W1 samples, and the pellets were suspended
in 1 mL of filtered PBS. Subsequently, drug-loaded BENVs were washed twice in filtered
PBS solution by a centrifugation at 100,000× g for 45 min at 4 ◦C. The collected supernatants
were designated as W2 and W3 for unbound drugs in the solution and on the BENV surface,
respectively. The final pellets were resuspended in 200 µL of filtered PBS and stored at
−20 ◦C for further experiments. Drug concentrations were determined by HPLC [33]. The
percentage of drug loading and entrapment efficiency were calculated as follow:

Drug loading (%) =
Amount of drug in drug− loaded BENVs

Amount of exosomal proteins in drug− loaded BENVs
× 100

Entrapment efficiency (%) =
(Drug added−W1−W2−W3)

Drug added
× 100

2.13. Cell Viability Assay
MTT assay was used to determine cell viability. Caco-2 cells were seeded at

5000 cells/well in a 96-well plate and incubated at 37 ◦C and 5% CO2 in an incubator
for 24 h. Then, the medium was removed, and cells were treated with 100 µL of fresh
culture medium containing either free curcumin, BENVs, or curcumin-loaded BENVs at
various concentrations, followed by an incubation for 48 or 72 h at 37 ◦C. Non-treatment
cells and culture medium only served as the negative controls and were designated as
cells without test compound and medium control, respectively. Next, 20 µL of MTT in PBS
(5 mg/mL) was added into each well and incubated for another 4 h at 37 ◦C, followed
by the addition of 150 µL of DMSO to solubilize MTT. The absorbance was measured at
570 nm by a VICTOR TM X5 Plate Reader. The viability of cells was calculated as follows:

Viability (%) =

(
Mtreated cells −Mmedium control

Mcontrol cells without test compound −Mmedium control

)
× 100

2.14. Evaluation of BENVs’ Capability in Immune Modulation

The capability in modulating immune systems was evaluated based on the release of
pro-inflammatory cytokines IL-8 in Caco-2 cells during hydrogen peroxide (H2O2)-induced
oxidative stress. IL-8 release in supernatants were measured by a Human IL-8/CXCL8
ELISA Kit as per the manufacture’s instruction (Sigma-Aldrich, Cat #RAB0319-1KT). Total
glutathione was measured to evaluate the intrinsic cellular antioxidant responses during
the anthocyanin-rich treatments [34]. Post-treatment Caco-2 cells were washed with cold
PBS three times and immersed in cold PBS before being collected by scraping method using
Falcon™ Cell Scrapers. The collected samples were centrifuged at 600× g for 5 min at
4 ◦C and the pellets were suspended in 500 µL of ice cold 5% aqueous 5-sulfosalicylic acid
dihydrate (SSA). Cells were disrupted by sonicating in ice-water bath for 5 min, followed by
an incubation at 4 ◦C for 10 min. Subsequently, samples were centrifuged at 14,000× g for
10 min at 4 ◦C, and the supernatants were collected and stored at−80 ◦C for further analysis.
The total GSH was measured by a Glutathione Fluorescent Detection Kit (Invitrogen, Cat
#EIAGSHF) following the manufacturer’s instructions.

2.15. Immunoblotting Analysis

The collected plant proteins were separated on SDS-PAGE gel and blotted onto nitrocellu-
lose membranes (Whatman, Maidstone, UK, Cat. 10401196). Goat anti-rabbit HRP-conjugated
secondary antibody (Thermo Fisher Scientific, Waltham, MA, USA; Cat #31460) was used to de-
tect PR-3/CHN|Class I chitinase (Agrisera, Vännäs, Sweden, Cat #AS07 207) and PR-2|GLU
I|Class I beta-1,3-glucanase (Agrisena, Vännäs, Sweden, Cat #AS07 208).

2.16. Statistical Analysis

All samples were prepared in triplicate and results were expressed as means ± standard
deviations unless otherwise stated. Statistical analysis was executed by GraphPad PRISM
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8 with one-way analysis of variance (ANOVA) for differences among multiple groups and
two-sided paired Student’s t-test for differences between two specific groups. A p value≤ 0.05
was considered statically significant.

3. Results
3.1. Preparation and Characterization of Blueberry-Derived Extracellular Nanovesicles (BENVs)

In 1990, Welbaum and Meinzer et al. proposed a method to extract apoplastic fluid
(AF) from sugarcane using serial low-speed centrifugation accompanied with a 0.8 µm
cellulose acetate filter in a 5 mL tube [28]. However, this method can only be applied to
watery plants because the viscosity sap will block the filter as soon as they are in contact.
In addition, low-speed centrifugation is unable to force the high viscosity AF through the
filter. Therefore, we introduced a new strategy for the preparation of BENVs in which a
tube holder with small holes (0.5–1.5 mm) separated the AF out of the fruit at low-speed
centrifugation. Subsequently, the collected AF was filtered through a 0.8 µm mixed cellulose
esters membrane using a vacuum filter apparatus to remove cellular debris and unwanted
organelles. The strategy of serial low-speed centrifugation allows AF to be collected at its
purest form as the symplastic contaminations from the cutting process and damaged cells
are eliminated [28] (Figure S1).

For the analysis of BENVs thus prepared, we employed a FTIR technique as it is effi-
cient in identifying biomarkers in different biological species, particularly for extracellular
vesicles, based on the “spectroscopic” protein-to-lipid ratio (P/L ratio) [29]. Specifically,
it was utilized to distinguish between apoplastic fluid (AF), blueberry minced juice (MJ)
collected at 2000× g and 10,000× g (i.e., MJ 2k and MJ 10k, respectively), and blueberry-
derived extracellular vesicles collected at 40,000× g and 100,000× g (i.e., BENV 40k and
BENV 100k, respectively) (Figure S2). To facilitate the analysis, all input samples were
adjusted to the same protein concentration prior to FTIR study. As shown in Figure 1A, MJ
and BENVs showed higher P/L ratio compared to that in AF, indicating the lower lipid
concentrations in these samples. It is most likely that the AF is enriched with the cell wall’s
lipids when it flows through the 3D filter [35]. Moreover, the lipid contents in the MJ could
be influenced by damaged cells or fragmented cells generated from the grinding or juicing
process. Thus, BENVs contained lower lipid concentrations than the intact fruit, resulting
in a higher P/L ratio at the same input concentration, indicative of the success of our novel
3D filter-based isolation method.

Next, the total anthocyanin content in each sample, including AF, MJ 10k, and BENV
40k, was determined by HPLC (Figure S3). Interestingly, AF and BENV were found to
contain anthocyanin, which was mainly comprised of malvidin, approximately 88% of the
total anthocyanins (Figure 1B). Meanwhile, malvidin accounted for more than half of the
total anthocyanins in MJ (53.65%), followed by peonidin (18.73%) and petunidin (18.28%).
The presence of delphinidin and cyanidin in all three samples was hardly noticeable. The
higher percentage of anthocyanin compounds in BENVs compared to that in AF might result
from the sedimentation of the smallest non-EV structures (e.g., exomeres and high-density
lipoprotein) upon extended high-speed centrifugation [36]. This hypothesis was supported
by NTA data in which an abundance of uncharacterized small particles ranging from 10 nm
to 30 nm was detected in BENV samples collected at 40,000× g and 100,000× g (Figure 1C).
Remarkably, the particle numbers of the BENVs isolated from apoplastic fluid at different
centrifugal forces were significantly enriched to 7.77 × 109 ± 2.24 × 108 particles/mL and
9.08× 109 ± 6.22× 107 particles/mL for BENVs collected with a centrifugal force of 40,000× g
and 100,000× g, respectively (Figure 1C). A small number of BENV particles ranging from
300–450 nm was also counted as EVs, corresponding to a study by Xiao et al. [37]. The 2D and
3D morphology of BENVs were studied by TEM and AFM, respectively (Figures 1D and S4).
BENVs exhibited a lipid bilayer typical of extracellular nanovesicles and were surrounded by a
network of extravesicular channels. This is consistent with a study performed by Sharma et al.,
in which the AFM image of saliva EVs displayed a similar channel network [38]. Moreover,
the protein content of BENVs was found to be 6174.04 ± 68.58 mg per liter, which is 18-fold
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higher than those collected from milk EVs and 3000-fold higher than EVs collected from
cell culture supernatant (Table S1), indicating a high yield of our isolation method for drug
delivery purposes [39,40].
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as error bars (n = 6). (B) Anthocyanin contents in anthocyanin-rich extracts identified by HPLC (n = 
3). (C) The BENVs collected at 40,000× g were stained with phosphotungstic acid to obtain TEM 

Figure 1. Characterization of blueberry-derived extracellular nanovesicles. (A) FTIR spectroscopic
protein-to-lipid ratio (P/L ratio) calculated by the relative intensities of amide I to CH2/CH3 stretch-
ing of apoplastic fluid (AF), minced juices (MJ) collected at different centrifugation forces (2000× g
and 10,000× g), and BENVs collected at different centrifugation forces (40,000× g and 100,000× g).
Mean values are represented by horizontal lines, and the standard deviation of the mean is shown as
error bars (n = 6). (B) Anthocyanin contents in anthocyanin-rich extracts identified by HPLC (n = 3).
(C) The BENVs collected at 40,000× g were stained with phosphotungstic acid to obtain TEM images.
(D) Particle sizes of anthocyanin-rich extracts collected from different centrifugation forces using
NanoSight NS300 (n = 3). *, p < 0.05 and **, p < 0.01.
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3.2. A putative “Universal” Biomarker of Plant-Derived Extracellular Nanovesicles

To the best of our knowledge, there are only a handful putative plant-derived EV
biomarkers described so far, including Helija [41,42], TET8 [43], and AtTET8-GFP [44].
However, there is no commercial antibody available for those putative biomarkers, hinder-
ing the progression of plant-derived EV research and development. Therefore, we set out
to investigate biomarker(s) for plant-derived EVs in general and for BENVs in particular.
To this end, the protein species in various fractions of blueberry EV preparation were
initially visualized in Coomassie blue-stained gel (Figure 2A). The nature of the proteins
of interest found in AF, MJ, and BENVs were investigated further by mass spectrometry
to identify possible protein sequences (Supporting Information, Materials and Methods).
Based on the mass spectrometry results, the protein of 28 kDa was identified as acidic
endochitinase, which is a defensive protein released upon the invasion of fungal pathogens.
Previous studies on exosome-like nanovesicles isolated from ginger [45], shiitake [46],
and citrus [47] also reported the presence of a protein with similar molecular weight in
the SDS-PAGE analysis, though the identity of such protein remains elusive. As EVs are
originally attributed to the interactions between plants and pathogens, we hypothesized
that pathogen-related (PR) proteins could be sorted onto the EV surface and thus serve as
biomarkers for plant-derived EVs. To test this hypothesis, we proceeded to examine the
presence of pathogen-related (PR) proteins such as class I β-1,3-glucanase (PR-2), class I
chitinase (PR-3), pathogenesis-related protein 5 (PR-5), and isoflavone reductase (IFR) in
different fruit samples (i.e., blueberry, grapefruit, and grape) to identify possible biomark-
ers. A complete blot of the SDS-PAGE analysis is shown in Figure 2. Among them, class I
chitinase (PR-3) was present in all samples and highly accumulated in EV samples, either
at the position of 25 kDa or 38 kDa upon Western blot analysis (Figure 2B–D). However,
grapefruit EVs extracted at 40,000× g displayed a very faint band of PR-3 (Figure 2C),
which could be explained by the fact that, although the protein concentration of grapefruit
EVs is similar to that in other samples, the juicy nature and the contaminated fragments
generated during the squeezing method might affect the protein composition of collected
EVs. Moreover, grapefruits were reported as cold-sensitive species that developed chilling
injury symptoms under low-temperature storage conditions (i.e., lower than 8–10 ◦C) [48].
In addition, Porat et al. described low levels of chitinase in flavedo tissue of grapefruit
in nontreatment conditions in comparison with stress conditions such as wounding and
UV treatment, whereas β-1,3-glucanase (PR-2) expression remained stable with or without
stress conditions [49]. This could account for the low chitinase expression in all grapefruit
samples. Notably, in all samples, there was an accumulation of PR-3 in EVs extracted
at 40,000× g in comparison with MJ at different molecular weights because they exist in
different isozymes (black arrow). For instance, at 40,000× g, blueberry EVs and grape EVs
showed a prominent protein at 25 kDa, while grapefruit displayed a major protein at 38 kDa.
All EVs isolated at 100,000× g contained proteins similar to those of the original MJ and/or
AF. Another PR protein that was detected in grape and grapefruit-derived EV samples
is class I β-1,3-glucanase (PR-2). With an apparent molecular mass of 30 kDa [50], PR-2
was accumulated in grape-derived EVs isolated at 40,000× g, while PR-2 isozyme located
at approximately 33 kDa [51,52] was observed as faint bands in both grape-derived EVs
extracted at 40,000× g and grapefruit-derived EVs extracted at 100,000× g. This concords
with a previous study in which only trace amounts of PR-2 and PR-3 were detected in
intracellular and intercellular sites of healthy plants, and the increased expression of PR
proteins frequently relates to pathogen attack [20,51,53]. Hence, pathogen-related proteins,
such as PR-2 and PR-3 identified here, could be utilized as promising plant-derived EV
biomarkers and be used for tracking biogenesis pathways that drive plant-derived EVs to
designed locations.
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Figure 2. Analysis of proteins in blueberry-derived extracellular nanovesicles. (A) Coomassie
staining of 12% SDS-PAGE gels of protein extracts (17.3 µg/lane) prepared from anthocyanin-rich
extracts. Immunodetection of extracellular vesicles extracted from different succulent fruits such as
blueberry (B), grapefruit (C), and grape (D) using class I β-1,3-glucanase (PR-2) and class I chitinase
(PR-3) antibodies. The isozyme of PR-2 and PR-3 are identified by black arrows. A total of 16.2 µg
protein was loaded into each lane. Data shown are representative of three independent experiments.

3.3. BENVs as a Nanocarrier for Drug Delivery

Due to the absence of biomarkers, the application of plant-derived EVs in the pharma-
ceutical industry is hampered by the inability to identify and detect the plant-derived EV
itself and demonstrate the binding of plant-derived EVs to target cells or tissues. Herein,
we used anti-EpCAM aptamer (SYL3C) as a model EV tracker to investigate the incorpo-
ration of modified aptamers to the lipid bilayer membrane of BENVs (Figure S5). The
SYL3C aptamer was labelled with 6-FAM (6-Carboxyfluorescein) at the 5′- end to gener-
ate a fluorescently tagged version of the aptamer for the BENV trafficking study. The 3′

end of the aptamer was conjugated with TEG-cholesterol, allowing it to insert into the
BENV membrane through hydrophobic interactions between the lipid-PEG linker and the
phospholipid bilayer [54]. Furthermore, cholesterol-PEG possesses superior characteristics
for drug delivery systems (DDS), such as enhanced fluorescence intensity of labeled cells,
prevention of the self-assembly of micelles/liposomes, and higher rigidity and stability [54].
Fluorescence polarization (FP) was used to investigate the binding capacity of the anti-
EpCAM aptamer and BENVs as the bound and the free form of fluorescently labelled
aptamer can easily be analyzed in solution using FP. As shown in Figure 3A, when the
aptamer concentration was higher than 5 nM, the FP value was constant (approximately
185 mP), indicating a stable conjugation of the aptamer into BENVs [55]. Encouragingly,
∆FP increased when the BENV concentration increased from 1.2 × 107 particles/mL to
3 × 108 particles/mL (Figure 3B). Moreover, a higher ∆FP was observed after a 30-min
incubation compared to that with a 15-min incubation, indicating time-dependent binding,
as aptamers had sufficient time to insert into the BENV membrane. At a BENV concen-
tration of 3 × 108 particles/mL, the binding reached its plateau with minimal difference
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in ∆FP between the two incubation times. To demonstrate that the increase in ∆FP was
derived from the decoration of aptamers onto the EV surface and not from the attachment
of aptamers to non-vesicle particles in the detection buffer, BENVs were treated with 0.05%
Triton X-100 to lyse the vesicles. Indeed, the intact BENVs presented a high ∆FP value
because the binding between aptamer and BENV decelerates the rotation speed of the
aptamer (Figure 3C). On the contrary, lysed BENVs contained numerous small fragments
and exhibited a low ∆FP value, which revealed either no binding or fast diffusion motion
of the aptamer-bound fragments, as the molecular mass of lysed BENV fragments treated
by detergent have minimal impact on the molecular mass/volume ratio of the aptamer.
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Figure 3. Characterization of conjugation of FAM-labelled EpCAM aptamer with BENV surface using
fluorescence polarization. (A) Fluorescence polarization of FAM-labelled EpCAM aptamer at different
concentrations. (B) Effect of incubation time on ∆FP. (C) Comparison of the conjugation of FAM-
labelled EpCAM aptamer BENV surface to that of BNEV lysed by 0.05% Triton X-100. ns, a statistically
non-significant difference. Data shown are means ± S.D., n = 3, *, p < 0.05, and **, p < 0.01.

Next, we investigated the cellular uptake of BENVs. To this end, lipophilic carbo-
cyanine membrane dye DiD (red) was incorporated into the BENV membrane and the
FAM-anti-EpCAM-Chol aptamer (green) was conjugated onto the BENV surface to produce
a dual-fluorescence label. The dual-labelled BENVs were found to be completely internal-
ized into Caco-2 and HT-29 cells (Figure 4A,B) after 6 h of incubation. The colocalization
of red (DiD, for BENV’s lipid bilayer membrane) and green (FAM, for EpCAM aptamer)
indicates the integrity of BENVs after internalization. Interestingly, BENVs tended to
accumulate in the cytoplasm of Caco-2 cells, suggesting that BENVs might be taken up by
Caco-2 cells via receptor-mediated internalization [56]. Remarkably, BENVs were found
to selectively distribute to the nuclear region of HT-29 cells. Since Caco-2 cells exhibit low
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cancer phenotypes in comparison with bona fide high grade colorectal adenocarcinoma
cells such as HT-29, it would be interesting to explore if BENVs could preferentially target
susceptible cells [57]. The cellular uptake results were also confirmed by flow cytometry in
which all human cancer cells contained fluorescence-labelled BENVs after 6 h (Figure 4C,D).
Additional studies are planned to explore the mechanism of uptake.
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Figure 4. Cellular uptake of dual labelled BENVs in Caco-2 cells and HT-29 cells: (a) Bright field,
(b) Hoechst 33342-stained cells, (c) FAM-labelled BENVs uptake by cells, (d) DiD-labelled BENV
uptake by cells, and (e) I merged images. BENVs are labelled with lipophilic carbocyanine mem-
brane dye—DiD (red) and FAM-cholesterol EpCAM aptamer (green). Caco-2 and HT-29 cells were
incubated with dual labelled BENVs for 6 h at 37 ◦C, prior to analysis by Nikon Ti2 microscope
(Magnification: 100×) (A,B) and flow cytometry (C,D). Data are representative of three independent
experiments. Arrows: endocytosed BENVs.

Generally, the small size of BENVs, i.e., approximately 100 nm, allows them to ex-
travasate and translocate through physical barriers as well as travel through the extracel-
lular matrix [58]. We performed a transport study to examine the capability of BENVs to
deliver payload across epithelial cell barriers. Figure 5A presents the TEER values of Caco-2
cell monolayers before and after being exposed to CUR-loaded BENVs labeled with DiD
(red) for 1 h and 3 h. TEER values before treatment were found to be 570± 80 Ω·cm2, which
is indicative of a good barrier integrity of the Caco-2 cell monolayer (>260 Ω·cm2) [59].
Cell monolayers with TEER values lower than 260 Ω·cm2 were discarded. As shown in
Figure 5A, there were only minor changes in the TEER value after 1 h of incubation with
BENVs, indicating that BENVs could be transported across the epithelial monolayer with-
out compromising the integrity of the epithelial cell barrier. Nevertheless, 3 h of incubation
with a high concentration of BENVs (108 particles/mL) resulted in a disruption of tight
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junction integrity leading to leakage of BENVs. Intact BENVs with a spherical shape were
detected in the lower chamber after 1 h of incubation. Additionally, observation revealed
the presence of more BENVs in the lower chamber after 3 h of incubation, confirming the
opening of tight junctions. The disruption of tight junctions could occur during reversible
tight junction opening to facilitate the transcellular permeability, which could be recovered
after the removal of BENV solution. Based on the results from the cytotoxicity test, it is
unlikely that BENVs caused the irreversible disruption on Caco-2 cells as cell viability
remained at high values after 24- and 48-h incubation (Section 3.4). Although the appropri-
ate amount of BENVs per specific area (cm2) was yet to be determined in this study, the
transport study revealed that BENVs could retain the encapsulated materials after crossing
the epithelial barrier without causing membrane disruption for 1 h.
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Next, we evaluated the loading capacity of BENVs. In these studies, aspirin and
curcumin, well-known hydrophobic drugs that possess cancer chemopreventive and thera-
peutic effects, were utilized as a model payload. Different factors (such as carrier condition,
shaking power, and incubation time) that influenced drug loading efficiency during incu-
bation were examined to determine the optimal loading conditions for BENVs (Figure S6).
Even though the encapsulation efficiency increased over time, however, there was only a
moderate increase in drug loading from 5 min incubation to 30 min incubation. As shown
in Figure 6A, BENVs possessed a high EE for curcumin (approximately 82.76% after 5 min
of incubation), which had a tendency of increasing over time, i.e., from 89.41% at 15 min
to 92.68% at 30 min. This was a remarkable result because the current loading efficiency
of EVs for curcumin is reported to be 18–24% by conventional incubation methods [60].
However, it is clear that the encapsulation efficiency of curcumin is significantly higher
than that of aspirin despite of the comparable input amount, namely 120 µM of curcumin
and 100 µM of aspirin per 1011 BENV particles. The amount of drug loaded into BENVs is
significantly higher than those in recent studies on drug-loaded EVs, in which the amounts
of doxorubicin and paclitaxel loaded were approximately 0.03 µM and 0.03 µM per 1011 EV
particles, respectively [61].
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Figure 6. Drug release and safety profile of curcumin-loaded BENVs. (A) Encapsulation efficiency of
BENVs loaded with curcumin and aspirin over different incubation times. (B) Drug release profiles of
free curcumin (Free CUR), CUR-loaded BENVs for 15 min (BENV-CUR 15), and CUR-loaded BENVs
for 30 min (BENV-CUR 30) in vitro. Samples were incubated in a buffer of pH 1.2 for 2 h before
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were identified after incubating Caco-2 cells with free curcumin (CUR), BENVs, and curcumin-loaded
BENVs (BENV-CUR) for 48 h (C) and 72 h (D). The concentration of free CUR was equivalated to
the CUR concentration encapsulated in BENVs. PC: cells without drug treatment. Data shown as
means ± S.D., n = 3. (*, p < 0.05; **, p < 0.01, ***, p < 0.001, ****, p < 0.0001).
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Oral administration is the route used for approximately 60% of commercial drug
products [62]. The main challenges associated with oral DDSs are the harsh environment of
the gastrointestinal tract (GIT) and the residence time required for complete absorption [63].
In fact, the GIT confronts oral controlled release formulations with its unique physiological
properties, leading to a fast release rate, drug degradation, or pre-systemic clearance [64]. To
demonstrate that BENVs can serve as nanocarrier platforms, we investigated their stability
at different pH levels, drug release profiles, and cytotoxicity. As shown in Figure S7, the
particle sizes of BENVs were found to remain stable in simulated gastric fluid for 2 h,
followed by simulated intestinal fluid for the following 22 h. However, particles were
prone to aggregation when incubated in water. The zeta potential in simulated gastric
fluid increased from −15.6 mV to −2.05 mV, whereas in the simulated intestinal fluid, the
zeta potential was greatly reduced to −52.3 mV (Figure S7). Figure 6B shows the in vitro
drug release profile of free curcumin and curcumin loaded BENVs at 24 h. During the
first 2 h in simulated gastric fluid, 18.82% of the free curcumin passed through a dialysis
membrane and was detected in the dialysate. On the other hand, curcumin was slowly
liberated and dialysed from BENV-CUR 15 and BENV-CUR 30, approximately 2.02% and
9.53%, respectively. After being transferred to simulated small intestinal fluid, free CUR
was gradually released and reached a plateau after 24 h (approximately 71.37%). However,
BENVs released curcumin slowly at approximately 7.1% and 14.3% for BENV-CUR 15 and
BENV-CUR 30 after 19 h, respectively. Interestingly, curcumin incubated with BENVs for
30 min exhibited a higher percentage of drug release than that achieved with the shorter
incubation time (15 min). This result could be explained by the different curcumin-to-lipid
(C/L) molar ratios. Curcumin molecules tend to associate with the glycerol group at low
C/L, whereas at higher C/L, they accumulate closer to the headgroup of the lipids in the
membrane leaflet [65]. We speculated that the increase in C/L after a 30-min incubation
reorients curcumin molecules towards the headgroup of the leaflet, facilitating the liberation
of curcumin from BENV. Nevertheless, unlike the properties demonstrated in the releasing
profile of free CUR, BENVs were able to retain most of its payload, facilitating sustained
release and accumulation of curcumin at the intended sites of targeted drug delivery.
As for their potential toxicity, BENV and CUR-loaded BENV were found to be largely
nontoxic to cells (Figure 6C,D and Figure S8). However, the viability of CaCo-2 cells and
HT-29 cells was reduced with the increase in free curcumin levels. In addition, HT-29
cells displayed more resistance to curcumin than that of Caco-2 cells, evident from the
fact that 13 µg/mL curcumin caused 96.4% and 65.8% loss of cell viability in Caco-2 and
HT-29 cells, respectively. Although curcumin at the concentrations of 2.5 and 5 µg/mL
induces DNA damage to human hepatoma G2 cells both in the mitochondrial and nuclear
genomes [66], cancer cells do not die unless they are exposed to 5–50 µM curcumin for
several hours [67–69]. In our study, HT-29 cells were able to maintain their viability when
they were treated with either BENV or CUR-loaded BENV for 48–72 h. This result could be
explained by the ability of BENV to hold its payload once encapsulated, with only 14.3% of
curcumin released from BENVs over a period of 72 h. A slow leak of a small amount of
encapsulated CUR is insufficient to cause cell death in HT-29 cells. In addition, it is possible
that the intrinsic contents of BENVs may counteract the effects of curcumin.

3.4. Immunomodulatory Effects of BENVs

Oxidative stress upregulates the production of inflammatory cytokines in cells [70].
The gastrointestinal tract (GIT) is vulnerable to exogenous oxidant effects as it serves as the
primary digestive system. The GIT is directly affected by various stimuli, such as pollutants,
smoking, drugs, xenobiotics, food toxins, heavy metal ions, and intestinal microflora [71].
Although monocytic cells are commonly used to evaluate the immunomodulatory effects,
Caco-2 (Cancer Coli-2) was chosen as a cellular model to study the ability of BENVs to
regulate inflammation-associated colorectal cancer because of their ability to mimic the
intestinal barrier and high sensitivity to H2O2-induced oxidative stress. Proinflammatory
cytokine IL-8 is well-known as an oxidative stress indicator in Caco-2 cells. We hypothe-
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sized that the production of IL-8 protein caused by oxidative stress will be suppressed by
pre-incubating Caco-2 cells with anthocyanin-rich extracts. Indeed, preincubation of Caco-2
cells with AF and BENVs significantly reduced the IL-8 level caused by H2O2, whereas MJ
only suppressed IL-8 release after 8 h of incubation (Figure 7A). This could be attributed by
the malvidin contents in AF and BENVs, which facilitates a faster transportation across the
Caco-2 cell monolayer [72]. A short pre-incubation time with MJ (i.e., 1 h or 5 h) had no
effect on oxidative stress modulation nor increased IL-8 release (Figure 7A).
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Figure 7. Immunomodulatory effects of anthocyanin-rich extracts. Caco-2 cells were pre-treated with
500 µg/mL extracts as indicated for 1, 5, and 8 h, followed by incubation with 2 mM of H2O2 for 6 h.
The IL-8 released into the supernatant (A) or total GSH production in treated Caco-2 cells (B) were
analyzed. MJ: minced juice; AF: apoplastic fluid, BENV: blueberry-derived EVs; NC: at the end of the
14-h experiment, the supernatant of the control wells containing cell culture medium/PBS without
the treatment of fruit extract nor H2O2 was collected and used for the determination of basal IL-8.
For the determination of basal level of GSH, the cells treated with medium/PBS only were collected
by the scraping method (Section 2.14); and PC: cells treated with H2O2 only as a positive control.
Data shown as means ± S.D., n = 3. (*, p < 0.05 and **, p < 0.01).

Total glutathione (GSH) is an important indicator of the intrinsic cellular antioxidant
response and thus we studied the GSH level to explore the biochemical mechanism under-
lying the antioxidant effects of BENVs. As shown in Figure 7B, treatment of Caco-2 cells
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with MJ and BENVs resulted in an elevation of the total GSH after 1 h of preincubation,
of approximately 57.5% and 61.6%, respectively, in comparison with that in the control
Caco-2 cells. On the other hand, treatment with AF retained a low total GSH level (23.7%)
under oxidative stress, which was even lower than that in the positive control cells (54.8%)
(Figure 7B). However, pre-treatment of Caco-2 cells by incubating with BENVs or blueberry
extracts (i.e., MJ and AF) for 5 h was unable to provoke anti-oxidative activity, evident
from the low GSH level. The percentages of recovery of total glutathione of MJ, AF, and
BENVs after 5 h of preincubation were 17.1%, 27.4%, and 17.8%, respectively. The low level
of GSH in Caco-2 cells after 5 h incubation with anthocyanin-rich extracts compared to
that after 1-h incubation could be attributed to the degradation of anthocyanins in culture
medium. In addition, although 5-h incubation of anthocyanin-rich extracts such as AF
and BENVs could suppress H2O2-induced oxidative stress, total GSH remained at a low
level, indicating that anthocyanin contents in anthocyanin-rich extracts might modulate
inflammatory processes at the cytokine level but not at the enzymatic level. It also remains
possible that the immunomodulatory effects derive from the combined effects of different
constituents that are co-extracted with anthocyanins.

4. Discussion

Currently, the conventional approach for extracting AF from seeds or leaves employs
the infiltration method. This method has several limitations, such as bulky installation,
tissue shearing, contamination, and unknown impacts of filtration buffers on the obtained
EV samples [21]. Herein, we proposed a straightforward method to extract AF and designed
a laboratory-scale tool to facilitate the extraction process. We have been successful in
isolating BENVs from AF, paving the way to collect EVs with minimal destruction of cells,
improving the purity of EVs and facilitating downstream applications. The isolated BENVs
exhibited small particle size with remarkably high concentrations of plant-based proteins
that could facilitate a plant-based oral drug delivery system [39,40].

The discovery of biomarkers for plant-derived EVs constitutes one of the bottlenecks
in plant EV research. Our immunoblotting assays revealed the presence of PR proteins in all
EV samples (Figure 2), implying that PR proteins could be sorted into EV membranes and
fused to the plasma membrane. To test our hypothesis, we investigated the linkage between
PR proteins and the EV’s trafficking pathways. In plants, EVs are formed from the TGN
(also known as early endosomes), where sorting occurs to release, recycle, and transport
the vacuolar membrane [73]. The ESCRT-independent pathway has been implicated in
the sorting, revealing that the formation of EVs in the multivesicular body (MVB) lumen
continues without the presence of all four ESCRT complexes [74]. Here, we employed an
indirect approach to study the EV secretion in which the essential membrane trafficking
components participating in MBV formation were investigated [1]. In the conventional
pathway, MVBs are fused with the tonoplast or engulfed by the tonoplast, and subsequently
release their cargo into the vacuole for degradation. In the unconventional pathway,
MVBs are fused with the plasma membrane followed by the releasing of EVs. In this
context, the plant EV biomarker proteins might be able to guide EVs either to the vacuole
or the pathogenic attack sites. Defense-related proteins, which account for a majority
of the proteins of the basal apoplastic proteome, are known to play different roles in
plant survival [75]. Among defense-related proteins, pathogen-related proteins are most
abundant, accounting for approximately 23–33% of such proteins. However, only 10–15% of
the pathogen-related proteins are released into apoplastic fluid under biotic stress [76–78].
In susceptible conditions, pathogen-related proteins participate in various defense-related
activities, including antifungal [79,80] and cryoprotective functions [81,82]. In healthy
plants, pathogen-related proteins are employed to maintain various physiological processes
such as material trafficking, flower formation, seed maturation, and ripening [83–87]. It
is well-known that PR-3 is involved in the plant defense system alone or in combination
with PR-2 [81,88], as well as contributing to growth and developmental processes. Hence,
they are present in all organs and plant tissues, including the apoplast and vacuole [88].
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Furthermore, class I β-1,3-glucanase and class I chitinase have been shown to be essential
determinants for vacuolar sorting machinery [82,89–91]. In addition, pathogen-related
proteins are transported from the endoplasmic reticulum (ER) to the vacuole thanks to their
special peptide structures [89,90]. Family 19 chitinases (i.e., class I, II, and IV chitinases)
possess a peculiar C-terminal extension that is crucial for transport to the vacuole [91].
The C-terminal pro-peptides of vacuolar class I chitinase were able to effortlessly enter
the sorting machinery and could be eliminated by endo- or exosome-peptidases [91]. On
the other hand, class I β-1,3-glucanases contain both an N-terminal hydrophobic signal
peptide and an N-glycosylated C-terminal extension at a single site, facilitating the targeting
activity of the protein to the vacuole [82,92]. Therefore, the presence of PR-2 and PR-3
proteins in MVB or its pinching EVs could improve vacuolar targeting. Furthermore,
pathogen-related proteins participate in the defense system and plant metabolism [75], in
which they guide the released EVs to be fused with the plasma membrane and transported
through apoplastic fluid to their destinations. Based on the data presented in Figure 2, we
proposed that these pathogen-related proteins are sorted onto the EV surface through the
ESCRT-independent pathways. Subsequently, the pathogen-related proteins containing
EVs either follow the fusion of MVBs to the plasma membrane and are transported to
pathogenic sites/neighboring plant cells through the apoplastic pathway or are guided to
vacuoles for degradation.

Although EV-based drug delivery possesses various attractive characteristics as cancer
therapeutics, two challenges remain in the clinical approach, including low yield and
labor-intensive preparation procedures to produce targeted EVs [54]. Until now, there
has been only one study that fabricated arrow-tail pRNA-3 WJ and folic acid onto plant-
derived EV surfaces for targeted delivery to the tumor site [93]. Herein, we introduce an
aptamer design that is straightforward and suitable for large-scale production. Moreover,
the characterization of the binding assay was facilitated by the FP technique, which greatly
enhances the effectiveness of the procedure. The FP assay showed a significant increase
in the FP value in the presence of BENVs, indicating strong binding between the FAM-
anti-EpCAM-Chol aptamer and BENVs (Figure 3). To the best of our knowledge, this
is the first time that an FP assay has been applied to demonstrate the binding between
aptamers and plant-derived EVs, paving the way for investigating the surface engineering
of plant-derived EVs, especially when biomarkers of plant-derived EVs remain scant. As
the use of plant-derived EVs is still in its infancy, the surface functionalized aptamers
would play dual functions: not only targeting cancer cells but also tracking plant-derived
EVs along with lipophilic dyes.

It has been shown that there are at least four different transport mechanisms underly-
ing the uptake and transportation of macromolecules through the epithelial monolayer, in-
cluding paracellular transport, passive diffusion, vesicle-mediated transcytosis, and carrier-
mediated uptake and diffusion [94]. Vashisht et al. visualized the uptake of curcumin-
loaded milk-derived EVs in Caco-2 cells using fluorescence microscopy, demonstrating the
accumulation of curcumin-loaded milk-derived EVs in the cytosol [95]. Interestingly, we
found that BENVs tend to accumulate in the cytoplasm of Caco-2 cells, suggesting that
BENVs were taken up by Caco-2 cells via receptor-mediated internalization [56]. Addition-
ally, BENVs are specifically distributed in the nuclear region of HT-29 cells. Therefore, we
propose that BENVs might be able to selectively distribute to different subcellular locations
depending on the cell type. Previous studies proposed several mechanisms for EV uptake.
Tian et al. indicated that actin is involved in EV endocytosis [96]. Actin polymerization
participates in various endocytosis pathways including phagocytosis, macropinocytosis,
clathrin-mediated endocytosis (CME), clathrin-independent carrier/GPI-anchored protein
enriched endosomal compartment (CLIC/GEEC) endocytosis, fast endophilin-mediated
endocytosis (FEME) and interleukin-2 receptor (IL2R) endocytosis [96,97]. The latest stud-
ies added two endocytic pathways into the system, namely fast endophilin-mediated
endocytosis (FEME, a clathrin-independent but dynamin-dependent pathway for rapid
ligand-driven endocytosis of specific membrane proteins) and caveolar endocytosis [98].
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However, additional experiments are required to demonstrate the uptake mechanisms and
endocytosis pathways. The enterocytes account for 90–95% of cell lining in the GIT [99].
The enterocyte barrier-forming Caco-2 cells could facilitate the investigation of BENV ab-
sorption through the intestinal wall, and subsequently evaluate the capability of BENVs to
enter the systemic circulation and travel to the targeted cancer site. Our results showed that
CUR-loaded BENVs could pass through the epithelial monolayer after 1 h without causing
disruption to the membrane, demonstrating the potential of BENVs as a promising next
generation oral drug delivery system. The potential application of BENVs as nanocarriers to
deliver therapeutic substances was further evaluated based on their stability, encapsulation
efficiency, and cytotoxicity. One of the prerequisites for BENVs to serve as a nanocarriers
for oral DDS is the ability to withstand the harsh environment of orally administered drugs
in the GIT. As shown in Figure S7, the isolated BENVs were highly stable in the simulated
gastrointestinal tract and displayed a zeta potential value similar to those of previous
studies [24,100]. Our BENVs are likely to maintain their particle size despite the change in
surface charge, as indicated through experiments performed in simulated gastric solution,
simulated intestinal solution, and PBS solution (Figure S7).

The BENVs exhibited high encapsulation efficiency when the conventional incubation
method was used, with values of approximately 36.79% and 82.76% for aspirin and cur-
cumin, respectively. In contrast, recent research has reported that the highest encapsulation
efficiency for drug-loaded EVs is 18%, depending on specific drugs as well as the sources of
EVs [30,60,61]. Notably, 1011 BENV particles can load up to 120 µM of curcumin and 100 µM
of aspirin, considerably higher than that achieved with other EV-based drug carriers. For
instance, Haney et al. reported that only 0.027 µM of paclitaxel and 0.025 µM of doxorubicin
were loaded into 1011 macrophage-derived EVs [61]. Intriguingly, curcumin-loaded BENVs
had relatively higher encapsulation efficiency than that of currently used curcumin-loaded
liposomes, with only 5 min of incubation [101,102]. When inserted into the lipid bilayer,
curcumin stays in the lipid tail region, also called the glycerol region, which is near the
interface of the lipid head and lipid tail, [103]. Ileri Ercan et al. investigated the distribution
of curcumin at different C/L ratios [65]. Curcumin is normally located within the glycerol
group at lower C/L; however, an increase in C/L causes the relocation of curcumin towards
the headgroup of the lipids [65]. Furthermore, the adjustment of the density distribution
in the presence of a higher concentration of CUR likely initiates an energy barrier, which
facilitates the penetration of molecules through the bilayers [65]. A previous study showed
that 95% of curcumin remained intact in the CUR-DMPC liposome complex after 2 days at
pH 6, implying that curcumin is stable in the lipid bilayer [104]. Nevertheless, the loading
capacity and encapsulation efficiency are also influenced by the lipophilic characteristics
of the drug and concentration gradient [105,106], which require further experiments to
optimize. Previous studies showed that the maximum solubility of aspirin in saturated lipid
bilayers was 50 mol% aspirin, in which each lipid molecule “hosts” one aspirin molecule to
form a non-physiological 2D crystal-like state. Hence, in this study we started with a low
dose of aspirin which was 100 µM of aspirin per 1011 BENV particles to preserve the lipid
bilayer membrane. On the other hand, the mechanism underlying the interaction between
curcumin and the BENV lipid bilayer membrane is likely to be similar to that of cholesterol,
in which a lower curcumin concentration (<1%) significantly remodels the overall order
of the membrane, while a higher curcumin concentration (>1%) induces a decline in the
ordering of the glycerol region, followed by the formation of acyl chains [104].

We observed that 7.1% and 14.3% of encapsulated curcumin was released in the
pH 6.8 buffer after 19 h for BENV-CUR 15 and BENV-CUR 30, respectively (Figure 6B).
A longer incubation time apparently promoted a higher amount of curcumin release,
possibly because the high concentration of curcumin caused high disorder in the lipid
bilayer over time. Additionally, the increase in curcumin concentration also improved its
mobility within the bilayer and created an energy barrier, allowing curcumin molecules to
be exposed to more water molecules and thus increasing solvation. High loading capacity,
in combination with a prolonged release profile, allows BENVs to become an ideal edible
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plant-based carrier that reduces dosing cycles and minimizes cytotoxicity [107]. Our MTT
results suggest that the encapsulation of curcumin considerably shielded BENVs from the
cytotoxicity of free curcumin in both Caco-2 and HT-29 cells (Figures 6C,D and S8).

Anthocyanin-rich phenolic compounds have been reported as immunomodulatory
agents in the human colon adenocarcinoma cell line Caco-2 [34]. In this study, we investi-
gated the effects of BENVs on H2O2-induced oxidative stress, demonstrating its capability
to modulate the immune system. Our results revealed that BENVs suppressed more than
94% of IL-8 release, which is associated with the restoration of cell viability after 6 h of
treatment. Long-term exposure to ROS could trigger chronic inflammation and cancerous
features in Caco-2 cells. Hence, the suppression of IL-8 by BENVs allows Caco-2 cells
to recover with minimal aggressive tumor phenotypes. In previous studies, long-term
preincubation was deemed to likely degrade phenolic compounds or convert phenolic-rich
compounds into less effective metabolites [34]. However, our results showed that BENVs
might overcome the instability of phenolic compounds in cell culture media, resulting in
higher cell viability and improved IL-8 suppression (Figure 7). Previous studies showed
the intake of approximately 50 to 150 g of fresh blueberries, could contribute to the preven-
tion of type 2 diabetes, neurological decline, and cardiovascular disease [108,109]. In our
study, 500 µg/mL BENV proteins extracted from approximately 50 g of fresh blueberry
were adequate for the inhibition of IL-8 overproduction, implying that the BENVs could
preserve the bioactive properties of blueberries. A previous study showed that the amount
of anthocyanin extracted from blueberry transported through a Caco-2 cell monolayer
was minimal, approximately 3–4% for averaged transport efficiency [72]. Among them,
delphinidin glucoside (Dp-glc) had the lowest transportation/absorption efficiency (<1%),
whereas malvidin glucoside (Mv-glc) had the highest. This might explain the greater im-
munomodulatory effects of AF and BENVs in comparison with MJ, as the malvidin groups
were significantly elevated in the obtained AF and BENV, resulting in better transportation
and absorption. Although MJ contained a very high amount of peonidin, which would help
it absorb through the Caco-2 layer, the anthocyanins extracted from blueberry were dras-
tically degraded in cell culture media (approximately 60% retained in the first hour) [72].
This finding implies that BENVs shelter anthocyanin compounds from degradation, provid-
ing long-term proinflammatory effects that none of the current anthocyanin-rich extracts
can achieve.

5. Conclusions

In this study, we designed an in-tube 3D filter-based approach to extract apoplastic
fluid from succulent fruits, using blueberry as a model of edible fruits. This extraction
approach is simple, straightforward, and requires no specialized technical skills. Our
results demonstrated that apoplastic fluid is successfully extracted from blueberry and
the obtained blueberry-derived extracellular nanovesicles contained a significantly higher
amount of total proteins in comparison with that in current extracellular nanovesicles
extracted from milk and supernatant of mammalian cell culture. Furthermore, plant-based
proteins have been shown to assist drug delivery on multiple fronts, enabling future
development of BENVs as a novel edible nanocarrier. Additionally, this method preserves
the purity of the plant sources and eliminates the interference from extraction buffers or
detergents, thus facilitating downstream analysis and applications. Notably, we discovered
that pathogen-related proteins (i.e., class I β-1,3-glucanase and class I chitinase) are fused
with plant-derived EVs in the transport process, suggesting that these proteins could be
used as a potential general biomarker for plant-derived EVs. We show that BENVs possess
attractive features of a nanocarrier for drug delivery system, such as incredible stability, low
toxicity, low immunogenic effect, high immunomodulatory effect, high cellular uptake, and
ability to be transported through the intestinal epithelial barrier. Interestingly, BENVs are
able to prolong treatment efficacy by sheltering anthocyanin compounds from degradation
caused by culture medium. This characteristic surpasses current anthocyanin-rich extracts.
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Future optimization of BENVs is likely to make this edible plant EV a multifunctional
nanoplatform for targeted drug delivery in immunomodulatory therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics15082115/s1, Figure S1: An illustration of apoplastic fluid
extraction method using homemade in-tube filter to prevent disruption of cell membrane. Figure S2: (A)
FTIR spectra of apoplastic fluid (AF), minced juices (MJ) collected at 2000× g (MJ 2k) and 10,000× g (MJ
10k), and BENVs collected at 40,000× g (BENV 40k) and 100,000× g (BENV 100k). (B,C) Illustration of
selected wavenumber regions for spectral evaluation based on spectroscopic protein-to-lipid ratio (P/L)
protocol of Mihaly et al. [29]: (B) Amide group at wavenumber region (1770–1470 cm−1) deconvoluted
by curve fitting with Lorentz-function (band denoted by dotted lines), (C) C-H stretching region
(3040–2700 cm−1) indicative for lipid components. The FTIR areas represented amide group and lipid
group were calculated by a formula followed Mihaly et al. Figure S3: FTIR profiles of functional groups in
15 possible anthocyanin compounds in the study. Figure S4: Topography of BENVs. Figure S5: Schematic
of cancer cell targeting with BENV functionalized with EpCAM aptamer (SYL3C). Figure S6: The effect
of experimental conditions on the encapsulation efficiency of BENVs with poorly water-soluble aspirin.
Figure S7: The in vitro stability of BENVs under physiological mimetic conditions. Figure S8: Cytotoxicity
of BENV and curcumin-loaded BENV in HT-29 cells. Figure S9: Effect of H2O2 concentration on IL-8
protein secretion in Caco-2 cells. Table S1: Comparison of the protein concentrations in EV samples
isolated from different sources. References [29,39,110–113] are cited in the supplementary materials.
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Abstract: Drugs may undergo costly preclinical studies but still fail to demonstrate their efficacy in
clinical trials, which makes it challenging to discover new drugs. Both in vitro and in vivo models
are essential for disease research and therapeutic development. However, these models cannot
simulate the physiological and pathological environment in the human body, resulting in limited
drug detection and inaccurate disease modelling, failing to provide valid guidance for clinical
application. Organs-on-chips (OCs) are devices that serve as a micro-physiological system or a tissue-
on-a-chip; they provide accurate insights into certain functions and the pathophysiology of organs to
precisely predict the safety and efficiency of drugs in the body. OCs are faster, more economical, and
more precise. Thus, they are projected to become a crucial addition to, and a long-term replacement
for, traditional preclinical cell cultures, animal studies, and even human clinical trials. This paper
first outlines the nature of OCs and their significance, and then details their manufacturing-related
materials and methodology. It also discusses applications of OCs in drug screening and disease
modelling and treatment, and presents the future perspective of OCs.

Keywords: organs-on-chips; drug screening; ADME (absorption, distribution, metabolism, and
excretion); maternal–foetal interface; personalised treatment; bone marrow-on-a-chip; AngioChip

1. Introduction

Time and economic challenges limit the use of disease modelling for better treatment.
Current animal models allow us to understand pathophysiology and drug screening; how-
ever, inconsistencies in findings between animal models and human trials are constantly
observed. Many drugs have been screened in vitro and then by using animals; however,
when drugs enter the clinical trial stage, they are often suspended due to inadequate
efficacy and unexpected side effects [1,2]. Therefore, ideal models and test platforms for
better prediction of human responses are urgently required. Current platforms for drug
efficacy and toxicity evaluation and disease modelling generally fall into the categories of
cell lines, tissue/organ cultures in vitro, organoids, and organs-on-chips (OCs), as shown
in Figure 1A. Cell lines are quick and convenient to culture, but cannot mimic numerous
phenotypes of cells and tissues in the human body and lack host immunity and tissue- and
organ-level responses [3,4]. Although culture methods of in vitro human tissues/organs
could produce a highly relevant model for our body system, which is a reasonable approach
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for various tests, tissue/organs cultured in vitro do not survive well and are expensive;
there is also a short supply of their sources. Our body is a combination of complex sys-
tems, but human tissues and organs cultured in vitro are independent of those in living
organisms. Thus, they cannot be used to study coherent host reaction mechanisms. In
addition, large individual differences and poor reproducibility in experimental results limit
their in-depth study. Organoids have advanced significantly in recent years. They imitate
the growth and interaction of tissues and organs by coculturing various types of cells to
form functional tissues with a certain structure, eventually resulting in cellular diversity [5].
Organoids are generalised by the free or well-ordered organisation of cells, and the final
formation of the structured tissue is highly correlated to some functions of human organs
and tissues [6], but they always neglect the microenvironment, including oxygen gradients
and pressure differences, and have insufficient dynamic signals such as those of air flow
and blood flow. These signals are crucial for simulating human physiology [7–9].
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OCs, also known as micro physiological systems or tissue chips (Figure 1B), are used to
model tissues and organs by simulating physiological and pathological tissue components
and arrangement, structural composition, and dynamic components (gas, blood, force,
etc.) [2,10]. They employ advanced technologies such as microfabrication, microfluidics,
and bioprinting to establish the corresponding structure and dynamic microenvironments
on a tiny chip. In addition, OCs can be integrated with a sensor system to achieve continu-
ous and automatic detection of biochemical and physical parameters [2,11,12].

In contrast to the various abovementioned detection and test platforms, OCs have
unique properties in terms of tissue arrangement, biomechanical clues, and engineering
design. Tissues on an OC platform can be orderly arranged in three dimensions (3D),
allowing many types of cells to work together to reflect the physiological balance of
cells as well as cells and tissues within a controlled design integration [11]. Specifically,
OCs can also include biomechanical clues, such as the tensile and compressive forces
of a lung tissue or the haemodynamic shear stress of a vascular tissue. Differences in
the simulation of biomechanical forces can cause variations in tissue inflammation and
drug absorption [2,13–15]. Creating OCs involves the reverse deduction to human cell
system engineering, and the reverse engineering of body tissues and physiological systems
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is very complex. Consequently, OCs tend to simplify organ complexity by avoiding a
comprehensive model. OCs present the main characteristics of human tissues by designing
ideal structures; however, these designs can still provide relevant and helpful cues in the
formation and development of certain diseases and, thereby, help to treat them [16–19].

This paper first outlines the nature of OCs and their significance. It then discusses
their manufacturing-related materials and methodology, and highlights the applications of
OCs in drug screening, disease modelling, and treatment. Finally, the future perspective of
OCs is presented.

2. Manufacture of OCs

The manufacture of OCs involves a complex process that requires materials that are
suitable for microfabrication with essential biocompatibility. When selecting materials
for OCs, a confined long-term cell culture microenvironment should be considered, with
multiple assays in sequence or synchronisation. Agreeable materials should simulate
components to provide a safe and stable framework beneficial to cell growth and migration;
they should also enable material exchange and signal communication between cells. These
materials are referred to as ‘organ materials’ or ‘chip materials’ (Table 1). After the general
structure of OCs is created with agreeable materials and advanced technology, the chips
are subjected to specific environmental parameters, such as electromechanical stimuli and
dynamic microenvironments. This process also can involve biosensing installation. The
detecting elements are placed in the OCs, and the transduction components and signal-
processing devices are connected to the outside.

2.1. Materials

The materials used in manufacturing and simulating biological components in OCs
are referred to as ‘organ materials’. They are used mainly in the form of hydrogels and
simulate the extracellular matrix of living cells and tissues.

Hydrogels can be of natural, synthetic, or hybrid origin. Natural hydrogels exhibit sat-
isfactory biocompatibility with functional sites for cell adhesion and communication [20,21].
For example, collagen [22] and gelatin exhibit low immunogenicity and extensive struc-
tural domains for cell adhesion. They can create a cellular microenvironment similar to
tissues [21,23]. As an example, by integrating collagen I hydrogel on polydimethylsiloxane
(PDMS) gear, stem cell-derived endothelial cells grow on collagen membrane, and then,
with collagenase, morphological changes in membranes and cells with progressive degrada-
tion of collagen can be studied [24]. Collagen–elastin (CE) membranes can also be cast onto
the surface of PDMS moulds for better culturing of cells, as they have mechanical properties
similar to those of in vivo biofilms [25]. Polysaccharides, chitosan, alginate, and hyaluronic
acid can be modified in response to light, pH, temperature, and ion concentration. They
are commonly used to encapsulate cells and for bioactive factor-controlled releasing [26].
In another study, chitosan was prepared as microspheres loaded with anticancer drugs,
and drug release was controlled by two types of cross-linking: tripolyphosphate (TPP) and
glutaraldehyde (GTA). Cumulative drug release was greater at lower pH values, demon-
strating the pH-responsive nature of chitosan [27]. Alginate is considered an ideal substrate
for the in vitro construction of muscle models, which can successfully induce ventricular
myocytes and vascular smooth muscle cells to form striated and smooth muscle tissues
by specific cues [28]. Natural polymers usually show weak mechanical properties, poorly
controlled chemical and physical properties, and fast degradation rates [21,29]. Natural
hydrogels can be chemically modified to cross-linkable methacrylate(MA), such as alginate
(MAA) [30] and methacryloyl gelatine (GelMA) [31,32]. Synthetic polymers have high
reproducibility in synthesis and biological experiments [20,33], such as cell cultures, with
stable results [21]. These synthetic hydrogels can be prepared from polyethylene glycol
(PEG), polylactic acid (PLA), poly (lactic-co-glycolic acid) (PLGA), polyvinyl alcohol (PVA),
polyacrylamide (PAAM), poly (hydroxyethyl methacrylate) (PHEMA), and polyurethane
(PU). As a material that mimics natural ECM, researchers have explored the effects of
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PAAM’s modifiable physical properties on the morphology, skeletal structure, and cell
expression of kidney podocytes and have demonstrated them to be suitable for use in
building kidney microarray models [34]. However, a significant disadvantage of synthetic
polymers is that they lack cell-adhesion ligands and cytocompatibility [20]. Both natural
and synthetic materials can be combined and integrated to take advantage of their comple-
mentary properties to form a rational design for on-demand physicochemical attributes,
such as the combination of poly (ethylene glycol) diacrylate (PEGDA) with GelMA [35] and
PEG with fibrinogen [36] for 3D printed scaffolds for cell seeding. Hydrogels can be coated
on the surface of a chip channel. PDMS microfluidics have a gel as a cellular adhesive layer
material to simulate the tissue environment in channel walls [37–39].

Cells can be of different types, including primary, immortalised, adult stem, embryonic
stem cells, and human induced pluripotent stem cells. Among them, primary cells have
a cellular phenotype most similar to that of human cells, but they have a limited lifespan
and are difficult to obtain and preserve. Phenotypic differences exist between batches
of primary cells [40]. Immortalised cells do not suffer from long-term preservation, and
phenotypic differences and can be obtained with better reproducibility; however, they
undergo genotypic and phenotypic drift modifications, exhibiting different functions from
those of the original tissue or organ [41,42]. Stem cells, however, can differentiate into adult
cells without phenotypic differences or concerns regarding long-term preservation. One
commonly used adult stem cell is the mesenchymal stem cell, which supports differentiation
into different types of cells; however, different methods of isolation and culture can likewise
lead to phenotypic differences [43]. Embryonic stem cells are suitable for OCs, allowing
for unlimited proliferation and differentiation, and are highly relevant to human cells;
however, their use is ethically controversial [44]. Currently, human induced pluripotent
stem cells are the most commonly used OCs because of their great relevance to humans,
and they can be differentiated into human cells without ethical problems [43,45].

Biopsies are also frequently assembled in the design of OCs, and their use brings
intercellular integration and overall function of the tissue within the OCs closer to that of
living tissue [46,47]. For example, researchers grew mouse colon crypt biopsies on the chip,
allowing and designing tissue blocks to proliferate and differentiate within the chip, with
the final chip model exhibiting better cellular integration and a specific appearance of the
structure [48]. Biopsied human skin tissue was used in a toxicity study in a multi-organs-
on-a-chip (MOC) model for drug screening [19]. In addition, in building personalised
disease models of patients, many microarray platforms are fitted with the disease site of
the patient’s biopsy, such as the airway component of a patient with chronic obstructive
pulmonary disease (COPD) [49].

However, the effect of cell sex on the results of experiments is often ignored when
choosing cell types. Researchers often prefer male cells or tissues because female models
are influenced by reproductive hormone levels, which makes results more unpredictable.
Moreover, it is usually believed that sex differences have little impact on systems other
than the reproductive system and are of little value to study [50]. Nevertheless, an in-
creasing number of studies have revealed sex differences in non-reproductive tissues. For
example, the brains of males and females show significant differences in anatomy and
physiology, leading to sex differences in neurophysiology and behavior [51]. Males are
more biased towards autism spectrum disorders [52], while females are biased towards
depression and anxiety disorders [53]. In addition, there are sex-specific differences in the
cardiovascular [54] and immune systems [55].

The materials used to create and simulate the non-biological components of OCs can
be referred to as “chip materials” or structural materials of the chip, such as microfluidic
devices and the barrier membranes between different types of cells. Elastomeric materi-
als, such as PDMS [56–58], poly (octamethylene maleate (anhydride) citrate) (POMaC),
thermoplastics, and inorganic materials are commonly used today.

PDMS is economical, low-cytotoxic, and easy to process. PDMS is transparent and,
when assembled into a frame structure of an OC, can be viewed directly outside the chip
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for imaging, which is a major highlight of PDMS materials [59]. However, PDMS also has
shortcomings while manufacturing OCs: PDMS is somewhat hydrophobic, preventing
some cells from adhering to growth, and adsorbs small hydrophobic molecules, such as
some of the drugs tested, which can affect the results of the experiment [60]. The uncross-
linked part of the cured PDMS can leach into the solution [61]. PDMS is prone to solution
evaporation, which significantly alters the volume, concentration, and equilibrium on a
micro-scale, or even forms bubbles that can block gas–liquid flow or damage cells [56,61,62].
In addition to PDMS, another elastomeric material, POMaC, is used in the construction of
vascular scaffolds, forming a network structure with many microchannels that mimic the
scaffold structure of a blood vessel [63].

Thermoplastics can retain the visibility, biocompatibility, and chemical stability of
PDMS materials while overcoming certain disadvantages of PDMS materials [64]. For
example, cyclo-olefin polymer (COP) is transparent in the visible and near-UV regions, has
low self-fluorescence for visibility, has no effect on hydrophobic drug distribution, and has
ultra-low water vapour permeability, which facilitates cell culture while limiting sample
evaporation [64,65]. Polymethyl methacrylate (PMMA) is rigid and transparent, and has
very low fluorescence intensity, and is commonly used in the construction of OCs [46,66].

Among inorganic materials, glass is commonly used to prepare OCs. Glass is trans-
parent, suitable for real-time imaging, and does not attract hydrophobic molecules [67].
However, owing to its impermeability, glass is unsuitable for cell culture in an enclosed
environment [56].

Table 1. Summary of materials used for organs-on-chips.

Classification Strengths Weaknesses

Organ material

Hydrogel

Natural [68]

Collagen Biocompatible [69];
Biodegradable [21];
Low immunogenicity;
Extensive cell adhesive
domains [21,23];
Suitable for cell growth
and migration;
Structure similar to ECM [26]

Weak mechanical
properties [70]

Gelatine

Chitosan

Alginate

Hyaluronic acid

Fibrin

Synthetic [20]
PEG, PLA, PLGA,
PVA, PAAM,
PHEMA, PU

Controllable
mechanical properties;
Stable in batch-to-batch;
Controllable
degradation properties;
Chemical modification

Lack of cell
adhesion ligands;
Inadequate
biocompatibility

Hybrid

PEGDA/GelMA [35]
Appropriate
mechanical properties;
More bioactive sites

-

PEG/fibrinogen [36] PEG was functionalised to
promote cell growth -

Cells and tissues

Primary cells [40] The most phenotypically
similar to cells in vivo

Extraction difficulty;
Inconstant functionality;
Short lifespan;
Individual difference

Immortalised cells [41,42]
Infinite survival;
Retention of activity;
Repeatable

Low phenotypically
similar to cells in vivo

Embryonic stem cells [44] Pluripotent;
Infinitely proliferative Ethical restrictions

Adult stem cells [43] Easy to extract relatively Limited
differentiation ability
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Table 1. Cont.

Classification Strengths Weaknesses

Human induced pluripotent stem
cells [43,45].

Retained human relevance;
Great differentiation potential;
Without ethical restrictions

Individual difference;
Low reprogramming
output;
Genomic instability

Biopsies [46,47]

More accurate information on
the tissue [48];
Maintain the natural
extracellular matrices and
three-dimensional tissue
structures [48]

Cannot survive more
than 48 h in ex vivo
culture mostly

Chip material

Elastomerics

PDMS [56,57]

Economic;
Low cytotoxicity;
Ease of processing;
Transparent [59]

Hydrophobic;
High ability to adsorb
small hydrophobic
molecules [61];
High gas
permeability [56,61,62]

POMaC [63]

Biodegradable;
Biocompatible;
Desired
mechanical properties

Thermoplastics COP, COC, PC, PS, PMMA

Economic;
Transparent;
Low absorption;
Appropriate gas
permeability [64,65];
Low auto-fluorescence [46]

Inorganic materials Glass
Transparent;
Stable physical and chemical
properties [67]

Diseconomy in fabrication;
High gas
impermeability [56]

Annotations: PEG, polyethylene glycol; PLA, polylactic acid; PLGA, poly (lactic-co-glycolic acid); PVA, polyvinyl
alcohol; PAAM, polyacrylamide; PHEMA, poly (hydroxyethyl methacrylate); PU, polyurethane; PEGDA, poly
(ethylene glycol) diacrylate; GelMA, gelatine methacryloyl; PDMS, polydimethylsiloxane; POMaC, poly (oc-
tamethylene maleate (anhydride) citrate); COP, cyclo-olefin polymers; COC, cyclic olefin copolymer; PC, polycar-
bonate; PS, polystyrene; PMMA, polymethyl methacrylate.

2.2. Techniques and Environmental Parameters

Microfabrication technology is used in the fabrication of OC hardware templates or
ECM scaffolds [71–73], using photolithography [74] and soft lithography technologies.
Photolithography technology focuses on the formation of UV-sensitive materials, where
the constructed hardware can be directly applied to OCs or used as a master for soft
lithography. Soft lithography technology is a technique for infusing materials such as PDMS
into a master plate and removing the template after shaping to obtain a soft and flexible
microstructure (Figure 2A). Multi-layered soft lithography utilises 3D stamping techniques
for the tight assembly of multi-layered structures [71]. 3D printing enables stereoscopic
structure efficiently with high fidelity and wide dimensional pattern ranging from micro-
to macroscale without templates or masks [75,76]. The cell and tissue components are
mainly printed in 3D, using bioprinting technology to create tissue structures [77,78] or
using electrospinning technology to first form a cell growth scaffold [79] and then grow the
cells to promote cell growth and distribution.

Microfluidics is a core technology in OC fabrication, which controls the flow of fluid
in channels of less than 1 mm, allowing for better simulation of the dynamic cellular and
tissue environment [80]. In microchannels, the liquid flows directionally and steadily,
without turbulence, and can be used to maintain the stability of chemical gradients over
long periods of time [81]. Microfluidics is used to control dynamic changes, such as the flow
of the culture fluid delivery and the exchange of gases, simulating the dynamic circulatory
changes in the human body’s ministries [2,26,73,80,82].
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Of course, owing to the flexibility of OC research, various technical supports are
required for target OCs under different research objectives, such as the establishment of a
liver sinusoidal model with the help of bi-directional electrophoresis techniques and the
design of electrodes that enable the radiation electric field to form the hepatocytes into a
hexagonal arrangement [83] (Figure 2(B1)).

To better simulate the tissues and organs, designers have replicated many environmen-
tal parameters of the body in terms of the microenvironment. In terms of structure, specific
tissue morphology and function require different ECM structures for maintenance [84], e.g.,
the survival of hematopoietic stem cells (HSCs) is closely linked to the bone marrow eco-
logical niche [85]. In terms of biochemical stimulation, specific cytokines and chemokines
are delivered to tissues and cells to promote cell survival, proliferation, and migration [86],
such as the addition of MCP-1 to GelMA to induce monocyte chemotaxis [87]. In tissue
homeostasis, microfluidics provides dynamic nutrients and remove metabolic waste to
maintain intracellular homeostasis and control the oxygen gradient between different
tissues [88,89] (Figure 2(B2)). In terms of mechanical stimulation, electrical stimulation
largely affects cellular morphology and activity, and appropriate electrical stimulation can
improve synaptic extension in nerve cells [90] and the assembly of specific morphology
in muscle cells [91]. Additionally, appropriate mechanical stimulation can similarly affect
cellular alignment and growth trends, such as fluid shear stress [92,93] (Figure 2(B3)).
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2.3. Sensors

An important piece of combined equipment for OCs is the sensors. As OCs continue to
evolve, developing integrated sensors is vital for monitoring the microenvironment within
the chip in real time, continuously and precisely. Sensors can be divided into physical
sensors that display pH, temperature, and oxygen, and biosensors that display multiple
biomarkers of metabolic processes [94], which can be further divided into optical and
electrochemical sensors based on different principles [10].

Optical sensors use light at specific wavelengths to directly detect the absorbance
and fluorescence intensity of a substance or indirectly to determine the surface plasmon
resonance (SPR) on the probe surface and the binding of the analyte to the probe to
determine the analyte concentration [10]. Optical sensors can detect a limited range of
substance concentrations; for example, when detecting pH, they require the addition of
absorbable phenol red for colour development and, only in the pH range of 6.5–8.0, linearity
reflects well and data are accurate [95,96]. However, optical sensors are advantageous
in low-oxygen environments because their measurement data are independent of redox
reactions [97,98].

Electrochemical sensors are more indirect and flexible, which can be used for more
precise quantitative studies. They consist of at least three electrodes for countering, refer-
ring, and working. The working electrode has a conductive gel or noble metal containing
the reactant (oxidase) attached to it, which reacts with the analyte to produce an exchange
of anions and cations. Then, the analyte concentration is calculated by detecting the
amperage, potential, and resistance between the working and counter electrodes [10,96].
Electrochemical sensors are designed to be more flexible and to facilitate real-time continu-
ous monitoring [99,100]. Some researchers have used conductive PEDOT:PSS hydrogels
wrapped with glucose oxidase (Gox) to prepare working electrodes to create miniature,
non-invasive, portable glucose sensors [101]. Researchers have also developed an intestinal
barrier chip model to measure transcutaneous resistance within transwell chambers to
assess barrier integrity [102,103].

Finally, the construction of an ideal sensor should rely on a combination of optical and
electrochemical sensors on demand. In a MOC model, researchers designed an automated
monitoring platform with physical sensors and electrochemical biosensors connected in
microfluidic channels to reflect micro-environmental parameters (potential of hydrogen,
oxygen, and temperature) and biomarkers within the model, respectively. The entire device
was placed directly under a microscope to observe the internal morphology of the MOC.
MOC also enables in situ and real-time monitoring of the microenvironment, biological
components, drug screening, and internal morphology [95].

2.4. Cell Culture Medium

When a single OC, involving only a single cell type, is generated, a culture medium
initially formulated for conventional cultures can be used. However, when generating
single/multiple OCs involving multiple cell types, the choice of medium becomes more
complex because each cell type has specific nutrients and growth factors to sustain growth
and function [104]. Therefore, one of the most critical challenges for multi-organ chips is to
be able to provide different tissues on the system with a blood-like universal medium to
meet the nutritional needs of different cells. So far, there are two ways to solve this problem.
One is to improve the properties of the culture medium to expand its application range,
and the other way is to utilize the endothelial cell barrier for nutrient separation [16]. For
instance, in the connected liver–kidney system, mixing liver-specific medium and kidney-
specific medium in a 1:1 manner can come close to meeting the growth needs of both types
of cells [105]. In addition, there are multicellular chips that simulate adipose tissue [106]
and a multi-organ chip model of liver–fat–skin–lung interaction [107]. However, with an
increasing number of organ types in the system, this multiple-mixing approach may result
in a less effective medium, as each organ or tissue ends up with a sub-optimal medium,
which can greatly affect the functionality and physiological relevance of the system. The
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connected system can be designed as a single channel or recirculation system, so that the
medium can be replenished or replaced at any time, and the barrier formed by the vascular
endothelium can also be utilized on the chip platform to segregate the different types of
cells, so that they can be cultured with their own optimal medium.

3. Applications

OCs are popular and widely used, including applications in drug absorption, distribu-
tion, metabolism, and excretion; in modelling diseases; in building medical resources; and
in individualised drug administration. The following is a brief description of the design of
OCs for use in these areas.

3.1. Drug Screening

Applications of the intestinal barrier chip model, liver sinusoidal chip model, blood–
brain barrier chip model, maternal–foetal barrier chip model, skin-on-a-chip model, and
ADME MOC model for drug detection are introduced. The diagrammatic sketch for barriers
is shown in Figure 3A.

3.1.1. Intestinal Barrier Chip Model

The intestinal barrier is an important barrier to the absorption of most orally adminis-
tered drugs, and numerous localised chip models of the intestine have been designed to
explore the direction of model design at the end-organ level, such as the colonic crypts-
on-a-chip model [48] (Figure 3(B1)). Primary crypts isolated from mice were mixed and
cultured in 2D and 3D patterns on a microstructure consisting of PDMS micropores and
matrix gel micro pockets to produce continuous millimetre-scale colonic epithelial tissue.
This is an effective exploration of the colon-on-a-chip model. It is novel and ingenious to
choose targeted tissues and combine 2D and 3D culture methods to better simulate the
tissue composition and structure of the crypt.

In contrast, the design of the intestinal barrier-on-a-chip model selected several major
cells and chose a Transwell model for its structure (Figure 3(B2)). Caco2-BBE cells and HT29-
MTX cells were cultured at a ratio of 9:1 in a mixture of 0.4 µm Transwell chambers to form
an intestinal monolayer epithelium, and the basal side of the Transwell was planted with
dendritic cells, forming the basic intestinal barrier model [103]. The use of the Transwell
chamber was impressive, as it can be used to study cell migration and can also be applied
to research the absorption and passage of drugs microscopically; it is the perfect hardware
for the intestinal barrier model. In addition, researchers have addressed the problem of
quantifying barrier function by measuring the transepithelial electrical resistance (TEER) in
the intestinal epithelium. Dendritic cells and HT29-MTX cells respond to exposure to drug
components or inflammatory mediators in the culture medium, increasing transmembrane
resistance. The absorption of drug breakdown products or the secretion of mucin into
vesicles increases transmembrane electrical resistance. The higher the transmembrane
resistance, the better the barrier function [16]. Researchers also modified the human Caco2
intestine chip by integrating a micro-oxygen sensor into an in situ oxygen measurement
device and placing the chip in an engineered anaerobic chamber to create a physiologically
relevant oxygen gradient between the human intestinal epithelium and microvascular
endothelial cells, which are cultured in parallel channels separated by a porous matrix-
coated membrane within the device. Modified intestinal chip allows stable co-culture of
highly complex anaerobic and aerobic intestinal bacterial communities in the same channel
as mucus-producing human villous intestinal epithelium, while simultaneously monitoring
oxygen levels and intestinal barrier function for at least 5 days in vitro [108].

3.1.2. Blood–Brain Barrier Chip Model

Another barrier to drug delivery is the blood–brain barrier (BBB), which is an im-
portant threat to the healing efficacy of nervous system drugs. The BBB is the boundary
between the central nervous system and circulatory system that controls transportation
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between the blood and the brain, limiting the penetration of drugs. It consists mainly of the
outer vascular endothelium, middle pericytes, and inner network of astrocytes. The ends
of these astrocytes cross pericytes to come into contact with the vasculature and control the
inflow of water through aqueous channel 4 (AQP4) [109,110].

Based on this structural basis, researchers produced a simplified BBB-on-a-chip
model [111]. The basic structure of the micro-platform was built using PDMS and consisted
of an upper layer, polycarbonate porous membrane, lower layer, and a slide (Figure 3C).
The upper layer was seeded with 2D human brain microvascular endothelial cells (HB-
MECs), and the lower layer was placed with a network of pericytes and 3D astrocytes,
between which a porous membrane was placed, significantly reducing the distance between
them [18]. Primary cells were selected so that the final microarray replicated the specific
markers, membrane transporters, and receptors associated with the BBB to a greater extent.

One of the main mechanisms by which natural HDL is known to pass through the
BBB is class B scavenger receptor 1 (SR-B1) [112,113]. Researchers designed mimetic HDL
nanoparticles with apolipoprotein A1 (eHNP-A1) and validated this mechanism using a
BBB microarray model [18]. The nanoparticle solution was added to the upper medium and
compared before and after blocking the SR-B1 channels. The amount of eHNP-A1 in the
upper layer, that is, the vascular channel, increased significantly after blocking the SR-B1
channel, whereas there was no significant increase in eHNP-A1 across the semi-permeable
membrane nor upon reaching the lower layer, that is, the microenvironmental layer in
the brain. In addition, the researchers captured the location of eHNP-A1, demonstrated
the distribution of 3D nanoparticles in the microarray model, and elaborated on the dif-
ferent cellular uptakes and receptor-mediated cytokinesis in this model (Figure 3C). The
mechanism of HDL penetration of the barrier and the usability of the BBB-on-a-chip model
validate each other.

3.1.3. Maternal–Foetal Barrier Chip Model

The placental barrier is also known as the interface between the mother and foetus.
This barrier consists of an external trophoblastic layer and an internal foetal endothelial
layer. This barrier counts the circulation and communication between the mother and the
foetus. The placental barrier-on-a-chip model has provided an excellent tool for studies
related to drug and toxicity delivery between the mother and foetus; however, it sur-
passes this to include breakthroughs in preterm birth induction, hormonal regulation,
and maternal–foetal communication. The toxic effects of drugs on the foetus are a major
concern when medically administering drugs to pregnant women; however, many in vitro
2D and 3D assay platforms limitedly represent the complex conditions between mother
and foetus, and the animal models differ significantly from humans in terms of gestational
physiological structure and uterine environment. An excellent placental barrier-on-a-chip
model should be created and should be taken a step further for researching the purposeful
delivery of drugs from the mother to the foetus.

Researchers used PDMS material to create two microchannels separated by a porous
polycarbonate membrane seeded with trophoblastic epithelial cells (BeWo epithelial layer)
and foetal vascular endothelial cells (HUVEC layer) to mimic the maternal and foetal
environments on either side of the barrier [17,114] (Figure 3D). The researchers verified
the gestational deep vein. The inability of heparin, a therapeutic agent for thrombosis and
embolism, to penetrate the placental barrier-on-a-chip model is consistent with previous
findings. In addition, researchers tested the delivery of glibenclamide, a drug commonly
used in gestational diabetes, in this model. The placental barrier microarray model demon-
strated the inability of glibenclamide to enter the foetal side under the protection of breast
cancer resistance protein (BCRP). Conversely, massive glibenclamide enters the foetal side
under the action of BCRP inhibitors [114], validating the physiological protection of BCRP
on the foetus. This shows that the placental barrier-on-a-chip model can reconstitute the
transport function of the placental barrier and has great potential as a drug screening
platform [115].
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The above mentioned is a simpler model of the placental barrier, which lacks many
important components to reconstruct the maternal–foetal interface [116], such as the lack of
many important cellular components, e.g., amnion mesenchymal cells(AMCs) and chorion
trophoblast cells(CMCs/CTs) [117]. There are two more well-established placental barrier
chip models: one consisting of four parallel chambers culturing amnion epithelial cells
(AECs), trophoblast cells, metaphase, and bacteria [118], and the other consisting of four
concentric circular channels containing primary AECs, AMCs, CMCs/CTs, and metaphase
cells [117]; the latter is superior, in that the four chambers are connected by fine ducts filled
with extracellular matrix, which is more realistic than a simple PET membrane (Figure 3D).
These designs are more similar in structure and composition to the placental barrier, and,
with such models as a cornerstone, future studies on bacterial infections, drug therapy, etc.,
will be more accessible.

3.1.4. Skin-on-a-Chip Model

The skin barrier is an obstacle that must be examined for all transdermal drugs, such
as creams, ointments, solutions, and skin patches, commonly in the form of antibiotic cream
for the skin, proprietary Chinese medicine suspensions [119], and pain relief patches for the
nervous system [120]. Transdermal drug delivery has many advantages over traditional
routes of administration, such as non-invasive administration and avoidance of the first-
pass effect of the drug on the digestive system. The drug can act locally or systemically
without significant side effects and has a higher safety profile. Animal models are often
used in drug experiments to study transdermal drug delivery, but the species variability
between animals and humans makes the results lack validity. With increasing restrictions
on the use of animals in various countries, we advocate non-animal research methods.
The use of skin equivalents is increasingly required for studies of drug penetration, skin
irritation, and skin phototoxicity.

Researchers have developed a skin-on-a-chip model that mimics the structure of
a Franz-diffusion cell by growing human keratin-forming cells (HaCaT) on a modified
electrostatic spun membrane in the middle. The upper layer holds the sample fluid, and the
lower layer is filled with type I collagen and connected to a microfluidic channel for easy
extraction of the culture fluid and measurement of drug concentration. The lower layer
can be removed for tissue staining. This model has been used to study the transdermal
transport of caffeine. The maximum concentration of caffeine in the collected cultures
was reached at the fifth hour, showing transport kinetics similar to those of human skin
samples [121] (Figure 3E). In a full-thickness skin-on-a-chip model, a fibrin-based dermal
matrix was used to construct a dermal scaffold and fill the upper surface and interior with
keratin-forming cells and fibroblasts, respectively, resulting in a simple full-skin equivalent,
which was also shown to be well structured by tissue staining [122] (Figure 3E). Biopsied
skin tissue has also been used to replace monolayers of keratin-forming cells [123,124], to
establish better models of full-thickness skin-on-a-chip. Other researchers have applied
periodic mechanical stimulation to the skin based on a full-thickness skin-on-a-chip model
to simulate circadian rhythms, resulting in an aging skin model that can be used for drug
development and disease modelling in aging skin [125]. In addition, the subcutaneous
vascular component was considered, and skin microarray models containing different
vascular channels were created to detect vasodilatation and immune responses to skin
stimulation [126,127]. These models are simple and convenient, but they contain only
a small number of types of skin cells and lack some important skin accessories, such
as nerves and hair follicles, where the hair follicle structure also has an impact on the
absorption behaviour of the drug. There are aspects that have not yet been integrated into
the skin-on-a-chip model, which is an area where breakthroughs are needed [128].

3.1.5. Liver Sinusoidal Chip Model

The liver is an important site for drug metabolism, and hepatotoxicity is an unavoid-
able safety indicator in the drug screening process. The liver is the main organ for testing
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the effectiveness and safety of drugs. The basic liver functional unit is the hepatic sinusoid
between the hepatic portal and central vein, consisting of an inner layer of porous endothe-
lial cells, middle layer of hepatic stellate cells, and outer layer of hepatic parenchymal
cells. Kupffer cells are also present inside the sinusoid, mediating communication and
immune responses [88]. In particular, the partial pressure of oxygen in the hepatic sinusoids
gradually decreases during the flow of blood from the periportal to the central vein to
regulate the compartment and function of the liver [129].

Accordingly, researchers designed and improved the hepatic sinusoidal-on-a-chip
model using glass material instead of PDMS material to create a hollow channel structure
that avoids the hydrophobic and oxygen-permeable nature of PDMS. Primary LSECs and
stellate cells are grown in the lower layer to form the vascular channels and intrahepatic
environment, and primary human hepatocytes and collagen layers are grown in the upper
layer, distributing the Kupffer cells within the lower two layers. Primary cells were selected
so that the final model contained many specific proteins. In addition, researchers formed
different oxygen partitions (oxygen-rich, intermediate, and oxygen-poor) by regulating the
flow within the liver and vascular channels through engineering modelling and verified the
oxygen partitioning by imaging the ratio of oxygen-sensitive and-insensitive fluorescent
beads to form different metabolic gradients [16,88,89] (Figure 3F). The model validity
was verified by a bile efflux test and an endothelial cell penetration test, using various
imaging modalities. This model was also compared to a PDMS liver sinusoidal-on-a-chip
model [130], in which three drugs (Nefazodone, Terfenadine and Acetaminophen) were
dissolved and diluted into the vascular channels of the chip, and the effluent was collected
daily to determine the remaining drug concentration and calculate the recovery rate. The
recovery of acetaminophen, a hydrophilic drug, was 100% in both devices, whereas the
recovery of Nefazodone and Terfenadine, hydrophobic drugs, was much greater in the
glass device than in the PDMS device. All recoveries were 100% after the addition of
drug-loaded LDL. These data demonstrate the drawback of the PDMS material in the
fabrication of a chip device, namely, its ability to adsorb hydrophobic molecules [2].

3.1.6. An ADME MOC Model

The MOC model, which is formed by multiple OC, is a more suitable approach for drug
development, where drugs undergo absorption, distribution, metabolism, and excretion
(ADME) processes in vivo, mainly involving the intestine, liver, kidneys, and organs of
action of the target drug, such as the skin, brain, and even bone marrow [16,131–135].

Researchers designed an ADME-on-a-chip model by integrating the gut, liver, kidney,
and skin using PDMS and PET membranes to prepare a bilayer of interconnected chambers,
with the upper layer serving as the blood circuit and the lower layer as the excretory circuit,
with the two layers connected by a proximal tubular culture chamber in the middle of
the kidney (Figure 3G). The blood circuit includes an intestinal barrier culture chamber
consisting of intestinal epithelium, a liver equivalents culture chamber consisting of liver
parenchymal cells and stellate cells, and a skin culture chamber for biopsies and connected
microchannels. The excretory circuit consists of a proximal tubular culture chamber and
microchannels in the kidney [16,19]. This continuous MOC model was tested for LDH
and glucose distribution, and there was a corresponding gap in LDH activity extracted
in the different chambers, further suggesting that the four barriers play their respective
roles in the passage of LDH [19]. The MOC model can be flexibly designed and adapted for
the purpose of the study; for example, heart–liver–lung chip models to study drug effects
on each organ [136], liver–kidney chip models, and liver–skin chip models to study drug
toxicity [135,137–139].

With the need for constant sampling and testing during experiments, the establishment
of a long-term, real-time, continuous testing system is unavoidable. A sensor system for in
situ continuous monitoring has been established [95], which is a significant advancement in
the development of MOC. MOCs are a flexible and beneficial tool in the drug development
process, but their design flexibility also leads to a lack of widely accepted standards for
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the test tool, which is partly responsible for its limited popularity. Another challenge is
the limited survival time of MOCs, which is difficult to match with the time required for
drug ADME.
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Figure 3. Drug screening by OCs. (A) Diagrammatic sketch for barriers. Intestinal barrier, blood–
brain barrier, and placental barrier in yellow, airway barrier and skin barrier in green. (B–G) The
designs of intestinal barrier chip model (B), in which B1 is primary colonic crypts-on-a-chip model
and B2 is a Transwell modle for intestinal barrier-on-a-chip model. Blood–brain barrier chip model
(reprinted from ref. [18] with permission) (C), mMaternal–foetal barrier chip model (reprinted
from refs. [17,116] with permission) (D), in which A was designed to create an infectious preterm
birth model to study fetal membranes and B was designed to mimic the feto-maternal interface,
including the fetal membranes and maternal decidua. Skin-on-a-chip model [116,121,122] (reprinted
from refs. [121,122] with permission) (E), Liver sinusoidal chip model (F) and ADME MOC model
(reprinted from ref. [19] with permission) (G), in which pink represents blood flow circuit, yellow
represents an excretory flow circuit, numbers represent the four tissue culture compartments for
intestine (1), liver (2), skin (3), and kidney (4) tissue. (A, B, C) represent three measuring spots in the
surrogate blood circuit and (D, E) represent two spots in the excretory circuit.

3.2. Disease Modelling

The use of OCs models of disease can provide data that are more in accordance
with human physiological responses, allowing scholars to gain a deeper understanding
of disease characteristics and trends. Their use also reduces animal consumption, as
recommended by the “3Rs” principle (replacement, reduction, refinement) in animal ethics.
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Here, we focus on an airway-on-a-chip model, simulating disease models for influenza A
and COVID-19 infection and using disease models to predict effective drugs for COVID-19
infection [140]; tumour-on-a-chip models, which predict tumour metastasis [141]; and a
breast cancer–heart-on-a-chip model to detect chemotherapy toxicity in the heart [142].

3.2.1. Airway-on-a-Chip Model

Researchers grew human bronchial airway epithelial cells and artery endothelial
cells in a dual-channel microstructure created by PDMS and PET porous membranes to
form an airway-on-a-chip model, combining air and blood channels [15,140] (Figure 4A).
This model was infected with influenza A virus, and the infection model was verified
by immunofluorescence staining, followed by treatment of the microarray model with
an effective therapeutic agent for influenza A, which ultimately showed the effectiveness
of the treatment; thus, this proved in reverse that the airway microarray model of viral
infection was successful. The researchers then used this chip model to develop a COVID-19
infection airway-on-a-chip model of simulated novel coronavirus infection by pseudotyped
syndrome coronavirus type 2 (SARS-CoV-2) and used it to predict effective drugs for novel
coronavirus pneumonia in vitro. The predicted drugs were also effective in the prevention
and treatment of infection in animal models of COVID-19 infection [140]. The use of this
model has demonstrated that OCs models have enormous potential in the treatment of
pandemic diseases, alleviating the urgency and burden to develop effective drugs rapidly
on occurrence of serious pandemics.
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3.2.2. Tumour-on-a-Chip Models

Researchers have developed vascularised micro-tumour-on-a-chip models for screen-
ing effective chemotherapeutic agents [16,141,143,144]. The model was built in PDMS
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material and bottomless 96-well plates using human vascular endothelial cells in a diamond-
shaped culture chamber to self-organise into a 3D microvascular model, growing colorectal
tumour cells that differentiated and formed micro-tumours (Figure 4B). This model al-
lows for clear localisation of cell distribution and interactions by histochemical staining.
Interestingly, many clinically used chemotherapeutic drugs could be effective in this 3D
micro-tumour-on-a-chip model, whereas some of them were not effective when the drugs
were also applied to 2D tumour tissue [141]. These findings highlight the superiority of OC
models for drug screening compared with 2D cell cultures. It is also possible to build OC
models of other tumours to select effective chemotherapeutic drugs [142,145,146].

In addition, many cancer metastases-on-chips have been established to clarify the
mechanisms of metastasis in different tumours [147]. Establishing a personalised multi-
organ microarray model of a tumour patient can help predict the metastatic activity
and trend in that patient’s tumour in advance and is a potential area for future study
and applications.

3.2.3. Breast Cancer–Heart-on-a-Chip Model

Chemotherapy-induced cardiotoxicity (CIC) is the most likely adverse event in the
course of chemotherapy for oncological diseases and is unpredictable, unless irreversible
heart failure occurs. Based on clinical experience, researchers chose breast cancer for
cardiotoxicity and established the cardiac–breast cancer-on-a-chip model [142]. The re-
searchers co-cultured cardiomyocytes, fibroblasts, and myofibroblasts differentiated from
human iPSCs in GelMA hydrogels to form mock heart spheres and similarly cultured
breast cancer cells in GelMA, placing them separately in two linked microculture chambers.
Addition of TGFβ1 to induce cardiac fibrosis was used to investigate whether a certain
degree of myocardial fibrosis promoted the development of CIC (Figure 4C). The chip
platform also incorporated an electrochemical multi-array sensor for real-time, continuous
detection of multiple biomarkers such as CK-MB, cTnT, and HER-2 [148,149]. Treatment
with doxorubicin (DOX) nanoparticles resulted in changes in biomarker indicators, reflect-
ing the suitability of the platform. This microarray model is more of a conceptual model for
predicting CIC, but with the concept proposed, a truly practical model is being prepared,
and replacing all the cell sources in this model with patient-specific sources may be the
way to proceed.

3.3. Treatment

In addition to drug detection and disease modelling, OCs have great potential for use
as a flexible medical resource, a development that represents an unexpected breakthrough
for both medical treatment and OC itself. Perennial bone marrow-on-a-chip [150], vascular-
on-a-chip as a therapeutic scaffold [63], and foreign body corresponding-on-a-chip [87] as
an aid for treatment monitoring are currently being investigated.

3.3.1. Bone Marrow-on-a-Chip

The use of OCs as a tool for cultivating resources for disease treatment is a break-
through in the application of various biomaterials. All types of blood cells originating from
HSPCs and their survival are closely linked to the bone marrow cell ecotone, but modelling
all aspects of the bone marrow cell ecotone in a more comprehensive way remains unad-
dressed The bone marrow cell ecotone is structurally complex and consists mainly of cells,
such as bone marrow stromal cells and MSCs; it includes a variety of signalling molecules
and extracellular matrix components [85,151–153].

The researchers learned from previous superior HSPC culture methods and used
3D ceramic scaffolds of hydroxyapatite-coated zirconium oxide [154], which mimics the
porosity and strength of osteochondral stroma; it is filled with MSCs and HSPCs, in which
MSCs produce signal molecules and ECM components. It can form a bone marrow model
after one week of incubation in vitro. The bone marrow model was placed on a PDMS
microchip platform consisting of two independent circular channels [139,150]. In this model,
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HSPCs remained in their original state after four weeks, and the ecotone composition
remained unchanged, similar to the natural bone marrow ecotone [150]. Establishing this
model has helped expand the sources of HSPCs and exploit the potential of an in vitro
blood bank of HSPCs that can be used for the treatment of related haematological disorders,
which has made them independent of bone marrow donation. This concept was developed
to provide inspiration for the treatment of many other systemic diseases (Figure 5A).

Pharmaceutics 2023, 15, x FOR PEER REVIEW  17  of  31 
 

 

microchip  platform  consisting  of  two  independent  circular  channels  [139,150].  In  this 

model, HSPCs remained in their original state after four weeks, and the ecotone compo-

sition remained unchanged, similar to the natural bone marrow ecotone [150]. Establish-

ing this model has helped expand the sources of HSPCs and exploit the potential of an in 

vitro blood bank of HSPCs that can be used for the treatment of related haematological 

disorders, which has made them independent of bone marrow donation. This concept was 

developed to provide inspiration for the treatment of many other systemic diseases (Fig-

ure 5A). 

 

Figure 5. Treatment by OCs. (A–C) The treatment concept maps of bone marrow-on-a-chip [150] 
(A), vascular-on-a-chip (B), and foreign body corresponding-on-a-chip (C). 

3.3.2. AngioChip 

Some  researchers  have  used OCs  to  breed  a  vascular  scaffold  chip  (AngioChip), 

which  is  more  biocompatible  and  promotes  vascular  regeneration  (Figure  5B).  The 

POMaC solution was injected into a PDMS porous mould designed by AutoCAD, it was 

UV-irradiated  to  form glue, and  the PDMS mould was  removed  to obtain  the scaffold 

structure, which made the final scaffold chip flexible. The scaffold structure was coated 

with gelatine and placed in a microfluidic PDMS material chip device. HUVECs were in-

fused into the scaffold via a microfluidic system and left to stand until the cells adhered 

to the scaffold to form a 3D HUVECs vascular scaffold structure [63]. A rat vascular scaf-

fold chip made in the same way was used in Lewis rats in either the artery bypass config-

uration or the artery-to-vein configuration, which established good blood perfusion and 

demonstrated excellent biocompatibility. One week after implantation, new angiogenesis 

was  found  around  the  scaffold, which was maintained  in vivo  for  at  least five weeks 

[63,155]. Depending on the requirements, cellular components of different compositions 

can be infused into the scaffold: HESC-derived hepatocytes with HMSCs for liver-vascu-

lar-on-a-chip and HESC-derived  cardiomyocytes with HMSCs  for heart-vascular-on-a-

chip  [155]. AngioChip grown using  the OC  is stable and can be directly anastomosed, 

allowing analytical exchange inside and outside the vessel and contributing to extensive 

tissue remodelling. Cells of patient origin can be selected to make the AngioChip a better 

fit for the patient and better for therapeutic use, but more complete and industrial meth-

ods of making the AngioChip are required before this can be performed. 

Figure 5. Treatment by OCs. (A–C) The treatment concept maps of bone marrow-on-a-chip [150] (A),
vascular-on-a-chip (B), and foreign body corresponding-on-a-chip (C).

3.3.2. AngioChip

Some researchers have used OCs to breed a vascular scaffold chip (AngioChip),
which is more biocompatible and promotes vascular regeneration (Figure 5B). The POMaC
solution was injected into a PDMS porous mould designed by AutoCAD, it was UV-
irradiated to form glue, and the PDMS mould was removed to obtain the scaffold structure,
which made the final scaffold chip flexible. The scaffold structure was coated with gelatine
and placed in a microfluidic PDMS material chip device. HUVECs were infused into the
scaffold via a microfluidic system and left to stand until the cells adhered to the scaffold to
form a 3D HUVECs vascular scaffold structure [63]. A rat vascular scaffold chip made in
the same way was used in Lewis rats in either the artery bypass configuration or the artery-
to-vein configuration, which established good blood perfusion and demonstrated excellent
biocompatibility. One week after implantation, new angiogenesis was found around the
scaffold, which was maintained in vivo for at least five weeks [63,155]. Depending on
the requirements, cellular components of different compositions can be infused into the
scaffold: HESC-derived hepatocytes with HMSCs for liver-vascular-on-a-chip and HESC-
derived cardiomyocytes with HMSCs for heart-vascular-on-a-chip [155]. AngioChip grown
using the OC is stable and can be directly anastomosed, allowing analytical exchange inside
and outside the vessel and contributing to extensive tissue remodelling. Cells of patient
origin can be selected to make the AngioChip a better fit for the patient and better for
therapeutic use, but more complete and industrial methods of making the AngioChip are
required before this can be performed.

3.3.3. Foreign Body Corresponding-on-a-Chip

In addition to using OCs to cultivate therapeutic resources, researchers have created a
monitoring and prevention platform that can detect foreign body responses in vivo [87].
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The proposed design further extends the scope of application of OCs platforms. Implantable
devices and biomaterials are already widely used in the treatment of diseases, but most
implants have an immune cell foreign body response in the host body, which eventually
leads to treatment failure or even more serious systemic accidents [156–159].

The foreign body response-on-a-chip is multi-layered and made of PDMS material,
consisting of a foreign body (tiny titanium beads wrapped in GelMA) culture chamber
at the bottom, a PET semi-permeable membrane in the middle, and a vascular channel
containing HUVECs and monocytes in the upper layer [87,95,160]. GelMA gels in the
foreign body culture chamber contain MCP-1 factors that mimic the chemokines released
by cells exposed to foreign bodies and attract monocytes. Immunofluorescence staining
demonstrated the dynamic approach of monocytes to titanium beads under microflu-
idic conditions and, ultimately, revealed that human monocytes from different donors
responded to titanium beads at different levels in this microarray platform and that the
phenotype of monocytes near titanium beads does not consistently show M1 or M2, which
is consistent with individual variability in immune responses [87]. This suggests that,
prior to implantation treatment, time-permitting circulating mononuclear cells from the
patient can be extracted for implant-specific immune response assays, which can, to some
extent, predict trends in immune levels in that patient post-implantation and can guide
prophylactic treatment (Figure 5C).

4. Future Perspectives in Precious Medicine and Wound Healing
4.1. Precision Medicine

Another breakthrough in OCs is individualised medicine, where tissue from clinical
patients is used to create OCs, which is similar to the application of disease modelling,
but the two are incomparable. Patient-personalised disease models are used to determine
disease progression, applicable drugs, and treatments [161,162]. Precision medicine is a
thorny path that has been yearned for by the medical industry in recent decades; however,
it is still struggling. Perhaps the application of OCs in this area can lead to new concepts
and breakthroughs.

Currently, OC is commonly used in precision medicine for tumour drug screening,
where patient-derived tumour cells, tissues, or pathological sections are cultured in a
microchip, and effective drugs are screened in vitro to guide the patient’s clinical treatment
plan [163]. It is personalised and has profound implications for subsequent treatment
of patients. Although cells cultured in vitro cannot mimic the all-sided composition and
characteristics of tumour tissue in vivo, the selection of appropriate tumour sections for
microtissue culture allows for long-term and comprehensive drug detection [163,164].

Researchers used tumour tissue from two mesothelioma patients, cultured them
in vitro in OCs, and then used the same two chemotherapy combinations for each chip:
carboplatin/pemetrexed and cisplatin/pemetrexed. They found that tumour tissues from
both patients showed different results for the two chemotherapy regimens. Genomic testing
identified one of the mutated loci in patient #1 and no mutation in patient #2 [165]. This
study demonstrated the role of OCs in precision medicine for tumours. In addition to
the precise selection of drug types, OCs are useful for determining precise drug dosage
(Figure 6A). In two patient-derived tumour tissue chip models, the investigators admin-
istered each treatment regimen and found that #2 was not dose-dependent for cisplatin;
therefore, dosage of cisplatin was appropriately reduced during treatment to mitigate
unnecessary toxic effects [165]. Researchers established an OC model containing mouse
brain tissue sections and infused the microarray with different doses of STS-simulating
chemotherapy drugs, ranging from 10 nM to 6 µM. Tissue staining revealed that the number
of apoptotic cells increased with increasing STS concentrations [123]. This suggests that
OCs have the potential to test precise drug dosing; however, many factors not included
in the microarray model, such as the ratio of drug uptake and metabolism, need to be
considered in the process of clinical translation.
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In addition, the application of organ chips in precision medicine includes accurate
predictions for timely prevention and treatment. For example, many current OCs built
using patient tumour tissue predict metastatic trends in tumours [147] or study the toxic
effects of chemotherapeutic drugs on other organs. Except for tumour diseases, the foreign
body response chip model mentioned above is also a good example of accurate prediction.

OC in precision medicine is widely applicable and not limited to oncological diseases,
such as the establishment of airway-on-a-chip for COPD [49], vascular perfusion-on-a-
chip [166], and intestinal microbiome-on-a-chip [167,168].

Personalised OC encounters critical challenges from ethical restrictions and access
to personalised patient data. The use of patient-derived cells and tissues for research has
strict ethical restrictions, and the volume of eligible patients is insufficient for research
requirements. The creation of personalised organ chips requires the simulation of multiple
environmental parameters from the patient’s body which are patient-specific, such as
immune levels and the degree of local vascularisation (which affects drug absorption and
use). Finally, translating the findings of OC into the patient’s body is also a problem that
needs to be considered. Determining what proportion of the obtained precise treatment
plan should be scaled up to the human body and collecting data on the patients’ absorption
and metabolism levels are obstacles to the future development of personalised OC. The
establishment of a complete patient body-on-a-chip can be a solution.

4.2. Chronic-Wound-on-a-Chip Model

Current models for chronic wound research mainly 2D cellular scratches, 3D skin
equivalents, and animal models. It is difficult to heal wounds formed by multiple complex
factors acting on the wound surface, mainly complex and long-standing inflammatory reac-
tions. Including multiple skin structures in two dimensions is difficult, and the usability of
the study results is limited. Although 3D skin equivalents can present similar skin trauma
structures to some extent, they still lack in vivo changes in environmental parameters such
as changes in chemical gradients. Researchers have created a trauma microarray model
containing blood vessels, immune cells, and dermal structures that allows cell-to-cell inter-
actions to explore the use of anti-inflammatory drugs under inflammatory conditions [169].
We believe that such a chip model is associated with acute trauma, while chronic trauma
has more complex cellular components, more difficult-to-control inflammatory conditions,
and even specific requirements for blood supply, such as ischaemic chronic trauma and
diabetic foot ulcers. Based on this model, by adding multiple cellular components and
controlling the proportion of inflammatory cells and the culture fluid composition, we
expect to establish a microarray model for chronic wounds.

For example, diabetic foot ulcer (DFU) chip models have not yet been fully established;
however, the establishment of in vitro 3D DFU models can be a good inspiration for DFU
chip models. Some researchers state that the ideal DFU chip model should embed diseased
cells in the scaffold, promote the formation of diseased ECM, and actively elicit immune
responses [170]. In the 3D DFU model, patient-derived cells were widely selected for
tissue construction and their use slowed down the healing of the model wounds, including
fibroblasts, keratin-forming cells, and monocytes. Studies have shown that there is also a
large gap in the activity and polarisation of cells extracted in the middle of the wounds,
at the edges of the wounds, and in healthy sites [171–174]. These cells are cultured in a
high-glucose medium that mimics the high-sugar environment in vivo [171]. By integrating
existing 3D models into a microfluidic platform that controls the cell source and culture
fluid composition to provide the correct proportion of immune cells, DFU microarray
models can be built.

In addition to the existing approach of integrating 3D chronic and acute wound
models to form chronic-wound-on-a-chip models, the formation of a chip model of a
chronic wound is based on a normal full-layer skin-on-a-chip, which is treated with a drug
such as mercaptosuccinic acid (MSA) [175]. The same design can be used for other types of
chronic wounds.
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4.3. Skin Repair

The establishment of chronic-wound-on-a-chip models helps us study the complex
inflammatory situation of chronic wounds, explore active and effective treatment methods,
and promote faster healing. However, for difficult-to-heal wounds, the pathological mecha-
nism is very clear, but it is very difficult to complete the healing process, such as in large
deep burn wounds.

In the treatment of deep burn wounds, the ultimate goal is to repair the wound;
however, patients with deep burns have skin defects and damage to the dermis that
prevents spontaneous re-formation of skin to complete healing. Currently, deep burn
wounds are often covered with autologous micro-dermis grafts or dECM or hydrogel
scaffolds containing mesenchymal stem cells, in the hope of generating good skin coverage.
This method is yet to be explored, and autologous skin sources are very limited for patients
with large deep burns. We believe that OC can solve this problem by culturing suitable
skin tissues in vitro as a therapeutic resource to be transplanted to the wound surface to
complete repair. On the one hand, cells of patient origin can be selected for in vitro culture
to get rid of the limitation of insufficient resources, and, on the other hand, excellent skin
structures can be formed by in vitro 3D bioprinting and cultured for a long-time using
microfluidics, which can increase the vascular component and improve the survival rate
of the incoming skin tissue in the wound base. As mentioned above, the skin-on-a-chip
model can be cultured on a large scale and transplanted in vivo for surface wound repair.

In addition, missing skin attachments can be repaired to achieve a high level of
wound repair. Hair follicles are important accessories that protect the skin, regulate body
temperature, and contain sweat glands, erector spinae, blood vessels, nerves, lymphatic
vessels, and epithelial and dermal mesenchymal cells [176]. In the widely studied in vitro
culture of hair follicles [177], the process of hair follicle formation in the embryo is simulated
in vitro, where embryonic-derived epithelial and mesenchymal cells are co-cultured in a
collagen scaffold and subsequently transplanted into the skin to form a certain structure
and function of hair follicle tissue [178] (Figure 6(B1)). Researchers established a PDMS
microwell array with a diameter of 1 mm and depth of 0.5 mm for in vitro large-scale
culturing of hair follicle germ, in which mouse embryonic epithelial and mesenchymal
cells were co-cultured in microwells, and the surface of the microwell was covered with
colloidal material to maintain the cells in a fixed position. Hair follicle structure was
formed after 18 days [179] (Figure 6(B2)). We consider this as a preliminary exploration of
hair-follicle-on-a-chip, and the integration of microfluidic devices allows a better study of
the effect of oxygen content on hair follicle germ development, as found in these studies. A
full-layer skin chip model containing hair follicles, blood vessels, and nerves is possible in
a large-scale culture chamber, allowing complete wound repair. Although it provides an
ideal treatment for patients with large deep burns, there are still difficulties to be eliminated
in the process of chip construction.

OCs are currently used in vitro; however, using them in vivo is equally necessary
and advantageous. For example, most ischaemic ulcers develop into hard-to-heal wounds
when they are treated because of the lack of blood infusion nutrients in the wounds.
Inspired by the application of Ocs in vitro, the ulcerated area was closed and connected to
a microfluidic and sensor system, allowing the formation of OC devices targeting wound
tissue for culture, which can also cultivate cells with the assistance of tissue scaffolds
in vivo, such as fibroblasts, epidermal cells, or even hair follicle germ missing from the
wounds (Figure 6(B3)). The integrated sensor system can monitor the temperature, pH,
cytokines, and other wound factors in real time, and the corresponding treatment can
be applied using a micropump at any time. Such a concept has parallels with smart
dressings, which have been developing rapidly in recent years. One of the best examples of
smart dressings is the real-time monitoring and on-demand treatment of infected wounds,
where the temperature of the wound may rise after infection and this information is
transmitted through a temperature sensor, which controls the UV light-emitting diode on
the dressing, so that the UV-sensitive antibiotic hydrogel dressing starts releasing antibiotics
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for antimicrobial treatment [180]. A smart dressing can only identify the presence of
an infection, and not the degree of infection. It is of single use only and only decides
whether to release antibiotics, while dose grasp is not possible with it. In contrast, in vivo
OCs allow for a more comprehensive monitoring of wound conditions and more flexible
and precise treatment delivery. This study also provides a novel treatment strategy for
unhealed wounds.

The concept of in vivo use of organ chips is promising and can be applied not only
for skin wound repair but also for tissue treatment in other areas. However, many factors
still need to be considered during the implementation process (such as configuration of the
culture medium, which promotes the growth of the target cell population without causing
tissue hyperplasia), setting the pressure inside the chip system to avoid abnormal bleeding
and ischaemia, and, most importantly, making a tight connection between the target site
and the chip system, avoiding or eliminating the impact of tissue fluid exudation on the
microfluidic system.
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4.4. Challenges

Many challenges in production of OCs are as follows. First, OCs are difficult to pro-
duce and demanding to design. They are designed to mimic the most important aspects
and typical features of the tissue, where the nature of problems encounter varies, as do
the key aspects and typical features; however, their design is flexible and changeable.
Therefore, designers must determine features operating on OCs in consideration during
the design phase or when selecting a specific platform, such as channel diameter, angles
and input/output ports, bubble traps, biomechanical forces, and the design of biosen-
sors [15]. Most of the cells used in OCs are pluripotent cells and adult stem cells, and
many of these cell-derived differentiated cells (e.g., cardiomyocytes) are phenotypically
immature, have no standardised protocol for differentiation and maturation, and are diffi-
cult to replicate [43]. The choice of extracellular matrix in OCs is also challenging, and no
standardised protocol is yet determined for its creation. Decellularized scaffolds or seeded
cells in hydrogels can be used to build a suitable environment for cell growth, which is
mostly influenced by the composition and arrangement of the scaffold. Therefore, it must
be selected and designed carefully to promote appropriate tissue characteristics to form
appropriately [181]. The nutrient preferences and aversions of tissues in OCs are different
and require associated conservation of many different nutrients. A key challenge for the
connected OCs tissue system is, therefore, the provision of this universal cell culture fluid
or ‘blood mimic’. However, mixed media can solve the problem of a limited number of
connected OCs, which is not applicable for connected multiple OCs, and the creation of a
single-channel medium that can be added or updated over time is a potential solution that
is as-of-yet unexplored [105,141]. OCs cannot replicate certain aspects of the body, and even
the most complex MOC may miss some tissues, resulting in a series of OCs missing changes
in human metabolism, such as diurnal changes [182], temperature changes [59,183], and
changes in drug absorption due to endocrine changes. One solution is to create complex
‘micro formulations’ to deliver media at particular intervals to compensate for the miss-
ing organ [16]; however, this remains a challenge. Finally, the fabrication materials used
to fabricate the OCs must be taken into account. Regardless of the material chosen for
manufacturing, aspects such as its adsorption properties and biocompatibility should be
carefully observed [56,64].

5. Summary

OCs have made drug development faster, economical, and more efficient; they have
also enabled a deeper, more detailed understanding of diseases. They have provided novel
and interesting approaches for disease treatment and prevention, especially with MOC
systems formed by the integration of many OCs, such that their development from one
to many can potentially realise body-on-a-chip (BOC) platforms. Although many appli-
cations of OCs have been revolutionary, it is believed that there are still more astounding
applications to be discovered.
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Abstract: Nucleic acid (NA)-based biopharmaceuticals have emerged as promising therapeutic
modalities. NA therapeutics are a diverse class of RNA and DNA and include antisense oligonu-
cleotides, siRNA, miRNA, mRNA, small activating RNA, and gene therapies. Meanwhile, NA
therapeutics have posed significant stability and delivery challenges and are expensive. This article
discusses the challenges and opportunities for achieving stable formulations of NAs with novel
drug delivery systems (DDSs). Here we review the current progress in the stability issues and the
significance of novel DDSs associated with NA-based biopharmaceuticals, as well as mRNA vaccines.
We also highlight the European Medicines Agency (EMA) and US Food and Drug Administration
(FDA)-approved NA-based therapeutics with their formulation profiles. NA therapeutics could
impact future markets if the remaining challenges and requirements are addressed. Regardless of
the limited information available for NA therapeutics, reviewing and collating the relevant facts
and figures generates a precious resource for formulation experts familiar with the NA therapeutics’
stability profile, their delivery challenges, and regulatory acceptance.

Keywords: drug delivery; excipient; formulation; mRNA vaccine; nucleic acid therapeutics; stability

1. Introduction

Biopharmaceuticals are at the supreme level of the pharmaceutical market due to
their high efficacy, high specificity, and low toxicity profiles [1]. Recently, nucleic acid
(NA) therapeutics have emerged as promising candidates for several severe diseases
and disorders. NAs are present in all living organisms, including humans, animals, and
plants [2]. NAs are naturally occurring chemical compounds; certain small NAs are also
synthesized in the laboratory. NAs can be broken down into sugars, phosphoric acid, and
a mixture of organic bases (e.g., purines and pyrimidines). NAs have been developed as
therapeutic agents and carefully characterized to provide the intended quality, efficacy, and
safety profile. NAs are complex and delicate molecules that require sophisticated processes
with clever handling during manufacturing, which makes these drugs more expensive.
The stability of NAs during manufacturing, handling, shipping, and long-term storage is a
major subject of discussion. Excipients play a key role in designing NA therapeutics by
improving the manufacturability, stability, quality, and safe delivery of the products [3].

Due to their complex nature, NAs require special attention as active pharmaceutical
ingredients (APIs). The alteration in NA quality as a result of physicochemical degradation
makes their formulation development challenging. Therefore, several aspects must be
considered, including active drug concentration, excipients, delivery routes, and novel
drug delivery systems (DDSs). The use of excipients at optimized concentrations aims to
maintain the stability of NA therapeutics [4]. However, a key obstacle for the formulation
expert is to formulate stable NA therapeutics with the narrow range of excipients usually
employed in parenteral settings. Therefore, the launch of novel and ideal excipients to
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maintain the integrity of significant scientific contribution. Specifically, a critical manu-
facturing hurdle is precision in the reproducibility of chemical synthesis, the assurance
of reproducibility, and the integrity of subsequent batches of the NA therapeutics. For
example, the synthesis of thiophosphate derivatives of oligonucleotides results in a mix-
ture of 2n diastereomers, in which each diastereomer might interact in a slightly different
manner. Here, chirality impacts the physical and biological properties of NAs, such as the
binding affinity, nuclease stability, etc. [5]. In addition, NA therapeutics are still related
with the dilemma of complex drug delivery. This is a fundamental setback preventing the
widespread implementation of NA therapeutics. Naked NAs are quickly degraded into
physiological fluids and do not accumulate in target tissues [6–8]. Despite these issues,
the current NA dosage forms and novel DDSs have enabled the successful launch of NA
therapeutics globally. The application of novel DDSs not only improves the long-term
storage stability of NAs but also preserves their in vivo efficacy. Therefore, it could be
assumed that it is important to conduct an up-to-date survey of the excipients in approved
NA therapeutics with novel DDSs. It could serve the biopharmaceutical industry by min-
imizing the time spent on pre-formulation studies and speeding up the development of
stable NA formulations.

Between 2004 and 2021, there have been 23 NA therapeutics approved via the United
States Food and Drug Administration (FDA) and/or the European Medicines Agency
(EMA) approaches. Among these, fomivirsen (Vitravene) was removed from the Euro-
pean and US markets in 2002 and 2006, respectively, owing to the demand having been
undermined. In addition, Macugen (pegaptanib sodium injection), Glybera (alipogene
tiparvovec), and Kynamro (mipomersen sodium) were withdrawn from the market in 2019,
2017, and 2022, respectively [9]. Therapeutic NAs formulated in liquid, suspension, and
freeze-dried forms, as well as vector-like liposomes/lipids and nanoparticles (NPs), are
divided into their functional classes. Antisense oligonucleotides are a major division of ap-
proved NA therapeutics. On the other hand, gene therapy has revealed exciting treatment
opportunities for numerous severe and rare diseases that have not been cured thus far,
although the safety of gene therapy is a major concern. Continuous monitoring is needed
to overcome the challenges posed by these new drugs and to increase their contribution as
novel therapeutic modalities in the biopharmaceutical industry [10].

To date, one of the major unresolved issues for approved NAs is the high cost of
these drugs. For example, nusinersen costs USD $750,000 for the first year and USD
$375,000 in subsequent years. Likewise, eteplirsen costs USD $300,000 annually. The
expense for high-efficacy, life-saving drugs, such as nusinersen, is likely to be acceptable. In
contrast, eteplirsen has a narrow efficacy; therefore, justifying the cost of eteplirsen would
be difficult [11,12].

2. Lasting Challenges and Considerations of NA Therapeutics
2.1. NA Therapeutics Stability

NAs could have unique stability issues, similar to protein drugs, due to their complex
and fragile nature (Figure 1). Naked or unmodified NAs have extremely short half-lives in
circulation due to enzymatic (e.g., nucleases, such as deoxyribonucleases, and RNAse, such
as ribonucleases) and chemical (e.g., oxidation, hydrolysis, deamidation, depurination,
and strand cleavage) degradation. Therefore, chemical modifications are usually necessary
to improve NA stability. Currently, messenger RNA (mRNA) vaccines have become the
frontrunners in fighting coronavirus (COVID-19). However, mRNAs alone are prone to
nuclease degradation and phosphate backbone hydrolysis through the intramolecular
attack of the 2′-hydroxyl group in physiological fluids [13], which is responsible for the
short half-life and low efficiency of the mRNA therapeutics due to incompatibility with
nuclease, high molecular weight, high negativity, and their hydrophilic and acid-labile
nature [14]. Therefore, lipid nanoparticles (LNPs) are employed in COVID-19 mRNA
vaccines. A key disadvantage of the approved COVID-19 mRNA-LNP vaccines is the
need to be kept under (ultra) cold storage conditions [15], and the stability of mRNA
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vaccines during storage, handling, and shipping at ambient temperatures is a primary
concern [16,17]. As discussed earlier, mRNA could also undergo hydrolytic degradation
during storage, handling, and shipping at ambient temperatures. Thus, DDSs, such as LNP,
act as a shield for mRNA to prevent degradation and assure its potency.

In the case of antisense oligonucleotides (ASOs), modifications are usually made to the
2′-carbon of the sugar ring or phosphodiester bond. Phosphorothioate modification pro-
vides key protection from nucleases and extends the half-life with better stability. A similar
phosphonoacetate modification is possible at the ASO backbone, which is totally resistant
to nuclease degradation. Another approach to enhance ASO stability is the ribose sugar
modification at the 2′-position of the ring, e.g., locked nucleic acids (LNAs) [18,19]. How-
ever, in phosphorodiamidate morpholino oligomers (PMOs), ribose sugars are exchanged
with phosphodiester bonds and morpholino groups (e.g., casimersen), sometimes referred
to as splice switching oligonucleotides (SSOs). For example, nusinersen and eteplirsen
are inclusion- and skipping-type SSOs, respectively. In the case of peptide nucleic acids
(PNAs), the ribose-phosphate backbone is exchanged with a polyamide backbone [20,21].
In addition, short interfering RNA (siRNA) chemical modifications at various sites, such
as phosphate, nucleobases, ribose, poly-2-O-(2,4-dini-trophenyl)-RNA, and oxygen ring
replacement with a sulfur group, exhibit enhanced resistance to RNase with better stability.
Fluorine, sugar, methoxy, or deoxy modifications at 2′ positions of the ring are other ap-
proaches to improve siRNA serum stability [22–24]. On the other hand, targeting the liver is
both a major advantage and disadvantage (e.g., immunotoxicity, immunogenesis, degrada-
tion of LNP against the harsh GIT conditions) of NA therapeutics [25]. Due to their different
particle size and lipid composition, nanocarriers have organ-specific targeting. LNP is
likely delivering the drug to the liver. Rizvi et al. [26] measured the organ distribution of
protein activity produced by firefly luciferase encoding mRNA-LNP (Luc mRNA-LNP)
and found that robust luciferase expression was detected in the liver. Yang et al. [27] used
the lipopolyplex (LPP) nanoparticles, formulated by SW-01(a positively charged cationic
compound), ionized and non-ionized lipids, carrying with mRNA encoding luciferase
which was evaluated for biodistribution pattern. After intramuscular injection (i.m.) into
the hind legs of mice, a strong luciferase expression was noticed at the injection site (muscle)
but not in the liver.

In addition, the ASOs are modified with PS-linkages (e.g., Kynamro, Tegsedi), and
siRNA (e.g., Oxlumo) are well targeted to hepatic delivery. Synthetic therapeutic oligonu-
cleotides (STOs) could control numerous intracellular and extracellular obstacles to interact
with their biological RNA targets inside cells. STOs depend on passive exchanges of
phosphorothioate (PS) oligonucleotides with cell-surface and plasma proteins to endorse
delivery to the kidney and liver. PS-mediated drug delivery was also useful in delivering
NA therapeutics (e.g., Spinraza) to CNS tissues [28].

Additionally, gene-based therapies present exclusive challenges due to several factors,
including membrane fluidity and permeability and multiple and complex antigen epitopes.
Aggregation, oxidation, deamidation, hydrolysis, and adsorption of gene therapies are
frequent pathways responsible for degradation. During deamidation, a succinimidyl
intermediate is formed due to nucleophilic attack by the adjacent amide over the amide
group of asparagine, and the succinimidyl intermediate is hydrolyzed to isoaspartic and
aspartic acids [29]. Thus, this causes instabilities in cell-based therapeutics [30], which
may lead to the loss of therapeutic efficacy and produce severe immunogenic responses in
patients [31]. Therefore, an astute consideration of the degradation processes and triggering
factors and the selection of suitable excipients are crucial to protect NA therapeutics against
destabilization.
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The challenges involved in the successful formulation of NA therapeutics include
a variety of physicochemical degradation pathways. The mechanisms of physicochemi-
cal degradation with various environmental factors influencing NA stability have been
broadly studied. Physical instability is due to exposure to different temperatures, pH,
buffer concentrations, presence of oxygen, ultraviolet light, transition metal cations (e.g.,
copper, ferrous, zinc, magnesium, and nickel), and various stress conditions. For example,
uracil is the deamidate product of cytosine, and the process is 100-fold quicker in single-
stranded NAs. At higher temperatures and above pH 7, depurination is observed to be
sequence-independent. Metal contamination is a significant factor in the degradation of
NAs. During the manufacture of NAs, trace amounts of metals present in various raw
materials can be established. Transition metal cations have been found to form metal-base
pairs by chelation and initiate the breakage of NA strands. Chelation occurs between the
NA strands by connecting the cytosines and two adenines, or mixtures thereof [32,33].
Among the transition metals present, copper and ferrous metal ions seem to be strong
degradation catalysts. For example, DNA degradation is observed via the intermediate
formation of the DNA-copper-hydroperoxide complex by copper ions and ferrous ions,
which have been found to be responsible for the degradation of calf thymus DNA due to
molecular oxygen [34]. Chemical instability is prevalently caused by hydrolysis, oxidation,
depyrimidination, and deamination [35]. In hydrolysis, phosphoester and N-glycosidic
bonds are more prone to hydrolytic cleavage. Nucleophilic phosphodiester cleavage is
caused by either inter- or intramolecular reactions. Oxidative degradation primarily in-
volves reactive oxygen species (ROS) reactions in which Fenton-type processes are the
most frequent origin of ROS. In addition, the formation of covalent intrastrand purine
dimers [36] and oxidation through free radicals are considered chief degradative processes
for NA therapeutics [37]. Irradiation with NAs was found to generate hydroxyl free radicals
that also caused damage [38].

As specified, NA therapeutics are usually formulated as freeze-dried powders, similar
to many protein drugs [39,40]. NAs are generally more stable in a freeze-dried (lyophilized)
form than in a liquid state. In the freeze-dried form, many of these degradation pathways
may be avoided or retarded. Therefore, freeze-drying is advised to be a practical method to
sort out stability problems during long-term storage [41]. siRNA has been administered
as a dry powder inhalation (DPI) to facilitate the delivery of drugs in lung therapy [42,43].
In addition, Gennova biopharmaceuticals-based mRNA HGCO19 vaccine will be in a
lyophilized form. Recently, the approved tozinameran (BNT162b2, Pfizer/BioNTech) and
elasomeran (mRNA-1273, Moderna) mRNA vaccines have been considering sucrose as
a lyoprotectant [44] due to the surprising loss of mRNA stability and delivery efficiency
following the lyophilization of LNP [45,46]. Therefore, it is necessary to optimize freeze-
drying parameters and choose a suitable lyoprotectant to achieve a stable product.
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Figure 1. Challenges in the formulation and delivery of NA therapeutics [34].

2.2. NA Therapeutics Delivery

The use of NA therapeutics has climbed significantly in the last decade, but there are
still clinical challenges, such as poor pharmacokinetics and pharmacodynamics [47–49].
Incompetent delivery to target organs is a key hurdle preventing the prevalent usage of NA
therapeutics (Figure 1). The design of delivery vehicles with particular features renders
them stable, efficient, and safe in transfection.

The delivery of NA therapeutics can be influenced by their attributes, such as a
negative charge, hydrophilicity, and susceptibility to enzyme degradation [50]. In addition,
off-target side effects must be cautiously monitored. Therefore, these issues need to be
addressed for the timely development of smart NA formulation. The most commonly
engaged strategies to boost NA delivery include chemical, ribose sugar, nucleobases,
backbone, and terminal modifications with cell-penetrating moieties. The approaches
which have been developed most recently include liposomes, lipoplexes, NPs, DNA cages,
DNA nanostructures (framework nucleic acids) [51], microspheres, exosomes [11], gene
therapy, spherical NA, red blood cells, biological solids, stimuli-responsive nanotechnology,
polyplexes, extracellular vesicles (natural and engineered), micelleplexes, heteroduplex
oligonucleotides, niosomes (unilamellar and multilamellar), carbon nanotubes, carbon
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nanodots, and aptamers [52–63]. Furthermore, Maurer et al. developed magnetic hybrid
niosomes (iron-oxide NPs) for siRNA delivery to treat breast cancer [64,65]. All these
NA delivery systems have contributed to overcoming several challenges related to NA
therapeutics, which include protecting them from degradation and avoiding renal excretion,
thereby improving the safety profile.

NP-based drug delivery represents a highly adaptable platform for a variety of thera-
peutics [66,67]. This includes lipid-based NPs (e.g., liposomes, cubosomes, ionizable, and
solid LNPs), polymeric NPs (e.g., natural and synthetic polymers), metal NPs (e.g., gold,
silver, and iron), gold NPs (e.g., spherical and nonspherical (such as nanostars, nanorods,
and nanocubes)), porous NPs (e.g., porous silicon and mesoporous silica NPs), and metal-
organic frameworks (e.g., NU-100) [68–70]. The most frequently employed biodegradable
natural polymers are alginate, hyaluronic acids, and chitosan. The current use of synthetic
polymers over natural polymers has received noticeably more attention due to their better
mechanical and reproducible properties, i.e., dendrimers (e.g., poly-(β-amino ester) (PβAE),
poly-(L-lysine) (PLL), and polyamidoamine (PAMAM)), PLGA (polylactic-co-glycolic acid),
and PEIs (polyethylene imines) [71,72].

Novel DDSs could enhance the solubility, bioavailability, safety, and PK profiles of
systemically administered drugs, leading to enhanced therapeutic efficacy [73]. Therefore,
formulation scientists are paying attention to easy and smart DDSs. The current scenario
shows rapid commercialization and increasing popularity of nanomedicine dominance
over the other DDSs [74–77]. However, liposomes face parallel challenges, including
restrictions from the risk of causing immune responses and biodistribution [78]. Due
to the suitability of liposomes to both hydrophilic and lipophilic drug candidates, they
are used as carriers of choice for various therapeutics [79]. The leading pathway for
siRNA therapeutics delivery to the liver was found to be N-acetyl galactosamine (GalNAc),
which has proven to be long-acting, therefore, improving the safety profile of the NA
therapeutics [80]. In addition, lipid-based carriers (e.g., cationic lipids) [81], polyplexes
(many mRNA-based drugs under clinical trials), multivalent cationic non-viral vectors,
and polymeric vehicles [82–84] represent the most commonly preferred alternative to viral
vectors in gene therapy [85–87]. Viral vectors with antigen-encoding RNA in place of viral
genes are prepared by genetic modification of viruses and are effective delivery vehicles.
Viral vectors are categorized as replicating and non-replicating vectors [88]. Various RNA
viruses, such as adenovirus, picornavirus, flavivirus, and alphavirus, have been used as
viral vectors for mRNA delivery. Viral vectors have several limitations, including host
genome integration (genotoxicity) and allergic reactions. Therefore, viral vectors have
been replaced by non-viral vectors. Non-viral vectors can be classified as hybrid, polymer-
based, and lipid-based [36]. They have several benefits over viral vectors, such as ease of
production, multi-dosing capabilities, lesser toxicity, and the lack of immunogenicity [89,90].
Therefore, non-viral vectors could be designed with multiple components to overcome
physiological barriers [91].

In 1995, the liposome Doxil emerged as the first NP therapeutic. In 2005, human
albumin was employed in NP formulations (e.g., Abraxane). Recently, in 2017 [92], the FDA
approved the first gene therapies (e.g., Kymriah), which were prepared from the white
blood cells of the patients. The great commercial achievement of these DDSs has fascinated
many professionals in the field [93]. DDSs play a crucial role in biopharmaceutical formula-
tions, including proteins, monoclonal antibodies, and, recently, NAs. The advanced DDSs
promote the high quality and efficacy of the drugs and extend the shelf life of these new
molecular entities. Among the approved NA therapeutics, many are delivered as novel
DDSs. Patisiran (Onpattro®) is the first commercially available LNP formulation delivered
in liposome vesicles. In addition, some gene therapies are associated with adenovirus
vectors (e.g., voretigene neparvovecrzyl and onasemnogene abeparvovec-xioi), herpes
simplex virus vectors (e.g., talimogene laherparepvec), and gamma retroviral vectors (e.g.,
strimvelis) [94–96]. Concerning other gene therapies, adeno-associated virus (AAV) has
emerged as the principal vector due to the sustainability of the viral genome and its lack
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of pathogenicity. AAV vectors have special features, such as requiring a helper virus for
replication and avoiding pathogenicity. They also have a low tendency for gene integration
and, therefore, avoid genotoxicity [97]. The FDA approved Luxturna® as AAV2-based and
Zolgensma® as AAV9-based gene therapy, and many more AAV-based gene therapies are
under clinical trials [98].

Recently, numerous RNA and DNA vaccines have entered the clinical stages. Among
them, mRNA vaccines have become therapeutic targets of interest in many severe diseases
and disorders. The safe and efficient delivery of therapeutic mRNAs is one of the key
challenges for their wide implementation in humans. mRNAs have concerns such as
sensitivity to catalytic hydrolysis, intracellular delivery, and high instability under certain
physiological conditions [99]. Recently, developments in mRNA vaccines have been made
through their formulation with LNP, which not only provides enhanced delivery and
protection but also performs the role of an adjuvant in vaccine reactogenicity [100,101], i.e.,
the LNP-based delivery of mRNA vaccines against influenza and Zika [102]. In addition,
nanoscale delivery platforms (e.g., lipid-derived NPs, polymeric NPs, polymer-lipid hybrid
NPs, metal NPs, and peptide complexes) have prolonged the viability of mRNA-based ther-
apeutics, which permit their promising application in protein replacement therapy, genome
editing, and cancer immunotherapy [103]. Currently, a major vaccine development plat-
form is advancing with self-assembling drug delivery vehicles, such as cationic monovalent
lipids (e.g., N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA),
1,2-dioleoyl-3-tri-methylammonium propane (DOTAP), cationic multivalent lipids (e.g.,
2,3-dioleyloxy-N-(2(sperminecarboxaminino)ethyl)-N,N-dimethyl-1-propanaminium tri-
fluroacetate (DOSPA), dioctadecylamidoglycylspermine (DOGS), neutral lipids (e.g., 1,2-
dioleoyl-snglycero-3-phosphoethanolamine (DOPE), dioleoyl phosphatidylcholine (DOPC),
and polymeric (e.g., poly(beta-amino esters)), poly(poly-polyesters), poly(colactic glycolic
acid), and dioleoyl(DOPC). This involves the use of mRNA-lipid-derived NPs as principal
components. In addition to cationic and neutral lipids, anionic lipids have been useful in
gene delivery (e.g., dioleoylphosphatidic acid (DOPA), dihexadecyl phosphate (DHPG),
dioleoylphosphatidylglycerol (DOPG), and dioleoylphosphatidylserine (DOPS) [104–107].

In particular, LNP-based therapeutics have been proven to be highly biocompatible
over polymeric and metal-based delivery systems. It is well-reported that the practice of
polymer and metal-based NPs may exert adverse effects [108]. Many vaccine candidates are
under clinical trials (e.g., COVAC1, CvnCoV, and LUNAR®-COV-19) [109–112]. Recently,
the FDA approved the outstanding vaccine candidate’s tozinameran and elasomeran
initially under emergency use authorization (EUA) in late 2020 and subsequently granted
full approval in mid-2021 for the control of the worldwide COVID-19 pandemic. This has
proven to be a breakthrough for the global health emergency of COVID-19. In collaboration
with the National Institute of Allergy and Infectious Diseases, Moderna developed the
lipid NP-encapsulated mRNA-based vaccine named elasomeran [113]. Simultaneously,
Pfizer’s mRNA vaccine candidate tozinameran satisfied the entire preliminary efficacy
endpoints and was granted the Medicines and Healthcare Products Regulatory Agency
(MHRA) approval. The tozinameran vaccine is supplied as a frozen lipid NP suspension.
The development of the vaccines was complex, and the Pfizer vaccine (tozinameran) must
be stored at −80 to −60 ◦C, while the Moderna vaccine (elasomeran) must be stored at −25
to −15 ◦C, making them difficult to handle worldwide, especially in tropical regions.

Therefore, merging NA therapeutics with suitable novel DDSs has become imperative
for improving the efficacy with targeted drug delivery and potentially lowering the dose
regimens, which may equally reduce the cost.

3. Commercially Approved NA Therapeutics

NA therapeutics can be generally categorized based on the origin and size of the
drug. This includes oligonucleotides, ASOs, siRNA, gene therapy, and mRNA vaccines
(Table 1) [114]. Oligonucleotides are short DNA or RNA molecules. ASOs are a short
single-stranded DNA. The siRNAs are small, double-stranded RNAs with each strand

117



Pharmaceutics 2023, 15, 1158

being 20–30 nucleotides. mRNA molecules are composed of thousands of nucleotides
with high molecular weights. The modes of action of NAs are different from that of other
drugs. NAs are directly delivered to target cells and tissues. Due to their high molecular
weight and highly hydrophilic nature, they do not penetrate cells easily and are prone
to degradation. Therefore, NAs need high-quality formulations with suitable DDSs to
protect them from degradation and to ensure delivery to targeted cells or tissues [115,116].
NA therapeutic formulation development is especially challenging in terms of physical,
chemical, and conformational instability. Therefore, an appropriate choice of excipients
and drug delivery could lead to high-quality and stable NA therapeutics.

Table 1. Classification of approved nucleic acid (NA) therapeutics.

Biologic
Classification

Drug Name
(Brand Name) Subunits Mol Formula Target Indication Drug

Delivery
Approving

Agency
Approval

Year

Oligonucleotides

Pegaptanib
(Macugen) 27 C294H342F13N107Na28

O188P28[C2H4O]2n
Selectively binds

to VEGF165

Neovascular (wet)
age-related

macular
degeneration.

Naked FDA 2004

Mipomersen
(Kynamro) 20 C230H324N67O122P19S19

mRNA of
apoB-100

Familial hyperc-
holesterolemia Naked FDA 2013

Defibrotide
(Defitelio) - C20H21N4O6P

Adenosine
receptors A1, A2a,

A2b

Severe hepatic
veno-occlusive

disease
Naked FDA 2016

Antisense
oligonu-
cleotides

Fomivirsen
(Vitravene) 21 C204H243N63O114P20

S20Na20

30 kDa and 54
kDa

immediate-early
protein 2

Cytomegalovirus
(CMV) retinitis in

patients with
AIDS

Naked FDA 1998

Eteplirsen
(Exondys 51) 30 C364H569N177O122P30

Forcing the
exclusion of exon

51 from the
mature DMD

mRNA

Duchenne
muscular
dystrophy

Naked FDA 2016

Nusinersen
(Spinraza) 18 C234H323N61O128P17

S17Na17

Survival motor
neuron-2 protein

Spinal muscular
atrophy Naked FDA 2016

Inotersen
(Tegsedi) 20 C230H318N69O121

P19S19

Transthyretin
mRNA Polyneuropathy Naked FDA 2018

Volanesorsen
(Waylivra) - C230H320N63O125

P19S19

Binds to apo C-III
mRNA

Familial
chylomicronemia

syndrome
Naked EMA 2019

Golodirsen
(Vyondys 53) 25 C305H481N138O112P25 Dystrophin

Duchenne
muscular
dystrophy

Naked FDA 2019

Viltolarsen
(VILTEPSO) 21 C244H381N113O88P20

DMD gene (exon
53 viltolarsen

target site)

Duchenne
muscular
dystrophy

Naked FDA 2020

Casimersen
(Amondys 45) 20 C268H424N124O95P22

DMD gene (exon
45)

Duchenne
muscular
dystrophy

Naked FDA 2021

Short
interfering

RNA (siRNA)

Patisiran
(Onpattro) 21 C412H480N148Na40

O290P40

Transthyretin
mRNA Polyneuropathy LNP FDA 2018

Givosiran
(Givlaari) 21 C524H694F16N173

O316P43S6
ALAS1 mRNA Acute hepatic

porphyria
N-

acetylgalactosamine FDA 2019

Lumasiran
(Oxlumo) - C530H669F10N173

O320P43S6Na43

hydroxyacid
oxidase-1 (HAO1)

mRNA in
hepatocytes

Primary
hyperoxaluria

type 1

N-
acetylgalactosamine FDA 2020

Inclisiran
(Leqvio) - C520H679 F21N175

O309P43S6

Inhibit hepatic
translation
proprotein
convertase

subtilisin-Kexin
type 9 (PCSK9)

Primary hyperc-
holesterolemia

N-
acetylgalactosamine EMA/FDA 2020/2021

AMVUTTRA
(Vutrisiran)

C530H715F9N171
O323P43S6

Transthyretin
mRNA

Amyloidogenic
Transthyretin
Amyloidosis

Naked FDA 2022
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Table 1. Cont.

Biologic
Classification

Drug Name
(Brand Name) Subunits Mol Formula Target Indication Drug

Delivery
Approving

Agency
Approval

Year

Gene therapy

Voretigene
neparvovecrzyl

(Luxturna)
- -

Human retinal
pigment epithelial

65 kDa protein
(RPE65) encoded

gene

Retinal dystrophy Adeno-associated
virus vector FDA/EMA 2017/2018

Onasemnogene
abeparvovec-

xioi
(Zolgensma)

- -

Gene encoding
copy delivery to
the human SMN

protein

Spinal muscular
atrophy

Adeno-associated
virus FDA 2019

Alipogene
tiparvovec
(Glybera)

- - - Severe
pancreatitis Naked EMA 2012

Talimogene
laherparepvec

(Imlygic)
- -

For the
production of

immune response
stimulatory

protein, human
GM-CSF

In recurrent
melanoma

Herpes simplex
virus 1 FDA/EMA 2015

Strimvelis - - Activate ADA
enzyme

Adenosine
deaminase-severe

combined
immunodeficiency

(ADA-SCID)

Gamma retroviral
vector EMA 2016

mRNA vaccines

Tozinameran
(Comirnaty)
(BNT162b2)

4284 - SARS-CoV-2S
glycoprotein COVID-19 LNP FDA/EMA 2021

Elasomeran
(Spikevax)

(mRNA-1273)
4284 - SARS-CoV-2S

antigen COVID-19 LNP FDA/EMA 2021

Usually, excipients are the key components of a formulation, of which the active drugs
comprise only a tiny proportion of the total composition [117]. The key functions of excipi-
ents are to improve the safety, stability, and efficacy of therapeutics. A few excipients may
be added to formulations to provide tonicity to minimize pain upon injection or to target
the easy delivery in the body upon administration (i.e., buffers for pH control, protectants
for higher stability, bulking agents for freeze-drying, a surfactant for adsorption control,
and salts for osmolality adjustment) [118]. Excipients are comprised of integral components
of any formulation. As noted by a model excipient, it is chemically compatible, safe, stable,
economical, and multifunctional [119]. In the case of NA formulations, they not only
function to regulate shifts in pH but can also stabilize NAs by a variety of mechanisms [92].

The ability of excipients to stabilize therapeutic NAs is notable. The names of excip-
ients used in approved NA therapeutics are shown in Table 2 [120], which summarizes
the common excipients included in NA therapeutics for each functional category. The
information is briefly tabulated as the commercial name, APIs, dosage form, therapeutic
class, excipient compositions, strength, dosage, pH range, administration route, storage
condition, and date of approval by the governing authorities (e.g., FDA and EMA).

Table 2. In brief therapeutic information of approved nucleic acid (NA) therapeutics.

API Dosage Form Excipients Strength Dosage pH Range Route of
Administration

Pegaptanib
(0.3 mg) Injection/solution

Dibasic sodium phosphate
heptahydrate, monobasic sodium
phosphate monohydrate, sodium

chloride
sodium hydroxide, and

hydrochloric acid

0.4 mg/mL,
3.47 mg/mL 0.3 mg/90 µL 6.0 to 7.0 IVI

Mipomersen sodium
(200 mg) Injection/solution Hydrochloric acid and sodium

hydroxide 200 mg/mL 200 mg/mL
solution 7.5 to 8.5 SC
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Table 2. Cont.

API Dosage Form Excipients Strength Dosage pH Range Route of
Administration

Eteplirsen
(50 mg) Injection/solution

0.2 mg potassium phosphate
monobasic, 0.2 mg potassium

chloride, 8 mg sodium chloride,
and 1.14 mg sodium phosphate

dibasic, anhydrous
hydrochloric acid, and sodium

hydroxide

50 mg/mL 100 mg/2 mL,
500 mg/10 mL 7.5 IV

Nusinersen
(2.4 mg) Injection/solution

0.16 mg magnesium chloride
hexahydrate USP, 0.22 mg

potassium chloride USP, 0.21 mg
calcium chloride dihydrate USP,

8.77 mg sodium chloride USP,
0.10 mg sodium phosphate dibasic
anhydrous USP, 0.05 mg sodium
phosphate monobasic dihydrate

USP, hydrochloric acid and sodium
hydroxide

2.4 mg/mL 12 mg/5 mL ~7.2 IT

Defibrotide sodium
(80 mg) Injection/solution

10 mg sodium citrate USP,
hydrochloric acid, and sodium

hydroxide
80 mg/mL 200 mg/2.5 mL 6.8–7.8 IV

Inotersen
(284 mg) Injection/solution

Phosphate buffer,
hydrochloric acid, and sodium

hydroxide
284 mg/1.5 mL 284 mg/1.5 mL 7.5 to 8.5 SC

Patisiran
(2.0 mg) Injection/liposome

13.0 mg (6Z,9Z,28Z,31Z)-
heptatriaconta-6,9,28,31

tetraen-19-yl-4-(dimethylamino)
butanoate (DLin-MC3-DMA),

3.3 mg 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 6.2 mg

cholesterol USP, 1.6 mg α-(3′-{[1,2-
di(myristyloxy)propanoxy]
carbonylamino}propyl)-ω-

methoxy, polyoxyethylene (PEG
2000 C-DMG), 0.2 mg potassium
phosphate monobasic anhydrous

NF, 2.3 mg sodium phosphate
dibasic heptahydrate USP, and
8.8 mg sodium chloride USP

2 mg/mL 10 mg/5 mL ~7.0 IV

Givosiran
(189 mg) Injection/solution Water for injection 189 mg/mL 189 mg/mL - SC

Volanesorsen
sodium

(200 mg)
Solution Sodium hydroxide and

hydrochloric acid

200 mg of
Volanesorsen
sodium/mL

285 mg of
Volanesorsen/1.5

ml
8.0 SC

Golodirsen
(50 mg) Injection

0.2 mg potassium phosphate
monobasic, 0.2 mg potassium

chloride, 8 mg sodium chloride,
and 1.14 mg sodium phosphate

dibasic anhydrous, sodium
hydroxide,

and hydrochloric acid

50 mg/mL 100 mg/2 mL 7.5 IV

Viltolarsen
(50 mg) Injection/solution

9 mg (0.9%) sodium chloride,
sodium hydroxide, and

hydrochloric acid
50 mg/mL 250 mg/5 mL 7.0 to 7.5 IV

Casimersen
(50 mg) Injection/solution

0.2 mg potassium chloride, 0.2 mg
potassium phosphate monobasic,

8 mg sodium chloride, and 1.14 mg
sodium phosphate dibasic

50 mg/mL 100 mg/2 mL 7.5 IV

Voretigene
neparvovecrzyl Solution/suspension

10 mM sodium phosphate, 180 mM
sodium chloride, and 0.001%

poloxamer 188
5 × 1012 vg/mL 0.3 mL,

0.5 mL in 2 mL 7.3 IOI

Onasemnogene
abeparvovec-xioi Suspension

Onasemnogene abeparvovec
(20000000000000 1/1 mL) +

Onasemnogene abeparvovec
(20000000000000 1/1 mL) +

isopropyl alcohol (0.7 mL/1 mL)

2.0 × 1013 vg/mL - - IV

Talimogene
laherparepvec Injection/suspension

2.44 mg sodium dihydrogen
phosphate dihydrate, 15.4 mg
disodium hydrogen phosphate

dihydrate, 8.5 mg sodium chloride,
40 mg myoinositol, and 20 mg

sorbitol

106(PFU)/1 mL

106(PFU)/1 mL
(For initial dose),
108(PFU)/1 mL
(For subsequent

dose)

- SC/IL
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Table 2. Cont.

API Dosage Form Excipients Strength Dosage pH Range Route of
Administration

Alipogene
tiparvovec Injection/solution

Potassium dihydrogen phosphate,
potassium chloride, sodium

chloride, disodium phosphate, and
sucrose

3 × 10 12-genome
copies/mL

3 × 10 12-genome
copies/mL - IM

Lumasiran sodium Solution Sodium hydroxide and phosphoric
acid 94.5 mg/0.5 mL 94.5 mg/0.5 mL 7.0 SC

Inclisiran sodium
(284 mg) Solution Sodium hydroxide and con.

phosphoric acid 189 mg/mL 284 mg/1.5 mL - SC

AMVUTTRA
(Vutrisiran sodium) Injection

0.7 mg sodium phosphate dibasic
dihydrate, 0.2 mg sodium

phosphate
monobasic dihydrate, 3.2 mg

sodium chloride

26.5 mg/0.5 mL 26.5 mg/0.5 mL 7.0 SC

Tozinameran Suspension

0.09 mg 1,2-distearoyl-sn-glycero-3-
phosphocholine, 0.05 mg

2[(polyethylene glycol)-2000]-
N,N-ditetradecylacetamide,

0.43 mg
(4-hydroxybutyl)azanediyl)-

bis(hexane-6,1-diyl)bis(2-
hexyldecanoate), 0.2 mg

cholesterol), 0.01 mg potassium
chloride, 0.01 mg monobasic

potassium phosphate, 0.07 mg
dibasic sodium phosphate

dihydrate, 6 mg sucrose, and
0.36 mg sodium chloride

30 mcg of mRNA 0.5 mg/1 mL 6.9 to 7.9 IM

Elasomeran Suspension

Lipids, cholesterol, 1.93 mg
(SM-102, polyethylene glycol-2000,

1,2-distearoyl-sn-glycero-3-
phosphocholine), 0.31 mg

tromethamine, 1.18 mg
tromethamine HCl, 0.043 mg acetic

acid, 0.12 mg sodium acetate,
dimyristoyl glycerol, and 43.5 mg

sucrose

100 mcg of mRNA 0.2 mg/1 mL 7.0 to 8.0 IM

(IVI, intravitreal; SC, subcutaneous; IV, intravenous; IM, intramuscular; IL, intralesional; IOI, intraocular injection;
IT, intrathecal.).

NA therapeutics are manufactured in different dosage forms (e.g., solution, suspension,
freeze-dried, or vector-like liposome/lipids, and NPs). Excipients can play key roles
when employed in optimized concentrations [121]. The compositions of approved NA
therapeutics are reported, and the relevant information has been gathered from accredited
sources, such as DrugBank.com (10 December 2022) and FDA labels (www.fda.gov, 12
December 2022).

The selection of excipients for any formulation requires the verification of some basic
factors, such as the API concentration, dosage form (liquid or freeze-dried), administration
route, and compatibility. In the case of parenteral formulations, the choice of excipients
is fairly limited. Therefore, the proper selection and optimization of excipients are crucial
factors for protecting against physicochemical instabilities.

The pH of the formulation has a strong impact on the NA stability. The degradation
pathway usually involves a two-step process, such as β-elimination and depurination,
which are acid- and base-catalyzed, respectively. A cytosine-deaminated product by sodium
bisulfite was detected in acidic buffers (i.e., pH < 6.0) [122]. At an alkaline pH (i.e., pH > 13),
the bisulfite adduct is transformed into uracil through bisulfite elimination, whereas an N-
glycoside bond cleavage is responsible for the conversion of the pyrimidine-sulfite adduct
into a basic site [123]. Therefore, buffers are necessary to maintain the pH at which the
specific NA has maximal stability. A pH in a physiological range is more suitable for the
easy administration of a drug. It was recommended that a low buffer concentration would
minimize the risk of a pH shift [124]. The approved NA therapeutics have specific pH
values, i.e., patisiran, viltolarsen, vutrisiran, and lumasiran sodium at pH 7.0; voretigene
neparvovecrzyl at pH 7.3; nusinersen at pH 7.2; mipomersen sodium, eteplirsen, inotersen,
casimersen, and golodirsen at pH 7.5; volanesorsen sodium at pH 8.0.
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The selection of any suitable buffer depends on compatibility with the NA and its
formulation excipients. Occasionally, the absence of buffers in NA formulations might
negatively impact the quality profile of formulations. In 2015, Garidel et al. tried a
successful buffer-free strategy in freeze-dried protein formulations [125]. This might be an
important consideration for NA drugs.

The majority of NA therapeutics, including pegaptanib, nusinersen, eteplirsen, vutrisiran,
and golodirsen, use monobasic and dibasic sodium phosphate as the buffer. On the other
hand, eteplirsen and golodirsen have used monobasic potassium phosphate as the buffering
agent to prevent a pH shift. In addition, they also contain sodium chloride, sodium citrate,
and/or potassium chloride in optimal concentration ranges as tonicifiers and may protect
them from pH oscillations during storage [126].

Primarily, for pH adjustment, mipomersen sodium, inotersen, volanesorsen sodium,
defibrotide sodium, inclisiran sodium, casimersen, vutrisiran, and viltolarsen contain
sodium hydroxide and hydrochloric acid as excipients. Defibrotide sodium and viltolarsen
additionally contain sodium citrate and sodium chloride as tonicifiers, respectively.

In contrast, few NA therapeutics, such as siRNA-based patisiran and both mRNA-
based vaccines, are versatile in terms of excipients. All three products are composed of
four lipids showing only differences in the storage conditions. For example, patisiran has
diverse excipients, such as cholesterol, (6Z, 9Z, 28Z, 31Z)-heptatriaconta-6,9,28,31 tetraen-
19-yl-4-(dimethylamino)-butanoate-(DLin-MC3-DMA), functioning as a conjugation for
delivery [127], and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) as a helper lipid
to protect NPs from aggregation, with diffusible α-(3′-{[1,2-di(myristyloxy)propanoxy]-
carbonylamino}propyl)-ω-methoxy, polyoxyethylene (PEG 2000 C-DMG). In addition, all
these vaccines play key roles in efficient delivery and enhancing active pharmaceutical
ingredients. The carriers may also regulate the safety profile of these drugs to a great extent,
which helps to improve the ultimate drug performance and add a valuable contribution to
safety, as well as targeted delivery.

In addition, the latest COVID-19 mRNA vaccines contain cholesterol, the helper lipid
DSPC, and the diffusible PEG-lipid ((2-[(polyethylene glycol)-2000]-N,N-ditetradecylacetamide,
PEG 2000-DMA in tozinameran, or PEG 2000-DMG, 1,2-dimyristoyl-rac-glycero3-
methoxypolyethylene glycol-2000 in elasomeran)) [15]. Cholesterol is responsible for lipid
membrane fluidity. PEG chain-linked phospholipids function as excipients that furnish a
hydrophilic layer and prolong the half-life of mRNA. An optimized concentration of su-
crose and sodium phosphate is used to stabilize liposomal NPs during shipping [126]. The
ionizable lipids SM-102 and ALC-0315 are employed in the LNP formulations of elasomeran
and tozinameran, respectively [15]. Tozinameran and elasomeran contain formulations of
ionizable:cholesterol:neutral lipid:PEGylated lipid at molar ratios of 46.3:42.7:9.4:1.6 mol%
and 50:38.5:10:1.5 mol%, respectively, along with a lipid:mRNA ratio of 0.05 (w/w). In
the mRNA vaccine formulation, sucrose functions as a cryoprotectant during freeze–thaw
cycles [128,129]. Similarly, CVnCoV (CureVac/BAYER), currently in phase 2b/3 clinical
trials, has molar ratios similar to those of elasomeran [14,130–133]. Currently, several LNP-
based mRNA vaccines are in the clinical pipeline to prevent COVID-19, such as ARCT-021
by Arcturus Therapeutics [134], ARCoV by Walvax Biotechnology/Suzhou Abogen Bio-
sciences [135], DS-5670 by Daiichi Sankyo/the University of Tokyo [136], and LNP-nCoV
RNA by Imperial College London [137]. In addition, LNP-based mRNA vaccines, such as
mRNA-1325 and mRNA-1893 for Zika virus, mRNA-1944 for chikungunya, CV7202 mRNA
for rabies, VAL-506440/H10N8 antigen mRNA, and VAL-339851/H7N9 antigen mRNA for
influenza are under Phase 1 clinical trial [138]. LNPs composed of biodegradable ionizable
lipids could be a promising next-generation delivery system.

A surfactant can stabilize NA by increasing its solubility while minimizing interfacial
and nonspecific interactions. The voretigene neparvovecrzyl gene therapy has used polox-
amer 188 as a surfactant at optimal concentrations. In addition, patisiran, tozinameran, and
elasomeran have PEG 2000 C-DMG, ALC-0159, and PEG-DMG, respectively.
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Talimogene laherparepvec contains sorbitol as a stabilizer with sodium dihydrogen
and disodium hydrogen phosphate dihydrate as buffering agents. In addition to buffer,
nusinersen contains calcium chloride dihydrate with magnesium chloride hexahydrate as
complexing agents, which may chelate trace amounts of transition metals present in the
buffer to prevent degradation [139]. However, the alipogene tiparvovec injection has used
potassium dihydrogen phosphate, disodium phosphate, sucrose, potassium, and sodium
chloride as the excipients for formulation. Unfortunately, the sponsor allowed the approval
to expire due to the poor commercial absorption of the drug in the market in 2017 [140,141].

In addition to the drug delivery approach, the selection of suitable administration
routes is also a significant factor in ensuring efficient and safe drug delivery. Primarily,
NA therapeutics are designed for parenteral administration because they are often hard
to administer via non-parenteral routes [142]. Therefore, NAs must be formulated as a
stable liquid or freeze-dried powder to deliver these drugs safely and efficiently to their
target site [143]. To target drug delivery sites, NAs need to be carefully tailored. The novel
trends are set to subcutaneous (SC) administration, and the percentage of NA therapeutics
approved for SC administration has risen gradually. Among the approved NA therapeutics,
35% of each have been intended for SC and IV administration (Figure 2). Recently, the
approved mRNA vaccines for COVID-19 have been administered intramuscularly (IM).
NA formulations with a high strength (i.e., >80 mg/mL) are more frequently delivered
subcutaneously. Therefore, the NA concentrations in the formulations may depend on
the therapeutic effect and the selected administration route for drug delivery. For exam-
ple, nusinersen (2.4 mg/mL) was administered via the intrathecal route (IT), pegaptanib
(0.4 mg/mL) via the intravitreal route (IVI), and mipomersen sodium (200 mg/mL) via the
SC route.
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Figure 2. Route of administration allocation for approved NA therapeutics.

It is important to include tonicifiers in NA therapeutics to maintain isotonicity for
superior parenteral administration. Most NA therapeutics use potassium chloride and/or
sodium chloride as tonicifying agents; however, additional excipients could be added to
advance the quality of the therapeutics.

Another crucial aspect is the storage condition. Long-term storage can affect the
physicochemical stabilities of NA therapeutics. Sulfur substitutions on the phosphate
backbone could easily be exchanged back to dissolved oxygen at elevated temperatures,
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making the products more prone to nuclease attack. The majority of NA therapeutics are
stored at 2–8 ◦C. The exceptions include voretigene neparvovecrzyl, stored at ≤−65 ◦C,
alipogene tiparvovec stored at −25 ◦C to −15 ◦C, defibrotide sodium stored at 20–25 ◦C,
and givosiran, vutrisiran, and lumasiran stored at 2–25 ◦C. The new group mRNA vaccines
tozinameran (Pfizer-BioNTech) and elasomeran (Moderna) are recommended to be stored
at −80 ◦C to −60 ◦C and −25 ◦C to −15 ◦C, respectively. A recent study concluded that
mRNA vaccines are stored at a low temperature to avoid or slow down mRNA degradation
by hydrolysis during storage [128].

4. Conclusions and Future Perspectives

Over the past decade, the impact of NA therapeutics has been facilitated by break-
throughs associated with high-end manufacturing and drug delivery in the field of pharma-
ceuticals. Although excellent growth has been made in NA delivery, including intracellular
delivery, several challenges and requirements remain.

This article also discusses the prime considerations pertaining to novel excipients and
analyzes their function and rationale in NA therapeutics. To date, 23 NA therapeutics have
been approved; however, the publicly accessible awareness of NA therapeutics is extremely
limited. Therefore, we recommend that scientists carefully monitor the stability during all
stages of NA therapeutics development. Simultaneously, the trend of novel excipients and
SC administration is also garnering attention, predominantly in terms of highly concen-
trated NA therapeutics. In addition, it is important to monitor deficiencies caused by the
administration of various NA therapeutics. For example, vutrisiran has caused vitamin-A
deficiency in patients. Therefore, the provision of vitamin-A supplementation is a primary
concern during the therapeutic application of vutrisiran. In future publications, we aim to
discuss the adverse events and the precautionary actions taken during NA therapeutics
therapy.

Looking at the current scenario, the development of NAs as therapeutics focuses on
long-term stability and the efficiency of DDSs, such as liposomes, NPs, microspheres, or
gene therapy. However, there is a need to address several challenges posed by DDSs, such
as manufacturing complexity, cost-effectiveness, and safety. In addition, self-amplifying
RNA would be a next-generation vaccine platform but requires smart drug delivery vehicles
to maintain the long-term stability and efficiency of the drug. In the near future, developing
long-acting DDSs to improve the PK and enhance the targeting efficiency at cellular and
tissue sites is critical. Formulation scientists could merge advanced techniques, like artificial
intelligence and machine learning, with the DDSs to make them more intelligent and
potentially more affordable, and easier to use for patients. This continuous advancement
presents the hope that remedies for rare or currently untreatable diseases will soon be
possible and affordable.
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Abbreviations

AAV: adeno-associated virus; API, active pharmaceutical ingredient; ASOs, antisense oligonu-
cleotides; COVID-19, coronavirus disease-2019; DDSs, drug delivery systems; DSPC, 1,2-distearoyl-
sn-glycero-3-phosphocholine; EMA, European Medicines Agency; EUA, emergency use autho-
rization; FDA, United States Food and Drug Administration; IL, intralesional; IM, intramuscular;
IOI, intraocular injection; IV, intravenous; IVI, intravitreal; IT, intrathecal; LNP, lipid nanoparti-
cle; mRNA, messenger RNA; NA, nucleic acid; NPs, nanoparticles; PEG-2000C-DMG, α-(3′-{[1,2-
di(myristyloxy)propanoxy]-carbonylamino}propyl)-ω-methoxy, polyoxyethylene; PEG2000-DMG,
1,2-dimyristoyl-rac-glycero3-methoxypolyethylene glycol-2000; PS, phosphorothioate; ROS, reactive
oxygen species; siRNA, short interfering RNA; SC, subcutaneous; SSO, splice switching oligonu-
cleotide; Synthetic therapeutic oligonucleotides, STOs.
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Abstract: The blood-brain barrier (BBB) is a major hurdle for the development of systemically
delivered drugs against diseases of the central nervous system (CNS). Because of this barrier there is
still a huge unmet need for the treatment of these diseases, despite years of research efforts across the
pharmaceutical industry. Novel therapeutic entities, such as gene therapy and degradomers, have
become increasingly popular in recent years, but have not been the focus for CNS indications so far.
To unfold their full potential for the treatment of CNS diseases, these therapeutic entities will most
likely have to rely on innovative delivery technologies. Here we will describe and assess approaches,
both invasive and non-invasive, that can enable, or at least increase, the probability of a successful
drug development of such novel therapeutics for CNS indications.

Keywords: central nervous system; blood brain barrier; drug delivery; degradomer; nanoparticles;
exosomes; focused ultrasound; convection enhanced delivery; intracerebroventricular delivery

1. Introduction

A major challenge in the development of treatments against central nervous system
(CNS) diseases is ensuring sufficient exposure to target brain tissues to achieve the desired
therapeutic effects. A disappointing 98% of small molecule drugs never reach the brain
at therapeutic concentrations [1]. The situation is even worse for large-molecule drugs
such as antibodies or nucleic-acid based therapeutics. For example, only 0.01–0.1% of a
systemically administered dose of antibody will reach the brain, which is often insufficient
to elicit a therapeutic effect [2,3]. In the case of naked nucleic acid-based therapeutics such
as oligonucleotides, achieving efficient brain tissue exposure would not even be possible
without the use of a carrier system [4].

The root cause is the blood-brain barrier (BBB). This complex, multi-cellular and
dynamic interface between the blood circulation and the brain tightly preserves brain
homeostasis. It enables passage of specific nutrients such as glucose, fatty acids, and amino
acids, while at the same time blocking the passage of harmful substances [5]. In doing do,
it also acts as a barrier to large therapeutic molecules.

To overcome the BBB, a wide range of delivery technologies, both invasive and non-
invasive, have been developed. Receptor-mediated transcytosis (RMT), one of the most
advanced, has reached the clinic and holds promise for the delivery of biotherapeutics such
as antibodies or enzyme replacement therapies. Since non-invasive approaches to cross the
BBB are well covered elsewhere [6], they are not included in this review.

Therapeutic modalities have become more diverse with the advent of gene therapies
and degradomers, both of which may require optimized brain delivery systems tailored
to their specific needs. The increasing number of gene therapies, both in development
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and on the market, as well as the ongoing development of degradomers make the chal-
lenge of developing efficient delivery technologies for such therapeutic modalities even
more pressing.

This realization led us to look at the status of gene therapy and degradomer approaches
for CNS indications and to review several delivery technologies for their potential to
enable a successful CNS drug development for these types of molecules. The non-invasive
approaches include nanoparticles and exosomes. We cover recent medical technology
innovations for gene therapy applications and degradomers.

In the final sections, we include a brief survey of medical devices enabling drug
delivery, either to the whole brain, or to more localized regions of the brain or the spine:
intrathecal (IT), intra-cerebroventricular (ICV), convection-enhanced delivery (CED) and
focused ultrasound (FUS).

The central theme that emerges from our review is that delivering a wide range
of therapeutics to the brain requires tailored technical solutions, each optimizing the
pharmacokinetic profile in brain tissues to achieve therapeutic levels. We show that a
convergence between medical technology (MedTech) and pharmacology is increasingly
needed to achieve efficacy while reducing side effects associated with off-target exposure.

1.1. Use of Gene Therapy for the Treatment of CNS Indications

Gene therapy aims at modifying a patient’s genes for disease treatment by either
gene replacement, gene inactivation or by gene introduction. Such approaches can be
divided into two categories, viral and non-viral approaches. Historically, approval for gene
therapy-based drug products has not been a focus for central nervous system indications.
Gene therapy trials have covered a wide range of indications including cancer, mono-
genic diseases, infectious diseases, and cardiovascular diseases. In 2017 Ginn et al. listed
2597 gene therapy clinical trials for all these indications. Only 47 covered neurological
diseases comprising less than 2% of gene therapy trials [7]. This is reflected in the gene
therapy products that have reached the market. Even though the first gene therapy product,
Gendicíne, was approved in 2003, it took until 2016 for the first gene therapy-based CNS
drug, Spinraza, to reach the market. Interestingly, the situation is starting to change. Three
more gene therapies for CNS indications have reached the market since 2016, as illustrated
in Table 1. Overall, four out of 16 marketed gene or cell therapy products are directed
against CNS diseases.

Table 1. Approved gene therapy-based drugs for the treatment of CNS diseases.

Approved Drug Indication Delivery System & Route of Administration Therapeutic

2016 Spinraza Spinal Muscular Atrophy (intrathecal) Antisense oligonucleotide against SMN2

Luxturna Inherited Blind Diseases Adeno-associated virus Type 2 (subretinal injection) Retinal pigment epithelium-specific
65 kDa protein

Brineura Batten’s Disease (intra-cerebroventricular) Recombinant TPP1
2019 Zolgensma Spinal Muscular Atrophy Adeno-associated Virus Type 9 (intravenous) SMN1
2021 Delytact Malignant Glioma Herpes Simplex Virus Type 1 (intra-tumor) (oncolytic)

It is worth mention mentioning that these treatments do not rely on systemic appli-
cation of the gene therapy-based drugs. The commercial approval in 2016 of Spinraza®,
an antisense oligonucleotide for the treatment of spinal muscular atrophy (SMA), and
subsequent commercial approval in 2017 of Brineura®, a hydrolytic lysosomal N-terminal
tripeptidyl peptidase for the treatment of Batten disease, indicates that pharma organi-
zations view the benefits of intrathecal (IT) and intracerebroventricular (ICV) routes of
delivery as outweighing limitations (e.g., invasiveness) in the case of niche markets for
orphan drugs in the neuroscience space. The commercial approval in 2019 of Zolgensma®,
also for the treatment of SMA, represents the first adeno-associated virus (AAV) based
drug for a CNS indication [8]. This was followed in 2021 by Delytact which received condi-
tional and time-limited marketing approval for malignant glioma in Japan. To gain more
insight into what direction the field is taking we performed a survey in clinicaltrails.gov to
identify gene therapy clinical trials specifically for the following neuroscience indications:
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Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Huntington’s Disease (HD), Gaucher
Disease, Lou Gehrig’s Disease (ALS), and Frontotemporal Dementia (FTD). Approximately
3750 results were identified in the search query, and from the query, 16 on-going bench-
mark trials. The search algorithm at clinicaltrials.gov also searches for synonyms and
related terms. The executed search query included the terms ‘gene therapy’, ‘viral vector’,
‘AAV’, ‘lentivirus’, ‘antisense’, and ‘oligonucleotide’. The query identified approximately
3750 records which included related terms such as ‘gene’, ‘gene transfer’, ‘DNA therapy’,
‘therapy’, ‘treatment’, ‘therapeutic’, ‘viral vector’, ‘viral’, ‘virus’ and ‘vector’. The search
results then had to be narrowed down using data filtering to identify representative gene
therapy studies in the target indications.

A summary of the on-going trials with a clinical phase, associated routes of admin-
istration and study duration is given in Table 2. Interestingly, none of the clinical trials
utilize systemic delivery or intra-cerebroventricular delivery as a route of administration
for gene therapy assets in these indications. Given that viral vectors such as AAV stimulate
the immune system after systemic application, a targeted application is a feasible way to
reduce/avoid activation of the immune system. Furthermore, only AAV serotypes 8 and
9 have been reported to cross the BBB and enter the brain. Nonetheless, the example of
Zolgensma shows that systemic application is possible for a CNS disease.

Table 2. On-going Gene Therapy Trials and Routes of Administration by Disease Indication.

Route of Administration
(No. of Studies) AD PD FTD HD Gaucher ALS

Systemic (0) 0 0 0 0 0 0

Intra-Cisterna Magna (5)

NCT03634007
Ph.1/2

2018–2023 (est)
NRP

NCT04127578
Ph.1/2

2020–2028 (est)
NRP

NCT04747431
Ph.1/2

2021–2027
(est)
NRP

0

NCT04411654
Ph.1/2

2021–2028
(est)
NRP

0

NCT04408625
Ph.1/2

2020–2027
(est)
NRP

Intrathecal (4)

NCT03186989
Ph.1/2

2017–2022
NRP

NCT03976349
Ph.1

2019–2023 (est)
NRP

0 0 0

NCT04494256
Ph.1/2

2020–2026 (est)
NRP

NCT04856982
Ph.3

2021–2027 (est)
NRP

Intra-Parenchymal (7) 0

NCT01621581
Ph. 1

Convection-enhanced
delivery

2013–2022
RP [9]

0

NCT04120493
Ph.1/2

MRI-guided
infusion

2019–2029
(est)
NRP

0 0

NCT04167540
Ph.1

Bilateral
image-guided

infusion
2020–2027 (est)

NRP
NCT3720418

Ph.1/2
Neurosurgical

delivery
2018–2022

RP [10]

133



Pharmaceutics 2023, 15, 1100

Table 2. Cont.

Route of Administration
(No. of Studies) AD PD FTD HD Gaucher ALS

NCT01856439
Ph.1/2

Bilateral injection
2011–2022

RP [11]
NCT03065192

Ph.1
Neurosurgical

infusion
2017–2021

RP [12]
NCT03562494

Ph.2
Brain infusion
2018–2023 (est)

RP [9]

NRP = no results posted on www.clinicaltrials.gov (accessed on 16 January 2023); RP = results published;
est = estimated study completion date.

1.2. Use of Degradomers for the Treatment of Neurodegenerative Diseases

While gene therapy treatments have made it to the clinics and to the market, even for
the treatment of CNS diseases, degradomers are at an earlier stage. Degradomers utilize
the intrinsic protein degradation machinery of the cell to remove unwanted, overexpressed,
dysfunctional, or dysregulated protein targets [13]. They exist in different forms, which
include PROTACs (PROteolysis TArgeting Chimeras), employing the cellular “quality
control” machinery to eliminate unwanted proteins [14], AUTACs (AUtophagy-TArgeting
Chimera) [15], leading the target into the autophagy mechanism, lysosome targeting
chimeras (LYTACs) [16], molecules activating the endoplasmic reticulum-associated degra-
dation (ERAD) pathway, and molecular glues, which transform the target to be structurally
modified or tagged as unwanted, and to be destroyed. The degradomers can be differ-
entiated into hetero-bifunctional molecules, including PROTACs, AUTACs, LYTACs and
ERAD-pathway targeted molecules, and monofunctional compounds, which are the molec-
ular glues. As the published dataset on PROTACs is currently the largest, we focus on
this modality for the hetero-bifunctional molecules. It is expected that the relevance of the
AUTACs, LYTACs and ERADs will expand in the future.

Molecular glues mediate their efficacy through proximity-induced degradation [17].
The molecules represent proximity-inducing monofunctional agents, which can have multi-
ple biological effects in the cell. For example, by bringing functional proteins into proximity,
or changing the structure of a single protein, they can influence cell signaling, interact with
the immune system, remodel chromatin, and also lead to an interaction of the protein of
interest (POI) with the ubiquitination system of the cell, which leads to its degradation.
For example, Thalidomide and lenalidomide mediate this effect [18], which is described in
more detail below in the context of the PROTACs.

As described above, while molecular glues are monofunctional with a relatively low
molecular weight, chemical PROTACs are hetero-bifunctional molecules and consist of one
binding site for the protein of interest (POI), a linker, and a binding site to the functional
cellular protein, which leads the POI towards degradation. Thus, they are generally
relatively large, with a molecular weight ranging from 500 to 1000 Da. While they are
still comparatively small compared to monoclonal antibodies or peptide or nucleotide
drugs, for example, their size causes physicochemical problems, which often leads to low
solubility and low permeability across biological membranes. This potentially limits utility
for the treatment of CNS diseases, particularly because of the resulting low penetration
across the BBB.

Structurally, PROTACs contain a binding site for a specific intracellular ubiquitin ligase
or a key autophagy functional protein (LC3), a linker of different lengths and constituents,
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and a binding site for the POI. PROTACs and AUTACs are, therefore, hetero-bifunctional
molecules that bind to the POI and link it to an E3 ubiquitin ligase (PROTAC) through
reversible interaction with binding sites on either molecule. By interacting with the E3
ligase the POI is (poly)-ubiquitinated and therefore labeled to undergo intracellular protein
degradation in the ubiquitin-proteasome system (UPS; PROTAC).

Current PROTACs bind primarily to Cereblon (CRBN) and von Hippel-Lindau Lig-
ands (VHL) E3 ligases. Current efforts include identifying additional potential ligases, as
the CRBL and VHL ligases are expressed ubiquitously, and thus might lead to non-specific
and broad-based protein degradation in all tissues. Therefore, more selectively expressed,
and more specific ligase binders might lead to a more selective degradation of the POI only
in the target tissues [19].

Degradomers have a number of promising advantages over conventional small chem-
ical entities, which include the potential for an effective knock-down of the POI, similar
to gene therapy or ribonucleic acid interference (RNAi) approaches, the potential for a
catalytical activity, which could alleviate the issue associated with the need to achieve
continuously high concentrations of the molecule within the target tissue and cell, and the
potential of a selective suppression of certain mutated POIs, which might make it possible
for the functional protein allele to take over the activity.

Despite the range of targets and disease states investigated preclinically, the clin-
ical success of hetero-bifunctional degraders is so far limited, and currently described
by PROTAC examples only. Nine clinical studies sponsored by Arvinas (NCT03888612,
NCT04072952), Celgene (NCT04428788), Kymera (NCT04772885), Nurix (NCT04830137),
Haisco Pharmaceutical (NCT04861779), Dialectic Therapeutics (NCT04886622), Enhanced-
BIO (NCT04669587) and BeiGene (NCT05006716) are currently ongoing. All are in Ph. 1
or Ph. 1/2, mostly for the treatment of cancer and dermatological applications. To date
the only clinically relevant study demonstrating efficacy of PROTACs in humans was
published in 2020 for the treatment of cancer [20]. The number of PROTAC compounds
entering Ph1 clinical trials is rapidly increasing. There are currently over 18 such molecules
that are either in dosing or approved for clinical trials, with several more anticipated in 2023.
In addition, there have been data releases at conferences and company updates showing
data for at least three ongoing programs that have achieved proof of target degradation in
humans. Therefore, the degradomer field, spearheaded by PROTACs, is rapidly evolving
and sustained publication of clinical efficacy studies is expected. The theoretical potential
of degraders for CNS diseases is being investigated in numerous labs. In this context
PROTACs have been developed for a range of CNS diseases. Preclinically, they have been
described to successfully target tau, α-syn, mutant huntingtin (mHtt), and superoxide dis-
mutase 1 (SOD1) in cellular and animal models. Diseases which are studied in preclinical
models include Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease
(HD), amyotrophic lateral sclerosis (ALS), as well as glioblastoma multiforme (GBM). The
advantages of hetero-bifunctional degraders described above also come with challenges for
treating CNS diseases. They include the limited penetration across the BBB due to the large
size and bulky structure, the non-specific degradation of the POI across the whole CNS,
instead of targeted degradation in the affected brain region, the concomitant reduction
of proteolytic activity in different neurodegenerative disease states [21], and the transient
nature of activity, which requires continuous or multiple treatments throughout the chronic
phase of the neurodegenerative disease [22].

The reports describing efficacy of hetero-bifunctional degraders in preclinical in vivo
models for CNS diseases are therefore limited. The first published study evaluated pep-
tides with hetero-bifunctional PROTAC activity in in vitro and in vivo models of AD [23].
Compound TH006, a peptide consisting of 32 amino acids, was dosed at 15 mg/kg/day for
10 days in a combination of intranasal and intravenous route of application. The PROTAC
reduced cortical Tau levels, as well as Tau in the hippocampus to a lesser extent, in 3xTg-AD
mice (B6; 129-Psen1tm1Mpm Tg [APPSwe, Tau P301L] 1Lfa/Mmjax). While the exposure
of the compound in the brain was not directly demonstrated in the study, apparently
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enough TH006 reached the relevant brain structures to modulate Tau levels in the brain
of the animals. Arvinas demonstrated the effective penetration of selected PROTAC®

degraders through the BBB. As described in a press release, their reference compounds
reached brain-to-plasma ratios greater than one. As a result of brain exposure lasting longer
than systemic circulation, this ratio rose to 8.9 four hours after dosing. The patent describes
efficacy studies with several examples of compounds. Example four reduced total Tau
after intra-hippocampal injection in a time-dependent manner in Bl6 mice. Exemplary
compounds 82 and 382 demonstrated a 95% reduction of pathological Tau in TG2508 mice
after 24 h at doses of 15 and 30 mg/kg, respectively, via parenteral dosing.

While the published results indicate the relevance of hetero-bifunctional degraders for
the treatment of CNS disorders, the number of in vivo studies is still limited. There is also
not yet a clear understanding of the potential influence of formulations for the penetration
of the molecules into the brain. Further studies are required to translate the in vitro results
in different cellular models into preclinical in vivo models of neurodegenerative diseases.
Translation from rodents to humans is yet another critical step.

Due to their large size, their low permeability across the BBB and complex mode
of action, it is not yet fully clear which systemic concentrations are needed to mediate
an effect on brain targets. A clear strategy for optimization of the brain availability by
rational drug design is not yet available. Therefore, besides serendipitous optimization of
the compound structure, the next steps towards functional brain degradomers could be
to evaluate methods to increase the systemic exposure of the compound, for example by
increasing the circulating drug concentration, or to enhance the systemic half-life through
specific slow-release systemic formulations, or to open or circumvent the BBB. Methods for
the latter two aspects are exemplified in the present paper.

2. Systemic Delivery
2.1. Nanoparticles

Nanoparticles, such as liposomes, polymeric nanoparticles, and lipid nanoparticles
(LNPs), typically have a diameter between 10 and 300 nm. They differ in size, charge,
chemical composition and surface properties [24–26]. The first nanoformulations received
approval for cancer therapy more than 20 years ago following the discovery of nanopar-
ticles having the potential for increased accumulation in tumor tissue by extravasation
through fenestrated blood vessels, a phenomenon termed enhanced permeability and
retention (EPR). Several nanoparticle formulations were approved for chemotherapy, for
the treatment of fungal infections, hepatitis A and end-stage renal diseases. However, so
far only one formulation, Copaxone, has been approved for multiple sclerosis as early as
1996 in the United States and 2001 in the European Union (EU), and to our knowledge is
one of the only approved nanoformulation for a CNS disease. Another example is Invega,
an intramuscular depot approved by the EU in 2011. However, Invega does not enter the
brain directly but increases residence time of the active compound in the blood. Recently,
efforts have centered around LNPs, which have found use in COVID vaccinations such as
Comirnaty and have proven the therapeutic applicability of these formulations for nucleic
acid delivery. To this end Pfizer has entered a four-year research collaboration with Beam
Therapeutics utilizing Beam’s LNP-based in vivo delivery technology to deliver messenger
RNA (mRNA) for gene editing programs for rare diseases in different organs, one being
the CNS.

The fact that nanoparticles have only found limited therapeutic uses, especially for the
CNS [27], can be attributed to several critical factors such as physicochemical properties,
biological interactions with host biofluids and overcoming physiological barriers. Especially
the physicochemical properties can give rise to nanoparticle toxicity [28].

Nanoparticles for therapeutic purposes usually contain reagents generally recognized
as safe (GRAS). Nevertheless, they can be immunotoxic, eliciting a variety of adverse
effects including immunosuppression or immunoenhancement, which in the first case
can lead to infections and tumor formation, and in the second case to autoimmunity and
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hypersensitivity. These effects can be elicited either by the particle itself or by the active
pharmaceutical ingredient (API) encapsulated in the particle. Recognition of nanoparticles
by the immune system is dependent on their physicochemical properties, their cargo as
well as their external milieu such as their protein corona, whose constituents in turn are
determined by the nanoparticle’s physicochemical properties. In fact, it has been reported
that nonviral vectors including lipoplexes have the capability to induce similar or stronger
immune reactions than viral vectors [29].

Size determines the ease with which nanoparticles enter their target organ. In general,
the smaller they are, the more easily they enter their target organs. However, if nanoparticles
are too small (<20 nm) they are cleared from blood via the reticuloendothelial system (RES)
and the mononuclear phagocyte system (MPS) [30,31] as well as by filtration via the renal
glomeruli, which both lead to a significant reduction in half-life [32,33]. One common
strategy to improve half-life apart from size is coating the nanoparticle with polyethylene
glycol (PEG) (stealth nanoparticles) that helps avoid recognition by the RES. The upper
size limit is mostly defined by the width of the interstitial space of the target organ. If the
nanoparticles get too large, diffusion through the interstitial space will be hindered and
uptake into target cells inhibited.

A positive charge facilitates interaction with negatively charged cell membranes [34,35]
but may trigger toxicity due to easier uptake into cells. Furthermore, positively charged
particles are prone to opsonization in body fluids, leading to a corona formation, a coating
of the nanoparticle surface by serum proteins, which in turn results in sequestration by
the MPS. A promising approach to address the problem of corona formation by coating
solid-lipidic-nanoparticles (SLNPs) with a preformulated protein corona was developed
within the IMI COMPACT consortium [36,37]. In this approach SLNPs were coated with
human serum albumin to which transferrin was conjugated as a targeting ligand for the
BBB. This coating is meant to have two effects: First, it should provide protection from
binding of serum proteins to the nanoparticles which causes random corona formation.
Second, it should keep targeting to the BBB effective. If a targeting ligand is coupled
directly to the surface of the nanoparticle, corona formation will mask the ligands, which
will block BBB targeting. Since here the targeting ligand is coupled to the corona-mimicking
serum albumin, masking of the targeting ligand by the protein corona should be avoided.
In vitro studies have demonstrated that this formulation still possessed a strong ability to
be taken up by microvascular endothelial cells in the presence of serum in the medium,
whereas uptake of nanoparticles without this modified surface were not. In addition, the
first in vivo imaging experiments have shown strong signals and long residence time in
the brain, indicating an effective targeting of the BBB. Whether this signal is found in the
brain or in the vasculature remains to be determined.

Special care must be taken for the release kinetics of the nanoformulation. Many
nanoparticulate systems have the problem of a premature burst release of the encapsulated
drug. Avoiding this is important for a successful nanoparticle for two reasons [38]. First,
encapsulation of a drug can help avoid peripheral side effects. This has been demonstrated,
for example with Doxycycline, whose cardiotoxic side effects have been avoided by encap-
sulation. Second, premature release of the drug can prevent a therapeutic effect by lowering
target tissue exposure below the therapeutic threshold. In this regard, it must be kept in
mind that nanoparticulate systems will alter the pharmacokinetic (PK) profile of their cargo.
While encapsulation of a drug in a nanoparticle may be helpful to avoid systemic side
effects elicited by the drug, the pharmacokinetics of the encapsulated drug are driven by
the nanoparticle, which may be less favorable than the PK of the original drug.

In addition, nanoparticles need to cross the blood-brain barrier to reach brain tissues.
This may require attachment of a targeting moiety to the surface of the particle to promote
interaction with the BBB and increase transport into the brain. To this end, several studies
in preclinical models of neurodegenerative diseases have shown efficacy of different cargos
after packaging into brain-targeted nanoparticles [39–41]. Still, most nanoformulations
show a biodistribution profile where most of an applied dose usually ends up in the liver.

137



Pharmaceutics 2023, 15, 1100

Attachment of a surface targeting moiety, in combination with corona mimicry, will increase
uptake into the brain to a certain extent but will not prevent most injected nanoparticles
from accumulating in the liver.

2.2. Nanoparticles as Potential Brain Bioavailability Enhancers for Payload Carrying Nanoparticles

Recent literature suggests that the biodistribution of nanoformulations can be altered
significantly and their clearance by the liver strongly inhibited. An emerging PK-enhancing
adjuvant therapy uses payload-free nanoparticles referred to as nanoprimers [42] that have
the function of increasing the bioavailability of other nanoparticles, whose function is to
carry a therapeutic payload (therapeutic nanoparticles). The PK boosting effect is achieved
by administering the nanoprimer prior to the therapeutic nanoparticles, thereby causing a
delay in the hepatic clearance of the therapeutic nanoparticles. A secondary benefit is liver
toxicity reduction, a common risk with both engineered nanoparticles and viral vectors
used to deliver nucleic acid-based therapies.

Preclinical proof-of-concept studies have been conducted to show that payload-free
liposomes can be used to increase exposure of nucleic acids in target tissues by temporarily
reducing unwanted hepatic clearance [43–45]. In these studies, nanoprimers were engi-
neered to be rapidly phagocytosed by Kupffer Cells (KCs) and Liver Sinusoidal Endothelial
Cells (LSECs) after intravenous administration. LSECs are scavenger cells with a diameter
of 7–9 µm capable of internalizing particles up to 0.23 µm, while KCs are resident liver
macrophages with a diameter of 10–15 µm that can take up larger particles than KCs [46,47].

Germain et al. [43] describe the physicochemical attributes claimed to be optimal
for liver accumulation. They argue that nanoprimer particles need to be larger than the
fenestration size of the space of Disse to be preferentially cleared by KCs and not by
hepatocytes, and smaller than 200 nm to avoid spleen accumulation. They also claim that
that the charge should be neither positive, a known source of toxicity, nor too negative, to
avoid macrophage internalization. More details on different nanoparticle formulations and
liver interactions were recently summarized by Zhang et al. [48].

The study by Germain et al. [43] showed that nanoprimers could enhance the anti-
tumor efficacy of irinotecan-loaded liposomes (with a diameter of 200 nm) for the treatment
of colon cancer. Results from this study showed significantly enhanced biodistribution
after application of the nanoprimer. Interestingly, an enhanced availability of the liposomes
in the blood resulted in a longer liposome persistence in the head as well. In addition
to the increased biodistribution to the head, application of nanoprimers showed a long-
lasting effect on the biodistribution which was clearly visible even after a 24 h separation
between the intravenous injection of the nanoprimer and intravenous infusion of the
therapeutic nanoparticles.

Saunders et al. [42] report a preclinical study in mice where LNPs nanoprimers were
used to increase levels of two types of LNP-encapsulated nucleic acid in systemic circu-
lation: Human erythropoietin (hEPO) mRNA and Factor VII (FVII) siRNA. Intravenous
nanoprimer pre-dosing 1 h prior to the intravenous administration of the loaded LNPs
achieved the desired effects, in this case by increasing hEPO expression and by decreasing
FVII expression by 49% (blood concentrations). In the same paper a prior liver panel 24 h
after the last of three injections of nanoprimers (administered alone) showed no evidence
of toxicity as measured by aspartate aminotransferase (AST), alanine aminotransferase
(ALT), albumin, and total protein levels. Furthermore, nanoprimer uptake by liver cells
was shown to “reduce KC’s and LSEC’s clearance activity without impacting hepatocyte
uptake activity” [Ibid.], thereby suggesting that the vital role of hepatocyte in metabolism,
detoxification and protein synthesis had been preserved.

In summary preclinical studies in oncology show that the concept of “nanopriming”
is a promising one to enhance the PK of drug-carrying nanoparticles. However, trans-
lational implementation is rendered complex by the need to tailor nanoprimer size to
organ variations between species. As for viral vectors, it remains unclear to what extent
a nanoprimer would be effective at transiently blocking their metabolism. The diameter
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of Adeno-Associated viruses ranges from 20 to 29 nm [49]. Thus, they may evade the
blockading effect of KCs and LSECs by “slipping though” the fenestration of the space
of Disse and undergo transcytosis through hepatocytes. Furthermore, AAVs are reported
to bind to KCs and LSECs via receptor A and to do so independently of clotting protein
Factor X [45]. Whether this binding is sufficient to boost the PK of AAVs remains to be
established. Viral vectors would have to bind to KCs and LSEC via receptor A before they
slip through the space of Disse. Proof of concept experiments with viral vectors may need
to be postponed until pioneers in the nanoprimer field have de-risked the concept. So
far biotechnological engineering of the capsid proteins of AAV is another way to obtain
enhanced target specificity and less liver clearance, as shown recently [50].

Initial proof-of-concept experiment using nanoprimers should focus on enhancing the
PK of large nanoparticles (larger than the space of Disse) to determine if increased brain
exposure and half-life can be achieved along with reduced liver toxicity.

2.3. Exosomes

Exosomes are cell-derived vesicles. They are actively secreted by most cell types
and have a diameter of 40–100 nm [51]. They are formed in the endolysosomal pathway
by inward budding of the membrane of the multivesicular body (MVB). Exosomes are
subsequently released from the cell after fusion of the MVB with the cell membrane.
Exosomes contain various cargos such as mRNA, non-coding RNAs, microRNA as well
as cytoplasmic and membrane proteins [52]. Their physiological and pathophysiological
role in CNS diseases has been the subject of intensive studies since their discovery more
than 30 years ago. [51]. The fact that exosomes are part of the cell-to-cell communication
machinery where they fulfill this function by carrying nucleic acids from one cell to another
logically gave rise to the idea of developing exosomes and/or other extracellular vesicle
as delivery vectors for RNA- and gene therapies. As a drug delivery system, exosomes
are an attractive alternative to viral vectors and other nanoparticles. The fact that they are
natural particles provides them with several advantages over AAV as well as synthetic
nanoparticles (e.g., LNPs). First, they have a low likelihood of stimulating the immune
response as their immunogenicity is lower than that of other delivery vehicles such as
viruses or liposomes [53], making them more suitable for repeat dosing. Viral vectors such
as AAV have a high propensity to stimulate the immune system resulting in a limited
number of doses that can be given to a patient. Similarly, exosomes do not elicit any
toxicities due to the natural lipid content of their membranes, a problem often seen with
synthetic nanoparticles. Furthermore, the likelihood of being cleared from the circulation
by the liver and the reticuloendothelial system (RES) or the immune system is lower.
Depending on the therapeutic indication—and thus the target organ that needs to be
reached—exosomes can provide a lot of flexibility: As they have an intrinsic targeting ability
for different target tissues, exosomes with different targeting profiles can be generated by
changing the producing cell line. In addition, exosomes can be genetically engineered to
further refine their targeting towards a target organ such as the brain. According to the
literature, brain targeting has been accomplished by attachment of peptide-based targeting
ligands such as RVG29, g7 or RGD-Dyk. A recent study showed that conjugation of rabies
virus glycoprotein-derived peptide (RVG-29) to the exosome surface enhanced brain uptake
of the exosomes three-fold [53]. However, none of the peptide-based targeting ligand has
been clinically validated yet.

Thus, exosomes have gained much attention as drug delivery vehicles for the treatment
of CNS diseases and gene therapy approaches in recent years. Below are just some examples
of preclinical studies. Exosomes carrying micro-RNA miR-133b reduced the infarcted area
and improved neurological deficits in a middle cerebral aortic occlusion (MCAO) rat model
of brain ischemia [54]. A study by Matthew Wood’s group showed that conjugation of
the rabies virus glycoprotein (RVG-29) peptide to the exosome surface enhanced brain
uptake of the exosomes two-fold. BACE1 and Aβ levels were significantly reduced in
mouse cortex after intravenous application of RVG-29-coated exosomes loaded with siRNA
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against BACE1 [55]. The same group confirmed efficient brain delivery of RVG-29-coated
exosomes in a Parkinson disease mouse model. A significant reduction in α-synuclein
mRNA and protein levels was also observed in several brain regions after injection of RVG-
29-coated exosomes loaded with siRNA against α-synuclein [56], but exosome treatments
are increasingly finding their way into the clinics as well. The first clinical studies using
autologous exosome-based therapies demonstrated good safety and tolerability [57,58]. A
recent (January 2022) search in clinicaltrials.gov found 116 clinical studies for “exosomes”.
While most of these studies use exosomes for diagnostic purposes, 35 studies are pursuing
therapeutic interventions using exosomes as delivery vehicles. However, only three of
these studies try to treat CNS diseases. The indications mentioned for these studies are
stroke (NCT03384433, Ph1/2), depression, anxiety, and dementia (NCT04202770), phase not
disclosed) and AD (NCT04388982, Ph1/2). Interestingly, exosomes in study NCT04202770
were applied using focused ultrasound (FUS), thus avoiding BBB transport but relying on
transient local opening of the BBB. Currently, another clinical study is investigating the
safety and efficacy of allogenic mesenchymal stem cell-derived exosomes in AD patients
(NCT04388982).

As a result, various companies (see Table 3) have come into business which develop
exosomes as therapeutics for various diseases, some of them already in clinical phases.

Recently the field has moved another step ahead with big pharma companies entering
the picture [59]. The first business deals between exosome companies and big pharma com-
panies were announced as early as 2017 when Boehringer Ingelheim and Evox Therapeutics
announced a research collaboration on exosome-mediated RNA delivery in Boehringer’s
therapeutic areas of interest. Over the last two years, additional business deals between
small companies developing exosomes as delivery vehicles for therapeutics and big pharma
companies have been disclosed, which demonstrate big pharma’s increasing interest in
this technology. Among the biggest of them are Lilly’s deal with Evox Therapeutics on
CNS-targeting exosomes for five undisclosed targets which could give up $1.2 billion in
milestone payments and Takeda’s $900 million deal with Carmine Therapeutics on the de-
velopment of gene therapies against two undisclosed rare disease targets. This is illustrated
in Table 4.

Table 3. Companies Developing Exosome Technologies.

Company Website (Accessed on
22 March 2023) Technology Status

Aegle Therapeutics (Woburn, MA, USA) www.aegletherapeutics.com
Production of therapeutic-grade extracellular
vesicles from bone marrow derived
mesenchymal stem cells (MSCs)

Ph1/2a (Imm)

Anjarium Biosciences
(Schlieren, Switzerland) www.anjarium.com proprietary Hybridosome® delivery

technology for non-viral gene therapy Not disclosed

Aruna Biomedical (Athens, GA, USA) www.arunabio.com/
Proprietary neural exosomes AB126 (derived
from proprietary non-transformed neural
stem cells) able to cross the BBB

Preclinical

Capricor Therapeutics (San Diego,
CA, USA) www.capricor.com

Exosomes from proprietary
cardiosphere-derived cells and engineered
exosomes

Preclinical

Carmine Therapeutics (Cambridge,
MA, USA) www.carminetherapeutics.com

Red blood cell Extracellular Vesicle (RBCEV)
Gene Therapy (REGENT®) for the
development of next-generation non-viral
gene therapies

Not disclosed

Codiak BioScience (Cambridge, MA, USA) www.codiakbio.com
Proprietary engExTM platform for designing,
engineering, and manufacturing novel
exosome therapeutics

Ph1, preclinical for NS

Curexsys (Göttingen, Germany) www.curexsys.com
Induced mesenchymal stem cells (iMSC)
derived exosomes isolated via traceless
purification of exosomes (TACS)

Ph2

Evox Therapeutics (Oxford, UK) www.evoxtherapeutics.com/ Modified exosomes targeting the BBB with
the RVG peptide Preclinical

Exopharm (Melbourne, Australia) www.exopharm.com

Exosomes as delivery systems for RNA,
enzymes, or small molecules, with the
possibility of surface modification for specific
tissue targeting

Preclinical
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Table 3. Cont.

Company Website (Accessed on
22 March 2023) Technology Status

ILIAS Biologics (Daejeon, Republic
of Korea) www.iliasbio.com

Proprietary EXPLOR® platform for
intracellular delivery of large-sized protein
therapeutics. BBB-targeted exosomes for
CNS diseases

Ph1 (inflamm.), preclinical for NS

Kimera Labs (Miramar, FL, USA) www.kimeralabs.com
Production of MSC-derived exosomes for
cosmetic use and scientific and clinical
research

Not disclosed

Reneuron (Bridgend, UK) www.reneuron.com
modified exosomes for brain targeting,
according to their website even to specific
brain regions

Ph 2b (stroke)

Vesigen Therapeutics (Cambridge,
MA, USA) www.vesigentx.com

Engineered ARrestin-domain 1 Mediated
Microvesicles (ARMMs) as a flexible
platform for therapeutic delivery

Not disclosed

Mantra Bio (South San Francisco,
CA, USA) www.mantrabio.com

REVEALTM, an exosome engineering
platform that to generate targeted exosome
vehicles (TEVs) for various therapeutic areas

Not disclosed

Xollent Biotech (Raleigh, NC, USA) www.xollentbio.com
A variety of applications for exosomes of
different origin in oncology, cardiology and
cosmetics

Preclinical

Table 4. Business Deals Between Exosome Companies and Big Pharma (from [59], modified).

Companies Details

Vesigen Therapeutics Series A round for developing ARRDC1-mediated microvesicles delivering cargos for gene editing,
mRNA replacement and RNAi therapeutics ($28.5 million) [60]

Carmine Therapeutics; Takeda
Research agreement using Carmine’s proprietary extracellular vesicles (EVs) for the delivery of
Takeda’s gene therapies against two undisclosed targets (Camine eligible for milestone payments
up to $900 million) [61]

Curexsys GmbH; Evotec Partnership combining Evotec’s proprietary induced pluripotent stem cell (iPSC) platform with
Curesys’ proprietary exosome isolation technology [62]

Codiak Biosciences; Jazz Pharmaceuticals Strategic collaboration on the research and development of exosome-based therapies for the
treatment of cancer. (Codiak eligible for up to $200 million in milestone payment [63]

Sarepta Therapeutics
Research agreement using Codiak’s engineered exosomes for the delivery of Sarepta’s gene editing,
gene therapy and RNA technologies against neuromuscular diseases (Codiak eligible for up-front
and license payments of up to $72.5 million) [64]

Evox Therapeutics; Eli Lilly
Research agreement using Evox’s exosomes for the delivery of Lilly’s RNAi and antisense
oligonucleotide (ASO) therapies against 5 undisclosed targets in neurological disorders (Evox
eligible for milestone payments up to $1.2 billion) [65]

Boehringer Ingelheim Research collaboration on exosome-mediated RNA delivery in Boehringer’s therapeutic areas of
interest [66]

Takeda Partnership agreement to develop up to five exosome-based therapeutics for the treatment of rare
diseases [67]

ReNeuron; undisclosed partner Research agreement using ReNeuron’s human neural stem cell-derived exosomes to deliver
gene-silencing technology of an undisclosed partner [68]

Autologous exosome-based therapies were well tolerated in first clinical cancer studies [58,69].
Still, some issues remain that hinder a broader clinical application of exosomes in CNS
disease therapies. First, different functions of exosomes in health and disease have been
identified and are not completely understood. These may even be opposing, as exosomes
on the one hand mediate tumor prevention, but on the other hand deliver tumor-associated
proteins. Selection of the right cell types as starting material for exosome production is
important to avoid possible side effects given the varying intrinsic contents of exosomes
because of their cellular origin. Mesenchymal stem cells seem to be a suitable source of
exosomes, as they have been used in the three clinical studies. In addition, it is still unclear
by which mechanism exosomes cross the BBB. Exosomes mostly interact with the cell
membrane via membrane fusion, and subsequently deliver their cargo into the cell. Recent
studies suggest that exosomes can take different routes through the cell. A routing towards
late-endosomes/lysosomes from which they can be released via transcytosis has been
described in zebrafish macrophages. Furthermore, they also seem to cross an in vitro BBB
via transcellular migration, but only under stroke-like conditions. However, the therapeutic
relevance of this route is questionable since disruption of the BBB in stroke occurs after the
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therapeutic window for treatment initiation [70]. The BBB also is a formidable barrier in
other brain diseases such as glioma [71].

A focused optimization of exosomes as delivery systems will only be possible with a
deeper knowledge of these processes. In addition to these biological questions, there are
technical issues to be solved. Loading exosomes with nucleic acids requires optimization.
There are different methods of bringing a cargo into exosomes. Several physical techniques
have been reported to enable uptake of cargos into exosomes [72]. Such techniques include
sonication, electroporation, and surfactant treatment. However, loading efficiencies of
maximally 25% have been reported for most techniques. The loading of nucleic acids can
also be achieved by transfecting the producing cells which then overexpress the nucleic acid.
The produced exosomes will then contain the expressed nucleic acid. Consequently, a high
number of exosomes must be delivered to achieve therapeutic concentration of the drug
in the target tissue. Especially for CNS diseases, an improved brain targeting resulting in
higher brain uptake would be desired. Although exosomes have an intrinsic propensity to
enter the brain, a recent study in mice suggests that only about 0.05% of an injected dose of
non-targeted exosomes crosses the BBB [73]. Surface modification of exosomes can increase
their brain-targeting efficiency. A recent study showed that conjugation of RVG-29 peptide
to the exosome surface enhanced brain uptake of the exosomes, but only by three-fold.
The identification of a more efficient targeting ligand will be required to enable a stronger
increase in brain uptake. Lastly, production of exosomes in sufficient amounts to support
clinical studies is another issue that needs to be solved. Leukapheresis and subsequent
ex vivo generation of autologous exosomes has shown to provide sufficient material for
clinical studies. Recent technical developments using dynamic 3D cultures suggest a path
forward for non-autologous exosomes as delivery systems, as this resulted in a 100-fold
increase in yield over the use of 2D cultures. Exosome companies also claim that their
proprietary production platforms are scalable and suitable for large scale applications. The
fact that some of these are in clinical studies seems to underline this fact.

2.4. Exo-AAVs: Exosomes as Capsid Carriers

Although exosomes move forward slowly towards the market, it is still early days for
this technology. Solutions for the issues mentioned are needed for exosomes to progress
further as delivery vehicles, especially for CNS therapeutics, but since the field is growing
very quickly, additional knowledge to these issues should emerge soon and support the
progression of exosomes into the clinic and to the market. Already, first approaches are
being developed that broaden the use of exosomes by transporting cargos beyond nucleic
acids. An interesting novel application of exosomes developed in recent years is exo-AAVs
(also named “vexosomes” or “ev-AAV” (extracellular vesicle-associated AAV), where
AAVs associate with exosomes. In this approach, exosomes generated by HEK293T cells
transfected with AAV plasmids for AAV1 and AAV2 and isolated from culture medium
were found to contain AAVs either associated with the exosomes or even within the
exosomes. Approximately 12 and 9% of isolated exosomes contained AAV1 and AAV2
capsids, respectively and the average number of capsids per exosome was 8.2 and 1.2 for
AAV1 and AAV2 [74].

In vitro studies transfecting U87 cells, either with AAV1 or AAV1 vexosomes after
pre-incubation with an anti-AAV1 neutralizing antibody showed that AAV1 vexosomes
yielded a more than four-fold higher transduction efficiency than AAV1. AAV1- and AAV2-
vexosomes also showed higher transduction rates compared to free AAV capsids even
in the absence of neutralizing antibodies [74]. In vitro studies then showed that ev-AAV
containing AAV9 capsids were up to 23 times more resistant to neutralizing antibodies in
transducing HeLa cells than AAV9 capsids alone. Furthermore, intravenous injection of
a neutralizing dose of immunoglobulin (IVIg) from multiple donors in mice followed by
application of either AAV9 or ev-AAV9 showed an increased transduction efficiency in both
liver and head as demonstrated by a 5-7-fold higher luciferase signal. This demonstrated
that ev-AAV9 are less sensitive to IVIg than free AAV9. Interestingly, decorating the
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EVs with RVG as a brain targeting ligand further increased delivery of ev-AAV9 to the
brain by 3-4-fold. Interestingly, transduction in liver and heart was strongly reduced with
RVG-ev-AAV9 compared to untargeted ev-AAV9 [75]. Another in vivo study showed that
intravenous application of exo-AAV9 in mice not only resulted in a similar distribution of
the introduced EGFP signal throughout the whole brain compared to free AAV9, but they
also showed comparable cellular tropisms in the brain. At the same time, the results showed
a significantly higher transduction efficiency of ev-AAV9 compared to free AAV9 in cortex
and striatum but not in the hippocampus [76]. However, ev-AAVs show potential beyond
the brain. A recent study showed increased efficacy of ev-AAV (here called AAVExo) in a
mouse model of lung cancer, where AAVExo demonstrated a significantly higher delivery
to the xenografts compared to free AAV [77].

The exo-AAV approach may offer several advantages. Although AAVs are widely used
as delivery vehicles for gene therapy approaches, a low likelihood of stimulating an immune
response is one of the biggest advantages of exosomes over AAV, especially for repeated
dosing. While methods to avoid an immune response after AAV application such as empty
capsid decoys [74], balloon catheters and saline flush or removal of neutralizing antibodies
from the blood by plasmapheresis [75] have been developed, these methods also have
their limitations. Technologies such as plasmapheresis are elaborate technologies which
place a heavy burden on the patient and can only be repeated a few times. Protecting the
capsids from neutralizing antibodies seems indeed possible with ev-AAVs, as in vitro data
suggest. The biodistribution of exosomes shows a majority accumulating in the liver. This
is a concern because recent literature [50] highlights the need to keep capsids from entering
the liver at a high percentage as this can trigger responses such as liver toxicity. Whether
encapsulation of capsids into exosomes can increase safety needs to be demonstrated; at
least the data with RVG-ev-AAV9 suggest the possibility to reduce delivery to the liver.
This may also be helpful as a large fraction of AAV capsids is sequestered in the liver
upon intravenous dosing. On the other hand, the intrinsic targeting property of exosomes
may help direct an increased fraction of the ev-AAVs to the target organ, especially the
brain, as exosomes possess an intrinsic property to cross the BBB. The in vivo results with
RVG-ev-AAV9 suggest that an increased delivery into the brain can be achieved.

While this approach has some intriguing implications, it is still at the early stage.
Several points need clarification to objectively assess the full measure of its potential
and limitations. Currently, information on exo-AAV in the literature remains limited.
Second, only about 10% of the exosomes contain capsids (which is in line with low loading
efficiencies for exosomes). Conversely, exosomes can contain up to eight capsids. This
means that controls should be put in place to ascertain that the claimed higher transduction
of brain cells is indeed based on a higher number of capsids/viruses in the brain. None
of the studies so far has confirmed this claim. This is a concern because the mechanism
by which exosomes cross the BBB remains unclear. Lastly, optimization of the isolation
method to increase the degree exosome loading has not been reported to date.

3. Device-Enabled Drug Delivery

Apart from drug delivery technologies such as receptor-mediated transport (RMT) or
intranasal delivery (IN), there are device-enabled drug delivery technologies which allow
local delivery to specific regions of brain parenchyma or regions throughout the brain
or spinal cord via cerebrospinal fluid (CSF). These technologies are either invasive, such
as intracerebroventricular (ICV), intra-cisterna magna (ICM) or intrathecal (IT) injection,
or non-invasive such as focused ultrasound (FUS) for BBB disruption. ICM injection is
more convenient than ICV application in rodent studies. For safety reasons, however, ICM
cannot be used routinely in clinical trials. Both routes of administration provide efficient
access to the subarachnoidal space.
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3.1. Focused Ultrasound (FUS)

Multiple approaches have been used to disrupt the BBB using focused ultrasound.
Disruption of the BBB with focused ultrasound can be accomplished with microbubble
injections using implanted transducers or non-invasive phased-array transducers. The
biological effects and associated safety profile of the disruption procedure significantly de-
pend on the magnitude of applied ultrasound energy, typically measured as peak negative
pressure. The concomitant systemic circulation of injected microbubbles allows a reduction
of the peak negative pressure (and ultrasonic energy) needed for BBB disruption. Sizeable
peak negative pressure results in irreversible BBB damage while reduced peak negative
pressure can avoid irreversible BBB damage. A recent screen in clincialtrials.gov as well as
recent literature [78] identified 17 clinical trials using FUS technology. Table 5 provides a
summary of the safety assessment period for several clinical trials that utilize microbubbles
to disrupt the BBB.

Table 5. Clinical Studies Utilizing FUS with Microbubbles to Disrupt the BBB.

Safety Assessment
Period Date Posted Microbubble Type Sponsor Indication NCT ID

1 day August 2019–January 2027 Definity® microbubbles

Neurological Assoc.,
BrainSonix Corp, Sherman
Oaks,
CA, USA

Low Grade Glioma NCT04063514

3 days October 2019–July 2021 Definity® microbubbles
Elisa Konofagou®,
Columbia University, NY,
USA

Alzheimer’s Disease NCT04118764

90 days December 2016–June 2018 Definity® microbubbles InSightec®, Haifa, Israel Alzheimer’s Disease NCT02986932
6 months November 2018–December 2020 Unknown InSightec®, Haifa, Israel Alzheimer’s Disease NCT03739905
5 years September 2018–December 2024 Unknown InSightec®, Haifa, Israel Alzheimer’s Disease NCT03671889
6 months April 2020–December 2020 Definity® microbubbles InSightec®, Haifa, Israel Alzheimer’s Disease NCT04526262

1 day December 2020–December 2021 Definity® microbubbles InSightec®, Haifa, Israel Amyotrophic Lateral
Sclerosis NCT03321487

2 weeks November 2018–December 2021 Luminity®

microbubbles InSightec®, Haifa, Israel Parkinson’s Disease NCT03608553

1 day 1 January 2015–July 2021 Definity® microbubbles InSightec®, Haifa, Israel Brain tumors NCT02343991
~26 weeks October 2018–December 2021 Definity® microbubbles InSightec®, Haifa, Israel Glioblastoma NCT03712293
~52 weeks August 2018–December 2024 Definity® microbubbles InSightec®, Haifa, Israel Glioblastoma NCT03616860
~52 weeks June 2018–December 2024 Definity® microbubbles InSightec®, Haifa, Israel Glioblastoma NCT03551249

~42 weeks October 2018–Mar 2022 Definity® microbubbles InSightec®, Haifa, Israel Breast cancer/Brain
metastases NCT03714243

45 days 2

(2 weeks) August 2018–June 2019 Sonovue® NaviFUS®, Tapei City,
Taiwan

Recurrent
Glioblastoma NCT03626896

38 weeks June 2020–December 2022 Sonovue® NaviFUS®, Tapei City,
Taiwan

Recurrent
Glioblastoma NCT04446416

52 weeks October 2014–July 2018 Sonovue® Carthera®, Paris, France Recurrent
Glioblastoma NCT02253212

~39 weeks April 2017–October 2020 Sonovue® Carthera®, Paris, France Alzheimer’s Disease NCT03119961

1 The area that was sonicated by FUS was surgically resected 24 h after sonication. 2 The area that was sonicated
by FUS was surgically resected 2 weeks after sonication.

The safety of disrupting the BBB using microbubbles has been controversial [5,79,80].
Vikram Patel, former deputy director of the Division of Applied Regulatory Science at the
Center for Drug Evaluation and Research at United States Food and Drug Administration
(FDA) commented specifically on the safety aspects of closing the BBB “as soon as possible
to limit exposure of the brain to chemicals or toxins other than the intended therapeutic
compounds”. Kovacs et al. [81] provided evidence that even relatively low ultrasonic
energies used with Optison® microbubbles induced immediate expression of damage
associated molecular patterns (DAMP), heat shock protein 70 and other cytokines associated
with a sterile inflammatory response. These patterns are also found in traumatic brain
injury. Recently Schregel et al. [82] delivered an Optison® microbubble dose in combination
with the same peak negative pressure used in the experiment by Kovacs et al. [83] to
intentionally induce focal lesions resulting in experimental autoimmune encephalomyelitis
(EAE) as a disease model of multiple sclerosis in mice.

Accumulation of blood factors in the brain has been implicated in neuroinflammation
and neurodegeneration in the CNS. Thrombin activates NF-κB signaling in microglia to pro-
mote oxidative stress and activates pro-inflammatory response in microglia, contributing
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to neuronal cell death [83]. Fibrinogen regulates inflammation in the CNS and contributes
to neurodegenerative progression [84]. Fibrinogen accumulation in oligodendrites leads
to myelin loss and axon degeneration, leading to cell death [85]. Complement system
acts as a key regulator in glial phagocytosis and contributes to cytokine production and
inflammatory response in the brain [86,87]. This means that FUS parameters would need
to be tightly controlled to avoid the crossing of the BBB by blood coagulation factors.

FUS technology, as currently designed, cannot be used to increase BBB permeability
efficiently and transiently over wide areas of the brain. Accordingly, there have been no
clinical studies that evaluate disruption of large volumes of the brain while co-administering
a therapeutic drug yet. Due to the limited focal area of the ultrasound beams, disruption of
a large area of the brain would either require a highly multiplexed disruption algorithm
to target multiple cortical volumes at once or a steerable ultrasound beam to achieve
widespread coverage (or both). The largest volume of disruption evaluated to date is
approximately 24 cm3 [88], which would require nearly 60 “large volume” treatment
sessions of considerable duration to treat the entire brain volume. As such, the approach
would not be practical.

Furthermore, co-localization and synchronization of the ultrasound field, microbub-
bles and therapeutic agents are a particularly challenging obstacle to optimizing drug
exposure at the target tissue of interest. The timing of delivery for optimal concentration
of the microbubble and therapeutic agent with the ultrasound field at the small target
site is critical to achieve consistent passage of the therapeutic agent to the target tissue
when BBB disruption is minimally transient. Microbubbles travel through the lungs before
entering the arteries within the brain, and a loss in the concentration of microbubbles in
the lungs is to be expected [89]. Since the degree of BBB disruption is dependent on the
concentration of microbubbles [90], the magnitude of disruption during a single pulse
sequence is necessarily very dynamic.

In addition, infrastructure costs and requirements to properly perform the BBB dis-
ruption procedure are high [80] and limit access for patient treatments. The cost for a
single InSightec Exablate® 4000 system is estimated at $2,000,000 [91] and a single ablation
treatment for essential tremor is estimated at $23,500 [92]. If these costs are similar for
a MRgFUS system for BBB disruption, there will be significant reimbursement hurdles
utilizing this technology to enhance drug distribution.

Another important point to consider is the fact that microbubbles are currently classi-
fied as drugs for use as contrast agents to be used in conjunction with diagnostic ultrasound
equipment. A different intended use of microbubbles to mechanically disrupt the blood
brain barrier is likely to fit the definition of a medical device, which would require a change
in classification from drug to device.

Even in the best-case scenario, i.e., “one time” drug delivery to limited regions of the
brain (a few cubic millimeters), several technical challenges remain to be solved. This is
compounded by safety concerns, commercially available microbubbles originally approved
as contrasting agents (i.e., a different intended use) and complex regulatory hurdles on
which experts in the field have yet to provide clear pathway to approval.

Despite years of feasibility experimentation reported in numerous publications and
conference presentations, FUS applications for widely disrupting the BBB cannot be counted
as a scalable platform for commercial development in the foreseeable future. In this context,
when we consider more challenging scenarios, e.g., large neuroscience markets where drug
exposure is required over large cortical volumes, or even more daunting, where repeated
doses are required over large cortical volumes, the prospects for a breakthrough with
current FUS technology are very low. However, several promising innovations, such as
the use of Rapid Short Pulse (RaSP) ultrasound, may become more viable technologies for
future clinical studies.
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3.2. Intra CSF Delivery

In a recent review paper [93], we highlighted that there are two schools of thought on
the delivery of large proteins to deep brain tissues via the cerebrospinal fluid (CSF). The
early school posits that the rate-limiting role of molecular size on protein diffusion through
the interstitial space limits the utility of intra-CSF delivery to the treatment of brain tissues
that are either located within, or in contact with, the CSF ventricular/ meningeal system
as in the case of leptomeningeal metastases. A more recent school has gained recognition
following advances in ex vivo and in vivo imaging that revealed the existence of a CSF
“microcirculation” system within brain tissues, at times, referred to as the “glymphatic
system” [94] As a result, the CSF circulation that was first thought to be useful only to reach
tissues in the immediate vicinity of the CSF circulatory system, is increasingly viewed as a
pathway for a more rapid intake of therapeutics into deep brain tissues.

Under this new paradigm, deep penetration of the brain by large molecules is achiev-
able via perivascular pathways as demonstrated in primates [95]. The existence of deep
penetrating perivascular pathways also has far-reaching implications on cross-species trans-
lation and on the effect of molecular weight of CSF solutes on rate of transport within the
parenchyma. Such pathways allow micro-convective transport that scales with brain size.
Under the intra-parenchymal CSF diffusion paradigm, CSF enabled-drug transport was
widely regarded not to be scalable to higher order species. Diffusion was seen as limiting
penetration distance and as presenting a major hindrance to the penetration of therapeutics
with high molecular weight. However, over the past two decades there have been multiple
clinical studies employing ICV injection. First indications for efficacy have been seen in
these studies [96,97] suggesting therapeutic concentrations of the drug in the parenchyma.

The implications for drug delivery via CSF microcirculation are far reaching, as shown
in a widely cited paper by Yadav et al. [95]. They observed widespread distribution of
an anti-BACE1 antibody and of a control IgG antibody after 6 weeks of ICV infusion
in primates. Continuous ICV delivery of an anti-BACE1 antibody achieved a steady-
state concentration in the CSF within 4 days. Antibody distribution was near uniform
across the brain parenchyma after 6 weeks, ranging from 20 to 40 nM, which led to a
robust and sustained reduction (~70%) of CSF amyloid-βx-40 peptides. A rat study by
Kouzehgarani et al. [98] also demonstrated the suitability of CSF microcirculation for drug
delivery. They showed that an antibody penetrates the brain parenchyma starting approxi-
mately 30 min after a single intra Cisterna Magna (ICM) injection and continues to do so
even 4 h after injection. Even after 24 h the antibody is still present in the tissue.

In contrast, no tissue penetration was observed 4 h after intravenous injection, even
with a 30-fold higher dose than in the ICM study. The penetration extended into sub-
cortical regions including the hippocampus. Similarly, two studies performed in Tg2576
mice demonstrated a therapeutic effect of chronically ICV-infused antibodies after 5 and
2 weeks of infusion, respectively [99,100]. This pioneering research has shown that the
intra-CSF delivery of large protein therapeutics can achieve widespread distribution and
target engagement in deep brain tissues. This indicates that intra-CSF administration can
be an attractive option to reach and engage targets in brain tissues when (a) the BBB is
poorly permeable to the therapeutic such as in the case of vectorized nucleic acid thera-
peutics, degradomers or biopharmaceuticals, (b) widespread areas of the brain need to be
treated which is not achievable with local delivery with modalities such as FUS or intra-
parenchymal injections/infusions, (c) systemic delivery would either lead to unacceptable
off-target toxicity, or (d) lead to the degradation or rapid clearance of the therapeutic, and
(e) there is no evidence of brain toxicity. Finally, the severity of the condition and treatment
benefits may justify an invasive route of administration in the patient. In such cases, intra-
CSF administration can provide a convenient short cut to collect proof of concept data on
the efficacy of a therapeutic.

Several studies have been published showing that maintaining a steady-state drug con-
centration in the SAS is a necessary condition to reach deep areas of the brain [95,101,102].
This is to counteract the dilutive effect of rapid CSF turnover (ranging from 13 times a

146



Pharmaceutics 2023, 15, 1100

day in mice to 4 times a day in humans). Thus, determining a suitable intra-CSF dosing
regimen requires modeling, CSF sampling studies or a combination of the two.

The above concept is well illustrated in a study by Fleischhack et al. [103] comparing
bolus ICV administration with continuous intravenous (CIV) administration of chemother-
apy agent Etoposide in patients with metastatic medulloblastoma. Five daily ICV bolus
doses (0.5 mg per day) via an indwelling subcutaneous reservoir achieved more than a
100-fold peak exposure compared to intravenous infusion. CSF clearance caused each peak
to be followed by a steep trough, however. Repeated intraventricular etoposide administra-
tion was only minimally toxic, was well tolerated, and steady state ICV exposure exceeding
that achieved with continuous intravenous infusion was suggested as a follow-up study.

Route of Intra-CSF Administration for Deep Brain Penetration

Intra CSF administration for delivery to the brain can be achieved via intrathecal
(IT), intra-cerebroventricular (ICV) or intra-cisterna magna (ICM) infusion. As seen in
Table 1 all ongoing clinical studies in the indications that we screened for used the IT or
the ICM route for drug application. However, one clinical trial is currently in Ph2a/b
(NCT04153175) in which sodium valproate is administered intra-cerebroventricularly to
treat refractory epilepsy [104].

Until recently, the IT route was preferred over ICV route whenever possible due to the
risk of infection from long-term use of ICV. For the treatment of deep regions of the brain,
excluding ICV delivery comes at a cost. With CSF “near stagnant” in the lumbar area, IT
delivery requires pumping a higher initial dose to reach the subarachnoid space (SAS) at
therapeutic levels, a precondition to sustained penetration via the microcirculation system.
In contrast, ICV leverages brain physiology by infusing the drug in proximity to the site
of CSF production, thereby allowing the drug to go with the outward flow of the CSF in
the direction of the SAS. This is illustrated by a study published by Vuillemenot et al. [105]
describing TPP1 enzyme replacement therapy to treat CLN2, an ultra-rare and rapidly
progressing brain disorder that affects an estimated 20 children born in the United States
each year. When comparing IT and ICV delivery of TPP1 in primates treated with a single
infusion, they found that although CSF and plasma PK profiles were equivalent between
ICV or IT infusion, ICV infusion achieved increased TTP1 exposure in all areas of the brain,
particularly in the striatum and the thalamus.

The above case studies in both rodents and primates confirm the scalability of ICV
delivery and, more generally, the viability of harnessing CSF microcirculation across species
with major difference in brain size, a notion that continues to be met with skepticism in
some neuroscience circles. However, the pharmaceutical industry is beginning to take
note of the promise of ICV for intra-CSF delivery, as exemplified by Genentech in the
aforementioned anti-BACE-1 study, which was conducted in collaboration with Medtronic.

IT delivery is well suited for the delivery of lipophilic drugs to the spinal cord area,
with diminishing utility for reaching the cerebral SAS due to their rapid absorption in
the spinal cord SAS. Moreover, the low rate of CSF circulation in the lumbar area further
increases therapeutic concentrations within the confined of the spinal SAS. The situation
is less clear cut in the case of therapeutic proteins. While therapeutic proteins do not
readily bind to spinal tissues, their distribution beyond spinal CSF remains hindered by
the slow CSF circulation in the lumbar area. This hurdle can be overcome by infusing
the drug with an implanted pump to steadily replace the drug fraction that is cleared
from the cervical area. In fact, IT application of morphine for pain relief was described
as early as 1979 [106]. More recently Prialt® has been added to that list, which is the only
FDA-approved non-opioid medication for the treatment of chronic pain [107]. Furthermore,
intrathecal baclofen is approved by the FDA for the treatment of spasticity [108].

To better understand the role of intra-CSF delivery in the treatment of spinal cord
injury (SCI) a search of ongoing clinical trials was conducted on the “SCI clinical trial”
website [109]. The first screening excluded non-pharmaceutical modalities as well as
chronic management of co-morbidities. The search results revealed that four of nine SCI
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studies utilized IT delivery as shown in Table 6. When focusing on those SCI trials where
the mode of action for neural regeneration was either repulsive guidance molecule receptor
A (RGMA) pathway inhibition (AbbVie’s ABT-555 and Mitsubishi’s MT-3921) or NGR-
1 pathway inhibition (ReNetX Bio’s AXER-204 and Novartis’s NG-101-ATI355), two of
these studies utilized intravenous delivery. Published literature indicated that intravenous
delivery for MT-3139 (anti-RGMA from Mitsubishi) was chosen out of clinical convenience
after successful POC in primates using IT delivery [110–114]. In contrast, AXER-204 and
NG-101-ATI355 were dosed in humans via the IT route after successful preclinical studies
in primates.

Table 6. SCI benchmarking results: preferred routes of administration for the treatment of SCI.

Drug Company/Partner Indication Clinical Phase Modality Target Route of
Administration

ABT-555
(ELEZANUMAB) AbbVie Acute cervical SCI Phase 2

Antibody to inhibit the
Neogenin and
BMP pathways

RGMa (N-terminal) Intravenous
infusion

AXER-204 ReNetX Bio Chronic cervical SCI Phase 1/2 Fusion protein to Inhibit
the NgR pathway

Nogo-A, MAG, and
OMgp Intrathecal Infusion

MT-3921 Mitsubishi Tanabe Acute cervical SCI Phase 2 Antibody to inhibit the
BMP pathway RGMa (C-terminal) Intravenous

infusion

NG-101/ATI-355 Novartis Acute cervical SCI Phase 2 Fc antibody fragment to
inhibit the NgR pathway Nogo-A Intrathecal Injection

3.3. Convection Enhanced Delivery

The Blood-Brain-Tumor Barrier (BBTB) in GBM tumors can be highly heterogeneous,
with permeability to protein therapeutics ranging from high at the tumor core of high
grade GBM to low, or extremely low, in unresectable regions such as tumor margins or
sparsely infiltrated areas distal from the core. Furthermore, there is mounting evidence
from preclinical and clinical studies that BBTB heterogeneity significantly limits efficacy
following systemic delivery [115].

To evaluate this hypothesis, a preclinical study in mice was conducted to explore
the benefits of administering two antibody-drug conjugates, Depatuxizumab mafodin
(ABT-414) and Serclutamab talirine (ABBV-321), via convection enhanced delivery (CED) as
an alternative to systemic delivery [116]. Efficacy was evaluated by using an intracranially
implanted EGFRviii-amplified patient-derived xenograft (PDX) refractory to treatment via
intraperitoneal (IP) delivery (implying BBB impermeability). Four consecutive doses of
ABT-414 administered with CED led to a 5-fold increase in mouse longevity compared
to weekly systemic administration. It was concluded that ABT-414 is well tolerated as
infusion was only associated with modest elevation in glial fibrillary acidic protein (GFAP)
without loss of NeuN staining or increased infiltration of CD68-positive cells and resulted
in extended survival in orthotopic GBM PDXs. Similarly, a single dose of ABBV-321
administered with CED led to a significant increase in mouse longevity compared to
weekly systemic administration. With intra-tumoral administration, two out of three mice
were still alive after 300 days vs. a median survival of <60 days with the systemically dosed
negative controls. However, ABBV-321 had a much narrower therapeutic window when
delivered by CED. More importantly, this study showed that CED is a promising method
to enhance delivery across the BBTB.

Publications by Hadaczek et al. [117] and Johnston et al. [118] also describe CED
protocols to deliver AAV2-GDNF, AAV2-TK in the striatum and putamen regions of mon-
keys, resulting in prolonged increases in dopaminergic neural activity and associated
locomotor activity.

A necessary condition for CED to be an option is when the regions of the brain
requiring drug exposure are precisely located and of relatively small size. Examples
of conditions meeting these criteria are clinical study NCT04120493 for early-stage HD,
clinical study NCT04167540 for early or late-stage PD, or clinical study NCT01621581 for
advanced PD.
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4. Conclusions and Outlook

Brain delivery technologies, non-invasive, invasive, and device-mediated, are in
different states of maturity. Each of these has specific properties that may be useful for
different indications, e.g., local vs global delivery. Table 7 summarizes the properties
of delivery technologies sharing the function of enhancing the brain biodistribution of
therapeutics ranging from small molecules, degraders, biologics to nucleic acids. The null
hypothesis assumes that a technology works as intended until proven otherwise.

Exosomes are currently a hot topic, and various companies have started to invest
heavily into this technology. However, despite considerable progress made over the last
10 years, there are still many unresolved issues. Still, exo-AAVs represent an exciting novel
development. Although this approach is in an even earlier stage it may present an intriguing
opportunity to broaden the use of AAVs in indications that require repeated dosing. To
our knowledge nanoprimers are the first technology that tries to concomitantly modulate
both the biodistribution and the PK of nanoparticles. While this improves the chances
for a successful development for peripheral indications, it does not resolve the issue of
opsonization (corona formation) and the resulting loss of brain targeting efficacy. Although
the first published results look quite promising, the available literature on nanoprimers
remains scarce. Future studies will show if this technology can live up to its promise. In
addition, the field is currently lacking a clinically validated targeting ligand.

Focused ultrasound (FUS) technologies have limited preclinical utility in niche areas.
A review performed on FUS shows that the technology does not fully live up to the
expectations set by its advocates in academic circles as a scalable drug delivery technology.
The current embodiments of the technology are not suited to treat large areas of the brain
and suffer from safety and regulatory issues that make it difficult to implement beyond
phase 1.

Device-based methods to circumvent the BBB, such as convection enhanced delivery
(CED) or intra-cerebroventricular delivery (ICV), show more promise preclinically and
clinically. There are scalable solutions from the clinic and to commercial launch. The
Renishaw NeuroInfuse® system is suitable for both acute (single delivery) and chronic
repeat delivery paradigms, whereas other CED equipment suppliers only have delivery
solutions for acute delivery paradigms. Cerebral Therapeutic’s ICVRx® Infusion System
is a fully implanted delivery system that consists of a dual lumen port and ICV catheter,
enabling ICV infusion as well as aspiration of ventricular CSF for biomarker analysis. The
ICVRx® is attached to either a port or refillable pump to allow intermittent or continuous
delivery, respectively. The fully implanted design improves the safety profile over designs
requiring an external pump interface.

A recent study in rodents has shown that a humanized antibody administered via
CSF penetrated the entire brain at a rate and depth that has surprised many subject matter
experts. The circulatory pathway leading to this rapid tissue exposure is described in
a 2021 review paper [93]. Benchmarking shows that some companies use device-based
modalities for the delivery of nucleic acid in clinical studies. While device-based modalities
currently would clearly be impractical for large primary indications, the authors of this
paper recommend considering implantable ICV to achieve rapid results in niche markets,
particularly those involving acute morbidities with rapid progression. ICV delivery should
also be considered for target validation studies, even if the eventual preferred mode of
delivery is systemic. To this end, it would be interesting to validate the corona mimicry
approach for its ability to maintain the brain targeting capability of nanoparticles.
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Abstract: Although vaccination is still considered to be the cornerstone of public health care, the
increase in vaccination coverage has stagnated for many diseases. Most of these vaccines require two
or three doses to be administered across several months or years. Single-injection vaccine formu-
lations are an effective method to overcome the logistical barrier to immunization that is posed by
these multiple-injection schedules. Here, we developed subcutaneously (s.c.) injectable microspheres
with a sustained release of the model antigen bovine serum albumin (BSA). The microspheres were
composed of blends of two novel biodegradable multi-block copolymers consisting of amorphous,
hydrophilic poly(ε-caprolactone)-poly(ethylene glycol)-poly(ε-caprolactone) (PCL-PEG-PCL) blocks
and semi-crystalline poly(dioxanone) (PDO) blocks of different block sizes. In vitro studies demon-
strated that the release of BSA could be tailored over a period of approximately four to nine weeks by
changing the blend ratio of both polymers. Moreover, it was found that BSA remained structurally
intact during release. Microspheres exhibiting sustained release of BSA for six weeks were selected for
the in vivo study in mice. The induced BSA-specific IgG antibody titers increased up to four weeks
after administration and were of the same magnitude as found in mice that received a priming and a
booster dose of BSA in phosphate-buffered saline (PBS). Determination of the BSA concentration in
plasma showed that in vivo release probably took place up to at least four weeks, although plasma
concentrations peaked already one week after administration. The sustained-release microspheres
might be a viable alternative to the conventional prime-boost immunization schedule, but a clinically
relevant antigen should be incorporated to assess the full potential of these microspheres in practice.

Keywords: bovine serum albumin; immune response; monolithic microspheres; multi-block copoly-
mer; single-injection vaccine; sustained release

1. Introduction

Although vaccination is one of the most successful medical interventions in his-
tory, coverage has not improved over the last decade for several diseases. In 2021,
18.2 million infants worldwide remained unvaccinated with the three-dose diphtheria-
tetanus-pertussis (DTP3) vaccine and an additional 6.8 million only received an initial dose.
This highlights a lack of access to immunization services, which is especially a problem
in low- and middle-income countries [1,2]. To improve global vaccination coverage, the
World Health Organization set up the Immunization Agenda 2030, with one of the objec-
tives being the development of new vaccines, technologies, and improved products [3].
An example of an improved vaccine product is a single-injection vaccine formulation,
such as a microsphere-based formulation, for vaccines that normally require multiple

156



Pharmaceutics 2023, 15, 676

doses [4,5]. With this technology, the problem of the 6.8 million infants that were only
partially vaccinated with the DTP3 vaccine could, for instance, be solved.

In a previous study, we developed polymeric core-shell microspheres that released
the model antigen bovine serum albumin (BSA) after a lag time of three to seven weeks [6].
By co-injecting these microspheres together with a solution of BSA, a pulsatile release
profile could potentially be obtained that mimics the current prime-boost immunization
schedule with multiple doses at specific time intervals. Incorporation of a clinically used
antigen into such a pulsatile-release formulation might result in a prolonged immunologi-
cal response after only a single administration, thereby eliminating the need for booster
injections. Although such pulsatile-release formulations that mimic the prime-boost im-
munization schedule are known to be safe and effective [4,7,8], alternative antigen release
kinetics, such as sustained release, have proven to induce strong immune responses as
well [9–11]. Moreover, sustained-release formulations are often easier to develop and
manufacture and cause fewer side effects than pulsatile-release formulations [12]. As only
low levels of antigen are generated upon release from the formulation, there is a limited
amount of antigen systemically available during the entire period of release. It is, therefore,
worthwhile to investigate the immunological response to such a formulation. In addition,
sustained release more closely resembles a natural infection, because the immune system is
continuously exposed to an increasing level of antigens during the course of the infection,
which is usually several days or weeks [13]. The majority of the single-injection vaccine
formulations described in the literature are based on the biocompatible and biodegradable
polymer poly(DL-lactide-co-glycolide) (PLGA) [4,9]. This polymer has the advantage of
being the most extensively investigated polymer in the field of controlled release and has
tunable release kinetics [14]. Hydrolytic degradation of PLGA, however, might lead to
accumulation of the acidic degradation products lactic acid and glycolic acid, resulting in a
pH drop within the microspheres. This might affect the structural integrity and lead to the
incomplete release of the incorporated (proteinaceous) antigen [15–17]. Hence, alternative
polymers enabling release that is mainly diffusion-controlled are highly desired, as the
development of an acidic microclimate is prevented.

In this study, injectable sustained-release microspheres were developed that could
serve as a single-injection vaccine formulation. These monolithic microspheres consisted
of biodegradable multi-block copolymers in which BSA was incorporated. These phase-
separated multi-block copolymers were composed of amorphous, hydrophilic poly(ε-
caprolactone)-poly(ethylene glycol)-poly(ε-caprolactone) (PCL-PEG-PCL) blocks and semi-
crystalline poly(dioxanone) (PDO) blocks. Such PEG-based polymers swell when brought
into an aqueous environment, thereby allowing the gradual release of the model antigen
by diffusion and avoiding the accumulation of acidic degradation products [18–20]. An
acidic microclimate is, therefore, not formed, in contrast to PLGA-based systems. This,
altogether, could allow for sustained release of structurally intact BSA over several weeks.
The two multi-block copolymers used in this study differed in the weight ratio of the
amorphous and semi-crystalline block, the PEG molecular weight, and the total weight
fraction of PEG. We hypothesized that the release duration could be tailored by varying the
blend ratio of the polymers. The BSA-loaded microspheres that most closely resembled the
target in vitro release profile, that is, a linear or near-linear release over four to six weeks,
were subcutaneously (s.c.) administered in mice as an in vivo proof-of-concept study. The
induced BSA-specific IgG antibody responses for up to eight weeks and the BSA plasma
concentration for up to four weeks were measured to determine whether the microspheres
could serve as an alternative to the conventional prime-boost immunization schedule.

2. Materials and Methods
2.1. Materials

p-Dioxanone was obtained from HBCChem, Inc. (San Carlos, CA, USA). Anhydrous
1,4-butanediol (BDO), ε-caprolactone, and PEG with a molecular weight of 1000 g/mol
(PEG1000) and 3000 g/mol (PEG3000) were purchased from Thermo Fisher Scientific (Waltham,
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MA, USA). Stannous octoate was purchased from Sigma-Aldrich (Zwijndrecht, The Nether-
lands). 1,4-Butanediisocyanate (BDI) and acetonitrile were obtained from Actu-All Chem-
icals B.V. (Oss, The Netherlands). Polyvinyl alcohol (PVA; 5-88 EMPROVE®, 85–89%
hydrolyzed), hydrogen peroxide, and sulfuric acid were purchased from Merck (Darm-
stadt, Germany). Sodium azide, Tween 20, dichloromethane (DCM), dimethyl sulfoxide
(DMSO), and octane were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
BSA, sodium chloride (NaCl), sodium dodecyl sulfate (SDS), and o-phenylenediamine
dihydrochloride (OPD) tablets were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Sodium hydroxide was obtained from VWR International Ltd. (Leicestershire, UK). Sodium
carboxymethyl cellulose (CMC; BlanoseTM 7HF PH) was purchased from Ashland (Coving-
ton, KY, USA). BSA sample diluent was from Cygnus Technologies (Southport, NC, USA),
and horseradish peroxidase (HRP)-linked goat anti-mouse IgG antibody (1 mg/mL) was
from Southern Biotech (Birmingham, AL, USA). For the phosphate-perchlorate buffer and
the in vitro release medium, sodium dihydrogen phosphate dihydrate (NaH2PO4·2H2O)
and disodium hydrogen phosphate (Na2HPO4) were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA) and sodium perchlorate monohydrate (NaClO4·H2O) from
VWR International Ltd. (EMSURE®, Leicestershire, UK). For the carbonate-bicarbonate
buffer, sodium carbonate (Na2CO3) and sodium bicarbonate (NaHCO3) were obtained
from Merck (Darmstadt, Germany). For the BSA-specific IgG antibody ELISA, NaCl,
potassium dihydrogen phosphate (KH2PO4), and Na2HPO4 were purchased from Merck
(Darmstadt, Germany), sodium dihydrogen phosphate (NaH2PO4) from VWR Interna-
tional Ltd. (EMSURE®, Leicestershire, UK), and Tween 20 from Sigma-Aldrich (St. Louis,
MO, USA). GibcoTM sterile-filtered 1× phosphate-buffered saline (PBS; 155 mM NaCl,
1.06 mM KH2PO4, 2.97 mM Na2HPO4·7H2O, pH 7.4) was purchased from Thermo Fisher
Scientific (Waltham, MA, USA). This PBS was used for all experiments, unless otherwise
stated. Sterile 10× PBS (1.5 M NaCl, 20 mM KH2PO4, 80 mM NaH2PO4, 30 mM KCl, pH
7.4) was obtained from VWR International Ltd. (Leicestershire, UK). Ultrapure water with
a resistivity of 18.2 MΩ was obtained from a Millipore Milli-Q Integral 3 (A10) purification
system and used for all experiments.

2.2. Polymer Synthesis and Characterization

Poly(ether ester urethane) multi-block copolymers composed of hydrophilic PCL-PEG-
PCL and semi-crystalline PDO prepolymer blocks were synthesized and characterized
using similar procedures as previously described [18,20].

PDO prepolymer with a target molecular weight of approximately 2800 g/mol was pre-
pared of 356.5 or 228.3 g p-dioxanone in the bulk at 80 ◦C using 11.5 or 6.7 g anhydrous BDO
to initiate the ring-opening polymerization for polymer A and B, respectively. Stannous
octoate was used as a catalyst at a monomer/catalyst molar ratio of approximately 25.

[PCL-PEG3000-PCL] prepolymer with a target molecular weight of 4000 g/mol and
[PCL-PEG1000-PCL] prepolymer with a target molecular weight of 2000 g/mol were synthe-
sized similarly using 61.2 g ε-caprolactone, 183.5 g PEG3000, and 31.3 mg stannous octoate
for [PCL-PEG3000-PCL], and 495.9 g ε-caprolactone, 500.9 g PEG1000, and 140.1 mg stannous
octoate for [PCL-PEG1000-PCL]. The mixture was magnetically stirred at 160 ◦C for 69 h
([PCL-PEG3000-PCL]) or 73 h ([PCL-PEG1000-PCL]) and then cooled to room temperature.

Thereafter, PDO prepolymer was chain-extended with [PCL-PEG3000-PCL] or [PCL-
PEG1000-PCL] prepolymer using BDI to obtain 20[PCL-PEG3000-PCL]-b-80[PDO] or 50[PCL-
PEG1000-PCL]-b-50[PDO] multi-block copolymer. To this end, approximately 300 g of [PDO]
and 75 g of [PCL-PEG3000-PCL] were dissolved in dry 1,4-dioxane (80 ◦C, 30 wt-% solution),
after which 20 g of BDI was added to the solution. For 50[PCL-PEG1000-PCL]-b-50[PDO],
189.3 g of [PDO] and 189.2 g of [PCL-PEG1000-PCL] were dissolved in dry 1,4-dioxane
(80 ◦C, 30 wt-% solution), after which 21.10 g of BDI was added to the solution. Then, the
reaction mixture was mechanically stirred for 20 h. Finally, 1,4-dioxane was removed from
the reaction mixture by precipitation and vacuum drying. A schematic representation of
the composition of the multi-block copolymers is displayed in Figure 1.
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caprolactone) (PCL-PEG-PCL) block (m: PCL, n: PEG). In blue shading: 1,4-butanediisocyanate
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blocks within the copolymer (PCL-PEG-PCL block vs. PDO block), the molecular weight of PEG, and
the total PEG weight fraction.

The synthesized multi-block copolymers 20[PCL-PEG3000-PCL]-80[PDO] (polymer
A) and 50[PCL-PEG1000-PCL]-50[PDO] (polymer B) were analyzed for chemical compo-
sition, molecular weight, intrinsic viscosity, residual 1,4-dioxane content, and thermal
properties (Table 1). Of polymer A, two different batches were prepared (hereafter referred
to as polymer A1 and A2) that differed slightly in their physicochemical characteristics.
The caprolactate/PEG and dioxanonate/PEG molar ratios and the weight ratio of the
PCL-PEG-PCL/PDO block were determined using 1H NMR analysis. This demonstrated
that the actual composition of the multi-block copolymers was in agreement with the
targeted composition. The number average molecular weight (Mn) and the weight average
molecular weight (Mw) were determined using gel permeation chromatography, which
yielded an Mn of 2.8 × 104 g/mol and Mw of 4.3 × 104 g/mol for polymer A1 and an
Mn of 1.5 × 104 g/mol and Mw of 4.5 × 104 g/mol for polymer A2. The Mn and Mw of
polymer B were 3.6 × 104 g/mol and 6.7 × 104 g/mol, respectively. The intrinsic viscosity
was approximately 0.7 dL/g for polymer A and 0.73 dL/g for polymer B, as determined
with an Ubbelohde viscometer. The residual 1,4-dioxane contents as determined by gas
chromatography were <18 ppm, indicating successful removal of the solvent. Modulated
differential scanning calorimetry (MDSC) was used to determine the thermal behavior of
the multi-block copolymers. In brief, 4–8 mg of sample was heated from −85 to 120 ◦C
at a rate of 2 ◦C/min and a modulation amplitude of 0.42 ◦C/80 s. The glass transition
temperature (Tg, midpoint) and melting temperature (Tm, maximum of endothermic peak)
were determined using the reversed heat flow curve. Polymer A exhibited a Tg at approxi-
mately −15 ◦C, which is attributed to the amorphous PCL-PEG-PCL segments. Polymer
B exhibited two Tg values at −57 and −23 ◦C, which can be ascribed to the amorphous
PCL-PEG-PCL segments and the amorphous domains of the PDO block, respectively. Both
multi-block copolymers exhibited a Tm at approximately 88 ◦C due to melting of the crys-
talline PDO segments. Polymer A exhibited another Tm at 34 ◦C, which is attributed to
melting of PEG crystals.

Table 1. Characterization of the multi-block copolymers used in this study.

Polymer A1 Polymer A2 Polymer B

20[PCL-PEG3000-PCL]-80[PDO] 50[PCL-PEG1000-PCL]-20[PDO]

Molar caprolactate/PEG
ratio (1H NMR) 6.8 (6.4 in-weight) 6.4 (6.4 in-weight) 8.3 (8.6 in-weight)

Molar dioxanonate/PEG
ratio (1H NMR) 141.6 (147.6 in-weight) 155.2 (147.5 in-weight) 18.5 (18.9 in-weight)
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Table 1. Cont.

Polymer A1 Polymer A2 Polymer B

20[PCL-PEG3000-PCL]-80[PDO] 50[PCL-PEG1000-PCL]-20[PDO]

Weight ratio
PCL-PEG-PCL/PDO block

(1H NMR)
21.2/78.8 19.6/80.4 49.9/50.1

Mn (×104 g/mol) 2.8 1.5 3.6
Mw (×104 g/mol) 4.3 4.5 6.7

Intrinsic viscosity (dL/g) 0.70 0.69 0.73
1,4-dioxane content (ppm) <18 <18 <18

Tg (◦C) −15 −14 −57 and −23
Tm (◦C) 34 and 88 34 and 89 88

2.3. Microsphere Production

BSA-loaded and placebo microspheres with a target diameter of 40 µm were produced
by a membrane-assisted water-in-oil-in-water emulsion solvent extraction/evaporation
method, similar to a previously described method [21]. In brief, the polymer solution was
prepared by dissolving polymer A and B in the desired weight ratio in DCM to obtain a
15 wt-% solution, and filtering the solution over a 0.2 µm polytetrafluoroethylene filter. The
BSA solution was prepared by dissolving BSA in PBS at a concentration of 200 mg/mL
and filtering the solution over a 0.22 µm polyethersulfone filter. Subsequently, the polymer
solution was homogenized with the 200 mg/mL solution of BSA in PBS (for BSA-loaded
microspheres) or PBS only (for placebo microspheres) using an Ultra-Turrax®. The volume
of BSA solution to be added was calculated to obtain a 5 wt-% target BSA loading, which
resulted in a polymer solution to BSA solution ratio of 21 v/v. For the placebo microspheres,
the volume of PBS to be added was calculated based on this volume ratio. The resulting
primary emulsion, i.e., the dispersed phase, was injected into a continuous phase consisting
of 0.4 wt-% PVA and 5 wt-% NaCl in water, by pumping the emulsion through a stainless
steel membrane with 20 µm pores (20 µm × 200 µm, hydrophilic ringed stainless steel
membrane; Micropore Technologies, Redcar, UK). The primary emulsion was injected at
a speed of 1.3 mL/min using a Nexus 3000 syringe pump (Chemyx Inc., Stafford, TX,
USA). For all formulations, a dispersed phase to continuous phase ratio of 150 v/v was
used. The secondary emulsion was stirred at room temperature with a magnetic stirrer
to extract and evaporate DCM. Next, the solidified microspheres were washed five times
with 250 mL water and collected on a 5 µm hydrophilic polyvinylidene fluoride filter.
Microspheres were freeze-dried using a Christ Alpha 2–4 LSC plus freeze-dryer (Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) according to a
program previously described and then stored at −20 ◦C [6]. The formulation and process
parameters that were not mentioned above can be found in Table 2. The theoretical PEG,
PCL, PDO, BDO, and BDI content of the microspheres prepared from different blend ratios
of polymer A and B as determined from the in-weights is shown in Table 3.

2.4. Microsphere Size Analysis

For all microsphere formulations, the particle size expressed as the volume median di-
ameter (d50) and the particle size distribution expressed as the coefficient of variation (CV)
were determined with a laser diffraction particle size analyzer (Horiba LA-960, HORIBA
Ltd., Kyoto, Japan). Before measurement, microspheres were dispersed in demineralized
water and the obtained suspension was added to a fraction cell equipped with a magnetic
stirrer to prevent sedimentation of the particles. All samples were measured immediately
after addition to the cell, after which a volume-weighted size distribution plot was estab-
lished according to the Fraunhofer diffraction theory. The d10 and d90 of the particle size
distribution were reported as well, indicating the particle diameter at which 10% and 90%
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of the distribution, respectively, falls below. The CV was calculated from the d50 and the
standard deviation (SD) of the distribution according to Equation (1).

CV =
SD
d50

× 100% (1)

Table 2. Experimental parameters and settings of different bovine serum albumin (BSA)-loaded and
placebo microsphere formulations.

Formulation Parameters
Formulation

A B C D E F

Weight ratio polymer
A:polymer B 1 100:0 92.5:7.5 85:15 75:25 50:50 92.5:7.5

Target BSA loading (wt-%) 5 5 5 5 5 n.a. 2

Batch size (g) 1.5 3.5 3.5 3.5 1.5 3.5

Ultra-Turrax® Speed (rpm) 21,000 25,000 25,000 25,000 21,000 25,000
Time (s) 40 60 60 60 40 60

Extraction

Vessel size (L) 2 5 5 5 2 5

Stirrer type Anchor-type
stirring shaft

Stirring bar
(10.8 × 2.6 cm)

Stirring bar
(10.8 × 2.6 cm)

Stirring bar
(10.8 × 2.6 cm)

Anchor-type
stirring shaft

Stirring bar
(10.8 × 2.6 cm)

Stirrer speed
(rpm) 200 75 75 75 200 75

Airflow
(L/min) 5 10 10 10 5 10

Time (h) 3 4 4 4 3 4

1 Polymer A1 was used for the preparation of formulation A and E; polymer A2 was used for formulation B, C, D,
and F. 2 Formulation F consisted of placebo microspheres that did not contain any BSA.

Table 3. Theoretical PEG, PCL, PDO, BDO, and BDI content of microspheres prepared from different
weight ratios of polymer A and B.

Ratio
Polymer A:
Polymer B

Total PEG
(wt-%)

PEG3000
(wt-%)

PEG1000
(wt-%) PCL (wt-%) PDO (wt-%) BDO (wt-%) BDI (wt-%)

100:0 15 15 0 4 73 3 5
92.5:7.5 15.675 13.875 1.8 5.425 70.975 2.925 5

85:15 16.35 12.75 3.6 6.85 68.95 2.85 5
75:25 17.25 11.25 6 8.75 66.25 2.75 5
50:50 19.5 7.5 12 13.5 59.5 2.5 5

2.5. Morphology of Microspheres

The surface morphology of the dried microspheres was examined using a NeoScope
JCM-5000 scanning electron microscope (SEM; JEOL Ltd., Tokyo, Japan) under high vacuum
and a secondary electron detector. SEM images were taken at different magnifications
ranging from 50× to 1500×. The acceleration voltage was set at 10 kV, the probe current to
standard, and the filament setting to long life. Prior to imaging, the microspheres were fixed
onto metal sample stubs using double-sided adhesive carbon tape and sputter-coated with
gold. The internal morphology was examined by mixing the microspheres with an organic
solvent-free adhesive (UHU® Twist & Glue Renature, Bühl, Germany). After air-drying for
2 days and cooling for 30 min at −70 ◦C, the samples were cut with a razor blade into five
equal pieces. The obtained cross sections were imaged with SEM as described above.

2.6. Protein Content of Microspheres

The actual BSA loading of the microspheres was determined with the bicinchoninic
acid (BCA) assay. To this end, 10 mg of microspheres was accurately weighed in triplicate in
a glass tube with screw cap. Next, 1 mL of DMSO was added, and the tubes were placed in
a heating block at 80 ◦C and vortexed to completely dissolve the polymer. After dissolution,
5 mL of 0.5 wt-% SDS in 0.05 M sodium hydroxide was added, and the tubes were placed
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on a roller mixer (60 rpm) overnight at room temperature to solubilize and degrade the
protein. Subsequently, 100 µL of the resulting solution was pipetted into another glass
tube for further analysis. BCA working reagent was prepared by mixing an alkaline BCA
solution with a 4 wt-% aqueous copper(II) sulfate solution (Pierce™ BCA assay kit, Thermo
Scientific, Rockford, IL, USA) in a ratio of 50 v/v, and 2 mL of the obtained working reagent
was added to the tubes containing the supernatant. The tubes were vortexed and placed
in a heating block at 60 ◦C for 30 min, after which they were cooled to room temperature
and again vortexed. Samples were transferred to a plastic cuvette, and the absorbance
was immediately measured at 562 nm. An eight-point calibration curve was constructed
by spiking known amounts of BSA to a glass tube, and thereafter following the same
procedure as described above. The calibration curve was plotted using a quadratic fit and a
1/X weighting factor to determine the actual BSA loading. The actual BSA loading was
used to calculate the encapsulation efficiency (EE) according to Equation (2).

EE =
Actual loading
Target loading

× 100% (2)

2.7. In Vitro Release of Microspheres

The in vitro release of BSA from the microsphere formulations was measured by
accurately weighing 20 mg of microspheres in a 2 mL vial and suspending them in 1.8 mL of
release medium (100 mM NaH2PO4.2H2O, 0.2 wt-% NaCl, 0.025 v/v% Tween 20, 0.02 wt-%
sodium azide, pH 7.4, 290 mOsm/kg). In order to maintain the release medium at 37 ◦C, the
vials were placed on a roller mixer (40 rpm) in an oven. At predetermined time intervals, the
vials were placed in a centrifuge for 5 min at 4000× g. Next, 1.6 mL of the supernatant was
collected and replaced by fresh release medium. BSA concentration in the collected release
medium was determined by size-exclusion ultra-performance liquid chromatography
(SE-UPLC) with fluorescence detection (λex = 230 nm and λem = 330 nm). In brief, an
ACQUITY UPLC Protein BEH SEC column (200 Å, 1.7 µm particle size, 4.6 × 150 mm,
Waters, Milford, MA, USA) and a mixture of 50 mM phosphate, 0.4 M perchlorate buffer
(pH 6.3) and acetonitrile (90:10, v/v) as mobile phase were used for the quantification of
BSA. The liquid flow rate of this mobile phase was 0.3 mL/min. The injection volume
was 5 µL and the total run time was 8.5 min. The peak areas of the main BSA peak,
fragments of BSA, and aggregates of BSA were integrated at a retention time of 4.40 min,
4.67 min, and 2.00 min, respectively. An eight-point calibration curve was plotted using
a quadratic fit and a 1/(X × X) weighting factor to determine the BSA concentration in
the samples. For quantification of the total BSA concentration, that is, the concentration
of all BSA-related compounds together, the areas of all peaks at a retention time of 2.00 to
6.00 min were integrated. As a semi-quantitative measure for the integrity of the released
BSA, the BSA concentration calculated from the main BSA peak was divided by the total
BSA concentration. All in vitro release curves represent the release of all BSA-related
compounds together, unless otherwise stated.

2.8. Residual DCM Content of Microspheres

The residual DCM content in the microspheres was determined with an Agilent
6850 gas chromatograph (GC; Agilent Technologies, Santa Clara, CA, USA) equipped with
a flame ionization detector, a CombiPal CTC headspace sampler, and a DB-624 column
(30 m × 0.53 mm, 3 µm). As carrier gas, helium with a flow of 7 mL/min was used. The
split injection mode was used with a split ratio of 1:15. The initial column temperature
was 40 ◦C maintained for 5 min and then raised (10 ◦C/min) to 100 ◦C with a hold time of
1 min. Finally, the temperature was raised to 250 ◦C with 50 ◦C/min for 4 min. The syringe
and incubation temperatures were 140 ◦C and 120 ◦C, respectively. For each formulation,
100 mg of microspheres was accurately weighed in duplicate and dissolved in 5 mL DMSO
with 9.4 µg/mL octane as internal standard. Then, 2 mL of the headspace layer was injected
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into the GC for analysis. An eight-point calibration curve was plotted using a linear fit and
a 1/X weighting factor to determine the DCM concentration from the peak area.

2.9. Endotoxin Level in Microspheres

The endotoxin levels in the microsphere formulations that were intended for the
in vivo proof-of-concept study were determined with the Limulus amoebocyte lysate (LAL)
test using a chromogenic kinetic method at a sensitivity of 0.005 EU/mL. To this end, 1 mL
of DMSO was added to 50 mg of accurately weighed microspheres in duplicate, heated to
70 ◦C in a water bath for 1 min, and vortexed for 20 s to completely dissolve the sample.
After dissolution, LAL reagent water was added to the sample (1:50 dilution), and the
diluted sample and LAL/substrate reagent were added to each well of a microtiter plate.
Then, the absorbance of each well was read at 405 nm and 37 ◦C, and this initial reading was
used as the blank for the corresponding well. Subsequently, the absorbance of each well was
read continuously throughout the assay. The time elapsed until the appearance of a yellow
color, i.e., an increase of 0.2 absorbance units from the initial reading, was determined
for each well, and this reaction time was inversely proportional to the endotoxin level in
the sample. A standard curve of reaction time vs. endotoxin concentration was used to
calculate the endotoxin concentration in the unknown samples. LAL reagent water was
included as a negative control, and a positive product control (PPC) was prepared at a final
concentration of 0.5 EU/mL. All standards and controls were assayed in duplicate as well.

2.10. Animal Experiments

Female CB6F1 (C57Bl/6 × BALB/c F1) mice were obtained from Charles River Labo-
ratories (Sulzfeld, Germany). At the start of the study, the mice were eight to nine weeks
old and weighed approximately 20 g. The animals were co-housed with a total number of
three to six mice in individually ventilated cages and received a 12 h light/dark cycle. All
animals received the rodent diet SAFE® A40 (SAFE Diets, Augy, France) and tap water ad
libitum. At least five days before the start of the experiment, the mice were imported to
the laboratory to assure proper acclimatization. All in vivo experiments were conducted in
accordance with Timeline Bioresearch AB ethical permit number 5.8.18-20232/2020.

For the in vivo proof-of-concept study, 48 mice were divided into nine groups. The
treatment groups (groups A, B, and C) and positive control (plus treatment or placebo)
groups (groups D to G) all contained 6 mice. The negative control groups (groups H
and I) contained 3 mice. An overview of the experimental groups and the corresponding
formulations used for the immunization study is given in Table 4. All formulations were
administered as a 100 or 200 µL s.c. injection in the scruff of the neck under isoflurane
anesthesia, and were given at day 0, unless otherwise stated. For the microspheres, 0.6 wt-%
CMC solution in 10× PBS was used as the injection vehicle, whereas PBS was used for the
administration of BSA solution. All treatment groups (groups A to D) were immunized
with microspheres of formulation B, and the placebo group (group E) received an injection
of microspheres of formulation F. The amount of microspheres to be administered was
calculated from the desired dose of BSA (250, 500, or 1000 µg BSA) and the actual BSA
loading of the microspheres, corrected for the percentage released in vitro after five weeks
of incubation. The microspheres of groups A, B and D, and C are hereafter referred to as
250, 500, and 1000 µg BSA-microspheres, respectively. Mice of groups F and G received an
injection of BSA in PBS at weeks 0 and 3, where the timing of the booster immunization
was based on the experimental setup of previous immunization studies [7,22,23].
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Table 4. Overview of the groups and the corresponding formulations used for the in vivo immuniza-
tion study in mice.

Group Type of Group Formulation
Composition Administration Total Dose Average Daily

Dose
Week of

Administration
Number of

Animals

A Treatment BSA-MSP in CMC
solution 1

7.28 mg MSP-F
in 193 µL CMC

solution 1
250 µg 7.1 µg 2 0 6

B Treatment BSA-MSP in CMC
solution

14.6 mg MSP-F
in 187 µL CMC

solution
500 µg 14.3 µg 2 0 6

C Treatment BSA-MSP in CMC
solution

29.2 mg MSP-F
in 174 µL CMC

solution
1000 µg 28.6 µg 2 0 6

D Positive control/
treatment

BSA in
PBS + BSA-MSP in

CMC solution

500 µg BSA in
100 µL

PBS + 14.6 mg
MSP-B in 87 µL
CMC solution 1

1000 µg
(500 µg + 500 µg)

514.3 µg on day
1, 14.3 µg for

remaining days 2
0 6

E Positive
control/placebo

BSA in PBS +
placebo MSP

in CMC solution

500 µg BSA in
100 µL

PBS + 14.6 mg
MSP-F in 87 µL
CMC solution

500 µg 500 µg on day 1 0 6

F Positive control BSA in PBS
(prime-boost)

500 µg BSA in
200 µL PBS (at 0

and 3 weeks)

1000 µg
(500 µg + 500 µg)

500 µg on day 1,
500 µg on day 22 0 and 3 6

G Positive control BSA in PBS
(prime-boost)

28.6 µg BSA in
200 µL PBS (at 0

and 3 weeks)

57.1 µg
(28.6 µg + 28.6 µg)

28.6 µg on day 1,
28.6 µg on

day 22
0 and 3 6

H Negative control PBS 200 µL PBS (at 0
and 3 weeks) - - 0 and 3 3

I Negative control CMC solution 200 µL CMC
solution - - 0 3

1 MSP = microspheres, MSP-B = microspheres of formulation B, MSP-F = microspheres of formulation F.
2 Assuming an in vivo release duration of five weeks.

Blood samples were taken prior to administration and 1, 2, 3, 4, 6, and 8 weeks after
the first administration. In total, seven blood samples were obtained from each mouse.
At all time points up to six weeks, 100 µL of blood was collected in K3-EDTA tubes by
sublingual bleeding and immediately placed on melting ice. During blood sampling, mice
were fully conscious as no anesthesia was used, so they were gently restrained by the scruff
of the neck. For the last sampling point, mice were euthanized by cervical dislocation, and
all blood was collected and processed for further analysis. Then, 40 µL of plasma was
prepared by centrifuging the blood samples at 1800× g and 4 ◦C for 10 min and collecting
the supernatant. The obtained aliquots were placed on dry ice and eventually stored at
−80 ◦C prior to analysis. All plasma samples were analyzed by ELISA to investigate the
BSA-specific IgG antibody response of the mice. Plasma samples from weeks 1 to 4 were
also tested by ELISA to determine the BSA levels.

2.11. ELISA for BSA-Specific IgG Antibody Titers

BSA-specific IgG antibody titers in plasma were determined by indirect ELISA. Flat-
bottom high binding 96-well microplates (Greiner Bio-One, Kremsmünster, Austria) were
coated overnight at 37 ◦C with 0.3 µg BSA (100 µL 3 µg/mL BSA solution in 0.05 M
carbonate-bicarbonate buffer, pH 9.6–9.8) per well. PBS composed of 154 mM NaCl,
0.882 mM KH2PO4, and 11.4 mM Na2HPO4 and the same PBS supplemented with 0.05 v/v%
Tween 20 (PBS-T) were prepared as wash solution. PBS-T was also used to remove detection
antibodies. The plates were washed once with the 0.05 M carbonate–bicarbonate buffer
and twice with PBS-T. Then, 1:100 dilutions of plasma samples in PBS-T were prepared
and added in twofold serial dilutions to the plates, with each well containing 100 µL of a
dilution. Untreated wells, i.e., wells that did not contain any plasma sample, were used to
determine the plate background. After incubating the plates for 1.5 h at 37 ◦C, the plates
were washed three times with PBS-T. Next, the plates were incubated for 1 h at 37 ◦C with
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100 µL of a 1:5000 v/v dilution of HRP-linked goat anti-mouse IgG antibody in PBS-T to
detect bound IgG antibodies. Plates were again washed three times with PBS-T and once
with PBS. Then, 100 µL staining solution (20 mg OPD, 20 µL hydrogen peroxide in 100 mL
0.1 M phosphate buffer, pH 5.6) was added to each well and incubated for 30 min at room
temperature shielded from light. The colorimetric reaction was stopped by adding 50 µL
2 M sulfuric acid to the wells. Absorbance was measured at 492 nm and OD values were
corrected for the mean plate background. IgG antibody titers were expressed as log2 values
of the reciprocal of the plasma sample dilution that corresponded to a corrected OD value
of 0.2 at a wavelength of 492 nm, which was determined as the cut-off value. Samples with
readings for the least diluted plasma lower than the cut-off value were assigned an IgG
antibody titer of 5.64 log2, corresponding to a dilution of 1:50, which would be one dilution
below the starting dilution of 1:100.

2.12. ELISA for BSA Quantification

Plasma BSA levels were determined with a commercial BSA ELISA kit (F030; Cygnus
Technologies, Southport, NC, USA) according to the manufacturer’s instructions. Due
to limited sample volume, plasma samples were diluted at least 1:2 with BSA sample
diluent and analyzed only once (n = 1). Absorbance was measured at 450 nm using a
microplate reader, and BSA concentrations were determined from a five-point calibration
curve (calibration range 0.5–32 ng/mL). Some plasma samples were applied in higher
dilutions of up to 1:50 to fall within the working range of the assay.

2.13. Statistical Analysis

All microsphere formulations (A to F, Table 2) were produced once (n = 1). All mea-
surements were performed in triplicate (n = 3), and data were presented as mean ± SD,
unless otherwise stated. The IgG titer-time data were analyzed using GraphPad Prism
version 9.1.2 (La Jolla, CA, USA). The area under the IgG titer–time curve (AUC) values
were obtained, and data were checked for normality using the Shapiro–Wilk test. Differ-
ences between all groups were assessed using the ordinary one-way analysis of variance
(ANOVA), followed by Tukey’s multiple comparisons test for both AUC values and week
8 IgG titers. Differences between the analyzed groups were considered significant if p < 0.05
(* p < 0.05, ** p < 0.01).

3. Results and Discussion
3.1. Properties of Microspheres of Different Polymer Blend Ratios

Blends of polymer A and B with different weight ratios were used to prepare BSA-
loaded microspheres with a 5 wt-% target loading and placebo microspheres. The polymer
blend ratio and the incorporation of BSA did not seem to affect the microsphere size and
size distribution, as can be seen in Table 5. All formulations had an average particle size
of approximately 40 µm. This size enables parenteral administration of the microspheres
through a small-gauge hypodermic needle while preventing premature uptake by cells
engaging in phagocytosis [24,25]. Moreover, all microsphere formulations had a narrow
particle size distribution as reflected by the relatively low CV values. This was the result
of a well-defined localized shear and geometry-controlled generation of droplets in the
membrane-assisted emulsification process [26]. The morphology of the microspheres
was examined using SEM. Representative images of BSA-loaded microspheres composed
of a 92.5:7.5 polymer blend (formulation B) are depicted in Figure 2, with Figure 2a,b
revealing the surface morphology and Figure 2c,d the internal morphology. Figure 2a,b
show that the microspheres had a spherical shape and a smooth and non-porous surface. As
expected, images of the internal morphology (Figure 2c,d) display a monolithic matrix with
numerous small pores, resulting from the fine primary emulsion used in the preparation
of the microspheres. The porosity was homogeneous throughout the cross section of
the particles, which implies that BSA was homogeneously distributed throughout the
microspheres. A non-porous surface, small internal pores, and a homogeneous drug
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distribution are critical to obtaining a high EE and low initial burst release [27]. Indeed,
the EE of BSA was high for all formulations (>85%, Table 5). The high EE can be attributed
to the relatively high molecular weight of the polymers (Mw 4.3–6.7 × 104 g/mol) and
concentration of the polymer solution (15 wt-%), resulting in a relatively high viscosity of
the polymer solution [28,29]. The high polymer solution to BSA solution ratio (21 v/v) [30]
and the addition of NaCl to the continuous phase probably contributed to these high EE
values as well [31].

Table 5. Characteristics of BSA-loaded and placebo microsphere formulations prepared with different
polymer blend ratios 1.

Formulation
Ratio

Polymer A:
Polymer B

d10 (µm) d50 (µm) d90 (µm) CV (%)
Actual

Loading
(wt-%)

EE (%)

A 100:0 30.4 38.7 50.5 21.0 4.4 ± 0.1 87.4 ± 1.0
B 92.5:7.5 30.8 39.9 52.4 21.8 4.5 ± 0.5 89.9 ± 10.0
C 85:15 30.6 39.5 51.5 21.7 4.9 ± 0.3 97.3 ± 5.5
D 75:25 30.5 39.2 51.4 21.9 4.9 ± 0.2 96.9 ± 4.5
E 50:50 29.9 39.0 51.6 24.5 5.1 ± 1.3 101.7 ± 26.4
F 92.5:7.5 31.2 42.7 58.2 27.4 n.a. 2 n.a. 2

1 Blend ratio 92.5:7.5 (in grey) was selected for the in vivo proof-of-concept study in mice. 2 Formulation F
consisted of placebo microspheres that did not contain any BSA.
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Figure 2. Representative scanning electron microscopy (SEM) images of microspheres loaded with
4.5 wt-% BSA (formulation B): (a) 1500× magnification; (b) 200× magnification; (c) Cross-sectioned
microsphere at 2700× magnification; (d) Cross-sectioned microspheres at 1500× magnification.
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3.2. In Vitro Release of BSA from Microspheres of Different Polymer Blend Ratios

We investigated the suitability of a blend of multi-block copolymers A and B in
obtaining microspheres with a low initial burst and linear or near-linear in vitro release
of the complete BSA payload within four to six weeks. The effect of the polymer blend
ratio on the in vitro release of BSA from the microspheres is presented in Figure 3. For all
formulations, the initial burst release, defined as the percentage of BSA released after one
day, was minimal (1 to 6%). Moreover, all release profiles showed a similar trend with
an initial slow release followed by a faster release after which the release again slowed
down. In particular, the microspheres composed of a relatively high percentage of polymer
B exhibited such a sigmoidal release profile. The in vitro release rate was clearly influenced
by the polymer blend ratio, as the release rate decreased with an increasing weight fraction
of polymer B. Formulation A, which was composed of 100% of polymer A, demonstrated
the highest release rate, with a cumulative release of approximately 80% after four weeks.
The lowest release rate was obtained with formulation E, composed of a 50:50 polymer
blend that exhibited a cumulative BSA release of only 20% after four weeks.
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Figure 3. Cumulative in vitro release of BSA from microspheres composed of polymer A and polymer
B in different blend ratios (n = 3). The cumulative release is expressed as the percentage of the total
amount of BSA incorporated into the microspheres. The dashed line represents the target release
profile of the microspheres with a linear release of BSA over a period of five weeks.

For bulk degrading polymers such as the polymers used in this study, drug release
from the polymeric matrix is determined by the drug solubility, drug diffusion, drug
load, polymer swelling, polymer degradation, or a combination of these factors [19,32].
For a hydrophilic protein with a high molecular weight, such as BSA (6.6 × 104 g/mol),
diffusion through the hydrated polymer matrix is dependent on the degree of swelling and
degradation of the polymer matrix, as these determine the mesh size of the matrix [19]. If a
mesh size larger than the protein size is reached through swelling and/or degradation, the
protein will be released from the polymer matrix [19,33]. To obtain a better understanding of
the in vitro release profile, it is important to determine whether the prepared microspheres
exhibit diffusion- or degradation-controlled release.

In previous studies, controlled-release microspheres [20,21,34] and implants [19] were
prepared from semi-crystalline, phase-separated multi-block copolymers similar to the
polymers used in this study. These polymers also consisted of amorphous PCL-PEG-PCL
blocks, but the semi-crystalline blocks were composed of poly(L-lactide) (PLLA) [20,21,34]
or PCL [19] instead of PDO. In two of these studies, in vitro release and polymer degrada-
tion were assessed to gain insight into the release mechanisms in play. Results suggested
that in vitro release was primarily driven by diffusion [19,21]. In vitro release data of sev-
eral proteins were fitted into different kinetic models and in most cases, diffusion-controlled
release was indicated. For the in vitro degradation studies, polymer-only microspheres [21]
and implants [19] were incubated in a release medium at 37 ◦C, and the mass loss was
determined over time. Although mass loss only gives an indication of the formation of
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water-soluble degradation products and degradation products that are not (yet) soluble in
water will have formed as well, it does give information on the contribution of polymer
degradation to the release kinetics. Only a slight mass loss was observed during the first
week after incubation, which was ascribed to the preferential hydrolysis of the PEG-PCL
bonds, and the subsequent dissolution and diffusion of PEG. During the remainder of the
study (i.e., three [21] and nineteen [19] weeks), the sample mass hardly changed, and the
molecular weight of the polymers decreased only slowly. This indicated that hydrolysis
of ester bonds in the PLLA and PCL blocks was limited and that no substantial degrada-
tion had occurred within the timeframe of the degradation studies, due to slow in vitro
degradation of PLLA and PCL and its copolymers. Based on the extrapolation of previ-
ously obtained data, the anticipated in vitro degradation time of PLLA-based multi-block
copolymers is three to four years [35]. For the PCL-based multi-block copolymers, this is
expected to be the same [36]. Therefore, the release from such multi-block copolymers was
assumed to be mainly driven by other mechanisms than degradation.

In order to obtain faster degrading microspheres with a more acceptable balance
between BSA release and polymer erosion, the faster degrading polymer PDO was used as
the semi-crystalline block. The homopolymer has a degradation time of six months [36–38],
and in vitro degradation of PDO-based multi-block copolymers is anticipated to be 9 to
24 months [35]. Although PDO-based multi-block copolymers degrade significantly faster
than PLLA- and PCL-based multi-block copolymers, it is not expected that degradation of
the semi-crystalline PDO block played a significant role in the in vitro release of BSA, as
substantial degradation is unlikely to have occurred within the timeframe of the in vitro
release studies (i.e., four to nine weeks) [36–38]. Therefore, as in previous studies, the release
of BSA from the microspheres was mainly controlled by the amorphous PCL-PEG-PCL
block. It is assumed that the release was partially driven by diffusion, as the high swelling
degree and water solubility of the PEG blocks within the multi-block copolymer allowed
the initial, diffusion-controlled release of BSA [18]. This occurred via dissolution and
subsequent diffusion of the antigen through the swollen polymer matrix [19,21]. Release,
however, was probably not solely diffusion-controlled but involved some degradation of
the PCL-PEG-PCL block as well, which is also reflected in the sigmoidal release profile
that was observed for the different microsphere formulations (Figure 3). It is assumed that
ongoing degradation of the PCL-PEG-PCL blocks further increased the mesh size of the
polymer matrix, which eventually accelerated the release. Especially for the formulations
composed of a relatively high amount of polymer B, swelling of the polymer matrix was
insufficient to cause an initial fast release of the high molecular weight BSA due to the
presence of small-sized PEG blocks (Table 3). This resulted in a sort of lag phase directly
after the start of the in vitro release study, after which the release rate increased. Apparently,
some degradation and/or increased swelling of the polymer matrix over time was required
for BSA to be released from the microspheres.

As expected, the BSA release rate from microspheres composed of polymer A and B
was dependent on the polymer blend ratio, as the release rate decreased with an increasing
weight fraction of polymer B (Figure 3). The slower release induced by polymer B can
be explained by the fact that this polymer is less swellable and degrades slower than
polymer A. As the release of BSA from the microspheres is assumed to be both diffusion-
and degradation-controlled, the release rate is determined by an interplay between the
PEG molecular weight, the total PEG content, the PCL content, and the PDO content of
the polymer blends. The interplay between the PEG molecular weight and the total PEG
content was previously described for the PLLA-based multi-block copolymers [20,21]. A
comparison of polymer B with polymer A demonstrates a lower PEG molecular weight
(1000 vs. 3000 g/mol), which explains the decreased release rate with an increasing weight
fraction of polymer B, as PEG blocks swell due to the uptake of water. Due to the lower
molecular weight of PEG in the PCL-PEG-PCL blocks, polymer B absorbs less water causing
slower hydrolytic cleavage of the polymer backbone and a lower swelling degree. This
eventually results in a slower release. The difference between the two polymers was
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also reflected in the mass loss. After incubation of polymer-only microspheres prepared
from polymer A, a minor mass loss of <10% was observed after 30 days and <20% after
50 days [35]. For PDO-based multi-block copolymers comparable to polymer B, this was
even less [35]. Polymer B does contain a higher total PEG content (24 vs. 15 wt-%), but
this did not compensate for the PEG molecular weight. In this case, a high molecular
weight of PEG is apparently more important to create a polymeric network that swells
enough to allow the diffusion of the high molecular weight BSA, than a high total PEG
content is for the formation of such a hydrated network. Moreover, the PCL content was
higher for polymer B than for polymer A (25 vs. 5 wt-%), while the PDO content was lower
(50 vs. 80 wt-%), as shown in Table 3. As PCL degrades slower than PDO, polymer B is
expected to degrade slower than polymer A, resulting in a lower release rate. A higher PCL
content also results in a lower swelling degree due to its hydrophobicity, thereby causing a
decreased release rate [39].

We aimed to develop a formulation that exhibited a continuous release of BSA for
approximately four to six weeks. Microspheres prepared from a 92.5:7.5 blend of polymer A
and B (formulation B) exhibited near-linear release kinetics for up to four weeks, after which
the release of BSA continued in a slower fashion for another two weeks. In addition, a
high cumulative release of 80% was obtained during the course of the in vitro release study.
Since these microspheres best met our target in vitro release profile, this formulation was
selected for the in vivo proof-of-concept study. Figure 4a presents the results of the in vitro
release study with this formulation, showing both the total and the intact BSA release
from the microspheres. Protein denaturation and aggregation are common problems for
protein-loaded microspheres, as they are subjected to many stress factors upon incubation,
such as hydration and elevated temperatures [4,25]. Although the integrity of the released
BSA was not tested directly, we did measure the percentage of BSA that was released as
fragments or aggregates, which indicated how well the structural integrity was maintained
during incubation. During the first four weeks, the integrity of the released BSA was high
(>90%, Figure 4b). Only at the end of the in vitro release study did the integrity decrease
drastically, as the release mainly consisted of aggregates of BSA. These aggregates are larger
than BSA itself and are, therefore, probably released more slowly. During the major part of
the in vitro release study, however, aggregates and fragments of BSA were absent and the
cumulative intact release was even >70%.
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Figure 4. In vitro release of BSA from microspheres composed of polymer A and polymer B in the
blend ratio 92.5:7.5 (formulation B, n = 3): (a) Cumulative total and intact release vs. time. (b) Total
and intact BSA concentration and corresponding integrity of samples at each individual time point.

Furthermore, the average daily in vitro release from formulation B for different doses
of BSA was plotted in Figure 5. A relatively high daily release is visible during the first
day of incubation and especially during the first two hours due to a small initial burst
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release. Apart from day one, the average daily release was rather constant during the first
four weeks of the release study. A slight increase in the daily release was observed up to
approximately three weeks, followed by a decrease during the remaining weeks of the
release study, which is typical for a sigmoidal release profile.
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Figure 5. Average daily in vitro release of BSA from microspheres composed of polymer A and
polymer B in the blend ratio 92.5:7.5 (formulation B, n = 3). The average daily in vitro release was
calculated by dividing the absolute amount of BSA (in µg) that was released between two sampling
points by the time between those sampling points. The different curves represent different amounts
of microspheres corresponding to a total BSA content of 250, 500, or 1000 µg.

3.3. Residual DCM Content and Endotoxin Analysis of Microspheres Intended for the In
Vivo Study

The residual DCM content in the microspheres of formulation B and the corresponding
placebo microspheres (formulation F) was measured to determine whether the removal
of the toxic organic solvent was effective. The DCM content of formulation B and F
was 295 and 294 ppm, respectively, which is well below the ICH concentration limit of
600 ppm [40]. The permissible daily exposure for humans is 6 mg/day [40]. When this
value is corrected for the body weight of a mouse (20 g) and for the factor that accounts for
the extrapolation between both species (12), a permissible daily exposure of 28.8 µg/day
is found for mice. As the highest amount of microspheres to be administered is 29.2 mg,
the maximum DCM exposure will be only 8.6 µg, which is below the permissible daily
exposure as well. Although there are only limited data available on DCM toxicity after
parenteral administration, no increased risk of tumor development was observed in mice
after oral administration of DCM doses up to 5 mg/day [41]. Therefore, no carcinogenic
effects are expected from the prepared microspheres. In addition, the endotoxin level in
both formulations was quantified as it is an important factor for microspheres intended for
immunological studies. The LAL test confirmed that both formulations did not contain
detectable levels of endotoxin (<5 EU/g microspheres). Therefore, it is not expected that
any undefined immune responses will be induced by endotoxins from the microspheres.
Overall, both formulations complied with all requirements for use in the in vivo proof-of-
concept study.

3.4. IgG Antibody Response and Kinetics of Microspheres In Vivo

Based on the in vitro release results, the BSA-loaded microspheres prepared from a
92.5:7.5 blend of polymer A and B (formulation B) and the corresponding placebo micro-
spheres (formulation F) were chosen for the in vivo proof-of-concept study in mice. The
microspheres containing the model antigen BSA were s.c. injected to investigate whether
the formulation could elicit a BSA-specific IgG antibody response. Different amounts of the
microspheres were injected into the subcutaneous tissue to test the effect of the dose of BSA
on the humoral immune response. A positive control/treatment group was included to
determine whether priming with BSA in PBS could enhance the antibody response induced
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by the microspheres. A positive control/placebo group was included to investigate the
potential adjuvant effect of the polymers. In addition, two positive controls consisting of
a high- and low-dose prime-boost injection of BSA in PBS were included to compare the
antibody titers induced by a prime-boost immunization schedule with the titers induced
by the microspheres. Two negative controls consisting of PBS and CMC solution were
included to confirm that the vehicles did not induce BSA-specific IgG antibodies. For all
groups, the BSA-specific IgG antibody titers in the mouse plasma were determined over
time, up to eight weeks after administration.

As expected, no IgG antibody response was induced after administration of the
injection vehicles to the negative control groups. For the other groups, the systemic BSA-
specific IgG antibody titers over time after administration of different BSA and placebo
formulations are shown in Figure 6 (see Figure S1 in the Supplementary Materials for the
IgG antibody titers of the individual mice). In addition, the final IgG antibody titers as
measured at week 8 are shown in Figure 7. The AUC values of the antibody titer vs. time
graphs from Figure S1 were calculated for each individual mouse of groups A to G as shown
in Figure S2. All mice that received BSA-loaded microspheres had elevated antibody titers
from week 1 onwards, which indicates that the microspheres were effective in inducing
an immune response. To assess the performance of the sustained-release microspheres in
relation to the conventional prime-boost immunization schedule, a high-dose prime and
booster injection of BSA in PBS (500 + 500 µg BSA) were administered to mice in group F at
weeks 0 and 3, respectively. As expected, antibody titers increased up to week 2, remained
steady up to week 3, and again increased and stabilized at week 4 (Figure 6). In other
words, the antibody titers spiked following the prime and the booster injection, which
demonstrates that the conventional prime-boost immunization schedule was effective as
well. Comparison of group C (1000 µg BSA-microspheres) and F (prime-boost 500 + 500 µg
BSA) demonstrates that the (week 8) antibody titers as well as the AUC values of both
groups were not significantly different. This shows that sustained release of BSA from the
microspheres did not result in immunological tolerance toward the model antigen within
the tested time frame. The induction of tolerance toward the antigen, causing the vaccine
to be ineffective, has previously been related to the sustained release of the antigen from
the formulation [42–44]. Clear evidence is, however, lacking [45], and apparently was not
found in our study either. When the same total dose of BSA was given, microspheres and
a prime-boost injection of BSA in PBS induced a similar IgG antibody response, so the
sustained-release microspheres could be a viable alternative to the conventional prime-
boost immunization schedule.
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Figure 6. BSA-specific IgG antibody titers in mouse plasma over time after immunization with
different BSA formulations (group A to G). The averages of the antibody levels measured in all mice
were calculated for each group (n = 6 per group) and presented for all groups together. The dotted
line represents the cut-off value for the IgG antibody titer, i.e., a titer of 6.64 log2, corresponding to
the starting dilution of the plasma samples of 1:100. Values below this titer could not be measured.
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Samples with a reading for the least diluted plasma (i.e., 100× diluted) lower than the cut-off value
were assigned an IgG antibody titer of 5.64 log2, corresponding to a dilution of 1:50, which would be
one dilution below the starting dilution. Dashed lines were used to connect the data points with a
titer of 5.64 log2 to the next data point. The negative control groups receiving PBS (group H) and
CMC solution (group I) are not presented in this figure.
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Figure 7. Week 8 IgG titer for each individual mouse of group A to G. Statistical comparisons
between the mice of the different groups were performed using the ordinary ANOVA, followed by
Tukey’s multiple comparisons test (* p < 0.05, ** p < 0.01). For clarity reasons, statistical comparison
is only indicated where p < 0.05 (*) or p < 0.01 (**), and differences for all other comparisons were
non-significant. The negative control groups receiving PBS (group H) and CMC solution (group I)
are not presented in this figure. MSP = microspheres.

Interestingly, mice of group E that received a prime injection of 500 µg BSA in PBS and
a mock immunization of placebo microspheres demonstrated a rather different immune
response. Here, the antibody titers peaked already after two weeks, after which no further
increase in titer was observed (Figure 6). For this group, the final IgG antibody titer at week
8 was significantly lower than that of groups C and F (p < 0.01 for 1000 µg BSA-microspheres
and p < 0.05 for prime-boost 500 + 500 µg BSA). The AUC value was also significantly
lower than that of group C. Even though the total administered dose of BSA was lower
than for groups C and F, these results suggest that a priming dose alone is not sufficient
to elicit a strong immune response over time, and that a booster injection or a continuous
release of antigen is required. Although the difference was not statistically significant,
the fact that the AUC value and week 8 antibody titer of group E were also lower than
those of group B (500 µg BSA-microspheres), which did receive the same total dose of BSA,
supports this conclusion. A single-injection vaccine formulation such as the microspheres
would then have the preference over the conventional prime-boost vaccine. Apart from
one outlier, mice that received both a prime injection of 500 µg BSA in PBS and 500 µg BSA-
microspheres (group D, Figure 6) showed an antibody response that strongly resembled
the response in group C (1000 µg BSA-microspheres), as the total administered dose of BSA
was the same. Apparently, priming with BSA in PBS in addition to the sustained-release
microspheres does not enhance the antibody response and, therefore, does not have a
preference over the administration of microspheres only.
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Furthermore, the fact that (week 8) antibody titers and AUC values were similar
for groups C and F suggests that the microspheres did not possess any adjuvant activity
for the encapsulated model antigen, as was observed previously for PLGA-based single-
administration vaccine formulations [7,46,47]. Comparison of group E (500 µg BSA in
PBS + placebo microspheres) and F (prime-boost 500 + 500 µg BSA) confirmed this sus-
picion, as the IgG antibody titer at week 3 was similar for both groups (12.5 ± 0.1 and
13.1 ± 0.6 log2, respectively).

Mice in the treatment groups (groups A to C) received different amounts of micro-
spheres that were expected to deliver an amount of 250, 500, and 1000 µg BSA, respectively,
into the subcutaneous tissue. The antibody responses measured in these groups all fol-
lowed a similar trend, with an increasing titer up to four weeks, after which it leveled off
(Figure 6). A clear difference between the groups is, however, visible at week 1, which
demonstrates that the development of high antibody titers takes more time at lower doses.
Moreover, the week 8 antibody titer in group C was 3.1- and 2.8-fold higher than in group
A and B, respectively (Figure 7), although the differences were not significant (p > 0.05).
The AUC values raised by immunization with different doses of BSA-loaded microspheres
were not significantly different either (Figure S2). Possibly, the difference between the
administered doses was not large enough and the doses were all relatively high, which
caused only a small difference in immune response. In another study with BSA-loaded
microspheres, the influence of the dose on the magnitude of the induced antibody response
was more clearly visible [8]. Here, a high dose of BSA (431 µg) elicited 13- and 8-fold
higher antibody titers than a low dose of BSA (i.e., 64 µg) at the first and last time point
of the in vivo study, respectively. It should, however, be noted that the microspheres in
this specific study displayed a pulsatile release of BSA instead of sustained release, which
impedes direct comparison.

Finally, mice receiving a high- and a low-dose prime-boost injection of BSA in PBS
were compared in terms of IgG antibody response. The dose of the high-dose prime-
boost injection (500 + 500 µg BSA, group F) was based on the total dose of the sustained-
release microspheres from group C, and the dose of the low-dose prime-boost injection
(28.6 + 28.6 µg BSA, group G) was based on the average daily dose of the microspheres.
All mice in the high-dose prime-boost group developed high titers of BSA-specific IgG
antibodies. However, high variability in antibody titers was observed in the low-dose
prime-boost group. These results are in line with a study by Guarecuco et al., where a
greater variability in antibody response was observed for a low-dose than for a high-dose
BSA formulation [8]. This probably indicates that in some mice of group G, the amount
of antigen reaching the draining lymph nodes was sufficient for B cell activation, while in
other mice this was not the case [48].

For most of the mice from the treatment groups (groups A to C), IgG antibody titers
continued to increase up to four weeks after administration of the formulations, which can
be considered an indirect indication of sustained release of BSA from the microspheres.
After these four weeks, antibody titers hardly increased, which suggests that the release of
BSA from the microspheres had ceased. These results are in line with the in vitro release
data (Figure 4a), where the vast majority of the encapsulated BSA was released in a near-
linear fashion over a period of four weeks. The development of antigen-specific antibodies,
however, takes approximately one week [7,49]. An increase in IgG antibody titers up
to four weeks, therefore, suggests an in vivo release duration of only three weeks. This
indicates that the release of BSA was faster in vivo than in vitro, probably due to accelerated
microsphere degradation in vivo, for instance, caused by increased liquid uptake into the
polymer and foreign body responses [8,50,51]. Lipids and other biological molecules can
act as plasticizers or affect the surface tension, which enhances water uptake. Moreover,
free radicals, acidic products, or enzymes produced by macrophages that form around the
microspheres can accelerate polymer degradation. To gain more insight into the in vivo
pharmacokinetics of BSA, plasma samples from weeks 1 to 4 of groups A to G were analyzed
for BSA levels as well (Figure 8). Sustained release of BSA from the microspheres into the
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systemic circulation was demonstrated, with plasma BSA concentrations being dependent
on the administered dose, as expected. Peak plasma concentrations were 1429 ± 397,
2214 ± 99, and 2762 ± 127 ng BSA/mL for 250, 500, and 1000 µg BSA, respectively. For most
of the mice receiving BSA-loaded microspheres, the highest plasma BSA concentration was
measured one week after administration, followed by a strong decline in the concentration
(Figure 8a–d). After four weeks, only low levels of BSA were still measured. In contrast,
the highest release rate in vitro was reached after three weeks of incubation (Figure 5),
which indicates that the release of BSA from the microspheres was indeed faster in vivo
than in vitro. It is, however, also possible that the decline in BSA plasma concentration
after one week was due to antibody formation, as was previously observed by van Dijk
et al. after injection of sustained-release microspheres containing a human serum albumin
construct [34]. Likewise, in our study, the induced antibodies might have formed a complex
with BSA, which prevented the model antigen from binding to the capture antibodies of
the ELISA and, thus, from being detected with the assay. Furthermore, the theoretical
plasma BSA concentrations of weeks 2 to 4 can be calculated based on the actual plasma
BSA concentrations of the previous week, assuming a BSA half-life of 1 day [52,53]. For
almost all mice of groups B to D, the actual plasma BSA concentrations of weeks 2 to 4 were
higher than the theoretical concentrations. This suggests that at least some release of BSA
from the microspheres was still ongoing during these weeks.

Altogether, these findings demonstrate that single-injection microspheres providing
a sustained release of BSA can induce strong humoral immune responses in mice, with
antibody titers similar to the immune response induced by a prime-boost injection of BSA
in PBS. Sustained-release microspheres, therefore, might be a viable alternative to the
conventional prime-boost immunization schedule. Further research is, however, needed
to determine whether the developed microspheres are also suitable for the delivery of
a clinically relevant vaccine and which dose of antigen is optimal for strong antibody
induction. In this study, relatively high doses of BSA were administered, while lower doses
might have been sufficient as well. Once a clinically relevant antigen has been incorporated,
IgG subclasses (e.g., IgG1 and IgG2a) and cellular immune responses could be determined
in addition to total IgG. This will provide insight into qualitative aspects of the immune
response induced by sustained-release microspheres. Moreover, tailoring the release du-
ration to the specific needs of a vaccine is essential for the use of the sustained-release
microspheres for a broad variety of vaccines. According to the in vitro release results,
the release duration could be varied by varying the blend ratio of the polymers used but
changing the composition of the polymers is an option as well. However, establishing an
in vitro-in vivo correlation remains difficult, as there are many factors in play that affect the
pharmacokinetics of an antigen. Examples are plasma clearance and antibody formation,
but also lymphatic uptake and metabolism, interference of components of the s.c. extracellu-
lar matrix, and protein degradation at the injection site [34]. Determining the in vivo release
or the plasma concentration as a surrogate indicator of release is, therefore, recommended.
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into the in vivo pharmacokinetics of BSA, plasma samples from weeks 1 to 4 of groups A 
to G were analyzed for BSA levels as well (Figure 8). Sustained release of BSA from the 
microspheres into the systemic circulation was demonstrated, with plasma BSA concen-
trations being dependent on the administered dose, as expected. Peak plasma concentra-
tions were 1429 ± 397, 2214 ± 99, and 2762 ± 127 ng BSA/mL for 250, 500, and 1000 μg BSA, 
respectively. For most of the mice receiving BSA-loaded microspheres, the highest plasma 
BSA concentration was measured one week after administration, followed by a strong 
decline in the concentration (Figure 8a–d). After four weeks, only low levels of BSA were 
still measured. In contrast, the highest release rate in vitro was reached after three weeks 
of incubation (Figure 5), which indicates that the release of BSA from the microspheres 
was indeed faster in vivo than in vitro. It is, however, also possible that the decline in BSA 
plasma concentration after one week was due to antibody formation, as was previously 
observed by van Dijk et al. after injection of sustained-release microspheres containing a 
human serum albumin construct [34]. Likewise, in our study, the induced antibodies 
might have formed a complex with BSA, which prevented the model antigen from bind-
ing to the capture antibodies of the ELISA and, thus, from being detected with the assay. 
Furthermore, the theoretical plasma BSA concentrations of weeks 2 to 4 can be calculated 
based on the actual plasma BSA concentrations of the previous week, assuming a BSA 
half-life of 1 day [52,53]. For almost all mice of groups B to D, the actual plasma BSA con-
centrations of weeks 2 to 4 were higher than the theoretical concentrations. This suggests 
that at least some release of BSA from the microspheres was still ongoing during these 
weeks. 
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Figure 8. BSA levels in mouse plasma over time after immunization with different BSA formulations
(group A to D). Mice (n = 6 per group) were immunized with: (a) 250 µg BSA-microspheres in CMC
solution; (b) 500 µg BSA-microspheres in CMC solution; (c) 1000 µg BSA-microspheres in CMC
solution; and (d) 500 µg BSA in PBS together with 500 µg BSA-microspheres in CMC solution. (e) The
averages of the BSA levels measured in all mice were calculated for each group (group A to G) and
presented for all groups together.

4. Conclusions

Novel multi-block copolymers composed of amorphous, hydrophilic PCL-PEG-PCL
blocks and semi-crystalline PDO blocks were used to produce sustained-release micro-
spheres containing the model antigen BSA. The membrane emulsification method enabled
the production of uniformly sized particles with the desired size and morphology and high
EE. In vitro release studies showed that the release rate could be modulated by adjusting
the blend ratio of the two multi-block copolymers. All formulations exhibited sustained
release of BSA with low initial burst. Microspheres consisting of a 92.5:7.5 polymer blend
released BSA in vitro in a near-linear fashion over a period of approximately four weeks,
after which BSA continued to slowly diffuse out for another two weeks. We demonstrated
that these microspheres were able to induce a strong BSA-specific IgG antibody response
in vivo after s.c. administration in mice. The immune response was equal to that elicited
by a prime-boost injection of BSA in PBS administered at 0 and 3 weeks, and the IgG titers
followed the same pattern as the in vitro BSA release. Pharmacokinetic analysis of the
microspheres demonstrated that in vivo release of BSA was probably ongoing up to at least
four weeks as well, although peak plasma concentrations were already reached one week
after administration and after four weeks only low levels of BSA were still detected. This
suggests that the release of BSA was faster in vivo than in vitro, although the early decline
in plasma BSA concentration might also have been caused by the formation and subse-
quent elimination of antigen–antibody complexes. Converting in vitro release and plasma
concentration profiles into in vivo release profiles, thus, remains a challenge. This research
shows the potential of sustained-release microspheres as an alternative to the conventional
prime-boost immunization schedule. Ultimately, this technology could contribute to the
development of single-injection vaccines and improvements in global vaccination coverage.
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Further studies with a clinically relevant antigen are, however, necessary to evaluate the
clinical potential of the microspheres.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15020676/s1. Figure S1: BSA-specific IgG antibody
titers in mouse plasma over time after immunization with different BSA formulations (group A to G).
Mice (n = 6 per group) were immunized with (a) 250 µg BSA-microspheres in carboxymethyl cellulose
(CMC) solution; (b) 500 µg BSA-microspheres in CMC solution; (c) 1000 µg BSA-microspheres
in CMC solution; (d) 500 µg BSA in phosphate-buffered saline (PBS) together with 500 µg BSA-
microspheres in CMC solution; (e) 500 µg BSA in PBS together with placebo microspheres in CMC
solution; (f) 500 + 500 µg BSA in PBS, prime injection (week 0) and booster injection (week 3); and
(g) 28.6 + 28.6 µg BSA in PBS, prime injection (week 0) and booster injection (week 3). The dotted
lines represent the cut-off value for the IgG antibody titer, i.e., a titer of 6.64 log2, corresponding to
the starting dilution of the plasma samples of 1:100. Values below this titer could not be measured.
Samples with a reading for the least diluted plasma (i.e., 100× diluted) lower than the cut-off value
were assigned an IgG antibody titer of 5.64 log2, corresponding to a dilution of 1:50, which would be
one dilution below the starting dilution. For these samples, dashed lines were used to connect the
data point below the cut-off value with the next time point. The negative control groups receiving
PBS (group H) and CMC solution (group I) are not presented in this figure. Figure S2: Area under the
IgG titer–time curve (AUC) values of the BSA-specific IgG antibody titer vs. time graph (Figure S1).
Statistical comparisons between the mice of the different groups were performed using the ordinary
ANOVA, followed by Tukey’s multiple comparisons test (* p < 0.05, ** p < 0.01). For clarity reasons,
statistical comparison is only indicated where p < 0.05 (*) or p < 0.01 (**), and differences for all other
comparisons were non-significant. The negative control groups receiving PBS (group H) and CMC
solution (group I) are not presented in this figure. MSP = microspheres.
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Deferasirox Nanosuspension Loaded Dissolving Microneedles
for Intradermal Delivery
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Abstract: Microneedles are minimally invasive systems that can deliver drugs intradermally without
pain and bleeding and can advantageously replace the hypodermal needles and oral routes of
delivery. Deferasirox (DFS) is an iron chelator employed in several ailments where iron overload plays
an important role in disease manifestation. In this study, DFS was formulated into a nanosuspension
(NSs) through wet media milling employing PVA as a stabilizer and successfully loaded in polymeric
dissolving microneedles (DMNs). The release studies for DFS-NS clearly showed a threefold increased
dissolution rate compared to pure DFS. The mechanical characterization of DFS-NS-DMNs revealed
that the system was sufficiently strong for efficacious skin penetration. Optical coherence tomography
images confirmed an insertion of up to 378 µm into full-thickness porcine skin layers. The skin
deposition studies showed 60% drug deposition from NS-DMN, which was much higher than from
the DFS-NS transdermal patch (DFS-NS-TP) (without needles) or pure DFS-DMNs. Moreover, DFS-
NS without DMNs did not deposit well inside the skin, indicating that DMNs played an important
role in effectively delivering drugs inside the skin. Therefore, it is evident from the findings that
loading DFS-NS into novel DMN devices can effectively deliver DFS transdermally.

Keywords: nanocrystals; nanosuspension; dissolving microneedles; deferasirox; intradermal delivery

1. Introduction

In recent times, the inadequacy of drugs’ cross through the skin barrier, the stratum
corneum (SC), remains a major limitation of transdermal delivery [1,2]. This problem has
been addressed by introducing micron-scale needles that can enhance skin permeability,
thus increasing effective transdermal delivery [3,4]. Microneedles (MNs) that employ
a combination of hypodermic needles and transdermal patches are painless and negligibly
invasive devices that can bypass the SC [5,6]. As the SC contains no nociceptors and MNs
do not invade deeper where nerve endings are present, they are capable of carrying drugs
to the permeable regions of skin without provoking nerves responsible for pain [7,8]. MNs
can also obviate the first pass effect, which is a classic drawback of oral drug delivery, by
effectively delivering drugs via the intradermal route [9,10].

DFS is an iron chelator employed in iron toxicity for various diseases [11]. It is highly ef-
fective in treating iron overload in thalassemic patients caused by blood transfusions [12,13].
DFS has also been investigated for reducing oxidative stress and inflammation in patients
where iron is responsible for the development of inflammation and tissue damage through
the production [14] of reactive oxygen species (ROS). It forms a stable complex with Fe(III)
ions with 2:1 binding to eliminate iron. DFS, due to its iron-chelating properties, is proven to
be safe and effective in the treatment of a skin condition called porphyria cutanea tarda [15].
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Other studies found that DFS presented antitumor activity for treating solid tumors [16,17].
DFS is a Class II compound, according to the biopharmaceutics classification system (BCS),
exhibiting low solubility and high permeability [12,18]. Current oral drug delivery can
result in the short duration of action, resulting in a higher dosing frequency with lower
patient compliance. In addition to the fact that first pass effect decreases the bioavailability
of drug, it can also be unsuitable for patients who are unconscious and/or vomiting. There-
fore, an alternative drug delivery route is highly desirable. To avoid the stated drawbacks
for oral route, intradermal delivery improved therapy due to the maintenance of plasma
levels up to the end of the dosing interval compared to a decline in plasma levels with oral
delivery, making it a major advantage of the former. However, impermeable skin barrier
could not allow the delivery of the hydrophobic drug as its absorption in the viable layers
of the skin is negligible. One drug delivery strategy that could be considered to improve the
delivery of this hydrophobic DFS into the skin are MNs, which circumvent the protective
barrier of the SC by physically piercing this outermost layer of the skin [19–21].

However, unlike hydrophilic drugs, the formation of nanosuspensions (NSs) of hy-
drophobic drugs is necessary for inclusion into polymeric MNs for uniform distribution
inside MNs [19,22–24]. NSs refer to a nanosized (1–1000 nm) liquid dispersion of drug
particles coated by a stabilizer layer, for example, a surfactant or polymer [25–27]. Addition-
ally, the advantages of increased surface area, greater dissolution rates, better absorption
and, hence, higher bioavailability, make nanosuspension a desirable and widely employed
technique for hydrophobic drugs [28–30]. Moreover, NS can yield high drug loading be-
cause of the smaller amount of surfactants needed to stabilize nanosized drug molecules,
unlike polymeric nanoparticles, where the use of larger amounts of polymeric excipients is
essential to encapsulate the drug molecules [31,32].

In this study, two concepts of drug nanosizing and microneedle-based intradermal
drug delivery were combined to enhance the efficient delivery of the poorly water-soluble
drug DFS. The goal of this work was the incorporation of DFS NSs into polymeric MNs
for effective intradermal delivery as opposed to oral delivery, as it presents numerous
drawbacks. First, DFS NSs were prepared using wet media milling. Afterward, the DFS-
NS were subsequently loaded into the DMNs. The newly formed MNs, after effective
loading of drug NSs, were assessed for particle size, polydispersity index (PDI), mechanical
strength, skin insertion, drug content, and ex vivo skin deposition of the drug.

2. Materials and Methods
2.1. Materials

Deferasirox (DFS) was purchased from Cangzhou Enke Pharma-tech Co., Ltd., Guangzhou,
China. Poly(vinyl alcohol) (PVA) (9000–10,000 mol wt) was purchased from Sigma Aldrich
(Poole, Dorset, UK). Poly(vinyl pyrrolidone) (PVP) with a molecular weight of 58,000 Da
(K-29/32) and a PVP molecular weight of 111. A total of 143 Da (K-90) were purchased from
Ashland Industries (Wilmington, DE, USA). The purified water utilized in all experiments was
obtained from ELGA® DV 25, Purelab Option, water purification System (ELGA-Q, USA). All
other chemicals used were of analytical reagent grade.

2.2. Preparation of Drug-Loaded Nanosuspension

DFS NSs were prepared with the wet media milling method, as presented in Figure 1,
using beads (ceramic beads, 0.2 mm diameter) with slight modifications, as reported
previously [33]. This preparation method was chosen because of its easy and solvent-
free operation and high drug loading [1]. PVA was selected as a stabilizer for the NS.
One hundred milligrams of DFS was accurately weighed in a 7 mL volume glass vial,
followed by the addition of 6 mL of 1% w/w PVA solution. Approximately 2 mL of beads
was added to this mixture, and two magnetic stirring bars of dimensions (25 mm × 8 mm)
were placed in the vial. The vial containing drug, stabilizer, ceramic beads (particle size of
0.1 mm) and magnetic stirrers was placed on a magnetic stirring plate running at a speed
of 1000 rpm and 1500 rpm for 6–12 h. The resulting NS were retrieved after 24 h of milling,
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kept at −80 ◦C for 6–8 h and freeze-dried at −40 ◦C for 26 h to remove all water content.
The effect of an increase in milling speed and milling time on particle size was also recorded.
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Figure 1. Schematic representation of the fabrication of the DFS-NS.

2.3. Particle Size and Surface Charge Analysis

The hydrodynamic size, zeta potential, and polydispersity index (PDI) of freshly
prepared and lyophilized DFS-NS were determined using a NanoBrook Omni (Brookhaven
Instrument, Holtsville, NY, USA). PDI shows uniformity in the size distribution of particles
within a sample, and zeta potential gives us information on the stability of the given
formulation. Freshly prepared DFS-NS samples were taken at 6, 12, 24 and 48 h to monitor
particle size reduction as a function of milling time. Briefly, samples were diluted suitably
in water prior to measurement. An electric field was applied across the DFS-NS solutions
using the technique of phase analysis light scattering (PALS) procedure for measuring zeta
potential. Particle size and PDI were analyzed by employing the dynamic light scattering
(DLS) method. Folded capillary cells were used for holding samples, and the temperature
was maintained at 25 ± 2 ◦C for each measurement. All experimental runs were performed
in triplicate to obtain mean data.

2.4. Particle Size Analysis for Pure Drug

For determination of DFS particle size, a Mastersizer® 3000 equipped with a Hydro®

cell (Malvern Panalytical Ltd., Worcestershire, UK) was used employing laser diffraction
phenomenon, as previously described [34]. A total of 20 mg of coarse drug was accurately
weighed and mixed with 10 mL of 2% w/v poloxamer 188 by employing vortex mixing
for adequate disaggregation of particles, followed by dispersion in 500 mL of water. The
agitation of the Hydro® cell was set at 2000 rpm for 3 min, after which the sample was
further sonicated for 30 s. The samples were measured six times, and the results were
expressed in terms of the De Brouckere and Sauter mean diameters ([D4,3] and [D3,2],
respectively) and D10, D50 and D90.

2.5. Differential Scanning Calorimetry Analysis

Differential scanning calorimetry (DSC) studies of pure DFS, pure PVA (stabilizer),
a physical mixture of DFS and PVA, and DFS-NS were carried out using a DSC Q100 (TA
Instruments, Surrey, UK). Weighed samples of 3.0–5.0 mg were sealed in aluminum pans
(nonhermetic). A flow rate of 50 mL per minute was set, and the heating rate was kept at
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10.0 ◦C/min in nitrogen. To calibrate the DSC, the melting temperature of indium was set
at 156.6 ◦C.

2.6. X-ray Diffraction Measurements

The study was carried out using a benchtop X-ray diffractometer (Miniflex™, Rigaku
Corporation, Kent, UK). Radiation was from Ni-filtered Cu Kβ, with a wavelength of 1.39 Å
at a voltage of 30 kV, a current of 15 mA, and at room temperature. DFS, PVA, a physical
mixture of DFS and PVA and DFS-NS were packed into the rotating sample holder. The
obtained data were typically collected by scanning a range of 0–60◦ with a scanning rate
of 2◦/min.

2.7. FTIR Measurements

Fourier transform infrared (FTIR) spectral analysis of DFS, PVA (10 kDa) and DFS-
NS was conducted to study the drug–excipient interaction. The absorption spectra were
recorded from 4000 to 400 cm−1 using an FTIR spectrometer (Accutrac FT/IR-4100™ Series,
Jasco, Essex, UK).

2.8. Drug Content Analysis for DFS-NS

The drug content analysis for DFS-NS was performed in triplicate by dissolving
accurately weighed (10 mg) freeze-dried NS into 1 mL of dimethyl sulfoxide (DMSO) and
sonicating for 15 min. Then, 100 µL of the resulting solution was added to 900 µL of
acetonitrile and centrifuged (12,000× g) for 10 min. Then, 100 µL supernatant was carefully
collected and further diluted with 900 µL of phosphate buffer (PBS) containing 0.5% Tween
80 solution, followed by HPLC analysis. The % recovery of the drug was calculated using
the following formula.

% Recovery of drug =
known amount loaded

amount detected via analysis
× 100 (1)

2.9. In Vitro Release Studies for DFS NS

Release studies were performed using high retention cellulose dialysis tubing (2.3 mm,
0.9 inches). A total of 20 milligrams of accurately weighed drug and MNs were dispersed
separately in 1 mL of PBS solution (in triplicate) and filled inside the dialysis membrane,
secured with clips on both ends to contain the samples. These filled dialysis bags were
then placed in 100 mL of PBS solution and incubated at 37 ◦C with mild shaking (40 rpm).
A 500 µL sample of released media was taken at different time intervals of 2, 4, 6, 12, 24,
48, and 72 h, and 500 µL of the same media was replaced to maintain the volume. The
samples were diluted by adding 500 µL of acetonitrile and centrifuged (2000× g) for 10 min
to remove the polymer. Moreover, 100 µL of the supernatant was diluted with 900 µL of
0.5% of Tween 80 in PBS solution and injected into the HPLC for analysis.

2.10. Preparation of DFS-NS Loaded Dissolving Microneedles (DFS-NS DMN)

MN arrays were prepared using a silicone mold design, as presented in Figure 2, with
microneedle heights of 700 µm, base widths of 300 µm and interspacing of 15 µm (a total of
600 arrays). These silicone molds were generously provided by LTS Lohmann (Germany).
The polymers used for the preparation of the casting gel were PVA (9000–1000 MW) and
PVP (K32/29). First, freeze-dried NS containing 300 mg of DFS was mixed with 1 ml of
deionized water using a SpeedMixer™ (DAC 150.1 FVZ-K, Synergy Devices Ltd., UK) to
form a homogeneous blend. This blend was then poured into 0.75 g of 40% PVP solution
(K32/29). This mixture was homogenized again using SpeedMixer™ at 3500 rpm for 5 min
to obtain a homogenous casting gel for MN fabrication. Here, 180 mg PVA is already
present in the DFS-NS added. The DFS-NS casting gel was then poured onto the top surface
of the MN molds and was subjected to a high-pressure tank at 60 psi for 3 min. The excess
gel was removed by scraping lightly with a spatula, and the molds were again placed
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for 30 min in the pressure tank at the same pressure. After that, the molds were kept at
room temperature for 24 h, and then 30% PVP (K90) solution was applied as a second
layer (baseplate casting), followed by centrifugation (3500 rpm) for 8 min to remove any
air bubbles. The MNs were removed from the molds after an additional 48 h of drying at
room temperature and subjected to further studies.

Figure 2. Schematic representation of the fabrication of DFS-NS DMNs and their application.

2.11. Determination of Insertion Properties and Mechanical Strength of DFS-NS DMN Arrays

Parafilm M®, an elastic thermoplastic film made with a material resembling olefin
(Bemis Company Inc., Soignies, Belgium), was used as a skin mimetic for the insertion of
DFS-NS-DMNs. Initially, the height of the DMN arrays was recorded by stereomicroscopy
prior to the application of compression force. For insertion studies, eight layers of Parafilm
M® sheet were placed onto the horizontal aluminum block under the movable probe and
followed the same procedure as explained above. After the application of 32 N force, the
DMNs were removed, and each layer of Parafilm M® was observed under a microscope to
count the number of holes created in each layer. The heights of DMNs after penetration into
Parafilm M® were noted using a Leica EZ4 D digital microscope to evaluate the reduction
in height. The percentage insertion was calculated by the following formula:

Percentage insertion =
Number of holes created

Number of microneedles in a patch
× 100 (2)

The mechanical properties of DFS-NS-DMNs and DFS-DMNs were studied using
Texture Analyser (TA. XT-Plus, Stable Microsystem, Haslemere, UK) used in compression
mode, as reported in earlier research [35,36]. The pre- and post-test speeds were 1 mm/s,
while the trigger force was set at 0.049 N. A Leica EZ4 D digital microscope (Leica Mi-
crosystems, Wetzlar, Germany) was employed to study the morphological appearance of
DFS-NS-DMNs before compression. Later, the DMN patches were fixed on the bottom
of a movable probe using double-sided tape with needles facing down. The probe was
run/declined against a horizontal, leveled block of aluminum at a rate of 0.5 mm s−1,
and 32 N force was applied to the DMN patch for 30 s. After application of the desired
force, DFS-NS-DMNs were examined for any size reduction using a Leica EZ4 D digital
microscope, and the percentage reduction in height was calculated as follows.
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% height reduction =
mean height before compression − mean height after compression

mean height before compression
× 100 (3)

2.12. High-Performance Liquid Chromatography (HPLC) Analysis

Reversed phase HPLC (Agilent, 1260 Infinity II VWD, Germany) was used for analyti-
cal quantification of DFS using a C18 column (5 µm pore size, 4.6 × 100 mm) (Phenomenex,
Macclesfield, UK). The flow rate was set at 1. ml/min, the oven temperature was set at
35 ◦C and analysis was performed with UV detection at 245 nm The mobile phase was
composed of acetonitrile:phosphate buffer (pH 3.0), 50%:50%, and the injection volume
was 10 µL. The standard calibration curve was plotted by making appropriate dilutions in
the range of 0.096 to 100 µg/mL, and an R2 of 0.999 exhibited good linearity [37].

2.13. Drug Content Analysis for DFS-NS-DMNs

Drug content was analyzed by dissolving accurately weighed DFS-NS-DMN arrays as
well as DFS-DMNs in 3 mL of water and sonicating for 15 min. Then, 2 mL DMSO was
added, and the mixture was sonicated for 30 min for efficient extraction of the drug. Fur-
thermore, 200 µL of this solution was mixed with 0.9 mL acetonitrile to allow precipitation
of PVP polymer while the drug remained dissolved. This dispersion was centrifuged at
12,000× g for 10 min, and 100 µL of the supernatant was collected to further be diluted
with 1.9 mL of mobile phase, which was then injected for HPLC analysis. Studies were
performed in triplicate.

2.14. Digital Microscopy and SEM Imaging of DFS-NS-DMNs

The surface morphology and shape of DFS-NS-DMNs were examined using a Keyence
VHX-700F Digital Microscope (Keyence, Osaka, Japan) and a TM3030 benchtop scanning
electron microscope (SEM) (Hitachi, Krefeld, Germany). The latter was used in low vacuum
mode at a voltage of 15 kV.

2.15. Insertion Studies in Excised Porcine Skin by Optical Coherence Tomography

It has been established earlier that the skin of neonatal pigs acts similarly to human
skin [38]; hence, it was used to study the insertion of DFS-NS-DMNs. The skin was obtained
from stillborn piglets and excised within 24 h of birth using a scalpel. The skin was then
refrigerated at −20 ◦C for storage after being enclosed in aluminum foil until use. Prior
to use, skin was defrosted and then thawed in phosphate-buffered saline (PBS) of pH 7.4,
after which fine hair was removed carefully using a razor and washed thoroughly with
PBS solution again. Absorbent tissue paper was used to dry the skin, and the skin was laid
down flat on a weighing boat. Using the Texture Analyzer, DMN arrays were then pressed
onto the porcine skin (force 32 N for 30 s). Optical coherence tomography (OCT) images
were captured immediately upon insertion using an OCT Microscope (EX1301, Michelson
Diagnostics Ltd., Kent, UK) to evaluate the successful insertion of MN arrays into the skin.

2.16. Dissolution Studies of DFS-NS-DMNs in Excised Porcine Skin

Dissolution of DMNs was determined by taking images by a Leica EZ4 D digital
microscope at 10, 15, 30 and 60 min after insertion of the DMN patch into excised porcine
skin following incubation at 37 ◦C. These images showed how much time DFS-NS-DMNs
took to completely dissolve inside porcine skin. They also show the morphology of DMNs
after each time point, depicting the gradual process of microneedle dissolution over time.

2.17. Ex Vivo Porcine Skin Deposition Study of DFS-NS-DMNs

Drug deposition for DFS-NS-DMNs was investigated using full thickness neonatal
porcine skin, as described previously [34,39]. After thawing in phosphate-buffered saline
(PBS) (pH 7.4), the skin was carefully shaved using a razor and washed with PBS before
use. The skin surface was dried using tissue paper and placed dermis side down on paper
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sheets to provide support, and the underside of the skin was bathed in PBS (pH 7.4) at
37 ◦C for 30 min to equilibrate. After insertion of the MN patch, a cylindrical 12.0 g stainless
steel weight was placed onto the top of the MN array patch to prevent MN expulsion and
placed inside the oven at 37 ± 2 ◦C for 24 h. These pieces of skin along with the applied
MNs were placed at 37 ◦C for 24 h. To prevent skin drying, another weighing boat was
placed on the top, and 10 mL PBS (pH 7.4) solution was added to maintain skin hydration.
Following applications, MNs remaining on the skin surface were carefully removed, and
then the skin surface was thoroughly cleaned by applying 3× 1 mL of PBS (pH 7.4) solution
and gently wiped with wet paper tissue. The skin at the MN application site was then
visualized using a Leica EZ4 W stereo microscope, and the MN-applied skin part was
harvested using a scalpel. These harvested skins were cut into small pieces and placed
into 2 mL Eppendorf tubes containing 0.5 mL water. The samples were bead milled using
TissueLyser LT (QIAGEN®, Manchester, UK) for 15 min to solubilize the remaining MN
shafts deposited in the skin. Subsequently, 1 mL of acetonitrile was added to each sample,
and the mixture was homogenized for another 15 min again to solubilize the drug. The
resulting mixture was then sonicated for 30 min and centrifuged at 48,000 rpm for 10 min to
settle down the skin pieces. One hundred microliters of the supernatant was pipetted out
into another 2 mL Eppendorf tube, and 900 µL of acetonitrile was added to it to precipitate
out any polymers. After vortexing, the mixture was centrifuged again at 16,000 rpm for
10 min to settle down the precipitated polymer, and the supernatant was injected into
the HPLC for analysis. Skin deposition studies were performed with DFS-NS-DMNs as
well as pure drug-loaded DMN arrays. In addition, DFS-NS Transdermal patch (TP) and
plain DFS-NS were investigated for drug deposition for comparison by following the same
procedure as above.

3. Results and Discussion

DMN patches were fabricated with hydrophobic drug-loaded nanosystems to deliver
the drug intradermally. DMN acts as a drug reservoir and is self-implanted subcutaneously
to release drugs regionally and sustainably without producing systemic side effects. The
DMN is applied on the skin surface and painlessly pierces the epidermis, creating micro-
scopic aqueous pores through which drugs diffuse to the dermal microcirculation.

3.1. Characterization of DFS-NS

DFS-NS were prepared using the wet bead milling technique, and the pure drug was
suspended in the medium with the help of a stabilizer. This method converted the pure
drug into a nanosized range with a particle size in the 200 nm range. The particle size
reduction increases the surface area and dissolution rate and, hence, enhances penetration
of the drug through the skin [40]. A suitable stabilizer is necessary for producing a stable
nanosuspension, as nanoparticles can be unstable due to higher Gibb’s energy, which
interns because of their larger surface area [41].

PVA (9000–10,000 mol wt.) was selected as a stabilizer for the nanosuspension, as it
is more compatible with polymeric microneedle arrays. Initially, 3% w/w PVA solutions
(DFS-NS-1) were used as stabilizers, which were later reduced to 1% (DFS-NS-2) as the
particle size and PDI were almost the same for both nanosuspensions. This can be attributed
to the fact that a small change in the amount of surfactant seldom influences the particle
size of the nanosuspension rather than the type of stabilizer, which is more important [42].

The bead size affected NSs formation to a great extent, as a rule of thumb exists that
states that a 1000-fold particle size reduction is obtained in relation to the bead size. This
seems to be true as a particle size in the range of 200 nm was obtained in the existing study
with the 0.2 mm beads used. This indicates that bead size is directly proportional to particle
size obtained after milling. This can be attributed to the fact that the ability of smaller beads
to gnaw drug crystals is greater as they are more fast-moving. Nevertheless, extremely
small beads are difficult to separate after milling and may also pose a risk of aggregation
due to excess unutilized energy (not employed in size reduction) [43].
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Moreover, DFS-NS-2 was taken for DMN array fabrication, as higher drug loading
is possible due to the lower concentration of PVA compared to the drug in the NS. With
milling speeds of 1000 rpm and 1500 rpm, the mean particle sizes after 24 h of milling
were 280.92 ± 18.72 nm and 230.92 ± 1.73 nm, respectively, as shown in Figure 3A. This
clearly indicates that the milling speed has a huge impact on the particle size. The PDI was
also improved from 0.20 ± 0.02 mV to 0.16 ± 0.02 mV after an increase in milling speed,
indicating a more uniform size reduction at higher speeds.
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Figure 3. Particle size and PDI at 6, 12, 24, 48 h of milling and RD after freeze-drying at (A) 1000 rpm
and 1500 rpm milling speed expressed as means + SDs, n = 3. (B) Differential scanning calorimetry
thermogram of PVA, physical mixture of DFS and PVA, DFS-NS and DFS, (C) Powder X-ray diffraction
of plain DFS, PVA, physical mixture of DFS and PVA and DF-NS, (D) Fourier transform infrared
analysis of DFS, PVA, and DFS-NS. (E) In vitro release profile of DFS-NS and pure DFS by employing
dialysis membrane and PBS as release media, expressed as the means ± SDs, n = 3.
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The effect of milling time was also quite clear, as samples taken after 6 h of milling (at
1500 rpm speed) exhibited a particle size of 291.32 ± 4.54 nm with a PDI of 0.159 ± 0.020 mV,
while at 24 h, it was further reduced to 230.92 ± 1.02 nm with a PDI of 0.125 ± 0.023 mV.
Therefore, particle size was reduced as a function of milling time, as samples taken at 6 h,
12 h, and 24 h showed a consistent reduction in particle size, as shown in Figure 3B, with
an almost constant PDI below 0.2. However, the particle size did not show any considerable
reduction in samples taken at 48 h of milling, which shows that 24 h of milling is more
suitable for efficient and maximum particle size reduction. Moreover, the particle size
increased in most of the samples to 240.92 ± 4.03 nm after 48 h of milling because further
exposure to high energy increases the kinetic energy of the crystalline material, resulting in
aggregation rather than a reduction in size.

The zeta potentials for both DFS-NS-1 and DFS-NS-2 were −19.46 mV ± 1.56 and
−20.51 mV ± 3.46, respectively, which shows that PVA formed a surface adsorption layer
on the particles, preventing aggregation and therefore providing sufficient stabilization.
After freeze-drying, the particle size and PDI were checked, and a slight increase in particle
size (248.95 nm ± 10.81) was observed. The zeta potential value of redispersed (RD) DFS-
NS-2 was −19.46 mV ± 5.61, which shows good stability. The particle size profile of DFS
showed a wider particle size range than that of DFS-NS-2, which clearly indicates that the
DFS-NS particle size is more uniformly distributed. DFS had a particle size of D [2–36]
2.46 µm, D [9] 6.71 µm, Dv (10) 1.12 µm, Dv (50) 3.90 µm, and Dv (90) 7.98 µm. DFS-NS-2
was selected for further formulation into DMNs, which will be referred to as DFS-NS-DMN
in the upcoming text.

3.2. Characterization Using Differential Scanning Calorimetry, X-ray Diffraction and FTIR

The physical state of DFS before and after being manufactured into NS was determined
by DSC. As shown in Figure 3B, the DSC thermogram of DFS exhibited a characteristic
sharp endothermic peak at 260 ◦C, which corresponds to the melting point of DFS in the
crystalline state. This characteristic peak was observed in the physical mixture but was
absent in the lyophilized DF-NS, which shows its amorphous nature.

To verify the obtained DSC results and to reconfirm the crystalline state of the
lyophilized DFS-NS, XRD analysis was carried out, and the peaks of DFS, PVA, and
the physical mixture of DFS and DFS NS are presented in Figure 3C. The diffractogram
of pure DFS displayed several sharp peaks at the diffraction angles (2θ) of 10.47◦, 14.61◦,
23.97◦ and 26.67◦, indicating that DFS is present in a crystalline form. In contrast, there
were no distinguished peaks in the XRD diffractograms of the NS form, indicating that
the NS formulations present an amorphous structure. Overall, when taking both the DSC
and XRD results into account, it can be concluded that the crystalline structure of DFS was
largely amorphized following bead milling.

The FTIR spectra of DFS showed the presence of peaks at ~1750 cm−1 indicating the
presence of the carboxylic acid group, along with the presence of a peak at ~1100 cm−1

confirming the presence of phenyl structure. The peak at ~3350 cm−1 prominently indicated
a phenol hydroxyl group. Similar peaks were observed in DFS NS samples confirming the
presence of DFS. However, DFS NS also showed the characteristic peaks of PVA ~2900 cm−1

and ~2850 cm−1 indicating the asymmetric and symmetric C-H stretching vibrations which
could also be observed in the PVA sample. The FTIR spectra of DFS NS presented the
prominent peaks of Both DFS and PVA; however, no peak shifting and generation of the
new peak was observed, suggesting limited chemical and physical interaction between
both chemicals. The FTIR spectra of the physical mix showed the presence of characteristic
peaks of DFS and PVA; however, no major change in the peak was observed to indicate any
chemical interaction between DFS and PVA.

SEM images were obtained for DFS, DFS-NS and DFS NS-loaded MN tips by SEM
with a Quanta FEG 250 (FEI, Hillsboro, OR, USA). SEM images showed that DFS-NS-DM
arrays were formed well structurally. The resulting needles measured 700 µm in height
and displayed sharp tips.
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3.3. Drug Content and In Vitro Release Study

The percentage recovery of the drug in DFS-NS was found to be 85% ± 6.5%, which
suggested that some drug was lost while separating the nanosuspension from the milling
beads. A dialysis membrane is widely used for the release study of various drugs, and
a skin condition is critical for the true assessment of drug release, independent of saturation
effects and dissolution media volume. The skin condition was maintained at three times
the volume of dissolution media (PBS) compared to the solubility of DFS in PBS. The drug
release kinetics of DFS-NS were conducted to assess whether nanosizing led to an increase
in the dissolution rate. The dissolution profile of the pure drug dispersed in PVA (prepared
using the same method as adopted for DFS-NS) exhibited a lower dissolution rate, as only
40.6% of the drug was solubilized/released into the media after 24 h, whereas the DFS-NS
showed 99.89% release until 24 h, as shown in Figure 3E. This can be attributed to the
reduction in particle size, which increases the specific surface, which, according to the
Noyes–Whitney equation, leads to an increase in the dissolution rate [25]. Many other
reports in the literature have shown similar results for poorly soluble drugs [44]. Moreover,
the wettability and saturation solubility of the drug in the nanosuspension form are also
increased [20,45,46].

3.4. Characterization of DFS-NS-DMN Arrays

An aqueous hydrogel of PVA and PVP was used in combination to prepare the DMN
casting gel. PVA and PVP have been extensively employed for DMNs owing to their
hydrophilicity, biocompatibility, and strength for durable fabrication. Additionally, densely
packed DMNs are formed due to their adhesive property. PVA alone caused DMNs to bend
because they were too soft, while too much PVP triggered the brittleness of needles. The
correct combination of the two was found in 30% w/w PVA and 20% w/w PVP.

The aqueous blend was prepared by adding different concentrations of lyophilized
DFS-NS to attain the highest achievable drug loading for the system while maintaining
the strength of the DMN arrays. For the second layer, only PVP without drug was used,
as previous studies have shown that drugs in the baseplate, as well as needles, result in
poor mechanical strength. Moreover, it helps in the efficient use of the drug, as drugs in the
baseplate seldom deposit inside the skin [47,48].

The formation of homogenous MN arrays with sharp tips was confirmed by viewing
them under a microscope with a length of 700 µm. The morphology was further investi-
gated using a digital microscopy and SEM imaging, as shown in Figure 4A–F, displaying
uniform needle formation throughout the MN patch. The mean drug loading in the MN
array was 1459.20 ± 15.44 µg drug in an entire MN array of 700 needles, which means
2.08 µg in each needle. The particle size and PDI were measured by dispersing in purified
water each time before (248.95 nm ± 10.81) and after (291.13 nm ± 12.72) loading the
DFS-NS into the DMN arrays.

3.5. Determination of Insertion Properties and Mechanical Strength of DFS-NS DMN

The insertion properties of the DMNs were also adequate, as the needles penetrated
three layers of Parafilm M® with 100% penetration in the first layer, 85% in the second and
15% in the third layer, as revealed in Figure 4G. It has already been proven that penetration
up to 330 µm is insufficient for effective deposition of drugs across the skin. The thickness
of each layer of Parafilm M® was approximately 126 µm. There was no height reduction,
and the needle length that was inserted was approximately 378 µm, which is equal to 56%
of the total height of the MNs. Meanwhile, DFS-DMN penetrated up to two layers.

The reduction in size of the DFS-NS-DMNs was calculated to be 11.5%, as shown in
Figures 4H and 5A,B. This value depicts excellent strength, as the needles were able to
bear the 32 N force without exhibiting a loss in height of more than 11.5%. It has been
established previously that 32 N equates to the mean force applied by human subjects to
insert microneedles into their skin. The DFS-DMNs exhibited an 18% (Figures 4I and 5C,D)
reduction in the height of needles after compression, which shows inadequate strength
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to be inserted into human skin. Therefore, DFS-DMNs will likely fail to deliver drugs
intradermally because of the lack of sufficient mechanical strength required for penetration
into the skin.
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3.6. Scanning Electron Microscopy

SEM images showed the acicular crystalline structure of pure DFS (Figure 6A) with
quite large particle size (20 µm to 50 µm), while freeze-dried DFS-NS in Figure 6B depicted
the spherical particle size with sizes ranging from approximately 200 nm. SEM image
(Figure 6C) of broken single MN tip with exposed outer surface (upper half image) as
well as internal cross-section (lower half image) showed a smooth surface and uniform
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distribution of DFS-NS in the PVA/PVP DMN matrix, respectively, without any evident
particle aggregation.
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3.7. Dissolution of DFS-NS-DMN Arrays

Dissolution studies of the DFS-NS-DMN array were performed using porcine skin.
The DMNs were applied for 60 min, and the dissolution time of DMNs was observed at
different time intervals of 10, 15, 30 and 60 min. DMNs were completely dissolved within
30 min, as shown in Figure 7A–D, revealing that DMNs were fabricated properly. The rapid
dissolution profile of these MAP formulations in intradermal fluid may be attributed to the
hydrophilic nature of the needles with the easily dispersible nanosuspension form of DFS.

3.8. Determination of Skin Penetration

OCT images revealed how DFS-NS-MNs were inserted into the parafilm layers as well
as excised porcine skin [49,50]. These arrays were capable of penetrating to a great extent
through the layers of parafilm (Figure 7E,F) and porcine skin (Figure 7G,H). A significant
length of microneedles can be seen inside the parafilm layers, and needles were inserted up
to the 4th layer (378 µm), which reiterates what was observed previously in penetration
studies. The holes created on porcine skin can be seen in Figure 7G. The skin is flexible in
nature, so the pores seem to close up after a while, leaving a print of the inserted DMNs
behind.

3.9. Deposition Study on Excised Porcine Skin

The deposition study indicates the amount of drug that is deposited inside the
skin from the DFS-NS-DMNs. The mean drug content deposited inside the skin was
632.47 ± 16.5 µg, comparing approximately 60% of the total drug loaded in DMNs. Drug
deposition from DFS-DMNs into skin was calculated as 345 ± 12.5 µg. This clearly indicates
that a greater amount of drug was deposited into porcine skin from DFS-NS-DMNs. This
can be due to a greater dissolution rate of DFS-NS into the interstitial fluid of porcine skin
compared with pure DFS, as demonstrated earlier in release studies. This might also be
due to higher drug loading into DMNs, since nanosuspensions of hydrophobic drug allow
a more homogeneous loading along the entire length of polymeric microneedles compared
to the pure hydrophobic drug [9]. Pure DFS has a particle size of D [9] 2.46 µm, D [9],
6.71 µm Dv (10), 1.12 µm, Dv (50) 3.90 µm and Dv (90) 7.98 µm, as measured by DLS, and
the results are expressed in terms of the De Brouckere and Sauter mean diameters, which
are much larger than the DFS-NS particle size (248 nm).

The amount of drug deposited from DFS-NS-TP (without needles) was 30.56 ± 3.56 µg,
and the amount of drug deposited by the application of DFS-NS alone was only 10 ± 4.32 µg.
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These values indicate that DMNs can deliver a significantly larger amount of drug as they
can penetrate the stratum corneum, unlike DFS-NS-TP and DFS-NS, as shown in Figure 7I.
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Figure 7. Dissolution study of DFS-NS-DMNs after insertion into excised porcine skin. Images
taken after (A) 10 min of insertion, (B) 15 min of insertion, (C) 30 min of insertion, and (D) 60 min
of insertion. Digital and OCT images of DFS-NS-DMNs; (E,F) DFS-NS-DMNS inserted in parafilm
layers, (G,H) DFS-NS-DMNs inserted into excised porcine skin. (I) DFS deposited in excised porcine
skin following the insertion of DFS-NS, DFS-DMNs, DFS-NS-DMNs, and DFS-NS-TP (without
needles). Data are expressed as the mean ± SD, n = 3.

Therefore, the DMN facilitates higher DFS delivery across the skin. Additionally,
the reduced particle size of DFS allows the homogeneous distribution of DFS into the
DMN lower end of the tips, which also greatly influences drug deposition in the skin.
This NS form of DFS also allows for increased surface area, greater dissolution rates and
subsequently better absorption intradermally.

Nevertheless, the drug deposition study conducted in this research from full-thickness
porcine skin did not depict the level of drug in each layer of the skin (SC, epidermis and
dermis); therefore, it is difficult to predict the DFS gradient and availability of DFS for
immediate systemic release or sustained effect of the DFS. However, based on previous
work from our research group with similar type of hydrophobic drugs (cabotegravir,
rilpivirine), DFS NS deposited intradermally with dissolution as well as skin rate-limiting
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factor for the sustained release [51–54] could allow the reduction of the frequency of DFS
dose administration. However, to prove the sustained delivery effect, further in vivo
research is needed.

In the current work, we successfully formulated dissolving MAPs loaded with an opti-
mized NS of DFS. These formulations have been shown to display acceptable mechanical
properties enabling effective skin penetration, as evidenced from the Parafilm® M and ex
vivo skin insertion study. To develop an MN-based formulation for the management of iron
toxicity, we prefer the dissolving MN approach relative to other types of MNs [49,55]. With
a dissolving MAP approach, we can easily administer DFS in a single-step application pro-
cess with a short wear time. This single MN application with delivered dose could be high
enough for localized site-specific application. However, single MN would not be adequate
for use in humans to deliver the enough systemic dose to get the therapeutic response;
therefore, multiple MN within one larger patch need to be formulated and investigated
in vivo to prove the usefulness of this delivery route in iron toxicity management [56].

4. Conclusions

An iron chelator DFS was incorporated for the first time in DMNs successfully in
the form of a nanosuspension, exhibiting appropriate mechanical strength for effective
skin insertion. Deposition studies revealed that DFS can be proficiently deposited into
porcine skin for local and possible systemic delivery without the use of hypodermic needles
and intervention of healthcare professionals, as well as evading side effects of the oral
route. Moreover, DFS-NS showed a greater dissolution rate than pure DFS for probable
subsequent uptake by the rich dermal microcirculation. Thus, the results support the
claim that DFS-NS-DMNs can prove to be significant alternatives to conventional routes of
delivery. This proof-of-concept study provides the basis for further investigation through
in vivo studies to explore the therapeutic efficacy and expansion of this work by forming
larger DMN patches for loading higher drug doses.
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Abstract: Immunogenic agents known as adjuvants play a critical role in many vaccine formulations.
Adjuvants often signal through Toll-like receptor (TLR) pathways, including formulations in licensed
vaccines that target TLR4. While TLR4 is predominantly known for responding to lipopolysaccharide
(LPS), a component of Gram-negative bacterial membranes, it has been shown to be a receptor
for a number of molecular structures, including phospholipids. Therefore, phospholipid-based
pharmaceutical formulations might have off-target effects by signaling through TLR4, confounding
interpretation of pharmaceutical bioactivity. In this study we examined the individual components
of a clinical stage oil-in-water vaccine adjuvant emulsion (referred to as a stable emulsion or SE)
and their ability to signal through murine and human TLR4s. We found that the phospholipid
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) activated TLR4 and elicited many of the same
immune phenotypes as canonical TLR4 agonists. This pathway was dependent on the saturation, size,
and headgroup of the phospholipid. Interestingly, DMPC effects on human cells were evident but
overall appeared less impactful than emulsion oil composition. Considering the prevalence of DMPC
and other phospholipids used across the pharmaceutical space, these findings may contextualize
off-target innate immune responses that could impact preclinical and clinical development.

Keywords: oil-in-water emulsions; phospholipids; adjuvants; Toll-like receptor agonists

1. Introduction

Adjuvanted protein vaccines represent a large and growing fraction of the vaccine mar-
ketplace, including but not limited to approved products from Dynavax (the Heplisav-B
vaccine against hepatitis B) and GSK (the Shingrix vaccine against shingles) and prod-
ucts in clinical development against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) from Novavax and Sanofi-GSK among others [1–3]. The immunogenicity
of adjuvanted protein vaccines depends on molecular agents known as adjuvants, which
stimulate the innate immune system to program a more effective adaptive immune re-
sponse to the delivered protein antigen [4]. Three broad classes of adjuvants are currently
used with licensed human vaccines: aluminum-containing adjuvants (e.g., Alhydrogel and
AS04), oil-in-water emulsions (e.g., MF59 and AS03), and Toll-like receptor (TLR) agonists
(e.g., AS01b and CpG-1018), often formulated with aluminum or lipid-based particles [5].
Aluminum and emulsion adjuvants primarily augment antibody responses to vaccine
antigens by elongating germinal center exposure, whereas the combination adjuvants with
TLR agonists also promote CD4+ T cell responses [5,6]. In the context of SARS-CoV-2, TLR-
agonist adjuvanted peptide vaccines that can elicit both CD4+ and CD8+ T cell responses
were found to be effective against a wide range of emerging variants [7].

TLRs are pattern recognition receptors (PRRs) capable of recognizing specific pathogen-
associated molecular patterns (PAMPs) conserved among micro-organisms and stimulate
inflammatory signaling cascades. Since the discovery of TLR pathways in the 1990s and
the identification of lipopolysaccharide (LPS) as the canonical agonist of the TLR4 pathway,

197



Pharmaceutics 2022, 14, 2557

numerous studies have identified alternative agonists and antagonists [8–13]. These alter-
nate signaling molecules can be small molecules, LPS mimics, or a range of other structures.
Additionally, compounds have been identified that act on up- or downstream components
of the TLR4 signaling pathway, which are often derived from metabolic byproducts but can
also be exogenously derived [13]. This has led to a library of hundreds to potentially thou-
sands of molecular agents with known activity in the TLR4 pathway. Substantial progress
has been made in the last several years in defining the mechanisms of action for many of
these compounds. This knowledge has enabled rational development of next-generation ad-
juvants and more informative clinical evaluation of new adjuvanted vaccines [14]. Among
their potential mechanisms of action, adjuvants can act on antigen-presenting cells (APCs)
through inflammasome and/or TLR-mediated pathways. Inflammasome activation via
TLR4 requires two signals: First, signal 1 engages TLR4 through the adaptor proteins
myeloid differentiation factor 2 (MD-2), LPS-binding protein, and CD14 to activate nuclear
factor-κB (NF-κB) to produce nucleotide-binding domain-like receptor protein 3 (NLRP3)
and pro-interleukin-1β (pro-IL-1β). Next, signal 2 stimulates NLRP3, pro-caspase-1, and
the adaptor protein apoptosis-associated speck-like protein containing a caspase activation
and recruitment domain (ASC) assembly, which subsequently cleaves the pro-caspase
into its active form caspase-1, which then cleaves pro-IL-1β and pro-IL-18 (constitutively
expressed) into active, secretory forms [15,16].

Glucopyranosyl lipid adjuvant (GLA) is a synthetic TLR4 agonist that, when formu-
lated with a phospholipid-stabilized squalene-in-water stable emulsion (SE), forms a safe
and effective vaccine adjuvant, which has advanced to Phase 2 clinical testing [17,18]. The
combination adjuvant GLA-SE promotes strong TH1 cellular and balanced IgG1/IgG2
antibody responses to a variety of vaccine antigens in animal models and human clinical
studies and provides protective immunity against infections such as tuberculosis and leish-
maniasis [15,19]. The adjuvanticity of GLA is critically dependent on its formulation in
SE [20]. We have found that GLA-SE mediates TH1 induction via myeloid differentiation
factor 88 (MyD88) and Toll/IL-1 receptor domain-containing adaptor protein inducing
interferon-β (TRIF) signaling and produces IL-18 in draining lymph nodes, suggesting
the inflammasome is involved [21,22]. We have further demonstrated that SE induces
APC recruitment in the draining lymph nodes, which drives the development of adaptive
immunity. The adjuvanticity of SE was substantially impaired in ASC−/− or NLPR3−/−

mice, suggesting that SE functions in an inflammasome-dependent manner [15]. These
findings further support a two-step mechanism of action for the combination GLA-SE
adjuvant to activate the inflammasome in which (1) GLA, signaling via TLR4, increases
expression of the inflammasome components NLRP3 and ASC and the inflammasome sub-
strates pro-IL-1β and pro-IL-18, and (2) SE activates the NLRP3-dependent inflammasome
to activate caspase-1 to process the proenzymes into their secreted active forms.

Despite progress, the specific mechanisms by which oil-in-water emulsions engage
with the innate immune system are still not completely understood. Recently, fatty acids
and oxidized phospholipids that result from cellular damage have been shown to en-
gage with TLR4-dependent pathways in animal models in a pro- or anti-inflammatory
manner [12,23–25]. These damage-associated molecular patterns (DAMPs) often result
from the partial oxidation of unsaturated fatty acids such as 1-palmitoyl-2-arachidonoyl-
phosphatidylcholine (PAPC), leading to a heterogeneous pool of products (i.e., oxidized
PAPC [oxPAPC]) [26]. oxPAPC in particular has been shown to block LPS activity in murine
models of septic shock by competitively inhibiting LPS binding to CD14 and preventing
downstream signaling [23,27]. Further, pre-treatment with oxPAPC can even reduce mouse
survival against peritoneal Escherichia coli challenge [28]. However, oxPAPC can also induce
a prolonged hyper-inflammatory state when dosed after LPS [25]. Additionally, several
recent reports have suggested that phosphatidylcholine (PC) molecules may interact with
TLR4 [23–25].

Other phospholipids, such as those present in adjuvant emulsions like SE, may also
engage with the TLR4 pathway. SE consists of a squalene-in-water emulsion stabilized
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by non-ionic surfactants and emulsifiers, including poloxamer 188 and the phospholipid
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and has been evaluated in a number
of clinical-stage vaccine models [29–31]. In this report, we show that DMPC present in SE
can stimulate the TLR4 pathway. We demonstrate that DMPC is necessary and sufficient to
recapitulate the TLR4 pathway-stimulating effect of SE, and can stimulate the production
of antigen-specific antibodies in a TLR4-dependent manner. Additionally, we observed
that phospholipid-stimulated IL-1β production in murine bone marrow-derived dendritic
cells (BMDCs) was sensitive to the chemical composition of both the phospholipid tail and
headgroups. The results of our study may be relevant to the development of phospholipid-
containing delivery systems and their characterization in preclinical and clinical models.

2. Materials and Methods
2.1. Reagents

SE (5X concentrate consisting of 10% v/v squalene, 1.9% w/v DMPC, 0.09% w/v
poloxamer 188, 1.8% v/v glycerol, and 25 mM ammonium phosphate buffer) was made
in-house by high-pressure homogenization as previously described [20]. Grapeseed SE (2X
concentrate consisting of 4% v/v grapeseed oil, 0.76% w/v DMPC, 0.036% w/v poloxamer
188, 1.8% v/v glycerol, and 25 mM ammonium phosphate buffer) was prepared by the
same high-pressure homogenization method as above. MF59-like emulsion (2X concentrate
consisting of 4% v/v squalene, 0.4% w/v sorbitan trioleate, 0.4% w/v polysorbate 80, and
10 mM citrate buffer) was manufactured by high-pressure homogenization as described
previously for AAHI’s MF59-like EM022 composition [32]. Liposomes containing one
of the following PCs were formulated at 1.9% (w/v) in deionized water: 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC); 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC); 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC); 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC); DMPC; 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC);
and 1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DMPG) were obtained from
Lipoid (Newark, NJ, USA) or Avanti Polar Lipids (Alabaster, AL, USA). 1,2-dimyristoyl-
sn-glycero-3-phosphoethanolamine (DMPE) and 1,2-dimyristoyl-sn-glycero-3-phospho-
L-serine (DMPS) were obtained from Sigma Aldrich (St. Louis, MO, USA). The liposome
mixture was then bath-sonicated at 65 ◦C for 20–60 min followed by 0.2-µm filtration.
Particle size was determined by diluting an aliquot of each formulation 1:100-fold in deion-
ized water and measuring the scattering intensity-based size average (Z-avg) by dynamic
light scattering with a Zetasizer APS (Malvern Panalytical, Malvern, UK). Particle size
and polydispersity index for materials used in this study can be found in Supplementary
Tables S1 and S2. GLA-AF (5X concentrate consisting of 0.25 mg/mL GLA and 0.21 mg/mL
DPPC) was manufactured in-house by sonication as previously described [20]. Ultrapure
LPS (E. coli 0111:B4), FSL-1, and polymyxin B were obtained from InvivoGen (San Diego,
CA, USA). Adenosine 5′-triphosphate (ATP) was purchased from Thermo Fisher Scientific
(Waltham, MA, USA).

2.2. Animal Ethics

Female C57BL/6 wild-type (WT), TLR2−/−, TLR4−/−, MyD88−/−, and NLRP3−/−

mice aged 6–10 weeks were purchased from The Jackson Laboratory (Harbor, ME, USA). All
strains were maintained in specific-pathogen-free (SPF) conditions. All animal experiments
and protocols used in this study were approved by the Infectious Disease Research Institute,
now AAHI, Institutional Animal Care and Use Committee (IACUC) and the Office of
Laboratory Animal Welfare Assurance (Assurance ID A4337-01) effective 25 February 2015,
to 28 February 2019.

2.3. Bone Marrow-Derived Dendritic Cell Prime and Stimulation In Vitro

BMDCs derived from WT or TLR2−/−, TLR4−/−, MyD88−/−, or NLRP3−/− mice
were cultured following the protocol developed by Lutz et al. [33]. Briefly, BMDCs were
derived from bone marrow and allowed to differentiate in IMDM (Iscove’s Modified
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Dulbecco’s Medium) containing 10% fetal bovine serum (FBS), 1% L-glutamine, 1% peni-
cillin/streptomycin, and 20 ng/mL granulocyte-macrophage colony-stimulating factor
(GM-CSF). Non-adherent cells were collected between Day 8 and Day 10 for stimulation.
Collected cells were centrifuged and resuspended in OptiPRO SFM (Thermo Fisher Scien-
tific). 125,000 cells in 125 µL were plated per well in a 48-well plate. Cells were primed by
treatment with LPS (10 µg/mL) or media for 2 h then re-centrifuged prior to treatment as
indicated below immediately after plating and incubated at 37 ◦C with 5% CO2 for 5 h: SE
or MF59-like emulsion with squalene or grapeseed oil at 0.5% oil (v/v), phospholipid and
liposomes at 0.095% (w/v), LPS (TLR4 agonist) at 10 µg/mL, and FSL-1 (TLR2/6 agonist)
at 100 ng/mL. Following treatment, cells were centrifuged and supernatant was collected
and stored at −20 ◦C until analysis. To recover cell lysates, 125 µL of 1X radioimmuno-
precipitation assay (RIPA) buffer with protease inhibitors (Roche, Basel, Switzerland) was
added per well and allowed to incubate as per the manufacturer’s instructions prior to
the collection of lysates. Potential LPS contamination was assessed by pre-treating LPS,
SE, and DMPC liposomes with 50 µg/mL polymyxin B for 5 h before addition to BMDC
cultures as described above.

2.4. Cytokine Enzyme-Linked Immunosorbent Assays (ELISAs)

To enable qualitative comparison between cytoplasmic (pro-IL-1β) and secreted IL-1β,
we chose to use ELISA as opposed to a more direct cellular method, such as intracellular
cytokine staining. Supernatants and lysates from primary BMDC assays were assessed for
production of IL-1β (supernatant), pro-IL-1β (lysate), IL-18 (lysate), tumor necrosis factor
alpha (TNFα, lysate), and IL-12p40 (lysate) via ELISA (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Cytokine quantification was performed via a standard
curve using GraphPad Prism v9 software (San Diego, CA, USA).

2.5. Reporter Cell Assays

HEK-Blue mTLR4, hTLR4, and mTLR7 reporter cells were obtained from InvivoGen
(San Diego, CA, USA). For these cells, a secreted embryonic alkaline phosphatase (SEAP)
reporter gene is placed under the control of an interferon (IFN)-β minimal promoter fused
to five NF-κB and AP-1 binding sites. Stimulation with a TLR4 agonist activates NF-κB and
AP-1, which induce the production of SEAP. The production of SEAP induced by NF-κB
and AP-1 activation, which is triggered by TLR4 or TLR7 stimulation, is measured at an
optical density (OD) of 650 after 6 h following the protocol provided by the manufacturer
(InvivoGen). Cells were cultured at 25,000 cells/well and treated with either DMPC
(150 µg/mL), GLA-AF (50 µg/mL), 3M-052-AF (1 µg/mL), or media, and incubated at
37 ◦C for 40 h (hTLR4 and mTLR4) or 44 h (mTLR7). Each stimulation condition was
performed in triplicate.

2.6. Human Whole Blood Immunogenicity Assay

SE and MF59-like emulsions comprising squalene or grapeseed oil were evaluated
for innate immunostimulatory activity on whole blood from 6 healthy human subjects
(3 male and 3 female). The emulsions were incubated directly with heparinized whole
blood at 0.4% (v/v) oil for 18–24 h at 37 ◦C, and production of monocyte chemoattractant
protein-1 (MCP-1), IL-8, and macrophage inflammatory protein-1β (MIP-1β) cytokines in
supernatants was quantified as described previously [34].

2.7. Mice and Immunizations

Female WT and TLR4−/− mice were immunized via an intramuscular injection in
the quadriceps muscles of hind limbs (50 µL per leg) with formulations containing 2.5 µg
of recombinant ID97 tuberculosis antigen formulated with a squalene-based MF59-like
emulsion or SE both at 2% oil by volume [35]. Blood was collected via terminal cardiac
bleeding on Day 21, and serum was isolated prior to storage and analysis.
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2.8. Serum Endpoint Titer ELISA

Serum titers against ID97 antigen were evaluated by antibody-capture ELISA. Briefly,
Corning high-binding 384-well plates (VWR International, Radnor, PA, USA) were coated
overnight at 4 ◦C with 2 µg/mL ID97 in coating buffer (eBioscience, San Diego, CA, USA),
then washed in phosphate-buffered saline (PBS)-Tween 20. Serially diluted serum samples
were incubated for 1 h followed by either anti-mouse IgG (H + L)-HRP, IgG1-HRP, or
IgG2c-HRP (SouthernBiotech, Birmingham, AL, USA); and 3,3′,5,5′-tetramethylbenzidine
(TMB) substrate was applied as per the manufacturer’s instructions. Plates were analyzed
at 450 nm using an ELx808 Absorbance Reader (Bio-Tek Instruments, Winooski, VT, USA),
and endpoints were set as the minimum dilution at which values were lesser than or equal
to an OD of 0.5.

2.9. Statistical Analysis

Data were analyzed using GraphPad Prism by one-way ANOVA (with corrections
for multiple comparisons applied as indicated in figure captions). Values were considered
significantly different with p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

3. Results
3.1. SE Does Not Induce Mature IL-1β Secretion through the Inflammasome

To determine whether SE activates the inflammasome, we treated media or LPS-
primed murine BMDCs with SE or the known inflammasome activator ATP [36]. LPS prime
and ATP treatment resulted in secretion of mature IL-1β into the supernatant, whereas
SE treatment did not cause extracellular IL-1β accumulation (Figure 1A). To our surprise,
treatment of naïve, i.e., not LPS-primed, BMDCs with SE caused an accumulation of
intracellular pro-IL-1β, similar to LPS priming. The accumulation of pro-IL-1β in the lysate
was significantly greater in SE-treated cells compared to untreated or ATP-treated cells.
This suggests that SE, or one of its components, can activate signal 1, but not signal 2, of
the inflammasome pathway, similar to LPS.
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in the absence of lipopolysaccharide (LPS). BMDCs from wild-type (WT) mice were primed with
media or LPS (10 µg/mL) for 2 h and then stimulated with media, 5 mM ATP, or 0.5% SE. Supernatant
(sup) and lysate were collected and assayed for IL-1β or pro-IL-1β, respectively, by enzyme-linked
immunosorbent assay (ELISA). (B) SE stimulates pro-IL-1β production in a MyD88-dependent
process. BMDCs were derived from WT, NLRP3−/−, or MyD88−/− mice and stimulated with media,
glucopyranosyl lipid adjuvant-aqueous formulation (GLA-AF) (4 µg/mL), or SE for 5 h. Cells were
lysed and assayed for pro-IL-1β by ELISA. (C) SE stimulates IL-1β production in a TLR4-dependent
process. BMDCs were derived from WT, TLR2−/−, or TLR4−/− mice and stimulated with media,
LPS, or SE for 5 h. Cells were lysed and assayed for pro-IL-1β by ELISA. (D) TLR4−/− mice are not
generally immune deficient. BMDCs were derived from WT or TLR4−/− mice and stimulated with
media, FSL-1 (100 µg/mL), or SE. Cells were lysed and assayed for pro-IL-1β by ELISA. Data are
representative of 3–6 experiments with similar results, showing mean ± SEM; statistical significance
was determined via one-way ANOVA followed by a Tukey test for multiple comparisons. *** p < 0.001.

3.2. TLR4 and MyD88 Are Crucial for the Pro-IL-1β Induction Activity

Most TLRs, except TLR3, depend on the MyD88 adaptor protein to effectively link
PAMP recognition to changes in gene expression and to mediate signal 1 of inflammasome
activation. Therefore, to understand if SE was specifically interacting with known TLR4
signaling pathways, we employed transgenic MyD88−/− animals and cell lines as negative
controls [37]. Consistent with SE being a canonical TLR4 agonist, pro-IL-1β expression
was ablated in MyD88−/− BMDCs treated with GLA or SE, whereas the inflammasome
molecule NLRP3 was not required for pro-IL-1β expression (Figure 1B). To determine
which MyD88-associated receptors recognized SE, we examined responses in TLR4- and
TLR2-deficient BMDCs. TLR4−/−, but not TLR2−/−, BMDCs failed to increase pro-IL-1β
expression in response to SE treatment, indicating that SE acts on the TLR4-MyD88 signaling
axis (Figure 1C). Importantly, TLR4−/− BMDCs produced normal amounts of pro-IL-1β in
response to the TLR2/6 ligand FSL-1, confirming that these cells are not globally defective
in pro-IL-1β expression (Figure 1D). This suggests that some component of SE is stimulating
pro-IL-1β production specifically via a TLR4 and MyD88-mediated process.

3.3. DMPC, a Component of SE, Is Essential for TLR4 Activity

To determine whether squalene or DMPC is signaling through the TLR4-MyD88 path-
way to enhance pro-IL-1β expression, we developed stable oil-in-water emulsions lacking
either DMPC or squalene and applied them to murine BDMCs. We have previously found
that replacing squalene with other oils, including grapeseed oil, impairs the adjuvant
activity of oil-in-water emulsions, allowing us to use grapeseed oil as a non-immunogenic
control [38]. Squalene is also a primary component of both the MF59 and AS03 emul-
sions used in licensed vaccine products. Therefore, an MF59-like emulsion was used as a
non-DMPC-containing control for the immunogenicity of squalene. GLA in an aqueous
formulation (GLA-AF) was used as a positive control for TLR4 stimulation. The DMPC-
containing grapeseed oil SE retained pro-IL-1β activity, whereas the DMPC-free MF59-like
emulsion was not active (Figure 2A). Treatment of BMDCs with DMPC formulated as a
liposome without squalene was also sufficient to elicit pro-IL-1β production and other
pro-inflammatory cytokines including IL-18, TNFα, and IL-6 (Figure 2B). DMPC liposomes
and DMPC-containing emulsions were able to elicit inflammatory signals similar to the
canonical agonist GLA, suggesting an equivalent immune phenotype.
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Figure 2. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) is necessary and sufficient for pro-
IL-1β and cytokine production. WT BMDCs were stimulated with media, GLA-AF, squalene SE,
MF59-like emulsion, or grapeseed oil SE for 5 h. (A) Pro-IL-1β production is ablated in DMPC-free
emulsions. Lysate was collected and assayed for pro-IL-1β by ELISA, using the formulations marked
below the axis. (B) SE and GLA have similar cytokine profiles. WT BMDCs were stimulated as in
(A) or with DMPC prepared as a liposome for 5 h. Lysates were assayed for pro-IL-1β, IL-6, TNFα,
and IL-12p40 by ELISA. Data are shown as the mean +/− SEM of n = 3–6 replicates. Data are
representative of three experiments with similar results.

3.4. DMPC Is an Agonist of the Murine and Human TLR4 Pathways

To further validate the TLR4 activity of DMPC, we employed a TLR4−/− mouse model
and a transgenic reporter model for both mouse and human TLR4 activity in a human
cell line. As with SE, pro-IL-1β production by DMPC liposome stimulation was ablated
in TLR4−/− BMDCs (Figure 3A). These results suggest that DMPC plays an essential role
in SE TLR4 activity. However, LPS (endotoxin) is a TLR4 ligand, and its contamination
in test reagents could generate false conclusions regarding TLR4 ligands. Polymyxin B is
able to selectively bind LPS and neutralize its biological activity [39]. Therefore, to confirm
that SE and DMPC are bona fide TLR4 agonists with pro-IL-1β activities and not the result
of endotoxin contamination, we treated LPS, SE, and DMPC liposomes with 50 µg/mL
polymyxin B before adding them to BMDCs. Addition of polymyxin B was sufficient to
abrogate the pro-IL-1β response to LPS but had no impact on the response to DMPC or SE,
indicating that their activities are not due to endotoxin contamination (Figure 3B).

Murine and human TLR4s have different specificities for some ligands [40,41]. To
determine whether DMPC engages the human TLR4, as well as murine TLR4, we employed
HEK-Blue reporter cells transfected with either murine TLR4 (and species-matched adaptor
proteins MD-2 and CD14) or human TLR4. Both human and murine TLR4 reporters were
strongly responsive to GLA-AF stimulation as a canonical positive control and moderately
responsive to DMPC stimulation, whereas a TLR7 reporter system was non-responsive
to DMPC but was activated by the known TLR7/8 agonist 3M-052 as a positive control
(Figure 3C) [20]. Other studies using HEK-Blue cells overexpressing human or murine TLR4
have shown similar responses to DMPC stimulation [40,42]. These results demonstrate that
DMPC is the TLR4 active component of SE, that activity is not due to endotoxin contamination,
and that the activity of DMPC is maintained across both murine and human TLR4s.
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munity [8,43–45]. To further understand the activity of DMPC on markers of human in-
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Figure 3. DMPC activates human and murine TLR4 pathway. (A) DMPC recapitulates the pro-IL-1β
production of SE in a TLR4-dependent manner. WT and TLR4−/− BMDCs were stimulated with
media, GLA, SE, DMPC liposomes, or MF59-like emulsion for 5 h. Lysate was collected and assayed
for pro-IL-1β by ELISA. (B) SE and DMPC stimulation of pro-IL-1β production is not a result of
endotoxin contamination. WT BMDCs were stimulated with media, LPS, SE, DMPC liposomes, or
MF59-like emulsion pretreated with polymyxin B (PmxB) for 5 h. Lysate was collected and assayed
for pro-IL-1β by ELISA. (C) DMPC has activity in both human and murine TLR4s. HEK reporter
cells transfected with murine (m) or human (h) TLR4 or murine TLR7 were stimulated with media,
GLA-AF, DMPC liposomes, or 3M052-AF (TLR7/8 ligand) for 44 h. The production of SEAP induced
by NF-κB and AP-1 activation triggered by TLR4 or TLR7 ligand stimulation was measured at OD
650. Data are shown as the mean +/− SEM of a representative with each condition performed in
triplicate. Data are representative of three experiments with similar results.

3.5. Emulsion Stimulation of Innate Immune Activity in Human Whole Blood Is Dominated by
Oil-Phase Components

Adjuvant immunogenicity varies between species, and the stimulation of chemokine
secretion to attract innate immune cell populations is a critical step toward adaptive
immunity [8,43–45]. To further understand the activity of DMPC on markers of human
innate immunity, we applied SEs and MF59-like emulsions formulated from either squalene
or grapeseed oil to human whole blood from 6 donors (3 male and 3 female) for 18–24 h
and assayed a panel of secreted cytokines via ELISA. Monocyte chemoattractant protein-
1 (MCP-1 or CCL2), IL-8, and macrophage inflammatory protein-1β (MIP-1β or CCL3)
were chosen because of their role in early innate immune cell recruitment and because of
their previous use in other preclinical vaccine formulation studies [34,46,47]. The squalene-
containing formulations (SE and MF59-like emulsion) were more effective at eliciting MCP-1
(Figure 4A) and MIP-1β (Figure 4B) secretion than the grapeseed-containing formulations,
regardless of DMPC content. However, the DMPC-containing grapeseed SE stimulated the
secretion of more IL-8 than the grapeseed oil MF59-like emulsion (Figure 4C), confirming a
TLR4/MyD88/NF-κB-dependent IL-8 secretion previously reported and further validating
DMPC as a TLR4 ligand [48,49]. For some markers of human immunogenicity such as
production of IL-8, DMPC clearly has some effect when compared to the DMPC-free
MF59-like emulsions. However, oil selection (e.g., squalene vs. grapeseed oil) has a more
pronounced phenotype.
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Figure 4. Human whole blood response to emulsion formulations is dominated by oil-phase com-
ponent. In vitro stimulation of human whole blood with oil-in-water emulsions at 0.4% v/v oil.
Squalene-containing formulations led to increased secretion of (A) MCP-1, (B) MIP-1β, and (C) IL-8.
Log-transformed cytokine concentrations were measured in supernatants of heparinized blood stim-
ulated by incubation with emulsions. Box and whisker plots indicate 1st–3rd quartiles with whiskers
representing the minimum and maximum values from n = 6 donors (3 male and 3 female). Statisti-
cal significance was determined by one-way ANOVA followed by Tukey’s correction for multiple
comparisons. * p < 0.05, *** p < 0.001, and **** p < 0.0001.

3.6. Phospholipid Acyl Chain Length, Saturation State, and Headgroup Structure Are Critical for
TLR4 Activity

DMPC contains a PC headgroup and two saturated acyl chains, each containing
14 carbons (14:0). To determine the structural motifs of DMPC that are important for TLR4
engagement, we examined the pro-IL-1β response of BMDCs stimulated with liposomes
comprising structural variants of phospholipids with different headgroups or acyl chains
(Figure 5A). DLPC, which has the same headgroup as DMPC but shorter acyl chains
(C12, 12:0), showed similar pro-IL-1β production activity to DMPC (Figure 5B). Conversely,
longer acyl chains with the same phosphocholine headgroup as DMPC, either the fully
saturated C16 (16:0) DPPC or C18 (18:0) DSPC, the monounsaturated C18 (18:1) DOPC, or
the asymmetrical C16/C18 (16:0/18:1) POPC, all elicited very little pro-IL-1β compared
to DMPC (Figure 5B). Among the three saturated C14 phospholipids, DMPC and DMPG
induced the production of pro-IL-1β whereas DMPS did not, suggesting that the headgroup
structure also impacts TLR4 engagement (Figure 5B). This demonstrates that both acyl
chain length and headgroup structure determine the immunogenicity of phospholipids in
murine BMDCs.
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Figure 5. Both the acyl chain length and headgroup structure affect the activity of murine BMDCs. WT
BMDCs were stimulated with a panel of phospholipids (A) as liposomes. (B) Stimulation of pro-IL-1β
production is dependent on lipid structure. After 5 h, lysates were collected and assayed for pro-IL-1β
by ELISA. Data are shown as the mean +/− SEM of n = 3 replicates. Data are representative of
three experiments with similar results, showing mean ± SEM. Statistical significance was determined
via one-way ANOVA followed by a Dunnett correction for multiple comparisons to the media-only
group. ** p < 0.01 and *** p < 0.001.

3.7. TLR4 Plays a Role in Murine SE-Stimulated Antibody Responses

Finally, to determine if TLR4 engagement by the DMPC-containing SE adjuvant
contributes to its ability to augment the adaptive immune response, we immunized WT
and TLR4−/− C57BL/6J mice with ID97, a protein tuberculosis antigen, adjuvanted with
squalene SE or squalene MF59-like emulsion. Three weeks after immunization, WT mice
who received the SE-adjuvanted vaccine showed significantly enhanced serum antigen-
specific IgG and IgG1 antibody production compared to TLR4−/− mice who received the
same vaccine (Figure 6A,B). In mice that received the SE adjuvant, IgG2c production was
not affected by TLR4 knockout (Figure 6C). These differences between WT and TLR4−/−

mice were not observed using the MF59-like emulsion, which does not contain DMPC,
suggesting that SE acts through TLR4 to promote these antibody responses and that DMPC
is the TLR4 active compound (Figure 6A,B). This suggests that the adjuvanting effect of SE
is related to the inclusion of DMPC.
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Figure 6. SE acts through TLR4 to augment humoral responses to vaccination. DMPC-containing
adjuvants act in a TLR4-dependent process, whereas MF59-like emulsions show TLR4-independent
activity. WT and TLR4−/− mice were immunized once with a tuberculosis protein antigen (ID97)
either unadjuvanted or adjuvanted with SE or MF59-like emulsion. Three weeks later, peripheral
blood was collected. Serum was assayed for antigen-specific (A) IgG, (B) IgG1, and (C) IgG2c by
ELISA. Data are shown as the mean +/− SEM of a representative population with each condition
performed in triplicate. Data are pooled from two experiments with similar results. ** p < 0.01 and
ns = not significant.

4. Discussion

In this study, we present evidence that DMPC functions as a TLR4 agonist in the
context of the SE adjuvant. We show that DMPC can trigger signal 1 of the TLR4-dependent
inflammasome pathway and can induce an immune phenotype similar to canonical TLR4
agonists such as GLA. We additionally show that DMPC can engage with both human and
murine TLR4s, although the immunogenicity of DMPC is overshadowed by the impacts
of oil selection. Finally, we demonstrate that phospholipid structure impacts its ability
to interact with the TLR4 pathway and that DMPC promotes antibody production in
adjuvanted protein vaccines in a TLR4-dependent process. Based on our results clarifying
the pathway interactions in Figure 1 and our results showing a dependence on chemical
structure in Figure 5, we believe that there is a specific molecular interaction between
DMPC and TLR4 mediated by MyD88.

Based on previous studies of other lipids associated with TLR4 engagement, DMPC
may be stabilized in the MD-2 binding pocket and facilitate the association between MD-2
and TLR4, leading to downstream signaling through MyD88 and/or TRIF [50,51]. This
conclusion is supported by the induction of pro-IL-1β production in murine BMDCs
after treatment with DMPC-containing SE formulations (regardless of oil composition)
(Figure 2A) and by the lack of IL-1β expression after SE or DMPC liposome treatment in
TLR4−/− murine BMDCs (Figures 1C,D and 3A). The DMPC-containing grapeseed oil
emulsion also stimulates more secretion of IL-8 in human whole blood than the grapeseed
oil-based MF59-like emulsion (Figure 4C), demonstrating some impact of DMPC on human
immunogenicity. Overall, the results presented in Figures 1–3 suggest that both DMPC-
containing emulsions (SE) and DMPC liposomes can signal through TLR4. These results
are distinct from previous findings by other groups looking at the TLR4 activity of long-
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chain saturated fatty acids, such as palmitic acid, due to the inherit spatial structure of
an intact phospholipid [52]. Our findings suggest that DMPC engages the TLR4-MyD88
axis but functions in an inflammasome-independent manner as shown by its resilience
against NLRP3 knockout (Figure 1B). This supports the conclusion that DMPC is able to
trigger TLR4 signal 1, leading to pro-IL-1β production, but is unable to trigger mature
IL-1β secretion. Although inflammasome signaling is a canonical pathway by which
some adjuvants trigger antibody production, other studies have indicated that TLR4-
agonist emulsions lead to strong humoral immune responses through alternative pathways
dependent on IL-18 and subcapsular macrophages [22,53]. Because of the limited ability of
SE to provide signal 2 of the canonical inflammasome pathway and its independence from
NLRP3 (Figure 1B), SE may be functioning via one of these non-canonical processes.

It is important to consider the type of immune response generated by adjuvant systems
when evaluating their applied use. This is often accomplished through the use of represen-
tative cytokine production panels. We show that DMPC liposomes can elicit similar levels
of the pro-inflammatory cytokines TNFα, IL-6, and IL-1β, and the canonical TH1 signal
IL-12p40, as SE and GLA (Figure 2B). DMPC can also elicit equivalent cytokine production
independent of oil-phase composition (Figure 2A). We have previously shown that oil selec-
tion can impact in vivo immunogenicity and that squalene outperforms other common oils
in the context of antigen-specific IgG production and long-lived antibody-secreting plasma
cell development [38]. The equivalence in pro-IL-1β production we observed between the
squalene and grapeseed oil groups (Figure 2A) suggests the lysate pro-IL-1β is primarily
due to DMPC signaling through the TLR4 pathway.

Well-known and characterized differences exist between the binding specificity of
murine and human TLR4 pathway adaptors, which potentially stifles the translation of
results in small animal models to human clinical products [41,54]. While we observed similar
IL-1β responses in HEK cells overexpressing murine or human TLR4 after treatment with
DMPC (Figure 3C), we only saw effects of DMPC on IL-8 production in human whole blood
(Figure 4) and instead found that oil-phase lipid (e.g., squalene or grapeseed oil) dominated
the pro-inflammatory cytokine response (MCP-1 and MIP-1β). This suggests that while
DMPC may partially engage the human TLR4 pathway, it does not seem to play a substantial
role in human immunogenicity. Due in part to the differences in binding pockets between
human and murine adaptor proteins (MD-2, TRIF, etc.), agents that are known to be human
TLR4 antagonists can be agonists of the murine pathway [40,45]. Therefore, it is unclear at
present the manner by which DMPC is interacting with the human TLR4 pathway.

Our results (Figure 5B) further suggest that phospholipid structure may impact the
agonist activity of adjuvant systems. Previous studies have shown that saturated lipid
chains 10–14 carbons in length are the most effective at activating or suppressing TLR4
signaling and that bioactivity drops off dramatically with longer aliphatic chains and
degree of unsaturation [13,33]. We observed that fully saturated 12–14 carbon PC lipids,
but not unsaturated or longer chain structures, stimulate pro-IL-1β production in murine
BMDCs. In contrast, we have shown that a number of phospholipid-containing emulsions,
including both TLR4-active (DMPC) and TLR4-inactive (DOPC, POPC) PCs, have similar
adjuvanting properties in mice [55]. This suggests that while DMPC has specific activity
in the TLR4 pathway, the downstream biological implications of this are secondary to the
adjuvanting effect of intact emulsion formulations [20,56]. Interestingly, DMPS and DMPG
liposomes exhibit dramatically different behavior in terms of pro-IL-1β production, despite
having identical aliphatic portions and similarly sized headgroups. It is unclear if this
is due to DMPS functioning as an antagonist while still engaging with the same binding
pocket or if it is entirely precluded from interacting with the TLR4 pathway due to steric
hindrance or clashing between charged groups, among other possibilities. It is also unclear
if DMPG, which was found to stimulate pro-IL-1β production in murine cells, would have
a similar agonistic effect in human models.

Previous studies of the oxidized PC lipid oxPAPC in mice have shown that it interreacts
with the TLR4 pathway as an antagonist or agonist depending on the immune context
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and LPS co-dosing schedule [23–25]. When dosed prior to LPS exposure, oxPAPC can
competitively inhibit LPS and sepsis, but when dosed after LPS priming, oxPAPC treatment
can lead to prolonged hyperinflammation [23,25,27]. This suggests that immune context
has a strong influence on the downstream impact of TLR4-phospholipid interactions. This
should be considered when developing lipid-based formulations for biologics or other
potentially immunogenic compounds (e.g., polyethylene glycol, polylactic acid, etc.), which
might lead to undesirable inflammatory responses or adaptive immunity [57,58].

DMPC-containing SE was found to stimulate the production of antigen-specific an-
tibodies against the tuberculosis antigen ID97 in a mouse model via a TLR4-dependent
process (Figure 6) [17]. Further, based on the titer ratio of IgG1 (TH2) and IgG2c (TH1), we
observed that both the MF59-like and the SE formulation produced a TH2-biased immune
response in mice, whereas GLA-SE is known to induce a more TH1-biased response [59].
Unlike the SE treated mice, the antibody response to MF59-like emulsions was unchanged
in the TLR4−/− animals. This is in agreement with previous work showing that MF59
acts in a TLR4-independent, although MyD88-dependent, manner [60]. Interestingly, it
has been shown previously that only the complete MF59 adjuvant, and not any individual
component, was able to augment antibody responses, suggesting that the particulate for-
mulation presentation in particular is the key to its immunogenicity, emphasizing the need
for development of composition and formulation in tandem [56]. Conversely, with SE we
observed that the removal of TLR4 specifically impacts antibody production, implying that
some TLR4-dependent interaction is promoting adaptive immunity. The TLR4-dependent
activity of SE and DMPC has potential implications in the development of drug and vaccine
formulations. DMPC is a common component of liposomal and emulsion systems used
to deliver small molecules and biologics in preclinical and clinical settings. The potential
TLR4 activity of selected phospholipids such as DMPC should be taken into account in
preclinical study development and interpretation of the biological activity of drug and
vaccine formulations.

5. Conclusions

The contribution of individual formulation components towards innate and adaptive
immunity of SE, a squalene-phospholipid emulsion, was evaluated. Compared to an MF59-
like emulsion, which does not contain the phospholipid DMPC, SE was found to act in a
TLR4-dependent manner, with DMPC being the key pathway agonist. These conclusions
were confirmed in in vitro models of murine and human TLR4 and in vivo murine models
of TLR4 activity. We also showed that phospholipids similar to DMPC seem to interact with
the TLR4 pathway in a chemical structure-dependent manner. These results contribute to
the growing body of literature on the mechanisms of action of adjuvant-emulsion and the
interactions between formulation components and the innate immune system, and should
be considered in the interpretation of preclinical formulation results.
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Abstract: Levofloxacin (LVX) and amphotericin B (AMB) have been widely used to treat bacterial and
fungal infections in the clinic. Herein, we report, for the first time, chitosan films loaded with AMB
and LVX as wound dressings to combat antimicrobial infections. Additionally, we developed and
validated a high-performance liquid chromatography (HPLC) method coupled with a UV detector
to simultaneously quantify both AMB and LVX. The method is easy, precise, accurate and linear
for both drugs at a concentration range of 0.7–5 µg/mL. The validated method was used to analyse
the drug release, ex vivo deposition and permeation from the chitosan films. LVX was released
completely from the chitosan film after a week, while approximately 60% of the AMB was released.
Ex vivo deposition study revealed that, after 24-hour application, 20.96 ± 13.54 µg of LVX and
approximately 0.35 ± 0.04 µg of AMB was deposited in porcine skin. Approximately 0.58 ± 0.16 µg
of LVX permeated through the skin. AMB was undetectable in the receptor compartment due to its
poor solubility and permeability. Furthermore, chitosan films loaded with AMB and LVX were found
to be able to inhibit the growth of both Candida albicans and Staphylococcus aureus, indicating their
potential for antimicrobial applications.

Keywords: amphotericin B; levofloxacin; chitosan film; wound dressing; antimicrobial

1. Introduction

Chronic, difficult-to-heal wounds are at risk of fungal infections and are also at risk of
developing bacterial infections. They are generally polymicrobial in nature [1]. Various
microorganisms cluster and coexist in their niche, where bacteria (Staphylococcus spp.) and
fungi (Candida spp.) generally predominate the polymicrobial population [2]. Therefore,
antibiotics and fungicides must be used in combination to combat those types of polymi-
crobial wounds [3,4]. Levofloxacin (LVX), a fluoroquinolone antibiotic, is active against a
broad range of Gram-positive, Gram-negative and atypical bacteria. It has been widely
used in the treatment of various infectious diseases. Although LVX is relatively safe and
tolerable, gastrointestinal (GI) disturbances and stimulation of the central nervous system
(CNS) have been observed [5]. Topical application of LVX could avoid GI and CNS side
effects andLVX has been widely reported in the application of wound dressings [6–8]. Am-
photericin B (AMB), a polyene fungicide, has been in clinical use for decades for treating
human fungal infections, especially opportunistic systemic fungal infections [9]. It pos-
sesses broad-spectrum antifungal activities and rare antifungal resistance [10]. Systemic
use of AMB has the potential for significant toxicity, especially nephrotoxicity and elec-
trolyte abnormalities [11]. AMB has been suggested to be used topically to treat wound
infections [12–14].
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In wound management, topical application is the first choice, but several antibiotics,
including AMB, suffer from low wound drug concentrations, which are needed to eradicate
infections. A preliminary study reported poor wound penetration of AMB after systemic
liposomal AMB administration, risking subinhibitory concentrations of the fungicide at
the site of infection [13]. Another case report attempted to administer topical AMB for
postoperative mucomycosis with positive outcomes observed from the wound healing
process [13,15]. In contrast with AMB, LVX was reported to have good wound penetration,
but considering its systemic side effects, the topical route may be beneficial to avoid
adverse reactions [16,17].

Wound dressings can be enriched with antimicrobial drugs to better address the risk of
developing infections during wound care [18–20]. Two antimicrobial agents can be combined
in one preparation to resist the development of resistant pathogens [21,22]. To extend its
antimicrobial properties and to better tackle polymicrobial infection, an antibacterial and
antifungal drug can be combined into one preparation [3]. In this work, we use LVX and AMB
where a synergistic interaction between LVX and AMB has been reported [4].

A novel dual drug-loaded wound dressing using a chitosan film to deliver AMB and
LVX was designed in the study with the idea of extending the antimicrobial activities
of the chitosan films. Chitosan, a natural cationic polysaccharide obtained by alkaline
deacetylation of chitin, is nontoxic, biocompatible, biodegradable, mucoadhesive and
antimicrobial [23]. Chitosan exerts its antibacterial activities through the binding of its
cationic amino groups to anionic groups of these microorganisms [24]. These properties
make chitosan an ideal vehicle for the medical field. Chitosan possesses outstanding film-
forming capabilities, which are greatly appreciated in wound dressing systems, and its
films are sometimes stated as “bioactive dressings” [23,25]. Moreover, the combined use of
AMB and LVX was found to exert synergistic interactions against fungal cells, which may
potentially treat concurrent bacterial and fungal infections [4]. Therefore, both bacterial
and fungal infections may be treated by using only one pharmaceutical dosage form.

Method development followed by validation is an important step in the development
of novel pharmaceutical preparations, especially in combination drug products. Several
analytical methods have been reported to analyse AMB and LVX individually but to the
best of our knowledge, no analytical method has been reported for the simultaneous
quantification of AMB and LVX. Herein, we have developed and validated an HPLC-UV
analytical method to fill this gap. The developed and validated method was applied to
evaluate the release profile of the film, and antimicrobial performance was studied to
demonstrate antimicrobial efficacy.

2. Materials and Methods
2.1. Materials

Amphotericin B (AMB) was purchased from Cayman Chemical Company (purity
specification ≥ 95%), Ann Arbor, MI, USA. Levofloxacin hydrochloride (LVX) was ob-
tained from Zhejiang Jingxin Pharmaceuticals (Xinchang, China). Plasdone™ K-29/32
(poly(vinylpyrrolidone), PVP) (MW 58 kDa) was donated by Ashland (Kidderminster, UK).
Chitosan (low molecular weight), ethylenediaminetetraacetic acid disodium salt dehydrate
(EDTA-Na2), dodecyl sodium sulphate (SLS) and HPLC-grade methanol were also supplied
by Sigma-Aldrich (Poole, Dorset, UK). Dimethyl sulfoxide (DMSO) was provided by VWR
International Limited, Leicestershire, UK. Phosphate buffered saline (PBS) pH 7.4 tablets
were acquired from Oxoid Limited, Hampshire, UK. All other chemical reagents were
of analytical grade and purchased from Sigma-Aldrich (Dorset, UK) or Fisher Scientific
(Leicestershire, UK).

2.2. Film Preparation and Characterization

The films were prepared using the solvent casting method. Chitosan stock solution
was prepared by dissolving 3% w/v chitosan in 1 M acetic acid and stirring overnight at
25 ◦C. This chitosan stock solution (5 g) was mixed with 0.10 g PVP and 0.90 g water to
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form the film solution. For the films containing AMB and LVX, 25 mg of AMB dissolved
in 0.3 mL DMSO and 25 mg of LVX were added to the film solution and mixed using a
SpeedMixer™ (DAC 150.1 FVZ-K, FlackTek, Hamm, Germany) at 3500 rpm for 3 min to
form a homogenous solution. An aliquot of 250 µL of the resulting solution was added
into a circular silicone mould with a diameter of 2 mm and placed in a fume hood to dry
overnight. For the blank film, 0.3 mL DMSO was added to the film solution. For films
containing only AMB, 25 mg of AMB dissolved in 0.3 mL DMSO was added into the film
solution without the addition of 25 mg of LVX. For films containing only LVX, 25 mg of LVX
with 0.3 mL DMSO was added to the film solution. The structures of the obtained films
were studied by scanning electron microscopy (SEM) (Hitachi TM3030; Tokyo, Japan), a
digital microscope (Leica EZ4 D, Wetzlar, Germany) and an optical coherence tomography
(OCT) microscope (EX1301, Michelson Diagnostics Ltd., Kent, UK).

2.3. Instrumentation and Chromatographic Conditions

Simultaneous analysis of AMB and LVX was performed with an Agilent Technologies
1260 Infinity HPLC consisting of an Agilent degasser, quaternary pump, auto standard in-
jector and detector (Agilent Technologies UK Ltd., Stockport, UK). Separation was achieved
by using a C18 Phenomenex InertCloneTM analytical column ODS (3) (250 mm × 4.60
mm internal diameter, 5 µm packing; Phenomenex InertCloneTM, US). The mobile phase
consisted of a mixture of 2.5 mM EDTA-Na2 (mobile phase A) and methanol (mobile phase
B). The injection volume was 20 µL, and elution was performed at a constant flow rate of 1
mL/min for 16 min. The column was thermostated at 30 ◦C. The detection wavelengths
were set at 295 nm (for the analysis of LVX) and 406 nm (for the analysis of AMB). The
obtained chromatographs were analysed using Agilent ChemStation® software B.02.01.

The stock solutions were prepared by dissolving 10 mg of AMB and 10 mg of LVX
together with 10 mL of DMSO and methanol (1:1, v/v), and the standard samples were
prepared by diluting the stock solution using methanol. The instrumentation and chromato-
graphic conditions for AMB and LVX are presented in Table 1. These HPLC methods were
validated according to the International Council for Harmonisation (ICH) guidelines for
Validation of Analytical Procedures Q2 Analytical Validation Revision one (R1) 2005 [26,27].

Table 1. Gradient parameters for simultaneous analysis of AMB and LVX.

Time (min) Mobile Phase A, % (2.5 mM
EDTA-Na2)

Mobile Phase B, %
(Methanol)

0 65 35
4 35 65
5 15 85
12 15 85

12.01 65 35
16 65 35

2.4. Analytical Method Validation
2.4.1. Specificity

The specificity of the method was guaranteed by observing potential interferences
caused by blank release medium under current chromatographic conditions without the
presence of both drugs to evaluate if the matrices have interferences from other components
of similar behaviour.

2.4.2. Linearity and Calibration Curve

The linearity of the proposed method was assessed through calibration curves, con-
structed with eight standard solutions ranging from 0.7 to 5.0 µg/mL to determine the
coefficient of correlation, slope and intercept values. The calibration curves were obtained
by plotting the peak areas against the corresponding drug concentrations with least squares
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linear regression analysis using the Analysis ToolPak of Microsoft Excel® (Microsoft Corp.,
Redmond, WA, USA).

2.4.3. Detection and Quantitation Limits (LODs, and LOQs)

The theoretical LOD and LOQ for the developed methods were calculated using the
standard deviation of the response (σ) and slope (S) of the calibration curve according to
the following equations:

LOD =
3.3 × σ

S

LOQ =
10 × σ

S

2.4.4. Precision and Accuracy

The precision of the methods was verified using three standard concentrations of
each drug (1, 2, 4 µg/mL as low, medium, high concentrations). Accuracy is defined as
the closeness of agreement between the measurements and an accepted reference value,
expressed as the relative error (RE). The precision is expressed as the closeness of agreement
(degree of scatter) between a series of measurements, represented as the relative standard
deviation (RSD) [28]. Both RSD and RE were calculated using the following equations.
Accuracy and precision were evaluated intraday and interday, and the method was deemed
to be accurate and precise if the RSD and RE from all samples fell below 15% [29,30].

RSD (%) =
Standard deviation

Mean
× 100%

RE (%) =
Back calculated value − true value

True value
× 100%

2.5. Application of the Analytical Method to the In Vitro Release Study

The release profiles of both AMB and LVX were investigated as a direct application of
the analytical method. The chitosan films were placed in 10 mL of PBS (pH 7.4) with 1%
w/v SLS at 37 ◦C and 40 rpm. SLS was added to increase the solubility of AMB in PBS (pH
7.40) to maintain a sink condition. An aliquot of 1 mL of sample was taken at 1 d, 2 d, 3 d, 4
d, 5 d, 6 d, and 7 d and replaced with a fresh release medium. The release samples were
analysed using the validated simultaneous analytical method for AMB and LVX.

2.6. Application of the Analytical Method to Skin Deposition and Permeation Studies in
Franz Cells

Skin deposition and permeation experiments were carried out using a glass vertical
Franz diffusion cell setup. A piece of excised neonatal full-thickness (500 µm) porcine
skin obtained from stillborn piglets was sandwiched between the donor and the receptor
compartments with SC facing the donor. The receptor compartment was filled with 12 mL
of PBS (pH 7.4) containing 1% w/v SLS and allowed to equilibrate for 1 h at 37 ◦C. To start
the test, 10 µL of water was added to the skin surface, and the chitosan films containing
AMB+LVX were put into the donor compartment with close contact with the skin. The
receptor compartment was maintained at 37 ◦C and constantly stirred using a magnetic
bar at 600 rpm. At 24 h, samples (1 mL) were withdrawn from the receptor compartment,
filtered using a 0.45 µm syringe filter and analysed using HPLC. The AMB and LVX
deposited in skin were estimated after the 24 h permeation studies. The skin was carefully
removed from the Franz cell, wiped with a paper towel and cut into small pieces using
surgical scissors. The skin tissue was further homogenized with 1 mL DMSO using a Tissue
Lyser LT (Qiagen, Ltd., Manchester, UK) at 50 Hz for 15 min. The skin homogenate samples
were centrifuged at 16,160× g for 20 min to collect the supernatant for further dilution and
HPLC analysis.
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2.7. Microbiological Assay

A disk diffusion test was performed to evaluate the antibacterial and antifungal prop-
erties of the films against Staphylococcus aureus NCTC 10788 and Candida albicans NCYC 610
from the National Collection of Type Cultures, Central Public Health Laboratory, Colindale
Avene, London, respectively. C. albicans was grown and maintained on Sabouraud dex-
trose (SDE) agar (Oxoid, Hampshire, UK) and incubated at 37 ◦C for 48 h. C. albicans was
incubated overnight at 37 ◦C in SDE broth at 100 rpm in an orbital shaker. After growth,
C. albicans culture was diluted using sterile PBS (pH 7.4) to an OD550 value of 0.10 (approx.
6.0 × 105 cfu/mL). Then, 1 mL of the diluted culture was added to 5 mL of soft SDE agar,
which had been previously heated to 100 ◦C before being allowed to cool down to below
55 ◦C. This composition was then mixed using a vortex and poured onto the surface of an
SDE agar plate. Similarly, S. aureus was inoculated overnight at 37 ◦C in lysogeny broth
(LB) at 100 rpm in an orbital shaker. The culture was then diluted using PBS to an OD550
value of 0.10 (approx. 1.0 × 108 cfu/mL). Subsequently, 1 mL of the diluted culture was
mixed with 5 mL of soft Lysogeny agar (LA) and poured on the surface of an LA plate.
The chitosan films containing both drugs (AMB+LVX), containing only one drug (AMB or
LVX) and blank films were placed in the centre of the inoculated plates. The agar plates
containing different film samples were then incubated at 37 ◦C for 24 h. The whole process
was conducted under aseptic conditions, and untreated inoculated plates were used as a
control (n = 4).

2.8. Statistical Analysis

The data are shown as the means ± standard deviation (SD) unless otherwise noted.
The calculation of means, SD, %RSD, %RE, LOD, LOQ and least-squares linear regression
analysis were all performed using Microsoft® Excel 2019 (Microsoft Corporation, Redmond,
WA, USA). Unless otherwise noted, p < 0.05 was used to indicate statistical significance
in all cases.

3. Results
3.1. Preparation and Characterization of Topical Films

Chitosan films can be prepared using the solvent casting method, electrostatic spraying
method and dry wet phase separation method, due to the film-forming capabilities of
chitosan [31]. Overall, the solvent casting method is the most commonly used and most
convenient method [23]. The morphology of the chitosan films we prepared using the
solvent casting method was investigated using SEM [32]. As shown in Figure 1B, the films
presented a smooth, flat surface without any phase separation, indicating homogenous
blending between chitosan, PVP and the drugs. This finding correlates with the report in
the literature [33], indicating the film forming capability of chitosan and PVP [34]. At 1000×
magnification (Figure 1C), the surface was found to have crystals due to the semicrystalline
nature of the polymers and the crystalline nature of the drugs [34]. To further understand
the films, OCT was used to visualize the cross-section of the films. OCT is a well-established
imaging tool to noninvasively map the variation in reflected light as a function of depth to
indicate the cross-section information of samples [35]. As shown in Figure 1D, chitosan
films containing AMB and LVX had a homogeneous thickness. The obstruction density
of the chitosan films containing AMB and LVX was much higher than that of the blank
chitosan films (Figure 1E), indicating a homogenous distribution of drugs inside the films.
Additionally, the films were analysed using DSC. AMB is characterized by double broad
endothermic peaks at approx. 144 ◦C and 215 ◦C during DSC analysis. The endothermic
peak at 144 ◦C could be the melting point of AMB [36]. Additionally, the endothermic peak
at 215 ◦C can be attributed to drug decomposition [37]. This is consistent with previous
reports, as AMB has been reported to be a crystalline drug. Moreover, LVX shows an
endothermic peak at approx. 90 ◦C due to the loss of free water and the drug characteristic
melting point at approx. 230 ◦C, which demonstrates good agreement with previously
reported values [7,38–41]. It is important to note that, when both drugs were incorporated
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into the film, these melting points were not observed. Therefore, it can be concluded
that both drugs were dispersed homogenously in the film. Chitosan and PVP are stable
polymers with high decomposition temperatures. The endothermic peaks observed in the
blank and drug-containing films probably contributed to the residual solvent loss, including
acetic acid and water, after preparation [42]. This is because chitosan is known to have
a strong affinity with water [43] and PVP is hygroscopic in nature [44]. The thermogram
also indicates that the films might be amorphous/semi-crystalline in nature, as PVP is
known as an amorphous material [45]. PVP is a well-known pharmaceutical ingredient
for its nontoxic, bioinert, and hydrophilic properties and has been widely used in wound
dressings. The addition of PVP to chitosan has been reported to have little effect on the
physical and chemical properties of chitosan, but can improve the mechanical properties
of chitosan due to its ability to interact with PVP via hydrogen bond formation between
the carbonyl group of PVP and the amino or hydroxyl groups of chitosan [46]. Moreover,
the addition of PVP to chitosan films lowers the preparation cost, as PVP is a synthetic
polymer much more affordable than the naturally occurring polymer chitosan, which
requires extraction from crustacean shells [25].
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3.2. Analytical Method Development

A C18 column was chosen in this analytical method due to its adaptability and
versatility for a broad range of compounds. The HPLC analysis of AMB reported in the
literature generally uses the chelating agent EDTA in the mobile phase, as EDTA could
directly compete against AMB for chelation with metal ions possibly from the column
packing materials, therefore improving the chromatographic peak shape [47,48]. At the
beginning of the method development, an isocratic elution was applied to separate AMB
and LVX. However, a high ratio (over 60%) of the aqueous phase was required to retain
LVX, in which case the retention time of the AMB was over 30 min. A gradient method
was, therefore, developed in this study to achieve a shorter runtime and desired sensitivity
for simultaneously analysing AMB and LVX due to the huge difference between these two
molecules in polarity. The wavelengths were set at both 295 nm and 406 nm in the analysis
based on the maximum absorption wavelengths of individual compounds (406 nm for
AMB and 295 nm for LVX) [49–51].

3.3. Method Validation

ICH recommendations were consulted to perform method validation.

3.3.1. Specificity

The retention time for AMB and LVX under the present experimental conditions was
10.028 (at 406 nm) and 4.965 min (at 295 nm), respectively (Figure 2B). The resolution of
the two peaks is 3.74, greater than 1.5, indicating that the sample components are well-
separated to an extent where the area or height of each peak can be accurately measured [52].
Representative chromatograms of the drug-free release medium (as presented in Figure 2A)
showed no peaks at these retention times, demonstrating the specificity of the current
analytical method.
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3.3.2. Linearity and Calibration Curve

The linearity of the proposed method was determined by analysing different con-
centration levels of both AMB and LVX and determining their integrated peak area. The
peak areas were correlated to the corresponding concentrations to plot the calibration
curve. Linearity and the parameters of the regression equation are listed in Table 2. The
results demonstrate that the calibration curves for both drugs exhibited a linear response
with a coefficient of determination (R2) ≥ 0.99 over the concentration range analysed.
Additionally, Table 2 shows the LOD and LOQ for both drugs. These values obtained for
LVX are lower than previously reported HPLC methods using UV-visible detection for the
quantification of the drug in dosage forms [53]. The LOD and LOQ could be reduced by
using more sensitive detectors, such as fluorescence detectors or higher-end equipment,
such as UPLC [54–56]. However, these methods were developed in many cases for the
quantification of LVX in biological fluids requiring low drug concentrations. On the other
hand, AMB methods described in the literature are focused on the quantification of the
drug on biological matrices and therefore are not suitable for formulation development, as
they require complex extraction procedures or the use of high-end equipment such as mass
spectrometry [57,58].

Table 2. Calibration parameters and sensitivity of AMB and LVX (n = 3).

Drug Concentration
Range (µg/mL) Slope Y-Intercept

Correlation
Coefficient

(R2)
LOD (µg/mL) LOQ (µg/mL)

AMB 0.7–5 123.99 −8.64 0.999 0.20 0.62
LVX 0.7–5 92.16 −16.74 0.999 0.16 0.48

3.3.3. Accuracy and Precision

The accuracy and precision results for the QC samples are reported in Table 3. In
terms of accuracy, the values of %RE were found to be within −6.02 to 5.63%, falling
within the required limits of 15%, demonstrating that the current analytical method is
accurate [29]. In regard to precision, the values of %RSD were found to be within 1.62 to
5.06%, falling within the required limits of 15%, showing that the current analytical method
is precise [30,59].

Table 3. Intraday and interday accuracy and precision of AMB and LVX (Means ± SD; n = 3).

Drug
Spiked

Concentration
(µg/mL)

Calculated
Concentration

(µg/mL)
Precision (RSD%) Recovery (%) Accuracy

(RE%)

AMB intraday
1 1.05 ± 0.04 4.08 105.12 5.12
2 2.03 ± 0.04 2.00 101.55 1.55
4 3.99 ± 0.17 4.35 99.78 −0.22

AMB interday
1 1.01 ± 0.02 1.77 100.93 0.93
2 1.98 ± 0.03 1.62 98.91% −1.09
4 3.89 ± 0.20 5.05 97.19 −2.81

LVX intraday
1 1.00 ± 0.05 5.06 100.21 0.21
2 1.91 ± 0.04 2.00 95.31 −4.69
4 4.23 ± 0.12 2.86 105.63 5.63

LVX interday
1 1.00 ± 0.05 5.02 100.02 0.02
2 1.88 ± 0.04 2.07 93.98 −6.02
4 3.92 ± 0.20 5.01 98.11 −1.89
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3.4. Release of Topical Films

The release of AMB and LVX from the chitosan films was evaluated and quantified
using the analytical method validated above, and the release profiles are shown in Figure 3.
The amount of AMB and LVX was kept the same at 1.00 mg per disc to study the release
profiles of each drug at the same level. The release of AMB and LVX from chitosan films
followed a similar pattern: they were released quickly in the first three days and reached a
plateau by seven days. However, compared to AMB, LVX was released more quickly and
more completely from the chitosan films. It released 924.8 µg (92%) by the third day and
958.5 µg (96%) by the seventh day. In the case of AMB, its release reached 422.8 µg (42%) by
the third day and increased gradually afterward to 567.5 µg (57%) on the seventh day. These
similar patterns could be attributed to the same shape and fabrication materials of the films.
The different release phenomena could be explained by the different properties of the drugs.
LVX is a water-soluble compound that can easily dissolve and enter the release medium by
free diffusion, thereby presenting a more complete release after 3 days [60]. However, AMB
is practically insoluble in water at neutral pH values. In the PBS environment (pH 7.4),
the release of AMB from chitosan films was found to be slow. Similar release profiles
have been demonstrated in the literature, with AMB being released slowly from chitosan
particles [61].
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3.5. Skin Deposition and Permeation Studies in Franz Cells

Ex vivo skin deposition and permeation experiments were performed on modified
Franz cell setup (Figure 4A) using excised neonatal full-thickness porcine skin because
of its remarkable similarity in general structure and physical characteristics to human
skin [62,63]. Water (10 µL) was added to facilitate adhesion between the film and the skin
as well as to mimic the moist environment of the wound tissue. As shown in Figure 4B,
after 24-hour of application, 20.96 ± 13.54 µg of LVX was deposited in the skin and approx-
imately 0.58 ± 0.16 µg of LVX could permeate from the skin to the receptor compartment.
Approximately 0.35 ± 0.04 µg of AMB was deposited in the skin and little amount of AMB
was able to reach the receptor compartment. These data showed a very limited permeation
profile of AMB and relatively better profiles of LVX. This has been well documented in
the literature [13,16,17]. This could be attributed to the different characteristics of the
drugs [64]. LVX is classified as a BCS class I drug, which possesses high solubility and high
permeability [65]; while AMB is characterized as a BCS class IV drug, which is notorious for
its low solubility and low permeability [66]. The MIC of LVX against S. aureus is reported to
be in the range of 0.06–0.5 mg/L [67–69] The skin deposition and permeation of LVX from
the film was high enough to inhibit the growth of S. aureus deep in the skin layer. The MIC
of AMB against Candida is reported to be mostly around 0.25–1 mg/L [70]. The deposition
of AMB reached 0.35 ± 0.04 µg, indicating the applicability of the chitosan films to treat
superficial fungal infections. These data indicated that the chitosan films we developed
in this study could serve for localized topical use as the systemic exposure (indicated by
the permeation data) is likely to be minimal, indicating good safety profiles, especially
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for toxic drugs such as AMB [71]. Even though there are very limited resources to define
concentration toxicity threshold for levofloxacin [72,73], the safety profile of levofloxacin
has been widely reported in the literature and a high daily dose of 1000 mg is recommended
for patients [74]. The deposition and permeation of LVX from the film (approximately
21.54 µg in total) should be tolerable [75].
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Figure 4. Skin permeation and deposition results. (A) Schematic representation of the modified
Franz cell setup for the ex vivo skin permeation and deposition study. The chitosan films containing
AMB+LVX were placed on top of the full-thickness porcine skin and 10 µL of water was added
between the film and skin to facilitate adhesion and mimic the moist environment of the wound
tissue. The skin tissue was homogenized to extract the drug deposited and the samples from the
receptor compartment were analysed for permeation data. (B) Ex vivo permeation and deposition
results of AMB and LVX from the chitosan films. (Means + SD, n = 3).

3.6. Antimicrobial Efficacy

Chitosan films, with or without drugs, were evaluated for their antimicrobial effects
against both microorganism strains (C. albicans NCYC 610 and S. aureus NCTC 10788). The
disk diffusion test here was used to represent the overall antimicrobial ability of the films
and a complementary examination to confirm the release of both drugs. C. albicans was used
as a representative fungus because it is commonly found on the skin surface and mucous
membranes and is the most common cause of invasive fungal infections coinciding with
mortality rates as high as 40% [76,77]. Moreover, S. aureus is a Gram-positive bacterium
that can cause a wide variety of clinical diseases. S. aureus is a good example of a pathogen
that is involved in both community-acquired and hospital-acquired infections [78,79].

Chitosan films containing both AMB + LVX were found to be effective against both C. al-
bicans (inhibition zone of 18.93 ± 1.95 mm) and S. aureus (inhibition zone of 38.89 ± 1.76 mm)
(Figure 5). Furthermore, chitosan films containing only LVX showed no inhibition against C. al-
bicans. However, these samples presented considerable inhibition against S. aureus (inhibition
zone of 40.10 ± 0.79 mm). Chitosan films containing only AMB drug not only exhibited a
clear inhibition against C. albicans (inhibition zone of 21.46 ± 2.2 mm) but also against S. aureus
(inhibition zone of 25.30 ± 2.40 mm). Additionally, although blank chitosan films (no loaded
drugs) showed no inhibition against C. albicans, these films showed a clear inhibition against S.
aureus (inhibition zone of 18.15 ± 5.98 mm).
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Figure 5. Antimicrobial performances of chitosan films containing AMB and LVX. (A) Representative
disk diffusion test pictures against C. albicans after exposure to chitosan films containing AMB
and LVX, chitosan films containing LVX, chitosan films containing AMB, blank chitosan films and
untreated control. Scale bar, 5 cm. (B) Representative disk diffusion test results against S. aureus after
exposure to chitosan films containing AMB and LVX, chitosan films containing LVX, chitosan films
containing AMB, blank chitosan films and untreated control. Scale bar, 5 cm. (C) Disk diffusion test
results of chitosan films with or without AMB or LVX against C. albicans (means + SD, n = 4). (D) Disk
diffusion test results of chitosan films with or without AMB or LVX against S. aureus (means + SD, n
= 4; ns: not significant, ** p < 0.01, **** p < 0.0001).

With regard to antifungal activities, blank chitosan films and chitosan films containing
only LVX failed to inhibit the growth of C. albicans. However, AMB-loaded chitosan films,
including both chitosan films with AMB+LVX and chitosan films loaded only with AMB,
offered substantial antifungal activities, although no significant differences in terms of
inhibition zone diameter between these two samples were found (p > 0.05). These results
demonstrated that LVX, chitosan or PVP had no meaningful effect on inhibiting the growth
of C. albicans, and thus AMB was the main cause of the fungicidal activities from AMB-
loaded chitosan films. Chitosan has well-known antibacterial activities against bacteria.
However, its effects on fungal cells depend on several factors, including molecular weight,
the length of the polymeric chains and variations in pH and concentration [80–82]. It has
been reported that blank chitosan films did not show any inhibitory effects on the Candida
species, including C. albicans, Candida tropicalis and Candida parapsilosis tested in the study
conducted by Oliveira et al. [81].

In terms of their antibacterial activities, chitosan films themselves presented a modest
reduction in S. aureus growth. This antibacterial behaviour could also be attributed to
the possible existence of acetic acid in the formulation. The antibacterial ability of acetic
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acid has been widely applied in wound management for a long time as a disinfected
and antiseptic agent [83]. Although corrosive at concentrations between 10%–30%, acetic
acid is considered harmless below concentrations of 5% [84]. The residue acetic acid
should be within the safety range after evaporation overnight as demonstrated by the
DSC result in Figure 1F: no obvious endothermic peak is present at 118 ◦C at the melting
point of acetic acid. Furthermore, AMB-loaded chitosan films showed an inhibition zone
of 25.30 ± 2.40 mm against S. aureus, which presented a significant difference (p < 0.01)
compared with the results found for blank chitosan films. Therefore, these results indicate
that AMB may have notable bactericidal effects against S. aureus, which is consistent with
the results found in the literature [85]. Moreover, both chitosan films containing only
LVX or containing LVX in combination with AMB showed the greatest zone of inhibition
against S. aureus and no significant differences were found between these two film samples
(p > 0.05). To summarize, chitosan films containing both AMB+LVX were able to inhibit the
growth of both microorganisms, C. albicans and S. aureus, tested in this study.

4. Conclusions

This study developed, for the first time, a chitosan film loaded with AMB and LVX for
wound dressing. A simultaneous quantification method for AMB and LVX using HPLC-UV
was developed, validated and found to be accurate, precious and linear based on ICH
guidelines. The in vitro release profiles were examined using the validated method over
seven days. Ex vivo skin deposition and permeation studies were performed to further
understand the utility of the film and the applicability of the method. Antimicrobial tests
demonstrated the antibacterial and antifungal effects of the chitosan films containing both
drugs. This study provides some insightful and preliminary foundation for the combined
formulation of these two well-established drugs.
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