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Short Summary

[.  Short Summary

In search for alternative strategies to replace the traditionally used syringe and needle
for vaccine administrations and to overcome related disadvantages, the non-invasive
approach using nanoparticles (NPs) via the transfollicular route appeared as a
promising method to improve patient compliance.

As a cargo for NPs, mRNA gained remarkable attention, carrying genetic information
of different antigens, proteins or peptides. Hence, the thesis presents a detailed
characterization of the mechanistic behind NP-penetration into hair follicles and NP-
cellular internalization. Furthermore, advanced delivery systems for mRNA delivery
using pharmaceutical safe excipients were designed and mRNA complexed NPs were
explored for their potential to efficiently transfect immune cells.

In vitro transfection studies in dendritic cells revealed a high transgene expression rate
of approx. 80% for novel developed lipid-polymer nanoparticles (LPNs) when
compared to an established polymeric system made of PLGA with a chitosan surface
coating (CS-PLGA NPs).

Based on such encouraging in vitro results, mRNA encoding the influenza antigen
hemagglutinin was loaded onto the LPNs and further characterized for their potential
to induce effective immunity in in vivo adoptive transfer experiments using HA-
transgenic mouse. However, the lack of the expected immune response in this model
indicated several challenges related to transfollicular mRNA-vaccination and
consequently demand optimization strategies for this administration site to pursue

such non-invasive antigen delivery in the future.
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Kurze Zusammenfassung

lI.  Kurze Zusammenfassung

Alternative Strategien zum Ersatz von Spritzen und Nadeln bei Vakzinierungen
wirden die damit verbundenen Nachteile beseitigen und somit die Patienten-
Compliance verbessern. Der nicht-invasive Ansatz unter Zuhilfenahme von
Nanopartikeln (NPs) Uber die transfollikulare Route hat sich als eine
vielversprechende Methode dafiir gezeigt.

Der Benutzung von mRNAs als Cargo fur Nanopartikel kam eine beachtliche
Aufmerksamkeit zu, da eine solche Technologie erlaubt unterschiedliche genetische
Informationen von Antigenen, Proteinen und Peptiden zu transportieren. Diese Arbeit
zeigt die Entwicklung optimierter mRNA-Tragersysteme, basierend auf
pharmazeutisch sicher einzustufender Hilfsstoffe und beschreibt das Potenzial der
MRNA beladenen NPs Immunzellen zu transfizieren. In vitro Transfektionsstudien in
dendritischen Zellen zeigten eine hohe Transgen-Expressionsrate von ~80% fur ein
neuentwickeltes Lipid-Polymer-Hybrid NP-System (LPNs) verglichen mit einem
etablierten NP-System bestehend aus PLGA und einer Chitosan Beschichtung (CS-
PLGA NPs).

Ausgehend von diesen ermutigenden in vitro Ergebnissen wurden die LPNs mit einer
MRNA beladen, die fur das Influenza-Antigen Hamagglutinin kodiert und anschlieRend
auf ihre Effektivitat hin, eine Immunantwort in einem adaptiven Transferexperiment im
Mausemodell zu stimulieren, analysiert. Im Tiermodel konnte keine zufriedenstellende
Immunantwort durch die transfollikulare mRNA-basierte Vakzinierung hervorgerufen
werden, was einer weiteren Optimierung dieser Administrationsroute bedarf um einen

nicht-invasiven Antigen-Transport zu erlauben.
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1.  Abbreviations
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General Introduction

1 General Introduction

1.1 Transfollicular and Mucosal Vaccination: State of the Art

Vaccination is one of the important achievements in human history to prevent and fight
infectious diseases risking the lives of millions of people each year. For over 150 years,
syringes and needles (fine enough to prick the skin) have been commonly used for
vaccine administration, a method associated with disadvantages concerning the lack
of patient compliance, safety issues evoked from needle-stick accidents or needle
reuse, logistic constraints and needle phobia [1-3]. To meet these challenges and
supersede the needle-usage, a variety of different needle-free methods have been
engineered by using two major application pathways, the mucosal route and the
transcutaneous route, both considered as attractive target sites for eliciting effective

immunity (Figure 1).

Transfollicular Route

The skin as the biggest organ of the human body represents the body’s first line of
defense to protect the body against pathogens, environmental stress factors, and toxic
agents. This protective barrier function is related to the outermost “dead” layer of the
skin, the stratum corneum (SC). The SC is a tough, hydrophobic and impermeable
barrier and therefore represents a major challenge for drug delivery purposes.
However, as a route of administration the skin is advantageous due to its easy
accessibility, acceptability by patients and the prevention of obstacles associated with
other routes (e.g. oral route). Until recently, the transcutaneous route appeared to be
only attainable for a group of relatively small active substances with hydrophobic
nature and beneficial physicochemical properties. As such, the skin itself comprises
three different pathways for transcutaneous application: the transcellular, paracellular
and transfollicular route [4]. While the trans- and paracellular pathways have been
widely considered as the most relevant penetration routes, the transfollicular route
(TF), which involves hair follicle and sebaceous gland was thought to play only a
limited role for skin drug delivery [4—6]. Indeed, the TF-route has to cope with certain

obstacles, as the drugs need to traverse the keratinocyte layers surrounding the hair
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General Introduction

shaft in order to reach the epidermis and subsequently enter the circulation. This fact,
along with the relatively small skin area occupied by only 0.1% of hair follicles, raised
the assumption that this administration route is unworthy for future investigations [4,
7]. Therefore, a spectrum of novel strategies to facilitate drug penetration into the skin
barrier in a minimally invasive manner have been adopted such as microneedles [8—

10], electroporation [11, 12], jet and laser injectors [13, 14] (Figure 1).

Mucosal Vaccination Transcutaneous Vaccination
—
Nasal ”
route Q Intradermal Miicroneedle
needle
0 arrays/patches

Laser-mediated

| micropores Transfollicular
> | Nanoparticles

Liquid/Powder Jet
Pulmonary Injection

Electroporation
route i i

* Stratum Corneum

Epidermis (with LCs)
Oral _ Basal membrane
route
- Dermis (with dermal
dendritic cells)
Vaginal/ -~ :
Rectal route +

Figure 1: Schematic illustration for vaccination via the mucosal and transcutaneous route.
Mucosal vaccination aims the application of vaccines through the nasal, pulmonary, oral and
vaginal/rectal route. Transcutaneous vaccination comprises a variety of different strategies to deliver
vaccines to the epidermal Langerhans Cells (LCs) and dermal dendritic cells with minimal impairment
of the protective stratum corneum barrier. Courtesy of the Helmholtz Center for Infection Research (HZI)
of Public Relations, Guzman C.A, Lehr C.-M, Gordon S. Loretz B. Schulze, K. Yasar H. “Perspectives

of non-invasive vaccine Delivery” HZI Research Report 2014/15, p. 63-65.
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Nevertheless, these techniques still rely on breaking or impeding the SC barrier, which
makes them suboptimal for mass vaccination campaigns under critical sanitary
conditions [15]. With the perspective to overcome this drawback of compromising the
SC batrrier, the follicular route (across the hair follicles) has recently received attention
as a bypass option for drug delivery using nanoparticulate systems (nanoparticles,
NPs) [16]. First studies examining the TF-route started by using liposomes in regards
to their similarity with the properties of the sebaceous gland [17, 18]. However,
significant progress in this field has been achieved with the growing impact of
nanotechnology in cosmetics and drug delivery, particularly through toxicological
studies of titanium dioxide (TiOz2) microparticles (blocks UV radiation) in sunscreens
[19]. These studies revealed that most of the TiO2 particles remained on the skin.
However a small amount penetrated and accumulated in the hair follicles, indicating
the potential of the hair follicle to enable drug delivery into the skin [19]. Further studies
showed that particulate delivery systems accumulate in the hair follicle in a size-
dependent manner and facilitate a considerable depot [20], also with the perspective
to enhance this depot-effect by optimizing the design of such the particles [21].
Pollen grains as micron-sized particles [22] and microorganism [23] are also able to
use the TF-route, which is why the skin represents an immunologically active site
promising for vaccination [24]. Especially around the hair follicles, the skin displays an
abundancy of antigen presenting cells (APCs) such as dermal dendritic cells (DCs)
and Langerhans cells (LCs), crucial for antigen processing and presentation and
hence important to induce effective immunity [25-27]. The existence of skin-related
immune cells together with the potential of drug delivery using particulate systems
through the hair follicles raised the hypothesis to use the TF-route for vaccine delivery.
To facilitate vaccine penetration into the skin, pre-treatment of the skin using either
cyanoacrylate stripping of the skin surface, waxing or plucking seemed to be beneficial
and was applied in earlier studies. Even though skin stripping increases the
permeability of the SC barrier, it also results in a stress stimulus and causes a non-
specific immunomodulation [15, 28, 29].

Stripping still represents an invasive method. Therefore, a feasible non-invasive
alternative without compromising the SC barrier would improve patient comfort and
compliance. Ideally, such method would only involve some gentle massage to apply
the particles onto the skin (Figure 2) without any chemical or mechanical pre-
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General Introduction

treatment and might therefore be considered as truly non-invasive. In this context, NPs
appeared as attractive vaccine delivery systems. They are small colloidal materials
capable to transport different active agents to desired sites of the body and can be
easily adapted regarding physiological conditions (e.g. pH-value). Thus, NPs can be
developed in variable sizes and morphology, surface modification and charge
depending on the biomedical target site. Vaccine antigens comprising proteins,
peptides, and nucleic acids represent biological entities that are challenging to handle
due to their instability, internalization behavior by the target system and moreover their
antigenicity. Hence, the encapsulation of those vaccine antigens into the NPs can

prevent these problematics [15].

Intradermal needle
»

Transfollicular route via hair follicles

Stratum

R D
] corneum (SC)

. 4 ©

) B
Skin 4 ®

Antigen presenting cells
(APCs)

Figure 2: Non-invasive approach for vaccination using NPs. To supersede the use of intradermal
needles, nanoparticles (NPs) applied via the transfollicular route appeared as a promising alternative
without compromising the stratum corneum layer. Due to their small size, NPs are able to migrate across

the hair follicles inside the skin structure and interact with antigen presenting cells (APCs).
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NPs can improve antigen stability, protect them from the biological environment,
improve cellular-internalization and tune the release profile. Baleeiero et al. [30] used
silicon dioxide (SiO2) particles loaded with an antigen and applied them onto the skin
prior to massaging. Following this application, particles were able to penetrate into the

hair follicles and were internalized by the perifollicular APCs.

Nevertheless, Mathes et al. [31] described the existence of tight junctions, which form
an additional barrier within the hair follicles, preventing NPs from deeper penetration
through the hair follicles and thus hampering their further uptake into the blood
circulation. This observation demands the development of potent NP-systems for drug
delivery via the hair follicles.

The materials used to design NPs as vaccine-delivery vehicles must strictly follow the
requirements of the biomedical and pharmaceutical field, in order to avoid any adverse
effects related with the formulation. To meet the challenges of NP-application as
delivery vehicles, the used materials therefore need to be safe, biocompatible,
biodegradable, and manufactured in an environmentally friendly manner [32].
Recently, a variety of different polymeric materials obtained from natural resources
has been formulated as vehicles to deliver vaccine components. These vaccine
components can either be encapsulated inside the polymeric matrix or coated on the
colloidal surface [33] by electrostatic or chemical complexation [32]. Among these
polymers, the pharmaceutical well characterized and “generally regarded as safe”
(GRAS) proven net anionic charged polymer, poly(lactic-co-glycolic acid) (PLGA;
Resomer® RG 503H, 50:50) with sustained release properties and the net cationic
charged polysaccharide chitosan (CS) appeared as attractive materials and have been

widely investigated for drug and nucleic acid delivery [34, 35].

Inspired by their properties Mittal et al. [2, 36] developed PLGA NPs and surface
coated them with CS according to [37], which resulted in CS-PLGA NPs. Both NPs
were produced using a modified double emulsion method, further stabilized by
polyvinyl alcohol (PVA) and pursued for the non-invasive approach to NP-
administration onto the skin without any pre-treatment measures to test the potential

for transfollicular vaccine delivery. Ex vivo studies in excised pig ear and in vivo studies
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on human forearm, revealed that anionic charged PLGA NPs were found in a higher
amount within the hair follicles when compared to cationic CS-PLGA NPs [38].
However, when both NPs were used to encapsulate the model antigen ovalbumin
(OVA) and characterized in an in vivo adoptive transfer experiment using OVA-specific
mice, both OVA-loaded NPs exhibited a higher extent of follicular localization
compared to OVA applied as a solution [2]. An in vitro adoptive transfer experiment
further revealed the potency of CS-PLGA NPs to first stimulate APCs and further
induce both CD4+ and CD8+, while PLGA NPs only stimulated CD4+ T cell
proliferation [2]. Nevertheless, a higher extent of follicular localization of OVA was
found when delivered by both NPs in comparison to OVA-solution [2]. A subsequent
co-administration of the adjuvant bis-(3',5")-cyclic dimeric adenosine monophosphate
(c-di-AMP) with the NPs on intact skin generated the highest IgG titer and moreover a
balanced IgG subclass ratio (IgG1/lgG2c), hence a balanced cellular and humoral
immune response, when compared to prior tested formulations [36]. Optimization of
the NP-system by producing inverse micellar sugar glass (IMSG) NPs allowed co-
encapsulation of c-di-AMP and OVA, which enabled stimulation of an immune

response right after two booster vaccinations [39].

In addition, some gene-based strategies focused on the immunization via the hair
follicles, due to the presence of stem cells and lineages of dividing cells capable to
internalize plasmid DNA (pDNA) and induce transgene expression [40-43]. However,
the immune response of topically applied pDNA remained weak even when formulated
into nanoparticulate systems [44—-46].

Studies using a vaccine relevant antigen against an infectious disease using the TF-

route are still lacking.
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Mucosal Route

The mucosal route was considered as a further non-invasive approach delivering
vaccines to mucosal membranes such as those of the vagina, rectum, lung, nose, and
eye (Figure 1), as many pathogens enter the body through the mucosal tissues [3].
However, overcoming the mucus layer to reach the underlying tissue and further affect
a local or systemic action is of widespread interest, and necessitated the investigation
and optimization of NPs able to penetrate the mucus layer.

Delivery vehicles must meet certain criteria to enable drug transport through the
mucus barrier. Mucus is known to be a viscoelastic gel layer (composed with a high
density of cross-linked and entangled mucin fibers) with limited permeability, evolved
to protect the body by fast trapping and removing foreign as well as hydrophobic
substances [47]. The mucins have further sialic acid-rich glycan side-chains with net
negative charge resulting in strong interaction with positively charged particles and
therefore their immobilization within the mucus layer [48]. As further, the mucus layer
reveals strong variations in thickness depending on the anatomical site [49], especially
in a disease state such as cystic fibrosis or asthma [48], which is why the development
of efficient NP-system is no small task. NPs have to possess a specific degree of
hydrophilicity, should avoid adhesion to the mucin fibers and additionally need to be
small enough for an unhindered passage through the mucin fibers [47]. Olmsted et al.
[50] have first described the idea of mucus-penetrating NPs, when referring to the
ability of viruses to diffuse through a mucus layer and thus studied their surface
properties. The surface of many viruses can carry positive and negative charged
groups in a homogeneous distribution leading to a total neutral surface charge, which

presumably prevents mucus-interaction [51].

In light of these studies, it was hypothesized that neutral, small and hydrophilic NPs
would cross the mucus. In order to achieve such NP-systems, NPs were functionalized
with the hydrophilic and uncharged polymer polyethylene glycol (PEG), which was
used as a mucoadhesive agent [47, 52, 53]. However, NP-PEGylation did not bring
the desired success, as the effects strongly relied on the degree of PEG surface
coverage and the length of the polymer [54]. This observation was also made for CS-

PEG nanocapsules used as an oral peptide delivery system [55].
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Some other particulate candidates such as PLGA NPs, starch or alginate-based
microcapsules have also been characterized as vaccine delivery systems for mucosal

delivery, with a strong emphasis to use PLGA due to its beneficial properties [56].

Regarding the improvement in the field of nanotechnology, gene-based therapeutics
focusing on RNA interference (RNAIi) gene silencing by small interfering RNAs
(siRNAs) have gained strong attention for mucosal delivery. Thus, Martirosyan et al.
[57] prepared siRNA loaded CS-NPs to cross the mucosal layer. However, gene-
based strategies remain challenging with low efficiency for mucosal delivery, as the
NPs first need to overcome the mucus barrier and further transfect the underlying
epithelial cells to achieve successful transgene expression and hence appropriate

immunity.
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1.2 Messenger RNA (mRNA)-Vaccination

Traditionally administered vaccines include live attenuated (weakened versions of the
pathogens), inactivated (killed pathogens) or subunit vaccines (antigenic fragments of
pathogens best stimulate the immune system) to combat infectious diseases [58, 59].
However, these vaccines show several restrictions as they primarily induce humoral
immunity, which is disadvantageous against pathogens able to evade the adaptive
immune response and additionally not applicable for immunocompromised individuals
[58, 60]. A major drawback represents their limited application against fast emerging
viruses, for which rapid development and large-scale deployment of vaccines are
urgently required, and further against non-infectious diseases such as cancer [60].

In the search for alternative options, gene-based vaccination came initially into the
focus of research, when Wolff et al. [61] injected pDNA and messenger RNA (MRNA)
in vivo into mouse skeletal muscle resulting in efficient transgene expression.
Nevertheless, using mRNA as vaccines was no longer proceeded due to the
abundance of present ribonucleases (RNases) in the body [62], leading to MRNA
instability and inefficient in vivo delivery, its high innate immunogenicity [60] and
additionally its net negative charge preventing passive cellular entry [63]. Thus, the
biomedical field continued with DNA (particularly pDNA) or protein-based
therapeutics.

Despite the promotion of DNA-based vaccination in the past decades, there are still
no products approved for human application, which is likely referable to several
drawbacks associated with pDNA. As such, it is considered as an unsafe method for
the use in humans, as it needs to cross the nuclear envelope for efficient transgene
expression, which can further lead to genomic integration and hence harmful
mutations [64, 65]. This additionally results in an unpredictable pDNA-protein

expression, which can be transient but also last for months [66].

Therefore, mRNA-based vaccines using either non-replicating mRNA or virally
derived, self-amplifying RNA (replicon) appeared as innovative, promising and safe
alternative strategies, preventing the disadvantages mentioned above of pDNA
application [60, 67]. Thus, mMRNA does not integrate into the host genome and avoids

nuclear entry, so that the transgene expression starts within the cytoplasm, which is
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known to be relatively transient and consequently induces high rates of protein
expression [68]. It is therefore a favorable safe cargo, specifically for non-dividing cells
such as macrophages and DCs compared to pDNA, making it a beneficial candidate
for immunological applications. Non-replicating mRNA is transient since the transgene
expression is limited by the mRNA life-time. Moreover, it can deliver a spectrum of
different antigens, proteins, peptides or cell-signaling factors and simultaneously
exhibit self-adjuvanting properties by binding to pattern-recognition receptors like
TLR7, to activate the cellular arm of the immune system [69, 70].

Once the mRNA is delivered to the cytosolic compartment of phagocytic cells, the
encoded antigen is translated into its native form and subsequently cleaved by
proteasomes to peptide-fragments. Those fragments further enter the endoplasmic
reticulum (ER) from where they are loaded onto the major histocompatibility complex
class | molecules (MHC-I) [69] and presented at the cell-surface to CD8+ T [65] helper
cells (Thl). It is further possible that cleaved peptide-fragments can bind onto MHC
class Il molecules (MHC-Il) and moreover presented to CD4+ T helper cells (Th2) and
induce specific B-cell activation [65]. Protein or peptide-based vaccines lack this
MmRNA-based advantages, but contrarily they do not need to escape from the
endosomes to be presented on MHC-II [69].

To benefit from mRNA-related advantages, several technologies were applied to
improve the intracellular and extracellular mMRNA-stability and enable the use of mMRNA
as cargo. The intracellular stability and therefore the subsequent translation was
enhanced by structural modification on the 5 cap analogue, the poly(A) tail and
untranslated regions (UTRs) of the mRNA [71, 72]. A strategy for extracellular mRNA-
stability was encapsulation of mMRNA within delivery systems such as viral or non-viral
vectors to enable mRNA-protection under physiological conditions. Viral vectors were
initially preferred regarding their natural efficiency to transport nucleic acids, but
adversely showed limitations associated with a higher immunogenic effect,
production-related difficulties [69] and vector-size limitations. Thus, non-viral vectors
comprising liposomes, polymeric or inorganic NPs appeared to be ideal carrier
systems. Despite their lower immunogenicity over viral vectors, they contrarily
revealed lower transfection rates and hence need an appropriate optimization for an

efficient mMRNA-transport to the intracellular compartment.
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1.3 Nanoparticles as Non-Viral Vehicles to Deliver mRNA

The achievements in Nanotechnology gave rise upon the engineering and design of
suitable nanoparticulate systems and thereby replaced traditional viral vectors. In light
of these advances, a broad-spectrum of biomaterial-based NP-systems comprised of
lipids (liposomes) [73—-76] and polymers or polysaccharides (e.g. CS-PLGA NPs,
starch-based polymer complexes termed as polyplexes) [77-80] were manufactured
for mRNA-delivery, with both having a cationic surface potential enabling facile

complexation to anionic mRNA (Figure 3).

++++
% Polymer m Cationic Lipid M messenger RNA (MRNA)

T o
-/ Anionic Polysaccharide "'{\'*J and "'rw Cationic Polysaccharides

Figure 3: Selected examples of main groups for non-viral delivery of mRNA. (A) Lipid-based
(liposomes) (B) polymer-based, (C) coacervates (polymer complexes; polyplexes) and (D) lipid-polymer

hybrid nanoparticles (NPs).

The driving force leading to the formation of such nanoplexes is always based on the
electrostatic interaction of an anionic polynucleotide and the cationic NP (Figure 4 A),
which is either realized by the cationic head group of the lipid or the cationic amine
group of the polymer as we described previously [32, 81]. Furthermore, complexation
of MRNA onto the surface of nanoparticles has several advantages, as this procedure
protects the mRNA from being exposed to harsh conditions during NP-production and
additionally protects against RNases. As further, Su et al. [82] hypothesized beneficial
release-kinetics of surface-loaded mRNA with a fast release upon certain physiological
triggers compared to encapsulated mRNA and increased stability when compared to
naked mRNA.
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Despite the significant progress attained by these approaches in vivo and in vitro [63,
82, 83], appropriate NP-systems with high transfection rate and at the same time
reduced cytotoxicity [84] remain crucial for mRNA-delivery. Cartiera et al. [85] studied
the uptake-pathway of NP-systems and observed a strong co-localization of polymeric
PLGA NPs within the endosomal compartment suggesting an uptake-mechanism via

endocytosis.

A mRNA complexation to B cellular-uptake of MRNA:NPs

cationic NPs

Jins Cell-membrane

i —>»
s, o
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Complexation via
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mRNA release Protein translation

Endosomal uptake
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Figure 4: Cationic NPs complexed with mRNA internalized into cells. (A) Complexation of net
anionic mMRNA onto the surface of cationic NPs via electrostatic interaction. (B) mMRNA complexed NPs
(mMRNA:NPs) are uptaken by cells using the endosomal pathway and finally released from the

lysosomes followed by the translation of the encoding protein.

This further makes mRNA-delivery challenging since the particulate system needs to
preserve functionality while transporting the mRNA through subcellular compartments.
As such, the NP-systems need to overcome the cellular membrane to enable efficient

cellular-uptake and further preserve the functionality of the mRNA in the acidic
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conditions of the lysosomes. The NP-systems also need to escape from the lysosomal
compartment and allow sufficient mMRNA-release with subsequent protein translation
within the cytoplasm (Figure 4 B).

It has been proposed that polymeric transfection systems with good pH-buffering
capacity — a process known as “proton sponge effect’- play an important role in
achieving a successful endosomal escape [86]. Hence, this property of transfection
systems has to be taken under consideration when developing new carrier systems.
Among the common mRNA-delivery systems, a new class of NPs entered the focus
of research that combines the favorable features of both, lipids and polymers [87]. This
new class is termed as lipid-polymer hybrid NPs (LPNs). LPNs were originally carried
out as vehicles for siRNA [88—-92] and pDNA [93, 94], whereas their use as vehicles
for mMRNA only recently started to be conducted in investigations. They usually consist
of a negatively charged polymeric core surrounded by a shell of positively charged
lipids. Jensen et al. [92] designed LPNs for siRNA-delivery by using PLGA as the
polymeric-core and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP
supplemented with the helper lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) as lipid-surface layer. The incorporation of helper-lipids aims to reduce
agglomeration of the lipid-system and further to improve the endosomal escape [95].
As such, Su et al. [82] designed a phospholipid coated poly-(B-amino ester) (PBAE)
hybrid system and obtained a transfection rate of up 30% tested in a dendritic cell line
(DC2.4), while Perche et al. [96] achieved a high protein translation rate with approx.
60% using mannosylated histidylated lipoplexes. The transient translation of mMRNA
and hence the kinetics have been of a further focus of investigation, as the knowledge
of such would aid the manufacturing of precision medicines. Therefore, first studies
evaluating the mRNA transient course were described by Leonhardt et al. [78] using
eGFP coded mRNA complexed with the commercially available transfection reagent
Lipofectamine®. When these particles were exposed to the human alveolar epithelial
cell line (A549), mRNA transgene expression reached its highest peak level shortly
after 3 h of post-transfection. A similar observation was made in DCs when Stemfect®
was used as transfection reagent [75]. The research field of using mRNA as cargo is
fast emerging and holds strong potential for vaccination or therapeutic application.
However, safe and efficient mRNA:NP-systems with detailed characterizations of the
mechanistic behind the cellular-internalization and especially their translation kinetics
is still missing but highly demanded for an eased enter into clinical trials.
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1.4 Interaction of Nanoparticles with Immune Cells

Nanoparticles gained remarkable attention as promising and novel approaches for the
treatment of various diseases, in particular where commonly applied therapeutic
interventions encountered obstacles due to their low efficiency. As such, NPs have
been widely studied for vaccination purposes [58], gene therapies [97],
immunotherapies [98] and diagnostics [99]. However, their favorable physicochemical
properties and the potential to cross biological barriers raised safety concerns upon
application of nanomedicines as they may freely move throughout the body [100, 101].
It has been widely reported that NPs may cause adverse effects when entering the
human body as they get inevitably in contact with human immune cells and may cause

undesirable immunomodulatory effects [102, 103].

Kononenko et al. [101] summarized a variety of different NP-systems made of
inorganic materials such as SiOz, TiO2 or iron oxide (Fe204) used for in vitro or in vivo
studies and reported either pro- or anti-inflammatory effects, suppression of the
humoral immune response, activation of the complement system or stimulation of
allergic reactions. However, NPs for pharmaceutical applications should rather act as

inert delivery systems with no adverse interaction with the immune system.

As further, Lunov et al. [104] undertook a first attempt in studying the uptake behavior
of functionalized polystyrene NPs by human macrophages and monocytic cell lines.
The authors concluded that the extent of NP internalization, kinetics of uptake and
uptake mechanism might strongly differ between primary cells, phenotypically related
tumor cell lines and differentiated tumor cells. They further reported a dependency on
NP’s surface charge and serum protein opsonization on these processes. As this cell
line model might not be applicable on primary and differentiated cells, an adequate
understanding about the NP interaction with primary immune cells and their
immunological outcome is highly demanded. Therefore, human peripheral blood
mononuclear cells (PBMC) were used as such models, which reflect an advanced
ex vivo model for predicting the outcome of novel therapeutic interventions. They
additionally represent the pathophysiological state of the immune cells better than

tumor cell lines.
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PBMC are obtained from buffy coats of blood donors using Ficoll density gradient
centrifugation [105], which enables the separation between erythrocytes (red blood
cells) and lymphocytes (white blood cells) further used as PBMC. They are composed
of different immune cell types such as T cells (~70%), B cells (~15%), natural killer
cells (NK cells; ~10%), monocytes (macrophage or dendritic cell precursor; 5%) and
DCs (~2%) [106, 107]. Depending on the donor’s disease state and applied treatment,
the frequencies of each cell subset can significantly differ [108].

NP-systems can be internalized by cells via five different internalization routes such
as phagocytosis (via mannose receptor; MMR), macropinocytosis, clathrin-mediated,
caveolin-mediated and clathrin-caveolin-independent endocytosis [109]. Electrostatic
interaction between some cationic nanoparticles with anionic sialic acid groups on the
cell surface may facilitate their cellular-uptake. However, as T and B cells belong to
the class of non-phagocytic cell types, any upcoming particulate system will be caught
in the first line by the phagocytic cell types (macrophages or DCs).The MMR-mediated
phagocytic pathway on macrophages leads to a more rapid uptake of charged and
larger particles over smaller and neutral ones [110]. Thus, this cell type represents the

first line of defense acting as a scavenger for foreign materials.

A cell-specific uptake and cell activation of monocytes isolated from PBMC was
reported, when cells were exposed to silver NPs [111]. Furthermore, PBMC showed
a stimulation upon treatment with TiO2 NPs [112]. Toa et al. [109] used human PBMC
for the characterization of NP-induced immune responses and NP-internalization
behavior for their CS-coated alginate submicron vesicles. These vesicles revealed a
preferential internalization by monocytes compared to non-phagocytic cell types and
further induced no immuno-toxicological effect when different cell surface markers
were used to quantify the activation state of these immune cells. However, adequate
mechanistic information about the NPs-interaction with and the influence on human
immune cells are still lacking. Especially, the interaction between the aforementioned
PLGA and CS-PLGA NPs that are widely used for biomedical research and of
particular interest for the intended transfollicular vaccination, and the players of the
immune systems needs further investigation. This raised the question of how these
charged NP-systems would interact with immune cells.
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2 Aims of the Thesis

Based on the introductory part regarding the previous studies, we can conclude that
NPs have shown their potential as a non-invasive approach for transfollicular
vaccination without compromising the outermost protective barrier (stratum corneum)
of the skin and induced an effective immune response when OVA was encapsulated
as model antigen. Following up on these studies, the major aim of this thesis was the
substitution of the model antigen with a vaccine-relevant antigenic fragment of the
influenza virus, hemagglutinin (HA), within the NPs and stimulating a protective
immune response in mouse against viral infections. To achieve this goal, two different
cargos employing either the antigen hemagglutinin or a gene-based cargo using
MRNA encoding for hemagglutinin were used. We herein considered the mucosal
route as a back-up option for non-invasive delivery. Depending on the selected cargo
and the route of administration, four different challenges had to be overcome, which

are crucial for the success and application of the NP-based vaccination strategies:

() Preparation of NPs based on pharmaceutical safe excipients and their further
characterization regarding physicochemical properties, stability, structure and

morphology

(i)  Visualization of NP-penetration along the hairs of mouse in vivo followed by an
adequate understanding about the mechanistic behind NP-cellular internalization

and NP-interaction with human tracheal mucus.

(i)  Development, optimization and characterization of novel NP-systems for nucleic
acid-delivery and complexation with mRNA encoding for a reporter gene or real
antigen (HA), following in vitro assessments in a dendritic cell line of mouse origin

for mMRNA encoding the reporter gene.
(iv) In vivo adoptive transfer experiments to evaluate the potential of mMRNA-HA

complexed NPs to induce an effective immune response via the TF-route and in

comparison to subcutaneous route.
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3 Main Findings of the Thesis

3.1 Hemagglutinin as a Vaccine Relevant Antigen

Previous studies have demonstrated that vaccines can be delivered across the intact
skin without compromising the outermost SC layer by employing NP delivery systems
based on pharmaceutical save excipients. For this purpose, NPs composed of the
biodegradable and biocompatible polymer PLGA have been produced with and
without a surface coating of the polysaccharide CS and loaded with the model antigen
OVA [2, 36].

Thus, when both NP-types were tested in an in vivo mouse model, OVA loaded CS-
PLGA NPs appeared to be more effective in inducing an immune response via the TF-
route and caused similar proliferation rate of CD4+ T cells like intramuscular injection
[36]. Furthermore, TF immunization elicited even a balanced humoral and cellular
immune response when OVA loaded CS-PLGA NPs were co-administered with c-di-
AMP as adjuvant [36]. Following optimization of the NP-system, IMSG NPs were
developed, which allowed co-loading of OVA and c-di-AMP. This composition and
enabled higher stability of the antigen, enhanced follicular uptake and additionally the

generation of an immune response after only two booster vaccinations in mouse [39].

Impressed by such data, we therefore choose to pursue the non-invasive and needle-
free TF-vaccination strategy by using the viral antigen hemagglutinin (HA) as cargo
for the NP-system providing the opportunity to investigate the ability of the NP-system

to stimulate protective immunity against viral infection in a clinically relevant manner.

The importance of HA for vaccination relates to its function as one of the glycoproteins
on the influenza virus membrane responsible for the recognition and attachment of the
virus to sialic acidreceptors on the host-cell with subsequent viral internalization [113,
114]. Thus, a vaccine containing HA as antigen would cause the production of specific

neutralizing antibodies that block virus entry [114] and thereby reducing viral infectivity.
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Hence we wanted to replace the model antigen OVA against the real antigen HA within
the NP-system and investigate their effectivity in HA-transgenic mice in cooperation
with the Department of Vaccinology and Applied Microbiology at the Helmholtz Center
for Infection Research (HZI) in Braunschweig. A further collaboration was settled with
the Department of Structure and Function of Proteins at the HZI to produce the HA-
antigen. In that regards, HA-production was attempted following two different
strategies by focusing on either the baculovirus expression system [115] or a cell-
culture based system employing HEK-293 cells [116], both known to be potent in the
production of recombinant proteins. However, when pursuing either method, obtaining
cost-effective HA-antigen at high scales necessary for the encapsulation inside the
NP-system, was unattainable concerning production-related challenges. As thus, the
baculovirus system provided only little amount of 2 mg/L non-glycosylated HA, while
HEK-293 cells enabled scaling up to 22 mg/L of glycosylated HA. Nevertheless, the
glycosylated HA revealed a non-immunogenic effect and further induced difficulties

within the purification procedure.

Therefore, the production of the HA-antigen was cancelled at this stage, which
influenced the initial objective of the project. This led to a switch within the objective
of the project towards nucleic acid delivery, in order to carry specific genetic
information by designing appropriate NPs. However, in the first step, a profound
understanding of the mechanistic processes between NP-interaction within hair
follicles and further NP-cell internalization was undertaken. Subsequently, a
messenger RNA (mMRNA) encoding the HA-antigen (MRNA-HA) was complexed with
the cationic CS-PLGA NPs (mMRNA-HA:CS-PLGA NPs) and evaluated for their
potential to induce an immune response during in vivo adoptive transfer (see chapter
3.4). As mRNA-HA:CS-PLGA NPs did not cause an immune response when applied
to intact skin, an attempt was made towards optimization of the nanoparticles for

nucleic acid-delivery, which will be discussed in the following chapters in more detail.
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3.2 Tracing the Transfollicular and Cellular Uptake of CS-PLGA NPs

3.2.1 Designing and Characterization of Plain and Fluorescently Labeled CS-
PLGA NPs

As described before NP-systems showed their potential to cross the skin barrier by
penetrating into the hair follicles [20, 30, 38] and they could also effectively interact
with the perifollicular antigen presenting cells (APCs) by causing an effective immune
response [36]. However, less is known about NP-internalization behavior with skin
cells and immune cells. Detailed knowledge regarding transfollicular and cellular
uptake is crucial for future non-invasive vaccination studies via hair follicles permitting
a better optimization of the NP-system for this application route. In order to visualize
their penetration behavior, plain and drug-free CS-PLGA NPs were chosen within
these studies, as they appeared to have a favorable safety and efficiency profile.
Additionally to that, CS-PLGA NPs showed their efficiency to deliver OVA and were
expected to be a suitable candidate for HA and mRNA-loading. This NP-system
enables the incorporation of a variety of different fluorescence dyes within the PLGA-
core important for fluorescence microscopic visualization techniques e.g. confocal
laser scanning microscopy (CLSM) for in vitro or two-photon excitation microscopy
(TPEM) for in vivo experiments. Two different types of dyes have been included to the
NP-system and tried for the visualization studies. In the first step, plain CS-PLGA NPs
have been prepared using a modified double-emulsion solvent evaporation method [2,
37, 81].

Fluorescently labeled NPs were then either prepared by chemically coupling PLGA
with fluoresceinamine (FA, Aext = 490 nm and Aem = 525 nm) according to Weiss et al.
[117], or by incorporating 15 pg/20uL of a lipophilic dye, 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine perchlorate (DiD, Aext = 644 nm and Aem = 665 nm) to
the initial PLGA organic phase [36].

Produced plain (CS-PLGA) and fluorescently labeled (CS-FA-PLGA or DIiD_CS-
PLGA) NPs were then thoroughly characterized for their morphological shape using
Transmission Electron Microscopy (TEM) or Scanning Electron Microscopy

(SEM).The physicochemical properties regarding hydrodynamic size, polydispersity

19



Main Findings of the Thesis

index (PDI) and -potential were evaluated by using dynamic light scattering (DLS).
All samples for the TEM-visualization were further stained with 0.5% wt/V
phosphotungstic acid (PTA) prior to visualization to improve the contrast of TEM-
images [32, 48].

As the morphology [118] and physicochemical properties [84] of the NPs are crucial
for their cellular performance, these parameters were taken into consideration, when
exploring the follicular and cellular NPs-internalization behavior. Plain and
fluorescently labeled NPs indicated a smooth and evenly shaped spherical surface
morphology (Figure 5 A - C) and a monodisperse size distribution following a PDI of
~0.1 (Figure 5 D).

While all NPs reveal a non-significant hydrodynamic size of approx. ~160 nm, the (-
potential decreased from approx. +29 mV (for plain and DiD labeled NPs) to +10 mV
when PLGA was covalently coupled to the FA-dye (Figure 5 D). This observation may
relate to the fact that FA-conjugation to the PLGA carboxyl group decreased the
overall PLGA anionic charge and as the chitosan coating is mainly charged driven, a
smaller quantity of chitosan could bind to the PLGA surface, resulting in the reduction

of the surface charge [81].
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A CS-PLGANPs B CS-FA-PLGANPs C DIiD_CS-PLGA NPs

saky

Nanoparticles (NPs)  Size (nm) PDI (-potential (mV)
CS-PLGA 160+ 15  0.10+0.01 +28.9+1.2
CS-FA-PLGA 1741 6 0.091 0.01 +10.1£4.0
DiD_CS-PLGA 147+16  0.12+0.03 +29.7+19

Figure 5: Morphological and physicochemical characteristics of plain and fluorescently labeled
CS-PLGA nanoparticles (NPs). (A — C) Transmission Electron Microscopy (TEM) and Scanning
Electron Microscopy (SEM) images indicating a spherical and evenly shaped surface morphology. (D)
Irrespective of fluorescence labeling, all NPs reveal a similar hydrodynamic size and PDI with a cationic

surface potential (¢-potential). N = 4, mean + SD.
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3.2.2 In Vivo Visualization of Labeled CS-PLGA NPs in Mice using Two-Photon

Excitation Microscopy

The permeation of CS-PLGA NPs into the hair follicles was visualized in vivo in living
mice in cooperation with the Department of Vaccinology and Applied Microbiology
from HZI and the Institute for Molecular and Clinical Immunology, Otto-von-Guericke-
University of Magdeburg. Here, questions of how deep the NPs penetrate through hair
follicle and further their distribution profile within intact skin structure (Figure 6) were

examined.

Labeled
CS-PLGA NPs

Visualization of NP-penetration
—> inside the skin structure by
Two-Photon Excitation Microscopy
(TPEM)

Application of NPs in vivo
onto the skin of living mice

Figure 6: Schematic illustration of NP-penetration inside the skin structure. Labeled NPs were
applied by gentle massaging onto the ear of living mice as application site and NP-penetration was
visualized using Two-Photon Excitation Microscopy (TPEM) after 3.5 or 24 h.

The NP-permeation within the pilosebaceous unit (comprised of hair follicle and
sebaceous gland [119]) was observed by Two-Photon Excitation Microscopy (TPEM),
a type of non-linear microscopic technique [120] that allows the noninvasive
characterization of biological samples in three dimensions with high-resolution [121].
It is an appropriate technique for the three-dimensional and deep in vivo visualization
of cells and tissues particularly for intact thick samples (e.g. skin) as an alternative to
confocal microscopy, in which the penetration-depth is limited due to out-of-focus
background signal [121-123]. However, as the TPEM requires the excitation of two

photons, optimal TPE-wavelength for the excitation of fluorescence dyes is obtained
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by doubling the maximal excitation wavelength (Amaxex) of a single-photon [124]
resulting in higher laser intensities. Consequently, a green fluorophore like FA with
Amaxext = 490 nm would have a TPE-wavelength of below 1000 nm in the infrared
spectrum. However, many dyes (e.g. DiD) reveal deviation from this rule [124]. Thus,
DiD, a far-red dye has a TPE-wavelength of 817 nm [125]. Furthermore, the
application of higher excitation wavelengths may lead to strong autofluorescence
within the biological sample, making the selection of suitable labels indispensable.
The experiments have been further conducted using C57BL/6 albino mice as the
expressed melanin in the skin of C57BL/6 mouse would cause an interaction with the
laser light resulting in skin burn.

In order to evaluate the extent of autofluorescence, an untreated and anesthetized
mouse was placed under TPEM and the skin was excited with a laser of 850 nm. The
skin was then visualized from the surface to a depth of approx. 50 um and the obtained
fluorescence microscopic images exhibit autofluorescence of a variety of different skin
components (Figure 7). Here, the hair shaft can be recognized as a straight cylindrical
shape having green autofluorescence and the keratinocytes in yellow by their

characteristic polygonal shape [126].

7(130um) 8(15.0 um) 9(17.0um) 10(19.0um) 1(21.0um) 12(23.0um) 13(25.0um) 14(27.0 um)

- - - - - - } - -

16 (31.0um) 18(35.0 um) 19/(37.0um) 20(39.0um) 21(41.0um)

Figure 7: TPEM-images of untreated mouse skin. Thefigure shows indicate a z-stack images
covering a depth of approx. 50 um of untreated mouse skin with a TPEM-wavelength of 580 nm. Green
autofluorescence represents the hair follicle and the keratinocytes of the skin can be seen in yellow.

Data kindly provided by Dr. Andreas Miiller and Simon Delandre.
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The autofluorescence may relate to the high laser power used in TPEM [127], which
emanates the excitation of endogenous chromophores in the skin structure such as
flavoproteins and reduced pyridine nucleic acids [128]. As the hair shaft showed a
green autofluorescence, CS-PLGA NPs labeled with the green FA-dye could not be
used for the in vivo visualization study. Therefore, the dye was exchanged with the
lipophilic dye DIiD and thus DiD-labeled CS-PLGA NPs (Figure 5) have been further
used for in vivo imaging. As thus, a volume of 20 pL DiD-labeled CS-PLGA NPs (2
mg/mL) was applied onto the ear of a living mouse without any pre-treatment and only
by gently massaging for 2-3 min. The excess of NPs was removed afterwards, and the
mouse was then placed under the TPEM microscope followed by recording the NP-
penetration into the skin-structure after a predetermined time of 3.5 h or 24 h (Figure
8). The TPEM images clearly showed a penetration and a further accumulation of DiD-
labeled CS-PLGA NPs (~150 nm) around the hair follicle 3.5 h after application (Figure
8 A). Deeper penetration and higher accumulation of DiD-labeled NPs was observed,
when the skin was visualized after 24 h of NP-application (Figure 8 B). This NP-
accumulation can be attributed to the creation of a depot-effect within the
pilosebaceous unit, particularly favorable for various therapies, in which the
encapsulated bioactive compound can benefit from the follicular reservoir to achieve
the desired release profile. Previous studies discussed similar observations when TiO2
microparticles were applied onto the skin, were a small amount penetrated as well as
accumulated in the hair follicles in a size-dependent manner and facilitated a
considerable depot-effect [19, 20]. The remaining of NPs within the follicular reservoir
may relate to the slow clearance rate by sebum flow and hair growth [38].

When visualizing deeper skin areas, DiD-labeled CS-PLGA NPs seem to be restricted
from further diffusion into the skin layer resulting in stronger localization around the
keratinocytes (Figure 8 B, lower panel). Besides the fact that the outermost SC
barrier is important for the protection of the body from external pathogens, the skin
consists of so-called tight-junctions (TJs) forming a further inside-out barrier in the
epidermis [129]. The existence of TJs presumably prohibited the diffusion of the
applied NPs from the follicular space into the deeper viable epidermal layers. Mathes
et al. [31] described comparable observations by characterizating the permeation
behavior of polymeric nanoparticles of similar size like CS-PLGA NPs with TEM and
found a distinctive NP-localization in the upper part of the HF with only a few NPs
penetrating deeper into the regions of the TJ-barrier.
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A Mouse skin 3.5 h after application of DiD_CS-PLGA NPs
Z-stack: 68 ym; TPEM-wavelenght: 850 nm

10(12.0 um) 1121 0um)

21 (41.0um) 22 (43.0um) 23 um) 24 (47.0 um) 25 (49.0 um)

B Mouse skin 24 h after application of DiD_CS-PLGA NPs
Z-stack: 52 ym; TPEM-wavelenght: 850 nm

Figure 8: NP-penetration to the hair follicle and distribution behavior within the skin structure.
Labeled NPs are represented in magenta and accumulate either (A) after 3.5 h around the hair follicle
(blue arrow) or (B) penetrate deeper inside the skin structure after 24 h of NP-application causing a
depot-effect (blue arrow in 23 um depth). The NPs are further restricted in the diffusion through the skin
as indicated by the blue arrow in the lower panel. Data kindly provided by Dr. Andreas Muller and Simon

Delandre.
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3.2.3 InVitro Uptake Behavior of DiD labeled CS-PLGA NPs in DC2.4 and HaCaT
Cell Line

Overcoming the protective SC barrier by successful permeation through the hair
follicles is one of key hurdles for NPs in order reach the APCs in the epidermis via the
transfollicular route [15]. Especially for mRNA-based vaccines, NPs further need to
enter the cellular membrane and induce a protein expression with a subsequent
presentation of protein-fragments on their surface and activation of T-cells. Therefore,
this study assesses the cellular-internalization behavior of the DiD labeled CS-PLGA
NPs in skin-related cells. A bone marrow derived dendritic cell line from mouse
(DC2.4) as APCs and further a human keratinocyte cell line (HaCaT, non-phagocytic)
were thoroughly characterized for their cytotoxicity and uptake behavior upon
exposure to CS-PLGA NPs.

It is widely known that cationic NPs have a higher tendency to cause cytotoxic effects
[130] based on the enhanced interaction of partially positive charged particles with
the anionic charged cell membrane which also facilitates cellular uptake [131]. Thus,
to ensure, that the used NP-system is safe, the cell viability of skin-related cells was
determined upon exposure to plain CS-PLGA NPs for 4 h and at increasing
concentrations between 10 — 160 pg/mL. A live-dead staining kit was used for DC2.4
cells, previously mentioned in Yasar et al. [81] and the percentage of viable cells was
guantified by flow cytometry using heat-killed cells as positive control. The viability of
HaCaT cells was measured as described in Yasar et al. [32] with a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT)-assay using Triton X as
a positive control. Under such conditions, both cell lines revealed high values of cell
viability when exposed to plain CS-PLGA NPs even at high concentration of 160 pug/mL
(Figure 9).
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Figure 9: Cell viability of DC2.4 and HaCaT cells upon NP-exposure for 4h. Cell viability of (A)
DC2.4 cells assayed with a live-dead staining kit and (B) HaCat cells by using a MTT-assay. N = 3,

mean = SD.

In order to confirm the cellular-localization of the NPs, we continued to use DiD-labeled
CS-PLGA NPsat increasing concentrations (10 — 500 pg/mL) and treatedDC2.4 and
HaCaT cells for 2 h at 37°C by slightly shaking. The effect of NP-internalization was
guantified by flow cytometry by measuring the percentage of red fluorescent positive
cells and the mean fluorescence intensity (MFI).

The dendritic cells showed a fast and significant higher internalization of fluorescently
labeled NPs with ~90% positive cells for all tested concentrations above 30 pg/mL,
while the keratinocytes only indicated cellular-internalization of ~40% at very high
concentrations starting at 160 pg/mL (Figure 10 A, B). Fruthermore, a comparably
less fluorescence shift was detected for keratinocytes (Figure 10 C, D). We made
similar concentration-independent observations for dendritic cells when CS-PLGA
NPs were fluorescently labeled with FA (CS-FA-PLGA NPs) and additionally analyzed
the kinetics of cellular-internalization after 2 and 4 h of NP-incubation [81]. Here, DCs
further revealed time-independent particle-uptake. This behavior of NP-internalization
within the used cell lines relates to their cellular function. DCs belong to phagocytic
and professional antigen presenting cells able to recognize and endocytose foreign
material (pathogens), which leads to their maturation followed by a down-regulation of

phagocytosis [132]. Therefore, the immature state of DCs is correlated with a higher
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uptake-activity in comparison to the non-phagocytic cells [131]. The phagocytic activity

and hence particle uptake is reduced after reaching a saturation state [81].
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Figure 10: Cellular-association of DiD labeled CS-PLGA NPs. Fluorescently labeled CS-PLGA NPs

were incubated for 2 h and quantified with flow cytometry for their cellular-internalization behavior. (A)
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Mean fluorescence intensity (MFI) upon NP-exposure at different concentrations and (B) DiD positive
cells. Representative graphs depicting a concentration-dependent fluorescence shift for (C) DC2.4

cells, while (D) HaCaT cells only reveal a strong shift at higher concentrations. N = 3, mean + SD.

To distinguish between cellular-association and real uptake of CS-PLGA NPs, DC2.4
and HaCaT cells were incubated with DID_CS-PLGA NPs for 2 h at 37°C and
visualized by CLSM. The NP-excess was removed and cells were washed by using
Hanks’s Balanced Salt Solution (HBSS-buffer, pH 7.4). Cell membranes were stained

with fluoresceine labeled germ agglutinin (WGA, 10 pg/mL) linked to Alexa Fluor 488
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fluorescent dye, fixed with 3% paraformaldehyde.Cell nuclei were afterwards stained
with 4',6-diamidino-2-phenylindole (DAPI, 0.1 pg/mL). Cells without any treatment
were used as a control. CLSM-images were acquired with a 64x water immersion
objective at 1024 x 1024 resolution and presented either a 3D or a vertical section
(cross-section) across a specific region of the sample. Different image-representations

were necessary for a decent assessment of NP-uptake within the cells.

After cells were washed with HBSS-buffer to remove remaining NPs, still a high
amount of fluorescently labeled DiD_CS-PLGA NPs were evident in the images either
strongly attached to the cell membranes or by causing a strong background signal
worsen the image-quality (Figure 11). Thus, the internalized NPs could not be
distinguished from NPs adsorbed to the cell membrane. We, therefore, used a method
described by Bishop et al. [133], where heparin was added to the buffer and further
used as the washing buffer. This method was slightly adapted for our experimental

settings.

Here, DCs were exposed to labeled NPs as mentioned above for 2 h and the excess
of NPs were removed by incubating the cells afterwards for 5 min (repeated twice)
with cooled HBSS-buffer supplemented with heparin (100 Units/mL) followed
bywashing steps with pre-warmed HBSS alone. Using cooled buffer would prevent
endocytosis [133] of NPs. The obtained confocal-images with the HBSS-heparin
washing method demonstrated a definite improvement (Figure 12) when compared to
the normal treated ones (Figure 11). The image-quality was significantly improved,
which allowed a simple differentiation between internalized and uninternalized NPs to
the DCs in either represented images. The same HBSS-heparin washing method was
applied to HaCaT cells after 2 h of NP-exposure (Figure 13). Qualitative analysis of
the NP-uptake behavior with CLSM using the HBSS-heparin washing method matched
with the quantitative data obtained by flow cytometry. Both methods revealed a higher

NP-internalization for DCs over HaCaT cells.
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Figure 11: Representative confocal microscopy images for DC2.4 cells exposed to DiD_CS-
PLGA NPs. DC2.4 cells were incubated for 2 h with labeled NPs of different concentrations (40 — 160
png/mL) and NP-excess was removed by pre-warmed HBSS-buffer. Control images show cells without
any treatment. (A) Merged images, (B) 3-dimensional (3D) visualization and (C) Cross-section. Scale

bar 50 pm.
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Improvement of confocal images after heparin-treatment
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Figure 12: Representative confocal microscopy images for DC2.4 cells after treatment with the
HBSS- heparin method. Using HBSS supplemented with heparin in the washing step, improved image
quality and aided to the differentiation between internalized DiD_CS-PLGA NPs (applied in different
concentrations) to DCs from non-internalized NPs in all images and for all tested concentration ranges.

(A) Merged images, (B) 3-dimensional (3D) visualization and (C) Cross-section. Scale bar 50 pm.
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Figure 13: Representative confocal microscopy images for HaCaT cells. Cells were exposed to
different concentrations of DiD labeled NPs and NP-excess was removed using HBSS-heparin in the
washing step and images were obtained by CLSM. (A) Merged images, (B) 3-dimensional (3D)

visualization and (C) Cross-section. Scale bar 50 um.
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3.2.4 Uptake Behavior of PLGA and CS-PLGA NPs in Primary Human Immune
Cells from PBMC

See also chapter 6.1, Yasar and Duran et al. (2018) Nanomedicine: NBM; in reply.

The studies in section 3.2.2 and 3.2.3 ought to give an in-depth understanding about
the NP cell-interaction once they enter the body and encounter cells. However,
adequate knowledge about the mechanistic of cellular-internalization after topical
application purposing transfollicular vaccination requires a more profound analysis of

NP-effects on primary cells isolated from skin.

As the availability of fresh skin is limited, we pursued to use fresh blood from healthy
donors, isolated immune cells and characterized the influence of our NPs in
cooperation with the Center for Experimental and Clinical Infection Research,

Twincore in Hannover.

It has been widely described that nanoparticles made of inorganic materials may
cause a variety of different immune effects (e.g. activation of the complement system,
anti-inflammatory effects) observed either in vivo or in vitro [101] or act as adjuvants
which would be beneficial for vaccination purposes. However, in most nanomedicine
particles should be employed as delivery systems for a variety of cargos, but not
interact with the immune system in order to avoid any adverse immunological effects.
Therefore, it is of crucial knowledge to understand the behavior of those materials on
immune cells obtained from human origin to attain quick translation into clinical studies
as a further perspective. Such knowledge is also important for carriers intended for
vaccination, as it may affect the type of immune response and help in selection of a
suitable adjuvant type and amount.

This study aimed to employ peripheral mononuclear blood cells (PBMC) from human
origin as an attractive ex vivo model for the in-depth characterization of our drug-free
NPs. We herein used two opposite charged drug-free NPs, cationic CS-PLGA NPs
and anionic PLGA NPs systematically compared them with each other. Either type of
NP has been previously used for transfollicular vaccination [2].
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Thus, NP-internalization behavior in PBMC, intracellular fate and immunomodulating
properties towards monocyte-derived dendritic cells (moDCs) were assessed by using
FA- labeled PLGA and CS-PLGA NPs for the analysis with flow cytometry and CLSM.
The produced anionic PLGA (PDI of ~0.01 and {-potential of approx. -20 mV) and
cationic CS-PLGA NPs showed a narrow size distribution and a hydrodynamic size

below 200 nm with spherical and smooth surface morphology.

As the physicochemical properties of nanosized materials, their morphology and
aggregation behavior under physiological conditions are crucial for the NP-cell
interaction [84, 91, 134], the physical stability was assessed in CellGro® cell culture
and conditioned medium harvested from cultured cells. NPs were tested at different
concentrations (10 — 120 pg/mL) in the appropriate medium for 2 or 4 h at 37°C.
Independent from surface-potential, the NPs at 60 pg/mL remained overall stable
under both medium conditions (Figure 14), which were also used for all ex vivo

studies.

We then continued to analyze the kinetics of NP-internalization for both NP-types in
primary human immune cells within PBMC, which were isolated by a Ficoll density
gradient (Figure 15). As PBMC comprise a variety of immune cell types, the
frequencies of each immune cell subset were first quantified by immunolabeling of
PMBC with fluorescent-coupled antibodies against CD3, CD19, MHC-II, as well as
CD14, and the samples were measured by flow cytometry. When single cells were
selected, T cells were defined as CD3+ CD19- cells and B cells as CD19+ CD3- cells,
whereas the CD3- CD19- population was further discriminated in MHC-11+ CD14+
monocytes and MHC-II+ CD14- DC. Thus, PBMC comprised ~60% T cells, ~5% B
cells, ~20% monocytes, and ~15% dendritic cells (Figure 15).
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Figure 14: Physical stability of opposite charged NPs under physiological conditions. Stability
test for non-labeled PLGA and CS-PLGA NPs in (A) CellGro® medium and (B) conditioned medium
harvested from cultured moDCs. Hydrodynamic size and PDI were measured by DLS. N = 3, mean *
SD.

Impressively, despite the higher frequencies of lymphocytes (T cells and B cells) within
the PBMC, they revealed almost no uptake when in contact with either type of NPs.
Monocytes and DCs though, indicated the highest uptake with nearly 80% after 4 h of
NP-exposure (Figure 16), indicating a preferential NP-uptake by APCs.

A similar observation has been earlier reported by Greulich et al. [111] where the cell-
specific response of PBMC to silver nanoparticles was characterized, which showed
preferential uptake in monocytes over T-cells.

Zolnik et al. [103] further described that NPs are often firstly captured by phagocytic
cells, such as monocytes, which is comparable to our findings. Furthermore, a surface
charge dependent uptake was not observed. Thus, the FA-PLGA and CS-FA-PLGA
NPs showed preferential uptake by APCs even without further surface-

functionalization needed for a specific cell targeting.
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Figure 15: Human immune subsets in peripheral mononuclear blood cells (PBMC). (A, B) Human

PBMC are isolated from blood donors using a Ficoll density gradient centrifugation. (C) Human PBMC

were stained with fluorescent-coupled antibodies specific for CD3, CD19, MHC-II, and CD14 and T

cells, B cells, monocytes and dendritic cells were each classified as indicated for one representative

donor. (D) Frequencies of cell subsets identified within PBMC from N = 11 donors.
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Figure 16: NP-association in PBMC subsets at 37°C. Anionic FA-PLGA and cationic CS-FA-PLGA
NPs are preferentially internalized by primary human APCs. The amount NP-uptake was determined
using flow cytometry by measuring the percentage of FA positive cells for (A) T cells, (B) B cells, (C)
monocytes and (D) dendritic cells. N = 11, mean + SEM (two-tailed Wilcoxon test, **p <0.002, *p
<0.0322).

As both NPs-types showed similar efficient uptake in monocytes and DCs, we wanted
to get a clear picture of their internalization behavior, intracellular trafficking, and
immune safety profile specifically towards DCs. They represent the most professional
antigen presenting cells with the capability to initiate both innate and adaptive
immunity [103, 132]. Thus, CD14+ cells were isolated from PBMC by magnetic cell
sorting and further differentiated into immature moDCs by using granulocyte-
macrophage colony-stimulating factor (GM-CSF) as a general growth factor and
interleukin-4 (IL-4) as cytokine. Cells were incubated 5 days to allow their
differentiation (Figure 17).

We first analyzed the cell viability of moDCs exposed to different concentrations of

anionic FA-PLGA and cationic CS-FA-PLGA NPs for 4 h and quantified the percentage
of dead cells using a live-dead staining kit with heat-killed moDCs as a positive control.
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Figure 17: Differentiation of monocyte-derived DCs (moDCs) from human blood. PBMC were
obtained from donors, from which the monocytes were isolated using CD14+ MACS sorting method.
The isolated monocytes were further incubated with GM-CSF and IL-4 for 5 days resulting in monocyte
derived dendritic cells. The moDCs were then seeded on 48 well plates and either exposed to FA-PLGA

or CS-FA-PLGA NPs for predetermined time-points to characterize NP-cellular internalization behavior.

Both NP types showed a low cytotoxic effect when exposed to moDCs (Figure 18 A).
We further characterized the kinetics of internalization by moDCs for either type of NP-
system (60 pg/mL) at three different time-points. The moDCs were exposed to both
types of NPs for 2, 4 or 24 h and the percentage of green fluorescent positive cells
was measured by flow cytometry.

While cationic CS-PLGA NPs revealed a significant stronger fluorescence shift over
the tested time-points with ~70% of fluorescence positive cells after 24 h, the anionic
PLGA NPs showed a time-independent cell internalization with nearly 40% of detected
positive cells (Figure 18 B). These results correlated with the outcome of the uptake
studies performed in DC2.4 cell line [81], indicating an efficient uptake behavior of
cationic CS-FA-PLGA NPs. Whereas anionic FA-PLGA NPs revealed a significantly
lower uptake. This is explicable by the fact that moDCs express receptors like the
mannose receptor (MMR), Dectin-1 and toll-like receptor (TLR) 2 on their surface
enhancing cellular uptake [135-138] and are also associated with CS recognition.
Using a CS surface coating of FA-PLGA may lead to receptor-mediated endocytosis
of CS-FA-PLGA NPs in comparison to a non-specific uptake of FA-PLGA NPs.

Due to that fact, we analyzed the mechanism of uptake by studying the intracellular

localization of both NP-types within moDCs, and found a higher colocalization of CS-
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FA-PLGA NPs within the early and late endosomes, while FA-PLGA NPs had a
tendency to localize more in the lysosomes (see chapter 6.1). These results further

indicated a receptor-mediated uptake of CS-PLGA NPs.
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Figure 18: NP-association in moDCs. (A) The cytotoxicity of moDCs upon NP-exposure was assayed
using a Zombie Aqua™ dye to evaluate the percentage of dead cells. Black arrow points to the used
concentration. Data kindly provided by Veronica Duran. (B) Kinetics of NP-uptake were performed for

both NP-types at different time-points. N = 3 donors, mean * SD.
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Additionally, we did not observe any immune activation of moDC according to the
expression MHC-I, MHC-II, CD11c, CD86, CD40 and MMR after treatment with both
types of NPs (see chapter 3.5.1). The observed up- and down-regulation of the MMR
upon CS-FA PLGA-treatment may correlate with the hypothesis of Han et al. [138]
describing the MMR as the main receptor involved in the recognition of chitosan

derivatives.

These results demonstrated that the plain NPs are safe vehicles attractive for antigen-
delivery preferentially to APCs, revealing an efficient uptake in APCs without
immunostimulatory or -modulatory effects. With its cationic surface charge, CS-PLGA
NPs would enable complexation with anionic mRNA, which is an interesting cargo to
be delivered to APCs in order to ensure mRNA-based vaccination. This mRNA-based

approach is the focus of the upcoming chapters.
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3.3 Interaction of CS-PLGA NPs with Mucus

See also chapter 6.2, Murgia et al. (2017), EJPB

In the chapters before, we discussed how NP-delivery systems could overcome the
skin (via the hair follicles) as well as cellular barriers and performed in-depth
characterizations of their internalization behavior in vivo, in vitro and ex vivo pointing
towards the application of the NPs for mMRNA-based vaccination via the transfollicular
route. However, the mucus barrier has been often neglected in in vitro studies [48]
especially for the assessment of drug delivery systems aiming towards mucosal
vaccination. Overcoming the mucus barrier in order to reach the underlying tissue and
evoke either a local or a further systemic action is no small task.

Due to the cross-linking of mucin fibers, the mucus attains a mesh-like structure [48],
in which pore-sizes are highly heterogeneous with variable size distribution [139]
causing steric hindrance to NP-penetration. In the current case of mRNA delivery,
overcoming the mucus layer would lead to NP-uptake by underlying epithelial cells
and hence ensure their transfection. Therefore, the present study aimed among others
to analyze the interaction of the previously described cationic coated CS-PLGA NPs
with a novel established in vitro model based on the cystic fibrosis cell line CFBE41o0-
grown under liquid-liquid conditions with subsequent addition of freeze-dried native
human mucus on the surface.

Hereby, DiD-labeled CS-PLGA NPs were used to visualize the uptake. When the NPs
were exposed to naked CFBE410- cells, a significantly higher uptake was observable
in comparison to CFBE41o0- cells with an additional mucus layer on the surface [48].
This observation could be explained by the fact, that our cationic CS-PLGA NPs with
the size of approx. 160 nm might stuck inside the mucin fiber mesh, and could further
interact with their negative charged sialic acid-rich glycan side-chains hindering the
subsequent cellular uptake [48, 140]. As thus, the efficiency of our NP-system to
deliver specific bioactive would be dramatically reduced for mucus-covered epithelia.
Considering the transport of mMRNA to the underlying epithelial cells, mucosal delivery
represents even a bigger challenge and sets the requirement to enhance our NP-

system in order to cross the mucosal barrier.
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3.4 mRNA-HA:CS-PLGA NPs for Transfollicular Vaccination: In Vivo

Adoptive Transfer in HA-Transgenic Mice

The performed studies described in the previous chapters supported the
comprehension about the mechanistic behind the cellular and transfollicular uptake of
our cationic CS-PLGA NPs. We showed that CS-PLGA NPs were efficiently
internalized into immune cells causing no adverse immunological effects. The in vivo
data further suggested that CS-PLGA NPs were able to penetrate inside the lower hair
follicle and showed signs of accumulation. These characteristics make the cationic
NPs an efficient and safe delivery system for transfollicular vaccination. As we could
not pursue with the idea to incorporate the HA-antigen into the NP-system, we
continued with nucleic acids as cargo for our NPs and evaluated the potential of our
NP-system for TF-vaccination.

Nucleic acid-based therapeutics gained strong attention as alternatives for
conventional vaccine strategies using either killed pathogens, pathogen subunits or
live-attenuated viruses [141, 142]. As thus, the first attempt was made using pDNA
encoding a specific antigen as a vaccine component delivered by liposomes or
microparticles resulting in an increased uptake of pDNA by cells [142]. However,
pDNA-based delivery systems permitted low transgene expression especially in non-
dividing and hard-to-transfect cells e.g. DCs and macrophages [141], which constitute
an interesting target for the induction and regulation of antigen-specific immune
responses. To ensure a safe and potent cargo with facilitated transgene expression,
we therefore focused on the incorporation of a mRNA to the NP-system. The selected
MRNA encodes the vaccine-relevant antigen hemagglutinin (MRNA-HA). In
comparison to pDNA, mRNA permits unique advantages as it starts the protein

translation within the cytoplasm and yields faster protein expression [60, 81].

We kindly received the mMRNA-HA from CureVac-the RNA people® from
Tubingen/Germany and complexed it with CS-PLGA NPs. The cationic amine group
of chitosan facilitates electrostatic interaction with the anionic charged mRNA to the
surface of cationic NPs [81] leading to the formation of mMRNA-HA complexed CS-
PLGA NPs (mMRNA-HA:CS-PLGA NPs). As the mRNA-HA condensation to the
particles might show limitations regarding particle-aggregation at lower mRNA-
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HA:NPs ratios, conditions of these studies were chosen using mMRNA:NPs weight
ratios (w/w) ranging between 1:15, 1:20, 1:25 and 1:30. The mRNA-HA was post-
loaded onto the surface of CS-PLGA NPs with the purpose to avoid exposing the
MRNA to harsh conditions during the production procedure and fast release upon
certain physiological triggers [81, 82]. mMRNA-HA complexed NPs at all tested weight
ratios revealed a spherical and evenly shaped surface morphology (Figure 19 A - D).
A drop of the {-potential from +31 mV for plain NPs to approx. +17 mV was observable
for all mMRNA-HA:CS-PLGA NPs ratios presumably due to a partially charge
neutralization of cationic particles with the anionic polynucleotide [81]. The process of
MRNA-loading may had raised the risk for particle-aggregation as observed for w/w of
1:15 (Figure 19 A) with an increased size of ~177 nm following a broader size
distribution profile with the highest PDI of approx. 0.31 (Figure 19 E). We have made
similar observations when CS-PLGA NPs were complexed with a mRNA encoding the
reporter gene mCherry and showed that lower w/w ratios had a higher tendency to

aggregate [81].

In the next step, we characterized the probability of the mRNA-HA complexed CS-
PLG NPs to induce an immune response by in vivo adoptive transfer experiments
using HA-transgenic mice. Thus, the ratio of 1:15 and 1:20 were tested with and
without the co-administration of the adjuvant c-di-AMP via the transfollicular route and
HA protein (from H1N1) plus c-di-AMP as positive control via the subcutaneous route
(Figure 20 A). Two days before the immunization via the TF-route, mice hair were
depilated using VEET cream. A dose of 5 ug of mRNA-HA was applied per mouse by
gently massaging the mRNA-HA:CS-PLGA NPs. The positive control was injected

subcutaneously using a dose of 2 pg of HA plus 1 ug c-di-AMP per mouse.
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A mRNA-HANPs 1:15 B mRNA-HANPs 1:20 C mRNA-HA:NPs 1:.25 D mRNA-HA:NPs 1:30

E Nancparticles mRNA-HA:NPs Size (nm) PDI {-potential (mV)
(NPs) (wiw)
Plain CS-PLGA - 138+ 8 0.15+0.01 +31.71£6.3
mRNA-HA:CS-PLGA 1:15 177 £ 25 0.31 £0.07 +15.3£0.3
mRNA-HA:CS-PLGA 1:20 1473 0.25 £ 0.02 +17.1£2.8
mRNA-HA:CS-PLGA 1:25 140+ 2 0.22 +0.01 +16.8+0.5
MRNA-HA:CS-PLGA 1:30 1395 0.22 £0.03 +175+1.0

Figure 19: Morphological appearance and colloidal properties mRNA-HA complexed CS-PLGA
nanoparticles (INRNA-HA:NPs). (A- D) SEM and TEM-images obtained for nRNA-HA:CS-PLGA NPs
at w/w ranging from 1:15 — 1:30. NPs were stained with 0.5% wt/V of PTA for TEM-images (E)

Physicochemical properties of all tested ratios. Samples with a ratio of 1:15 and 1:20 indicated in bold

were used for in vivo studies. n = 3, mean + SD.
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Figure 20: In vivo adoptive transfer experiment in HA-transgenic mice. (A) Experimental setup for

all tested groups, either with or without the adjuvant c-di-AMP using the transfollicular route. The

percentage of (B - C) CD4+ and (D - E) CD8+ T cells proliferation was quantified using flow cytometry

for both the lymph nodes (LNs) and spleen of mice. N = 5, mean + SD. Data kindly provided by Simon

Delandre.
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For both sampled organs, all tested groups showed low CD4+ T cells proliferation at
the same level of the background (negative control) compared to the positive control
(Figure 20 B -C). A high level of CD8+ T cells proliferation was observable for all
tested groups (Figure 20 D — E). However, the plain CS-PLGA NPs (negative control)

showed similar CD8+ titers as the other groups with mRNA and the positive control.

We encountered several factors playing a crucial role in the obtained outcome of the
in vivo adoptive transfer experiments via the TF-route using our mMRNA-HA loaded CS-
PLGA NPs. As such, either (i) the used NP-system, (ii) applied dose of mMRNA-HA or
(i) the transfollicular route may represent limiting parameters in the achievement of

an effective immune response.

Previously, Raber et al. [38] analyzed the follicular uptake efficiency of different coated
NP-systems applied onto the skin of human volunteers and showed that only ~2% of
NPs with a cationic surface potential penetrated inside the HF, while ~81% were found
on the skin surface. Whereas, lipophilic or negatively charged NPs revealed a higher
tendency for follicular uptake with nearly 5%. As such, only ~1.5% of CS-PLGA NPs
were found in the HF [38]. Taking this fact under consideration, applying our net
positive charged mRNA:CS-PLGA NPs would similarly lead to a loss of more than
80% of NPs on the mouse skin. The penetrated small amount of mMRNA:NPs further
would have to be internalized by the perifollicular APCs, to cause a transgene
expression of HA and subsequently a presentation of the antigen-fragments on MHC
classes. Consequently, the chances for an effective in vivo transfection drops using
cationic NPs. On the other side, a cationic surface potential of the particles is highly
required for the complexation of mMRNA as well as for an enhanced cellular uptake as
discussed in chapter 3.2.4.

Thus, to counter this limitation, either the NP-system needs improvement to be potent
enough to deliver the necessary mRNA dose to the APCs and/or the applied mRNA
dose per mouse must be increased in future studies. Petsch et al. [143] used a high
dose of 80 ug of mMRNA-HA and injected intradermally to BALB/c mice. However,
comparable to the intradermal or subcutaneous route, the transfollicular route is
associated with higher challenges for mRNA-vaccination using NPs and therefore

demands an optimal tuning of all involved parameters.
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3.5 Development of Safe and Efficient NPs to Deliver Nucleic Acids

3.5.1 Starch-Chitosan Polyplexes for pDNA Delivery

See also chapter 6.3, Yasar and Ho et al. (2018) Polymers.

The aim of the present study was to design and optimize an efficient delivery system
for nucleic acids made of materials from renewable resources in an organic solvent
free synthesis in order to fulfill the strict requirements of the biomedical field [32]. As
thus, the selected excipients should be biocompatible and biodegradable, safe, at the
same time enable good drug loading capacity, and deliver genes efficiently to the
target cells. In addition to that, the engineering aspects of the used materials should
qualify to be environmentally friendly and facile producible. Therefore, a variety of
different polymeric materials have been synthesized to develop drug delivery vehicles
by either including them inside the polymeric matrix or loading them onto the surface
of the particles [33]. However, the amount of such polymers with the further property
of being water-soluble suitable for biomedical use is still limited, but highly desired.
Particularly, natural and gently modified polysaccharides, e.g. chitosan, alginate,
starch or dextrin with their synthetic derivatives have been considered as efficient
candidates for nanocarrier systems [144, 145].

Hence, this work focused on the development of a flexible and facile NP-system based
on the advantageous properties of the natural polysaccharides, starch and CS, and
their potential to deliver pDNA. Starch is a polysaccharide, which is naturally degraded
by a-amylase and widely used in pharmaceutical applications [146]. As natural starch
is not water-soluble, we gently chemically modified and synthesized starch derivatives
with fractional molecular weight (Mw) ratios according to Yamada et al. [79] , in which
the preparation of partially oxidized starch derivatives was reported and further used
as a platform for gene delivery.

Thus, anionic starch with Mw > 100 kDa and commercially available chitosan
derivatives using either oligo chitosan Mw ~5 kDa or Protasan™ Mw ~90 kDa were
used as the main components to formulate the nanocarrier systems. The partially

oxidized starch carries a carboxylate functional group with a net negative charge that
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facilitates complex coacervation with the net positive charged amine functional group
of chitosan in aqueous solution resulting in polyplexes. In order to obtain particles with
high colloidal stability, we carefully tuned the molar ratio between the carboxylate and
amine functional group, the polymer concentration and further the polymer type. The
preparation within this study represents a step forward from the approach reported by
Barthold et al. [147].

In the first step, we engineered plain starch-chitosan polyplexes composed of starch
(Mw > 100 kDa) and oligo chitosan leading to anionic core polyplexes (anCP) carrying
a negative C-potential (Figure 21 A), which enabled a further surface coating with
Protasan resulting in cationic-coated polyplexes (cCP) (Figure 21 B). The plain
polyplexes revealed a smooth and spherical surface shape with a narrow size-
distribution profile and low cytotoxic effects tested on A549 cells (see chapter 6.3).
The colloidal stability of both polyplexes was explored at different pH values (from 3.5
to 8.0) relevant for various administration routes. Regarding our TF-application, the
particles have to be stable under slightly acidic conditions, since the natural pH value
of the skin is approx. 5 [148]. Both polyplexes were stable under these conditions,
making them suitable for skin application purposes. The produced anCP further
retained their stability under storage conditions for over 27 days.

In the next step, we assessed the potential of the novel NP-system to deliver pDNA
efficiently by in vitro transfection studies in A549 cells. Thus, we used pDNA encoding
the green fluorescence protein pAmCyan as a model nucleic acid and incorporated it
inside the anCP with an additional pDNA complexation (w/w of 1:30) onto the surface
of cCP resulting in pAmCyan double loaded cCP (Figure 21 C), achieving a
encapsulation efficiency (Y%EE) of 94% [32].
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A Preparation of anionic starch-chitosan core polyplexes (anCP)
anionic starch Mw > 100kDa oligo chitosan Mw ~ 5kDa
combmahon % éﬁ/ 4/
in aqueous
solution

TAV AV | W

B Preparation of Protasan coated CP (cCP)

anCP Protasan Mw ~ 90kDa
+ PVA

C Preparation of pDNA (pAmCyan) loaded cCP as model nucleic acid cargo

pAmCyan pAmCyan loaded anCP

W
pAmCyan loaded cCP  pAmCyan double loaded cCP

Figure 21: Preparation of starch-chitosan polyplexes for gene delivery. Represented schematic

illustration has been published in Yasar et al. [32].

The transfection efficiency was evaluated after 48 — 96 h post-transfection using CLSM
and flow cytometry. pAmCyan double loaded cCP mediated a protein expression rate
of 5% after 48 h, whereas the positive control jetPRIME® (commercially available
transfection reagent) caused a transfection efficiency of 45%, which rapidly decreased
after 96 h to only 25% (Figure 22). Presumably, the high stability of the condensed
pDNA within the polyplexes may have led to an incomplete release within the
cytoplasm and hence less transfection rate [149, 150]. As mentioned in the chapters
before, the amount of positive charged particles found within the hair follicles is very
low, which in return means that only a low rate can be further internalized by

perifollicular APCs. An additional low transfection rate of 5 % using our polyplexes
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would reduce the chance for an efficient transfection by the administration route. We
therefore focused in the upcoming study to design a more efficient NP-system with

high transfection rate in an in vitro based assay.
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Figure 22: Transfection studies in A549 cells using pAmCyan double loaded cCP. (A) CLSM-
images of transfected cells (green fluorescence signal: successful transfected cells; red: cell
membrane; blue: cell nucleus; scale bar 50 um). (B) Quantification of the transfection efficiency by flow

cytometry. N = 3, mean = SD. Images are modified from Yasar et al. [32].
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3.5.2 Lipid-Polymer Hybrid NPs Carrying mRNA-mCherry as Reporter Gene to
DC2.4 Cell Line

See also chapter 6.4, Yasar et al. (2018) Journal of Nanobiotechnology

As discussed in chapter 3.4, mRNA-based vaccination represents an innovative and
promising alternative to pDNA-based strategies. Hence, a variety of different NP-
systems have been manufactured using either polymer-based [77, 78] or lipid-based
[73—76] NP-systems to replace the traditionally used viral-vectors for mRNA-delivery
[68]. Nevertheless, the development of appropriate mMRNA-delivery systems with high
transfection efficiency and low cytotoxicity remains a challenge. Therefore, the
objective of this study was to design a potent and safe NP-system that would efficiently
deliver mRNA and should induce a high transgene expression rate in APCs. We
focused on a new class of NP-system combining the beneficial properties of lipid and
polymer carriers, hence we produced a lipid-polymer hybrid system (LPNs) [82, 87]
and analyzed the kinetics of their cellular-internalization behavior within DCs.

Additionally to that, Raber et al. [38] discussed the tendency of cationic and lipophilic
NPs to preferentially accumulate within the hair follicle in a higher amount. The before
mentioned findings concerning the surface characteristics are important for a

successful TF-vaccination.

The LPNs were designed using PLGA as the main core with a cationic surface coating
using the lipid 1, 2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA) [81].
These lipid-coated PLGA NPs were produced using a modified double-emulsion
method as described earlier by Jensen et al. [92]. We further compared the lipid-
coated PLGA NPs with the well-established CS-PLGA NPs and kept all processes
during the production equal to allow for comparison. All plain NPs were characterized
for their morphological structure, physicochemical properties, and colloidal stability
under physiological as well as storage conditions. Further, their cytotoxic effects were
evaluated in vitro in DC2.4 cells. The plain NP-systems revealed a spherical and
evenly shaped surface morphology and additionally indicated a core-shell structure
with both particles having a positive {-potential and a narrow size-distribution profile
with a hydrodynamic size of ~230 nm (PDI ~0.1) for LPNs and ~150 nm (PDI ~0.1) for
CS-PLGA NPs [81]. As important for biopharmaceutical application, both NP-systems
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retained their colloidal stability in different physiological media (HBSS-buffer, cell
culture medium DMEM, and DMEM plus 10% FCS). The LPNs remained stable when
tested under storage conditions exposed to room temperature and 4°C and revealed
low cytotoxic effects with up to 80% cell viability at 100 ug/mL particle concentration,
when tested with a live-dead staining kit in DC2.4 cells.

To evaluate the potential of the lipid-coated PLGA NPs to deliver mRNA, a model
MRNA encoding for the fluorescent protein mCherry was complexed onto the cationic
surface of the NP-system at various ratios and the kinetics of cellular-uptake and
further transgene expression were assessed at pre-determined time-points. The
MRNA complexed NPs showed positive -potential for w/w ratios of 1:20 and 1:30,
while the tested w/w ratio of 1:10 had slightly lower surface potential with a broader
size-distribution profile respectively [81].

While cellular-association of either type of NPs with (Figure 23 A) and without (Figure

23 B) mRNA-complexation was comparable, protein expression rate was significantly

different.
A 20000 MRNA:FA-LPNs after 2h B 20000, [mm FA-LPNs after 2h
B8 mMRNA:FA-LPNs after 4h @B FA-LPNs after 4h
MRNA:CS-FA-PLGA NPs after 2h
15000 MRNA:CS-FA-PLGA NPs after 4h 15000 : gg:iiﬁtgﬁ: miz :2:: i:
— 10000 __ 10000
L
= =
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T
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0 1:10 1:20 1:30 0 20 40 60
MRNA:NPs (w/w) NPs (ug/mL)

Figure 23: Cellular association of LPNs and CS-PLGA NPs in DC2.4 cells. The association of either
NP-type was measured using the mean fluorescence intensity (MFI) of FA-labeled particles (A) with
and (B) without mRNA complexation in the FITC-channel. N = 4, mean + SD. Histograms were modified

from Yasar et al. [81].

However, unlike mRNA:CS-PLGA NPs, mRNA:LPNs indicated an impressive
transfection efficiency of ~80 % already after a 4 h time-course with a decay after 24
and 48 h post-transfection (Figure 24 A), while mMRNA:CS-PLGA NPs in comparison
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showed the highest transfection rate of nearly 5% 24 h post-transfection (Figure 24
B). However, CS-PLGA NPs had earlier shown their efficiency to delivery nuclease-
encoding mMRNA following an intratracheal administration in an in vivo transgenic
mouse model resulting in an efficient genome editing [151]. In another setting,
intratracheal and intravenous application of our CS-PLGA NPs together with
chemically modified mRNA encoding for the cystic fibrosis transmembrane and
conductance regulator (CFTR) — used as a highly potent pulmonary drug — revealed
a significant improvement of the lung function in in vivo mouse, indicating a promising
approach for cystic fibrosis patients [80]. That implicates the importance of the
administration route for mRNA-delivery. The differences within the transfection rates
of both NP-types may relate to higher stability of condensed mRNA within LPNs over
CS-PLGA NPs and consequently a complete release within the cytoplasm [81].

B @ mRNA:CS-PLGA_1:10
M mRNA:CS-PLGA_1:20
A mMRNA:CS-PLGA_1:30

A ‘® mMRNALPNs_1:10
# mRNA:LPNs_1:20
A MRNALPNs_1:30

100+

Transfeted cells (%)

Transfeted cells (%)

Time (h)

Figure 24: Kinetics of mCherry transgene expression in DCs after exposure to LPNs and CS-
PLGA NPs. (A) mRNA complexed LPNs (B) CS-PLGA NPs were quantified at different w/w ratios for
their efficiency to transfect DC2.4 cell line. While LPNs showed a high transfection rate after 2 h upon
particles exposure, CS-PLGA NPs revealed a slight transfection efficiency 24 h post-transfection. N =

4, mean + SD. Histograms were modified from Yasar et al. [81].

When we tested a simultaneous uptake and protein translation of labeled and mRNA

complexed LPNs for 4 h using a live cell fluorescence microscopy, we observed an
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independent protein translation rate from the NP-uptake, with an exponential increase
over a time-course of 4 h (Figure 25 A). Whereas, the uptake remained comparably
similar over the same time for transfected and non-transfected cells (Figure 25 B).
Meaning that the NP-uptake does not play a crucial role to induce subsequent
transfection. As such, even if CS-PLGA NPs were efficiently taken up by the cells, they
only caused a low transfection rate. Leonhardt et al. [78] described earlier a similar
observation, in which eGFP coded mRNA was complexed to the commercially
available transfection reagent Lipofectamine2000® that further induced a fast protein
expression after 3 h upon exposure to A549 cells. Our studies clearly underline the
transient nature of MRNA [75, 78] as the protein translation starts within the cytoplasm
and the importance to evaluate the kinetics of mMRNA translation delivered by NP-
systems. The knowledge about the kinetics may foster the generation of precise
MRNA-based vaccines.

A 100+ B 1001

B non-transfected cells

© transfected cells - transfected cells
<>~ non-transfected cells

MFI| (red signal)
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3
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Time (h)

Figure 25: Live cell fluorescence microscopy of DCs when exposed for 4 h to labeled and mRNA
complexed LPNs. (A) Time-dependent increase of mCherry protein translation (red signal) with mRNA
complexed LPNs. (B) Transfected and non-transfected cells reveal similar time-independent cellular-
uptake. n = 3, mean + SD. Histograms were modified from Yasar et al. [81].

Our transfection studies using three different NP-types indicated that the cationic LPNs
outperform the CS-PLGA NPs as well as starch-chitosan polyplexes when delivering
nucleic acids. Quite impressed by such data, the LPNs were complexed with the
MRNA-HA and analyzed for their potential to induce HA transgene expression and

hence an immune response via the transfollicular route.
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3.5.3 mRNA-HA:LPNs for In Vivo Adoptive Transfer in Mice: Comparing

Transfollicular with Subcutaneous Route

This study aimed to evaluate the potential of the novel NP-system, lipid-coated PLGA
NPs as delivery vehicle for mMRNA-HA in vivo in adoptive transfer experiments. Thus,
MRNA-HA complexed LPNs (MRNA-HA:LPNSs) with a w/w of 1:20 were tested via the
TF-route, and the outcome was additionally compared to the subcutaneous route with
and without adjuvantation (Figure 26 A).

Groups Formulation mRNA:NPs Amount of Route
(wiw) MRNA-HA (ug)

PBS - - - -
Blank LPNs NPs + Adj - - Transfollicular (TF)
mRNA:LPNs NPs + mRNA-HA 1:20 20 Transfollicular (TF)
mRNA:LPNs NPs + mRNA-HA + Adj 1:20 20 Transfollicular (TF)
mRNA:LPNs NPs + mRNA-HA 1:20 20 Subcutaneous (SuC)
MRNA'LPNs NPs + mRNA-HA + Adj 1:20 20 Subcutaneous (SuC)
B LNs CD4-T cells Cc LNs CD8-T cells
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Figure 26: In vivo adoptive transfer using mRNA:LPNs via transfollicular and subcutaneous
route in HA-transgenic mice. (A) Experimental setup for in vivo adoptive transfer studies (Adj stands
for the adjuvant c-di-AMP), (B) CD4+ and (C) CD8+ T cells proliferation obtained lymph nodes (LNs).
Data kindly provided by Simon Delandre.
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We further increased the applied mMRNA-HA dose per mouse up to 20 ug (Figure 26
A). The lymph nodes (LNs) were sampled 6 days post-immunization and the
percentage of CD4+ and CD8+ T cells proliferation rate was quantified by flow
cytometry. Even here, the TF-route could not induce a significant T cells proliferation,
when compared to the subcutaneous route, which elicited nearly 60% CD4+ and
approx. 80% CD8+ T cells proliferation when applied without an adjuvant (Figure 26
B, C).

Even our, according to the in vitro assessment in DCs, potent LPNs was not able to
induce sufficient immune response in vivo via the transfollicular route, which further
underlines the challenge for this administration pathway. Apart from the fact that only
a few percentages of NPs would penetrate inside the hair follicle, it further represents
also an immune-privileged area as described by Christoph et al. [152], upon
characterization of the amount of various immune cells around human hair follicles. It
was reported that the proximal hair follicle contains low number of macrophages and
Langerhans cells, which are mainly in charge of MHC-I or MHC-Il antigen

presentation.

Thus, mRNA-delivery using the TF-administration route seems quite challenging as
MRNA with its transgene products is recognized as intracellular or endogenous
antigen by APCs continuing with their presentation on the MHC-I class. Lack of this
type of APCs around the hair follicles consequently may have reduced the chances
for successful transfection. However, even if the skin would hold abundant APCs, the
present tight junctions presumably would restrict their smooth migration along the hair
follicles, which likely prevents the further NP-cellular internalization. This may explain
the observed results, when comparing the TF-route to the SuC one, in which the
MRNA was directly injected to the skin, which certainly facilitates NP-cell uptake and
hence antigen-presentation to CD4+ or CD8+ T cells.

56



Perspectives for Future Investigations

4 Conclusion and Perspectives for Future Investigations

Skin-targeted NP-systems without weakening the protective stratum corneum barrier
remain the most attractive approach for simplified future vaccinations. The studies
performed within this thesis report detailed investigations of NP-cell interactions with
an immune cell line of mouse origin (DC2.4), human epithelial cell lines (HaCaT and
A549) and primary human immune cells. We further developed successfully new NP-
systems composed of biodegradable and biocompatible polymers and assessed their
potential for nucleic acid delivery, with the focus on mRNA, which remains a
demanding cargo to deliver.

Not unexpectedly, several challenges for mRNA-delivery were encountered,
specifically by aiming for the transfollicular route. A very potent NP-system to
sufficiently deliver mRNA was needed and hence we produced two new carrier
systems comprising starch-chitosan polyplexes and lipid-polymer hybrid nanopatrticles
and compared them with the well-established chitosan-coated PLGA NPs. When
assessing all NP-systems, the LPNs revealed a higher potency to deliver mRNA.
In vitro experiments with dendritic cells revealed a superior and rapid protein
translation rate for LPNs complexing mRNA (coding for a reporter gene) in comparison
to CS-PLGA NPs. We further conducted an in-depth characterization of the mRNA
protein translation kinetics within DCs aiming to improve the understanding of mMRNA’s
transient nature as needed for future manufacturing of precision nanomedicines. With
the focus on using our particles for non-invasive transfollicular vaccination, we
replaced the mCherry reporter gene with a mRNA encoding the vaccine relevant
antigenic fragment of the influenza virus (hemagglutinin; HA). The potential of this
system to induce an effective immune response was evaluated in vivo in adoptive
transfer experiments using HA-transgenic mice. Unfortunately, an immune response
was only detected for the control condition by using our system via the subcutaneous

route, but not for the non-invasive approach via the TF-route.
Gene-vaccination by mRNA via the TF-route turned out to be challenging and

obviously requires a more profound understanding of skin-structure around the hair

follicles, NP-systems, and their subsequent cellular-internalization behavior.
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Therefore, future investigations for transcutaneous mRNA-vaccination strategies
should also consider alternative experimental settings.

In order to still allow a minimally invasive vaccination-strategy, the produced
nanoparticles complexing mRNA can be tested on the skin following the generation of
micropores within the skin structure. A system for dermatological skin-microporation
is commercially available and uses precise laser-light to create small pores in the skin.
These pores would act as gates inside the skin, facilitate NP-skin permeation and may
activate the innate immune system. By not relying on the immune-privileged hair
follicles, this approach could possibly facilitate the internalization of NPs by skin-

immune cells, which seemed to be difficult via the hair follicles.

As an alternative to generating immunity via the antigen encoding mRNA, the number
of immunization boosts can be further minimized by using self-amplifying RNA as
cargo. Such so-called replicons can drive high level expression of recombinant
antigens, which stimulates both the innate and adaptive immune system and
represents a benefit for influenza vaccinations [153].

A better characterization of the NP-uptake mechanism and safety profile in primary
human immune cells is mandatory, for future production of safe nanoparticles easy to
translate into clinical trials. Combining genome editing tools like clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR- associated (Cas)
biochemical methods with nanoparticulate delivery systems may foster the
understanding of uptake and activation mechanism of immune cells, when specific
pattern recognition receptors (PRR) are knocked down following the subsequent

measurement of NP-influence on these cells.
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Abstract

Biodegradable polymeric nanoparticles (NP) made from poly (lactid-co-glycolide) acid
(PLGA) and chitosan (CS) hold promise as innovative formulations for targeted
delivery. Since interactions of such NP with primary human immune cells have not
been characterized, yet, here we assessed the effect of PLGA or CS-PLGA NP
treatment on human peripheral blood mononuclear cells (PBMC), as well as on
monocyte-derived DC (moDC). Amongst PBMC, antigen presenting cells (APC)
showed higher uptake of both NP preparations than lymphocytes. Furthermore, moDC
internalized CS-PLGA NP more efficiently than PLGA NP, presumably because of
receptor-mediated endocytosis. Consequently, CS-PLGA NP were delivered mostly
to endosomal compartments, whereas PLGA NP primarily ended up in lysosomes.
Thus, CS-PLGA NP confer enhanced delivery to endosomal compartments of APC,
offering new therapeutic options to either modulate APC function or to inhibit

pathogens that preferentially infect APC.
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Background

Over the past few decades nanoparticles (NP) gained increased attention as an
innovative approach to improve drug delivery. In particular for the treatment of
diseases such as infections and cancer, where normally applied therapeutics often
show low efficiency, NP formulations are promising new strategies (1). Due to their
physicochemical properties which facilitate interactions with biological systems (2),
their morphological structure that allows for efficient uptake by different cell types (3),
and the alternative to functionalize their surface with a variety of different structures
(4), NP formulations represent a versatile tool to improve delivery of a whole variety of
cargos to their site of action. As such, NP have been widely studied for vaccine
formulations (5), cancer treatment (6), gene therapeutic purposes (7),
immunotherapies (8), and diagnostics (9). Tuning their physicochemical properties
resulted in enhanced crossing of biological barriers and increased bioavailability.
However, these developments have also raised safety concerns as they enable NP to
travel freely throughout the body (10, 11). It has been reported that NP may cause
adverse effects when entering the human body, as the contact with human immune
cells is inevitable and may cause undesirable immunomodulatory effects (12, 13). This
sets strict requirements for the selection of materials and excipients when designing
NP. We therefore focused on the analysis of two delivery systems that have been
described in previous studies, which are composed of poly (lactid-co-glycolide) acid
(PLGA). Such anionic PLGA NP can be subjected to chitosan-surface coating, thus
resulting in cationic chitosan-coated PLGA (CS-PLGA) NP (14, 15). These polymers
are biodegradable and biocompatible and therefore were already approved by
regulatory authorities as pharmaceutically safe materials for clinical and cosmetic use

(16, 17).
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PLGA and CS-PLGA NP have been successfully applied in one of our previous studies
for vaccination via the transfollicular route (15). Interestingly, this vaccination approach
induced immune responses against the model antigen ovalbumin only when an
adjuvant was additionally used (18). Further studies using CS-PLGA NP revealed their
potential for messenger RNA (mRNA) delivery when applied intravenously in an in

vivo mouse setting (19, 20).

The delivery potential of NP to antigen presenting cells (APC) has gained increased
interest due to the function of APC as first line defense against pathogens as well as
for their key role in triggering antigen-specific immune responses (21). When targeting
APC, NP should allow for delivery of immune-modulating molecules as well as for
provision of antimicrobial compounds, without inducing adverse immune reactions.
Here, we studied the interaction of PLGA and CS-PLGA NP with primary human
immune cells. Importantly, cells derived from human PBMC more faithfully reflect the
pathophysiological state of immune cells in humans than tumor cell lines, thus
representing a better predictive model for the characterization of new therapeutic
interventions. Hence, (i) we prepared anionic PLGA and cationic CS-PLGA NP and
fluorescently labeled them for cellular visualization purposes and (ii) we tested the
uptake of both NP preparations by different immune cell subsets contained within
human PBMC. (iii) To more specifically study NP uptake by APC, we isolated
monocytes from PBMC, differentiated them to monocyte-derived dendritic cells
(moDC), and tested the uptake and cytotoxic effect following NP treatment. (iv)
Furthermore, we studied the immunological safety profile of NP treatment by analyzing

the activation status of moDC upon NP treatment, and (v) we analyzed to which

78



Scientific Output

Yasar, Duranetal, 5

subcellular compartments the NP traveled after cellular uptake. In brief, these studies
indicated that in particular CS-PLGA NP are a versatile tool to selectively deliver drugs

to APC via the uptake into endosomal compartments.

Methods

Preparation and Characterization of PLGA and chitosan-coated PLGA hanoparticles
For the production of plain (anionic) PLGA or chitosan-coated (cationic) CS-PLGA NP,
a modified double-emulsion method was used as described previously (15, 22). In
brief, 50 mg of PLGA (50:50; Resomer RG 503H, Evonik Industries AG, Darmstadt,
Germany) was dissolved in ethyl acetate. Then 400 pl of milli-Q water (Merck Millipore,
Billerica, MA) was added to the PLGA organic phase. This solution was sonicated with
an ultrasound device (Branson Ultrasonic Corporation, USA) for 30 s at a 30%
amplitude. Next, a solution of 2% (w/V) polyvinyl alcohol (PVA; Mowiol® 4-88, Sigma-
Aldrich, Darmstadt, Germany) was prepared with milli-Q water. A volume of 4 ml PVA
solution was applied to the initial PLGA solution and sonicated at the above settings.
After continuous stirring overnight, the solution was purified by using a dialysis
membrane (MWCO 1 kDa, Spectrum Labs, CA, USA) to obtain a final solution of 2
mg/ml PLGA NP. Similarly, chitosan-coated PLGA NP were produced by
supplementing the PVA solution with 0.2% (w/v) chitosan (Protasan UP CL 113, FMC
Biopolymer AS Novamatrix, Sandvika, Norway). For visualization purposes, the NP
were fluorescently labeled by covalently coupling fluoresceinamine to the NP surface
(FA; Sigma-Aldrich, Darmstadt, Germany), as previously described (23). In this study,
all in vitro experiments were conducted with FA-labeled PLGA (FA-PLGA) or CS-

PLGA (CS-FA-PLGA) NP.
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All NP used in this study were thoroughly characterized for their quality attributes.
Using dynamic light scattering (Zetasizer, Malvern Instruments, Malvern, UK), three
colloidal properties were analyzed: the hydrodynamic size, the polydispersity index
(PDI) and the (-potential. The morphology of NP was determined by using
transmission electron microscopy (TEM; JEOL JEM 2011, St. Andrews, UK), as
reported previously (22). All excipients, including materials and polymers, as well as
the produced NP were in house tested for their endotoxins content by using the

EndoLISA® detection assay (Hyglos GmbH, Bernried am Starnberger See, Germany).

Isolation of primary human immune cells

Human PBMC were isolated from buffy coats of healthy blood donors provided by the
Blutbank Springe (Germany) using Ficoll density gradient centrifugation (Biocoll,
Biochrom AG). CD14-positive monocytes were isolated by MACS selection using
CD14 MicroBeads (Miltenyi). To differentiate monocyte-derived dendritic cells
(moDC), purified monocytes were cultivated for 5 days in serum-free DC CellGro®
medium (CellGenix, Freiburg, Germany) enriched with 1000 U/ml GM-CSF
(granulocyte macrophage-colony stimulating factor, CellGenix) and 1000 U/ml IL-4

(CellGenix).

Flow cytometry analysis

1x10% PBMC were immunolabeled with anti-CD3-PerCP (UCHT1, Biolegend), anti-
CD14-PacBlue (M5E2 Biolegend), anti-CD19-Amcyan (HIB19, BD Biosciences), and
anti-HLA-DR-APC-Cy7 (L243; Biolegend) for 15 min at 4°C. For immune activation
studies in moDC, 5x10° cells were harvested and immunolabeled with anti-CD40-PE

(5C3, Biolegend), anti-CD86-PacBlue (IT2.2, Biolegend), anti-HLA-AB-PeCy5
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(W6/32, BD Biosciences), anti HLA-DR-APC-Cy7 (L243, Biolegend), anti-CD11c¢-
PeCy7 (3.9, Biolegend) and anti-CD206-APC (15-2;Biolegend). Unspecific
immunolabeling of PBMC and moDC conferred by Fc receptor binding was blocked
by the addition of 10% Gamunex (Grifols Deutschland GmbH, Frankfurt am Main,
Germany) solution. Data were acquired on a LSRII flow cytometer (BD Biosciences)

and analyzed with the FlowJo software (Tree Star).

Nanoparticle binding and uptake studies

Uptake of NP was tested in PBMC. To this end, 60 pg/ml of FA-PLGA or CS-FA-PLGA
NP were added to 1x10® PBMC and incubated either at 4°C or 37°C. Cells were
harvested, immunolabeled and NP-derived FA fluorescence was assessed by flow
cytometry. Binding of NP to the cell surface was determined as the percentage of FA
positive cells observed in PBMC incubated at 4°C and net uptake of NP was calculated
by subtracting the NP binding from the percentage of FA positive cells observed at

37°C.

Confocal fluorescence microscopy

For confocal imaging, moDC were seeded in coverslip-bottom LabTeK® -culture
chambers (Sigma-Aldrich, Darmstadt, Germany) during the five days of moDC
differentiation. After NP treatment, cells were fixed with 3% paraformaldehyde for 10
min at room temperature, washed three times with PBS and blocked with glycine-
containing blocking buffer for 1 hour. Cells were washed again three times with PBS
and incubated with primary antibodies of interest for 24 hours at 4°C. After PBS
washing, fluorophore-conjugated secondary antibodies were added and the samples

were incubated for 2 hours at room temperature. Finally, DAPI| was added for nuclear
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staining, cells were washed and mounted with DAKO fluorescent mounting medium.
Confocal microscopy was then performed with the Olympus FV1000-1X81 laser-

scanning microscope using the 60x oil immersion objective, NA 1.35.

Statistical analysis

All data analyses were performed using the GraphPad Prism Software (La Jolla CA).
To compare matched samples, two tailed Wilcoxon test was used with a p-value <0.05
set as statistically significant and for colocalization studies, a two-way ANOVA was
performed with a p-value <0.05 set as significant. All measurements were performed

at least 3 times.
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Results

Production and characterization of PLGA and chitosan-coated PLGA nanoparticles

For this study two oppositely charged delivery systems, PLGA (anionic) and chitosan-
coated PLGA (cationic) NP, were generated as described earlier (13, 14). As even
minor variations in the physicochemical properties of NP preparations can influence
their functionality and bioavailability, we thoroughly characterized the NP morphology,
the NP size, the polidispersity index (PDI), the {-potential, the endotoxin content, and
the stability under cell culture conditions of NP preparations used in this study. PLGA
and CS-PLGA NP with and without FA-labelling revealed a smooth and evenly shaped
spherical morphology (Figure 1, A-D), with a hydrodynamic size of approx. 130 nm for
PLGA and 150 nm for CS-PLGA NP (Figure 1, E). Both NP preparations had a
monaodisperse particle-size distribution as indicated by a PDI of approx. 0.1. PLGA NP
showed an anionic surface charge with a {-potential of approx. -18 mV, whereas CS-
PLGA NP were cationic with a {-potential of approx. +26 mV (Figure 1, E and
Supplementary Table 1). FA-labelling only slightly increased the size of both NP
preparations and reduced the (-potential of CS-PLGA NP from +26 to +13 mV.
Nevertheless, both non-labeled as well as FA-labeled CS-PLGA NP had a clear

positive charge.

As for immunological assays it is of key relevance to avoid impurities, only
pharmaceutical grade materials were used to generate NP preparations. Additionally,
each excipient used for NP production as well as the final NP preparations were tested
for their endotoxin content (Supplementary Table 2). Furthermore, the stability and

aggregation behavior of PLGA and CS-PLGA NP was tested under cell culture
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conditions. For this, both NP preparations were incubated in fresh CellGro® medium
or in medium harvested after 5 days of moDC culture (conditioned medium) and the
hydrodynamic size as well as the PDI were measured. PLGA and CS-PLGA NP
showed a similar size and PDI after incubation in PBS or fresh medium. In contrast,
following incubation in conditioned medium both NP showed moderately increased
size and PDI (Supplementary Figure 1). For this reason, a medium exchange was

performed prior to NP treatment of cells in the following in vitro experiments.

E Nanoparticle Size {nm) PDI {-potential (mV}
PLGA 127 £ 12 0.12+0.07 -184 3.8
FA-PLGA 162 + 34 0.05+0.03 -16.3+56
CS-PLGA 151+ 20 0.17+0.08 268 t 1.5
CS-FA-PLGA 183 + 26 0.09 +0.00 131 + 6.2

Figure 1: Morphological and physicochemical characterization of PLGA and chitosan-coated
PLGA nanoparticles. Transmission electron micrographs of (A) non-labeled PLGA NP, (B) FA-PLGA
NP, (C) non-labeled CS-PLGA NP and (D) CS-FA-PLGA NP. (E) The NP preparations were
characterized for their size, polydispersity index (PDI) and ¢-potential. Data presented as mean £ SD

(n=3).
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Among PBMC, antigen presenting cells show enhanced uptake of PLGA and chitosan-

coated PLGA nanoparticles

To study the NP uptake by primary human immune cells, blood samples were drawn

from healthy donors and PBMC were isolated by Ficoll density gradient centrifugation

(Figure 2, A).
A Ficoll density gradient PBMC
Blood (‘3 Plasma
¢ — s bl —— >
] Ficoll Ficoll
Erythrocytes
B C T cells
: Single cells 67 £4%

SSC-A

B cells

Monos DC 611%
8+2% 4+1%

Figure 2: Characterization of immune cell subsets in human PBMC. (A) Blood was drawn from
healthy donors and human PBMC were isolated by Ficoll density gradient centrifugation. (B) Human
PBMC were immunolabeled with fluorescent-coupled antibodies specific for CD3, CD19, MHC-II, and
CD14.CD3*CD19 T cells, CD3-CD19* B cells, CD3-CD19-MHCII*CD14* monocytes (monos) and CD3-
CD19-MHCII*CD14- dendritic cells (DC) were gated as indicated for one representative donor. (C) Cell

subset distribution amongst PBMC from 11 healthy donors. Values indicate mean percentage + SD.
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To determine the immune cell subset distribution amongst PBMC, cells prepared from
11 different donors were immunolabeled with fluorescent-coupled antibodies directed
against CD3, CD19, MHC-II, and CD14, and the samples were analyzed by flow
cytometry. Amongst single cells, T cells were defined as CD3*CD19 cells and B cells
as CD19*CD3 cells, whereas the CD3-CD19- population was further dissected in
MHC-II*CD14* monocytes and MHC-II*CD14- DC (Figure 2, B). This analysis revealed
that PBMC comprise approx. 67% T cells, 6% B cells, 4% dendritic cells (DC), and 8%
dendritic monocytes (Figure 2, C). To investigate the kinetics of NP uptake, PBMC
were treated with 60 pg/ml of FA-PLGA or CS-FA-PLGA NP and after incubation at
37°C for the indicated times, cells were harvested, immunolabeled as described
above, and the percentages of FA positive cells were determined by flow cytometry.
Incubation at 4°C was performed as a control to determine the FA signal derived from
binding of nanoparticles to the cell surface (Supplementary Figure 2). Under such
conditions, T cells did not show abundant FA positive cells, neither upon treatment
with FA-PLGA or CS-FA-PLGA NP, and not even after 4 h of incubation (Figure 3, A),
whereas less than 20% of the B cells were FA positive after 4 h treatment with FA-
PLGA NP, but not after treatment with CS-FA-PLGA NP (Figure 3, B). In contrast, DC
and monocytes showed increased fluorescence already after 15 min of incubation with
CS-FA-PLGA NP, but not after FA-PLGA NP treatment (Figure 3, C and D). After
prolonged incubation of up to 4 h, approx. 40% of the DC were FA positive upon
treatment with CS-FA-PLGA NP while only 20% were positive upon FA-PLGA NP
treatment (Figure 3, C). Interestingly, after 4 h of incubation, approx. 60% of the
monocytes were FA positive, irrespective of whether the PBMC were treated with FA-

PLGA or CS-FA-PLGA NP (Figure 3, D).
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Figure 3: FA-PLGA and CS-FA-PLGA nanoparticles are preferentially taken up by APC in human

PBMC. PBMC prepared as described in Figure 2 were treated with 60 pg/ml of FA-PLGA or CS-FA-

PLGA NP at 37°C for the indicated times. Percentages of FA positive cells were determined for (A) T

cells, (B) B cells, (C) DC and (D) monocytes. Values were normalized to the fluorescence signal

detected after incubation at 4°C (Supplementary Figure 1). Error bars indicate mean £ SEM (two-tailed

Wilcoxon test, P <0.0010, **P =0.0068, *P <0.0137, n=11).

Thus, upon treatment of PBMC with FA-PLGA or CS-FA-PLGA NP, primarily myeloid

cells including DC and monocytes, but not lymphocytes, showed enhanced NP uptake.

Of note, monocytes took up NP even more efficiently than DC and after short

incubation times, both myeloid cell subsets showed enhanced uptake of CS-FA-PLGA

NP when compared with FA-PLGA NP.
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Chitosan-coated PLGA nanoparticles are effectively internalized by monocyte-derived

dendritic cells and do not show toxic effects

As DC are of key relevance for the induction and regulation of antigen-specific immune
responses and thus constitute an interesting pharmacological target, the delivery of
NP in DC was studied in greater detail. To this end, CD14* cells were isolated from
PBMC by magnetic cell sorting and further differentiated to monocyte-derived dendritic
cells (moDC) by incubation in medium enriched with GM-CSF and [L-4 for 5 days
(Figure 4, A). To analyze the effect of NP treatment on cell viability, moDC were
exposed to increasing concentrations of FA-PLGA or CS-FA-PLGA NP for 24 h and
the percentage of dead cells was quantified using the Zombie Aqua™ dye, with heat-
kiled moDC as a positive control (Supplementary Figure 3). These experiments
indicated that up to a concentration of 100 ug/ml only low toxicity was detected for
both NP. At the highest concentration of 600 ug/ml, approx. 20% and 40% of the
moDC were dead upon treatment with FA-PLGA and CS-FA-PLGA NP, respectively
(Supplementary Figure 3). Therefore, moDC were exposed to 60 ug/ml of either type
of NP preparation for 2, 4, or 24 h and the percentage of FA positive cells was
determined by flow cytometry. Incubation with CS-FA-PLGA NP resulted In
significantly increased percentages of FA positive cells at all the tested time points,
with approx. 70% FA positive cells after 24 h of incubation. In contrast, treatment with
FA-PLGA NP resulted only in approx. 30% FA positive cells after 24 h of incubation
(Figure 4, C). These results demonstrated that CS-FA-PLGA NP are more efficiently

taken up by moDC than FA-PLGA NP.
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Figure 4: CS-FA-PLGA nanoparticles are effectively internalized by human moDC. (A) Monocytes
were isolated from PBMC by magnetic activated cell sorting (MACS) for CD14+ cells, differentiated to
monocyte-derived DC (moDC), and were then treated with FA-PLGA or CS-FA-PLGA NP. (B) moDC
were treated with 60 pg/ml FA-PLGA or CS-FA-PLGA NP for 2, 4 and 24 h at 37°C, and the percentage
of FA positive cells was determined by flow cytometry. Representative data of moDC from one donor is
shown. (C) Quantification of FA positive moDC from 5 donors. The error bars indicate mean + SEM

(two tailed Wilcoxon test, **P <0.0015, *P <0.0309, n=5).
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Treatment with FA-labeled PLGA or chitosan-coated PLGA nanoparticles does not

induce upregulation of surface activation markers on moDC

In order to evaluate whether treatment with FA-PLGA or CS-FA-PLGA NP would
activate moDC, surface activation markers were analyzed by flow cytometry before
and after 2, 4, and 24 h of NP treatment. Upon LPS treatment, moDC showed a 2.5-
fold increased mean fluorescent intensity (MFI) of MHC-I expression when compared
with non-treated moDC. In contrast, neither upon FA-PLGA nor CS-FA-PLGA NP
treatment moDC showed significant MHC-I up-regulation. Similarly, CD11c¢c, MHC-II,
CD86, and CD40 were not up-regulated after FA-PLGA or CS-FA-PLGA NP treatment,
whereas after LPS treatment the highest fold increase was detected after 24 h of
incubation for CD11¢ and MHC-II (approx. 4-fold), CD86 (approx. 8-fold) and CD40
(approx. 7-fold). Interestingly, the mannose-receptor (MR) surface expression
remained at basal levels after 24 h of incubation with FA-PLGA NP, whereas after
exposure to CS-FA-PLGA NP it increased after 2 h of incubation, then decreased
below basal levels after 4 h, and after 24 h of incubation it finally increased again by
2.5-fold (Figure 5, A and B). Thus, our results revealed that even after 24 h of
incubation with FA-PLGA or CS-FA-PLGA NP there was no significant up-regulation
of activation markers on the surface of moDC, except for the MR, which was

differentially regulated upon CS-PLGA NP treatment.
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Figure 5: Human moDC are not activated upon treatment with FA-PLGA or CS-FA-PLGA
nanoparticle. moDC prepared as described in Figure 4 were treated with 60 ug/ml of FA-PLGA or CS-
FA-PLGA NP at 37°C for 2, 4 and 24 h, stained for surface activation markers and analyzed by flow
cytometry. LPS (100 ng/ml) was used as a positive control. (A) Histograms correspond to surface
expression of MHC-I, CD11¢, MHC-II, CD86, mannose receptor (MR) and CD40 for one representative
donor. (B) Values shown correspond to fold increase in mean fluorescent intensity (MFI) compared to

basal conditions (no NP treatment). N=5 from 3 independent experiments.
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Within moDC, FA-labeled chitosan-coated PLGA nanoparticles are preferentially

delivered to early and late endosomes

To further study the intracellular localization after NP uptake, moDC were incubated
for 2 h with FA-PLGA or CS-FA-PLGA NP, the cells were fixed, markers for
intracellular organelles were immunolabeled with specific antibodies and confocal
microscopic analysis was performed. All images were further analyzed with ImageJ to
determine the colocalization between FA fluorescence derived from internalized NP
and labeled subcellular compartments, as indicated by the Pearson's correlation
coefficient (PCC). In these assays, Rab5a was used as a marker for early endosomes,
which appear in early stages of endocytosis, whereas Rab7 was used to identify late
endosomes, which develop after acidification of early endosomes (Figure 6, A). Upon
treatment of moDC with FA-PLGA NP, a PCC with Rab5a and Rab7 of approx. 0.3
was detected, whereas upon treatment with CS-FA-PLGA NP a significantly enhanced
value of approx. 0.5 was obtained. Interestingly, Lamp1 that was used as a marker for
lysosomes, which are the most acidic organelle of cells, gave a PCC of approx. 0.4
with FA-PLGA NP, while with CS-FA-PLGA NP a value of 0.2 was obtained (Figure 6,
B and C). To identify recycling endosomes, the marker Rab11 was analyzed, which
resulted in PCC values below 0.2 for both NP. This was also the case for BiP, which
was used as a marker for the endoplasmic reticulum (ER), and for GM130, which is a
marker for the Golgi bodies (Supplementary Figure 4). Thus, while both NP
preparations colocalized similarly low with recycling endosomes, the ER, and Golgi
bodies, CS-FA-PLGA NP showed a higher colocalization with early and late

endosomes than FA-PLGA NP, which colocalized to a higher extent with lysosomes.
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Figure 6: CS-FA-PLGA nanoparticles are preferentially delivered to endosomal compartments.
(A) Schematic depiction of organelle-specific markers used to label cellular compartments within moDC
(early endosomes (Rabba), late endosomes (Rab7), lysosomes (Lamp1), recycling endosomes
(Rab11), endoplasmatic reticulum (BiP), and Golgi bodies (GM130)). (B) Human moDC generated as
described in Figure 4 were treated with 60 pug/ml of FA-PLGA or CS-FA-PLGA NP for 2 h at 37°C, fixed,
and intracellular organelles were immunolabeled and counter-stained with an Alexa Fluor 647-coupled
secondary antibody. DAPI staining was performed to identify the cell nuclei and samples were analyzed
by confocal microscopy. Scale bar represents 1 um. (C) Pearson’s correlation coefficient (PCC)
between organelle markers and FA-fluorescence derived from CS-FA-PLGA or FA-PLGA NP. For each
donor a minimum of 3 photos was analyzed, each image comprising 5-10 cells. The error bars indicate

mean t SD (two-way ANOVA *p < 0.033, N=3 donors from 2 independent experiments).
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Discussion

Nanoparticulated delivery systems hold promise as innovative formulations to
enhance efficacy and reduce adverse effects of new drugs. As drug delivery vehicles,
ideally they should be able to target specific cells without inducing adverse reactions.
Furthermore, an in-depth understanding of the interaction of nanoparticle formulations
with human immune cells is of key relevance, as regardless of the application route
that eventually will be chosen, such nanoparticle drug formulations will come in direct
contact with blood or tissue-resident immune cells. Here we found that amongst
PBMC, APC effectively internalize FA-PLGA and CS-FA-PLGA NP. In moDC, these
NP caused low cytotoxic effects and they did not confer immunostimulatory effects.
We additionally discovered that moDC show a preferential uptake of CS-FA-PLGA NP,

which upon internalization are mostly delivered to early and late endosomes.

PLGA and CS-PLGA NP were generated by using pharmaceutical grade excipients.
Additionally, the raw materials as well as the final products were thoroughly tested for
LPS contaminations. NP generated under such conditions showed high quality,
including absence of any detectable LPS contamination, as well as consistent
physicochemical and morphological properties, even after addition of the FA
fluorescent dye. Additionally, both NP had only minor toxic effects at concentrations
below 100 ug/ml and only a moderate increase in cytotoxicity was observed at very

high doses.

Therefore, we proceeded with experiments in human PBMC to assess the
internalization of FA-PLGA and CS-FA-PLGA NP. We observed that despite the far
more abundant presence of T cells, both NP were preferentially taken up by APC.
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Amongst APC, monocytes showed an enhanced uptake of both NP preparations when
compared with DC. Presumably, this is due to the innate phagocytic function of APC,
which is basically absent in lymphocytes. Interestingly, after short incubation times
APC showed more efficient internalization of CS-FA-PLGA NP than of FA-PLGA NP.
Such faster uptake kinetics of CS-FA-PLGA NP can be attributed to specific chitosan
interactions with endocytic receptors that are expressed by APC (24) as well as to the
electrostatic attraction caused by the positively charged chitosan and the negatively
charged cell surface (25). These traits could be exploited, e.g., during i.v. injection of
CS-PLGA NP to selectively target recirculating APC within the blood, whereas upon
i.m. injection of PLGA NP enhanced interaction times between the NP and the APC
might be available in the draining lymph node, which might allow NP uptake
independent of the functionalization with chitosan. Nevertheless, such strategies
would have to be carefully studied in relevant animal models before applications in

humans can be considered.

Moreover, we observed a strong preference in the uptake of CS-FA-PLGA NP by
moDC when compared with FA-PLGA NP. Beyond the electrostatic advantage that
CS-FA-PLGA NP have over FA-PLGA NP, this can be explained by the fact that moDC
show high expression of receptors involved in chitosan sensing. Amongst these,
TLR2, Dectin-1 and the mannose receptor (MR) (26, 27) play major roles and are
known to enhance cellular uptake upon involvement (28). In this context, chitosan
functionalization of PLGA NP might promote receptor-mediated endocytosis, which

seems to be more efficient than non-specific uptake of non-functionalized PLGA NP.
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As suspected from the consistent quality of both NP preparations, we did not observe
any activation of moDC following FA-PLGA or CS-FA-PLGA NP treatment in moDC.
Nevertheless, a slight regulation in the surface expression of the MR was observed
upon treatment with CS-FA-PLGA NP. MR surface expression was first increased,
then decreased and later increased again. These results are compatible with the
hypothesis that the MR is the main receptor involved in the recognition of chitosan
derivatives (31) and as it is an endocytic receptor, it is also internalized to endosomal
compartments and further re-shuttled in its empty form back to the plasma membrane
(32). Of note, other studies have shown that the efficacy of DC-targeted delivery might
be enhanced using natural ligands that bind DC-specific receptors, compared with
approaches using specific antibodies. The strategy to use natural receptor ligands for
NP functionalization promotes receptor recycling and thus, increases the rate of

antigen internalization (37).

Furthermore, we found that CS-FA-PLGA NP are mostly delivered to early and late
endosomes, while non-functionalized FA-PLGA NP mostly end up in other subcellular
compartments, such as lysosomes. This further points towards receptor-mediated
endocytosis of CS-FA-PLGA NP, as it has been proven that recognition via the
abovementioned receptors mediates delivery into endosomal compartments via a

tyrosine-based motif in the receptor cytoplasmic tail (29, 30).

Interestingly, moDC showed a higher uptake of CS-FA-PLGA NP when compared with
DC within PBMC. As in vitro generated moDC resemble DC generated under
inflammatory conditions in vivo, they are known to have a higher endocytic capacity

as well as higher expression of surface receptors such as the MR, in comparison to
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The airway epithelium together with the mucus layer coating it forms a protective system that efficiently
filters and removes potentially harmful particles contained in inhaled air. The same mechanism, however,
serves to entrap particulate drug carriers, precluding their interaction with their target. The mucus bar-
rier is often neglected in in vitro testing setups employed for the assessment of pulmonary drug delivery
strategies. Therefore, our aim was to more accurately model the bronchial barrier, by developing an
in vitro system comprising a tight epithelial cell layer which may be optionally supplemented with a layer
of human tracheal mucus. To form the epithelium in vitro, we used the cystic fibrosis cell line CFBE410-,
which can be grown as monolayers on Transwell® supports, expressing tight junctions as well as relevant
transport proteins. In contrast to the cell line Calu-3, however, CFBE41o0- does not produce mucus.
Therefore, native human mucus, obtained from tracheal tubes of patients undergoing elective surgery,
was used as a supplement. The compatibility of CFBE41o- cells with the human mucus was addressed
with the MTT assay, and confirmed by fluorescein diacetate/propidium iodide live/dead staining.
Moreover, the CFBE410- cells retained their epithelial barrier properties after being supplemented with
mucus, as evidenced by the high trans-epithelial electrical resistance values (~1000 € cm?) together
with a continued low level of paracellular transport of sodium fluorescein. Fluorescently-labeled
chitosan-coated PLGA nanoparticles (NP, ~168 nm) were used as a model drug delivery system to eval-
uate the suitability of this in vitro model for studying mucus permeation and cell uptake. Comparing
CFBE410- cell monolayers with and without mucus, resp., showed that the NP uptake was dramatically
reduced in the presence of mucus. This model may therefore be used as a tool to study potential mucus
interactions of aerosolized drugs, and more specifically NP-based drug delivery systems designed to exert
their effect in the bronchial region.
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1. Introduction the lungs by the ciliary beating of the airway epithelial cells - this

creates a dynamic barrier termed as mucociliary clearance [4-6]. In

The conducting airways of the lungs are coated with a viscoelas-
tic secretion, the pulmonary mucus, which moisturizes the inhaled
air and acts as a filter for inhaled particles. In the healthy state,
mucus is composed of water (95% w/w), glycoproteins (mucins,
2-5%), salts, non-mucin proteins, lipids, DNA, enzymes, cells and
bacteria [1-3]. The mucins are continuously secreted into the air-
way lumen by specialized secretory cells, and polymerize to form
a mesh-like structure that is constantly being propelled out of
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disease states such as asthma, chronic obstructive pulmonary dis-
ease (COPD), and in particular cystic fibrosis (CF) considerable
changes in the mucus can occur, leading to mucus oversecretion
and mucus thickening [7-10]; this in turn can compromise the
mucus clearance mechanism, providing optimal conditions for bac-
terial growth and chronic infection [11].

CF is a lethal genetic disease caused by a mutation of the CF
transmembrane conductance regulator (CFTR). This results in
numerous irregularities including an abnormal hydration of the
airways, which leads to an impairment of the mucociliary machin-
ery, recurrent infections, and eventually premature death [11]. The
clinical management of CF focuses primarily on improving the
mucociliary clearance and combating chronic infections rather
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than targeting the primary cause, namely correcting the genetic
disease. The potential of nanomedicine to improve the efficiency
of gene-therapy in such diseases by using nanoparticle (NP)-
based drug delivery systems is considerable, as evidenced by effi-
cient transfection of cell-based in vitro models including the CF cell
line CFBE410- [12-14]. This cell line was generated by transforma-
tion of CF airway cells with the SV40 virus and is homozygous for
the most common CF mutation, the F508-CFTR mutation. Of partic-
ular interest to pharmaceutical research is the ability of this cell
line to express tight-junction proteins such as claudin-1, ZO-1,
and occludin [15], which confer on CFBE410- monolayers signifi-
cant epithelial barrier properties evidenced by high transepithelial
electrical resistance (TEER) values [15-18]. This cell line also
expresses a number of proteins relevant for pulmonary drug trans-
port, including P-glycoprotein (P-gp), lung resistance-related P
protein (LRP), and caveolin-1 [15]. Unfortunately, unlike other pul-
monary cell lines such as Calu-3, which are able to secrete mucus
[19-21], the CFBE410- cell line lacks the capacity to synthesize and
secret mucus onto the cell monolayer - a key feature that must be
taken into account in the context of airway research. In particular,
with regard to the use of NP-based drug delivery systems to treat
bronchial diseases, our work and that of others has previously
shown that particles with a diameter above 200 nm are almost
exclusively trapped within the pulmonary mucus [ 3,22,23]. More-
over, with a net negative charge under physiological conditions
[24,25], mucus represents a significant barrier to positively
charged nanocarriers [21,26], which are often used in the context
of nucleic acid delivery for transfection purposes [27-29].
Therefore, in the present study we explored the possibility to
develop an in vitro model of the airways composed of a CFBE410-
cell layer coated with human tracheal mucus. Our aim was to take
a step forward in accurately mimicking the scenario within the CF
lung, by utilizing the positive features of the CFBE410- cell line in
the context of pharmaceutical research and further introducing
mucus as a key non-cellular barrier of the airways. For this purpose
we cultured CFBE410- cells in Transwell® supports and added a
layer of human tracheal mucus on top of the cell monolayer, creat-
ing an air-mucus interface. The biocompatibility of CFBE410- cells
with the human tracheal mucus was investigated by measurement
of epithelial barrier properties upon incubation with the exoge-
nous mucus. Ultimately, as a proof-of-concept validation of the
implemented in vitro model, we produced chitosan-poly(p,-
lactide-co-glycolide; PLGA) nanoparticles and determined the
effect of the mucus layer on the cellular uptake of such particles.

2. Methods
2.1. Human mucus sample collection

Undiluted human tracheal mucus samples were collected by
the endotracheal tube method [3,30,31], after obtaining informed
consent from patients and in compliance with a protocol approved
by the Ethics Commission of The Chamber of Medicine Doctors of
the Saarland (file number 19/15). The tracheal tube of patients
undergoing elective surgery with general anesthesia, non-related
to pulmonary conditions, was collected after surgery. The distal
portion of the tracheal tube (5-10cm), including the balloon,
was cut and placed in a 50 ml centrifuge tube. The mucus of each
tracheal tube was collected by centrifuging the samples at 190g for
30s. Samples with visible blood contamination were excluded
from the analysis. Mucus samples were stored at —20 °C until fur-
ther use. In total 16 mucus samples from independent patients
were used in this study. The mean age of the patients was
56.8 +4.8 years, the male: female ratio was 12:4, and 6 out of 16
patients were smokers.

2.2. Freeze-dried mucus disk preparation

Mucus samples frozen and stored at —20°C were thawed
gradually and allowed to reach room temperature. Thereafter,
single mucus drops with an approximate weight of 30-40 mg
(34.17 £ 1.82 mg, n =45 mucus drops) were placed over a Teflon®
surface and spread over delineated circular surfaces of 1.12 cm?.
The samples were then placed into an autoclavable sealing bag,
stored at —80 °C for 4 h, and ultimately, freeze-dried overnight
(Alpha 2-4 LSC, Christ, Germany). After completion of the preset
freeze-drying program, the bag containing the mucus disks
(1.7 £0.1 mg estimated solid content, for an estimated water con-
tent of 95%) was immediately sealed and stored in a dry atmo-
sphere at room temperature until further use. Five different
batches with 14-20 mucus disks per batch were used in this study.

2.3. Mucus characterization

2.3.1. Mucus bulk rheology

Experiments were conducted on an Anton-Paar MCR 102
rheometer (Graz, Austria) equipped with cone-plate geometry
(diameter: 25 mm, cone angle: 2°) at room temperature. Strain
amplitude (y) sweeps were performed at a frequency of 1 Hz in
the range of 0.1-10%. Frequency (®) dependency of the storage
modulus G' and the loss modulus G” was measured in the range
between 0.1 and 40 rad/s at a strain amplitude of 1%.

In the first set of experiments native undiluted tracheal mucus
samples were gradually thawed and allowed to reach room tem-
perature. Thereafter, an approximate volume of 150 pl of mucus
was placed in the rheometer and the aforementioned protocol
was conducted. In the second set of experiments previously
freeze-dried and rehydrated mucus samples were analyzed. Mucus
samples contained in 1.5 ml Eppendorf tubes were allowed to
equilibrate to room temperature and weighed using a precision
balance (CPA 224S, Sartorius, Gottingen, Germany). Afterwards,
the samples were stored at —80 °C for 4 h followed by overnight
freeze-drying (Alpha 2-4 LSC, Christ, Osterode am Harz, Germany).
The freeze-dried (solid) content of the samples was weighed again
to determine the water content of mucus. Mucus samples were
then re-hydrated with exactly the same volume of sublimed water
(Milli-Q water, Advantage A10, Merck Millipore, Billerica, MA), and
were allowed to mix in a 360° multi-rotator (PTR-35, Grant instru-
ments, UK) for at least two hours at room temperature. Thereafter,
re-hydrated mucus samples were placed in the rheometer to per-
form the measurements as described above.

2.3.2. Scanning electron microscopy

The structure of pulmonary mucus was imaged by means of
scanning electron microscopy (SEM). Human tracheal mucus sam-
ples were gradually thawed and spread over the surface of a SEM-
imaging carbon disk. The mucus was freeze-dried in situ following
the freeze-drying protocol as in Section 2.2. Freeze-dried mucus
samples were gold-sputtered (QUORUM Q150R ES, Gala Instru-
mente, Germany) and then transferred to the SEM (EVO HD15,
Zeiss, Germany) for imaging.

In order to image the CFBE41o- cell monolayer and the com-
bined model comprising the cell monolayer and the overlying
mucus, the cells were seeded onto Transwell® permeable supports
and were cultured until a confluent monolayer was reached (see
Section 2.4). The day before the SEM fixation the apical culture
medium was removed and a mucus disk together with 100 pl of
fresh medium were added to the apical compartment, creating
an air mucus interface. The cells with the mucus disks in place
were incubated for 24 h at 37 °C, 5% CO,, in a horizontal shaker.
After incubation the basolateral medium was aspirated and fixa-
tion was performed by adding 1 ml of glutaraldehyde 3% (Sigma)
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in PBS to the basolateral compartment for 2 h. Subsequently, dehy-
dration was carried out through a graded series of ethanol (30-
100%, 10 min each). In the final step 150 pl of hexamethyldisi-
lazane (Fluka) were added to the apical compartment. The filter
of the Transwells® was then cut with a scalpel and mounted onto
SEM-stacks. Samples were further sputtered with gold and trans-
ferred to the electron microscope.

24. Cell culture of CFBE410-

CFBE410- cells were a kind gift of Dr. Dieter C. Gruenert
(University of California, San Francisco, CA, USA). Passages 78-90
were used in this study. Cells were passaged on a weekly basis
(0.2 x 108 cells in a T75 flask) and grown in minimum essential
medium (MEM, Gibco) supplemented with 10% fetal calf serum
(FCS, Lonza), 5% non-essential amino acids (NEAA 100x, Gibco),
0.54 mg/ml of p-(+)-glucose (Sigma), and 100 pg/ml streptomycin
and 100 U/ml penicillin, at 37 °C in a 5% CO; incubator. Unless
otherwise stated, for experimental purposes cells were seeded
onto Transwell® permeable supports (3640, Insert diameter
12 mm, growth area 1.12 cm?, pore size 0.4 um; Corning, Wies-
baden, Germany) at a density of 1.5 x 10° cells/cm? and grown
under submerged conditions with apical/basolateral fluid volumes
of 500 pl/1100 pl, respectively. The culture medium was replaced
every 2-3 days.

2.5. Nanoeparticle preparation and characterization

PLGA (50:50; Resomer RG 503H) was purchased from Evonik
Industries AG (Darmstadt, Germany); ultrapure chitosan chloride
salt (Protasan UP CL113) was obtained from FMC Biopolymer AS
NovaMatrix (Sandvika, Norway). Polyvinyl alcohol (PVA)
Mowiol“4-88 was purchased from Sigma-Aldrich (Germany); the
lipophilic fluorescent dye 1,1’-dioctadecyl-3,3,3',3'-tetramethylin
dodicarbocyanine perchlorate (DiD) was obtained from Ther-
mofisher Scientific (Oregon, USA). Ethyl acetate was purchased
from Sigma-Aldrich (Germany), and purified water was produced
freshly by a Milli-Q water purification system (Merck Millipore,
Billerica, MA).

Drug free, DiD-labeled chitosan-PLGA NPs were used as a model
drug delivery system to evaluate the uptake behavior on CFBE410-
cell monolayers with and without mucus. Such NPs were prepared
by using a modified double-emulsion method according to Mittal
et al. [32]. Briefly, a 0.2% w/v chitosan solution was first prepared
by dissolving Protasan UP CL113 in a 2% w/v PVA solution. A
50 mg amount of PLGA was dissolved in 2 ml ethyl acetate and
equilibrated with 15 pg/20 pl of DiD ethanolic solution under con-
tinuous stirring for 1 h at room temperature. A 400 pul volume of
water was then added to the PLGA organic phase and sonicated
with ultrasound (Branson Ultrasonic Corporation, USA) at 20%
amplitude for 20 s to allow the primary emulsion to form. Immedi-
ately afterwards, the PVA chitosan solution was applied to the pri-
mary emulsion and sonicated using the same settings, leading to
the formation of a w/o/w emulsion. Milli-Q water was added drop-
wise to the w/o/w emulsion to allow for the evaporation of the
organic solvent. The resulting chitosan coated PLGA NPs were puri-
fied by centrifugation at 15,000g for 15 min and washed once with
milli-Q water to remove any excess free dye. The size, polydisper-
sity index (PDI) and £-potential of the DiD labeled chitosan-PLGA
NPs were characterized using a Zetasizer Nano (Malvern Instru-
ments, Malvern, UK). The morphological appearance of the carrier
system was visualized using Transmission Electron Microscopy
(TEM, JEM 2011, JEOL) and further with SEM (EVO HD15, Zeiss,
Germany). Prior to the SEM measurements, NPs were put onto a
carbon disk and gold-sputtered. In order to improve the contrast

of the TEM images, NPs were further stained with 0.5% wjfv phos-
photungstic acid (Sigma).

2.6. Cytotoxicity assays

2.6.1. MTT assay

CFBE410- cells were seeded in 96 well plates at a density of
20,000 cells per well and grown for 4 days. Cells were then washed
twice with Hank’s balanced salt solution (HBSS, Gibco) buffer, and
200 pl of fresh culture medium together with a freeze-dried mucus
disk were added to the test wells. The cells were incubated for 24 h
at 37 °C and 5% CO, in a horizontal shaker. Cells incubated with cell
culture medium only served as positive controls (100% viability)
and cells incubated with Triton-X 1% (Sigma) served as negative
controls (0% viability). Following incubation, the mucus was
removed by aspiration and the cells were washed twice with HBSS
buffer. A 200 ul volume of the tetrazolium dye MTT (5 mg/ml) was
added to each well, followed by 4 hiincubation at 37 °C, 5% CO,, ina
horizontal shaker. Formed formazan crystals were then solubilized
by adding 200 ul of dimethyl sulfoxide (DMSO, Sigma). The absor-
bance of each well at 560 nm was measured with a plate reader
(Infinite M200 Pro, TECAN), and the percentage of viable cells in
each well was calculated as previously described [33].

2.6.2. Live/dead staining with fluorescein diacetate (FDA) and
propidium iodide (PI)

Cell monolayers were cultured for at least 10 days under sub-
merged conditions. Live cells can take up and convert the non-
fluorescent FDA into its fluorescent product fluorescein by means
of cytosolic esterases, whereas PI cannot cross the membrane of
viable cells but will stain the nuclei of non-viable cells by interca-
lating with the double helix DNA. Approximately 24 h before live/
dead staining the apical medium was removed from each culture
well and a mucus disk together with 100 pl of fresh culture med-
ium were added to apical compartments. The cells with the mucus
disks in place were incubated for 24 h at 37 °C and 5% CO5 in a hor-
izontal shaker. After 24 h, the mucus disks had dissolved creating
an air-mucus interface in the apical compartment of each Tran-
swell®. To proceed with the live/dead staining, medium was aspi-
rated from mucus-containing apical compartments which were
then washed twice with fresh medium. The cells were allowed to
equilibrate for 30 min with 500 pl of freshly added cell culture
medium, before this was replaced by 500 pl of the working solu-
tion of the FDA/PI live/dead stain (Sigma). The working solution
itself was prepared in a 5ml volume by adding 20 pul of FDA
(5 mg/ml in acetone) and 100 pl of PI (2 mg/ml in PBS) to 4.88 ml
of Phosphate-buffered saline (PBS, pH 7.4). The cells were incu-
bated with the working solution for 5 min at room temperature,
in the dark. The apical compartment of each well was then washed
twice with cold PBS and the culture plate immediately transferred
to a confocal laser scanning microscope (Leica TCS SP 8; Leica,
Mannheim, Germany). Images of cell monolayers were acquired
at 1024 x 1024 resolution, using either a 25x water immersion
(Fluotar VISIR 25x/0.95) or a 63x water immersion objective (HC
APO CS2 63x/1.20). Image analysis was performed using LAS X
software (Leica Application Suite X; Leica, Mannheim, Germany).
Non-stained cells were used to preset the initial confocal settings.
Cells that were not exposed to mucus served as positive controls
and cells incubated with Triton-X 1% served as negative controls.

2.7. Functional mucosal barrier property assays
2.7.1. Evolution of TEER values of CFBE410- cells cultured under
submerged conditions

TEER values were measured every 2-3 days for three weeks
with an epithelial voltohmmeter equipped with STX2 chopstick
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manual electrodes (EVOM, World Precision Instruments, USA). A
sharp increase in TEER values is associated with a confluent cell
monolayer and the development of tight-junctions between neigh-
boring cells. The raw TEER values were corrected according to the
background resistance value of the Transwell® filter itself, and the
growth area of the filter (1.12 cm?).

2.7.2. TEER measurements with and without mucus incubation

Cells were cultured for at least 10 days under submerged condi-
tions. The apical medium was aspirated and a mucus disk together
with 100 pl of fresh medium was added to the apical compart-
ment. The cells with the mucus disks in place were incubated for
24 h at 37 °C and 5% CO,, in a horizontal shaker. The next day,
the mucus-containing apical compartment was aspirated, washed
twice with fresh culture medium, and the cells were allowed to
equilibrate for 30 min with 500 pl of freshly added cell culture
medium in the apical compartment. Thereafter, TEER values were
measured. Cells not exposed to mucus served as controls.

2.7.3. Permeability of sodium fluorescein

Cell monolayers were cultured under submerged conditions for
7 days (the time point at which CFBE410- cells displayed the high-
est epithelial barrier properties, according to TEER measurements).
Apical compartments were then washed with Krebs-Ringer buffer
(KRB) (NaCl 142.03 mM, KCI 2.95 mM, K;HPO,4+3H,0 1.49 mM,
HEPES 10.07 mM, bp-glucose 4.00 mM, MgCl,x6H,0 1.18 mM,
CaCly%2H,0 422 mM; pH 7.4) and a mucus disk together with
100 pl of KRB buffer were added, and incubated for 4 h. Control
wells incubated with just 100 pl of KRB served as controls. After
the incubation, the basolateral culture medium was aspirated
and the cells were washed twice with KRB. A volume of 1.5 ml of
fresh KRB was then added to the basolateral compartment. The
transport study was initiated by adding 500 pl of sodium fluores-
cein (10 pg/ml) to the apical (donor) compartment. The paracellu-
lar transport of sodium fluorescein was determined by sampling
200 pul from the basolateral (acceptor) compartment at various
time points (0, 5, 15, 30, 60, 90 and 120 min). The basolateral vol-
ume withdrawn at each sampling point was replaced by the same
volume of fresh pre-warmed KRB buffer. Throughout the experi-
ment the cells were incubated at 37 °C and 5% CO, on a horizontal
shaker. The amount of sodium fluorescein in the acceptor compart-
ment at each time-point was assessed by means of fluorescence
intensity using a plate reader (Infinite M200PRO, Tecan, Germany)
at excitation and emission wavelengths of 488 and 530 nm respec-
tively. The apparent permeability coefficient (P,pp) was then calcu-
lated by applying the formula:

Papp = (dQ/dt)%(A * Co) )

where dQ/dt is the flux (pg/s of permeated sodium fluorescein,
obtained from the slope of the linear region of each individual per-
meation profile), A the area of the filter insert (1.12 ¢cm?), and Co the
initial donor concentration of sodium fluorescein. Cp was assumed
to be 8.33 ng/ml in all wells, considering that 500 pl of sodium flu-
orescein (10 pg/ml) were added to a pre-existing apical volume of
100 pl.

2.7.4. Permeability through mucus and cellular uptake of nanoparticles

CFBE410- cells were cultured under submerged conditions for
at least 10 days. The apical medium was then aspirated and a
mucus disk with 100 pl of medium was added to the apical com-
partment followed by a 24 h incubation to allow for disk dissolu-
tion and creation of an air-mucus interface. Volumes of 400 pl of
the DiD-labeled chitosan-PLGA NPs were then added to the apical
compartment at a concentration of 40 pg/ml and were incubated
for an additional 24 h. After incubation, the apical compartment,

including the mucus, was aspirated and the cells were washed
twice with PBS. In the following step 100 pl of wheat germ agglu-
tinin (10 pug/ml, Vector Labs, CA, USA) were added to the apical
compartment in order to stain the cell membrane. The cells were
again washed twice with PBS and fixed with 3% paraformaldehyde
(PFA, 15710-5, Electron Microscopy Science, USA) in PBS, for
30 min, at room temperature. After fixation cells were washed
twice with PBS and then 200 pl of 4',6-diamidino-2-phenylindole
(0.1 pg/ml, DAPI, Life Technologies, Darmstadt, Germany) were
added to the apical compartment (10-15 min), followed by two
further washes with PBS. Cell monolayers underwent a total of 8
PBS washes, which removed almost all the mucus as well as extra-
cellular NPs. Finally, the filter membrane of each Transwell” insert
was cut out with a scalpel and mounted on a glass slide with
mounting medium (DAKO, Product No 85 5302380-2, USA).
Mounted samples were stored at 4 °C until analysis by confocal
laser scanning microscopy (Leica TCS SP 8; Leica, Mannheim, Ger-
many). Images were acquired at 1024 x 1024 resolution, using a
63x water immersion ohjective (HC APO CS2 63x/1.20). Image
analysis was performed using LAS X software (Leica Application
Suite X; Leica, Mannheim, Germany).

2.8. Statistical analysis

All values are given as mean # standard error of the mean (SE).
Statistical analysis was performed with the SPSS statistics software
(IBM, Germany). The storage and loss moduli of the native versus
the freeze-dried and re-suspended mucus were compared using
one-way ANOVA. The TEER values before and after mucus addition,
Papp values, and permeated amounts of sodium fluorescein were
compared using an independent samples t-test with Levene’s test
for equality of variances. A P < 0.05 was accepted as significant.

3. Results and discussion

3.1. CFBE410- monolayers display high TEER values already after 5
days in submerged culture

CFBE410- cells grown under submerged conditions displayed
high TEER values within just 5 days of being seeded on Transwell®
supports (Fig. 1). The TEER values peaked between days 5-9 with
values above 1500 € cm? TEER values stabilized after day 10 (with
the exception of a slight decrease between days 10 and 15) at
approximately 1000 © cm?, indicating optimal epithelial barrier
properties within this time period.
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Fig. 1. Time-course of TEER values measured for the CFBE410- cell line cultured
under submerged conditions. The horizontal line at 300 Qcm?® indicates the
threshold values deemed to indicate the presence of a tight barrier. The mean + SE
for n =25, from 4 independent experiments are shown.
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The noted TEER values are in line with previous studies and sug-
gest the expression of functional tight junctions already within a
few days of cell seeding on Transwell® membranes [15,16]. Equiv-
alent bioelectric properties have been also described for other
bronchial cell lines grown under submerged conditions such as
16HBE14o- cells, and the widely used Calu-3 cell line [34-36G].
The Calu-3 cell line can secrete mucus, provided that cells are cul-
tured at the air-liquid interface [20,21]. However, growing Calu-3
cells under this condition significantly decreases the TEER values
[19,37] and significantly increases the culture time needed to
achieve both a tight epithelial barrier (>300 © cm?) and a conflu-
ent mucus layer on top of the cells [20,21]. The TEER values of
CFBE410- cells are similarly low when cultured at the air-liquid
interface [15], bordering on the threshold values deemed to indi-
cate the presence of a tight barrier. In order to develop a relevant
model that mimics the CF airway for pharmaceutical testing pur-
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poses, we therefore sought to combine the optimal epithelial bar-
rier properties displayed by the CFBE41o- cell line grown under
submerged conditions with the option to either add, or not to
add, a supplementary human mucus layer.

3.2, In vitro model concept

The concept of the novel in vitro model involves growing
CFBE410- cells in Transwell® supports under submerged condi-
tions until the monolayer develops optimal barrier properties. At
this time-point the overlying culture medium is removed and the
apical compartment is supplemented with freeze-dried human
mucus in combination with a minimal volume of medium, creating
an air-mucus interface. The human tracheal mucus samples
obtained for the present work were initially nonsterile and highly
elastic. Mucus samples are difficult to manipulate, precluding the
possibility of pipetting precise mucus volumes or efficiently dis-
tributing mucus over a cell monolayer without damaging it. To
overcome this limitation, we developed a feasible alternative to
freeze-dry small amounts of mucus in order to form thin disks,
which could then be placed onto the cell monolayers and re-
hydrated with a minimal amount of culture medium. Moreover,
we speculate that the freeze-drying process may have accounted
for a reduction in the microbial load of the exogenous human
material.

3.3. Freeze-dried, re-suspended tracheal mucus show similar
rheological properties to undiluted native mucus

The rheological properties of native undiluted mucus were
compared to those of mucus samples that had undergone freeze-
drying and subsequent re-hydration. With regard to the undiluted
native tracheal mucus, in the tested strain range (0.1-10%) airway
mucus was within the viscoelastic linear range (Fig. 2A, black sym-
bols). Therefore a strain of 1% was chosen to determine the fre-
quency dependence of the viscoelastic moduli. In the tested
frequencies (0.1-40rad/s) G’ dominated over G” in all the three
decades of frequencies tested (Fig. 2B, black symbols). These rheo-
logical properties are characteristic of cross-linked gels and are in
line with previous studies reporting on the bulk rheological behav-
ior of airway mucus [3,10,30]. The G”/G’ ratio of mucus determined
at 1 rad/s represents a frequency value that is often used in mucus
rheology to approximate the low velocities of mucociliary clear-
ance [30,31,38]. Materials with a ratio ranging between 0 < G"/
G’ < 1 are classified as viscoelastic solids. The G”/G’ ratio achieved
here for the native tracheal mucus shows a mean value of
0.27 £ 0.01, in good agreement with the values reported by Schus-
ter et al. and Rubin et al. in which a G”/G’ of 0.30 and 0.28 were
respectively determined for airway mucus samples collected by
the same method as employed in the current work [3,31].
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Fig. 2. Bulk rheology of native human tracheal mucus (solid symbols) compared to
native airway mucus which was freeze-dried and re-suspended (open symbols). (A)
Strain (y)-dependent viscous (G”, triangles) and elastic (G', squares) moduli from
0.1 to 10% strain at a frequency of 6.28 rad/s (1 Hz). (B) Frequency-dependent
viscous (G’, triangles) and elastic (G’, squares) moduli from 0.1 to 50 rad/s at 1%
strain. The mean £ SE for n = 5 independent mucus samples are shown.

Since our aim was to implement a mucus layer on top of the
CFBE410- cell monolayer using freeze-dried tracheal mucus, we
investigated whether, upon re-hydration, the freeze-dried mucus
would partially or completely recover the viscoelastic properties
shown by the native material.

The water percentage of the mucus samples was 95.79 + 0.62%,
being the percentage of solid content of 420 +0.62. After re-
hydration with exactly the same volume of sublimed water and
2 h of mixing in a 360° rotator, the freeze-dried mucus displayed
very similar viscoelastic properties as the undiluted human mucus,
with no statistical difference between the elastic or viscous moduli
at any of the strains or frequencies tested. As with the native mate-
rial, G’ exceeded G” in both the amplitude and the frequency sweep
test (Fig. 2, white symbols). The viscoelastic moduli were slightly,
but not significantly, higher in the case of the freeze-dried and
re-hydrated mucus in comparison to the native material. The mean
G"|G' ratio at 1rad/s demonstrated a mean value of 0.29 +0.01,
which confirms that intermolecular cross-linking and the charac-
teristic mucus viscoelastic behavior were recovered after re-
hydration.

3.4. CFBE410- cells remain viable and retain their barrier properties
after addition of external human freeze-dried mucus

The primary concern of adding an exogenous mucus to the
CFBE410- monolayers was a potential adverse effect that the
human-derived tracheal mucus could exert on the cells. Previous
studies attempting to implement exogenous mucus onto cell
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monolayers, had shown a clear disruption of the epithelial barrier
properties and even some cytotoxicity [39,40]. Boegh et al. found a
significant barrier disruption after incubating Caco-2 cells with
native porcine intestinal mucus, as evidenced by the dramatic
decrease in TEER values [39], whereas Teubl et al. reported a
reduced viability of the oral epithelial cell line TR146 after a 24 h
incubation with mucins derived from bovine submaxillary glands
[40]. We hypothesized that due to the common human origin of
both the CFBE41o0- cells and the tracheal mucus, the cells and the
mucus would be better compatible. To assess any potential toxic
effects that the exogenous freeze-dried mucus could exert on the
cells, the MTT assay was performed on proliferating CFBE41o0- cells.
However, after 24 h of incubating the cells with mucus the viability
was slightly higher than in untreated control cells, suggesting even
a positive effect of human mucus on the human-derived CFBE410-
cells under such conditions (Fig. 3A).

In a subsequent step we sought to confirm the cell viability of
CFBE410- monolayers that were allowed to differentiate and to
develop tight junctions in Transwell® using the so called live dead
staining: in the case that cells are alive, the diffusion and subse-
quent esterase-mediated hydrolysis of the non-fluorescent dye
FDA to the fluorescent product fluorescein will occur. In the case

140

that cells are dead, PI will bind to DNA within the nuclei of cells
in which the cell membrane is disrupted (Fig. 3B). After staining
with the working solution of FDA/PI we observed tightly packed
CFBE410- cells in confluent monolayers emitting high fluorescence
intensity in the fluorescein detection range (Fig. 3C-E), confirming
the high cell viability previously observed in proliferating cells
with the MTT assay.

Having confirmed with two different methods the compatibility
of the CFBE410- monolayers with exogenous mucus, the next step
consisted of addressing whether CFBE410- monolayers would
retain their epithelial barrier properties after adding exogenous
mucus. For that purpose we indirectly assessed the presence of
tight junctions by comparing the TEER values of the cells before
and 24 h after coating the monolayer with mucus (Fig. 4). Mono-
layers incubated without mucus but under the same experimental
conditions were used as controls. Under both conditions the bar-
rier properties of the CFBE410- cell monolayers remained intact.
Thus, unlike in the work of Boegh et al., where the TEER values
dropped after adding external pig gastric mucus to Caco-2 cells
[39], in the present constellation the barrier properties were main-
tained after mucus addition. The most plausible explanation for the
compatibility between the CFBE41lo- cells and the exogenous
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Fig. 3. The viability of CFBE410- cells upon contact with exogenous human mucus was assessed with the MTT assay and by live/dead staining with fluorescein diacetate
(FDA) and propidium iodide (PI). (A) CFBE410- cells exposed to mucus for 24 h had a viability over 100% (grey bar), slightly greater than that of control cells incubated with
the appropriate medium (black bar); CFBE410- cells incubated with the detergent Triton-X served as a negative control with 0% viability. (B) Representative fluorescence
microphotographs of the negative (left) and positive (right) controls for the live/dead staining; cells with their nuclei stained in red represent non-viable cells, whereas cells
with a green cytoplasm represent viable cells. (C) and (D) Representative fluorescence microphotographs of independent experiments at different magnifications, showing
different Transwells® (wells 1-6) supporting CFBE410- monolayers that had been incubated for 24 h with human mucus in the apical compartment. (E) X-Z cross-sectional
view of viable CFBE410- monolayers that had been incubated for 24 h with human mucus.
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Fig. 4. The barrier properties of the CFBE410- monolayers grown for at least 10 days under submerged conditions were monitored for 24 h. The TEER values were measured
before (initial) and 24 h after addition of (CFBE410- + Mucus, right). CFBE410- cells not exposed to mucus but incubated under submerged conditions with regular medium
served as controls (CFBE410-, left). The horizontal line at 300 €2 cm? indicates the threshold values deemed to indicate the presence of a tight barrier. The mean + SEof n = 12
(CFBE410-) and n =16 (CFBE410- + mucus) from three independent experiments are shown. No significant (n.s.) differences were found.

pulmonary mucus may be the common human origin of both
materials. In addition, the freeze-drying process may have con-
tributed, in combination with the antibiotics in the cell culture
medium, to keep the model sterile and to maintain high cell viabil-
ity and intact barrier properties. No signs of bacterial contamina-
tion were observed with the use of freeze-dried mucus.

3.5. Sodium fluorescein transport

The pulmonary mucus is a selective barrier that allows the per-
meation of small molecules such as nutrients, growth factors, and
antibodies, but significantly hinders the movement of particulates
with a size greater than 100-200 nm [8,22,23]. The apical-to-
basolateral transport of the small hydrophilic model drug sodium
fluorescein (3763 Da) is routinely used to assess the paracellular
transport and the barrier properties of in vitro epithelial models
[20,41.42]. We hypothesized that sodium fluorescein is small
enough to permeate through the mucus pores and would not sig-
nificantly interact with the mucus fibers due to its negative charge.
Therefore, one could expect a similar transport rate of the molecule
through the CFBE410- monolayers, as well as equivalent Py, val-
ues, in either the presence or absence of mucus. CFBE410- mono-
layers, with or without mucus, were indeed observed to act
similarly as a barrier to paracellular transport (Fig. 5A), with both
conditions resulting in Py, values below 1 x 107% cmy/s. A slight
although not significant lower extent of permeation of sodium flu-
orescein could however be observed in the CFBE410- monolayers
incubated with human mucus (Fig. 5B), most probably due to
interactions between the compound and mucus elements in a set-
ting of two unstirred layers of different viscosity within the first
hour after sodium fluorescein addition.

3.6. Mucus is a barrier to polymeric nanoparticles

The mesh-like structure of pulmonary mucus is mainly given by
a highly cross-linked mucin network (Fig. 6A). The size of the pores
of the mucus mesh is highly heterogeneous and ranges from very
small pores of just a few nanometers to larger pores on the micro-
scale [22,23]. Therefore, mucus represents a steric barrier to the
diffusion of NPs. In addition, mucus can also filter NPs by specific
chemical interactions. For instance, the sialic acid-rich glycan
side-chains of the mucins confer a negative charge on mucus
[43]; mucins also possess non-glycosylated regions with a high
capacity for hydrophobic interactions [44]. As a result, a large
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Fig. 5. The barrier properties of the CFBE410- monolayers after their exposure to
mucus were determined by measuring the permeability of sodium fluorescein
(NaFluo) over time. (A) Apparent permeability (Papp) of sodium fluorescein through
CFBE410- monolayers compared to CFBE41o- monolayers supplemented with
human mucus. (B) Permeated total amount of NaFluo over time through CFBE410-
monolayers (solid squares) compared to CFBE410- monolayers supplemented with
human mucus (empty circles). The mean +SE for n=20 from 3 independent
experiments are shown. No significant (n.s.) differences were found.

fraction of NPs with a size above 100 nm that theoretically can
chemically interact with mucus will become immobilized within
the mucus mesh [3,8,22,23]. These findings highlight the outstand-
ing filtering properties of pulmonary mucus against NP-based drug
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Fig. 6. (A) Scanning electron microscopy (SEM) image of freeze-dried human tracheal mucus. (B) Representative SEM image of a CFBE410- monolayer; cell boundaries
between neighboring cells are visible. (C) SEM image of human tracheal mucus on top of a CFBE410- cell monolayer; the mucus mesh structure seen in (A) is lost due to the
chemical fixation. Scale bar =4 pm.

Fig. 7. (A) Scanning electron microscope (SEM) and (B) transmission electron microscope (TEM) images showing the morphology of DiD labeled chitosan-PLGA nanoparticles.

A B

X (pm)

Fig. 8. Confocal laser scanning microscopy images of the cellular uptake study performed with DiD-labeled chitosan-PLGA nanoparticles (NP) on CFBE410- cells with and
without mucus. (A) CFBE410- monolayers were incubated with 400 pl of the NP suspension (40 pg/ml) for 24 h; after incubation, although the apical surface was thoroughly
washed with PBS, a widespread presence of NPs either in close contact with or internalized by cells was noted, as evidenced by the 3D rendering (top) and the X-Z cross-
sections (wells 1-3). (B) CFBE410- monolayers supplemented with human tracheal mucus were incubated with 400 pl of the NP suspension (40 pg/ml) for 24 h. After
incubation, the apical surface was thoroughly washed with PBS, resulting in the removal of both mucus and entrapped NPs. The absence of NPs in contact with cells in this
case indicates that a vast majority of the NPs were trapped within the mucus and washed away. Nuclei were stained with DAPI (blue), the cell membrane was stained with
wheat germ agglutinin (green), and the DiD-labeled chitosan-PLGA NPs were labeled with DiD (red). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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delivery systems. As a proof of concept for the developed in vitro
model, we incubated chitosan coated PLGA NPs for 24 h together
with “naked” CFBE41o- cell monolayers (Fig. 6B), as well as with
CFBE410- cell monolayers supplemented with an additional mucus
layer (Fig. 6C). Thereafter we qualitatively addressed NP uptake by
means of confocal microscopy.

The produced chitosan-PLGA NPs had a size of 167.8 +3.6 nm
(PDI 0.1 £ 0.01, Fig. 7) and were positively charged, as evidenced
by a {-potential of 12.9 £ 1.9 mV.

This type of NPs was chosen because they have been already
used for several applications of pulmonary nucleic acid delivery
[45-47]. Additionally, chitosan coatings have been shown to
induce efficient transfection in various cell lines [27.28], including
CFBE410- [12]. We hypothesized, however, that with a NP diame-
ter close to 200 nm and due to the known mucoadhesive properties
of chitosan [48], most of the NPs would be trapped within the
mucus layer, precluding their cellular uptake. When NPs were
incubated with the “naked” CFBE410- cell monolayers, a significant
uptake could be observed from the confocal images (Fig. 8A). On
the other hand, when the chitosan-PLGA NPs were incubated with
CFBE41o- monolayers that were supplemented with a layer of
mucus, the number of NPs in close proximity to the cells was neg-
ligible, indicating that most of the NPs had been entrapped by the
mucus layer (Fig. 8B) which was itself washed away during the
staining/fixation procedure. This finding further confirmed our
hypothesis, and indicates that the drug delivery efficiency of
NP-based systems is dramatically reduced in mucosal tissues.

4. Conclusion

The aim of this work was to develop an in vitro model of the
bronchial region comprising minimally an epithelial cell layer
and a layer of pulmonary mucus. As a cellular element, we used
the CF cell line CFBE410-, which possesses a number of interesting
features for pharmaceutical research such as the expression of
tight junction proteins and proteins relevant for pulmonary drug
transport. Nevertheless, this cell line is unable to secrete mucus,
and therefore the cell monolayer alone as an in vitro model lacks
a key protective element found in the airways in vive. To comple-
ment the cell monolayer, small amounts of freeze-dried human
tracheal mucus were placed on top of the CFBE41o- cells, creating
an air-mucus interface. The rheological properties of the re-
hydrated mucus were very similar to the native material. More-
over, the biocompatibility of the exogenous mucus with the cells
could be demonstrated. The re-hydrated mucus behaved as a
semi-permeable layer, allowing the small molecule sodium fluo-
rescein to permeate but severely hindering the passage of
positively-charged 168 nm diameter polymeric NPs, as evidenced
by the low degree of particle uptake by CFBE410- cells in the pres-
ence of mucus. Hence, this model combines the excellent epithelial
barrier properties of CFBE410- cells with the option to implement
an additional mucus barrier. Moreover, the relatively short culture
time needed to achieve a tight epithelial monolayer allows having
a cell line-based mucus-containing in vitro model ready for exper-
iments within a timeframe of less than a week. The model may
therefore prove a useful tool to study inhalation pharmaceuticals
targeted to the bronchial mucosa and in particular to address the
role of mucus in this context.
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Abstract: Despite the enormous potential of nanomedicine, the search for materials from renewable
resources that balance bio-medical requirements and engineering aspects is still challenging.
This study proposes an easy method to make nanoparticles composed of oxidized starch and chitosan,
both isolated from natural biopolymers. The careful adjustment of C/N ratio, polymer concentration
and molecular weight allowed for tuning of particle characteristics. The system’s carrier capability
was assessed both for anti-infectives and for nucleic acid. Higher starch content polyplexes were
found to be suitable for high encapsulation efficiency of cationic anti-infectives and preserving
their bactericidal function. A cationic carrier was obtained by coating the anionic polyplex with
chitosan. Coating allowed for a minimal amount of cationic polymer to be employed and facilitated
plasmid DNA loading both within the particle core and on the surface. Transfection studies showed
encouraging result, approximately 5% of A549 cells with reporter gene expression. In summary,
starch-chitosan complexes are suitable carriers with promising perspectives for pharmaceutical use.

Keywords: polymeric nanoparticles; renewable polysaccharides; anionic starch; cationic anti-infectives;
transfection

1. Introduction

Nanoparticulate carrier systems represent a well established platform for vaccination and
treatment of severe diseases, such as infection and cancer, by protecting active agents, preventing burst
release kinetics, providing the potential to enhance crossing of biological barriers and improving local
drug delivery [1-4]. However, the selection of materials or excipients for nanomedical applications
remains challenging due to strict requirements of the field. Such materials should be biocompatible
and biodegradable, safe and at the same time provide good drug loading capacity as well as a
potential to carry diverse bioactive agents [3]. Moreover, for large scale production, the used materials
should be environmentally friendly, and able to be manufactured by facile processes. In recent
years, a variety of polymeric materials derived from natural biopolymers have been synthesized
and investigated to formulate vehicles to deliver bioactive molecules. These molecules have been
embedded inside the polymeric matrix or adsorbed onto the colloidal surface [5] by either physical
interaction (e.g., electrostatic complexation) or chemical modification. Nevertheless, the number of
biodegradable and biocompatible polymers which are further compatible with water (as a solvent
suitable for pharmaceutical use) and can form nanoparticles with a high and versatile active agent
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encapsulation capacity are still limited. Hence, the production of excipients for nanomedicine with a
balance between pharmaceutical requirements and engineering aspects as well as a tunable potential for
drug delivery has gained considerable attention. In particular, natural and modified polysaccharides
such as chitosan, alginate, starch and dextrin, and their synthetic derivatives, have been considered
as efficient candidates for drug carrier systems [1,6,7]. However, achieving a consistent and robust
production of polysaccharide nanoparticles is challenging due to the heterogeneous physicochemical
properties of natural and synthetic polymers. In addition, depending on the actives to be delivered
and the route of administration, different protocols are needed [8] to prepare polysaccharide-based
polymeric nanoparticles [9,10]. Thus, the chosen polymers need to be appropriately tailored, chemically
modified and optimized to qualify for targeted applications [1].

Among natural polysaccharides, starch and chitosan have many promising properties. Starch is a
biocompatible and biodegradable polysaccharide, which is degraded by a-amylase, and available at
relatively low cost. It has been widely used in tablets and capsules, e.g., as a binder or diluent [11].
Slightly modified derivatives of starch with fractional molecular weights have previously been studied
as a platform to formulate homogenous carrier systems for gene delivery [12]. Other researchers
have also studied starch-based particulate systems for drug delivery [13-15]. Chitosan is similarly
biodegradable and biocompatible, and has been investigated and widely used in pharmaceutical
research for drug [16,17], protein [18] and nucleic acid delivery, and for vaccination purposes [19-21].
It has also been used as a biomedical material for artificial skin and wound healing bandages [22]
as a biodegradable polysaccharide [23]. Moreover, chitosan has good biocompatibility as tested in
humans [24]. Yamada et al. [12] has reported the preparation of anionic starch derivatives by mild
chemical modification, and the separation of different molecular weights by a fractional cut-off protocol,
which was later aimed for transfection study. The research showed promising perspectives of starch
derivatives as drug carrier system. However, the charge mediated complexation of fractional starch
derivatives was not fully explored in that study; the carrier capacity of such system thus remains to
be investigated.

In light of these advantages, the aim of this work was to produce versatile and flexible
nanocarriers using both starch and chitosan, with a facile and organic solvent-free preparation method
combining the advantages of these two polymers into a carrier system. The investigated systems were
composed of starch derivatives of molecular weight (M) >100 kDa or with My range of 30-100 kDa,
and oligochitosan My, 5 kDa or Protasan My, 90 kDa as chitosan derivatives. A wide range of
molecular weights was used to achieve complex stability. We also explored the design space of the
system to obtain particles with high colloidal stability as well as tunable surface charge and size. Thus,
the varied production parameters of starch-chitosan polyplexes (Scheme 1A) were: (i) molar ratio of
carboxylate and amine functional groups (C/N ratio) of starch and chitosan, respectively; (ii) polymer
concentration; and (iii) counter polymer type. The loading capacity and versatility of these simple
carriers was then investigated using tobramycin and colistin as clinically relevant models of small
molecule and peptide anti-infectives respectively [25,26], as well as nucleic acids (plasmid DNA).
Furthermore, to improve encapsulation capacity, we coated the starch-chitosan polyplexes with an
additional chitosan (Protasan) layer (Scheme 1B), and explored the loading capacity of the resulting
nanoparticles. Coating the polyplexes enabled drug loading on the surface of particles, which led
to a better encapsulation particularly in the case of the utilized nucleic acids. This approach also
creates the further potential for formulating a multifunctional delivery system. The novel approach of
starch-chitosan-based complex-coacervation suggested in this study is a straightforward and promising
technique to prepare versatile carrier systems with potential in nanomedicine applications. Therefore,
we undertook preliminary studies of design, synthesis, and formulation of such carrier systems,
and explored their flexibility and capacity for encapsulating selected model macromolecular drugs.
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A) Preparation of anionic starch-chitosan core polyplexes (anCP)
anionic starch Mw > 100kDa oligo chitosan Mw ~ 5kDa
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B) Preparation of Protasan coated CP (cCP)
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Scheme 1. [llustration of drug-free (plain) starch-chitosan polyplex-preparation.

2. Experimental Section

2.1. Materials

As raw material, partially hydrolyzed potato starch (M, of 1300 kDa), which was a kind gift from
AVEBE (Veendam, The Netherlands), was used. Selective oxidation of the primary alcohol on starch
was performed to increase water solubility and obtain an anionic charge. The oxidation procedure
and molecular weight fractionation of three M, samples (5, 30-100, and >100 kDa) was conducted in
accordance with the protocol of Yamada et al. [12]. The obtained starch derivatives had an oxidation
degree of 45%. The M, fraction >100 kDa is used unless stated otherwise and is termed “anionic
starch” in all further descriptions.

Chitosan oligosaccharide lactate (oligochitosan; My 5 kDa), polyvinyl alcohol (PVA; Mowiol® 4-88),
sodium hydroxide, trifluoroacetic acid (TFA), acetonitrile and acetic acid were purchased from
Sigma-Aldrich (Darmstadt, Germany). Tobramycin sulfate salt and colistin sulfate salt were used
as received also from Sigma-Aldrich. Ultrapure chitosan chloride salt (Protasan UP CL113; M,
~90 kDa, deacetylation degree 75-90%) was obtained from FMC Biopolymer AS NovaMatrix (Sandvika,
Norway). Purified water was produced by a Milli-Q water purification system from Merck Millipore
(Darmstadt, Germany). O-Phthalaldehyde (OPA), 2-mercaptoethanol, phosphotungstic acid (PTA) and
boric acid were used as purchased from Sigma-Aldrich.

Agarose SERVA for DNA Electrophoresis of research grade was bought from Serva (Heidelberg,
Germany). Ethidium bromide solution (10 mg/mL), heparin sodium salt from porcine intestinal
mucosa, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) (MTT reagent), Triton™ X-100,
dimethyl sulfoxide (DMSO) and Dulbecco’s phosphate buffered saline solution (PBS) were obtained
from Sigma-Aldrich. Gibco Hanks” balanced salt solution (HBSS) buffer was purchased from Thermo
Fisher Scientific (Darmstadt, Germany). A549 cells (human lung carcinoma cell line, No. ACC 107)
were obtained from DSMZ GmbH (Braunschweig, Germany). Cell culture medium (RPMI 1640) was
purchased from PAA laboratories GmbH (Pasching, Austria) and supplemented with 10% fetal calf
serum (FCS, Sigma-Aldrich). Plasmid DNA (pDNA) encoding for the fluorescent protein AmCyan was
bought from Clontech Laboratories, Inc. (PAmCyan 1-N1, Mountain View, CA, USA). The plasmid
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was propagated in Escherichia coli DH5c and isolated with Qiagen EndoFree Plasmid Mega Kit
(Qiagen, Hilden, Germany) to obtain pDNA of cell culture quality. jetPRIME® transfection reagent
was purchased from Polyplus-transfection (Illkirch, France). Rhodamine Ricinus communis agglutinin
(RGA T) was obtained from Vector Laboratories. 4',6-diamidino-Z-phenyl'mdole (DAPT) was purchased
from Life Technologies (Darmstadt, Germany).

2.2. Preparation, Optimization and Characterization of Starch—Chitosan Core Polyplexes

2.2.1. Preparation and Optimization of Starch-Chitosan Core Polyplexes (CP)

Starch-chitosan core polyplexes (CP) were prepared by self-assembly of anionic starch derivatives
and chitosan derivatives in aqueous medium. CP characteristics, including their: (i) surface properties;
(ii) size; and (iii) physicochemical stability were varied by: (i) the molecular weight of utilized anionic
starch and chitosan derivatives; (ii) polymer concentration; and (iii) molar ratio of carboxylate (COONa)
to amine (NH3) groups (C/N ratio) in oxidized starch and chitosan, respectively. The polyplex
formulation procedure is described in Scheme 1A. Briefly, a solution of anionic starch was prepared
in Milli-Q water at a defined concentration, while the utilized chitosan derivative was solubilized in
0.02 M acetic acid, followed by pH adjustment to 5.5. The assembly into CI* of oxidized starch and its
counter excipient occurred by the addition of an appropriate amount of starch polymer solution into
the pre-warmed solution of chitosan derivative, followed by 2 min of vortexing and 1 h incubation
at room temperature. To prepare anionic core polyplexes (anCP), anionic starch (M, of >100 kDa)
and oligochitosan (M,, of 5 kDa) were employed at various C/N ratios, ranging from 50:1 to 10:1 and
further to 1:1, designed to optimize the formulation and stability of the polyplexes. Cationic core
polyplexes (cationic CP’) were prepared by co-assembly of negative starch (M, of 30-100 kDa) and
Protasan (M,, of 90 kDa) having a higher amount of positively charged amine groups. The optimal
C/N ratio was identified by investigating the ratios of 1:30, 1:10 and 1:1. All Samples with a solvent
pH-value of 5.5 were characterized by dynamic light scattering (DLS), using a Zetasizer Nano from
Malvern Instruments (UK) to obtain hydrodynamic size, polydispersity index (PDI), and using laser
Doppler velocimetry to obtain (-potential. All samples were prepared at least in three different batches.

2.2.2. Preparation and Optimization of Protasan Coated CP (cCP)

Another approach taken to further improve the loading capacity of starch-chitosan carriers was
to prepare coated polyplexes with a further layer of Protasan on anCT. The optimized coating method
is described briefly as following: anCP were prepared as described and then coated with an additional
layer of positively charged Protasan, by an association of amine functional groups of the chitosan and
the anionic surface of the anCP (Scheme 1B). The coating solution was prepared by dissolving 3 mg of
Protasan in 1 mL PVA 2% (w/v) solution, which was then diluted with Milli-Q water to a 1.5 mg/5mL
concentration for coating. A 500 pL volume (6.6 mg/mL) of anCP was added dropwise to the prepared
Protasan solution, which was continuously stirred for 30 min at 150 rpm. This was followed by
incubation at room temperature for 3 h prior to characterization. The resulting Protasan-coated anCP
(cCP, ¢ = 0.87 mg/mL) were kept for further studies. Samples were prepared in at least three different
batches. All particle samples were characterized for their hydrodynamic size, PDI and {-potential.
This method was also applied to investigate the physicochemical stability of anCP and cationic CP
under storage conditions of 4 °C for 27 days.

2.2.3. pH-Stability of Drug-Free CP and cCP

The colloidal stability of anCP and cCP at different pH values was investigated by incubating
particle suspensions at pH values of 3.5, 4.0, 4.5, 5.5, 6.0, 7.5 and 8.0, all within the physiologically-relevant
range. Samples were analyzed to obtain hydrodynamic size, PDI, and (-potential, after predetermined
incubation times (30 min, 1 h, 3 hand 24 h). The pH-value was adjusted following polyplex preparation
at pH 5.5 (as described above) by using either 0.02 M acetic acid solution or 1 M NaOH solution.
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All experiments were conducted in triplicates with n = 3, and results expressed as mean =+ standard
deviation (SD).

2.2.4. Morphology

The morphology of all produced polyplexes was visualized by transmission electron microscopy
(TEM, JEM 2011, JEOL, St Andrews, UK). Before the TEM visualization, 8.7 ug/10 uL of polyplexes
were added on a copper grid (carbon films on 400 mesh copper grids, Plano GmbH, Wetzlar, Germany)
and incubated for 10 min to allow an adhesion of polyplexes to the surface. The excess was removed,
and polyplexes were further stained with 0.5% (w/v) PTA to improve the contrast of TEM images.

2.2.5. Cytotoxicity Study: MTT Assay

A549 cells were seeded in a 96 well plate at a density of 1 x 10° cells per well, in 200 uL of RPMI
cell culture medium supplemented with 10% FCS. Cells were grown for 4 days prior to the conduction
of the assay to allow for approximately 95% cell confluency. On Day 4, CP and cCP samples were
diluted with a suitable amount of RPMI medium (without FCS) to achieve test concentrations of 5, 10,
40, 70, 100, 200 and 500 pg/mL. Cells were then washed twice with 200 nL HBSS buffer (pH 7.4), and
polyplex samples were added to cells in triplicate. Cells incubated with only RPMI medium were used
as a negative control (determined to result in 100% cell viability) and cells treated with 1% Triton™
X-100 in RPMI medium were used as positive control (designated as 0% cell viability). All samples
were incubated with cells for 4 h, on a horizontal shaker with careful shaking at 150 rpm at 37 °C and
5% COj,. Subsequently, the supernatant was removed, and cells were washed once with HBSS. Then,
200 pL of the MTT-reagent (5 mg/mL) in HBSS was applied to each well and further incubated for
4 h with gentle shaking. The supernatant was then removed and DMSO was immediately added to
achieve cell lysis. Cells were incubated in DMSO for 15 min under careful shaking and protected from
light. The absorbance of each well at 550 nm was then measured with a plate reader (Infinite® 200 Pro,
TECAN, Minnedorf, Switzerland). The percentage of viable cells was calculated in comparison to
negative and positive controls as described by Nafee et al. [27].

2.3. Cationic Anti-Infective Loaded anCP
2.3.1. Preparation and Optimization of Cationic Anti-Infective Loaded anCP

Isothermal Titration Calorimetry

Two relevant anti-infectives were used to test the loading capacity of anCP. Tobramycin was
used as an example of a cationic small molecule antibiotic having a molecular weight of 467.5 Da,
and colistin (polymyxin E) was used as an example of a peptide antibiotic with a molecular weight of
1267.5 Da (Scheme 2A).

Interaction between anionic starch and the cationic anti-infectives tobramycin and colistin
was investigated by isothermal titration calorimetry (ITC) using a NanoITC 2G (TA Instruments,
New Castle, DE, USA). The purpose of such measurement was to optimize excipient to cargo ratio
in drug loaded carrier production. Briefly, all drug and anionic starch solutions were prepared in
milli-Q water. A 25 mM solution of tobramycin or colistin was prepared in a 250 uL syringe and used
to saturate 1.5 mL of anionic starch at a concentration of 0.1 mM filled in the sample cell. Following
an initial delay of 300 s, 250 uL of drug solution was repeatedly injected into the sample cell with a
spacing of 500 s between injections, and at a reference power of 10 pCal/s. The final thermogram and
thermodynamic parameters were produced by subtracting the heat of dilution of either tobramycin
or colistin (25 mM in 1.5 mL milli-Q water), followed by fitting using the One Set of Sites model in
the data analysis software NanoAnalyze. The free energy of binding (AG) was calculated using the
equation AG = AH — TAS, where AH is the enthalpy change, T is temperature (Kelvin), and AS is the
change in entropy. All measurements were performed at 25 °C.
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Preparation and Optimization of Cationic Anti-Infective Loaded anCP

Both tobramycin and colistin were loaded using the same procedure, during formation of anCP,
employing various C/N ratios, as follows: (i) 1 mg tobramycin or 3 mg colistin was incubated with an
appropriate amount of anionic starch solution for 2 h; and (ii) pre-warmed chitosan solution at pH 5.5
was added, and coacervation was achieved by vortex mixing (2 min).

The anti-infective loaded anCP suspension was then centrifuged at 13,000x g and 4 °C for 20 min
at least twice and allowed to equilibrate at 4 °C overnight before conducting further experiments. In all
experiments the supernatant produced by centrifugation was collected for drug loading quantification.

Loading Quantification

The degree of anti-infective loading in anCP was determined using an indirect quantification
method (drug amount inside anCP = initial drug amount — drug amount in the supernatant). Colistin
was quantified by high-performance liquid chromatography (HPLC), while tobramycin was quantified
based on a protocol for detection of aminoglycosides [28], as detailed below.

HPLC Analysis

The HPLC analysis was performed on a Dionex UltiMate 3000 system (Thermo-Fischer Scientific,
Dreieich, Germany) equipped with LPG-3400 SD pump, WPS5-3000 autosampler, DAD3000 detector,
and TCC-3000 column oven. Chromeleon software (Chromeleon 6.80 SP2 build 9.68, Thermo Scientific
Dionex, Dreieich, Germany) was used for data analysis. A column set of LiChrospher® 100 RP-18 (5 pm)
LiChroCART® 1254, consisting of a 125 mm x 4 mm LiChrospher 100/RP-18 column (Merck-Hitachi,
Darmstadt, Germany) with a LiChrospher 100/RP-18 guard column (5 um) (Merck-Hitachi, Darmstadt,
Germany) at 30 °C was used as stationary phase for all substances. A gradient method was used
starting with 20% A, increasing to 50% A within 2 min, and holding for 1.5 min (A = acetonitrile,
B = 0.1% TFA solution in water). Before injection, the samples were filtered through a cellulose acetate
0.2 uym membrane. The flow rate was 1.0 mL/min, and the injection volume was 50 uL. A calibration
curve was constructed using eight different concentrations of colistin in water, ranging from 0.2 mg/mL
to 0.005 mg/mL (r2 =0.9955). All 8 standards were measured 5 times, and a percent relative standard
deviation (% RSD) of less than 3.9% was calculated. The run time was 6 min, and a retention time of
3.6 min and 3.9 min was observed for colistin A and colistin B, respectively. As colistin is a mixture
of two main fractions, colistin A and colistin B, both were quantified to determine colistin loading,
The detection wavelength was 210 nm for colistin A and 214 nm for colistin B.

Aminoglycoside Detection Protocol

The product fluorescence of tobramycin reacted with a fluorescent reagent was measured at
344/450 nm (Ex/Em) using a Tecan microplate reader following a published method [28]. To prepare
the reagent solution, a 0.2 g amount of OPA reagent was dissolved in a mixture of 1 mL methanol,
19 mL boric acid 0.4 M at pH 10.4, and 0.4 mL of 14.3 M 2-mercaptoethanol. A 2 mL of the resulting
mixture was then diluted with 16 mL methanol before use. A calibration curve was constructed using
five different concentrations of tobramycin in water (0.04-0.005 mg/mL, 2 =0.9976).

In both cases, the encapsulation efficiency (EE) and the drug loading rate (LR) were calculated
according to the following equations:

EE — Weight of encapsulated drug in nanoparticles

x 100

Initial amount of drug in the system

_ Weight of drug in nanoparticles

LR = Weight of nanoparticles x 100

where “weight of nanoparticles” was calculated as weight of polymeric material + weight of
encapsulated drug in nanoparticles.
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Each sample was assayed at least in triplicate, and results are reported as the mean &+ SD.

Drug Release Study

Tobramycin or colistin release profiles from tobramycin loaded anCP or colistin loaded anCP was
performed in PBS (pH 7.4) at 37 °C. Brietly, either tobramycin loaded anCP or colistin loaded anCT was
diluted in PBS to have final tobramycin or colistin concentration at 10% (w/w) and loaded into dialysis
membrane (MWCO 1 kDa, Spectrum Labs, Rancho Domiguez, CA, USA) in the case of tobramycin,
or dialysis membrane (MWCO 3.5-5 kDa, Spectrum Labs, USA) in the case of colistin. After that,
the whole system was put into 20 mL PBS and placed on a shaker at 400 rpm at 37 °C. The concentration
of released drug was analyzed by collecting samples from the supernatant during the period from
1 hto 24 h. The amount of colistin and tobramycin were determined by HPLC and aminoglycoside
detection protocol, respectively. The volume was kept constant by refilling with an identical volume
of PBS. The cumulative released drug (%) was calculated (mean & SD of n = 3). Three independent
experiments were conducted in triplicates, and results expressed as the mean + standard deviation (SD).

2.3.2. Minimum Inhibitory Concentration (MIC) Assay

The antimicrobial properties of anCF, anti-infective loaded anCFT, and free drugs were performed
by standard microbroth dilution assays with Escherichia coli (DH5«) and Pseudomonas aeruginosa
(PA14) in 96 well plates. A suspension of E. coli or P. aeruginosa prepared from mid log cultures in
Mueller-Hinton broth or Lysogeny Broth medium (at 25 °C) was first diluted to ODggq (absorption
at 600 nm) 0.01, which corresponds to approximately 5 x 106 CFU/mL (CFU, colony-forming units).
Polyplex samples (anCF, drug-loaded anCP), free drug solution and PBS as control were then added
to bacteria-containing wells by serial dilution over a range of 0.03-64 ug/mL. After incubation for
16 h at 37 °C, inhibitory concentration (IC) ICgg values were determined by sigmoidal curve fitting of
absorption values (600 nm) that were measured on a Tecan microplate reader. The experiments were
conducted in duplicate.

2.4. Preparation of pDNA Loaded cCP

Plasmid DNA pAmCyan was incorporated into the polyplexes to evaluate the potential of the
carrier system with respect to nucleic acid actives. A ratio of amine groups (chitosan) to phosphate
groups (pDNA) of 20/1 was chosen and is referred to as N/P ratio. The preparation was performed
in three steps: first, an appropriate amount of pAmCyan was added to a solution of anionic starch
and mixed thoroughly. A 1 mL volume of this pAmCyan-starch solution was added to 1 mL of
oligochitosan solution (650 pg/mL) and mixed immediately by vortex for 15 s. A further incubation for
1 h at room temperature was then carried out, leading to the formation of pAmCyan-loaded anCT. In the
second step, the pAmCyan loaded anCP were coated by Protasan as described in Section 2.2, to form
pAmCyan-loaded cCP. In the third step, a further layer of pAmCyan was applied to pAmCyan-loaded
cCP (1:30 w/w) resulting in pAmCyan double loaded cCP (Scheme 2B). The pDNA encapsulation
efficiency of each step was analyzed by pelleting the samples down and measuring the absorbance of
unbound pDNA (at 260/280 nm with NanoDrop Spectrophotmeter) remaining in the supernatant after
centrifugation for 30 min at 24,400x g. Thus, the amount of bound pDNA was examined indirectly.
The products of each step were characterized to obtain hydrodynamic size, PDI, and (-potential,
and their morphology was observed by TEM.

2.4.1. Determination the Complexation of pAmCyan in Starch-Chitosan Polyplexes

Complexation and stability of pAmCyan in starch-chitosan polyplexes was evaluated by a
gel retardation assay using agarose gel electrophoresis. Further, to facilitate DNA fragmentation,
the endonuclease BamHI was used, which linearizes the plasmid, and heparin addition to cause
the release of pDNA from the complex. Polyplexes containing 500 ng of pDNA per sample from
each step of the formulation process were first digested with 0.5 uL BamHI for 2 h at 37 °C with
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shaking. Afterward, 3 uL (30 mg/mL) heparin was added to solutions of digested polyplexes,
incubated for 15 min at room temperature and then mixed with 2 uLL of orange DNA loading dye
(6x; Thermo Fisher Scientific, Waltham, MA, USA). These mixtures were then loaded into 0.75%
(w/v) agarose gel containing 5 uL of ethidium bromide and run for 60 min at 50 V in 0.5x TBE-buffer.
The visualization of the bands was performed with a UV illuminator, Fusion FX7 imaging system from
Peqlab (Erlangen, Germany).

2.4.2. In Vitro Transfection Studies in A549 Cells

To test the efficiency of the pAmCyan loaded polyplexes, in vitro transfection studies were
performed in A549 cells. Briefly, A549 cells were seeded in 24-well plates, at a density of 25 x 104 cells
per well in 500 uL of RPMI cell culture medium with 10% FCS. Cells were grown for 2 days
to reach a cell confluency of 60-70%. Polyplexes of the pAmCyan double loaded carrier system
(see Section 2.4) containing 1 pg of pAmCyan (polyplex concentration ~60 pg/mL) were prepared
with a ratio of 1.30, 1:50 and 1:100 between pDNA:polyplexes in 500 uL of HBSS buffer. Then,
cells were washed twice with HBSS buffer and incubated with the polyplexes for 6 h. After 6 h
of incubation, polyplexes were removed and replaced with RI"MI containing 10% FCS. Cells were
further grown for 2, 3 and 4 days to identify the time point of maximum reporter gene expression.
For comparison, the commercially available transfection reagent jetPRIME® was used as positive
control. Cells treated with pAmCyan-free cCP and cell culture medium alone were used as negative
controls. For confocal laser scanning microscope (CLSM; Leica TCS SP 8, Leica, Wetzlar, Germany)
visualization, cell membranes were stained using RGA I (15 ug/mL), and cell nuclei were stained
with DAPI (0.1 ng/mL). Samples were then fixed with 3% paraformaldehyde and stored at 4 °C until
analysis. All images were acquired using a 25x water immersion objective at 1024 x 1024 resolution
and further processed with LAS X software (LAS X 1.8.013370, Leica Microsystems, Leica, Germany).
The percentage efficiency of transfected cells was quantified using flow cytometry (BD LSRFortessa™
Cell Analyzer, Biosciences, Heidelberg, Germany). Fifty thousand cells per sample were counted by
the cytometer and data were analyzed using Flow]Jo software (Flow]o 7.6.5, Flow]Jo LLC, Ashland,
OR, USA). Three independent experiments were performed in triplicates, and results expressed as the
mean =+ standard deviation (SD).
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3. Results and Discussion

3.1. Preparation and Characterization of Drug-Free Starch-Chitosan Polyplexes

This study represents an extension in comparison to the particle preparation approach of
Barthold et al. [29], in which the large poly dispersity index modified starch was employed for colloidal
formation. Furthermore, the chemical modification in that reported study, which was used to produce
cationic starch derivative, resulted in unfavorably additional synthesis step. Although the particle
preparation was well established, the lack of cationic strength due to an obviously low converting yield
of cationic starch synthesis limited the carrier capacity for anionic net charge actives of such system.
Thus, we used fractionally modified starch derivatives to have better control of colloidal stability,
and different molecular weight chitosan derivatives as strong counter excipient for the polyplexes
produce. Both excipients are polysaccharides and therefore have favorable characteristics with respect
to biological safety, biocompatibility and biodegradability. The simple production of polyplexes using
these excipients has the perspective to be readily up-scaled. In the first series of preparations, we
studied the plain polymeric complexes by combining both excipients in aqueous solution, with the
electrostatic interaction between opposite charges of the individual polymers resulting in polyplex
self-assembly. During the optimization of this process, various combinations of types of polymers,
C/N ratio, and initial polymer solution concentration were investigated to find a stable and narrow
size distribution of the produced colloidal structures (details of the optimization can be found in
the Supplementary Materials, Tables S1 and S2). The best of several stable polyplex formulations
was produced using a C/N ratio of 10:1, utilizing anionic starch and oligochitosan. Starch-chitosan
polyplexes were obtained with an anionic surface charge evidenced by a (-potential of around —30 mV.
The size of polyplexes could be varied from 150 nm to 350 nm by changing of polymer concentration,
with a narrow PDI (<0.3) in all cases. The impact of polymer concentration on polyplex size was
expected and already described for comparable systems [30,31]. Spherical polyplex morphology was
visualized using TEM (Figure 1A).

Drug-free anCP Drug-free cCP

B .l -

v . oy “ [
odfhn | waEs  omm 2

Figure 1. Transmission electron microscope (TEM) images of drug-free starch-chitosan polyplexes
stained by 0.5% phosphotungstic acid solution: (A) drug-free anCP; and (B) drug-free cCP.

Reversing the C/N ratio to 1:10, and using starch (M 30-100 kDa) and Protasan (M, ~90 kDa)
resulted in a switch of the surface charge from anionic to cationic (further termed as cationic CP),
with a (-potential of around +40 mV. The size of particles varied from 214.3 nm to approximately
400 nm depending on the polymer concentration and C/N ratio (Supplementary Materials, Tables 51
and 52). As both anCP and cationic CP systems formed as a result of attractive forces of polymer
functional groups, further aggregation of systems over time may potentially occur; the physical
stability of the polyplexes was therefore studied over a time course with storage at 4 °C. The colloidal
characteristics of both, anCP and cationic CP, remained stable for 27 days with a PDI of ~0.18 and a
(-potential of —30 mV and +35 mV for anCP and cationic CT, respectively (Supplementary Materials,
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Figure 5S1). Consequently, the utilized preparation process represents a straightforward approach for
the formulation of versatile nanoparticles.

The possibility to control the surface charge of a nanocarrier is advantageous for both improving
the interaction with the drug to be encapsulated as well as in a later stage the interaction with the
target cell [32]. Therefore, the ability to tune surface charge by changing the C/N ratio and molecular
weight of starch and chitosan derivatives is a distinct advantage of this novel type of carrier. The ability
to load drug molecules of differing structure size and charge, such as e.g., low-M,, anti-infectives
as well as high-M,, plasmid DNA, into these carriers was then investigated. Furthermore, a simple
coating process was employed to minimize the use of cationic polymer, while still allowing for
positive surface charge tuning of particles. The anCT’ were coated with an additional layer of Protasan
(M of 90 kDa) resulting in cationic coated polyplexes, cCP. The organic solvent-free procedure was
performed in aqueous solution in the presence of PVA as a stabilizer, and led to stable cationic particles
with a (-potential of +27.1 mV, and a spherical morphology (Figure 1B). The hydrodynamic size
and PDI decreased in comparison to anCP (Table 1, Supplementary Materials Table S3) due to the
improved electrostatic interaction between the excipients. Furthermore, the anionic, cationic and
coated polyplexes overall indicated (-potential values of around £30 mV at which the value ensures
improved colloidal stability [33-35], giving the polyplexes the possibility to survive and overcome
various biological barriers and reach a specific site of interest.

Table 1. Summary of characteristics of representative drug-free (plain) polyplexes. All measurements
were conducted in triplicates. n = 3, mean 4= SD.

Polyplexes Size (nm) PDI C-potential (mV)
Drug-free anCP 2879 +5.0 022+ 0.01 —297+04
Drug-free cCP 2054 +£3.9 0.14 £ 0.02 271+£1.0

3.1.1. Colloidal Stability of Drug-Free anCP and cCP

To explore the potential to administer anCP and cCP by various routes, the physicochemical
stability of these systems was investigated at pH values ranging from 3.5 to 8.0, as relevant for various
drug administration pathways. The stability of the polyplexes in different conditions of pH was
investigated following 30 min, 1 h, 3 h and 24 h of incubation. As the assembly of the polysaccharide
nanoparticulate systems was based on electrostatic interaction, stability of such systems mainly
depends on its surface properties which are, in turn, influenced by surrounding environmental factors,
e.g., ionic strength and pH values [35,36]. anCP showed stable characteristics regarding size, PDI and
(-potential, even at the lowest investigated pH value of 3.5 after 3 h incubation (Supplementary
Materials, Figure S2). In agreement with the results of Yamada et al. [12], the relatively high M,,
(>100 kDa) of the anionic starch clearly aids in stabilization of the particles.

However, the possible dissociation of carboxylate groups on particle surfaces may have eventually
led to colloidal aggregation [36] at pH 3.5 and hence destabilized the polyplexes, as indicated by
stability data after 24 h of incubation. By contrast the anCP remained stable at all other, higher,
pH values after a 24 h incubation (Figure 2), which could be explained by an enhanced repulsive force
among anionic particles due to increasing deprotonation of surface carboxylate groups at high pH
values. The stability test performed on cCP revealed a stable particle size and PDI at all pH values
after 24 h, however a reduction in cCP (-potential was seen from pH 3.5 to 8.0 (Figure 2). This behavior
is explained by protonation of chitosan molecules, which, being a weak polyelectrolyte with a pKj
of approximately 6.5, has a changing protonation degree depending on the pH of the surrounding
solution [37]. An increase in pH value up to 8.0 resulted in a diminishing protonation degree of
the chitosan polymer [37,38], thereby resulting in a decrease (-potential. Nevertheless, a continued
stability of cCP at all tested pH values, especially at pH 7.5 and 8, which are higher than the chitosan
pK; value, could be conferred by the presence of PVA, as a stabilizer that interrupts colloid interaction
and aggregation. The stability of both anCTI” and ¢CT over a broad range of pH values clearly indicated
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flexibility in the potential application of such a tunable carrier system, for drug delivery via various
routes of administration. The system could be considered for use in pulmonary delivery, where the
local pH is nearly neutral; for gastrointestinal and vaginal delivery, where a low pH environment is
encountered [39-41]; and in other applications.
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Figure 2. Characteristics of anionic core polyplexes (anCP, A1, A2 and A3) and Protasan-coated core
polyplexes (cCP, B1, B2 and B3) after 3 h and 24 h incubation in pH conditions ranging from 3.5 to 8.0.
The pH-values changed accordingly starting from an initial pH-value of the samples of 5.5. 7 = 3, mean = SD.

3.1.2. Cytotoxicity Assessment

A549 cells were used in our study as a model cell line to test the potential of our carrier system.
Figure 3 shows the viability of A549 cells exposed to anCP and ¢CI’ with concentrations up to
500 pug/mL, with the light grey area marking the concentration used for later MIC assays and the dark
grey showing the concentration employed in subsequent transfection studies. The anCP demonstrated
almost no cytotoxicity over the tested concentration range, with an observed cell viability of nearly
100% at all concentrations. However, in contrast, cell viability decreased markedly following treatment
with increasing concentrations of cCI’ This may be due to their cationic surface charge [42], which,
on the other hand, could potentially facilitate a higher cellular uptake of cCP’ [43], as is particularly
relevant for pDNA delivery applications. Ultimately, the cationic surface charge of such pDNA
polyplex must be carefully tuned towards an acceptable compromise between transfection efficacy
and biocompatibility.
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Figure 3. Cell viability assayed by MTT after 4 h incubation (mean 4 SD, n = 9 from three
independent experiments).

3.2. Loading of anCP with Low-Mw Anti-Infectives

3.2.1. Optimization of the Preparation Process and Drug-Loading

To explore the potential of anCP as a carrier for diverse drug cargos, the aminoglycoside
tobramycin (M, = 467.5 Da), and the oligopeptide colistin (M, = 1267.5 Da) were chosen as low
molecular weight cargos. Tobramycin and colistin are active against Gram negative bacteria, and are
two of the four drugs specifically approved in Europe for application as inhaled therapies for chronic
bronchopulmonary P. aeruginesa infection in cystic fibrosis patients [25,26,44]. Fast elimination and
poor permeability however often limit the delivery of hydrophilic anti-infectives, such as tobramycin
and colistin, requiring frequent and high dosing with the risk of adverse drug effects and the
development of bacterial resistance. Approaches to encapsulate these essential anti-infectives within
drug carrier systems to avoid such delivery problems and preserve their activity have therefore been
described [30,45]. Tobramycin and colistin both have net positive charges at a neutral pH value due
to the presence of amine functional groups in their structures. Thus, it was hypothesized that their
properties would be conducive to incorporation into anionic starch-based particles. Consequently,
the interaction of further applied chitosan molecules and anionic starch would be affected, which
would eventually lead to unstable colloids and aggregation of the resulting system. Therefore,
before coacervation, the potential binding of anti-infective molecules to oxidized starch polymer
(M of >100 kDa), was investigated by isothermal titration calorimetry (ITC), which revealed the
thermodynamics of the binding and helped to estimate the optimal drug amount for loading in
anCP. Tobramycin and colistin respectively were injected as aqueous solutions to saturate an anionic
starch solution, as shown in Figure 4. Values in the inset tables were calculated by the software
NanoAnalyze, yielding the same Gibbs free energy (AG) for the interaction of around —17.12 kJ/mol
for both tobramycin and colistin respectively with the anionic starch polymer. Moreover, based on
the thermograms from the ITC analysis, the amount of tobramycin or colistin needed to completely
saturate the anionic starch polymer is known. To completely saturate the fixed amount of anionic
starch (e.g., 5 mg), there is a need of 1 mg tobramycin, while the needed amount of colistin is 3 mg.
The interaction between drug molecule-anionic starch, as well as the number of amine groups on each
drug molecule are similar; their molecular weight, however, are nearly three times different. Thus, the
amount of the used colislin was three times higher than that of tobramycin. With the aforementioned
optimization, the amounts of drugs were selected and for further investigation of drug-loaded anCP.

Having illustrated a clear interaction of tobramycin and colistin with anionic starch, preparation
of drug-loaded anCP using chitosan as a counter polymer was investigated. Anionic starch and
the selected anti-infective were first incubated, followed by the addition of an appropriate amount
of pre-warmed chitosan solution, leading to the formation of polyplexes by self-assembly of these
polyelectrolytes. A comparable particle preparing procedure was described by Deacon et al. for
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tobramycin and alginate [30]. The C/N ratio and the initial concentrations of the three components
(anionic starch, chitosan, and tobramycin or colistin) were varied, and the characteristics of the
resulting polyplexes were investigated in order to achieve an optimal formulation. The results of
this optimization work are highlighted in Table 2, with additional data shown in the Supplementary
Materials (Tables S4 and S5).
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Figure 4. Isothermal titration calorimetry (ITC): (A) titration of tobramycin (25 mM) into anionic
starch derivative (M,, of =100 kDa) (0.1 mM); and (B) titration of colistin (25 mM) into anionic starch
derivative (M,, of >100 kDa) (0.1 mM).

The loading capacity of tobramycin and colistin in anCP was then evaluated. Encapsulation of
these molecules into anCP was based on the association of anionic ions of oxidized starch and cationic
ions of drug molecules. Hence, by using a fixed amount of drug molecules, and varying the C/N ratio
(by varying the amount of added chitosan derivative) as well as the initial concentration of polymer
solution, stable drug-loaded colloids could be produced. As shown in Table 54, tobramycin-loaded
anCP ranging in size from 165.8 £ 0.8 nm to 375.9 &= 1.8 nm with a homogenous distribution (PDI < 0.3)
were formed. The (-potential of tobramycin-loaded anCP generally increased from nearly —30 mV
to average —17 mV, which suggested the presence of cationic drug molecules not only within the
polyplex matrix, but also on the surface of polyplexes. An increasing C/N ratio also resulted in a
tendency for decreasing particle size from 375.9 & 1.8 nm to 175.2 &= 2.8 nm. This decrease in size could
be due to a condensing effect when using a higher amount of starch, which introduced an excess of
available anionic ions for interaction with chitosan, even after incubation with tobramycin. As a result,
the colloidal characteristics of tobramycin-loaded nanoparticles were not significantly different to
those of unloaded systems. To obtain colistin-loaded anCP, an amount of colistin three times higher in
comparison to tobramycin was employed for pre-incubation with anionic starch, due to the molecular
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weight difference between the two drugs. Colistin-loaded anCP were prepared again using varying
polymer concentrations. As the final concentration decreased, while C/N ratio was maintained at40/1,
the particle size decreased from 324.4 4 3.6 nm to 266.3 £ 6.5 nm (Table S5). The colistin loaded systems
were also stable and homogenous with PDI values lower than 0.3. The results, therefore, clearly show
that a reduction in polyplex size resulted from a decrease in employed polymer concentration; this is
also in accordance with observations in previous studies [31]. Overall, there was an increase in the
(-potential of drug loaded carriers as compared to unloaded, which is evidence for the presence
of positive net charge anti-infective molecules on carrier surfaces. The size of colistin-loaded anCP
was generally larger than the corresponding tobramycin-loaded anCP, which could be explained
by the possible formation of colistin micelles during incubation with starch solution. This is made
possible by the amphiphilic molecular structure of colistin, which possesses a lipophilic fatty acyl tail
and a hydrophilic head group [46]. Consequently, the addition of chitosan supported the colloidal
stability of the polyplex system. The morphology of anti-infective loaded anCP was spherical as
investigated by TEM (Figure 5A,B). The encapsulation efficiency (EE) and loading rate (LR) of colistin-
and tobramycin-loaded anCP are highlighted in Table 2 and Tables S6 and S7. The EE and LR
values were indirectly calculated by collecting supernatants after two washing steps. As determined
using HPLC, colistin encapsulated within anCP showed maximum values of 96.57 4+ 0.19% and
22.70 £ 0.33% for EE and LR, respectively. Incorporation of tobramycin, determined by product
tluorescence at 344 /450 nm, also showed an EE higher than 98% in all cases, but comparatively
lower LR values (2.9 £ 0.0% maximum). The high EE of both model drugs (>90% in all cases) was
a result of pre-determination of the interaction between drug molecules and anionic starch, which
allowed estimating the amount of used drug in encapsulation and thereby maximization of the
encapsulation efficiency. The LR of tobramycin-loaded anCFP showed a rational loading capacity for
polymeric nanoparticles with a size of approximately 200 nm, while the LR of colistin-loaded anCTP was
surprisingly high. This might be due to the aforementioned micelle formation of colistin molecules,
stabilized by the starch polymer solution. Hence, colistin could be localized in the core of nanoparticles,
covered by starch polymer molecules, and could also be loaded on the surface of the system due to
charge interaction. The results clearly demonstrate the capacity of the anCP carrier system to be loaded
with either type of low-M,, anti-infectives.

Table 2. Summary of characteristics of drug-loaded anCP, %EE = encapsulation efficiency and
%LR = loading rate. All measurements were conducted in triplicates. n = 3, mean £ SD.

Polyplexes Size (nm) PDI {-potential (mV) %EE %WLR
Tobramycin loaded anCP 1752+ 28 0.18 4+ 0.00 —168+1.0 98.7 £ 0.1 2900
Colistin loaded anCP 266.3 £ 6.5 0.27 + 0.01 —146 £ 0.5 96.6 + 0.2 172 £ 01
pAmCyan loaded anCP 2718+ 24 0.25 + 0.01 —29.8+0.6 76.6 + 0.6 0.3 = 0.002
pAmCyan loaded cCP 2140+35 0.17 + 0.01 28.0 £ 0.6 67.7 + 14.1 0.2 = 0.036
pAmCyan double loaded cCP 2046 £35 0.16 £+ 0.02 255+ 06 93.9 £+ 4.5 3.3=0.150

Furthermore, the cumulative release profile of both tobramycin and colistin from drug-loaded
anCP were studied in PBS at 37 °C, the results are shown in Figure 53. Clearly, the controlled release of
anti-infective in PBS could be observed in both cases, with over 40% and 20% of drug released over
the period 16-24 h for tobramycin and colistin, respectively. The initial burst after 4-6 h incubation
was recorded as on average nearly 30% for tobramycin and 20% for colistin. The percentage of initial
anti-infective released from the anCP would represent the amount of drug molecule loaded on the
particles surface. Interestingly, the release of colistin at all time points are relatively lower than that
of tobramycin, which would again be explained by the aforementioned micelle formation of colistin
molecules that are stabilized and maybe then embedded inside the polymeric polyplex. The release
results would help predict the drug carriers behavior in further in vitro experiments. To evaluate
the release of the anti-infectives from drug-loaded anCP, and have better insight into the controlled
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release in vitro or in vivo, in which other components exist, e.g., bacteria, would require more complex
biologically simulated tests that were beyond the scope of the present study.
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Figure 5. Transmission electron microscope (TEM) images of drug-loaded starch-chitosan polyplexes
stained by 0.5% phosphotungstic acid solution: (A) tobramycin loaded anCP; (B) colistin loaded anCP;
(C) pAmCyan loaded cCP; and (D) pAmCyan double loaded cCP.

3.2.2. Efficacy of Anti-Infective Loaded anCP

While anCP have the capacity to load different types of anti-infectives including small molecule
and peptide drugs, it is important that the particle excipients do not interfere with action of
active agents which might confound the further evaluation of drug delivery systems. Hence,
the anti-microbial activity of blank anCP and anti-infective loaded anCP were studied against E. coli
and P. aeruginosa in comparison to the use of free drugs. As shown in Table 3, the antibacterial
activity of drug-loaded anCP was relatively similar to that of the corresponding free drug. MIC values
obtained show that blank anCP were not active against E. coli and P. aeruginosa at the highest tested
concentrations, which means the formation of polyplexes with anCP did not compromise the intrinsic
anti-microbial efficiency of either antibiotic. To demonstrate a superior safety and efficiency profile of
such nanocarriers in comparison to the free drug would require some more complex biological test
systems that were beyond the scope of the present study.

Table 3. MIC assay results against E. coli and P. aeruginosa.

Samples IC90 against E. coli (ug/mL) IC90 against P. aeruginosa (ug/mL)

Tobramycin 0.2-0.3 1.56
Tobramycin loaded anCP 0.2-03* 1.56 *
Colistin 0.4-0.5 3.125

Colistin loaded anCP 05* 3.125-6.25*
anCP >64 >64

PBS buffer no inhibition no inhibition

* Drug content in anCP.
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3.3. Loading of anCP with High-Mw pDNA

A model plasmid DNA encoding a fluorescent dye (pAmCyan) was further incorporated into the
carrier system in a three-step procedure (core formation, Protasan coating and pDNA complexation),
to demonstrate the ability of the polyplexes to deliver a broad spectrum of cargos. The three-step
procedure also lead to an increase of nucleic acid encapsulation within the polyplexes, protecting
nucleic acids from enzymatic degradation. Produced pAmCyan loaded polyplexes were again found
to have a spherical structure (Figure 5C,D). The physiochemical characteristics of all intermediate
and final polyplexes in this stepwise production can be found in Table 2. Each subsequent step
in the preparation procedure results in a denser complexation, with the pAmCyan double loaded
c¢CP showing the smallest size and most narrow size distribution (lowest PDI value). Furthermore,
the (-potential was observed to switch from negative to positive after coating with Protasan, with
a further slight decrease after complexation with negatively charged pAmCyan. The additional
complexation with pAmCyan resulted in a 15% higher encapsulation efficiency in comparison to the
intermediate step 2 (Table 2). Additionally, agarose gel electrophoresis (Figure 6, left) elucidates that
no pDNA could run through the gel, which indicates that pDNA is strongly complexed within the
polyplexes. Only further treatment with BamHI and heparin causes pDNA release as seen through
the bands (Figure 6, right). Furthermore, pDNA loaded anCP and pDNA associated on the surface of
polyplexes (pDNA double loaded ¢CP) allow an easier intercalation of EtBr and faster release with
heparin, whereas pDNA loaded cCP is densely packed impeding pDNA release as no free pPDNA
bands can be observed in the gel.

1. Marker 5. pDNA loaded anCP 8. pDNA + BamH|

2.Naked pDNA 6. pDNA loaded cCP 9. pDNA loaded anCP + BamHI + Heparin

3. Plain anCP 7. pDNA double loaded cCP 10.pDNA loaded cCP + BamHI + Heparin

4. Plain cCP 11.pDNA double loaded cCP + BamHI + Heparin

Figure 6. Gel retardation assay using agarose gel electrophoresis of plain and pDNA (pAmCyan)
incorporated polyplexes for all three preparation steps in comparison with naked pDNA (undigested
pDNA) and digested pDNA (pDNA + BamHI).

Potential of Polyplexes for pDNA Delivery

Using nanoparticles as a non-viral delivery system for gene therapy represents a significant
challenge, as nanocarriers need to cross several biological barriers while preserving the functionality of
carried pDNA. pDNA condensed inside the nanocarriers must survive the acidic conditions inside the
lysosomes and escape the lysosomal compartment in order to cross the nuclear membrane [43]. Current
knowledge of polymeric transfection systems suggests that a good pH-buffering capacity (a process
known as the “proton sponge effect”) [47] is an important factor in the achievement of endosomal
escape. Here, the potential of starch—chitosan polyplexes for nucleic acid delivery was explored
by in vitro transfection studies using A549 cells. Three ditferent ratios between pDNA:polyplexes
have been studied to investigate the best transfection rate. While 1:50 and 1:100 show no significant
transfection (data not shown), 1:30 mediated successful transfection, with the highest reporter gene
expression observed after 48 h with 5% of transfected cells. In comparison, jetPRIME® as positive
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control had a higher transfection efficiency (45%) after 48 h, which rapidly decreased to 30% after
72 h and to 25% after 96 h (Figure 7). The comparatively lower transfection efficiency of the
polyplexes may be due to a high stability of condensed pDNA, leading to an incomplete release
of pDNA inside the cytoplasmic compartment [48,49]. Further improvement of the transfection
efficiency would presumably be achievable by addition of endosomal escape moieties [50,51], or with
chitosan derivatives (e.g., trimethylation or amino acid conjugation) [52,53]. However, such efficacy
improvements often impact the biocompatibility. Thus, optimization between safety and efficacy
should be performed for a selected nucleotide type, target application, and delivery route, since carrier
stability, cellular uptake, and functional efficacy are highly dependent on all these factors.
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Figure 7. (A) Representative confocal images of A549 cells transfected with pAmCyan double
loaded pAmCyan by using jetPRIME® as positive control and only cell culture medium as negative
control. Transfection was analyzed with CLSM after 48 h, 72 h, and 96 h. Green fluorescence reveals
cells successfully transfected with the polyplexes while their morphology remains consistent with
non-transfected cells (red: cell membrane; blue: cell nucleus; scale bar 50 um). (B) The transfection
efficiency was further quantified using flow cytometry, which indicated the highest amount of
transfection after 48 h for pAmCyan double loaded cCP. (C) Representative graphs obtained with
flow cytometer.
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4. Conclusions

In this work, we produced a flexible, straightforward and organic solvent-free procedure for
the manufacture of nanocarrier systems based on the natural, biodegradable and biocompatible
polysaccharides starch and chitosan. Starch and chitosan derivatives of different M, ranges were
combined by adjusting the molar ratio of carboxyl and amine functional groups, polymer concentration
and counter polymer type to obtain a delivery system with tunable properties including surface charge
and size. Core polyplexes (CP) were built by complex coacervation of anionic starch (M,, ~100 kDa)
with positively charged chitosan derivatives (M, ~5 kDa) in aqueous solution. The polyplexes with
the best colloidal properties were obtained at a molar ratio of carboxyl and amine groups of 10:1.
The negatively charged core polyplexes remained stable on storage for over 27 days. We further focused
on optimizing anionic CPs by coating them with an additional layer of chitosan (Protasan, M., ~90 kDa).
Cell viability testing of anCPs and ¢CPs indicated a low level of cytotoxicity acceptable for use in
biological systems, and colloidal stability at different tested pH values. The developed anCP system
further showed good carrier properties, allowing for high encapsulation efficiency (>90%) of cationic
peptide (colistin) and small molecule (tobramycin) anti-infectives without compromising antimicrobial
activity. Moreover, the cationic polyplexes, cCF, allowed for double encapsulation of plasmid DNA
(pAmCyan) for intracellular delivery as confirmed by gel retardation assay, and facilitating in-vitro
transfection in A549 cells.

Starch-chitosan polyplexes show high flexibility for designing multifunctional carriers, in which
for example the core polyplexes can encapsulate anti-infectives, while the outer coating layer could
be used to incorporate other components like enzymes or nucleases (e.g., deoxyribonuclease I) to
enhance drug penetration through biofilms or mucus [30]. For gene therapy purposes the inner
polyplex can be used to carry and protect plasmid DNA, while the surface could be decorated with a
second polynucleoftide.

Supplementary Materials: The following are available online at http:/ /www.mdpicom/2073-4360/10/3/252/s1,
Figure S1: Physicochemical stability of starch-chitosan CP, in which anCP was produced with C/N ratio 10/1,
and catCP was ploduwd with C'/N ratio 1/10, upon storage (4 °C). The particles were diluted into Milli-Q
water at each time point for the measurement of size, PDI and (-potential. N = 3, n = 3, mean £ SD; Figure 52
Physicochemical stability of starch-chitosan anCP and ¢CP at different pH values ranging from 3.5 to 8.0, after
30 min and 1 h incubation. The initial pH-value of the samples was 5.5. N = 3, n = 3, mean £ SD; Figure S3:
Cumulative release of tobramycin from tobramycin loaded anCP, and colistin from colistin loaded anCP performed
in PBS at 37 °C. N = 3, n = 3, mean = SD; Table S1: Summary of starch-chitosan CP characteristics obtained by
varying polymer types, polymer concentration, and C/N molar ratio. N > 3, n = 3, mean =+ SD; Table 52: Summary
of starch-chitosan CP characterization with optimal C/N ratio varied by change of polymer concentration. N > 3,
n = 3, mean & SD; Table 53: Summary of anionic CP (anCP) and Protasan coated anCP (cCP) characteristics,
in which anCP was produced with parameters, namely C/N ratio 10/1, and polymer concentration at 6.5 mg/mL.
N > 3, n = 3, mean £ SD; Table 54 Summary of tobramycin-loaded anCP characteristics achieved by variation
of C/ N ratio and polymer concentration. N > 3, n = 3, mean =+ SD); Table S5: Summary of colistin-loaded anCP
characteristics resulting from variation of polymer concentration. N > 3, n = 3, mean = SD; Table S6: Summary of
drug loading quantification of tobramycin-loaded anCP. N > 3, n = 3, mean £ SD; Table 57: Summary of drug
loading quantification of colistin-loaded anCP. N > 3, n = 3, mean % SD.
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Abstract

Background: Messenger RNA (mRNA) has gained remarkable attention as an alternative to DNA-based therapies in
biomedical research. A variety of biodegradable nanoparticles (NPs) has been developed including lipid-based and
polymer-based systems for mRNA delivery. However, both systems still lack in achieving an efficient transfection rate
and a detailed understanding of the mRNA transgene expression kinetics. Therefore, quantitative analysis of the time-
dependent translation behavior would provide a better understanding of mRNA's transient nature and further aid the
enhancement of appropriate carriers with the perspective to generate future precision nanomedicines with quick
respanse to treat various diseases.

Results: A lipid—polymer hybrid system complexed with mRNA was evaluated regarding its efficiency to transfect
dendritic cells (DCs) by simultaneous live cell video imaging of both particle uptake and reporter gene expression.

We prepared and optimized NPs consisting of poly (lactid-co-glycolid) (PLGA) coated with the cationic lipid 1, 2-di-
O-octadecenyl-3-trimethylammonium propane abbreviated as [ PNs. An earlier developed polymer-based delivery
system (chitosan-PLGA NPs) served for comparison. Both NPs types were complexed with mRNA-mCherry at various
ratios. While cellular uptake and toxicity of either NPs was comparable, LPNs showed a significantly higher transfec-
tion efficiency of ~80% while chitosan-PLGA NPs revealed only ~5%. Further kinetic analysis elicited a start of protein
translation after 1 h, with a maximum after 4 h and drop of transgene expression after 48 h post-transfection, in agree-
ment with the transient nature of mRNA.

Conclusions: Charge-mediated complexation of mRNA to NPs enables efficient and fast cellular delivery and subse-
quent protein translation. While cellular uptake of both NP types was comparable, mRNA transgene expression was
superior to polymer-based NPs when delivered by lipid-polymer NPs.

Keywords: mRNA, Transfection, Gene delivery, Chitosan-PLGA, Cationic lipid, Live cell imaging

Background

Messenger RNA (mRNA)-based therapeutics and vaccine
strategies have gained impressive attention as an innova-
tive, promising and alternative strategy to DNA-based
therapies [1, 2]. With the unique advantages of mRNA
over plasmid DNA (pDNA) preventing the requirement
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of nuclear entry and thereby less possibility for genomic
integration, which enables transient protein translation
within the cytoplasm. Thus, mRNA vyields faster protein
expression within the cytoplasm and serves as a favora-
ble, eftfective and safe candidate with a predictable out-
come for the use in biomedical research.

Viral vectors have been traditionally used as mRNA
carriers due to the instability of nucleic acid macromol-
ecules under physiological conditions [3]. Nevertheless,
their use might be associated to important limitations
in terms of immunologic side eftects and toxicity [1].

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distrioution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
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Hence, non-viral vectors availing nanotechnological
advances are in the focus of investigation to improve cel-
lular uptake and subsequent transfection of target cells.
Therefore, a variety of different biocompatible and bio-
degradable nanoparticles (NPs) have been developed
including lipid-based [4-7] and polymer-based [8, 9]
systems, featuring a cationic surface charge and thereby
facilitating complexation of anionic mRNA. While these
approaches rendered significant progress to overcome
drawbacks resulting from mRNA-based delivery in vitro
as well as in vivo [10-13], designing of suitable systems
with low cytotoxicity and high transfection rate [14]
remains crucial parameters and sets an indispensable
precondition for mRNA-delivery. However, among all
these delivery systems, a new class of nanoparticles com-
bining the beneficial properties of both lipids and poly-
mers termed as lipid—polymer hybrid particles (LPNs)
[15] has gained momentum. Although LPNs have been
commonly used for siRNA (small interfering RNA) [16—
20] or pDNA [21, 22] delivery, their utility as reagents
for mRNA delivery has only recently been investigated.
Su et al. [11] produced a phospholipid-coated poly-(p-
amino ester) (PBAE) hybrid system mediating a transfec-
tion rate of around 30% in a dendritic cell line (DC2.4 cell
line), while Perche et al. [23] improved the transfection
efficiency, even further, up to 60% with mannosylated
histidylated lipoplexes. Besides these criteria of manu-
facturing safe and efficient systems, an auxiliary knowl-
edge about the mRNA translation kinetics is important
for a better understanding of mRNA’s transient course [9]
for tailoring therapeutic strategies. Moreover, versatile,
robust and adaptable nanocarriers are needed for scal-
able production. To our knowledge, the first studies eval-
uating the kinetics of mRNA translation were reported
from Leonhardt et al. [9], in which eGFP coding mRNA
complexed to Lipofectamine2000® particles were used to
transfect cells revealing their property as transient cargo
reaching the highest protein expression rate 3 h post-
transfection in A549 cells [9]. Further characterization of
transgene expression kinetics has been quantified using
commercially available transfection reagents, among oth-
ers Stemfect®, in DCs [6]. Additionally, Su et al. [11] ana-
lyzed the release kinetics of surface-loaded mRNA from
phospholipid coated PBAE hybrid systems and hypoth-
esized faster release kinetics for surface adsorbed mRNA
in comparison to encapsulated mRNA. Moreover, mRNA
adsorbed to the particle surface showed increased stabil-
ity compared to the naked one. Zhadanov et al. [24, 25]
employed commercially available transfection reagents
to establish a kinetic model to understand the intracellu-
lar delivery of mRNA to single cells and their subsequent
release behavior within the cytoplasm. Nonetheless and
to our knowledge, there is still no study available, which
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quantifies protein translation kinetics using tailor-made
mRNA nanocarriers.

Therefore, the aim of the study was to understand and
evaluate the time-dependent internalization behavior of
mRNA in vitro in DCs using two different types of tailor-
made nanocarriers as illustrated in Fig. 1. DCs represent
potent antigen presenting cells (APCs) and are the most
essential targets for mRNA vaccines [26]. Therefore, it
is also the purpose of this study to transfer the gained
knowledge for future NP-based vaccination strategies.
Hence, (i) we produced core—shell structured lipid—pol-
ymer hybrid nanoparticles (LPNs), co-formulated with
the biodegradable and biocompatible polymer poly (lac-
tid-co-glycolid) (PLGA) as the core surrounded by the
well-known cationic lipid 1,2-di-O-octadecenyl-3-tri-
methylammonium propane (DOTMA) [27]. LPNs were
then complexed with mRNA-mCherry, which provided a
reliable read-out to evaluate transfection efficiency. Addi-
tionally to that, (ii) the internalization kinetics of LPNs to
DCs was characterized and systematically compared with
a well-established delivery system consisting of a cationic
polymer chitosan coating PLGA [10, 28] (CS-PLGA NPs).
mCherry encoding mRNA was applied as a proof of con-
cept model for facile observation and post-loaded onto
the nanoparticles to achieve the expected fast, desired
release kinetics and hence protein expression. Addition-
ally to that, we monitored real-time transfection by, (iii)
applying live cell video imaging in order to simultane-
ously analyze both the time-dependent uptake of fluores-
cently labeled, mRNA-loaded LPNs and the translation of
the mCherry protein within DCs.

Experimental methods

Preparation and characterization of blank lipid-PLGA
(LPNs) and chitosan-PLGA (CS-PLGA) nanoparticles

Both types of nanoparticles used in this study have been
produced in the same way using a modified double-emul-
sion method as described previously [28]. PLGA (50:50;
Resomer RG 503H, Evonik Industries AG, Darmstadt,
Germany) served as the core polymer and 1,2-di-O-oc-
tadecenyl-3-trimethylammonium propane (DOTMA)
or chitosan as the cationic surface layer. All deployed
organic solvents in the experiments were purchased from
Sigma-Aldrich (Darmstadt, Germany).

Lipid-PLGA NPs (LPNs) were produced by taking a
protocol described by Jensen et al. as starting point [17],
but replacing the cationic lipid 1,2-dioleoyl-3-trimethyl-
ammonium-propane (DOTAP) by DOTMA and few fur-
ther modifications.

Brietly, a solution composed of 125 uL of DOTMA
(I3 mg/mL; Avanti polar lipids, INC, AL, USA) and
250 pL of PLGA (30 mg/mL) was prepared in chloroform
and mixed thoroughly. A volume of 250 pL of milli-Q
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water (Merck Millipore, Billerica, MA) was then added
to the DOTMA:PLGA organic phase followed by a sub-
sequent sonication with ultrasound (Branson Ultrasonic
Corporation, USA) at 30% amplitude for 30 s enabling
the primary w/o emulsion. Immediately afterwards,
1 mL of a 2% (w/v) polyvinyl alcohol (PVA, Mowiol®
4-88, Sigma-Aldrich, Darmstadt, Germany) solution was
applied to the primary emulsion and sonicated under the
same settings resulting in the secondary w/o/w emulsion.
Further, 5 mL of the PVA solution were then added to the
secondary emulsion under continuous stirring overnight
to allow organic solvent evaporation. Resulting DOTMA
coated PLGA NPs (2.15 mg/mL) were purified using a
dialysis membrane (MWCO 1 kDa, Spectrum Labs, CA,
USA).

Chitosan-PLGA NPs were prepared according to [28,
29]. Briefly, 0.2% (w/v) of chitosan solution was prepared
by dissolving Protasan UP CL 113 (FMC Biopolymer AS
NovaMatrix, Sandvika, Norway) in a 2% (w/v) PVA solu-
tion. Afterwards, 50 mg of PLGA was dissolved in 2 mL
of ethyl acetate and 400 pL of milli-Q water was then

added to the PLGA organic phase followed by a subse-
quent sonication to obtain the primary w/o emulsion.
The chitosan-PVA solution was immediately afterwards
added to the w/o emulsion and sonicated once again
resulting in the secondary w/o/w emulsion. A volume
of 20 mL of milli-Q water was additionally added to the
w/o/w emulsion to allow organic solvent evaporation
with a further purification of resulting chitosan coated
PLGA NPs (2 mg/mL) by centrifugation at 15,000g for
15 min. To examine the cellular localization of the NPs,
fluorescently labeled NPs were produced using fluores-
ceinamine (FA; Sigma-Aldrich, Darmstadt, Germany)
covalently coupled to PLGA [30] and simply substituted
against PLGA in the above mentioned production-proce-
dure resulting in FA-LPNs and CS-FA-PLGA NPs.

The physicochemical properties of all NPs were char-
acterized by dynamic light scattering (DLS; Zetasizer
Nano, Malvern Instruments, UK) to attain their hydro-
dynamic size (referred to the hydrodynamic diam-
eter), polydispersity index (PDI) and (-potential. All
values obtained by DLS are the mean values of the peak
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intensity distribution. All samples were measured at least
in four different batches and results are shown as the
mean =+ standard deviation (SD).

Structural characterization of blank nanoparticles using
SEM, TEM and Cryo-TEM

The morphological appearance of all nanoparticles
was visualized using a variety of different microscopi-
cal methods including conventional Scanning Electron
Microscopy (SEM, EVO HDI15, Zeiss, Germany) and
Transmission Electron Microscopy (TEM, JEM 2011,
JEOL, St Andrews, UK). Before TEM-visualization, 10
pL of each NP dispersion was applied on a carbon coated
copper grid (type S160-4 from Plano GmbH, Wetzlar,
Germany) and the excess solution was removed after
10 min incubation time. In order to improve the con-
trast of the TEM-images, adhered NPs on the copper grid
were in another experimental setting further stained with
0.5% (w/v) phosphotungstic acid solution (PTA; Sigma-
Aldrich, Darmstadt, Germany) according to our previous
studies described in Yasar et al. [31]. For SEM visualiza-
tion, the copper grid with applied NPs were then placed
onto a carbon disc and gold-sputtered. For cryo-TEM
investigations 3 pL of the NPs solution were placed onto a
holey carbon film (type S147-4 from Plano GmbH, Wet-
zlar, Germany), plotted for 2 s to a thin film and plunged
into liquid ethane using a cryo plunge 3 system from
Gatan (Pleasanton, CA, USA) operating at T=108 K.
The frozen samples were transferred under liquid nitro-
gen to a cryo-TEM sample holder (Gatan model 914) and
imaged in bright-field low-dose mode (JEOL JEM-2100)
at T=100 K and 200 kV accelerating voltage.

Physical stability of LPNs and CS-PLGA nanoparticles

under physiological conditions

The physical stability of blank LPNs was tested over a
time course of 62 days upon storage at 4 °C and room
temperature. Additionally, the stability of both blank
NPs was characterized in Hanks’s Balanced Salt Solution
(HBSS bufter, pH 7.4) and in Dulbecco’s Modified Eagle
Medium (DMEM; Thermo Fisher Scientific, Darmstadt,
Germany) with and without 10% fetal calf serum (FCS;
Sigma-Aldrich, Darmstadt, Germany) at different time-
points in order to find the best conditions for in vitro cell
culture studies. Briefly, 0.215 mg/100 pL of blank LPNs
and 0.2 mg/100 pL of CS-PLGA NPs were mixed with
800 pL of appropriate medium. The samples were incu-
bated at 37 °C with 5% CO, under slightly shaking for
2 h, 4 h, and 24 h. Immediately afterwards, the hydro-
dynamic size, PDI, and {-potential were measured from
three independent samples and results are presented as
mean =+ SD.
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Preparation of mRNA-mCherry loaded NPs
mRNA-mCherry (CleanCap™ mCherry mRNA (5moU);
TriLink BioTechnologies LLC, CA, USA) was loaded at
different ratios to both LPNs and CS-PLGA NPs to eval-
uate their potential as efficient mRNA delivery systems.
Thus, the anionic mRNA was loaded onto the surface
of both cationic NPs (following our previous protocol
described in Yasar et al. [31]) using mRNA:NPs weight
ratios of 1:10, 1:20 and 1:30. A volume of 1 ug/pl. mRNA-
mCherry was mixed with an appropriate amount of each
NPs and further incubated at room temperature for 1 h.
This carried out in mRNA complexed NPs (mRNA:LPNs
and mRNA:CS-PLGA NPs). The encapsulation efficiency
(%EE) of bound mRNA:LPNs and mRNA:CS-PLGA NPs
was evaluated indirectly by pelleting all samples down
at 24,400g¢ for 30 min and determining the concentra-
tion of unbound mRNA in the supernatant by measuring
absorbance at 260/280 nm with a NanoDrop Spectropho-
tometer. This enabled the calculation of bound mRNA
multiplied by a factor of 100 to receive the percentage
encapsulation efficiency. Four independent batches of
mRNA-loaded NPs were produced and characterized to
obtain the hydrodynamic size, PDI and {-potential while
the morphology assessed with conventional SEM and
TEM after staining with 0.5% w/v PTA solution.

Determination of mRNA Binding and release by gel
retardation assay

The determination of mRNA binding and its stability
within the nanoparticles were analyzed by a gel retarda-
tion assay using 0.75% (w/v) agarose gel electrophoresis
and tested for all mRNA complexed NPs with varying
weight ratios (1:10, 1:20 and 1:30). To further induce a
release of complexed mRNA, 5 pL heparin (30 mg/mL;
Sigma-Aldrich, Darmstadt, Germany) was added to the
mRNA complexed NPs and incubated for 15 min at room
temperature. All samples were then mixed with 2 pL of
orange DNA loading dye (6x, Thermo Fisher Scientific,
Waltham, MA, USA), loaded into the agarose (Serva,
Heidelberg, Germany) gel containing 3 pL of ethidium
bromide (10 mg/mL; Sigma-Aldrich, Darmstadt, Ger-
many) and run for 25 min at 90 V using 0.5x TBE buffer.
The mRNA bands were then visualized with a UV illumi-
nator (Fusion FX7 imaging system from Peqlab, Erlan-
gen, Germany).

Cell cultures

Bone-marrow-derived murine dendritic cell line (DC2.4
cell, Cat# SCC142, Merck Millipore, Darmstadt, Ger-
many) was maintained in complete media comprised of
DMEM supplemented with 10% FCS, 10 mM HEPES,
2 mM L-glutamine and cultured in a humidified incuba-
tor at 37 °C with 5% CO,. A human lung carcinoma cell
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line (A549 cells; NO. ACC 107, DSMZ GmbH, Braun-
schweig, Germany) was grown in complete cell culture
medium (RPMI 1640; PAA laboratories GmbH, Pasch-
ing, Austria) with 10% FCS and used as model cell line to
test the transfection efficiency of mRNA complexed NPs.
Both cell lines were passaged with trypsin—-EDTA upon
reaching ~ 85% confluency and used for the experimental
settings as described in the next sections.

Cell viability and cytotoxicity assay: live-dead staining
DC2.4 cells were seeded in a 24 well plate at a density
of 3 x 10° cells/well, in 500 pL of DMEM with 10% FCS
and incubated overnight at 37 °C with 5% CO, to allow
complete adherence of cells to the well. The next day, cell
culture medium was removed, and cells were washed
twice with HBSS. Prior to the experiment, blank LPNs
and CS-PLGA NPs were prepared at appropriate con-
centrations (10, 20, 40, 60, 100 and 160 pg/mL) in HBSS
and cells were incubated with 500 pl. of each concentra-
tion for 4 h under slightly shaking at 37 °C with 5% CO,.
Cells treated with HBSS bufter only were used as negative
control. For the positive control (dead cells), cells were
plated in a separate 24 well plate and incubated for 1 h
at 56 °C. Immediately after incubation, cells were washed
twice with PBS, detached with trypsin—~EDTA and placed
in round-bottom falcon tubes (Falcon, A Corning Brand,
Tamaulipas, Mexico). A volume of 200 pL of FACS-bufter
(containing 2% FCS in PBS) and 1 mL of PBS were added
to cells and centrifuged at 4 °C and 300g for 5 min. The
supernatant was discarded, and the pellets were washed
once again with 1 mL PBS and centrifuged respectively.
A Live/Dead Fixable Staining Kit 568/583 (PromoKine,
Promocell, Heidelberg, Germany)—suitable for flow
cytometry—was used to quantify cell viability and cyto-
toxicity. The dye within the kit was reconstituted, and
cells were further treated according to manufacturer’s
protocol. Thus, the remaining pellet after the second cen-
trifugation was re-suspended in 1 mL PBS, and thereaf-
ter, 1 uL of fixable dead cell stain was added to the cells,
mixed well and further incubated protected from light
at 4 °C for 30 min. Cells were then washed with 1 mL
PBS, fixed in 1% paraformaldehyde (Electron Micros-
copy, PA, USA) and stored until analysis. Cell viability
and cytotoxicity of tested NPs was quantified using flow
cytometry (BD LSRFortessa’ Cell Analyzer, Biosciences,
Heidelberg, Germany) in the PE-channel. Fifty thou-
sand cells per sample were measured by the cytometer
and obtained data were analyzed using FlowJo software
(FlowJo 7.6.5, FlowJo LLC, OR, USA). Three independent
experiments were conducted, and results are expressed
as the mean +SD.
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Cellular uptake in DC2.4 cell line

To quantify the cellular localization of blank and mRNA
complexed LPNs and CS-PLGA NPs, a green fluorescent
dye (fluoresceinamine, FA with a peak emission wave-
length of 530 nm) was first covalently coupled to PLGA
before nanoparticle-production. DC2.4 cells were seeded
and grown as described for the live-dead staining assay.
Prior to the experiments, fluorescent NP types, with and
without mRNA (FA-LPNs, mRNA:FA-LPNS, CS-FA-
PLGA and mRNA:CS-FA_PLGA NPs) were prepared
in HBSS bufter at different concentrations (20, 40 and
60 pg/mL). A volume of 500 pL. of each NP suspension
was then applied to the cells at 37 °C and 5% CO, 2 h or
4 h on a shake at 150 rpm.

Right after each time-point, cells were rinsed twice
with HBSS buffer in order remove excess of NDPs,
detached from the well with trypsin, placed in round-
bottom tubes, and centrifuged down to receive the cell
pellets. Cells were then re-suspended and fixed for flow
cytometry. Fifty thousand cells were assessed using the
FITC fluorescence channel. The percentage of cells posi-
tive to FA-labeled NPs were determined with FlowJo.
Results are presented as the mean 4 SD of four independ-
ent experiments.

In vitro transfection and kinetics

To test whether mRNA complexed NPs would efficiently
transfect dendritic cells, DC2.4 cells were seeded in 24
well plates at a density of 3 x 10° cells per well in 500 uL
DMEM cell culture medium with 10% FCS. Non-labeled
LPNs and CS-PLGA NPs containing 1 pg of mRNA were
prepared with a mRNA:NPs weight ratio of 1:10, 1:20 and
1:30 in 500 pL. HBSS bufter. The cells were then washed
twice with HBSS bufter and incubated with the mRNA
complexed NPs for 2 h and 4 h. In an modified experi-
mental setting, cells were exposed to NPs for 4 h, NPS
were removed by washing, and cells were then incubate
with NP-free DMEM plus 10% FCS for 24 h and 48 h. The
different mRNA:NPs weight ratios and time-points were
used to identify the maximum transgene expression. A
commercially available transfection reagent, JetPRIME®,
was used as positive control, whereas cells treated with
naked mRNA-mCherry and medium alone were used as
negative control. The efficiency of mCherry transgene
expression was quantified using flow cytometry, and
cytometer settings were adjusted to differentiate between
transfected and non-transfected cells. Data were ana-
lyzed with FlowJo and results are shown as mean + SD of
four independent experiments.

Furthermore, DC2.4 cells incubated for 24 h and 48 h
post-transfection were visualized by confocal laser scan-
ning microscope (CLSM; Leica TCS SP 8, Leica, Wet-
zlar, Germany). Here, cell membranes were stained
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with Wheat Germ Agglutinin linked to Alexa Fluor 488
fluorescent dye (WGA, 10 pg/mL) and cell nuclei with
4/ 6-diamidino-2-phenylindole (DAPI, 0.1 pg/mL). Sam-
ples were then fixed with 3% paraformaldehyde and
stored at 4 °C until imaging. The images were acquired
with a 25x water immersion objective at 1024 x 1024
resolution and afterwards processed with LAS X soft-
ware (LAS X 1.8.013370, Leica Microsystems, Leica, Ger-
many). CLSM visualization of transgene expression was
repeated in three independent experiments and images
were processed using the software Image] (Fiji).

Live cell video microscopy: recording NP uptake

and protein translation

To analyze the transgene expression kinetics of single
cells over a time-course of 4 h, live cell imaging was per-
formed in DC2.4 cells using fluorescently-labeled and
mMRNA complexed mRNA:FA-LPNs with a weight ratio
of 1:30. NP uptake could be tracked due to the green flu-
orescent signal of FA-PLGA, while transgene expression
of cells could be determined by following the red fluores-
cence emitted by the peptide translated from mCherry-
mRNA. Here, 3 x 10° cells/well were seeded overnight
in a p-Slide 8 well glass bottom chamber (ibidi, Martin-
sried, Germany) in DMEM with 10% FCS. CLSM facility
was set to maintain constant physiological conditions for
cells. The entire microscope was enclosed in a humidi-
fied incubation chamber enabling temperature regula-
tion to 37 °C. The specimen was placed under a perfusion
chamber to maintain a CO, atmosphere at 5% with a flow
speed of 3 L/h. Before recording, cell culture medium
was replaced by HBSS and DC2.4 cells were placed
under the microscope. Images were acquired using a
25x water immersion objective at 1024 x 1024 resolution
with an interval of 3 min/image for a time frame of 4 h.
Image acquisition was started Immediately after apply-
ing mRNA:FA-LPNs. Images were processed, compiled
with the LAS X software and four different videos were
produced with at 6 frames/s. NP uptake and the time-
dependent change of transgene expression within single
cells were analyzed by plotting the red (transgene expres-
sion) and green (FA-PLGA of NPs) fluorescence signals
against time. To extract arbitrary fluorescence values
from the microscopy images, we used a science-distribu-
tion tool of the software Image]. Each video was loaded
and split in its three channels (bright field microscopy,
red fluorescence and green fluorescence). All videos were
captured at four focal planes, which were merged with
Z Project, while keeping the maximum intensity across
the planes for each pixel. The videos were converted to
8-bit grayscale and saved as Tagged Image File format
(TTF). To analyze the transgene expression kinetics, the
aforementioned channels of each video were opened in
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the 80th frame corresponding to the 4 h time-point after
the start of the experiment. In this particular frame, suc-
cessfully transfected cells could be easily identified in the
red channel. For each video, we located 8 red-fluorescent
(transfected) and 2 non-fluorescent cells (non-trans-
fected) in the 80th frame, matching the 8:2 transfection
ratio observed by flow cytometry. With the selection tool
of Fiji, the boundaries of these 10 cells were selected in
the bright filed channel and saved as regions of interest
(ROI). These ROIs were subsequently used in the green
and red fluorescence channel to determine the fluo-
rescence intensity in several frames. The same analysis
was repeated for frames 70, 60, 50, 40, 30, 20, 10 and 1
(matching with the time-points of: 3.5 h, 3 h, 25 h, 2 h,
1.5 h, 1 h, 0.5 h and 0 h). Finally, the time-dependent
change of the signal-intensity was plotted using the mean
value of fluorescence intensity.

Potential of LPNs and CS-PLGA NPs for functional
mRNA-delivery in A549 cells

A549 cells were used to show the potential of both NPs
to efficiently transfect epithelial cells. A549 cells were
seeded at a density of 1 x 10° cells/well in 24 well plates.
The experimental setting with further quantification and
visualization of transgene expression in A549 cells was
performed as described before for DC2.4 cell. The used
mRNA complexed non-labeled NPs were incubated for
4 h and transfected cells were counted 24 h and 48 h
post-transfection with flow cytometry and further visual-
ized using CLSM.

Statistical analysis

Statistical analysis was performed using two-way
ANOVA followed by a Tukey’s multiple comparison test
with the software Graph Pad Prism 6 for Windows (Ver-
sion 6.01, GraphPad Software Inc.). Data were considered
as statistical significant for p<0.05 (*p<0.05, **p<0.01,
**p<0.001 and ****p<0.0001). N is the number of inde-
pendent experiments and n is the number of technical
replicates.

Results and discussion

Design and characterization of blank lipid-coated

and chitosan-coated PLGA nanoparticles

Two different core—shell structured delivery systems
have been manufactured using either PLGA, a biode-
gradable and biocompatible polymer as the core, which
was coated with a cationic lipid (DOTMA), or a cationic
polymer (chitosan), to achieve a positive surface charge.
In either case, we produced the blank (i.e. mRNA-free)
particles first and complexed them with mRNA in a sec-
ond step before application. The production procedure
and all related settings for both NPs were kept equal to
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enable a good foundation for comparison. In the first
experimental setting, we designed blank lipid-coated
PLGA nanoparticles (LPNs) as described previously
[17, 27] and chitosan-coated PLGA Nanoparticles (CS-
PLGA NPs) [10, 28] using a modified double-emulsion
method with PVA as stabilizer and analyzed their phys-
icochemical properties in regards to hydrodynamic size,
polydispersity index (PDI) and (-potential. The size as
well as surface charge of nanoparticles are likely to influ-
ence pharmacokinetics, accumulation behavior, tissue
distribution, cellular internalization [20, 32] and their
cytotoxic effect [14]. Therefore, these two parameters
were diligently taken in consideration. Particle sizes were
kept below 250 nm to qualify endocytosis, and the sur-
face potential not to exceed +25 mV as strong cationic
surface charge correlates with higher cytotoxic effects
[14]. The mean hydrodynamic size of LPNs was 230 nm,
with a narrow PDI of approximately 0.09 revealing a cati-
onic surface potential of around + 16 mV respectively
(Table 1). In comparison to the lipid-polymer NPs, CS-
PLGA NPs exhibit a smaller particle size of about 140 nm
(PDI: 0.12) with an equal surface charge in the positive
range of + T25 mV (Table 1).

Keeping in mind the potential biopharmaceutical
application, we investigated the storage stability of LPNs
at 4 °C and room temperature (RT) post-preparation for
a time-period of 62 days by measuring the particle size,
PDI, and (-potential, respectively, which revealed no sig-
nificant difference for all tested conditions (Additional
file 1: Figure S1).

The stability and hence aggregation behavior of the
particles under different physiological conditions was
further investigated following 2 h, 4 h and 24 h incuba-
tion time at 37 °C, which is essential to understand the
behavior of nanoparticles in a biologically relevant envi-
ronment. LPNs and CS-PLGA NPs were incubated in
HBSS buffer, DMEM, and DMEM plus 10% FCS and their
colloidal stability was measured after the predetermined
time-points. LPNs remained overall stable in all tested
media. A significant decrease in the hydrodynamic size
from approx. 220 nm to approx. 150 nm with an increase
in PDI to approx. 0.35 was observed in serum contain-
ing medium only (Additional file 1: Figure S2A1, A2). By
contrast, CS-PLGA NPs show a significant increase in
size and PDI after exposure to all tested media compared
to the untreated control (Additional file 1: Figure S2B1,
B2) while the addition of serum to DMEM resulted in a
decreased size with a substantial strong increase of PDI
from approx. 0.1 up to around 0.5. The significant change
in colloidal characteristics after addition of serum, espe-
cially the decrease in size was already reported in Schulze
et al. [33]. This effect is evoked by adsorption of nega-
tively charged serum proteins onto the surface of the
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Table 1 Physicochemical characteristics of blank and mRNA
complexed nanoparticles (NPs) with the percentage
encapsulation efficiency (%EE) of mRNA

Nanoparticles Size (hm) PDI (-potential %EE
(mV)
Blank LPNs 23170 009+£002 16254+324 -
*MRNALPNS_1:10 32224261 021+£002 —005+£6.54 91315
*MRMNALPNS_1:20 21754116 0.16£004 1962+£1.13 87.04+£20
*MRNALPNS_1:30 24354453 018008 22.97+068 928+20
Blank CS-PLGA 1412462 0124001 25204384 -
NPs
*MRNA:CS- 1764455 0324£000 13304+276 87.0+04
PLGA_1:10
*MRNA:CS- 1586+1.7 023£000 2042%122 954106
PLGA_T:20
*mRNACS- 151.3£34 018+002 2555+£1.22 942403
PLGA_T:30

Samples highlighted in italics indicate the NPs with best colloidal properties.
*mRNA:NPs weight ratio. N=4, mean +SD

positively charged nanoparticles, causing destabilization
of the particles. However, for both NP types the hydrody-
namic size showed some changes upon transfer in buffer
or medium on the short time scale but then remained
stable for 24 h.

Structural visualization of blank nanoparticles

Besides the criteria of well-defined size and {-potential,
the shape and structure of nanoparticles are further
important parameters impacting cellular internalization
[34]. Hence, we have employed a variety of techniques
using conventional imaging by scanning electron micros-
copy (SEM), transmission electron microscopy (TEM)
and cryo-TEM to visualize NP morphology and structure,
as all of the techniques have their specific advantages and
limitations. We further improved the TEM-images by
staining the nanoparticles with PTA. As SEM produces
images of the sample by scanning the surface with an
electron beam, blank LPNs and CS-PLGA NPs revealed
a smooth and evenly shaped spherical surface structure
(Fig. 2al, b1). We then analyzed the inner structure of
the nanoparticles by using TEM (Fig. 2a2, b2) in order to
characterize the arrangement of used excipients as it was
discussed in literature that lipid—polymer nanoparticles
have a core—shell like structure [35]. Here, the images
reveal a darker and hence electron dense layer surround-
ing a brighter core. The anionic PTA stain showed strong
adherence to the cationic particles surface without enter-
ing the particle core, which may further emphasize a
core—shell structure of both NPs (Fig. 2a3, b3). Further-
more, Cryo-TEM was implemented as a technique with
minimal risk of artifact formation [36] (e.g. agglomera-
tion, particle size shrinkage) and confirmed the spherical
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Blank LPNs

1pm  200nm

Blank CS-PLGA NPs

without staining

Fig.2 A variety of different microscopic methods used to visualize blank LPNs (a1-a4) and CS-PLGA NPs (b1-b4). a1, b1 SEM images show a
smooth, spherical morphology of the nanoparticles, a2, b2 TEM images of particles without staining give a hint about the core-shell structure, seen
in a dark electron dense layer surrounding a brighter core. a3, b3 To emphasis this structure and increase the contrast, the particles were stained
with 0.5% wt/V PTA and imaged with TEM and further unstained nanoparticles were visualized with a less harsh method using Cryo-TEM with red
arrows pointing to the particles (a4, b4). Scanning electron microscopy (SEM), transmission electron microscopy (TEM)

stained with PTA

structure of the NPs (Fig. 2a4, b4). The size of both NPs
found by Cryo-TEM was in the range of 50-200 nm.

Complexation and characterization of mRNA-loaded LPNs
and CS-PLGA NPs

The cationic head group of the lipid and the cationic
amine group of chitosan facilitates the electrostatic inter-
action and hence binding of the net anionic charged
mRNA to the surface of the nanoparticles.

The NPs have difterent (-potential depending on the
cationic coating and the usage of fluorescence labeled
PLGA. Thus, same weight ratios of mRNA loading lead
to different charge neutralization and destabilization. The
ratio of mRNA:NP affects the colloidal stability since the
nucleotides neutralize the cationic particle charge either
partly, fully or reverse it to anionic, implicating a risk of
particle-aggregation when the {-potential approaches
zero. For reasons of better comparability, mRNA:NPs
weight ratios (w/w) of 1:10, 1:20 and 1:30 were arbitrary
selected. A model mRNA encoding for the red fluores-
cent reporter gene mCherry was used and hence com-
plexed onto the surface of LPNs and CS-PLGA NPs. This
design has the following advantages (i) to avoid expo-
sure of mRNA to the harsh conditions of NP produc-
tion (e.g. high shear stress), (ii) to protect mRNA after

complexation against nucleases and (iii) for fast release
upon certain physiological triggers (e.g. competing
endogenous anions) as necessary for effective translation.

The physicochemical properties in terms of hydrody-
namic size, PDI, {-potential were characterized and the
encapsulation efficiency quantified respectively (Table 1).
mRNA-loaded LNPs (mRNA:LNPs) at a ratio of 1:10
show an increment of the size from~230 nm (blank
LPNs) to~322 nm, following a broader size distribution
profile (highest PDI value of 0.21) and a strong decrease
in the {-potential from~16 mV to nearly 0 mV (Table 1)
indicating a destabilized system. Besides, the studied
weight ratios of 1:20 and 1:30 resemble in their colloidal
properties regarding size and (-potential, while the PDI
shows a slight increase. The same tendency upon various
tested weight ratios was observable for mRNA-loaded
CS-PLGA NPs (mRNA:CS-PLGA NPs). Both delivery
systems complexed the mRNA up to~90% (Table 1),
maintaining spherical morphology (Fig. 3al, a2, bl and
b2). The increment of NPs concentration correlates
with higher amount of amine groups of the used cati-
onic excipients, enabling a better saturation and hence
stronger and improved condensation of the anionic
mRNA. Additionally, agarose gel electrophoresis eluci-
dated the efficiency of both NPs to bind mRNA-mCherry
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(Fig. 4). For mRNA-loaded LPNs of 1:10 w/w, a band of
free mRNA was observable in the gel in contrast to 1:20
and 1:30, indicating stronger condensation of mRNA
with increasing amount of NPs (Fig. 4a).

Surprisingly, a fluorescence signal of EtBr in the bags
for all ratios of mRNA:LPNSs, as an indicator for the pres-
ence of mRNA with the nanoparticles, was not seen
(Fig. 4a, mRNA binding). This is presumably attributed
to the used lipid DOTMA interacting stronger with the
mRNA and hence impeding the further intercalation of
EtBr. The presence of mRNA-mCherry associated onto
the surface of LPNs was, however, demonstrated using
heparin, which causes a fast release of mRNA within
15 min as seen through the free bands in the gel (Fig. 4a,
mRNA release). In comparison, mRNA:CS-PLGA NPs
allow intercalation of EtBr as seen in Fig. 4b, as no band
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could run through the gel, while the addition of hepa-
rin just partially released the mRNA from CS-PLGA
NPs (Fig. 4b, mRNA release). Furthermore, the visible
bands at the bottom of agarose gel pockets of Fig. 4 can
be explained by an incomplete release of mRNA from
the NPs after heparin treatment, preventing the motion
of particle-bound mRNA through the gel. The mRNA
migrating deeper into the gel is only a fraction of a total
amount of mRNA bound to the particle. This effect is
even more pronounced in the chitosan sample than the
LNP sample.

Cell viability and cytotoxicity assay

It is common knowledge that cationic charged particles
are associated with higher cytotoxic eftects [37], partly
explicable due to potentially enhanced interaction of

SEM

mRNA:LPNs

mRNA:CS-PLGA NPs

0.5% (w/V) PTA

Fig. 3 Morphology of mRNA-loaded LPNs (a1, a2) and CS-PLGA NPs (b1, b2) visualized using SEM and TEM. a1, b1 SEM images show a smooth,
spherical morphology of the mRNA-loaded nanoparticles and a2, b2 TEM images show the core-shell structure of the particles after staining with

TEM

stained with PTA
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Fig. 4 Gelretardation assay of mRNA complexed with different nanoparticles (NPs) at various ratios: a LPNs and b CS5-PLGA NPs. Both images
indicate mRNA binding to NPs and their appropriate release using heparin

cationic particles with the anionic charged cell mem-
brane, which however also facilitate cellular uptake [38].
Therefore, we have analyzed the cell viability of blank
LPNs and CS-PLGA NPs on DC2.4 cells, by nanoparti-
cle incubation at difterent concentrations for 4 h (Fig. 5a,
b) and differentiated dead from living cells by staining
with a live-dead staining kit with an appropriate gating
strategy (Additional file 1: Figure S3). Under such con-
ditions, lipid-PLGA nanoparticles showed no cytotoxic
effects up to a concentration of 100 pg/mL, which were
only observed at 160 pg/mL, as reflected by a drop of cell
viability to ~50%. CS-PLGA NPs demonstrated no toxic
eftects over the tested concentration ranges. In order to
keep a well-tolerated concentration range for our fur-
ther cell studies, we used the ranges marked with green
rectangles (Fig. 5a, b). The toxicity difterence at a higher
concentration between lipid-PLGA and chitosan-PLGA
nanoparticles might be associated with the pH sensitiv-
ity of the primary ammonium group in chitosan show-
ing changing deprotonation degree depending on the
surrounding pH value in comparison to the quaternary
ammonium group in DOTMA. The HBSS-buffer used
for the toxicity studies has a pH of 7.4 a value in which
chitosan reveals a slight diminishing protonation degree
resulting in a decrease of {-potential and presumably less
cellular interaction [31]. Additionally to that, the hydro-
phobic nature of the DOTMA envelope might elicit a
better interaction with cells and hence uptake.

Kinetics of cellular internalization for blank

and mRNA-loaded nanoparticles

Prior to transfection studies, we evaluated the kinetics of
cellular internalization for blank and mRNA-loaded NPs,
as the knowledge about the efficiency of uptake towards
dendritic cells might help to understand the subsequent
transfection. To quantify the internalization of nanopar-
ticles into cells, we used fluorescently labeled particles,
by first covalently coupling fluoresceinamine to PLGA
and subsequently designing and characterizing appropri-
ate nanoparticles. Labeled blank LPNs (FA-LPNs) show
similar colloidal characteristics as non-labeled LPNs,
while labeled blank CS-PLGA NPs (CS-FA-PLGA NPs)
indicated a drop of {-potential from approx. +25 mV (for
non-labeled) to +10 mV (Additional file 1: Figure S4).
The attachment of chitosan to the PLGA core is mainly
driven by charge interaction. As the conjugation of FA
to the carboxyl group decreases the anionic charge of
the PLGA core, less chitosan can bind to PLGA causing
a decrease in (-potential. In comparison, DOTMA can
additionally attach to the PLGA core by hydrophobic
interaction and might be less dependent on the anionic
nature of the PLGA core. mRNA-loaded labeled NPs
(either mRNA:FA-LPNs or mRNA:CS-FA-PLGA NPs)
were prepared at three different mRNA:NPs ratios 1:10,
1:20 and 1:30 comparable to a particle concentration of
20 pg/mL, 40 pg/mL and 60 pg/mL, resp., and character-
ized for their physicochemical properties. While the size
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and PDI for both mRNA-loaded labeled NPs at different
ratios show no significant difference, the {-potential indi-
cates a strong decrease to a negative range for the tested
ratios, only mRNA:LPNs 1:30 remaining in the positive
range (Additional file 1: Figure S4). The (-potential of the
FA-labeled NPs was lower than the non-labeled NP of the
same type. Thus, lower mRNA ratios already neutralize
the particle charge. The eftect of NPs internalization by
dendritic cells was then analyzed at the same three con-
centrations for labeled blank and mRNA-loaded NPs and
at two different time-points, i.e. after 2 h and 4 h expo-
sure to cells at 37 °C. Right after NPs exposure, cells were
trypsinized and analyzed by flow cytometry. We could
first observe a higher cell association for FA-LPNs over
CS-FA-PLGA NPs (Fig. 5al). FA-LPNs showed a cell
association with nearly 95% of the cells for concentra-
tions > 40 pg/mL and hence a strong fluorescence shift
(Fig. 6al, a2). CS-FA-PLGA NPs revealed no concentra-
tion-dependent cellular internalization and lower per-
centage (approx. 70%) of cells with particle association.
Although CS-FA-PLGA NPs show some increase NP
positive cells after 4 h, no clear time-dependent cell asso-
ciation of the particles was observable.

When either type of labeled NPs was complexed with
mRNA and exposed to DCs, the cell association behav-
ior changed in comparison to the labeled blank particles.
All mRNA-loaded particles indicate no significant con-
centration or time-dependent association, but enhanced
cellular association as seen in the higher amount of parti-
cle-positive cells (Fig. 6b1, b2). Hence, for all tested nan-
oparticles the surface charge does not play a role in the
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Fig.5 a Cell viability and b cytotoxicity studies assayed with a live-dead staining kit on DC24 cells using blank LPNs and CS-PLGA NPs. Particles
were incubated for 4 h: LPNs reveal a slightly higher cytotoxicity than CS-PLGA NPs. Green rectangles represent the concentration range used for
cellular localization and transfection studies. N=3, mean £ SD (**p < 0.01, ****p <0.0001)

efficiency of cell association, as mRNA-loaded FA-labeled
nanoparticles show a negative surface charge in compari-
son the blank ones. Another point needed to be taken in
consideration is the type of cells used in this study. DC2.4
cells belong to phagocytic and professional antigen pre-
senting cells. Once a foreign material is recognized by
immature DCs it will be endocytosed, DCs mature with
changed metabolism and downregulated phagocytosis
[39]. Thus, in their immature state, they have a higher
phagocytic and thereby higher uptake activity com-
pared with non-phagocytic cells [38] and hence show a
similar uptake behavior towards negatively and posi-
tively charged nanoparticles. After reaching a saturation
state following a downregulated metabolism, the phago-
cytic activity decreases and NPs are no further taken
up, which explains the concentration- and time-inde-
pendence of the NPs internalization. We further assume
that the adsorption of mRNA improves the cell associa-
tion due to better stabilization of the nanoparticles after
mRNA adsorption onto the surface. Sue et al. did observe
similar effect for a comparable system [11]. This behav-
ior is clearly seen in the higher cell internalization of
mRNA:CS-FA-PLGA NPs compared with the blank par-
ticles. The high amount of positive cells upon incubation
with FA-LPNs compared to CS-FA-PLGA is assumedly a
result of the hydrophobic nature of FA-LPNs.

Kinetics of protein translation in dendritic cells

A variety of different non-viral systems has been intro-
duced to deliver safe and efficiently mRNA to the
site of action, especially for mRNA-therapeutics and
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Fig. 6 Quantification of cellular NP association for fluoresceinamine (FA) labeled blank (a1, a2) and mRNA complexed nanoparticles (b1, b2) tested
in DC2.4 cells. NPs were incubated for 2 h and 4 h at different concentrations (20, 40 and 60 pg/mL corresponding to the weight ratios 1:10, 1:20
and 1:30 used for transfection). a1, b1 Green NP fluorescent signal quantified by flow cytometry. Blank LPNs tend to show more uptake then blank
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and 4 h incubation. a2, b2 Representative graphs obtained for NP samples after 4 h incubation. N=4, mean & SD
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mRNA-vaccination strategies. However, most of them
still show limitation regarding their efficiency to trans-
fect cells, as they have to cross several biological barriers
while maintaining the functionality of the carried mRNA.
As mRNA represents a transient cargo [6, 9] to be deliv-
ered into the cytoplasm, the kinetics of mRNA transgene
expression was explored by taking measurements 2, 4 h
after NPs exposure to DCs and additionally 24 and 48 h
post-transfection. We further quantified and compared
the efficiency of both mRNA-loaded LPNs and CS-PLGA

NPs, with jetPRIME® used as positive control. At a w/w
ratio of 1:10, mRNA:LPNs revealed a transfection rate in
DCs of around ~40%, which increased to nearly 80% at
w/w ratios of 1:20 and 1:30 (Fig. 7al). Correspondingly, a
strong shift in the red fluorescence signal was seen in the
dot-plots (Additional file 1: Figure S5). Already after 2 h,
we could observe almost 20% transfected cells for ratio
1:10 following nearly 60% for the weight ratios of 1:20
and 1:30.
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While mRNA:CS-PLGA NPs showed similar uptake
behavior, protein translation rate was significantly less
than for mRNA:LPNs, reaching only 5% of cells with
a maximum after 24 h (Fig. 7a2). Translation rates for
naked mRNA was almost same as the background of
untreated cells and JetPRIME® transfection efficacy was
comparable to mRNA:CS-PLGA NP (Fig. 7a3). Fur-
thermore, mRNA:LNPs elucidated the highest transfec-
tion efficiency already after 4 h with a decay after 24 h
and 48 h post-transfection, which is emphasized in the
strong red fluorescence shift (Fig. 7a4). The difterence
between both nanoparticles can be further seen in the
fluorescence microscopy images (Fig. 8a, b) with highest
mCherry protein expression resulting in red fluorescence
signal for mRNA:LPNs of ratio 1:20 and 1:30. Nanopar-
ticle sizes of LPN and CS-PLGA changed in the range of
50-100 nm (see Table 1), the increase in PDI was modest
and the tendency of size increase could not be related to
the observed transfection efficacy. The mRNA:LNPs_1:20
re smaller in size but efficient in transfection. The more
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likely reason for the stronger transfection efficacy is the
availability of remaining cationic groups at the particle
surface at ratios of 1:20 or 1:30, which are important for
the interaction with cell and endosomal membranes.
Lipid-coated PLGA nanoparticles show a higher trans-
fection efficiency over chitosan-coated PLGA nanoparti-
cles, which may be due to the high stability of complexed
mRNA onto CS-PLGA nanoparticles presumably leading
to an incomplete release (seen in the gel, Fig. 5b) within
the cytoplasmic compartment. mRNA:LPNs correspond-
ingly show fast transfection kinetics as shown in the aga-
rose gel by using heparin (Fig. 4a) releasing the mRNA
after 15 min of incubation. Hence, we can suppose that
the LPNs survive the acidic condition of the lysosome
and escape this compartment slowly over time causing a
transient mRNA translation within the cytoplasm reach-
ing a transfection rate already after 2 h with an increment
in time and highest transgene expression rate after 4 h.
The fluorescence microscope images further indicate a
variation of the red fluorescence intensity of mCherry
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Fig. 7 The kinetics of transfection for both mRNA-loaded NPs was quantified using flow cytometry, which indicated a significant difference
between a1l mRNA:LPNs over a2 mRNA:CS-PLGA NPs, while mRNA:LPNs with a ratio of 1:20 and 1:30 elucidated a significant higher transfection rate
over 1:10. a3 Control samples for transfection studies were JetPRIME® as positive control and naked mRNA as negative control. (Note the enlarged
y-axis, N=4, mean 15D a4 Representative graphs for evaluated time-points demonstrate a strong fluorescence shift for mRNA:LPNs with an

increment in time and hence a higher transgene expression
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(See figure on previous page.)

Fig.8 Representative confocal images of DC2.4 cells transfected with both mRNA complexed NPs and by using JetPRIME® as a positive control,
naked mRNA as negative control. Transfection was analyzed with CLSM a 24 h and b 48 h post-transfection. Red fluorescence reveals cells
successfully transfected with the nanoparticles while their morphelogy remains consistent with non-transfected cells (staining: green: cell

membrane; blue: cell nucleus; scale bar: 50 pm)

-

between different cells of the same image. These differ-
ences may reflect different metabolic stages of these
cells, leading to differences in particle uptake and protein
translation, resp., possibly depending on the cell cycle
[40].

The transient course observed within this experiments
mirrors the behavior of mRNA as reported by Leonhardt
et al. [9], in which the transfection kinetics of pDNA and
mRNA delivered by the commercial available transfec-
tion reagent Lipofectamine2000® was compared. It was
shown that mRNA has a faster onset by reaching its max-
imum transfection efticiency after 3 h. This observation
is predictable as pDNA needs enter the nucleus to cause
further protein translation while mRNA’s protein expres-
sion takes place within the cytoplasm. A further criteria
of a rapid transfection rate might be due to method for
mRNA loading as it has been already hypothesized by Su
et al. [11] that surface-adsorbed mRNA shows a faster
release kinetics then encapsulated mRNA. This coincides
with the observation made in this in vitro cell study, as
LPNs show a faster and complete release (see Fig. 4) and
hence the rapid transfection rate compared with mRNA
encapsulated within the used positive control JetPRIME®
revealing its maximum transfection rate 24 h post-trans-
fection. In contrary, Zhdanov et al. [24, 25] is working
on generic models to predict the impact of nanoparticles
as nucleotides carriers and their release kinetics on the
translation. However, his theoretical models, e.g. using
lipid nanoparticles predict only a minor role for the
translation kinetics performed in in vitro assays.

Furthermore, while particle-uptake appeared to be sim-
ilar for mRNA:LPNs and mRNA:CS-PLGA NPs, protein
translation of the LPNs mRNA-delivery system was more
efficient. Nevertheless, even the weaker performing CS-
PLGA NPs had already shown their potential to deliver
nuclease-encoding mRNA in vivo in a transgenic mouse
model resulting in an efficient genome editing, indicat-
ing that the necessary level of delivery efficiency may
vary with the therapeutic application [10]. Similar perfor-
mance of mRNA depending on the application route was
observed further by Pardi et al. [41] using commercial
lipid particles from an ionizable cationic lipid, PC, and
cholesterol-PEG to deliver mRNA in vivo with a variety
of delivery routes. The reporter gene luciferase was used
to monitor the time of transgene expression. Intravenous
and intratracheal delivery showed shorter expression

times, with a half-life of mRNA translation~7 h, in com-
parison to intramuscular and intradermal with a half-
life of mRNA translation > 20 h. Knowing the kinetics of
both NP-uptake and protein translation of NP-delivered
mRNA is equally crucial to develop such tailor-made pre-
cision nanomedicines in future.

Live cell video microscopy: recording NP uptake

and protein translation

In order to simultaneously visualize and quantify both
cellular uptake and protein translation NP-mediated
mRNA-delivery, we decided to perform live cell video
microcopy of this process. DC2.4 cells were exposed to
mRNA:FA-LPNs of weight ratio 1:30 and continuously
observed over a time-range of 4 h. Figure 9al shows rep-
resentative images depicted from the video after nine
different time-points (Additional file 2: Movie S1), with
strong particle association to cells seen in green fluores-
cence and transfected cells signaling in red. Cells showing
first a green (= particle binding/uptake) and later a red
(=protein translation) fluorescence signal within the 4 h
time-frame were counted as transfected cells. Cells show-
ing only a green, but no red fluorescence, were counted
as non-transfected cells. As the video analysis shows,
particle-cell association starts after 15 min upon expo-
sure while first protein translation signals were recorded
after 1 h. After this time-lack, the protein translation (red
fluorescence signal) of the transfected cells, as visualized
in Fig. 9a2, appeared to increase exponentially until the
end of the experiment. As expected, the red fluorescence
signal of non-transfected cells remained at the back-
ground level. Surprisingly, NP-uptake kinetics (green
fluorescence signal) was comparable for both transfected
and non-transfected cells with a slow linear increase over
time (Fig. 9a3). As live cell video microscopy reveals,
some cells start earlier with the transgene expression
while others start at later time-point. Quite a few cells do
not show transgene expression, even after NPs binding/
uptake. This confirms the earlier observed heterogene-
ity of transgene expression as discussed in the previous
section.

Comparison of transfection efficacy for a non-phagocytic
cell line

To compare the potential of the LPNs to transfect a non-
phagocytic cell line by using the same settings as applied
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Fig.9 a1 Representative images depicted from live cell video after nine different time-points. The images are part of a video provided in Additional
file 2: Movie S1. DC24 cells were incubated with mRNA:FA-LPNs for a complete time duration of 4 h and with an interval of 3 min/image. Green
dots on the images represent the fluorescence signal of labeled LPNs, while the cells signaling in red are the ones with successful mCherry
expression. Scale bar= 100 pm. a2 Time-dependent change of the red fluorescence signal resulting from transfected cells and non-transfected,
which are correlated with a3 green fluorescence signal of labeled nanoparticles. The tendency of each single cell being transfected is independent
of the NPs uptake, as no significant difference between the uptake-behavior of transfected and non-transfected cells was observable. A, =peak
emission wavelength, MFI mean fluorescence intensity (mean & SD, data from n= 32 fluorescent cells, n=8 non-fluorescent cells, obtained from 4

independent videos)

for DC2.4 cells, the human alveolar epithelial cell line
A549 was chosen, which is a commonly used model for
transfection studies. They were grown to~70% con-
fluency in well-plates and then incubated for 4 h with
mRNA:LPNs and mRNA:CS-PLGA NPs, resp. The num-
ber of transfected cells was counted by flow cytometer
24 and 48 h post-transfection. Similar as for DC2.4 cells,
mRNA complexed LPNs revealed a higher efficiency over
CS-PLGA NPs with a steadily increasing transfection rate
up to~60% for w/w of 1:30 (Fig. 10) with a strong red
fluorescence shift (Additional file 1: Figure S6A). Fluo-
rescence confocal images additionally support this obser-
vation for mRNA:LPNs (Additional file 1: Figure S6 B).
Notably, however, the level of transfected A549 cells still
increased up to 48 h post-transfection, whereas transfec-
tion of DC2.4 cells started to decrease again after 24 h
post-transfection.

Conclusions

In this study, we have investigated delivery of mRNA into
dendritic cells by two different types of cationic nano-
particles. Using fluorescently labeled particles as carriers
and mRNA-mCherry as cargo, it was possible to distin-
guish the different kinetics of NP-uptake and mCherry
protein translation. Live cell video microscopy even
allowed to follow both processes within the same experi-
ment. The chitosan-PLGA NPs were well internalized by
the cells, but relatively inefficient in transfection. Lipid-
PLGA hybrid nanoparticles showed superior efficiency
transfecting dendritic cells with up to 80% and epithe-
lial cells up 60% transfection rate at concentrations that
were not causing any cytotoxic eftects. Transgene expres-
sion of mRNA:LPNs started in single cells 1 h after par-
ticle exposure with an exponential increase during the
4 h of recording. Providing good transfection efficacy
and rapid transgene expression, hybrid lipid—polymer
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Fig. 10 Transfection of non-phagocytic cells, using mRNA:LPNs and
mMRNA:CS-PLGA at different ratios performed in epithelial A549 cells
for 24 h and 48 h post-transfection using flow cytometer. mRNA
complexed LPNs reveal a significant higher transgene expression
over CS-PLGA NPs. Both NPs show higher transfection rates with
higher mRNA:NP ratios and increasing transfection until 48 h
post-transfection N=4, mean £ SD (*p < 0.05 and **p < 0.01)

nanoparticles, like e.g. the DOTMA LPN delivery system,
appear as an interesting platform for mRNA-based thera-
peutics and vaccination strategies.

Additional files

Additional file 1: Figure S1. Physicochemical characterization for the
storage stability of blank LPNs at 4 °C and room temperature (RT) tested
aver a time-course of 62 days post-preparation (A) hydrodynamic size,
(B) PDI and (C) ¢-potential. Colloidal properties reveal stability of LPNs for
all tested time-points and temperatures. N=3, mean = SD. Figure 52.
(A1, A2) Physicochemical characteristics of blank LPNs and (B1, B2) blank
CS-PLGA NPs tested under different physiological conditions using HBSS
buffer, cell culture medium DMEM with and without 10% FCS following

2 h,4 h and 24 h of incubation. While LPNs show only a significant change
in colloidal properties after incubation in DMEM plus 10% FCS, C5-PLGA
NPs elicit a significant difference in colloidal parameter for all tested
buffers compared with untreated samples. However, the cbserved size
changes are immediate but not increasing within the 24 h of observation.
N=3, mean £ 5D. Figure $3. Representative dot plots and appropriate
gating strategy for cytotoxicity assay in DC2.4 cells using blank LPNs and
CS-PLGA NPs indicate a fluorescence shift and hence higher cytotoxicity
for particles of higher concentrations (160 pg/mL). Figure S4. Summary
of physicochemical properties for fluoresceinamine labeled blank and
labeled mRNA complexed nanoparticles wit mRNA:NPs w/w ratio of

1:10, 1:20 and 1:30. (A) Indicates the hydrodynamic size, (B) PDI and (C)
{-potential. N=4, mean % SD. Figure S5. Representative dot plots and
corresponding gating strategy for the transfection studies in DC2.4 cells
using mRNALPNs and mRNA:CS-PLGA NPs with JetPRIME® as the positive
control, untreated and naked mRNA as negative control. Flucrescence
shift reveals cells with mRNA-mCherry transgene expression. Figure

S6. (A) Representative graphs obtained 24 h and 48 h post-transfection
of A549 cells with mRNA:LPNs and mRNA:CS-PLGA NPs at different
mRNANPs weight ratios using flow cytometry. (B) Representative

Scientific Output

Page 17 of 19

confocal images of A549 cells 48 h post-transfection using mRNA:LPNs,
JetPRIME® as positive control, naked mRNA as negative control. Red
fluorescence reveals cells successfully transfected while their morphol-
ogy remains consistent with non-transfected cells (green: cell membrane;
blue: cell nucleus; scale bar 50 um).

Additional file 2: Movie S1. The movie displays the interaction of fluo-

rescence labeled and mRNA complexed LPNs (weight ratio of 1:30) with

DC24 cells with the subsequent mCherry protein translation signaling in
red fluorescence.
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