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Introduction

Abstract

The utilization of targeted nanoparticles as a selective drug delivery system is a powerful tool
to increase the amount of active substance reaching the target site. This can increase therapeutic
efficacy while reducing adverse drug effects. However, nanoparticles face several challenges:
upon injection, the immediate adhesion of plasma proteins may mask targeting ligands, thereby
diminishing the target cell selectivity. In addition, opsonization can lead to premature clearance
and the widespread presence of receptors or enzymes limits the accuracy of target cell
recognition. Nanoparticles may also suffer from endosomal entrapment, and controlled drug
release can be hindered by premature burst release or insufficient particle retention at the target
site. Various strategies have been developed to address these adverse events, such as the
implementation of switchable particle properties, regulating the composition of the formed
protein corona, or using click-chemistry based targeting approaches. This has resulted in
increasingly complex particle designs, raising the question of whether this development
actually improves the therapeutic efficacy in vivo. This review provides an overview of the
challenges in targeted drug delivery and explores potential solutions described in the literature.

Subsequently, appropriate strategies for the development of nanoparticular drug delivery

concepts are discussed.
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Introduction

1 Introduction

The use of nanoparticles as drug delivery systems is a promising approach to enhance the
efficacy of drugs while limiting adverse drug effects. To precisely control the distribution in
vivo, the particles are designed to accumulate in the target tissue or specific target cells through
interactions between targeting ligands and cell surface structures [1,2]. However, upon
administration, biomedical nanoparticles for therapeutic or diagnostic applications face a
variety of obstacles [3]. Depending on the route of administration, such as intramuscular (i.m.)
[4], subcutaneous (s.c.) [5], intravenous (i.v.) [6], oral, [7] intravitreal [8], pulmonary [9], or
nasal [10] complex biological barriers must be overcome [11]. Oral drug delivery with
nanoparticles is hampered by the acidic gastric environment and the secretion of mucus that
protects the GI tract can efficiently trap and remove administered particles [12]. Nanoparticle
administration via inhalation is challenging due to biological barriers in the respiratory system,
such as mucus, ciliated cells, or clearance by resident macrophages [13]. Another prominent
example is the excessive clearance by the mononuclear phagocyte system (MPS), which is of
general concern, but plays a major role in distinct administration routes like subcutaneous (s.c.)

injection [5].

In addition, once nanoparticles enter biological media, the adsorption of proteins on their
surface alters the pre-formed particle properties. As a result, not only particle distribution [14],
but also toxicity [15], stability [16], clearance [17], and cargo leaching [16] can be affected,
which may be a major bottleneck for therapeutic efficacy. Moreover, many target structures are
located intracellularly. Since the cell membrane represents a natural barrier, preventing direct
entry into the cytoplasm, particle internalization is often essential [18,19]. One challenge at this
point is that the majority of nanoparticles are taken up via endocytic uptake pathways. Thus,
they may suffer from endosomal entrapment and degradation by acidification and lysosomal
enzyme activity [20,21]. In addition, drug release must occur between entry into the cytosol
and exocytosis from the target cell. Therefore, premature drug release [22,23], as well as
insufficient intracellular particle residence time might be a handicap to therapeutic

efficacy [24].

Due to this multitude of requirements to be fulfilled simultaneously, there has been a paradigm
shift in the development of biomedical nanoparticles. While early approaches focused on
tailoring physicochemical properties, so-called passive targeting [25-27], or modifying the
particle surface with a single targeting ligand to identify target cells in a key-lock principle

[28,29], the objective has changed to precisely control the nanoparticles' fate. Thus, multiple
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factors such as protein attachment, biodistribution, nanoparticle internalization, drug release, or

exocytosis are coordinated, which frequently results in highly complex particle designs [30,31].

We outline different strategies to overcome respective hurdles, such as adapting the particle
size, charge, or surface, and the implementation of switchable particle characteristics, which
are activated by signals such as changes in pH value, redox potential, enzymatic cleavage,
ultrasonic, light, temperature, or magnetism. Moreover, we illustrate further innovative
strategies, such as optimizing particle distribution and uptake by subsequent ligand attachment
in biological media by click chemistry [32,33] or targeting via the specific manipulation of the
formed protein corona [34]. Finally, we critically examine the possibilities and limitations of
influencing the particles' fate by synthetical nanoparticle design. Since i.v. particle injection is
the most common route of application for the development of nanoparticles, which additionally
offers the advantage that the entire amount of administered substance reaches the systemic
circulation and is not consumed by administration-route specific barriers [35], the review is

focused on this route of application.
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2 Critical Aspects for Targeted Drug Delivery

2.1 Protein Corona Assembly

Immediately upon the first contact with blood, plasma proteins adsorb to the nanoparticle
surface and create altered particle properties, which change their pharmacological profile
(Fig. 1a) [36-38]. The composition of the formed protein corona and thus the particles'
“biological identity” strongly depends on the particle size, charge [39] and surface chemistry
[40], and has a high impact on the NP fate in vivo. The protein adsorption, which affects
positively charged particles to a particularly high degree [41], is associated with several
challenges: the corona interferes with ligands tethered to the nanoparticle surface, hampering
interactions with targeting motifs [42,43]. Furthermore, the adsorption of so-called opsonins
promotes an immune response [44—46] and frequently leads to premature clearance by the MPS
[46,47]. Since an adequate nanoparticle circulation time is essential to reach the target tissue
[48], the prevention of fast MPS-mediated clearance is of major significance. Moreover, the
protein corona changes the drug release profile of nanocarriers [49], diminishing the

controllability of NP-based drug therapy.
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Figure 1. Critical aspects of nanoparticle distribution and drug release from injection to
elimination. (a) Immediately after i.v. injection, the particles are localized in the systemic circulation
and various proteins bind to the particle surface. This results in an altered particle structure, which can
strongly differ from the original design. (b) The NPs are distributed throughout the body with the
objective of extravasating from blood vessels at their target tissue. (¢) Due to specific nanoparticle
surface modifications, the drug carrier is supposed to identify its target cells and be taken up without
premature clearance or accumulation in off-target tissues. (d) As NPs are mainly internalized via
endocytic uptake processes, most particles are initially localized inside endosomes, from which they
must escape to avoid lysosomal degradation and reach the cytoplasm or specific organelles. (e) For
nanoparticles as drug delivery systems, both temporal and spatial control of the drug release are essential
for therapeutic efficacy and to minimize adverse drug effects. (f) One decisive factor in this case is the

particle residence time, to achieve a suitable time frame for drug release before NP exocytosis and

elimination.
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2.2 Extravasation and Target Cell Identification

The NPs must pass the vascular endothelial barrier to reach their target tissue (Fig. 1b) [50].
Extravasation is mainly performed in two different ways: via fenestrations between endothelial
cells or transcellularly. Additionally, there are special pathways, such as extravasation via
transcytoplasmic holes in glomerular endothelial cells [S1]. The endothelial fenestrations are
mainly below 10 nm and thus only permeable for very small particles. Larger particles need to
pass the vascular endothelial barrier transcellularly through endocytotic pathways such as
micropinocytosis, phagocytosis, clathrin-mediated endocytosis, and the caveolae-mediated
pathway and thus partially receptor-dependent [35]. While very small particles with a size
below 6 nm are rapidly excreted by renal clearance mechanism, larger particles tend to remain
in circulation longer and subsequently undergo hepatobiliary elimination [35,52]. Upon
extravasation, the particles are localized in the extracellular matrix (ECM), which may
nonspecifically interact with particle surfaces and thus hamper target cell internalization. In
particular positively charged NPs are affected due to interactions with the negatively charged

ECM [53].

For preferential accumulation in target cells, the particles must discriminate between target and
off-target tissue by precise biomolecular recognition strategies (Fig. 1c¢) [54—57]. Therefore,
ligands which interact with certain cell surface structures, such as receptors or ectoenzymes in
a key lock principle, are tethered to the nanoparticle surface [56,58,59]. Ligand types that are
implemented in the nanoparticle design are peptides [60], small molecules [61], aptamers [62],
polysaccharides [63], or proteins [64], which can also be categorized in agonists [59],
antagonists [65], substrates [66], inhibitors [58], or antibodies [67,68] for the corresponding
target structures. In the simplest case, one type of ligand interacts with one target structure,
which is especially promising for highly specific targeting motifs or structures that are strongly
overexpressed in certain tissues. This plays a particularly important role in cancer therapy, e.g.
nanoparticles functionalized with cancer-targeting antibodies, such as anti-CD133 [69], anti-
HER?2 [70], or anti-CD44 antibodies [71], as cancer tissue differs considerably from healthy
tissues regarding morphology, cell metabolism, or the expression of cell surface markers [72].
However, since many receptors or enzymes are expressed not exclusively in one cell type, but
ubiquitously in the organism, using only one ligand for target cell identification may cause

reduced selectivity.
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23 Nanoparticle Uptake and Endosomal Entrapment

Many target structures are localized intracellularly. Therefore, efficient nanoparticle uptake is
often required. Nanoparticle internalization can be devided in endocytic (Fig. 2a-e) and direct

(Fig. 2f) uptake, whereas endocytic uptake pathways play the major role for nanoparticles [46].

Upon endocytosis, particle binding is followed by their engulfment with subsequent budding
of endocytic vesicles to the cell interior [46]. Thus, the internalized particles do not have direct
access to the cytoplasm or cellular organelles [54]. Depending on the uptake mechanism, the
vesicles are sorted, fused, dissociated, or matured to lysosomes and can either be exocytosed,
recycled, or trafficked to different organelles, involving motor proteins, such as kinesin, dynein,
and myosin, that shuttle vesicular cargos along microtubules or via actin filaments
(Fig. 1d) [19,54]. For many applications, the entrapment inside endocytic vesicles is
undesirable since target structures are localized inside the cytosol or at specific subcellular
organelles. Additionally, the maturation of early endosomes to lysosomes leads to acidification
of the vesicles and a combination of lysosomal enzyme activity, and acidic pH values promote
cargo degradation, which may be beneficial in some cases [73], but often reduces the

therapeutic efficacy [74].

Direct translocation, on the other hand, promotes direct access to the cytoplasm and organelles,
faster delivery kinetics, and minimal lysosomal degradation [54,75,76], but is rarely reported
and the permeation mechanisms are poorly described [75]. It is known that direct uptake
pathways are particularly important for very small particles since nanoparticles require a critical

minimum size of around 5-10 nm to be taken up endocytotically [77].
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Figure 2. Schematic overview of nanoparticle internalization pathways. (a) Phagocytosis, the
ingestion of large particles through protrusions of the plasma membrane, is mainly important for immune
cells such as macrophages, monocytes, neutrophils, or dendritic cells [78,79]. All non-phagocytotic but
endocytotic uptake processes are summarized as pinocytosis, which is the engulfment of smaller
particles [80]. (b) Clathrin-mediated endocytosis (CME) generally depends on the formation of ligand-
receptor complexes [80] and is thus highly important for the internalization of actively targeted
nanoparticles [18]. Among other proteins, clathrin generates and stabilizes membrane curvatures,
so-called clathrin-coated pits (CCPs). These pits are then pinched off the membrane with the help of a
GTPase enzyme called dynamin [81], leading to the budding of vesicles with a size from 100-500 nm
into the cytosol [54]. The resulting vesicles ultimately lose their clathrin coat and fuse to early
endosomes [82,83], which frequently leads to lysosomal degradation due to endosomal entrapment [80].
The occurrence of clathrin-coated pits has been demonstrated to influence nanoparticle avidity and
therefore also distribution in target and off-target cells in cell culture experiments [84,85]. (¢) Caveolae-
mediated endocytosis is a related process, in which the protein caveolin is the decisive factor for
structural stabilization and membrane budding. The flask-shaped plasma membrane invaginations are
50-80 nm in size and therefore enable the uptake of smaller particles than CCPs [86,87], which are

reported with sizes of up to 200 nm [88]. Since caveolae-mediated endocytosis results in the formation
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of caveosomes, which possess a neutral pH and may bypass lysosomes and thus digestive environments,
this uptake way is beneficial regarding cargo stability [80,89,90]. However, caveolae-mediated uptake
is very slow with half times higher than 20 min [91]. (d) Clathrin/caveolae-independent endocytosis
(CCIE) involves vesicle formation supported by actin and actin-associated proteins [92] or lipid rafts.
These are cholesterol and sphingolipid-rich domains within the plasma membrane, which are free-
diffusing and may be internalized following the binding of ligands to receptors or glycolipids that are
localized within the raft [54,80,91]. Lipid raft-mediated uptake is discussed for the internalization of
nanoparticles modified with particular cell-penetrating peptides (CPPs) and nucleic acids [54,93].
Furthermore, CCIE is especially interesting for nanoparticles modified with folic acid, which is
frequently used for tumor-specific targeting concepts, since the folate receptor internalizes by this
route [94]. () Macropinocytosis is characterized by the formation of large membrane extensions, which
are formed by rearrangement of the cytoskeleton. During re-fusion with the plasma membrane, vesicles
between 0.5 and 10 uM in size filled with extracellular fluid are formed and transported into the cell
interior [18,46]. These vesicles, called macropinosomes, undergo acidification and fusion similar to
endosomes [18]. In macropinocytotic uptake, all particles that are dissolved in the internalized
extracellular fluid are taken up, which is why this uptake way is not directly regulated by the activation
of a receptor [46]. Furthermore, macropinocytosis is a possible uptake way of particles whose size
exceeds that of CCPs or caveolae. (f) Direct translocation is mainly limited to highly positively charged

or very small particles. This uptake pathway enables immediate and fast entry into the cytosol.

24 Drug Release

There are two conflicting objectives in controlling drug release: to prevent premature release
into the bloodstream and to ensure rapid release once the particles have reached their target
site (Fig. le). Besides the NP type, the exact composition, structure, and physical and chemical
interactions of the individual components are important for the drug release characteristics. In
this context, the nanoparticle manufacturing method is also an important factor [95]. Drug
release can be categorized into diffusion, solvent-controlled, chemical, and stimulated
release [95,96]. Diffusion-controlled release, which is forced by a concentration gradient, is
important for almost all kinds of drug release from a dosage form, especially for capsule-like
systems, where the drug is dispersed or dissolved inside a core [95,97,98]. Due to the
concentration dependence, diffusion-controlled release often shows a high initial release that
decreases over time [95]. Solvent-controlled release, which means osmotic- or swelling-
controlled release, is primarily relevant for carriers with semi-permeable membranes or three-

dimensional crosslinked materials like hydrogels [99], whereas drug release via chemical
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interactions is mainly associated with the degradation of the carrier matrix. The degradability
and time are highly material-dependent [100,101]. Since non-biodegradable particles such as
metal colloids or ceramics might accumulate and cause cytotoxicity, the usage of biodegradable
materials is mostly preferred [100,101]. Frequently utilized materials in this context are
biodegradable polymers such as poly(e-caprolactone) (PCL), polylactide (PLA), and
poly(lactide-co-glycolide) (PLGA), mesoporous silica nanoparticles, or lipid nanoparticles.
Stimulated drug release, triggered for example by a pH shift in the environment or changes in
the redox potential, enables temporal and spatial control of the drug release and thus might be

advantageous [102].

2.5 Exocytosis and Intracellular Particle Residence Time

The intracellular particle residence time is a critical factor for the efficacy of a nanotherapeutic
system. It is determined by two factors: nanoparticle exocytosis and degradation [103]. The
main exocytosis pathways are diffusion, rapid recycling, and the lysosomal or the ER/Golgi
apparatus pathway (Fig. 1f) [103]. The formation, fusion, transport, and excretion of
nanoparticle-loaded vesicles in this context are controlled by the endocytic recycling
compartment (ERC), which is a microtubular organelle that is distributed in the
cytoplasm [104,105]. As described in chapter 2.4, the majority of internalized particles end up
in early endosomes, which have the function of controlling the reutilization or degradation of
membrane components [106]. Therefore, some of the internalized particles return directly to
the plasma membrane and are ejected [104,105]. This exocytosis mechanism, known as rapid
recycling [103], possesses half-life times of two minutes or less [105], hardly offering time for
intracellular drug release. The most important exocytosis mechanism is the lysosomal pathway.
In this case, the early endosomes undergo a maturation process from early to late endosomes
and ultimately to lysosomes [106]. Nanoparticles suffering from endosomal entrapment [107]
are digested by lysosomal enzymes and acidic pH values and the vesicle content is expelled.
Therefore, the endosomal escape capability is a critical factor for particle residence time [108].
Moreover, optional via the endoplasmic reticulum [109], nanoparticles may be transported to

the Golgi apparatus and transported to the cell surface for excretion via secretory vesicles [103].
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3 Nanoparticle Design Strategies

3.1 Manipulation of the Protein Corona

Various strategies have been developed to avoid or control the formation of the protein corona,
thus preventing premature clearance, and obtaining the synthesized nanoparticle
characteristics [34,110,111]. The topic is of utmost significance and has been reviewed in
detail [112]. The most commonly used method to hinder protein adsorption is the stealth coating
of nanoparticles with polyethylene glycol (PEG) [113-115], but also other hydrophilic
polymers can be utilized according to this method [116]. The PEG chains provide a hydrated
layer on the particle surface, reducing protein adsorption [48], frequently referred to as “stealth
effect” [47]. The repulsive effect depends on the polymer’s molecular weight, conformation,
and surface density [46], and can prolong the half-life time of blood circulation from a few
minutes to several hours [40,46]. A further strategy was presented by Miiller et al. (2017) [111].
The research group coated nanoparticles with tunable surfactants to control the unspecific
protein adsorption and aggregation of particles by a non-covalent approach that could be
applied to any particle type without high synthetic effort. However, the formation of a protein
corona does not only have negative effects: the adsorption of so-called dysopsonins actively
prevents phagocytosis by immune cells, which prolongs blood circulation (Fig. 3). Furthermore,
dysopsonins can contribute to reduced toxicity and colloidal stability of NPs [117]. Typical
dysopsonins are for example albumin, clusterin, also called apolipoprotein J, and transferrin,
which is why studies were performed that deal with the intentional coating of NP surfaces with
these proteins to exploit the protein corona for improved drug delivery [117—120]. Additionally,
the protein corona can be utilized for specific nanoparticle targeting [121]. One example is the
protein corona manipulation via polysorbate precoating, which facilitates the adsorption of
apolipoprotein to the nanoparticle surface and thus enables brain targeting [122,123].
Furthermore, Zhang et al. (2015) [124] developed a retinol-conjugated polyetherimine
nanoparticle system that selectively attaches the retinol-binding protein 4 (RBP4), which targets
hepatic stellate cells and thus could be used for the treatment of hepatic fibrosis. Therefore, the
aim is not necessarily to completely prevent protein attachment, but to ensure that the corona is
formed by desired proteins that enable immune escape or that are targeted to distinct cells. The
amount, type, and affinity of adsorbed proteins can be altered by changes in the nanoparticle
surface chemistry, size, shape, and precoating, which was summarized in recently published

reviews by Zhao et al. (2024) [34] or Kim et al. (2023) [48].

26



Introduction

N Bk

dysopsonins ApoE Tf
(e.g. clusterin, albumin) % i i
LDLR TR
immune escape specific targeting
reduced toxicity using attached
colloidal stability plasma proteins

Figure 3. Consequences of protein corona formation. Protein attachment is frequently correlated with
a negative impact due to the coverage of targeting ligands, resulting in suppressed target cell selectivity,
or premature MPS clearance due to opsonization. Nevertheless, the protein corona may also have
positive effects due to the attachment of dysopsonins or proteins such as transferrin (Tf) or

apolipoprotein E (ApoE), which can be utilized for specific nanoparticle targeting [121].

3.2 Control of Nanoparticle Extravasation and Target Cell Recognition

To reach their target cells, nanoparticles must pass the endothelial barrier of blood vessels.
While larger particles have more interactions with the cell membrane and smaller particles
require less energy to form vesicles upon particle uptake, there is an optimal size range for
endothelial internalization and thus transcellular extravasation of about 50-70 nm [35]. In
certain tissues, such as tumors, glomeruli, or hepatic sinusoids, larger fenestrations facilitate the
paracellular extravasation of larger NPs [51,125,126]. Accordingly, it may be advantageous to
adjust the particle diameter to the size of the extended fenestrations or to choose a size range

that allows transcellular passage through the endothelial barrier.
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To identify target cells, targeting ligands are attached to the nanoparticle surface. Depending on
the type of ligand, different effects can be observed: antagonistic ligands or enzyme inhibitors
mediate binding to the cell membrane without direct uptake [58,127]. In contrast, the interaction
of receptor agonists as ligands usually induces receptor-mediated nanoparticle
internalization [128,129]. Antibodies used as targeting ligands can also induce cellular
uptake [130,131]. Substrates of ectoenzymes attached to the nanoparticle surface are cleaved
and subsequently released, so no direct particle uptake is expected. However, enzymatic
processing can unveil structures on the nanoparticle surface that subsequently promote cell
internalization (Fig. 4) [66]. Consequently, besides the target structure, the pharmacological
characteristics of the targeting ligands have a major influence on the efficacy of the drug

delivery system and must be taken into account in the nanoparticle design [18,132].
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Figure 4. Nanoparticle-cell interactions based on the ligand type and the target structure. Enzyme
inhibitors or antagonistic receptor ligands mainly bind to the target structures expressed on the cell
surface, thus anchoring the particle to the target cell surface. For antibodies, both cell surface binding
and uptake have been described. Receptor agonists often promote receptor-mediated uptake into the
target cells. Enzyme substrates attached to the nanoparticle surface are cleaved, which does not result in
immediate uptake. However, the associated release of receptor agonists or other uptake signals may

secondarily trigger nanoparticle uptake.

Since most targeting motifs are expressed in a variety of cells throughout the body and are rarely
exclusively expressed or at least significantly overexpressed in a single cell type, the

combination of different ligands, which is also known as hetero-multivalent targeting, has
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significant advantages over the use of a single ligand type [59,133—-135]. By simultaneous
binding of several ligands to different target structures, both targeting efficiency and specificity
can be increased [136]. The corresponding theoretical and thermodynamic background was
described in an excellent review by Woythe et al. (2021) [137]. However, for multi-target
interactions, several attributes should be taken into account: the addressed targeting structures
should not have downregulating effects via intracellular receptor consumption pathways, the
ligand density should be optimized to the expression density in the target tissue, and the
bioconjugation strategy has to be adjusted to facilitate the interaction between ligand and target
structure, for example by the setting of spacer length and linker chemistries [134]. A possibility
to further increase the target cell selectivity of hetero-multivalent targeting approaches, by steric
shielding of one ligand type, was published by Fleischmann et al. (2020) [59]. Only after the
binding of a primary ligand to a receptor expressed on the target cell surface, the newly achieved
spatial proximity reveals a previously hidden second ligand, which ultimately leads to

nanoparticle internalization.

33 Promotion of Endosomal Escape and Direct Penetration

Since reaching the cytosol is essential for the efficacy of many nanotherapeutics, numerous
strategies have been developed to promote endosomal escape or direct penetration of the cell
membrane. The most common endosomal escape strategies can be categorized in the so-called
“proton sponge effect” or osmotic rupture, the swelling effect, the destabilization of the
membrane by pore formation or disruption, and membrane fusion. All aim to destabilize the
endocytic vesicles and thus allow nanoparticle trafficking to the cytosol (Fig. 5) [138,139].
Besides, new approaches are being developed that should diminish endosomal entrapment, such
as the thiol-disulfide exchange strategy: Kanjilal et al. (2022) [140] demonstrated that disulfide
bonds as NP functionality may enhance cellular uptake and endosomal escape. The underlying
mechanisms are still not clear, but the research group proposed that the covalent contact
between the membrane thiols and the nanogel strained the packing of the endosomal
membranes and thus promoted cargo leakage. Stahl et al. (2022) [73] used endosomal enzyme
activity to promote endosomal escape: a substrate of the protease cathepsin S (CatS), which is
found in early endosomes of dendritic cells, was used as a linker between a model antigen and
polymeric nanoparticles as carrier. Enzymatic processing of the nanoparticle surface enabled

selective release of the antigen, allowing its endosomal escape.
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Another strategy to prevent endosomal entrapment is to adjust the particle design to achieve
prioritization for specific uptake pathways. Particularly high nanoparticle surface charges and
cell-penetrating peptide modifications promote non-endocytic uptake [76,141,142], using
transient holes that are generated in the bilayer membrane in response to strong local potential
differences, which are resealed after particle uptake [143,144]. In addition to the particle charge,
also the shape has an impact on the translocation behavior and can result in varying cell entry
mechanisms [143]. This has been shown for dendrimers as an example. A spheroidal shape was

more efficient in permeabilizing the plasma membrane than linear poly-1-lysine polymers [145].

Besides direct internalization, modifications promoting macropinocytosis or caveolae-mediated
endocytosis could be favorable regarding subcellular targeting, since macropinosomes possess
relatively leaky vesicular structures that facilitate escape into the cytosol [146]. The caveolar
pathway to enter cells provides a nonacidic and less digestive route for cellular uptake [89]. The
cargo internalized by caveolin-mediated endocytosis may be directly transported to processing
organelles such as the Golgi apparatus (GA) or the endoplasmic reticulum (ER), avoiding
lysosomal degradation [80,89]. However, while the attachment of cell-penetrating peptides to
the particle surface supports direct NP internalization and also particle uptake via
macropinocytosis [147,148], the regulation of particle uptake via caveolae-mediated
endocytosis and the resulting particle fate is still unclear and controversially discussed. One
approach to direct the NP uptake towards caveolae-related endocytosis to circumvent lysosomal
degradation was established by Chen et al. (2022) [149]. The research group developed a
biomimetic system using NP cancer cell membrane camouflage. However, the factor which
likely influenced the rate and route of endocytosis to the greatest extent is the formed protein
corona [150]. Additionally, the cell type has an impact [151-153]. At this point, there is a lack
of more detailed studies dealing with the control of NP uptake via specific pathways and

clarifying the subsequent distribution processes.
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Figure 5. Mechanisms of endosomal escape. The proton sponge effect is caused by endocytosed
compounds that are protonated upon H'-ion influx during the acidification of endosomes in the
maturation to late endosomes or lysosomes [98]. Consequently, those substances possess a buffering
capacity that counteracts the acidification of the endosomal compartment [99]. This promotes further
ATP-driven influx of protons, accompanied by chloride ions and water molecules. The resulting osmotic
pressure ultimately leads to membrane rupture and thus to the release of the entrapped components [97].
The swelling effect describes drug release caused by the swelling of certain structural compounds,
mainly polymers, caused by pH shifts or changes in ionic concentrations [99]. The most important
mechanism for persistent membrane destabilization, causing pore formation or also membrane rupture,
is the membrane “flip-flop” caused by cationic charges [154]. Since the outer layers of endosomes are
mainly composed of negatively charged phospholipids, positively charged cargos induce a flip of the
outer layers to the intraluminal side of the endosome. The resulting formation of charge-neutral pairs
results in membrane reorganization and non-lamellar phase changes, which ultimately cause membrane
destabilization [155,156]. Membrane fusion is a process that is inspired by viruses such as the influenza
virus, utilizing the hemagglutinin (HA)-2 subunit as a fusogenic agent [154]. HA-2 is converted from a
hydrophilic, anionic coil at neutral pH to a hydrophobic helical conformation in an acidic environment,
enabling the fusion of the viral membrane with the cellular membrane [139]. This mechanism can be
adapted for the endosomal escape of nanoparticles by the attachment of fusogenic peptides to the NP
surface, which leads to fusion with the lipid bilayer and release from endosomal entrapment. Many
reviews are focusing on these mechanisms to which we would like to refer for more detailed information

[138,139,157,158].

31



Chapter 1

34 Delay of Particle Exocytosis

Although low intracellular particle residence time is a limiting factor for therapy efficacy, only
a few studies deal with the analysis of nanoparticle exocytosis or the prolongation of particle
retention in the target tissue [54]. The nanoparticle size has a high impact in this case [159].
Most studies agree that smaller particle sizes promote faster elimination from the
cells [108,160-162]. One reason frequently postulated is that smaller NPs have fewer receptor-
ligand interactions, which lead to a lower overall intracellular binding and therefore facilitate
the release of the particles [108,160,163]. Thus, increasing the particle size could be useful to
prolong intracellular retention. Furthermore, there is a low number of studies developing
strategies to decrease NP exocytosis rates. Chen et al. (2022) [149] discussed that a rapid
exocytosis of nanoparticles causes unsatisfactory results of ER-targeting approaches.
Therefore, they investigated a strategy to enhance NP-mediated immunotherapy by exocytosis
blockade with brefeldin A (BFA) by coat protein type I (COPI) vesicle transport inhibition.
Thus, they achieved an 11-fold increase in intracellular retention of the NPs at 24 h. Yanes et
al. (2013) [164] decreased the exocytosis rates of mesoporous silica nanoparticles to prolong
the retention in cancer cells and thus enhance drug delivery. The combination of camptothecin-
loaded particles with bafilomycin A1 or UI8666A led to an increase in cell-killing efficacy.
Kim et al. (2015) [162] established a strategy to regulate the exocytosis rate of gold
nanoparticles via host-guest chemistry. By complexation of the NPs inside cells using
cucurbit[7Juril (CB[7]), larger particles were assembled that inhibited exocytosis. While the
intracellular amount of gold NPs without CB[7] treatment decreased to 34 % after 24 h, no

significant change was observed for cells treated with CB[7] containing media.

3.5 Switchable Nanoparticle Characteristics

One strategy that is currently widely applied is the development of switchable particle
properties. In this case, either intrinsic or extrinsic stimuli are utilized to adapt the properties of
nanoparticles to the current requirements in a temporally and spatially coordinated manner. An
exemplary application for switchable nanoparticle designs is triggering a charge conversion of
the nanoparticle surface (Fig. 6). Higher amounts of positive charges enhance cellular uptake,
which was shown in various studies [165,166]. Since cationic particle charges also play a major
role regarding endosomal escape mechanisms, the implementation of cationic compounds in

NP targeting strategies might be highly advantageous. However, it is critical to take into
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consideration that positive charges promote increased protein adsorption and thus tend to
premature clearance [167], show a higher tendency to interact with the ECM [168], and are
known to possess cytotoxic effects [169]. In contrast, particles with a negative surface charge
tend to interact less with the ECM and are less susceptible to opsinization but show lower

internalization rates. Triggered charge reversal can be used to obtain the benefits of both surface

charges.
NEGATIVELY POSITIVELY
CHARGED CHARGED
x cellular uptake / cellular uptake
X endosomal escape / endosomal escape
v~ interaction with ECM X interaction with ECM
v MPS clearance X MPS clearance
STABLE DRUG EFFICIENT DRUG
ENCAPSULATION RELEASE

blood circulation target cell

Figure 6. Applications of switchable nanoparticle designs. Stimuli-controlled charge conversion can
switch the initially favorable negative surface with reduced MPS clearance and interaction with the
ECM to a positive surface charge with improved NP uptake and endosomal escape. Furthermore,
stimuli-responsive compounds can induce sterically and temporally controlled drug release in the target

tissue.

Another common application for switchable particle designs is controlled drug release. While
stable encapsulation is necessary during blood circulation to prevent adverse drug effects due

to premature release, an efficient drug release is required in the target tissue. Thus, releasing
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the drug due to an intrinsic or extrinsic signal can improve therapy efficacy [170]. Activation
of nanoparticles can be achieved by a variety of different mechanisms, as shown in figure 7. An

overview of different switchable nanoparticle design concepts is shown in table 1.

Nanoparticle activation mechanisms

(a) Ligand activation (b) Charge reversal / CPP exposure

(c) Morphological transition

-

(e) Prodrug activation

Drug (active)
Prodrug (inactive) E’g i’ii g’i i’g PY [ ) ()
e o 0 0 — 0’ ®

(f) Pop-up / Pop-off ligands

Pop-off g

Figure 7. Nanoparticle activation mechanisms in switchable particle designs. (a) Activation of

initially inactive targeting ligands by enzymatic cleavage (e.g. Ang I = Ang II = binding to AT1R).
(b) Charge reversal from negative/neutral to positive enables reduced clearance and interaction with the
ECM combined with preferential uptake and endosomal escape. (¢) Morphological transition such as

decomposition in an acidic environment allows spatially and temporally controlled drug release.

34



Introduction

(d) Gatekeeper removal from mesoporous silica nanoparticles leads to controlled drug release from the
nanoparticle pores. (e) Activation of an inactivated poly prodrug by releasing individual drug molecules,
e.g. by enzymatic cleavage. (f) Utilization of pop-up ligands that unfold in response to a distinct signal
and become visible on the particle surface or pop-off ligands that are cleaved and thus expose sterically

shielded compounds of the nanoparticle structure.
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Stimulus NP-system Responsive Target/ Concept Objective Associated Ref.
Moiety Disease
Activator
pH PEG-b- Acetal Endo- Hydrolytic Drug release Tumor, not [171]
P(TMBPEC-co- /lysosomal degradation (paclitaxel, further
AC) polymer compart- (morphological PTX) specified
ments transition)
Liposomes Cleavable pH 6.5 in Charge Endosomal Cancer, not [172]
modified with pH-  amide linkage tumor reversal and escape and further
sensitive polymer ~ formed between  microenvi- NO generation controlled drug specified
(PEG-PLL-DMA) PEG-PLL and ronment, release (PTX),
DMA pH 5.0 in overcoming
endo- and multidrug
lysosomes resistance
Poly(B-amino PAE ester Lower pH Nanoparticle Drug (TPCA-1)  Acute lung [173]
esters) (PAE) as values in targeting via release from the  inflammation/
core and PEG- inflamma- anti-ICAM1 nanoparticle injury
biotin on the tory tissues  antibody + core
particle surface, nanoparticle
decorated with core
anti-ICAM1 disassembly
antibody via (morphological
biotin-avidin transition) >
interaction drug release in
inflammatory
tissue
GSH Poly-HCPT as Disulfide bond GSH in Targeting via Fast release of Liver cancer [174]
inner core, lipid- in the poly- tumor LA, GSH in intact HCPT
PEG as outer HCPT structure  tissue cytoplasm, molecules and
shell, LA as morphological encapsulated
surface layer transition, drug  siBcl-2
(siBcl-2) and
HCPT release
PEGylated Disulfide GSH in Shell cleavage PTX release Breast cancer  [102]
mesoporous silica  linkers for PEG ~ tumor (morphological
core-shell NPs attachment tissue transition)
following drug
release
Polymeric Disulfide bond Increased S-S bond Drug release of ~ Cardiac [175]
nanoparticles in PDSA GSH levels  cleavage and encapsulated fibrosis
(Cys- 8E Cys- polymer in cardiac thus NP PF543 induced by
PDSA) fibroblasts degradation (sphingosine myocardial
after (morphological  kinase 1 infarction
myocardial  transition) inhibitor)
infarction
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ROS DSPE-PEG Thioketal-bond Intra- Chain-breakage =~ Tumor Cancer [176]
polymer-NPs in polyMTO cellular caused release targeting, deep therapy, not
ROS of mitoxantrone  tumor- further
increasedin  (MTO) penetration, on-  specified
tumor site drug
tissue activation by
prodrug
cleavage
Polymer- Thioacetal ROS levels  The functional CA release Broad range [170]
cinnamaldehyde linker of increased in  aldehyde group upon oxidative of
(CA) conjugate polymer chain inflamed of CA was stress in inflammatory
NPs and CA tissues protected via inflammatory diseases e.g.
chemical tissue with rheumatoid
conjugation to ROS- arthritis or
the polymer via  scavenging ulcerative
a ROS- activity colitis
responsive (prodrug
thioacetal linker  activation)
Enzyme PLGA/PLA-PEG Angiotensin I Angio- Ligand NP Uptake Diabetic [66]
polymer NPs tensin- Cleavage (Ang 1 nephropathy
converting - Ang 1)
enzyme (ligand
(ACE) activation)
Quantum dots o-Aminobutyric  y-glutamyl Charge NP uptake / Tumor, not [167]
(QD) acid transpepti- Reversal deep further
dase (GGT) penetration specified
PLG-g- MMP9 Matrix Morphological  Cargo Rejection [177]
LPEG/TAC cleavable metallo- transition from  (tacrolimus) after liver
peptide proteinase spherical NPs to  release transplanta-
sequence (Gly- 9 (MMP9) microscale tion
Pro-Leu-Gly- aggregate-like
Leu) scaffolds
MSN-HSA-PBA-  MMP2 Matrix Breakdown Enhanced Tumor, not [178]
DOX substrate metallo- intracellular endocytosis further
(functional proteinase linker (targeting specified
peptide R8- 2 (MMP2) ligand PBA,
PVGLIG) exposed CPP)
drug release
(DOX)
Light Self-assembled Ruthenium Near- Release of Ru Combined Tumor, not [179]
block copolymer complex-based infrared complexes chemotherapy further
nanoparticles photocage (NIR) light  (prodrug via drug specified
activation, (tetrahydrocur-
cleavage cumin, THC)
photocage) release and
photodynamic
therapy
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Temper- Polysarcosine Polysarcosine Moderate Changes in Doxorubicin Breast cancer  [180]
ature (PSAR)-b-(N-(2- with 3.5 % of increase in particle release in
hydroxypropyl)- PHPMA solution morphology response to
methacrylamide) temperature  and shrinkage subtile thermal
(PHPMA) NPs upon stimulation
temperature (increase in
increase environmental
temperature to
41 °C).
Ultrasound Polymer-grafted Copolymer Us Drug loading at ~ Controlled drug  Cancer, not [181]
mesoporous silica  p(MeO2MA)- 4 °C (open release in the further
nanoparticles co-THPMA conformation), tumor tissue specified
with LCST polymer upon US
below 37 °C; collapses at irradiation;
upon US 37 °C (closed fluorescein was
irradiation the conformation) used as model
hydrophobic ultrasound cargo
tetrahydropro- irradiation in
pyranyl groups cancer - pore
in the polymer opening (gate-
backbone were keeper
cleaved leading removal) and
to hydrophilic drug release
methacrylate
and increasing
the LCST over
37°C
Magnetism  Poly-paclitaxel/ Iron oxide core  Altering Host-guest Enhanced Anticancer [182]
cyclodextrin- magnetic interaction magnetic therapy, not
superparamag- field between 8- guidance for further
netic iron oxide (AMF) cyclodextrin- targeted specified
nanoparticle SPION and poly  nanotherapy
(SPION) paclitaxel
(pPTX) to form
nano-assembly
with cluster
structures of
SPIONs
Fe304-NPs coated  Iron oxide core AMF Local heating of  Controlled drug  Anticancer [183]
with a silica-PEG the particle core  release in tumor  therapy, not
shell and loaded which tissue further
with doxorubicin accelerated Dox specified
(Dox) release
Hybrid nanogels Iron oxide core AMF Local heating Controlled drug  Cancer, not [184]
composing of which release in tumor  further
thermo-responsive accelerated Dox  tissue specified

polymers and

SPIONS

release
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Multiple AUS-PM(PCL- TMT (receptor- ~ TMT PCL core DOX release, Metastatic [185]
responsive ~ SS-PCL-MPC mediated receptor, breakdown ROS breast cancer
deblock endocytosis), GSH,pHin under pH 5.5, generation,
copolymer) disulfide (GSH-  tumor disulfide cytotoxicity in
TMT-DOX sensitive), PCL tissue, gold  linkage > cancer cells
(pH sensitive) (ultra- increased ROS
gold (sound- sound- production
sensitive) responsive)  when exposed
to ultrasound
stimulation
Enzyme/pH dual- MMP-2/9 Matrix MMP-2/9 Tumor-targeted ~ Cancer [186]
responsive NPs substrate metallo- cleaves linkage delivery and therapy, not
based on human peptide, pH- proteinase-  of CLP002 > controlled further
heavy-chain mediated 2/9 (MMP-  blockade of PD-  release of the specified
ferritin (HFn), disassembly of 2/9) over- L1 receptor, immune
modified with recombinant expressed release of checkpoint
Anti-PD-L1 ferritin (CMFn)  within the oxaliplatin in inhibitor
peptide CLP002 tumor lysosomes after ~ CLP002 and the
and MMP-2/9 microenvi- endosomal chemothera-
substrate peptide ronment, uptake > peutic drug
acidic pH synergistic oxaliplatin
values antitumor effect
within
lysosomes
pH-responsive PAEMA, Acidic pH Protonation Targeted Cancer [187]
polymer, eosin 'Y, value in PAEMA > prodrug therapy, not
photocatalyst tumor morphological activation further
eosin Y, ROS- tissue, light  transition, within the specified
sensitive prodrug irradiation exposure of the acidic tumor
protection group (460 nm) photocatalyst micro-

eosin Y, light

environment in

irradiation > combination
prodrug with photo-
activation dynamic

generation of
ROS for

remediation of

cancerous tissue

Table 1. Overview of activatable, smart nanoparticle systems. Abbreviations: ACE, angiotensin-
converting enzyme; AMF, altering magnetic fields; CA, cinnamaldehyde; Cys, Cystein; DMA,
dimethylmaleic anhydride; DOX, doxorubicin; GGT, y-glutamyl transpeptidase; GSH, glutathione;
HFn, heavy chain ferritin; HAS, human serum albumin; HCPT, 10-hydroxycamptothecin; I[CAMI1,
intracellular adhesion molecule 1; LCST, lower critical solution temperature, MMP, matrix-
metalloproteinase; MSN, mesoporous silica nanoparticles; MTO, mitoxantrone; NIR, near infrared;
PEG-b-P(TMBPEC-co-AC), poly(ethylene glycol)-b-poly(mono-2,3,6-trimethoxy  benzylidene-
pentaerythritol carbonate-co-acryloyl carbonate); PAE, poly(p-amino esters); PAEMA, poly(2-azepane

ethylmethacrylate); PBA, phenylboronic acid; PDSA, poly (disulfide amide); PEG, polyethylene
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glycole; PHPMA, N-(2-hydroxypropyl)methacrylamide; PLA, poly lactide acid; PLG, poly (L-glutamic
acid); PLGA, poly(lactic-co-glycolic) acid; pLL, poly-L-lysine; p(MEO.MA), poly(2-(2-
methoxyethoxy)ethyl methacrylate); PSAR, polysarcosine; PTX, paclitaxel; QDs, Quantum dots; ROS,
reactive oxygen species; Ru, Ruthenium; SPION, superparamagnetic iron oxide; TAC, tacrolimus;
THPMA, 2-tetrahydropyranyl methacrylate; TMT, ten-tumor metastasis targeting peptide; US,

ultrasound.

3.5.1  Bioresponsive Nanoparticles

For intrinsically activatable or bioresponsive nanoparticles, physiologically or pathologically
occurring conditions in certain tissues or at the subcellular level are used to trigger a specific
effect, for example, the activation of a targeting ligand or a prodrug, a morphological transition,
or the removal of a gatekeeper, which has prevented drug release (Fig. 7). This is enabled by
the incorporation of switching capabilities in the particle structure, which react to changes in

the pH value or redox gradients, or can be cleaved by certain enzymes [188].

As already pointed out, nanoparticles are mainly internalized via endocytic pathways and thus
primarily localized inside endosomes [189]. Endosomes possess a pH value of
about 5.5-6.3 [190] and are consequently more acidic than other organelles [191] or the
cytoplasm, which has a pH value of 7.0 to 7.4 [192]. Furthermore, early endosomes undergo a
maturation process to late endosomes and ultimately lysosomes, which are even more acidic
with pH values between 4.5 and 5 [190]. Since the extracellular pH value, under physiological
conditions, is in the neutral to slightly alkaline range (pH 7.3-7.4) [191], the entry of
nanoparticles into an acidic environment by particle uptake can be used as a trigger for
nanoparticle activation. Additionally, there are differences in extracellular pH values, which can
be utilized for nanoparticle targeting. The most popular example is the slightly acidic
extracellular environment around hypoxic tumor tissue. Here the pH value can drop to 6.4 to 6.8
since cancer cells are metabolizing glucose via lactate-producing pathways [193]. For the
development of pH-dependent particles, different strategies have been implemented, e.g. the
equipment with acid labile linkers (Tab. 2), charge-shifting polymers, or particle crosslinking.
These features should lead to changes in size, shape, surface chemistry, particle disassembly,
and cargo release, respectively [194]. One example is the concept of Zhang et al. (2019) [173].
The work group investigated pH-responsive nanoparticles targeting the lungs for the therapy of
acute lung inflammation. They implemented pH-responsive polymers in their particle design
for a site-specific drug release in the target tissue. After targeting the ICAM-1 receptor via

ICAM-1 antibodies tethered to the nanoparticle surface, the previously stable particle core,
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consisting of poly(B-amino esters) (PAE), was degraded due to the lower pH values of
inflammatory tissues, resulting in the release of the anti-inflammatory model agent
TPCA-1 (Fig. 7¢). Lee et al. (2008) [195] utilized super pH-sensitive polymers for the design
of nanoparticles with a ligand pop-up activation (Fig. 7f). In an acidic environment, the
protonation of the previously folded poly(L-lactic acid)-b-poly(ethylene glycol)-b-poly(L-
histidine)-TAT block copolymer causes polymer extension and the CPP TAT is revealed on the

particle surface, which leads to particle uptake.

pH-labile linker Reaction mechanism Ref.
Acetal/Ketal T1 Tz [196,197]
o o o
>< ———————3» R,—OH + Ry,—OH + )}\
R; Ry Rs Ry
Hydrazone R N Rs R o [198,199]
Y \u/ ) \’/ b HNC R
N
H
Ry R,
Imine o [200]
N X R —— I R—NH, +
R,/ X >
Ry H
Oxime Ry R [201]
> o
——N R — o +
\ HZN/ \R3
Rz O0—R; Ry
Ortho ester Rz\ [202]
)< o
Ro —_— R,—OH + R;——OH
4
Borate ester Rzo\ RZO\ [203,204]
/B—OR1 — /B—OH + R;——OH
R;0
Vinyl ether [205,206]
>—< EEE— >—-{ R—OH
Amide [207]

)J\ R — )k +  HN—/R,

Table 2. pH-labile linkers as pH-activatable NP structures with corresponding activation

mechanisms.

Analogous to particle activation via naturally occurring pH gradients, also redox gradients can
be utilized for nanoparticle activation. In this case, instead of acid-cleavable linkers, redox-
cleavable linkers are implemented in the particle design. An overview of such oxidizable and

reducible linkers is shown in table 3. Glutathione (GSH), which is a tripeptide cell protective
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antioxidant [208], is mainly responsible for the activation of reductive-responsive nanoparticles
by interacting with for example disulfide bonds (S-S) or diselenide bonds (Se-Se). GSH exists
ubiquitously in the human body and participates in various biological functions like gene
expression, cell proliferation, or apoptosis [209]. The highest intracellular GSH concentration
is found in the cytosol with physiological average values of 2-10 mM. Since the extracellular
concentration of GSH is around 100- to 1000-fold lower (2-20 uM), the particles are stable
during blood circulation and cleavage of the linkers occurs after particle uptake. Therefore,
GSH-responsiveness is an ideal stimulus to accomplish efficient intracellular, while avoiding
unspecific extracellular, drug release [210]. The oxidative cleavage of linkers is usually caused
by reactive oxygen species (ROS), like hydrogen peroxide (H20>), hydroxyl radicals (OH"), or
singlet oxygen ('O2). These highly reactive molecules are primarily generated in mitochondria
and contribute to human immunity [211]. Prominent examples of oxidative responsive linkers
are sulfur- or selenium-containing, or arylboronic ester linkages [211]. Since ROS as well as
GSH levels are significantly increased in the tumor microenvironment, redox-responsive on-
site activation of nanoparticles is promising in the context of cancer therapy [174]. One example
is the investigation of ROS-responsive poly-prodrug nanoparticles with triggered drug release
for cancer therapy by Xu et al. (2017) [176], which combined target cell recognition and uptake
with on-site prodrug activation. The established NP platform was composed of three
components: the poly-prodrug, forming the inner core, which was supposed to respond to
increased ROS concentration with a release of the activated drug molecules (Fig. 7¢), the outer
shell, consisting of polyethylene glycol, and the targeting ligand, internalizing RGD (iRGD),
which was supposed to enhance selectivity and tissue penetration. Another application field of
ROS-responsive nanoparticles is the treatment of chronically inflammatory diseases such as
rheumatoid arthritis or ulcerative colitis [170]. Zhang et al. (2023) [170] established polymeric
prodrug nanoparticles, in which the drug, cinnamaldehyde (CA), was protected by an oxidative-
cleavable conjugation to a PEG polymer, causing the self-assembly of polymer-drug-conjugate
nanoparticles. The functional aldehyde group is only released by ROS activity in inflammatory
tissues, where CA acts anti-inflammatory due to its ROS-scavenging activity (Fig. 7c).
Furthermore, Ji et al. (2023) [175] established GSH-responsive polymeric nanoparticles,
consisting of poly(disulfide amide) (PDSA) polymers [212], which are disassembled due to the
reductive conditions after myocardial infarction by cleavage of the disulfide bonds (Fig. 7c). In
this way, the release of the encapsulated drug, the sphingosine kinase 1 inhibitor PF543, was
triggered inside the cardiac fibroblast target cells. The research group has thus provided an

efficient strategy for the pharmacological intervention of cardiac fibrosis.
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Redox Redox- Reaction mechanism Ref.
response responsive

linker
Reductive Disulfide GSH [213,214]

cleavage bond WS\S/VLLI,, — JJ\N\SH + J\JJJ\SH

Reductive Diselenide GSH [215,216]
Se
cleavage bond L"'\q,\/ N Se/\q% — J\I‘N \SeH + J\:““’ ~ SeH
Oxidative Diselenide ROS OH [217]
NJJ ~ Se/

cleavage bond b"b\,\/ se\ Se/v"‘/z,, — | |
e}

Oxidative Thioketal- ROS o [218]

s s
cleavage based linker R1/ >< \Rz —— P R—SH + Ry—SH + )J\*— 0,

Oxidative Thiocarbam l s [219]
cleavage at-based # Ny s kos :C>: o ,JJJ\NJKSH

linker H.PJ @'J
Oxidative Selenium 0, H-0, (|3| [220]
structural containing Se — Se —_— — Se
dissociation polymers |o |c!
Oxidative Tellurium H-0, H.0, ICI) [221,222]
structural containing —Te —» —Te — —Te
dissociation polymers \(\)

[¢]

Oxidative Arylboronic 0\ ROS ‘3\ [223-225]
B — B—OH + HO - RH
cleavage ester O/ or O/ o
HO,
B — Ho < H;BO;  + R-H
HO/ orR on

Table 3. Redox-activitable NP structures and activation mechanisms.

Enzymes can also be used for the bioresponsive activation of nanoparticles. Therefore,
substrates of the corresponding enzymes are integrated into the particle design. Compared to
pH- or redox-responsive structures, enzyme-responsiveness has the advantage that the
application is not limited to certain tissues, such as tumor tissue or inflamed areas, but can be
adapted to almost all cell types. Various strategies have been developed, which enable either
particle uptake or controlled drug release: Maslanka et al. (2019) [66] designed polymeric core-
shell nanoparticles, with the ligand angiotensin I (Ang I) tethered to the surface. Due to the
enzymatic cleavage of the ligand by the angiotensin-converting enzyme (ACE), Ang I was
converted to angiotensin II. Thus, the nanoparticle presented a receptor agonist for the AT1
receptor (AT1R), which led to particle binding and uptake (Fig. 7a). The enzymatic ligand
activation increased the target cell selectivity and enabled preferential uptake in mesangial cells

that express both ACE and the AT1R. Li et al. (2014) [226] developed nanoparticles, which
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were activated by cleavage of a PEG-shielding unit by the matrix metalloproteinase 7 (MMP-7).
The pop-up activation strategy (Fig. 7f) revealed the targeting ligand folic acid (FA) and thus
enabled selective uptake in FA-overexpressing breast cancer cells. Another approach to improve
nanoparticle uptake after enzymatic activation is the charge reversal strategy, performed by Dai
et al. (2024) (Fig. 7b) [167]. The research group implemented a y-glutamyl-transpeptidase
(GGT)-activatable motif into the modular peptide, which was used as a ligand for quantum dots.
The initially terminal amino acid, which caused a zwitterionic charge on the QD surface, was
removed by cleavage of the peptide bond, releasing a positively charged primary amine on the
particle surface. Due to the charge reversal, the QDs showed enhanced cellular uptake and deep
tumor penetration. According to this principle, also cell-penetrating peptides may be released.
They are not exclusively, but to a large extent, polycationic, and therefore also cause charge
reversal [227]. However, enzymatic activation cannot only improve uptake, but also achieve a
temporally and spatially stringently coordinated cargo release. One example of this is the work
of Luo et al. (2024) [177], which enabled a specific cargo release of tacrolimus in the liver
allograft to overcome an acute rejection. The nanoparticles were composed of tacrolimus, which
was covalently conjugated to matrix metalloproteinase 9 (MMP9)-cleavable peptide-containing
polymers. Since MMP is overexpressed in rejected liver allografts, enzymatic cleavage of the
particles in the target tissue caused a morphological transition from spherical micellar
nanoparticles to microscale aggregate-like scaffolds and thus a site-specific drug release
(Fig. 7c). A further approach to control drug release by enzymatic responsibility was the
cleavage of an end-capping and thus sealing agent for the mesopores of mesoporous silica
nanoparticles (MSN), which was attached to the particle surface via a MMP-2 cleavable
peptidic substrate (Fig. 7d) [178].

3.5.2  Extrinsically-Activitable Nanoparticle Characteristics

Besides intrinsic signals, also extrinsic stimuli can be utilized for nanoparticle activation. In
this case, light of different wavelengths, magnetism, ultrasound, or temperature changes can be

applied, depending on the nanoparticle type and its structural features.

Three main groups of photo-activatable compounds are used for the regulation of the
distribution, uptake, or cargo release of light-responsive nanoparticles. “Phototriggers” are
photolabile protection groups (PPGs) that undergo irreversible photolysis reactions [228],
“photosensitizers™ are used for the controllable generation of ROS, e.g. singlet oxygen ('O2),

hydroxyl radicals or superoxides, also heat, and nitric oxide (NO), that trigger a photo response,
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while “photoswitches” perform reversible regulation by photoisomerization [179,229,230].
Since light can be regulated very precisely in area, time, and dosage, light-responsive targeting
strategies have been widely applied [229,230]. Especially PPGs are frequently used for
targeting systems, which allow the controlled release of a variety of caged compounds, such as
functional groups, drugs, enzymes, neurotransmitters, or fluorophores [231]. The phototrigger
should meet several prerequisites: a highly controllable and predictable photolysis mechanism,
low cytotoxicity and a high quantum yield, good solubility, and stability in physiological
media [229]. Furthermore, PPGs should provide sufficient absorption of at least 300 nm or
higher and the photolysis products themselves should not absorb in this range, as this would
result in a competitive behavior between PPGs and lysis products [229,232]. For the majority
of light-responsive moieties an excitation in the UV range is required. This has two fundamental
disadvantages: UV light has a higher potential for cell damage and low tissue penetration
(< 1 cm) through light scattering and absorption of intrinsic biological chromophores, including
hemoglobin, oxyhemoglobin, and melanin [229,233]. Therefore, an increasing number of near-
infrared (NIR)-responsive approaches that are activated by light at wavelengths from 700
to 950 nm [179] have been developed in recent years. NIR light is not only safer, but can also
penetrate deeper into biological tissue [179,217,233]. A light-responsive approach developed
by He et al. (2023) [179] coordinated a ruthenium-based photocage to the anticancer drug
tetrahydrocurcumin (THC), which served as a ligand of self-assembled nanoparticles of
amphiphilic block copolymers. The photocage primarily inhibited the anticancer properties of
THC. Only after cleavage of the photocage by NIR light at 760 nm, the drug was released,
resulting in inhibited tumor proliferation. Examples of further commonly used PPGs are shown

in figure 8.
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Figure 8. Structures of representative PPGs.

Thermo-responsiveness describes the ability to respond to changes in temperature with
alterations in size, shape, solubility, or the release of an encapsulated drug [234]. Temperature-
responsive polymers play an important role in this context [235]. The general idea of thermo-
responsive polymers is that by changing the temperature, an encapsulated drug is released due
to conformational changes of the polymer structure. They possess either a lower critical solution
temperature (LCST) or an upper critical solution temperature (UCST) in aqueous
medium [235,236]. For polymers with a LCST, heating leads to polymer shrinkage, and the
cargo is ejected from its nanocarrier. The NP size either decreases in terms of colloidally stable
particles or increases due to particle aggregation [234,235]. UCST polymers are soluble above
a certain temperature. Therefore, after a temperature increase above this value, the encapsulated
drug is released by particle disassembly [237]. Consequently, the application of moderate
hyperthermia up to 43 °C, obtained by e.g. microwaves [238], radiofrequency [239], NIR [240],
ultrasound [241], or magnetic fluid hyperthermia [242], for a prolonged period, enables particle
activation [235]. By this principle, Yu et al. (2019) [180] investigated thermo-responsive
particles based on polysarcosine-polymers, grafted with 3.5 % of (N-(2-
hydroxypropyl)methacrylamide) for the treatment of different kinds of breast cancer.
Doxorubicin (Dox) release was strictly controlled by an increase of the environmental
temperature to 41 °C. For more detailed information we refer to reviews that give an overview

of suitable thermo-responsive polymers and particle structures [235,243,244].
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Ultrasonic responsiveness is also mainly concerned with the controlled release of encapsulated
compounds from nanoparticles. Ultrasound exposure causes physical disruption, structural
changes, or chemical reactions of the drug carrier as a result of thermal or mechanical effects
triggered by cavitation or radiation forces [245]. This method can be applied to many different
types of nanoparticles, such as polymer NPs, liposomes, gold particles, or carbon
nanotubes [245]. An advantage compared to particle stimulation using external light is that low-
frequency ultrasound can penetrate deep into soft tissues [246]. Additionally, ultrasonic
stimulation can induce a transient increase of blood vessel permeability, which promotes
extravasation of the nanoparticles and thus increases cellular uptake in the target tissue [247].
Ultrasound-responsive nanocarriers are being investigated mainly in the context of cancer
treatment [245]. An example of an ultrasound-responsive nanoparticle design was presented by
Paris et al. (2015) [181]. The research group investigated polymer-grafted mesoporous silica
nanoparticles with copolymers as pore gatekeepers. The nanoparticles were loaded at 4 °C,
where the polymer showed an open conformation. At 37 °C, the copolymer collapsed, resulting
in closed pores that could be injected without premature drug release. Only after ultrasound
irradiation, the polymer structure changed towards a helical conformation, causing the opening
of the mesoporous network and thus drug release. Furthermore, sonopermeation is an explored
strategy to promote drug delivery across the blood-brain-barrier (BBB). Hark et al. (2024) [248]
used the combination of ultrasound and RGD-coated polymeric microbubbles to induce
temporally and spatially controlled opening of the BBB and thus mediate drug delivery by a

polymeric drug carrier in an inflamed endothelium-pericyte co-culture model.

Altering magnetic fields (AMF) can be utilized to spatially and temporally control the
distribution of NPs to target sites or to promote a magnetothermal drug release by hyperthermic
bond-breaking or thermally induced permeability changes [245,249]. One example is the work
of Jeon et al. (2016) [182]. The work group investigated poly-paclitaxel/cyclodextrin-
superparamagnetic iron oxide nanoparticle (SPION) nano-assemblies that were actively guided
to the tumor via an externally applied magnetic field. They established a method of NP
clustering that additionally provides the possibility of magnetically induced targeting even to
cancers deep in the body. Demin et al. (2022) [183] established magnetism-responsive particles
with a Fe3O4 core and a silica-polyethyleneglycol (Si1O2/PEG) shell, which were loaded with a
high level of doxorubicin (Dox) to target different cancer cell lines. The application of an
alternating magnetic field led to local heating of the particle core, which accelerated Dox

release. A similar drug release mechanism triggered by magnetic hyperthermia was performed
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in the study of Cazares-Cortes et al. (2017) [184], with hybrid nanogels composed of
thermoresponsive polymers and SPIONS.

3.6 Dual- and Multi-responsive Particles

Recently, increasingly complex concepts for targeted drug delivery have been developed. They
combine at least two or even more orchestrated steps to enable stringent control of nanoparticle

distribution and drug release.

Liu et al. (2024) [186] demonstrated an enzyme/pH dual-responsive particle system for
improved tumor immune chemotherapy. The immune checkpoint inhibitor CLP002 was
tethered to the surface of ferritin-based particles via a peptidic linkage motif containing the
substrate of the matrix metalloproteinase-2/9 (MMP-2/9). Cleavage of the substrate led to the
release of the free drug, resulting in the inhibition of its receptor, the PD-L1 receptor. A second
drug, oxaliplatin (OXA), was encapsulated into the nanoparticle core. OXA was released due
to acidic NP disassembly in lysosomes upon endosomal uptake, which led to a combined

immuno-chemotherapy (Fig. 9A).

Another multi-responsive approach was established by Maghsoudian et al. (2024) [185], who
combined pH-, redox-, and ultrasonic-responsiveness (Fig. 9B). The objective of the study was
to develop a biocompatible and stable bioactive zwitterionic micelle for the treatment of
metastatic breast cancer. The prepared nanomicelles, which served as drug carrier for
doxorubicin, were composed of a zwitterionic polymer of methyl methacrylol phorphoryl
cholin, and poly caprolactone (PCL) with a gold core. The integration of gold into the micelle
core led to enhanced stability during circulation in the blood stream and served as sound-
sensitive agent. The ten-tumor metastasis targeting (TMT) peptide was tethered to the micellar
surface and enabled specific target cell recognition and receptor-mediated endocytosis.
Additionally, the copolymers were modified to incorporate a disulfide structure. When exposed
to ultrasound stimulation, these disulfide linkages led to an increased ROS production and
similarly a reduction of the GSH level, which had cell-toxic effects. Furthermore, under a pH
of 5.5, which is related to conditions in tumor tissue, the breakdown of PCL increased the
release of the encapsulated drug in the target tissue. The findings of this study suggested that
the established micellar nanocarriers can induce apoptosis in cancer cells and thus hold great

potential for the treatment of metastatic breast cancer.
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Li et al. (2024) [187] combined targeted prodrug activation within the acidic tumor
microenvironment with the photodynamic generation of ROS. Therefore, a pH-responsive
photocatalytic system has been developed that selectively generates ROS and further activates
prodrugs in a cascade reaction. At a pH of 7.4, the synthesized switchable poly(ethylene glycol)-
b-poly(2-azepane ethylmethacrylate)-b-2-(methacryloyloxy)ethyl 2-(2,4,5,7-tetrabromo-3,6-
dihydroxy-9H-xanthen-9-yl)benzoate(PEGi13-b-PAEMAs-EYHEMA) polymer chains self-
assembled to form polymeric nanoparticles. Due to the protonation of the PAEMA block, the
particles disassembled and exposed the photocatalyst eosin Y. Upon light irradiation, the active
eosin Y generated ROS, which led to ROS-induced cleavage of protection groups and thus

activation of prodrugs with anticancerous activity (Fig. 9C).
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Figure 9. Concepts of multi-responsive targeting systems. (A) Reprinted with permission from
Ref. [225] Copyright (2024) American Chemical Society. Due to the enzymatic cleavage of MMP-2/9
the first active ingredient, CLP002 is released, which inhibits the PD-L1 receptor on the cell surface.
Disassembly in the acidic environment of the endo-lysosomal compartment leads to the release of the
second drug OXA. (B) Reprinted with permission from Ref. [185] Copyright (2024) American Chemical
Society. Target cell recognition and endocytosis are mediated by the ten-tumor metastasis targeting

(TMT) peptide. Ultrasonic stimulation of disulfide linkages increased the ROS production and
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simultaneously led to a decrease in the GSH level. The disassembly of polycaprolactone (PCL) under
acidic conditions in the tumor microenvironment ultimately triggered the release of the encapsulated
drug DOX. (C) Reproduction of material from Polymer Chemistry with permission from the Royal
Society of Chemistry [187]. The nanoparticle disassembly in an acidic environment reveals the
photocatalyst eosin Y. Upon light irradiation eosin Y then produces ROS, activating prodrugs for cancer

therapy.

3.7 Subsequent Particle Modification via Bioorthogonal Click Chemistry

Another innovative strategy to control NP biodistribution is the subsequent particle
modification via bioorthogonal reactions taking place in vivo. Bioorthogonal chemistry, which
is a further development of copper-based click chemistry, meets requirements such as
outstanding selectivity, feasibility in mild aqueous conditions, and high yields with a rapid
reaction rate [250,251]. Since the functional groups of the reactant and the product do not
interact with functional biomolecules and, as in contrast to the original click-chemistry, no toxic
catalysts are necessary, bioorthogonal reactions can take place on cell surfaces or in the cytosol
of living cells [251,252]. To influence particle biodistribution, pre-targeting (PT) concepts have
been investigated that rely on highly specific covalent interactions between two bioorthogonal
entities, of which the nanoparticle carries the first reactive group, while the other one is tagged
for example to an antibody, a fluorophore, or a drug [252,253]. Either, the tagged ligand is
initially injected, forming a targeting moiety for the subsequently administered nanoparticles,
or targeted nanoparticles are injected first and a subsequently injected drug or label reacts with
the NP localized at the site of action (Fig. 10) [252]. The most studied reaction types in this
context are the inverse electron-demand Diels-Alder cycloaddition (IEDDA) reaction [253,254]
and the strain-promoted alkyne azide cycloaddition (SPAAC) [255,256]. So far, PT has mostly
been applied in the context of tumor targeting [33,257,258] and in particular in the positron
emission tomography (PET) imaging of tumors [253,259,260]. Nevertheless, this strategy could
also be utilized for controlled biodistribution and drug delivery to other tissues by adapting the
targeting moieties accordingly. One advantage of bioorthogonal chemistry-based targeting is
that it allows a simple, flexible, and universally applicable NP modification. By tethering one
click entity to the NP surface, the NP can easily be modified with a multitude of click partners
and is thus suitable for various applications. Many counteracting molecules functionalized with
bioorthogonal entities are commercially available and can thus serve as targeting ligands.
Furthermore, the attachment of quite small click-entities prevents NP aggregation and

crosslinking, which might be problematic for macromolecular ligands such as monoclonal
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antibodies (mAbs) or avidin. As a result, NP modification and purification are facilitated [252].
Additionally, PT may increase targeting effects by the amplification of available binding sites.
One monoclonal antibody (mAb) can be tagged with up to 30 transcyclooctene (TCO)
molecules, allowing the binding of several NPs [32], which simplifies detection in tumor
imaging, but may also increase therapy efficacy for targeted drug delivery [32,252]. The
research group of Yoo et al. (2019) [32] established a pretargeting strategy using TCO-modified
trastazumab as targeting moiety and tetrazine-modified, drug-loaded nanoparticles that should
be delivered to the site of action. The click-chemistry mediated binding allowed enhanced
tumor targeting and thus showed that pretargeting is a promising strategy to maximize the
amount of drug reaching the target site. For a more precise description of the reactions and
possible biomedical applications of nanoparticles using bioorthogonal chemistry, we would like

to refer to reviews focused on this topic [252,261].

clickable NP targeted NP two-step pretargeting

clickable ligand ’

—>

Figure 10. Nanoparticle targeting using bioorthogonal chemistry. The target cell selectivity of
nanoparticles can be increased by pretargeting concepts with a click-reaction between the nanoparticle
and a clickable ligand at the site of action. Either a targeting ligand, e.g. an antibody, is administered
first, which then serves as an anchor point for the drug-loaded nanoparticle (two-step pretargeting, left),
or the nanoparticle itself binds to target cells via targeting ligands, which are attached to the NP surface.
In a second step, a drug modified with a click entity can react with the nanoparticle and thus be addressed

to the target tissue (two-step pretargeting, right).
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4 Opportunities and Limitations of Complex Nanoparticle

Design Strategies

Due to conflicting requirements and changing demands during the targeting and drug delivery
process, the design of targeted nanoparticles is highly challenging [172]. Therefore, a
systematic approach that considers the most important aspects of the specific application could
improve therapeutic outcomes. However, this inevitably leads to more complex particle
designs, complicating nanoparticle preparation, and hampering the reproducibility of results.
Additionally, the attachment of a protein corona in biological media can alter the particles’
identity, making it difficult to predict if in vitro processes will translate to living
organisms [48,150]. Despite these challenges, several research groups have demonstrated that

complex nanoparticle design can achieve very promising targeting results in vivo.

Maslanka et al (2020) [262] showed successful targeting of enzyme-responsive, hetero-
multivalent particles to renal target tissue. Therefore, in the first step, the nanoparticles bound
to the angiotensin II receptor type I (AT 1R) of mesangial cells via the AT1R inhibitor EXP3174.
Subsequently, the previously inactive second ligand angiotensin I was cleaved by the
angiotensin-converting enzyme (ACE), which was expressed on the cell surface. The resulting
active ligand, angiotensin II, attached to the AT1R on the cell surface, promoting receptor-
mediated uptake into the target cells. The amount of the dual-modified, enzyme-responsive
nanoparticles reaching the target tissue in vivo was considerably higher than the amount of
unmodified particles or particles with single-ligand modification. This demonstrated the
superiority of the complex, 3-step targeting concept compared to simple nanoparticle targeting

(Fig. 11A).

Li et al. (2024) [263] developed a switchable crosslinked paclitaxel(PTX)-nanoformulation
(BPM-PD@PTX) for the precise drug delivery to non-small cell lung cancer (NSCLC) brain
metastases (Fig. 11B). The formulation incorporated an ultra-pH-sensitive boronate ester
linkage and a lipid-like amphiphilic molecule, forming small-sized micelles and
nanocomplexes by rapid crosslinking with PTX being loaded. This resulted in excellent
biocompatibility and prolongation of the blood circulation time. The ultra-pH-sensitive
boronate esters sealed the nanoformulation and effectively prevented premature drug release.
Additionally, the external maltobionic acid (MA) groups of BPM-PD@PTX induced glucose
transporter 1 (GLUT1)-mediated transcytosis in the blood-brain barrier and blood-tumor

barrier. The lower pH value in the extratumoral microenvironment (pH 6.8-6.5) resulted in
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transformational changes, forming smaller non-crosslinked micelles with enhanced
penetrability. As a result, 5-borono-2-pyridinecarboxylic acid formed new boronate ester bonds
with the sialic acid, which is overexpressed in NSCLC cells, enabling precise PTX delivery.
Thus, the research group could achieve highly effective PTX delivery for NSCLC brain
metastases with reduced adverse reactions and improved therapeutic efficacy and thus surpass

the clinical PTX-nanoformulation (nab-PTX).
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Figure 11. In vivo investigations of nanoparticle targeting concepts. (A) Reprinted with permission
from Ref. [262]. Investigation of the NP-associated fluorescence in kidney glomeruli analyzed via
fluorescence microscopy. a) Kidney glomeruli (highlighted with white, dotted circles) treated with
different particle formulations (without ligand, single ligand modification, hetero-multivalent particle
design with enzyme-responsibility). Scale bar: 40 pum. b) Quantitative analysis of glomerular

NP-associated fluorescence. ¢) Comparison of the NP fluorescence of the inner and outer cortex.
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d) Localization of NP-EXP-Ang-I via CLSM combined with integrin- a8-staining of mesangial cells.
Scale bar: 20 um (B) Reprinted with permission from Ref. [263]. Comparison of nanoparticle albumin-
bound PTX (nab-PTX) with nanoformulation where PTX is loaded between two types of dendrimer-
modified amphiphilic molecules (BPA,-PD and MA4-PD) and sealed using ultra-pH-sensitive boronate
ester linkages (BPM-PD@PTX), preventing premature drug release. Furthermore, the effect was
compared to PTX combined with the individual components (PD@PTX, BPA,-PD@PTX, MAus-
PD@PTX). a) Hematoxylin-eosin (HE) staining of the brain at day 15 after tumor inoculation.
Scale bar: 300 pm. b) Tumor growth evaluation by bioluminescence imaging. ¢) Quantitative analysis

of bioluminescence staining (n = 6). d) Kaplan-Meier survival curve during treatment (n = 6).
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5 Conclusion

The previous illustrations emphasize the complexity of nanoparticle targeting and targeted drug
delivery. On the one hand, numerous factors must be balanced to develop a particle design that
meets all requirements. On the other hand, extremely complex particle structures impede the
reproducible particle manufacturing. Furthermore, the synthesized particle identity may differ
significantly from the biological identity in vivo. Nevertheless, there is growing evidence that
a moderately complex, multi-step particle activation in situ holds great potential to address
current challenges in targeted nanotherapy. In conclusion, the development of nanoparticle-
based drug delivery systems with a controlled time-variant structure, that changes during an
application depending on the task the nanoparticle has to master, seems rather advantegeous.
Therefore, key factors relevant to each specific application need to be identified and
implemented into nanoparticle design. Finally, the efficacy of the developed concepts needs to

be verified in case-by-case studies in vivo to obtain reliable results.
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Goals of the Thesis

Although today’s pharmaceutical research has identified promising drug candidates for a wide
range of diseases, the efficacy of many active substances is limited by their unfavorable
biodistribution. As a result, relevant biological effects in the organism cannot be achieved or
require the administration of higher doses, frequently resulting in adverse drug effects or even
the need to discontinue the therapy due to toxic effects. Drug delivery via targeted
nanomaterials offers a powerful tool to overcome this drawback. By conjugating receptor
ligands to the nanoparticle corona, nanoparticle-cell interactions can be precisely tailored, and
particles can be addressed to a specific target tissue. In this way, drug accumulation at the site
of action can be increased, preventing harmful side effects and improving therapeutic

efficacy [1].

However, up to date targeted nanotherapeutics do not meet their high expectations [2]. They
face several hurdles that limit their capabilities, such as the adsorption of plasma proteins [3],
preliminary clearance [4], endosomal entrapment [5], premature drug release [6], or insufficient
target retention time [7]. Moreover, targeting moieties such as cell surface receptors are
frequently not expressed exclusively in one cell type but show a ubiquitous presence [8,9],
which demands for new strategies enabling distinct discrimination between target and off-target

tissue.

Viruses, as natural nanoparticles, are in contrast highly efficient in controlling their distribution
in the organism and selectively infecting their host target cells. They identify specific cell types
not by the presence of a single recognition motif, but by scanning the cell surface for a particular
composition of multiple enzymes or receptors. To do this, the virus binds to a specific structure
on the cell surface in a first step. If this initial attachment was successful, a multi-step cascade
is triggered, in which the virus interacts with additional target moieties. Only if the cell surface

composition exactly matches the viral recognition mechanism, internalization occurs [10,11].

Therefore, the aim of this work was the development of virus-mimetic nanoparticles as drug
delivery system, exploiting the beneficial properties of their blueprints to precisely control
biodistribution. Due to their excellent versatility with respect to particle size, charge, surface
composition, drug loading capabilities, biodegradability, and compatibility, polymeric

nanoparticles have been selected as platform for the investigations [12].
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Chapter 3 focuses on the development of nanoparticles targeting renal mesangial cells for the
treatment of mesangial cell-associated diseases such as IgA nephropathy, diabetic nephropathy,
or lupus nephritis, which frequently progress to end-stage renal disease. The particle system on
which this chapter is based was previously established by our work group [13,14] and mimics
the infection pathway of the human adenovirus (AV): after initial attachment to the coxsackie
and adenovirus receptor (CAR), the AV together with the bound receptor moves along the cell
surface via a lateral drift, presenting a previously shielded protein structure. Only if the revealed
sequence binds to the a.Bs-integrin receptor, receptor-mediated endocytosis occurs
(Fig. 1) [14-16]. The studies of Fleischmann et al. (2020,2021) [13,14] focused on mimicking
and in vitro evaluation of this targeting concept, using the angiotensin 1 receptor (AT1R)
antagonist EXP-3174 for target cell attachment and the a,3-integrin receptor agonist cRGD as
the revealed uptake signal. Additionally, first in vivo experiments had been performed,

evaluating the nanoparticle localization after one hour.

attachment
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Figure 1. Simplified scheme of the target cell identification and internalization mechanism of the

human adenovirus (AV). In the first step, the AV attaches to the coxsackie and adenovirus receptor
(CAR) on the cell surface via button-like end linkers of fiber proteins, followed by laterally drifting
motions on the cell surface. As a consequence, a previously shielded protein structure is revealed and
can bind the a,B;-integrin receptor, which leads to receptor-mediated endocytosis. Finally, acidification

of the endosome releases the viral capsid into the cytoplasm [14—16].
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The current research, in contrast, aimed to evaluate the applicability of the particles by
analyzing their residence time and efficacy in the renal target tissue in vivo. Therefore, particle
distribution and accumulation in mesangial cells were assessed by intravital microscopy over
24 h and by histological sections over 10 days. Furthermore, erastin, a ferroptosis-inducing
compound, was encapsulated into the particles to determine whether it is possible to deliver
sufficient drug quantities to the site of action to induce a biologically relevant effect. The
selection of a ferroptosis inducer, in this case, had multiple motivations: it allows the direct
visualization of effects via ferroptosis-dependent histological changes in the target tissue, the
erastin-loaded particles could serve as a novel, site-specific therapy for mesangial-proliferative
glomerulonephritis, and the application of the particles into healthy mice could be the basis for

a disease model for mesangial cell-associated diseases.

However, target cell recognition and uptake via membrane receptors can have a significant
drawback: for a large number of receptors, ligand binding is directly associated with the
initiation of intracellular signalling cascades [17,18]. In most cases, if the nanoparticle is
intended to serve as a drug delivery system to transport an active ingredient to the site of action,
this may lead to adverse drug effects. For this reason, as the second part of the project, an
advanced, virus-mimetic targeting concept was developed. It is not based on the interaction
with receptors such as G-protein coupled receptors (GPCRs) like the ATIR or integrin
receptors, such as the a,B3 receptor, but exclusively targets ectoenzymes, which is expected to

result in a significantly lower side-effect profile (Fig. 2A).

The SARS-CoV-2 virus is a viral role model that controls both target cell recognition and uptake
via the interaction with ectoenzymes [19]. In the first obligatory step, SARS-CoV-2 binds to
the angiotensin-converting enzyme 2 (ACE2) for target cell identification, which induces
conformational changes in the S1 subunit and exposes the S2’-cleavage site of the S2 subunit.
Subsequently, there are two different potential internalization pathways, a transmembrane
protease serin subtype 2 (TMPRSS2)-independent one with internalization via endosomal
uptake (Fig. 2B), and a TMPRSS2-dependent one (Fig. 2C), that causes membrane fusion [19].
The fact that the virus triggered a pandemic lasting from 2020 to 2023, with over 760 million
confirmed infections and at least 6.9 million deaths worldwide [20], demonstrates the
effectiveness of this infection pathway. For this reason, chapters 4-6 deal with the design of a
SARS-CoV-2-mimetic nanoparticle targeting concept, addressing ACE2-expressing cells,
which could be utilized for the targeting of strongly ACE2-expressing compartments. These
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include renal tubules, gallbladder, cardiomyocytes, male reproductive cells, eyes, and
vasculature [21]. Additionally, the particles could provide a platform for the direct targeting of
SARS-CoV-2 host cells, enabling tracking of the virus in the human organism, which might be

an innovative therapy option for acute COVID-19 disease or also post-covid symptoms.

Chapter 4 examines whether ectoenzymes are suitable cell identification structures and thus
provide a viable alternative to classical ligand-receptor concepts. Therefore, the selective and
potent ACE2 inhibitor MLN-4760 (MLN) was attached to the surface of polymeric
nanoparticles, which should promote the attachment to ACE2-positive cells without particle
internalization. The binding avidity to ACE2 and the inhibitory activity of MLN-modified
particles were quantified and mono- and co-culture experiments were performed to analyze the
targeting ability in vitro. Additionally, the localization of the nanoparticles after incubation with
ACE2-positive cells was determined microscopically since particle attachment without non-

specific uptake is necessary to allow the interaction with further targeting motifs.

For receptor-independent internalization, in Chapter S, nanoparticles were modified with
various cell-penetrating peptides (CPPs), which are small peptidic structures with highly
preferential cell uptake [22]. In the first step, the correlation between CPP netto charge,
resulting nanoparticle zeta potential, and the uptake-promoting properties was analyzed to
identify the most suitable CPP as receptor-independent uptake signal for the virus-mimetic
nanoparticle design. Subsequently, MLN-4760 was combined with a sterically shielded CPP,
which is only revealed after initial binding to ACE2, mimicking the TMPRSS2-independent
uptake route of SARS-CoV-2. In this way, selective uptake into ACE2-positive target cells

should be achieved.

To target SARS-CoV-2 host cells and enable tracking of the virus inside the organism, it might
be beneficial to further adapt the particle structure to the TMPRSS2-dependent internalization
pathway. Therefore, a TMPRSS2 cleavage sequence should be implemented into the polymer
chains, revealing the uptake signal exclusively after previous activation by the transmembrane
protease. Chapter 6 provides first considerations for the development of this targeting concept
and describes the lentiviral transduction of HEK293 cells for the generation of an ACE2 and

TMPRSS2 double-positive cell line, which is necessary for the following investigations.
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Figure 2. SARS-CoV-2 mimicry as blueprint for ectoenzyme-based nanoparticle targeting.
(A) Development of ectoenzyme-based targeting concepts as an alternative to classical receptor-based
targeting approaches. (B) TMPRSS2-independent uptake route of SARS-CoV-2: endosomal
internalization after attachment of the viral spike protein to the ACE2 enzyme. (C) TMPRSS2-
dependent uptake route: the transmembrane protease cleaves the S2’-subunit, resulting in dramatic
conformational changes that initiate membrane fusion and release of the viral RNA into the host cell

cytoplasm for replication [19].
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Abstract

A major shortcoming in the treatment of mesangial cell-associated diseases such as IgA
nephropathy, diabetic nephropathy, or lupus nephritis, which frequently progress to end-stage
renal disease, is poor drug availability in the glomerular mesangium. Drug delivery via active
targeting of nanoparticles, using ligands attached to the particle surface for target cell
recognition to increase the biodistribution to the mesangium, is a promising strategy to
overcome this hurdle. However, although several glomerular tissue targeting approaches have
been described, so far no study has demonstrated the particles’ ability to deliver sufficient drug
amounts combined with an appropriate nanoparticle target retention time to trigger relevant
biological effects in the mesangium. In our study, we encapsulated erastin, a ferroptosis-
inducing model compound, into adenovirus-mimetic, mesangial cell-targeting nanoparticles,
enabling the direct visualization of biological effects through ferroptosis-dependent histological
changes. By intravital microscopy and analysis of histological sections, we were not only able
to localize the injected particles over 10 days within the target cells but also to demonstrate
biological activity in the renal glomeruli. In conclusion, we have characterized adenovirus-
mimetic nanoparticles as a highly suitable drug delivery platform for the treatment of mesangial

cell-associated diseases and additionally provided the basis for a potential renal disease model.

Encapsulation of ||||Ferroptosis induction NP distribution Particle residence
ferroptosis inducer in vivo biological effect

_—~_-' PLA,-PEG,-EXP
—~, PLA,-PEG,-cRGD
NP-core (PLGA/PLA)
#°s Erastin
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1 Introduction

The mesangium is a highly relevant target for drug therapy, since it plays a pivotal role in the
integrity of the glomerular filter and is severely compromised in the pathogenesis of various
human kidney diseases [1-3]. Besides involvement in hemolytic uremic syndrome, lupus
nephritis, or diabetic nephropathy (DN) [4-6], mesangial pathophysiology is critical for
progression of immunoglobulin type A nephropathy (IgAN), which is the most prevalent
primary chronic glomerulonephritis worldwide [7]. Although there are numerous potential
drugs to inhibit pathomechanisms such as the overproduction of extracellular matrix or
mesangial cell hyperproliferation [2,8], there is no adequate causal therapy available to date.
This deficiency may be due to poor availability of drugs in the target tissue or severe side effects
mediated by off-target cells [6,9,10]. Therefore, all these therapeutic approaches would benefit

tremendously from strategies to selectively guide drugs to the mesangium.

In this context, active nanoparticle targeting is a promising tool, since it holds the potential to
effectively transport drugs to the site of action, maximizing the efficacy at the target site, while
minimizing adverse drug effects in off-target tissues [11]. To this end, ligands for specific cell
surface structures such as receptors [12,13] or ectoenzymes [14,15] are bound to the
nanoparticle surface, enabling them to selectively identify target cells and direct them to their
destination [16]. While it has already been shown that nanoparticles may reach their target tissue
in vivo by such active targeting strategies [3,17], there is only little information on the
subsequent fate of the particles. Since pharmacokinetic studies frequently focus on plasma
half-life and distribution on the organ and tissue level [18,19], intracellular particle residence
times that represent a critical factor are hardly known. A short retention time may result in a
reduced drug release at the target site and can, therefore, become a limiting factor for
pharmacological efficacy [20]. Moreover, it is essential to consider for which time period
biological effects can be expected and when nanoparticles are eliminated to determine
appropriate application intervals. With this study, we aimed to provide an actively targeted
nanoparticulate drug delivery system that is suitable for the treatment of mesangial cell-
associated diseases such as IgAN and DN in the future. We were particularly interested in the
particle residence time at the target site and the particle-associated biological effect, which

demonstrates successful drug delivery.

For our studies, we relied on a well-characterized and biocompatible, adenovirus-mimetic

nanoparticle approach for targeting mesangial cells, which was previously established by our
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group [21]. The polymer-based core-shell nanoparticle system presents two ligands one after
another: first, the angiotensin I receptor (AT1R) inhibitor EXP-3174 and thereafter the ayf;-
integrin substrate cRGDfK. Hereby, EXP-3174 induces cell binding and tethers the particle to
the cell surface. The successful binding reveals the previously sterically hidden integrin
receptor agonist cRGDfK, which can now bind to its receptor and trigger cell uptake (Fig. 1).
Therefore, after extravasation through endothelial fenestrations in mesangial areas, which have
an average diameter of 60-100 nm and thus an optimal size range for the NP passage [21,22],
the nanoparticles selectively recognize mesangial cell surfaces enabling a reliable and

reproducible targeting in vivo [21].

'PLA-PEG-X shell  PLGA core.

(1) AT1R binding (2) activation integrin a,8, EM'EXP“” ;
) ’CRGD NP cargo

LL(’ KJ(V % . \ "\~ cooH Erastin |
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mesangial cell

biological
effect

Figure 1. Illustration of the adenovirus-mimetic nanoparticle targeting concept. A sequential
uptake mechanism of the drug-loaded nanoparticle is mediated by the mesangial cell attachment via
EXP-3174, an inhibitor for the angiotensin I receptor (AT1R) attached to longer polymer chains in a
first step and the activation of the ayfs integrin receptor by its substrate cRGDfK attached to shorter
polymer chains as the second step [12]. The release of the transported drug triggers biological effects in

the target tissue.
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To obtain nanoparticles that trigger a well detectable biological effect, erastin, a ferroptosis-
inducing compound, was encapsulated as model substance for drug delivery. Erastin causes
tissue damage via iron-dependent accumulation of reactive oxygen species (ROS) [23,24]
(Fig. 2) and thus promotes physiological conditions related to the pathology in many kidney
diseases, which are frequently associated with excessive ROS activity [25,26]. This provides
direct evidence of whether sufficient drug is reaching the target site and additionally generates
local conditions that may serve as the basis for a disease model to study mesangial cell-
associated diseases in the future. The distribution of fluorescently labeled nanoparticles into
mesangial cells was tracked in vivo by longitudinal intravital microscopy (IVM). Drug efficacy

was investigated via histological sections.
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Figure 2. Ferroptosis induction by erastin. The triggering of various signaling cascades through
interaction with tubulin, voltage-dependent anion channels (VDAC), p53, and the system X¢~ causes an
excessive accumulation of lipid reactive oxygen species (L-ROS) and thus leads to the cell death

mechanism of ferroptosis [24].
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2 Materials and Methods

2.1 Materials

If not otherwise declared, all reagents and chemicals were purchased from Sigma Aldrich

(Taufkirchen, Germany) in analytical grade.

Ultrapure, deionized water was generated by a Milli-Q water purification system (Millipore,
Schwalbach, Germany). Dulbecco’s phosphate-buffered saline (PBS) was obtained from
Gibco® Life Technologies (Thermo Fisher Scientific, Waltham, MA, USA).

Heterobifunctional hydroxyl poly(ethylene glycol)-carboxylic acid with a molecular mass of
2,000 g mol! (OH-PEGx-COOH) and hydroxyl poly(ethylene glycol)Boc-amine
(OH-PEGsk-NH-Boc) with a molecular mass of 5,000 g mol™! were purchased from Jenkem
Technology USA Inc. (Allen, TX, USA). Cyclic RGDfK (cRGD) was obtained from
Synpeptide Co. (Shanghai, China).

Resomer RG 502 (PLGA; lactide:glycolide, 50:50 molecular mass, 13,400 g mol! was
purchased from Sigma Aldrich (Taufkirchen, Germany). Cyanine 5-amine (Cy5) for the

fluorogenic labeling of the nanoparticles was sourced from Lumiprobe (Hannover, Germany).

The cellulose dialysis membranes for polymer purification were purchased from Spectrum
Laboratories, Inc (Rancho Domingues, CA, USA). Nanoparticle solutions were concentrated
with centrifugal devices with a molecular weight cut-off of 100 kDa, which were obtained from

Pall Life Sciences (Portsmouth, UK).

4 % BCL Agarose Beads Fine were used as column material for size exclusion chromatography

(SEC) and purchased from Agarose Bead Technologies ABT (Madrid, Spain).

SV40 MESI3 cells were sourced from the American Type Culture Collection (ATCC)
(Manassas, VA, USA). For the preparation of cell culture medium, fetal bovine serum (FBS)

was purchased from Invivogen (Toulouse, France) and HEPES was obtained from Gibco

(Thermo Fisher Scientific, Waltham, MA, USA).

For confocal scanning microscopy (CLSM) experiments the cells were seeded in 8-well
microscope slides from Ibidi (Gréfelfing, Germany). The 96-well plates for cell death

experiments were purchased from Greiner (Frickenhausen, Germany).
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2.2 Synthesis of EXP-3174

Losartan carboxylic acid (EXP-3174) was obtained by oxidation of losartan with potassium
permanganate as previously described by Abstiens et al. (2020) [27]. Therefore, losartan
potassium (Santa Cruz Biotechnology, Heidelberg, Germany) (1 eq, 2 g) was dissolved in
50 mL 0.1 N sodium hydroxide solution (NaOH) and cooled down to 0 °C. 50 mL of an ice-
cold aqueous solution of potassium permanganate (0.2 M) (Merck, Heidelberg, Germany) was
added. The reaction mixture was stirred for 4.5 h at RT. The product was then precipitated by
adjusting the pH with 1 N hydrochloric acid (HCl) until the supernatant turned pink. The
reaction product was washed by centrifuging (3000 g, 4 °C, 15 min), discarding the supernatant,
and resuspending the precipitate in water. This washing step was repeated twice. Afterward, the
product was isolated by adjusting the pH to moderately alkaline conditions (pH 8-9) with I N
NaOH to dissolve the product and remove manganese dioxide by centrifugation (3000 g, 15
min, 4 °C). The product was precipitated from the supernatant by acidification with 1 N HCI
(pH 3-4) and then extracted with ethyl acetate in a separating funnel. Ethyl acetate was removed
with a rotary evaporator. The resulting product was taken up in 13 mL ethanol, filtered with a
syringe filter (0.2 pm), precipitated in a 20-fold excess of water, and freeze-dried to obtain a
dry powder. The identity and purity of EXP-3174 were verified by "H-NMR (Bruker Avance 111
HD 400) and high-resolution mass spectrometry analysis (HRMS). HRMS was performed on a
Q-TOF 6540 ultrahigh definition (UHD) LC/MS system by Agilent Technologies (Waldbronn,

Germany) using an electrospray ionization (ESI) source.

23 Polymer Synthesis and Modification

Poly(lactic acid)-poly(ethylene glycol) (PLA-PEG) block-copolymers were synthesized after
Qian et al. (2011) [28] via ring-opening polymerization of cyclic lactide with modifications
previously described by our group [12,29]. Therefore, 3,6-dimethyl-1,4-dioxane-2,5-dione was
recrystallized from ethyl acetate at 85 °C and dried under vacuum at 38 °C for 12 h before use.
For the ring opening polymerization, the heterobifunctional PEG polymers OH-PEGs-NH-Boc
or OH-PEG2k-COOH, respectively, served as macroinitiator. One equivalent (1 eq, 0.19 mmol)
was dissolved in 10 mL of anhydrous DCM in a round bottom flask and mixed with 3,6-
dimethyl-1,4-dioxane-2,5-dione (70 eq, 13.3 mmol) and 1,8-diazabicyclo[5.4.0] undec-7-ene
(DBU) (3 eq, 0.57 mmol). The round-bottom flask was fitted with a drying tube and the reaction

mixture was stirred at RT for exactly 1 hour. Afterward, the polymerization reaction was
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quenched by adding benzoic acid (10 eq, 1.92 mmol). The solution was added dropwise to
100 mL ice-cold diethyl ether to precipitate the block copolymer. The suspension was
centrifuged for 15 min (3000 g, 4 °C) and the supernatant was decanted. The resulting solid
was dried under nitrogen flow overnight at RT. For PLAo-PEGsk-NH-Boc, the polymer
synthesis was followed by a cleavage reaction, to release the free amine for ligand coupling. In
brief, the Boc-protected polymer was dissolved in a mixture of dichloromethane (DCM) and
trifluoroacetic acid (TFA) (1:1 v/v, 10 mL) and stirred for 30 min at RT. After evaporation of
DCM and TFA via a rotary evaporator, the polymer was purified by precipitation in ice-cold
diethyl ether (100 mL). After centrifugation (3000 g, 15 min, 4 °C), the supernatant was
decanted and the solid was again dried under nitrogen flow. The resulting polymers with 10 kDa
poly(lactic acid) (PLA) content (PLA10k-PEG2x-COOH and PLAo-PEGsk-NH») were
characterized via "H-NMR (Supporting Information, Chapter 1).

The ligands EXP-3174 and cyclic RGDfK (cRGD) were coupled to PLA10k-PEGs-NH> and
PLA10k-PEG2x-COOH as previously described by our group [21] with slight modifications.

EXP-3174 (3.5 eq, 80 mg) was weighed in a snap cap tube and dissolved in 3 mL anhydrous
N,N-dimethylformamide (DMF). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
(10 eq, 99.7 mg) and N-hydroxysuccinimide (NHS) (5 eq, 29.9 mg) were added, and the
solution was stirred for 2 h at RT. PLA10k-PEGsi-NH:z (1 eq, 800 mg) was dissolved in 2 mL
anhydrous DMF and N, N-diisopropylethylamine (DIPEA) (17.5 eq, 179 uL) was added. The

polymer solution was added dropwise to the ligand solution and stirred for further 24 h at RT.

The reaction mixture was precipitated in a mixture of ice-cold methanol and diethyl ether
(1:15 v/v, 100 mL) and centrifuged at 3000 g for 15 min at 4 °C. The reaction product was dried
overnight under nitrogen flow. The dried solid was dissolved in 2 mL acetonitrile (ACN) and
added dropwise into vigorously stirring millipore water (20 mL). The resulting polymer
micelles were stirred for 3 h at RT. The solution was dialyzed in 4 L millipore water using a
6-8 kDa molecular weight cut-off dialysis tube for 24 h (with medium change after 30 min, 2 h,
and 6 h) to remove uncoupled ligand and reagents. The purified polymer solution was freeze-

dried for 3 days.

For the synthesis of PLA10k-PEG2-cRGD, the polymer PLA 1o«-PEG2-COOH (1 eq, 250 mg)
was dissolved in 5 mL DMF. EDC (25 eq, 100 mg) and NHS (25 eq, 60 mg) were added and
the solution was stirred at RT for 2 h. The excess of EDC was quenched by the addition of

J3-mercaptoethanol (35 eq). The reaction mixture was stirred for 15 min before the ligand cRGD
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(3 eq, 37.9 mg) and DIPEA (10 eq, 35.6 uL) were added and the solution was left to stir for
further 24 h. The reaction product was precipitated into a mixture of ice-cold methanol and
diethyl ether (1:15 v/v, 100 mL) and centrifuged at 3000 g for 15 min at 4 °C. The supernatant
was decanted and the reaction product was dried under nitrogen flow overnight at RT. The dried
solid was dissolved in a mixture of dimethyl sulfoxide (DMSO) and ACN (1:10 v/v, 2 mL), and
the solution was added dropwise into vigorously stirring millipore water (20 mL). The resulting
polymer micelles were purified and freeze-dried analogously to the coupling of EXP. For
polymer synthesis, modification, and characterization refer to the supporting information

(Supporting Information, Chapter 1-3).

24 Quantification of EXP-3174

Inverse quantification of EXP-3174 bound to the PLA10x-PEGsx-NH> polymer was performed
by detecting primary amines of the unreacted polymer according to
Udenfriend et al. (1972) [30]. The modified polymer was solved in 400 pL. ACN to a
concentration of 10 mg/mL, added dropwise into 4 mL vigorously stirring millipore water, and
stirred for 3 h at RT. For calibration, micelles with different ratios of amine- (representing
unreacted) and carboxy-terminated (representing EXP-modified) polymer were prepared.
170 pL borate buffer pH 8.5 was added into a white 96-well plate, followed by 10 pL of the
polymer micelle solution, and the mixture was shaken for 5 min at RT at 150 rpm. Subsequently,
20 pL of a fluorescamine solution in ACN at a concentration of 0.3 mg/mL was added to the
samples, and the plate was shaken for 15 min at RT at 150 rpm. The fluorescence was measured
using a FluoStar Omega fluorescence microplate reader (BMG Labtech, Ortenberg, Germany)
with an excitation wavelength of 390 nm and an emission wavelength of 475 nm. The degree

of modification was determined and considered for particle preparation (Fig. S5).

2.5 Quantification of cRGDfK

The percentage of polymer which was successfully modified with cRGD was determined using
a previously described method based on the quantification of arginine [31]. For this purpose,
PLA10k-PEG2k-cRGD was dissolved in ACN to a concentration of 10 mg/mL, and 400 pL of
the polymer solution was added dropwise into 4 mL vigorously stirring millipore water. The

micelles were stirred for 3 h under the fume hood to evaporate the organic solvent. For the
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quantification of the modified polymer, a calibration curve was recorded using unmodified
polymer micelles with additives of free cRGD. 250 pL of polymer micelle samples were mixed
with 875 pL of a working solution consisting of 9,10-phenanthrene quinone (150 uM in
ethanol) and 2 N NaOH (6:1 v/v) in an Eppendorf cup. After an incubation period of 3 h at
60 °C, the reaction mixture was transferred to a black 96-well plate and diluted with 1 N
hydrochloric acid (HCI) in a ratio of 1:1 v/v. After incubation for 1 h at RT the fluorescence
was measured at a Synergy Neo2 Multi-Mode Microplate Reader (BioTek Instrument Inc.,
Winooski, VT, USA) with an excitation wavelength of 312/7 nm and an emission wavelength
of 395/7 nm. The degree of modification was determined and considered for particle

preparation (Fig. S5).

2.6 Nanoparticle Preparation and Encapsulation of Erastin

The structure of the adenovirus-mimetic nanoparticles used as drug carrier was previously
developed by our group [12]. Slight modifications in the polymer synthesis, characterization,
and fluorogenic labeling of the nanoparticles were implemented to optimize drug encapsulation
and nanoparticle detection in vivo. Ester terminated 13.4 kDa poly(lactic-co-glycolic acid)
(PLGA), constituting the NP core, and the previously described PLA-PEG block-copolymers
were mixed at a 30:70 mass ratio to a final concentration of 10 mg/mL in acetonitrile (ACN).
The nanoparticles were prepared according to Fleischmann et al. (2020) [21] with 15 % cRGD
on short polymer chains (PLA1ok-PEG2k) and 25 % EXP-modified long polymer chains
(PLA10k-PEGsk). The remaining nanoparticle surface was packed with unmodified
PLA1ok-PEGsk-COOH  polymer chains as spacers. NPs were prepared via bulk
nanoprecipitation. For the encapsulation of erastin, the drug was dissolved in ACN (10 mg/mL)
and added to the organic, polymer-containing solution. The prepared polymer/erastin mixtures
with polymer concentrations of 10 mg/mL and the erastin quantity specified in the
corresponding experiments were added dropwise into a 10-fold excess of vigorously stirring
millipore water, 10 % Dulbecco’s phosphate buffered saline pH 7.4 (PBS), or 100 % PBS to a
final polymer concentration of 1 mg/mL. To maximize the amount of encapsulated erastin,
different drug to polymer rations were used during particle preparation. The free erastin was
separated from the prepared nanoparticles via SEC with agarose beads as column material,
which was coupled to dynamic light scattering (DLS) for the detection of the eluted

substances (Fig. S9). The prepared nanoparticles were analyzed for particle stability using
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DLS (Fig. S8). Furthermore, the encapsulation efficiency (EE) and the loading capacity (LC)
of the particles were determined. A detailed description is provided in the supporting

information (Chapter 9).

2.7 Nanoparticle Characterization and Determination of NP Concentration

The PDI and the zeta potential of the NPs were analyzed using a Malvern Zetasizer Nano ZS
(Malvern, UK). The samples were analyzed with a 633 nm He-Ne laser at an angle of 173° at
RT. Nanoparticle size and concentration were determined using nanoparticle tracking analysis
(NanoSight NS300, Malvern, UK). Prior to measurement, the particles were diluted with

millipore water to a concentration of particles per frame between 20 and 100.

2.8 Fluorescent Labeling of Nanoparticles

The fluorescent labeling of the nanoparticles was performed according to Walter et
al. (2023) [14]. Carboxy-terminated PLGA was covalently linked to the fluorescent dye
Cyanine5 (Cy5) to label the nanoparticle core. Therefore, carboxylic acid-terminated
PLGA (1 eq), Cyanine5 amine (0.1 eq), and 3-[bis(dimethylamino)methyliumyl]-3H-
benzotriazol-1-oxid-hexafluorophosphat (HBTU) (2 eq) were dissolved in the smallest possible
amount of DMF. N, N-diisopropylethylamin (DIPEA) (4 eq) was added and the reaction mixture
was stirred overnight at RT. Subsequently, the reaction product was precipitated in 100 mL ice-
cold diethyl ether and centrifuged at 3000 g for 15 min. The supernatant was decanted, and the
residue was dried under nitrogen flow. The dried precipitate was taken up in acetonitrile and
the precipitation process was repeated three times as already described or at least until the
supernatant was no longer bluish in color. The product was dried overnight under nitrogen. The
labeled polymer was used as a replacement of plain PLGA in the preparation of fluorescent

nanoparticles.

2.9 Concentration of Nanoparticles and Quantification of Encapsulated Molecules

per Particle

To upscale particle concentration for in vitro and in vivo experiments, the prepared nanoparticles

were concentrated and purified from free erastin using ultracentrifugal filters with a molecular
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weight cut-off of 100 kDa at 3000 g to separate free erastin. The centrifugation time varied
between encapsulation and cell experiments (20 min) and NP preparation for in vivo
studies (4 h). In order to avoid any entrainment, the nanoparticles were additionally purified by
two washing steps with PBS before analysis or usage. After nanoparticle concentration and
purification, the particle concentration was determined, and a defined number of nanoparticles
was lyophilized for three days. The freeze-dried product was dissolved in DMSO and analyzed
via high-performance liquid chromatography (HPLC) using a Phenomenex Gemini 3 uM NX
C18 110 A column (size 150 x 4.6 mm) (Phenomenex, Aschaffenburg, Germany) at an oven
temperature of 40 °C during analysis. As a mobile phase, 0.05 % trifluoracetic acid (TFA) in
millipore water and 0.05 % TFA in acetonitrile were used. Absorbance was detected at 220 nm.
The following linear gradient was applied: acetonitrile/TFA (0.05 %) (v/v) 0 min: 10:90,
25 min: 95:5; flow rate: 1.0 mL/min. The injection volume was 5 pL. Erastin showed a constant

retention time of 12.4 min.

2.10 Cell Culture

For cell culture experiments SVA0MES13 (ATCC, CRL-1927) cells, which were stably
expressing Cas9 after lentiviral transduction, were used. LentiCas9-Blast was a gift from Feng
Zhang (Addgene viral prep # 52962-LV; http://n2t.net/addgene:52692 , RRID:Addgene 52962)
[32]. They were cultured in a mixture of DMEM and Ham’s F-12 medium in a ratio of 3:1 to
which HEPES was additionally added to a concentration of 14 mM and penicillin streptomycin
solution (pen-strep) to a concentration of 100 U/mL. For the cultivation of the cells, 10 % fetal

bovine serum (FBS) was added to the medium.

2.11 Cell Cytotoxicity Test

For cell death studies 20,000 cells/well were seeded in a 96-well plate. After an incubation
period of 24 h at 37 °C the cell medium was aspirated, and the cells were washed with
prewarmed PBS. Different amounts of free erastin or nanoparticles, respectively, were added to
the cells and incubated as indicated. Afterward, the samples were aspirated and 100 puL of MTT
working reagent was added to the wells. For the preparation of MTT working reagent 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid was solved in a concentration of

1 mg/mL in cell culture medium. The cells were incubated for 3 h before the MTT solution was
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aspirated and 100 pL of isopropanol was added. The 96-well plate was then sealed and
incubated in the dark until all violet crystals were solved for at least 60 min. For the evaluation
of the cell death assay the absorptions at 570 and 690 nm were measured at a Synergy Neo2
Multi-Mode Microplate Reader (Biotek Instrument Inc., Winooski, VT, USA). For cell
viability, the difference in absorbance was evaluated and the results were normalized to
untreated cells. Since free erastin was dissolved in DMSO due to its solubility and diluted with
cell culture medium, the maximal applicable DMSO concentration without causing cell damage
was determined in a preliminary experiment to exclude falsification of the results due to cell
death triggered by DMSO (Fig. S15). Therefore, the maximum amount of DMSO was limited
to 0.5 %.

2.12 Confocal Scanning Microscopy (CLSM) Analysis

To confirm the results determined via the MTT assay, CLSM experiments were performed.
6,500 cells/well were seeded in an 8-well Ibidi-slide and incubated for 24 h at 37 °C. The
samples were added and incubated for further 16 h at 37 °C. Free erastin was used at a
concentration of 300 nM, and the nanoparticles, prepared in millipore water, were utilized at a
concentration of 51.3 pM, which corresponds to the equivalent amount of erastin. Cell medium
without any additives served as blank. Nanoparticles without erastin encapsulated served as
negative control. Subsequently, the cells were washed with 200 uL PBS. 250 pL of calcein-AM
working reagent was added to the wells and incubated for 30 min at 37 °C. The calcein working
reagent was prepared by solving 50 pg calcein AM in 80 uL DMSO and diluting 1:10,000 with
DMEM medium without FBS. The supernatant was removed and 250 pL Leibovitz medium
(LM) were added. Immediately before microscopy, propidium iodide (PI) was added at a
concentration of 2 pg/mL in LM. CLSM was performed using a Zeiss LSM 710 (Carl Zeiss,
Microscopy GmbH, Jena, Germany). Images were analyzed using ZEN 3.5 (blue edition)

software.

2.13 Animals

Eight-week-old male C57BL/6 (Janvier Labs) mice were used in the experiments. Animals were
housed at constant temperature and humidity, and with a 12:12 hour light-dark cycle. Mice had

access to water and food ad libitum. All animal experiments were performed in accordance with
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the Federal Law on the Use of Experimental Animals in Germany and were approved by the
local authorities (Landesdirektion Sachsen). Animal experiments were consistent with the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH
Pub. No. 85-23, Revised 2011).

2.14 Intravital Microscopy

For intravital microscopy, C57BL/6 mice were anesthetized (2.5 % isoflurane, 0.8 L/min,
Baxter, UnterschleiBheim, Germany) and the abdominal body window was implanted for
repeated kidney imaging [33]. The next day, the mouse was anesthetized and prepared for
imaging with an upright Leica SP8 multiphoton laser scanning microscope as previously
described [34]. Multiphoton imaging was performed with 860 to 910 nm laser excitation to
visualize Cy5-labeled nanoparticles or fluorescein isothiocyanate (FITC)-conjugated dextran
(150 kDa), respectively. Nanoparticle distribution was observed every half hour for 3 h

immediately after injection and a second time 24 h after the first injection.

2.15 Experimental Setup

50 pL of a solution with erastin-loaded nanoparticles in a particle concentration of 174 nM,
which corresponds to an erastin concentration of approximately 3 mM, were intravenously
administered to the animals. Control animals received the same amount of erastin-free
nanoparticles. Six days after nanoparticle injection, an unilateral nephrectomy was performed
as previously described [35]. In brief, the mice were anaesthetized (2.5 % isoflurane (Baxter,
UnterschleiBheim, Germany) and the flank was opened to perform a ligature at the renal hylus.
After separation of the kidney from the hilum, the kidney was removed, and the wound sutured.
Analgetics were applied intraoperatively (0.05 mg/kg buprenorphine). 10 days after the
nanoparticle injection, mice were euthanized under ketamine/xylazine anesthesia. Prior to
kidney harvest, the mice were perfused with isotonic 0.9 % saline. The kidneys were cut in half
and one part was fixed in zinc fixative (0.5 g calcium acetate, 5 g zinc acetate, 5 g zinc chloride
dissolved in 0.1 M TRIS-buffered solution (pH 7.4)) overnight with subsequent paraffin
embedding. The other half was fixed in 4 % paraformaldehyde/PBS overnight, transferred to
18 % sucrose/PBS overnight, and embedded in TissueTeK (ThermoFisher, Waltham, MA,
USA) on dry ice.
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2.16 Immunostaining of Histological Sections

For immunofluorescent staining, antigen-retrieval was performed on frozen sections (6 um) by
boiling the sections in tris-EDTA buffer (pH 8.8) for 5 min. The sections were permeabilized
for 10 min at RT using 0.5 % Triton-X100 and blocked with 5 % normal donkey serum for
30 min at RT. The sections were stained with primary antibodies overnight at 4 °C. Secondary
antibodies were incubated for 2 h at RT. As primary antibodies alpha-8-integrin (R&D systems,
#AF4076) and anti-NPHS2 (Abcam, #ab50339) were used. 555-labeled anti-goat (Invitrogen,
#A-21432) and 488-labeled anti-rabbit (Thermo-Fisher, #A-21206) were used as secondary
antibodies. The sections were counterstained with the nuclear marker DAPI. Confocal
microscopy for representative images was performed with the Zeiss Observer Z.1 with an
ApoTome as previously described [35,36]. For periodic acid-schiff (PAS)-staining, paraffin-
embedded kidneys were cut into 2 um sections, deparaffinized, rehydrated and stained with

PAS reagent. Sections were counterstained with hematoxylin.

217 Statistics

Statistical analysis was performed using Graphpad Prism Software 8.3.0. One-way ANOVA
with a Tukey’s multiple comparisons test (Fig. 3) or two-way ANOVA with a Sidak’s multiple
comparisons test (Fig. 4) was performed for statistical evaluation of significance. The number
of performed experiments (n) and the resulting significance levels are indicated in the figure

legends.
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3 Results

3.1 Preparation and Characterization of Drug-Loaded Adenovirus-Mimetic

Nanoparticles for Mesangial Cell Targeting

As demonstrated by DLS and NTA measurements, we were able to prepare nanoparticles in

good agreement with the data previously published by our work group (c¢7) [12].

Increasing erastin to polymer ratios were evaluated to achieve maximal drug encapsulation
while maintaining particle stability. PDI and particle size characterization via DLS
measurements showed a maximally applicable amount of 25 nmol erastin/mg
polymer (Fig. S8). To ensure that this ratio corresponds to the maximal amount of erastin
encapsulated, the encapsulation efficiency and the loading capacity of the nanoparticles were
evaluated via HPLC (Fig. 3A-B, Fig. S10). EE and LC both showed a maximum for 25 nmol
erastin / mg polymer (Fig. S11), which was in line with the maximally applicable amount and,

therefore, this ratio was used for all further experiments.

Furthermore, the impact of the composition of the aqueous phase during particle preparation as
well as particle labeling with Cy5 on drug encapsulation was analyzed. While particle labeling
had no significant effect on the amount of active ingredient encapsulated, changing the aqueous
phase from deionized water to PBS showed a major impact. The increased salt content during
nanoparticle preparation led to a strong increase of the average encapsulated number of
molecules per particle from 3555 (£ 988) to 16742 (= 1854) (Fig. 3C). It was shown previously
that increasing the core component PLGA compared to the shell component PLA-PEG may
have beneficial effects on the EE of drugs [37,38]. However, for the encapsulation of erastin,
rising PLGA concentrations led to a decrease in the amount of encapsulated drug and an
increase in nanoparticle size (Fig. S13). Figure 3D summarizes our findings with respect to the
EE. To maximize the amount of encapsulated erastin, a core-to-shell polymer ratio of 30:70 was

used, and for in vivo experiments, the nanoparticle preparation was performed in PBS.

Finally, particle stability and the stability of the fluorescent labeling were examined to ensure
that neither particle aggregation nor release of CyS5 could distort the study of the in vivo particle
residence time. Since no changes could be detected for one week (Fig. S14), we concluded that

the particles were stable enough to be used in the subsequent experiments.
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Figure 3. Determination of the amount of encapsulated erastin molecules per particle by HPLC
and the influence of various preparation parameters. (A) HPLC chromatogram of free erastin.
(B) HPLC chromatogram of freeze-dried and solubilized nanoparticles (Supporting Information,
Chapter 10). (C) Comparison of the encapsulated drug amount after preparation in different aqueous
phases and the impact of particle labeling. (D) Summary of the impact of particle preparation parameters
on drug encapsulation. Results represent mean = SD (n = 3, levels of statistical significance are indicated

as *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).

3.2 Investigation of Ferroptosis Induction In Vitro

To demonstrate that a sufficient amount of drug could be encapsulated and that its application
in vivo may cause ferroptosis, cytotoxic efficacy was tested in vitro using the mesangial cell
line SVAOMES13. MTT assays were performed to detect the resulting cytotoxicity triggered by

erastin, as already described in literature [23,39,40].

Both drug-loaded adenovirus-mimetic nanoparticles and free erastin showed a concentration-
and time-dependent cytotoxic response. 10 nM erastin solutions caused cytotoxic effects that
could be detected after 8 h, which increased with higher erastin concentrations and incubation
times (Fig. 4A). Even after a longer incubation period of up to 72 h, lower concentrations of
erastin showed no cytotoxicity and cell viability remained at the level of untreated

cells (Fig. 4B).
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The effect of drug-loaded nanoparticles, the erastin content of which was identical to the free
active ingredient, was in a similar range after 10 h but occurred significantly earlier. Already
after an incubation time of 4 h, a decrease in cell viability could be detected, and the difference
became significant after 6 h (Fig. 4C-D). The biocompatability of the carrier system was already
demonstrated in a previous study after DIN EN ISO 10993-5:2009 with L929 cells [21], and
was additionally evaluated with the mesangial cell line SVA0MES13. Nanoparticles without
encapsulated drug showed no or at most weak time-independent cytotoxic properties
(Fig. 4E-F). Thus, the occuring cell death after treatment with erastin-loaded particles was

clearly attributable to the nanoparticle cargo.

The cytotoxic properties were also confirmed by confocal scanning microscopy (Fig. 5). For
this purpose, cell viability was compared after treatment with free erastin, erastin-loaded
nanoparticles, or drug-free control nanoparticles, respectively, after 16 h. The treatment with
control particles did not lead to any morphological changes compared to untreated cells.
Furthermore, the viability staining with calcein and PI showed that the cells were calcein
positive, which indicates enzymatic activity of living cells [41] and PI negative, which would
stain dead cells [41]. Therefore, the control nanoparticles showed no detectable cytotoxic
effects and served as negative control, which is in line with previous data on the
biocompatibility of the adenovirus-mimetic particles [12]. The erastin-treated cells, in contrast,
showed a spherical shape and were PI positive. The drug loaded nanoparticles exhibited a
similar effect to free erastin, although a tendency towards stronger residual staining with
calcein-AM was observed after treatment with free erastin. This was consistent with the MTT
assay results, which showed a slower onset of cytotoxic effects for the free drug compared to
erastin-loaded nanoparticles. Nevertheless, it should be noted that the quantitative survival rates
determined by MTT and CLSM cannot be directly compared, since cytotoxicity is also related
to cell density (Fig. S16). In conclusion, it was confirmed that a sufficient amount of erastin
was encapsulated to generate a biological effect in vitro, suggesting that ferroptosis induction

may also be possible in vivo.
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Figure 4. Biological effect of erastin-loaded nanoparticles in vitro via MTT-assay. (A) Effect of free

erastin over 10 h of incubation. (B) Effect of free erastin for 24 to 72 h. (C) Effect of erastin-loaded NPs,

concentrations represent the amount of encapsulated erastin. (D) Comparison of the effect of free and

encapsulated erastin in a concentration of 1 uM. (E) Evaluation of the cytotoxicity of drug-free control

NPs (NP concentration corresponding to the NP concentration analyzed in Fig. 4D, 171 pM).

(F) Evaluation of cell morphology after 10 h incubation with control-NPs or cell culture medium (blank)

using transmitted light microscopy to detect cytotoxicity-dependent changes. Scale bar: 200 um. Results

represent mean + SD (n > 3, levels of statistical significance are indicated as *p < 0.05, **p < 0.01,

*#¥p < 0.001, ***¥p <0.0001).
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Figure 5. CLSM image of viability staining of SV40MES13 cells after treatment with erastin-
loaded nanoparticles. The viability of the cells was examined after 16 h of treatment with free erastin
or erastin-loaded adenovirus mimetic nanoparticles. Calcein stains living cells with esterase activity,
while PI labels dead cells. Cells without treatment and treatment with control nanoparticles without
erastin served as negative controls and did not show cytotoxicity, while both free erastin and erastin-

loaded nanoparticles had a strong cytotoxic effect due to the ferroptosis induction. Scale bar: 50 um.

33 Nanoparticle Distribution and Residence Time In Vivo

As the adenovirus-mimetic nanoparticles are intended to serve as a variable, targeted drug
delivery platform to the glomerular mesangium, the distribution and accumulation of drug-free
particles in the target tissue was monitored by intravital microscopy (Fig. 6). Directly after
particle injection, the highest fluorescence was detected in the blood vessels. Thereafter, particle

fluorescence gradually decreased over time. After 135 min, the fluorescence had declined
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substantially, but was still visible. 24 h after injection, there was no residual fluorescence in the

blood vessels and the nanoparticles could specifically be detected in the glomeruli.

before injection t=0 t=15min t =45 min

t=75min t =90 min t =135 min t=24h

Figure 6. Distribution of nanoparticles irn vivo via longitudinal intravital microscopy. FITC

conjugated dextran (green) was injected to simplify the localization of the glomeruli prior to the injection
of the nanoparticles (upper left panel). The distribution of the Cy5-labeled nanoparticles (purple) was
observed over 24 h. The arrows indicate the localization of the nanoparticles after 24 h, which had been

taken up by glomerular cells. Scale bar: 20 um.

As an orthogonal method for intravital microscopy and to enable the study of longer observation
periods of particle residence time, immunostaining of histological sections was
performed (Fig. 7). The generated kidney sections were stained with antibodies for NPHS2
(podocin), which visualized the glomerular slit membrane and the podocytes [42]. The antibody

for a8-integrin stained membranes of mesangial cells, the target cells of the nanoparticles [43].

After 24 h, the nanoparticles were observed specifically inside mesangial cells, as indicated by
the close proximity to the a8-integrin staining. The particles were visible in the mesangium for

up to 10 days after injection.

121



Chapter 3

podocin
AF488

a8-integrin
Cy3

NP
Cy5

merged
+ DAPI

Figure 7. Immunostaining of histological sections. Localization of adenovirus-mimetic nanoparticles
without erastin in the mesangium at different time points (day 6 or day 10) after particle injection for
the estimation of the particle residence time in vivo. The dashed circles represent the location of the

glomeruli. Scale bar: 50 pm.
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34 Biological Effect Mediated by the Nanoparticle Cargo

10 days after the injection of erastin-loaded particles, structural changes in the tissue of interest
were observed. They indicate the induction of ferroptosis in mesangial cells by the release of
erastin. At this point in time, several glomeruli showed distinct structural changes compared to
the control group without the encapsulated drug (Fig. 8). In addition to an increase of the PAS-

positive area inside the glomeruli, an increase of the total glomerular size was observed, and

Bowman’s capsule was more prominent.

Figure 8. Structural changes in the glomerulus. PAS staining was performed on kidney sections
10 days after the injection of (A) unloaded or (B) erastin-loaded nanoparticles. Erastin-loaded
nanoparticles led to a moderate increase in the PAS-positive area (open arrow) and a prominent PAS-

positive Bowman‘s capsule (arrow head).
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4. Discussion

The results presented are of relevance for the further development of therapeutics for the
treatment of mesangium-associated diseases. The implementation of an actively targeted drug
delivery system provides the opportunity to increase the amount of drug transported to the
mesangium while minimizing adverse drug effects [44]. Three key factors play a decisive role
in the development of a nanoparticle-based therapy: reaching the target site, sufficient particle
retention for efficient intracellular drug release, and achieving a biological effect in the target
tissue [45,46]. Many studies on actively targeted nanotherapeutics address some of these
issues [3,12,47]. However, to offer a clinically applicable therapy option, all three aspects must
be considered in combination, which has been a major hurdle to date. Our group previously
demonstrated that after extravasation through endothelial fenestrations, adenovirus-mimetic
nanoparticles accumulate in significantly higher amounts in mesangial cells than unmodified
control particles [12]. However, besides the question of whether the nanoparticles allow
sufficient drug transport to the mesangium, it must be clarified if the particle residence time in
the target tissue is long enough to release the active substance and achieve sensible application
intervals. Both questions have remained unanswered so far since the particle localization was
analyzed merely after 60 min and without an encapsulated drug. A closer look into the literature
reveals that there is little information available on the nanoparticle residence time in specific
target tissues in the living organism, especially after active nanoparticle targeting [48]. Most
available studies only describe the half-life in blood circulation [49,50], the residence time on
the organ level in general [19,51], or in specific tumor tissues [52], respectively. Furthermore,
the in vivo observation time is often not longer than 48 h [53,54]. Therefore, the residence time
of nanoparticles in cells of non-malignant target tissues is frequently completely unknown. We
were successful in the reproducible targeting of mesangial cells and detected intracellular
nanoparticles for up to 10 days. Even if the residence time is not necessarily equivalent to the
duration of drug release, a long nanoparticle retention time provides the basis for a long-acting
therapeutic concept, which is a prerequisite for the applicability of a nanoparticle-based
therapeutic approach. Moreover, we reliably encapsulated erastin in the nanoparticle core,
which allowed the direct visualization of biological effects due to its ferroptosis-inducing
properties in vitro and in vivo and thus the estimation of the time course of pharmacological
effects. Simultaneously, the erastin-loaded nanoparticles may provide the basis for a disease
model of mesangial cell-associated diseases and additionally may serve as a new site-specific

therapeutic strategy in hypercellular mesangial-proliferative glomerulonephritis. Structural
124



Adenovirus-mimetic Nanoparticles in Renal Target Tissue

changes were observed in the glomeruli 10 days after the injection of erastin-loaded particles,
but not after injection of control particles. This demonstrated that a sufficient drug quantity was
delivered to the target tissue to induce a biological effect. This is highly promising, since by
adjusting the particle concentrations or application intervals, the mediated effect could be
further modified and adapted to different therapy objectives. We consider this finding an initial

proof of concept, justifying further research.

Even if promising studies on targeting the glomerulus with nanoparticles are currently
available, such as Wu et al. (2021) [55], using peptide-coupled CLT-phospholipid lipid
nanoparticles for the targeted delivery of celastrol to the glomerular endothelium, or Li et
al. (2019) [47] targeting the glomerular mesangium with targeted PLA-PEG nanoparticles, to
our knowledge no study combines successful targeting with the determination of the
nanoparticle retention time in the glomerulus and additionally the detection of biological effects

in vivo.
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5. Conclusion

In this study, we encapsulated the ferroptosis-inducing compound erastin into adenovirus-
mimetic nanoparticles, targeting the glomerular mesangium in vivo. Intravital microscopy and
histological examinations demonstrated the successful accumulation in target cells and proved
intracellular particle residence time over the entire investigation period of 10 days. By
encapsulating a ferroptosis-inducing compound, we were able to visualize a biological effect
induced by the nanoparticle cargo, which provides evidence for successful drug delivery to the
target tissue and may serve as a basis for the development of mesangial cell-based disease
models or as a site-specific novel therapeutic strategy. Our findings play a crucial role in the
development of nanoparticle-based treatment options for mesangial cell-associated diseases and
thus contribute to the rationale treatment of diseases such as IgA nephropathy or diabetic

nephropathy.
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1 Synthesis and Characterization of PLA-PEG Block
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Scheme S1. Block copolymer synthesis via ring-opening polymerization of cyclic lactide.
(A) Synthesis of PLAo-PEGx-COOH. (B) Synthesis of PLAq-PEGsx-NH-Boc and cleavage of the
protection group. For the ring opening polymerization, which was performed in dichloromethane
(DCM),  OH-PEGsi-NH-Boc  or  OH-PEGx-COOH  served as a  macroinitiator.
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was used as a catalyst for the reaction. After 1 h of stirring
at RT the reaction was quenched by the addition of benzoic acid. The Boc-protection group of the amino-
functionalized polymer was initially cleaved by stirring in a mixture of dichloromethane (DCM) and

trifluoroacetic acid (TFA) (1:1 v/v) for 30 min.
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'"H-NMR Spectra Polymers
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Figure S1. "H-NMR spectrum of PLAox-PEGsi-NH,. 'H-NMR (400 MHz, CDCl3) § 5.23 — 5.10 (m,
33H) (-(CH3)H-); 4.38 —4.19 (m, 1H), (-OCH2CH»-O(CO)-); 3.64 (s, 100H), (-OCH,CH>-); 1.61 — 1.53
(m, 90H) (-C(CH3)H-). PEG (5000 Da) normalized to an integral area of 100. Integrating the PLA peaks
resulted in a total molecular weight of the polymer of 15084 Da.

solvent residual
signal

| S R

B W
—————— S S ——— S ——————~
10.0 9.5 9.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 e L 10 0.5 0.0
f1 (ppm)

Figure S2. '"H-NMR spectrum of PLA ox-PEG2,-COOH. 'H-NMR (400 MHz, CDCl;) § 5.39 — 5.06
(m, 78H) (-(CH3)H-); 4.13 (s, 4H) (-OCH2CH>-O(CO)-); 3.64 (s, 100H) (-OCH>CH,-); 1.65 — 1.45 (m,
3H) (-C(CH3)H-). PEG (2000 Da) signal normalized to an integral area of 100. Integrating the PLA
peaks resulted in a total molecular weight of the polymer of 11856 Da.
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2 Synthesis EXP-3174

Cl cl
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Scheme S2. Synthesis of EXP-3174 via oxidation of losartan potassium.
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Figure S3. "H-NMR spectrum of EXP-3174. '"H-NMR (400 MHz, DMSO-d6) § 13.20 (s, 1H), 7.89 —
7.36 (m, 4H), 7.31 — 6.79 (m, 4H), 5.58 (s, 2H), 3.33 (s, 1H), 2.77 — 2.30 (m, 3H), 1.73 — 0.97 (m, 4H),
0.79 (t,J=17.3 Hz, 3H).
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Figure S4. Mass spectrometric analysis of EXP-3174.
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3 Polymer Modification and Characterization

EXP-3174 reactive NHS ester PLA,-PEG;-EXP-3174
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Scheme S3. Synthesis of EXP3174-modified polymer. The ligand EXP3174 was coupled to
PLA0-PEGs,-NH: via the carboxylic acid residue of the imidazole component. To enable this, EXP was
first activated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) for 2 h at RT in &, N-dimethylformamide (DMF). PLA 0x-PEGsk-NH; and
N,N-diisopropylethylamine (DIPEA) were added to the solution and the reaction was stirred for further
24 h at RT.

A
)
o EDC/NHS o D BME  cRGDfK
—_ - »
/\f\/mc’H DMF, 2h /\f\/mo L 1smin  DIPEA
RT RT 24h, RT
PLA,,-PEG,-COOH reactive NHS ester

PLA,,-PEG,,-cRGD

Scheme S4. Synthesis of cRGD-modified polymer. PLA o-PEG2-COOH was activated with 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) for 2 h at RT in
N, N-dimethylformamide (DMF). The excess of EDC was quenched by the edition of -mercaptoethanol
(BME) to avoid the activation of the free carboxy group of cyclo-RGDfK (cRGD) and thus of undesired
side reactions. After 15 min of incubation time at RT the ligand cRGD, together with DIPEA, was added

to the reaction mixture and stirred for 24 h at RT.
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Figure S5. Determination of the degree of functionalization of the modified polymers.
(A) Calibration curve for the determination of the amount of cRGD bound to PLAo-PEGax polymer
via PCA Assay. (B) Calibration curve for the determination of the amount of EXP-3174 bound to
PLA0-PEGsi polymer (RFU = relative fluorescence units).

4 Nanoparticle Preparation via Nanoprecipitation
PLA-PEG-X N R .
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Erastin < ;

PLGA Erastin-loaded NPs

Figure S6. Nanoparticle preparation via nanoprecipitation. Erastin was co-solved with the polymers
in the organic phase and added dropwise to vigorously stirring millipore water. Due to the high

lipophilicity of erastin, we suspect an encapsulation in the PLGA-containing nanoparticle core.
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5 Nanoparticle Characterization
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Figure S7. Nanoparticle characterization. Characterization of nanoparticle size and polydispersity

index (PDI) via DLS. Determination of nanoparticle size distribution and concentration via NTA.

6 Determination of the Maximal Applicable Amount of Erastin

for Particle Preparation
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Figure S8. Determination of the maximal applicable amount of erastin during NP preparation.
Increase of particle size and PDI value at higher amounts than 25 nmol erastin / mg polymer. Values

determined via dynamic light scattering (DLS).
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7 Proof of Concept for the Successful Encapsulation of

Erastin — Separation of NP Fraction and Free Erastin via

Size Exclusion Chromatography (SEC)
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Figure S9. Proof of concept of the encapsulation of erastin via size exclusion chromatography

(SEC) and monitoring via dynamic light scattering (DLS). After particle preparation, free erastin
was separated from the encapsulated erastin by SEC. DLS tracked the elution of particles at about 8 min

and the elution of small molecules like erastin (My, = 547.04 Da) at about 32 min. The range of small

molecule elution was visualized by the addition of free Cyanine 5 (Cy5), which has a comparable

molecular weight to erastin (M (Cy5) = 653.77 Da.) Clear baseline separation over a range of almost

15 min allowed separation of free and encapsulated erastin. The eluted solution in the nanoparticle range

was collected, freeze-dried and subsequently analyzed by HPLC.
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8 HPLC Analysis for the Quantification of Encapsulated

Erastin
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Figure S10. Calibration curve for the quantification of erastin via HPLC. Freeze-dried nanoparticle
fractions were resolved in DMSO and analyzed via HPLC. Free erastin solved in DMSO served as
calibration for the determination of the amount of encapsulated drug in the purified nanoparticle fraction.

Absorbance was detected at 220 nm.
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9 Investigation of the Highest Encapsulation Efficiency (EE)
and Loading Capacity (LC) for Different Amounts of
Initially Added Erastin

The fraction of the eluted particles was freeze-dried for three days, weighed, dissolved in
dimethylsulfoxide (DMSO), and analyzed via high performance liquid chromatography
(HPLC). The analysis was performed using a Phenomenex Gemini 3 uM NX C18 110 A
column (size 150 x 4.6 mm) (Phenomenex, Aschaffenburg, Germany) at an oven temperature
of 40 °C during analysis. As a mobile phase, 0.05 % trifluoracetic acid (TFA) in millipore water
and 0.05 % TFA in acetonitrile were used. Absorbance was detected at 220 nm. The following
linear gradient was applied: acetonitrile/TFA (0.05 %) (v/v) 0 min: 10:90, 25 min: 95:5; flow
rate: 1.0 mL/min. The injection volume was 5 pL. Erastin showed a constant retention time of
12.4 min. The EE was calculated via equation (Eq) 1, the LC via Eq 2, where m is the quantified
mass of entrapped drug, mris the total mass of drug added to the formulation, and M7 is the

total mass of the particle formulation [1,2].

Eq 1 EE (%) = ~£x100
T

Eq?2 LC (%) = %xmo
T
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Figure S11. Investigation of the maximal encapsulation efficiency (EE) and loading capacity (LC)

after addition of different amounts of erastin during NP preparation.
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10  Determination of Erastin Molecules per Particle

erastin/polymer
solution in ACN

0
b
b

— ||| =

—— millipore ——
¢ | "
—

Figure. S12 Scheme of the determination of erastin molecules per particle. After nanoparticle
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preparation via nanoprecipitation, free erastin was separated from encapsulated erastin via
centrifugation in ultracentrifugal devices with a molecular weight cut-off of 100 kDa
(Myw(Erastin) = 547.04 Da). Particle up-concentration in ultracentrifugal devices with a molecular
weight cut-off of 100 kDa also obviates the need for separation of free erastin by size exclusion
chromatography, since free erastin with a molecular weight of 547.04 Da was quantitatively filtered
(ratio of molecular weight cut off to molecular weight of free drug approx. 1:183). The NP concentration
was determined via nanoparticle tracking analysis (NTA) and a defined number of NPs was freeze-dried
for three days. The freeze-dried NPs were solved in dimethyl sulfoxide (DMSO) and analyzed via high-
performance liquid chromatography (HPLC).
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11 Determination of the Impact of Different PLGA Contents on
the Number of Encapsulated Erastin Molecules per Particle

and Particle Size
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Figure S13. Impact of PLGA content on (A) NP size and (B) encapsulated amount of erastin. Rising

amounts of PLGA content led to a higher nanoparticle size and to a decrease in the number of erastin

molecules which were encapsulated per nanoparticle.
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12 Analysis of Particle Stability and Labeling
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Figure S14. Particle stability determined via NTA and DLS after 7 days. (A) No changes in size
distribution were detected after an incubation period of 7 days via NTA. (B) DLS analysis showed no

free Cy5 after one week of incubation time, which confirms the stability of particle labeling.

13 Pretest DMSO Resistance of Target Cells for the MTT Assay
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Figure S15. Pretest DMSO resistance of SV40MES13 cells. 15,000 cells/well were seeded in a
96-well plate and incubated for 24 h at 37 °C. The medium was aspirated and medium with different
amounts of DMSO was added to test the DMSO resistance of the cell line. After an incubation period
of 24 h at 37 °C, the MTT Assay was performed as described in chapter 2.11. The residual viability of
the cells was evaluated. Untreated cells served as 100 % reference value. Results represent mean + SD
(n = 3, levels of statistical significance are indicated as *p < 0.05, **p < 0.01, ***p < 0.001,

*#k%p < 0.0001).
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14  Cytotoxicity Dependence on Cell Density
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Figure S16. Pretest DMSO resistance of SV40MES13 cells — impact of cell density. Different cell
densities (7,500-60,000 cells/well) were seeded in a 96-well plate and incubated for 24 h at 37 °C. The
medium was aspirated and medium with different amounts of DMSO was added. After an incubation
period of 24 h at 37 °C, the MTT Assay was performed as described in chapter 2.11. The rest viability

of the cells was evaluated. Untreated cells served as 100 % reference value.
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Abstract

Pharmacotherapy is often limited by undesired side effects while insufficient drug reaches the
site of action. Active nanoparticle targeting should provide a solution to this problem by using
ligands attached to the nanoparticle corona for the identification of receptors on the target cell
surface. However, since receptor binding is directly associated with pharmacological responses,
today’s targeting concepts must be critically evaluated. We hypothesized that addressing
ectoenzymes would help to overcome this problem, but it was not clear if particles would show
sufficiently high avidity to provide us with a viable alternative to classical ligand-receptor
targeting concepts. We scrutinized this aspect by immobilizing the highly selective
angiotensin-converting enzyme 2 (ACE2) inhibitor MLN-4760 in the corona of block-
copolymer nanoparticles and investigated enzyme binding by microscale thermophoresis and
flow cytometry. Excellent avidities with Kq values as low as 243 pM for soluble ACE2 and 306
pM for ACE2-positive cells were obtained. In addition, the inhibitory activity had an ICso value
of 2.88 nM and reliable target cell identification could be proven in co-culture experiments.
High avidity is the basis for minimizing material loss to off-target sites and paves the way for
a paradigm shift in nanoparticle targeting which does not trigger unintended side effects

following target cell identification.

Nanoparticle Targeting via Ectoenzymes - A Perspective for Less Side-Effects
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1 Introduction

Drug application often shows the problem of insufficient drug transport to the site of action
with pronounced adverse drug effects. In such cases, drug delivery via active nanoparticle (NP)
targeting offers a beneficial alternative [1]. For this reason, new targeting approaches to
selectively address specific cell types or tissues [2,3] are constantly being developed [4].
However, one aspect has largely been ignored so far: if a ligand is attached to the surface of a
nanoparticle to selectively identify its target cell, ligand binding to its receptor on the target cell
surface might induce a pharmacological effect separate from the payload [5,6]. In most
applications such a pharmacological response resulting from cell identification is highly
undesirable. Unfortunately this is also true for the most popular structures reported in the
literature for addressing nanoparticles to target cells, such as G-protein coupled receptors

(GPCRs) [7,8], integrin receptors [9,10], and transferrin receptors (TfRs) [11,12].

GPCRs allow for the identification of a wide range of different cells in the human body [7]
since they are the largest family of cell surface receptors [13]. Thus, there are many concepts
based on GPCRs as recognition structures [6,14,15]. Uptake into the target cells can be
mediated by the receptor binding of a GPCR agonist [16], which leads to the initiation of an
intracellular signaling cascade via the G-proteins of the receptor [17]. Even the recognition of
target cells by antagonists is not without consequences as blocking signaling cascades exhibits
direct pharmacological effects on the cell [18]. Since GPCRs play an important role in various
physiological and pathological processes, such as cell proliferation, differentiation, or
communication [19], it is almost impossible not to interfere with relevant signaling pathways

during target cell recognition [13].

Integrin receptors seem to be more advantageous as recognition structures since their main task
is linking the cell cytoskeleton to the extracellular matrix and controlling the communication
of the intra- and extracellular environment [20]. Integrins are heterodimeric cell surface anchor
proteins consisting of a- and B-chains [13] and, like GPCRs, widely expressed on cell
surfaces [10,21]. However, also integrin receptors are subject to outside-in signaling cascades
that trigger biological effects upon receptor activation [22—24]. In addition to short-term effects
such as the reorganization of the actin cytoskeleton, long-term effects such as cell proliferation,
survival pathways, or the control of cell morphology are also regulated [24-27]. Consequently,

they are not unrestrictedly suitable as targeting moieties.
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Another type of target structure that has frequently been used to identify cells with nanoparticles
are transferrin receptors, which support iron uptake into cells via an endo- and exocytosis cycle
of transferrin [28]. Targeting concepts via TfRs initially appear beneficial compared to GPCRs
or integrins regarding possible side effects but reveal an additional problem. Since transferrin
receptors are ubiquitously expressed in mammalian tissues, their potential use is limited to

cancer cells in which the receptor is overexpressed [29].

A

PEGj

iAI/
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f{\

unspecific binding/
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B

Figure 1. Illustration of the evolution of nanoparticle design concepts toward targeting
strategies with minimized side effects. (A) Non-targeted control NPs with only non-specific
binding and uptake. (B) Receptor-based targeting concept using the example of the interaction with
a GPCR. Receptor-mediated nanoparticle uptake triggers a biological signaling cascade.
(C) Targeting exclusively via ectoenzymes leads to minimized side effects. Nanoparticle cell

attachment via an enzyme-inhibiting ligand presented by the NP.

In summary, today’s predominant targeting concepts do not provide a satisfactory basis for
nanotherapy in which solely the transported cargo is supposed to mediate a biological effect.
We hypothesized that making use of nanoparticle cell interactions via ectoenzymes that interact
with their substrates outside the cell [30] would allow to overcome this massive

drawback (Fig. 1). Since they are widespread, ectoenzymes would enable the targeting of a
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Ectoenzymes as Cell Identification Structures

large variety of different cells [31]. Moreover, there is a multitude of high-affinity ligands for
ectoenzymes with affinities comparable to ligand-receptor pairs currently used for targeted

nanotherapy [32,33].

To test our hypothesis, we developed nanoparticles targeting ACE2. This ectoenzyme was first
described in the year 2000 as a homolog of the angiotensin-converting enzyme (ACE). In
protein expression studies, Hikmet et al. (2020) reported the expression of ACE2 in more than
150 different cell types based on mRNA and protein level analysis [34-36]. Recently, this
enzyme has received special attention as it serves as a recognition structure for the coronavirus
SARS-CoV-2 and is involved in its uptake [37]. We focused our nanoparticle design on a
high-avidity target cell identification and mimicked the first contact between the virus and its
target cells through small molecule-protein interactions. To this end, we covalently coupled the
potent small molecule ACE2 inhibitor MLN-4760 (MLN) to the nanoparticle surface using a
modified version described by Sanna et al. (2022) [38]. NP avidity was assessed for the soluble
enzyme and in a cell-based model by microscale thermophoresis and flow cytometric analysis.
The inhibitory activity of the MLN-modified nanoparticles was evaluated in a fluorogenic
ACE?2 activity assay. Furthermore, the target cell specificity of the nanoparticles was tested in

mono- and co-cultures of ACE2-positive and -negative cells by flow cytometry.
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2 Materials and Methods

2.1 Materials

Millipore water was generated by a Milli-Q water purification system (Millipore, Schwalbach,
Germany). Dulbecco’s phosphate-buffered saline (PBS) was obtained from Gibco® Life
Technologies (Thermo Fisher Scientific, Waltham, MA, USA). If not stated otherwise, all
reagents and chemicals were analytical grade and purchased from Sigma Aldrich (Taufkirchen,

Germany).

Poly(ethylene glycol)(PEG)-carboxylic acid with a molecular mass of 5,000 g mol!
(OH-PEGs-COOH) was purchased from Jenkem Technology USA Inc. (Allen, TX, USA).
Poly(ethylene glycol)-methylether with a molecular mass of 5,000 g mol! (OH-PEGs-MeO)
as well as Resomer® RG 502, Poly(D,L-lactide-co-glycolide; lactide:glycolide 50:50, ester
terminated or acid terminated (My 7000-17,000 Da)) (PLGA) were sourced from Sigma Aldrich
(Taufkirchen, Germany). MLN-4760 was obtained from MedChemExpress (Monmouth
Junction, NJ, USA). The fluorescent dyes were purchased from Lumiprobe (Hannover,

Germany).

The cellulose dialysis membranes used for purification during polymer modification were
obtained from Spectrum Laboratories, Inc. (Rancho Domingues, CA, USA). Nanoparticle
solutions were concentrated with centrifugal devices with a molecular weight cut-off of 30 kDa,

which were purchased from Pall Life Sciences (Portsmouth, UK).

HEK293T cells which are stably expressing ACE2 (HEK293T-ACE2) and the Alexa
Fluor 647-labeled ACE2 enzyme were a kind gift from Prof. Dr. Ralf Wagner (Institute of
Clinical Microbiology and Hygiene, University Hospital Regensburg). Untransfected HEK293
cells were obtained from the German Collection of Microorganisms and Cell Cultures GmbH,

DSMZ (Géttingen, Germany).

For the preparation of cell culture medium, fetal bovine serum (FBS) was sourced from Biowest
(Nuaillé, France) and blasticidin was purchased from Invivogen (Toulouse, France).
CellTracker™ green (CTG) for target cell labeling was purchased from Fisher Scientific GmbH
(Schwerte, Germany). For all microscope experiments, the cells were seeded in 8-well
microscope slides from Ibidi (Gréfelfing, Germany). The Dako Faramount Mounting Medium

for the preparation of the microscope slides was obtained from Agilent Technologies (Santa
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Clara, CA, USA). The 96-well plates for flow cytometry experiments, or the fluorogenic

enzyme assay were obtained from Greiner (Frickenhausen, Germany).

For the determination of the inhibitory activity of the MLN-NPs, an ACE2 activity assay kit
was obtained from Abcam (Cambridge, UK). The antibodies used to analyze the expression of
ACE2 on the cell surface, Human ACE-2 Alexa Fluor ® 647-conjugated Antibody and Mouse
IgG2A Alexa Fluor ® 647-conjugated Isotype Control, were purchased from R&D Systems
(Minneapolis, MA, USA).

2.2 Polymer Synthesis and Ligand Coupling

Poly(lactic acid)-poly(ethylene glycol) (PLA-PEG) block-copolymers were synthesized via
ring-opening polymerization of cyclic lactide as described by Qian et al. (2011) [39] with
modifications previously described by our group [40]. For the ring-opening polymerization
OH-PEGs-COOH  or OH-PEGsi-MeO,  respectively, served as macroinitiator.
1,8-Diazabicyclo[5.4.0]lundec-7-ene (DBU) was used as a catalyst for the reaction. The
polymerization was quenched with benzoic acid after 1h (Scheme S1). The resulting polymers
with 10 kDa poly(lactic acid) (PLA) content (PLA10x-PEGsk-COOH and PLA 10k-PEGs-MeO)
were characterized via 'H-NMR (Fig. S1, S2) (Supporting Information, Chapter 1).

PLA10k-PEGsk-MLN-4760 was synthesized by activating PLA10x-PEGsk-COOH (1 eq) with
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (25 eq) and N-hydroxysuccinimide
(NHS) (25 eq) in N,N-dimethylformamide (DMF) for 2 h under stirring at room temperatur.
Afterward, the reaction was quenched by the addition of /-mercaptoethanol (BME) (35 eq),
and the reaction mixture was stirred for 15 min before adding the ligand. This quenching step
prevented the unintended activation of the carboxy group of MLN, which could lead to
undesired side reactions. The ligand MLN-4760 (3.5 eq) was dissolved in dimethyl sulfoxide
(DMSO) and added to the activated polymer solution followed by N, N-diisopropylethylamine
(DIPEA) (10 eq). Subsequently, the solution was stirred for 24 h at room temperature to couple
the NHS-ester to the secondary amine of MLN-4760. The reaction mixture was precipitated in
ice-cold diethyl ether and centrifuged at 3000 rpm for 15 min. The supernatant was decanted,
and the reaction product was dried overnight under nitrogen (N2) flow. The dried solid was
solved in a mixture of acetonitrile (ACN) and DMSO (10:1 v/v) and added dropwise to

vigorously stirring millipore water. The resulting polymer micelles were stirred for 3 h at room
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temperature until the organic solvent was completely evaporated. The solution was dialyzed in
millipore water using a 3.5 kDa molecular weight cut-off dialysis tube for 24 h (with medium
change after 30 min, 2 h, and 6 h) to remove the uncoupled ligand and reagents. The purified
polymer solution was freeze-dried for 3 days. The concept of the synthesis was also verified by
coupling MLN-4760 to 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (Scheme S2) to enable the
analysis of the synthesis by high-resolution mass spectrometry (HRMS) and 'H-NMR (Fig. S3).
The stability of the product was examined via high-performance liquid chromatography
(HPLC) (Fig. S4). In addition, the modified polymer was analyzed via UV/Vis and by HRMS
after polymer hydrolysis (Supporting Information, Chapter 2).

23 Nanoparticle Preparation

End-capped 13.4 kDa PLGA, constituting the NP core, and the previously described PLA-PEG
block-copolymer as shell component were mixed at a 30:70 mass ratio to a final concentration
of 10 mg/mL in ACN. For ligand-modified particles, PLA10k-PEGsi-COOH and
PLA10k-PEGsk-MLN-4760 were mixed in various ratios, if not mentioned otherwise 25 %
MLN-modified polymer and 75 % unmodified polymer. NPs were prepared via bulk
nanoprecipitation. Therefore, the prepared polymer mixtures were added dropwise to
vigorously stirring 10 % PBS to a final polymer concentration of 1 mg/mL. The particle
preparation was stirred for 3 h and afterward concentrated by centrifugal ultrafiltration for

20 min at 3000 rpm.

24 Nanoparticle Characterization and Determination of NP Concentration

The polydispersity index (PDI) and the zeta potential of the NPs were evaluated prior to the
concentration step using a Malvern Zetasizer Nano ZS (Malvern, UK). The samples were
analyzed with a 633 nm He-Ne laser at an angle of 173° at RT. Nanoparticle size and
concentration were determined after the concentration step using nanoparticle tracking analysis
(NTA, NanoSight NS300, Malvern, UK). Before measurement, the particles were diluted with
millipore water to a concentration of 20 to 100 particles per frame

(dilution 1:10,000 - 1:40,000).
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2.5 Nanoparticle Labeling with Fluorescent Dyes

The nanoparticles were fluorescently labeled for flow cytometry and confocal scanning
microscopy (CLSM) experiments. Carboxy-terminated PLGA was covalently linked to the
fluorescent dyes Cyanine5 (Cy5) or tetramethylrhodamine (TAMRA), respectively, for the
usage as labeled nanoparticle core material. Carboxylic acid-terminated PLGA (1 eq),
Cy5-amine (0.1 eq), and 3-[bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxid-
hexafluorophosphate (HBTU) (2 eq) were dissolved in the smallest possible amount of DMF.
DIPEA (4 eq) was added, and the reaction mixture was stirred overnight at room temperature
(RT). Subsequently, the reaction product was precipitated in ice-cold diethyl ether and
centrifuged at 3000 rpm for 15 min. The supernatant was decanted, and the product was dried
under nitrogen flow. The dried precipitate was taken up in acetonitrile and the precipitation
process was repeated three times as already described or at least until the supernatant was no
longer bluish in color. The product was dried overnight under nitrogen flow. Characterization

was performed by 'H-NMR in deuterated chloroform (CDCls).

The labeling with TAMRA was carried out by activating carboxylic acid-terminated PLGA
using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) as
coupling reagent as previously described by our group [41]. PLGA was used in a 5-fold excess.

To remove the unbound dye, the polymer was dialyzed in a 6-8 kDa tube for 24 h.

The labeled polymer was used as a replacement for plain PLGA in the preparation of fluorescent

nanoparticles.

2.6 Microscale Thermophoresis Measurements

The binding affinities of the MLN-modified NPs to the soluble ACE2 enzyme were investigated
using microscale thermophoresis measurements (MST). All measurements were performed in
PBS with 0.05 % polysorbate 20. A serial dilution of each NP sample with 16 dilution steps
(1:1 v/v) was performed, starting with the highest NP concentration of 6 nM. Afterward, an
equal volume of the labeled enzyme was added to each dilution. The final enzyme concentration
in all samples was 0.5 nM. All the resulting dilutions were mixed by pipetting up and down and
afterward absorbed into Monolith NT 115 standard capillaries. The measurements were

performed at RT using the MST device Monolith NT 115 pico (Nanotemper Technologies,
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Munich, Germany). The LED power was set to 35 % and the MST power was set to 80 %.
Control NPs served as a negative control. Changes in the fluorescence signal resulting from a
binding event of nanoparticles to the fluorogenic ACE2 enzyme were recorded and normalized
to the fraction bound (0 =unbound, 1 = bound) [42]. The curve fits and the resulting
nanoparticle dissociation constants (Kq) were determined by MO.Affinity Analysis software

version 2.3 (Nanotemper).

2.7 Cell Culture

The target cells, HEK293T cells which are stably expressing the ACE2 enzyme, were cultivated
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % fetal bovine serum
and 10 pg/mL blasticidin. Untransfected HEK293 cells served as control cells in all
experiments. They were cultivated in DMEM medium with 10 % FBS but without additional

antibiotics.

2.8 Confocal Scanning Microscopy Analysis

To investigate the concrete interaction of the NPs with their target cells, confocal scanning
microscopy was performed using a Zeiss LSM 710 (Carl Zeiss Microscopy GmbH, Jena,
Germany). Images were analyzed using ZEN 3.5 (blue edition) software. For CLSM analysis
50,000 cells/well were seeded in an Ibidi 8-well chamber and incubated for 24 h at 37 °C.
Afterward, the cells were washed with 200 pL prewarmed PBS. 200 pL of TAMRA-labeled
nanoparticles in a concentration of 500 pM (Fig. 2A, 2B) or 3 nM (Fig. 2C) in Leibovitz L-15
medium (LM) were added and incubated for one hour at 37 °C. Nanoparticles were aspirated
followed by two washing steps with PBS. The cells were fixed using a 4%
paraformaldehyde (PFA) solution for 10 min at RT. After fixation and two washing steps with
PBS, the cells were incubated with a DAPI staining solution (1 pg/mL in 0.1 M PBS) for 10 min
for cell nucleus labeling. After one more washing step, the cells were incubated with the hACE-
antibody solution diluted 1:100 with 0.1 M PBS for one hour at RT in the dark. After removal
of the unbound antibody, the cells were mounted using Dako Faramount Mounting Medium

and stored in the fridge (4 °C) until measurement.
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2.9 Flow Cytometry
2.9.1  Determination of a Cell-based K4 Value

HEK293T-ACE2 cells were seeded into 96-well plates at a concentration of 60,000 cells/well
and incubated for 24 h at 37 °C. NPs were manufactured using Cy5-labeled PLGA and the
concentration was adjusted with LM. The cells were incubated with different concentrations of
MLN-NPs or control nanoparticles for 1 h at 37 °C. After removal of the NP samples, the cells
were washed twice with PBS and detached using trypsin (0.05%). The samples were analyzed
using a FACS Canto II (Becton Dickinson, Franklin Lakes, NJ, USA). NP fluorescence was

excited at 633 nm and the emission was recorded using a 661/16 nm bandpass filter.

The fluorescence signal resulting from the binding of control particles was subtracted as
unspecific binding from the fluorescence resulting from the binding of MLN-NP to ACE2-
expressing target cells. The cell-based K4 value was calculated via a specific binding fit.
Fraction bound = 1 represents the maximal specific binding, i.e. the maximum binding capacity
(Bmax) of the fitted curve, fraction bound = 0 represents no binding event. Calculations were

performed using GraphPad Prism Software 8.3.0.

2.9.2  Targeting Ability of MLN-NPs

The binding of MLN-NPs and control nanoparticles to ACE2-expressing target cells was
compared by flow cytometry. Furthermore, co-culture experiments with target and off-target

cells were performed.

For monoculture experiments, HEK293T-ACE2 cells were seeded into 96-well plates at a
concentration of 60,000 cells/well and incubated for 24 h at 37 °C. For co-culture experiments,
the target cells were stained with CTG prior to seeding and co-seeded with unstained HEK293
off-target cells in a 96-well plate at a ratio of 50/50, or 10/90, respectively. For the staining
process target cells were incubated for 45 min at 37 °C in a 15 pM solution of CTG in serum-
free DMEM. Both cell types were differentiated during measurements using the fluorescein

(FITC) channel.

NPs were manufactured using Cy5-labeled PLGA and the concentration was adjusted with LM.
To confirm the ACE2-dependence of NP binding, 100 pL of free MLN-4760 (200 uM) was
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added to the relevant cell samples 15 min before NP incubation. 100 pL of LM was added to
the other wells instead. 200 uM MLN-4760 solution was diluted from a 20 mM solution of
MLN-4760 in DMSO with LM.

The nanoparticles were added to the target cells at various time points to analyze the time-
dependence of binding and uptake. After the incubation periods, the cells were washed with
PBS and subsequently detached with 200 pL trypsin (0.05%) at 37 °C. The samples were
analyzed using a FACS Canto II (Becton Dickinson, Franklin Lakes, NJ, USA). The NP
fluorescence was excited at 633 nm and the emission was recorded using a 661/16 nm bandpass
filter. The fluorescence of HEK293T-ACE2 cells due to staining with CTG was excited at
488 nm and recorded using a 530/30 nm bandpass filter. The results were analyzed using
Flowing software 2.5.1 (Turku Centre for Biotechnology, Finland). The geometric mean or the
median of the NP-associated fluorescence was determined after gating the viable cell population

and excluding cell doublets.

2.10 Determination of the Inhibitory Activity of MLN-NP towards ACE2

For the determination of the inhibitory activity of MLN-NPs towards ACE2 and the calculation
of the half-maximal inhibitory concentration (ICso), a fluorometric ACE2 activity assay kit was
used. To evaluate the residual activity of the ACE2 enzyme after treatment with MLN-NPs at
different concentrations, the cells were first washed with serum-free DMEM and aliquoted to
250,000 cells in Eppendorf cups. After a centrifugation step (5 min, 300 g), the supernatant was
aspirated, and the cells were resuspended in 100 pL of the nanoparticle samples diluted in
serum-free medium and incubated for one hour at 37 °C. Subsequently, the samples were
centrifuged one more time (5 min, 300 g), the supernatant was aspirated, and the cells were
resuspended in lysis buffer. Thereafter, the cells were stored on ice and digested using a Dounce
homogenizer. After 10 min of incubation on ice, the cells were vortexed and incubated for
10 min. The samples were centrifuged at 16,000 g for 10 min at 4 °C to remove the cell pellet.
The supernatant was transferred to a black 96-well plate and incubated for 15 min at RT. The
residual activity of the enzyme was analyzed using a quenched fluorogenic substrate. The
7-methoxycoumarin-4-acetic acid (MCA)-based substrate diluted in assay buffer (48 pL ACE2
assay buffer and 2 uL. ACE2 substrate) was added and the samples were mixed by shaking. The

fluorescence was measured with a Synergy Neo2 Multi-Mode Microplate Reader (Biotek
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Instrument Inc., Winooski, VT, USA) with an excitation wavelength of 320 nm and an emission
wavelength of 420 nm at RT in the kinetic mode for 90 min with measurement steps of 2 min.
The active enzyme cleaved the substrate, releasing the free fluorophore, which leads to an
increase in fluorescence over time (Fig. S15). For the evaluation of the results, the slope in the
linear range at the beginning of the measurement, when the substrate was still present in high
excess, was considered (Supporting Information, Chapter 7). Thus, the percentage decrease in

slope can be used for the calculation of the residual enzyme activity.

2.11 Statistics

Statistical analysis was performed using GraphPad Prism Software 8.3.0. Two-way ANOVA
with a Tukey’s (Fig. 5SA) or a Sidak’s (Fig. 4A, 5B) multiple comparison test was performed for
statistical evaluation of significance. The number of performed experiments (n) and the

resulting significance levels are indicated in the figure legends.
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3 Results and Discussion

3.1 Development and Characterization of ACE2-Targeting NPs

When selecting polymers for nanoparticle preparation, we relied on a well-established system
with high reproducibility and biocompatibility [41,43]. The nanoparticle design was based on
a core-shell system where PLGA formed the nanoparticle core and the shell consisted of an
amphiphilic PLA-PEG block copolymer [44]. Hydrophobic PLGA stabilizes the micellar
particles against dissociation and guarantees structural integrity in aqueous media [45].
Furthermore, using PLGA as core material facilitates the visualization of nanoparticles by
specifically labeling the nanoparticle core by tethering TAMRA [41] and Cy5 as fluorescent
dyes to the carboxylic end groups.

PLA-PEG, as the second component, offers structural flexibility and has favorable traits
regarding encapsulation, controlled drug release, and targeting [46]. For ligand coupling, the
copolymer was activated to an NHS-ester and coupled to the secondary amine of the selective

and high-affinity ACE2-inhibitor MLN-4760 (Scheme 1).

cl

o]

0 EDC/NHS ? BME
OH
/\f\)J\ DMF 2h /\/\)J\ 15 m|n DMSO NJ [//
DIPEA,
24h, RT

PLA,,-PEG;-COOH reactive NHS ester PLA10K-PEGSK-MLN-4760

Scheme 1. Polymer modification with MLN-4760. The carboxy group of the prior synthesized
PLA0-PEGs-COOH block copolymer was activated via EDC and NHS under stirring for 2 h at room
temperature (RT) in DMF. After quenching the activation reaction with i-mercaptoethanol (BME),
MLN-4760 dissolved in DMSO and N, N-diisopropylethylamine (DIPEA) were added to the reaction
mixture. The batch was stirred for another 24 h at RT.

To characterize the interaction of MLN-NPs with ACE2, particles with different ratios of
modified polymer and unfunctionalized carboxy-terminated polymer chains, referred to as
different degrees of modification, were prepared. The negative charge of the carboxy group was

expected to stabilize the zeta potential in the negative range, thus reducing nonspecific
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electrostatic adsorption to the negative cell membranes [47] and preventing nanoparticle

aggregation.

For the preparation of control nanoparticles, methoxy-terminated PLA0x-PEGsk block
copolymer was used to obtain a comparable nanoparticle size. Targeted nanoparticles
(MLN-NPs) and ligand-free control nanoparticles were prepared via nanoprecipitation
(Fig. S7). The particles were characterized via dynamic light scattering (DLS) and nanoparticle
tracking analysis (NTA) (Fig. S8-S10).

The two particle types showed a comparable size of about 93.3 + 4.3 nm for MLN-modified
nanoparticles and 92.0 + 1.9 nm for control nanoparticles, determined via NTA, and a narrow
size distribution with polydispersity indexes of 0.135 +0.014 and 0.132 + 0.019, measured via
DLS. Particle size was also investigated by DLS as an orthogonal method and showed similar
results. Stability analysis under experimental conditions showed no tendency toward
aggregation, which was expected due to the negative zeta potential of -18.7 + 0.7 mV

(Supporting Information, Chapter 3).

3.2 Nanoparticle Binding to the Cell Surface

CLSM was performed to characterize the interactions of MLN-modified nanoparticles with
their target cells and prove the attachment to ACE2. The binding experiments demonstrated that
most of the NPs remained on the cell membrane and were not taken up unspecifically by the
cells (Fig. 2A-C, Fig. S12). This could be expected since ACE2 is expressed on the cell
surface [48,49], which was demonstrated by antibody staining (Fig. 2C). MLN-4760, as an
inhibitor, should mediate binding but not uptake into the cells [7]. Control nanoparticles without
the ligand showed no specific accumulation on the surface of HEK cells, thus attributing this
effect to the interaction of MLN and ACE2 (Fig. S13). This was also supported by the fact that
areas on the cell surface that showed a strong ACE2 antibody signal showed a weak
nanoparticle signal and vice versa, which suggests a competitive behavior at the

ectoenzyme (Fig. 2C).
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hACE-2-antibody

Figure 2. Cellular localization of MLN-NPs and ACE2 enzyme. (A) 3D-image of nanoparticle
distribution. (B) Orthogonal view. (C) The localization of ACE2 on the cell surface was determined via
staining with Alexa Fluor 647-labeled antibodies for hACE2 (red). Cell nuclei were stained with DAPI
(blue) and MLN-NPs were core-labeled with TAMRA dye (yellow). The MLN-NPs were mainly

localized on the cell membrane. Scale bar: 20 um.

33 Quantification of Nanoparticle Avidity

To quantitatively describe the interaction of MLN-NPs with ACE2, binding studies were
performed with the soluble enzyme and additionally in a cell-based experiment with HEK293T
cells stably expressing the enzyme of interest. We expected that nanoparticles are capable of
multivalent binding, as they can interact with several enzymes simultaneously via multiple
ligands coupled to their surface, the intensity of which is described as nanoparticle avidity [50].
Since the ligand surface density may have an impact on particle binding to the target enzyme,

nanoparticles with different degrees of MLN-4760 modification were investigated via
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microscale thermophoresis measurements. To test particle effects like nonspecific binding or

aggregation, unmodified nanoparticles served as a negative control.

A ligand density-dependent avidity of the MLN-NPs for the target enzyme was
demonstrated (Fig. 3A-C). In contrast, the control nanoparticles showed no fluorescence
change and thus no binding event (Fig. 3D). The more ligands were attached to the NP surface,
the lower the Kq value and thus the higher the avidity of the nanoparticles for ACE2. The
reduction of the ligand density on the NP surface by fifty percent was roughly accompanied by
a 4-fold increase of the K4 value (50 %, 243 + 96 pM; 25% 1.06 = 0.28 nM; 12.5 %,
3.85+ 1.11 nM) (Fig. 3E).

The results are in line with reports in the literature regarding an optimal ligand density for
nanoparticle binding and uptake, which can either increase with rising ligand density and
plateau or decrease after exceeding the maximum [51]. The described effect and the obtained
low K4 values can be attributed to nanoparticle multivalency, which counterbalances the affinity
loss of a single ligand upon PEGylation [52]. Since several ligands are coupled to its surface, a
nanoparticle can interact with several ACE2 enzymes. This is promoted by increasing the
number of ligands. In addition, the probability of a ligand to encounter an enzyme is the higher,
the more ligands are available for binding [52,53]. Too high ligand densities, however, can
result in a steric hindrance, which decreases target recognition and binding [51]. Since
MLN-4760 is a small molecule inhibitor this plays a minor role compared to proteins or other
spacious ligands, which is consistent with the observation that higher ligand densities were

consequently associated with a higher target avidity.

A compromise between nanoparticle avidity and the capacity of the corona leaves room for
outfitting nanoparticles with additional ligands for the future. Since target cell identification via
an enzyme inhibitor leads to cell binding but not cell uptake, additional uptake signals could be
accommodated. Particle binding may thus represent the first step of a sequential uptake cascade.
Another argument against excessively high ligand densities is that it may result in binding too
many ectoenzymes per nanoparticle. The diminished availability of target structures for other
nanoparticles could result in an overall reduced number of bound nanoparticles. Therefore, the
following experiments were performed with a modification level of 25 %. This ensures high
avidity, opens the possibility of coupling further ligands for a hetero-multivalent uptake process,

and considers the aspect of multiple enzyme occupation by a single nanoparticle.
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Figure 3. Microscale thermophoresis (MST) measurements of MLN-NPs and soluble ACE2
enzyme. (A-C) Show different ratios of modified to unmodified polymer: A 12.5 %; B 25 %; C 50 %
modified polymer. The Ky values calculated are shown in the corresponding figures. (D) Control
nanoparticles as negative control show no change in fluorescence intensity and thus no binding event.
(E) K4 values calculated and relation between ligand density and particle avidity. Results are presented

as mean = SD (n = 3).

Flow cytometry was used to quantify the avidity of MLN-modified nanoparticles for ACE2 on
the target cell surface and thus to determine a cell-based Kqvalue. The binding of MLN-NPs to
HEK293T-ACE2 cells was significantly higher than that of control particles (Fig. 4A). The
evaluation of the MLN-NP binding under consideration of the nonspecific binding of
nanoparticles to the cell surface resulted in a Kq value of 306.2 pM (Fig. 4B), which was in a
similar range as the Kq value determined by MST for binding to the soluble enzyme. Thus, it
can be concluded that the nanoparticles have high avidity for the soluble enzyme as well as for
the respective enzyme-positive target cells and that the binding strength of nanoparticles

targeting ectoenzymes is not inferior to particle-receptor interactions.
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Figure 4. Determination of a cell-based dissociation constant. (A) Comparison binding activity of
MLN-NPs and control-NPs after 30 min of incubation. (B) Binding curve of MLN-NPs to HEK293T-
ACE2 cells under consideration of nonspecific nanoparticle binding. Results represent mean = SD
(n=3, levels of statistical significance are indicated as *p < 0.05, **p < 0.01, ***p < 0.001,

***¥p <0.0001) (RFU = relative fluorescence units).

34 Targeting Ability of MLN-modified Nanoparticles

To demonstrate that the MLN-modified nanoparticles not only exhibit high avidity for ACE2
but are also suitable for effective and reproducible target cell recognition, several cell

experiments were performed to analyze the superiority over non-specific control particles.

In a first experiment, the time-dependence of the binding of MLN-NPs to HEK293T-ACE2
cells compared to control particles was analyzed by flow cytometry. The results showed that
the fluorescence signal resulting from nanoparticle binding increased significantly faster for the
MLN-4760 particles. A marked superiority of the MLN-NP binding was observed during the
first 45 min. After 30 min of incubation, the fluorescence intensity was approximately 1.4-fold
higher than the fluorescence of the control nanoparticles (Fig. 5A). While the signal increase
for the targeted nanoparticles leveled off after 30 min, the fluorescence of the control particles
rose in a linear manner over the entire investigation period of 120 min (Fig. SA). Most likely,
the control particles were subject to nonspecific uptake over time, while the targeted
nanoparticles stayed tethered to ACE2 on the cell membrane, resulting in reduced nonspecific
uptake. This hypothesis was supported by the fact that the effect vanished when cells were pre-
and co-incubated with an excess of free MLN-4760. In this case, the ACE2 enzyme was blocked
and no longer available as an anchoring protein. Thus, the fluorescence signal intensities

between MLN-NPs and control nanoparticles were equalized.
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The reduced nonspecific uptake compared to control particles could also be confirmed by
confocal scanning microscopy (Fig. S14). An incubation time of 30 min was chosen to compare
the binding parameters of MLN-NPs with those of control particles to avoid an excessive effect
of nonspecific uptake. To further confirm the target cell selectivity of the MLN-NPs, co-culture
experiments were performed with ACE2-positive HEK293T cells and ACE2-negative HEK293
cells as off-target cells. A clear superiority of the MLN-modified NPs over the control particles
was demonstrated for target cell recognition. This effect was observable for co-cultures with
equal amounts of both cell types (50/50), as well as with a 90 % excess of off-target
cells (10/90) (Fig. 5B).
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Figure 5. Flow cytometric measurements of MLN-NPs with HEK293T-ACE2 target cells and in
co-culture with untransfected HEK cells as off-target cells. (A) Nanoparticle binding/uptake over
time. (B) Comparison of NP binding behavior in co-culture experiments with target cells
(HEK293T-ACE2) and off-target cells (HEK293). Results represent mean = SD (n = 3, levels of
statistical significance are indicated as (A) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
compared to untargeted control NPs and #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared
to target cells pre- and co-incubated with an excess of free MLLN-4760 and (B) *p < 0.05, **p < 0.01,
**%p < (0.001, ****p < 0.0001 binding to target cells HEK293T-ACE2 cells compared to HEK293

control cells (RFU = relative fluorescence units).
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3.5 Determination of the ICso Value of MLN-NPs
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Figure 6. Determination of the ICso value of MLN-NPs via an ACE2 activity assay with
HEK293T-ACE?2 cells. The residual enzyme activity after incubation with different NP concentrations
was determined by the decrease in cleavage activity for a fluorogenic substrate of ACE2. An ICs value
of 2.88 nM was calculated. (A) An excess of free inhibitor (200 M) served as positive control for the
enzyme inhibition and control-NPs served as negative control. (B) Curve fitted for the determination of
the ICso value. Results are presented as mean = SD of n = 3 experiments; (RFU = relative fluorescence

units).

An ACE2 activity assay was performed to assess the inhibitory activity of MLN-NPs on target
cells and as additional proof of the ligand activity on the nanoparticle surface (Fig. 6). For this
purpose, ACE2-expressing cells were incubated with MLN-NPs for 1 hour. Control-NPs served
as negative control and showed no enzyme inhibition. Free MLN-4760 in excess (200 uM)
served as positive control for the enzyme inhibition. The resulting ICso value was 2.88 nM. The
calculated value was higher than that of the free ligand, which has an I1Cso value of 440 pM [54]
but was in a comparable range. Overall, particle avidity, and thus the correlated activity, is the
result of two counteracting effects: first, there is a loss of affinity of the ligand due to
PEGylation as the spatial structure was changed and the ligand by itself fits less well into the
binding pocket of the enzyme. Then, the multivalent binding of nanoparticles compensates the
affinity loss and increases particle avidity [52]. The determined ICso value was also in
agreement with previously published studies on values for nanoparticles with similarly potent

small molecule inhibitors covalently bound to the nanoparticle surface [55].

Considering that MLN-NPs have an inhibitory effect on ACE2, the enzyme targeting does not

directly trigger a signaling cascade but may result in decreased substrate cleavage and therefore
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lead to indirect effects. ACE2 interacts in the renin-angiotensin-aldosterone system (RAAS) as
a counterbalance to the ACE enzyme. Its task is to cleave the vasoconstrictive angiotensin II
and its precursor angiotensin I to degrade it. Therefore, vasodilatory effects can be attributed to
ACE2 [56]. Since the blockade due to nanoparticle interaction is temporary and of limited
extent, it can be assumed that substrate cleavage can be compensated by non-blocked enzymes.
Biological effects are therefore not expected. Furthermore, the long-term effects of low-dose
therapy with MLN have been studied by Berenyiova et al. (2021) [57]. They concluded that
even though MLN has pro-obesogenic effects on small arteries, there are compensatory
mechanisms of larger arteries and probably other tissues. It was observed that even chronic low-
dose treatment does not lead to an overall reduced ACE2 activity and an increase in blood
pressure and that there were even significant NO and H>S-mediated beneficial cardiovascular
mechanisms [57]. Thus, it can be assumed that the application of MLN as a targeting structure
on the nanoparticle surface is unproblematic and any indirect effects can be reversed by
endogenous counter-regulation mechanisms. However, since there are only limited data
available, further in vivo studies are necessary to evaluate the long-term effects of ACE2

inhibition by nanoparticles.

Finally, we want to mention a previous study by Sanna et al. who developed targeted
nanoparticles for antiviral therapy against SARS-CoV-2 [38]. They tethered various ACE2
ligands to the corona of polymer nanoparticles to develop a drug delivery system. In contrast,
our goal was to quantify the multivalent binding of MLN-4760-modified nanoparticles to target
cells carrying the ectoenzyme. The picomolar particle avidities unequivocally demonstrate that
ACE?2 is a highly attractive target for cell identification beyond antiviral therapy that promises
high target cell specificity.
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4 Conclusion

The investigated nanoparticles showed excellent avidity for soluble ACE2 and ACE2-positive
target cells, thus providing a promising system for selective drug delivery without triggering
adverse effects through target cell identification via ligand-receptor interactions. The covalent
coupling of MLN-4760 to the nanoparticle corona enabled selective target cell identification

even in the presence of an excess of off-target cells.

The inhibitory activity of MLN-NPs on the target enzyme was quantified using a fluorogenic
assay. Since the inhibition of ACE2 is limited in time and cell number, it can be assumed that
biological effects resulting from the usage of ACE2 as a targeting structure can be compensated

by endogenous mechanisms and are thus negligible.

These findings strongly support that ectoenzymes are highly suitable for target cell recognition
and enable cell identification in active nanoparticle targeting with fewer side effects. Not only
particle binding but also uptake could be mediated via the introduction of additional ligands

that interact with ectoenzymes via sequential uptake mechanisms.

Thus, the described concept represents a viable alternative to current targeting strategies
addressing receptors such as GPCRs or integrins and allows for selective and side effect-free

active nanoparticle targeting.
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1 Synthesis and Characterization of PLA-PEG Block

Copolymers
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HOOC-PEG,,-OH dioxane-2.5-dione HOOC-PEG,-PLA,,

Scheme S1. Synthesis of PLA-PEG block copolymers via ring-opening polymerization. Synthesis
of PLA-PEG-MeO block copolymer for control-NPs analog with methoxy polyethylene glycol 5000 Da

as macroinitiator. The synthesis was performed after Qian et al. (2011) [3] with slight modifications

previously described by our group [4].
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Figure S1. '"H-NMR spectrum of PLA;p-PEGs-COOH. 'H-NMR (400 MHz, CDCl;) & (ppm)
5.30 - 5.06 (m, 29H) (-(CH3)H-); 4.13 (s, 1H) (-OCH,CH>-O(CO)-); 3.64 (s, 100H) (-OCH.CH>-);
1.60 - 1.37 (m, 90H) (-C(CH3)H-). PEG (5000 Da) signal normalized to an integral area of 100.
Integrating the PLA peaks resulted in a total molecular weight of the polymer of 14989 Da.

187



Chapter 4 — Supporting Information

solvent residual
signal

= =T

o
3

10000

D71

e T T T T T s U, I
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 3.5 3.0 2.5 2.0

5.0
f1 (ppm)

2
L e e D B e e T e e

~ _B685

"
i A Q_J__M_JL

Figure S2. '"H-NMR spectrum of PLAu-PEGs-MeO. 'H-NMR (400 MHz, CDCls) & (ppm):
531 - 5.02 (m, 28H) (-(CH3)H-); 4.44 — 4.18 (m, 1H) (-OCH,CH,-O(CO)-); 3.64 (s, 100H)
(-OCH2CH»-); 1.65 — 1.45 (m, 87H) (-C(CH3)H-). PEG (5000 Da) signal normalized to an integral area

of 100. Integrating the PLA peaks resulted in a total molecular weight of the polymer of 14706 Da.
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2 Proof of Concept for Coupling the ACE2 Inhibitor
MLN-4760 to the Block-Copolymer

2.1 Coupling of MLLN-4760 to an Oligoethylene Glycole (OEG)

2-[2-(2-Methoxyethoxy)ethoxy]acetic acid (oligoethylene glycole, OEG) was obtained from
TCI chemicals (Tokyo, Japan).

In the first step, OEG was activated to N-hydroxysuccinimidyl 2-[2-(2-methoxy-
ethoxy)ethoxylacetate (OEG-OSu) after MeiBler et al. (2016) [5]. OEG-OSu (278 mg,
1.56 mmol) and N-hydroxysuccinimid (NHS) (205 mg, 1.78 mmol) were dissolved in
tetrahydrofuran (THF) (10 mL) in a round-bottom flask and cooled in an ice water bath (0 °C).
N,N’-Dicyclohexylcarbodiimid (DCC) (333 mg, 1.61 mmol) was added under stirring and the
reaction was stirred for 30 min at RT. Afterward, the round-bottom flask was stored in the
refrigerator overnight (4 °C). The formed precipitate N,N’-dicyclohexylurea was removed by
filtration. The clear solution was evaporated on the rotary evaporator under reduced pressure,
resulting in a colorless oil. This oil was dissolved in THF, resulting in a suspension. The
precipitate was removed by filtration and the process described was repeated until the solution
remains clear after the addition of THF. The solvent was evaporated, and the reaction product

was dried overnight under vacuum.

The resulting product OEG-OSu was a colorless oil. (133.6 mg, 27.7 %) 'H-NMR (300 MHz,
CDCIl3) & (ppm) 4.45 (s, 2H), 3.76 — 3.69 (m, 2H), 3.65 — 3.56 (m, 4H), 3.52 — 3.46 (m, 2H),
3.31 (s, 3H), 2.79 (s, 4H). m/z [M+H"] calculated for C1;H7NO7" (OEG-OSu): 276.1078, found
276.1080.

For ligand coupling, MLN-4760 (0.33 mg, 0.77 umol) was dissolved in DMF (193 uL) with a
10-fold excess of OEG-OSu. DIPEA was diluted 1:10 in DMF and added to the reaction
together with 100 uL of DMF (13.5 pL). After shaking overnight at RT, the synthesis was
quenched by adding 50 pL of 10 % TFA. Shaking was continued for further 15 min. The
purification was carried out by preparative high-performance liquid chromatography (HPLC).
Preparative HPLC was performed with a system from Waters (Eschborn, Germany) consisting
of a Waters 2545 binary gradient module, a Waters 2489 UV/Vis-detector, a Waters Fraction
Collector 3, and the column was a Phenomenex Gemini (250 x 21 mm, 5 pym) (Phenomenex,
Aschaffenburg, Germany) at a flow rate of 20 mL/min. As a mobile phase, 0.1 % aqueous (aq.)

TFA was used. The UV detection was carried out at 220 nm.
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The title compound OEG-MLN was analyzed via '"H-NMR (Fig. S5) and high-resolution mass
spectrometry (HRMS). 'TH-NMR (600 MHz, CDs;OD) & 8.67 (s, 2H), 7.51 — 7.38 (m, 3H),
7.29 - 7.23 (m, 2H), 5.51 (s, 2H), 4.42 - 4.38 (m, 1H), 4.02 (d, J = 13.7 Hz, 1H), 3.75 - 3.43
(m, 13H), 3.42 - 3.41 (m, 1H), 3.19-3.17 (m, 1H), 1.61 - 1.55 (m, 2H), 1.17 (t, J="7.0 Hz, 1H),
091 - 0.81 (m, 6H). m/z [M-H7] calculated for CysH3sCl:N3Og” (OEG-MLN): 586.1728,
found 586.1735.

(0]
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30 min RT, O overnight, RT N

overnight, 4°C

Cl
Cl

Scheme S2. Coupling of MLLN-4760 to OEG. Activation of the carboxylic acid to an NHS ester
(OEG-OSu) with subsequent coupling of the ligand (OEG-MLN).
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Figure S3. "H-NMR spectrum of OEG-OSu. 'H-NMR (300 MHz, CDCLs) & (ppm) 4.45 (s, 2H),
3.76 - 3.69 (m, 2H), 3.65 - 3.56 (m, 4H), 3.52 - 3.46 (m, 2H), 3.31 (s, 3H), 2.79 (s, 4H).

The reaction product was dissolved in DMSO and transferred into HPLC vials. The stability
was checked via purity measurements at different points in time: day 1, 7, 14, 28, 42, and 60
for nanoparticle storage conditions (4 °C) and at room temperature (25 °C). The analytical
purity control was performed with a 1100 HPLC system from Agilent Technologies
(Waldbronn, Germany) equipped with an instant pilot controller, a G1212A binary pump, a
G1239A ALS autosampler, a G1279A vacuum degasser, a G1216A column compartment, and
a G1215b diode array detector. The column was a Phenomenex Gemini NX-C18 column
(250 x 4.6 mm 2.5 pM) (Phenomenex, Aschaffenburg, Germany). The oven temperature during
HPLC analysis was 30 °C. As a mobile phase, 0.05 % trifluoracetic acid (TFA) in millipore
water and acetonitrile were used. Absorbance was detected at 220 nm. The following linear
gradient was applied: acetonitrile/TFA (0.05 %) (v/v) 0 min: 10:90, 25 min: 95:5; flow rate: 1.0
mL/min. OEG-MLN showed a constant retention time of 12.7 min. The product showed first
small degradations at room temperature after 14 days. Under nanoparticle storage conditions

(4 °C), OEG-MLN was stable until the end of the stability study on day 60. Thus, it can be
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concluded that MLN remains stably covalently bound to the nanoparticle surface under storage

condition and no release of free ligand occurs.
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Figure S4. Stability measurements of OEG-MLN. Stability of the reaction product was determined
via HPLC under storage conditions (4 °C) and at room temperature (25 °C) for a time period of two

months.
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2.2 Characterization of PLA1ox--PEGs-MLN

Since the analysis of the small molecule coupled to the polymer could not be performed directly,

the polymer was hydrolyzed, and the hydrolysis-stable ligand was detected by mass

spectrometry. UV spectroscopy was used to detect the presence of MLN-4760 bound to the

polymer before hydrolysis and to monitor the success of the hydrolysis of the polymer before

mass spectrometry. UV/Vis spectra were recorded using a NanoDrop 1000 UV/Vis
Spectrophotometer (Thermo Fisher, Waltham, MA, USA).
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Figure S5. Absorption spectrum of modified and unmodified polymer pre- and post-hydrolysis
with hydrobromic acid (HBr) at 110 °C for 48 h.
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Figure S6. Absorption spectrum of MLLN-4760 with DMSO blank subtracted.
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The UV spectra of both the hydrolyzed and the unhydrolyzed polymers showed clear
differences compared to the control polymer. While the absorption spectrum of the unmodified
polymer showed a clear peak at approximately 250 nm and a distinct shoulder at approximately
280 nm, the absorption spectrum of the MLN-modified polymer showed a double peak at
250 nm and no shoulder was visible. Instead, the absorption decreased at higher wavelengths.
After the hydrolysis reaction, the absorption spectrum of the unmodified polymer showed a
single peak that shifted to lower wavelengths (approx. 220 nm) compared to the absorption
maximum of the unhydrolyzed polymer. In addition to the peak of the hydrolyzed polymer at
approx. 220 nm, a second peak at around 250 nm was visible for the hydrolyzed MLN-modified
polymer, corresponding to the absorption maximum of MLN-4760 at 256 nm (Fig. S5, Fig. S6).
The presence of free MLN after polymer hydrolysis was further confirmed by mass

spectrometry.

HRMS analysis of hydrolyzed polymer

Analysis of MLN-4760 (coupled ligand): (M-H) m/z calculated: 426.0993, found: 426.0992.
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3 Nanoparticle Preparation and Characterization
polymer solved o oo °
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) PEG .
6 evaporation
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Figure S7. Scheme of nanoparticle preparation via nanoprecipitation. Core and shell polymers were
solved in acetonitrile (ACN) and added dropwise into stirring 10 % PBS. After evaporation of the

organic solvent, the nanoparticles were dispersed in the aqueous phase.

The MLN-modified nanoparticles and the control particles (Fig. S§A) showed a comparable
size of about 100 nm (Fig. S8D, Fig. S9) and a polydispersity index (PDI) between 0.1 and 0.2,
determined via dynamic light scattering (DLS). To confirm the nanoparticle sizes analyzed by
DLS, nanoparticle tracking analysis (NTA) was performed as an orthogonal method, resulting
in 93.3 nm for MLN-NPs and 92.0 nm for control nanoparticles (Fig. S8B, Fig. S10). The slight
differences in nanoparticle size resulted from the differences in the analysis methods. While the
NTA provides a number-weighted distribution, the DLS analysis is intensity-weighted.
Therefore, larger particles are considered to a higher extent [6]. Since the size measurements of
DLS and NTA hardly differ from each other, a narrow size distribution without aggregates can

be assumed. This is also supported by the low polydispersity index (0.1-0.2) measured by DLS.

Stability analysis in PBS and Leibovitz medium for cell culture experiments showed no
tendency toward aggregation under experimental conditions (Fig. S8D), which was expected

due to the negative zeta potential of -18.7 mV (Fig. S8C).
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Figure S8. NP characterization. (A) Schematic illustration of the nanoparticle structure. (B) NP size
measured via nanoparticle tracking analysis (NTA). (C) Zeta potential determined via dynamic light
scattering (DLS) measurements. (D) Determination of particle size and stability under experimental
conditions (37 °C in phosphate buffer (PBS) or Leibovitz medium (LM) for 6 h) via DLS. Results

represent mean £ SD (n = 3).
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Figure S10. Size distribution determined via nanotracking analysis (NTA).
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4 Characterization of the HEK293T-ACE2 Target Cell Line

To characterize the target cells (HEK293T-ACE?2) and verify the expression of human ACE2,
hACE2 Alexa Fluor 647 conjugated antibody as well as its isotype control mouse IgG2A Alexa
Fluor 647 conjugated antibody and Flow Cytometry Staining Buffer (1X) were purchased from
Biotechne (R&D Systems, Minneapolis, MA, USA). Immunocytochemistry experiments were
analyzed via flow cytometry and CLSM. Untransfected HEK293 cells and an isotype control

served as negative controls for the staining experiment.

For flow cytometry experiments the cells in the culture flask were washed with PBS. Afterward,
10 mL of PBS were added and pipetted up and down to detach the cells. The cells were aliquoted
up to 1x10° cells into protein low bind Eppendorf cups. 5 uL of the hACE2 AlexaFluor 647
labeled antibody or its isotype control, respectively, were added and the mixture was incubated
for 30 min at RT in the dark. After expiration of the incubation period any unbound antibody
was removed by centrifugation of the cells for 5 min at 300 g. The supernatant was decanted,
and the cells were resuspended in 2 mL flow cytometry staining buffer. This purification step
was repeated two times. The centrifuged cell pellet was resuspended in 500 pL of flow
cytometry staining buffer for flow cytometric analysis. Cells were analyzed using FACS Canto

IT as described in chapter 2.9.

Flow cytometry (Fig. SI1A) and CLSM (Fig. S11B) demonstrated the attachment of the hACE2

antibody to the target cell surface, thus verifying the expression of the target ectoenzyme ACE2.
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Figure S11. Demonstration of stable hACE2-expression by the target cells using antibody staining. (A) Flow
cytometric analysis. HEK(+) = HEK293T-ACE2 cells; HEK(-) = HEK293 cells; hACE2 = addition of labeled
antibody for hACE2; isotype control = addition of labeled isotype control antibody; blank = no addition of

antibody; RFU = relative fluorescence units; APC-A = fluorescence channel for the detection of

AlexaFluor647-labeled antibodies. (B) CLSM analysis. Scale bar: 20 um.
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5 Characterization of Nanoparticle Localization and

Binding/Uptake Behavior

The target cells were incubated with MLN-NPs in a concentration of 3 nM in Leibovitz medium
for 60 min at 37 °C. Cell fixation and DAPI staining were performed according to chapter 2.8.
For visualization of the cell membrane, HEK293T-ACE2 stable cells were additionally
incubated with a 5 uM staining solution of DiO for 15 min at RT. The staining solution was
diluted from a stock solution (2 mM) of DMSO and EtOH (1:1 v/v). After the staining

procedure, the cells were washed twice with prewarmed PBS before mounting.

MLN-NP-Cy5 DiO DAPI

merged channels

Figure S12. Cellular localization of MLN-NPs. Z-stack of HEK293T-ACE2 cells incubated with
MLN-NPs labeled with Cy5 (red). Cell membrane staining with DiO dye (green). Cell nuclei were
stained with DAPI (blue) NPs were mainly localized on the cell surface. (z1) cross-section — (z5) top

view. Scale bar: 10 um.
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HEK293 cells were incubated with NPs with 0 % modification and 100 % carboxy spacers in
a concentration of 100 pM in Leibovitz medium for 60 min at 37 °C. Cell fixation and DAPI
staining were performed according to chapter 2.8. After the staining procedure cells were

washed twice with prewarmed PBS before mounting.

A B

Figure S13. Cellular localization of NPs with 0 % modification / 100 % carboxy spacers. (A)
2D-Image of unspecific particle uptake. (B) Orthogonal view. In both views no specific accumulation

at the cell membrane was visible. Scale bar: 10 um.
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6 Quantification of Particle Avidity and Selectivity -

Evaluation of Experimental Parameters

The target cells were incubated with control nanoparticles in a concentration of 3 nM in
Leibovitz medium for 60 min at 37 °C. Cell fixation and DAPI staining were performed
according to chapter 2.8. For visualization of the cell membrane, the HEK293T-ACE2 cells
were additionally incubated with a 5 uM staining solution of DiO for 15 min at RT. After the

staining procedure cells were washed twice with prewarmed PBS before mounting.

Compared to MLN-NPs control nanoparticles showed a higher unspecific uptake. No specific
accumulation at the cell membrane was visible. The experimental conditions of the cell-based
experiments were set to an incubation time of 30 min to minimize the effect of the unspecific

uptake of the control group.

control NP-Cy5 DiO merged

Figure S14. CLSM binding/uptake of control nanoparticles. No specific accumulation at the cell

membrane was observed. Particles were unspecifically taken up over time. Scale bar: 20 um.
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7 Evaluation of the Biological Activity of MLN-NPs
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Figure S15. Concept and evaluation of the ACE2 inhibitor assay. In the range of substrate excess,
the cleavage of the Mca-based substrate and thus the release of the free fluorophore is proportional to
time. In this range, the decrease in enzyme activity can be determined by the decrease in the slope of the
regression line. The corresponding residual activity is plotted against the inhibitor concentration to fit

an ICso value (RFU = relative fluorescence units).
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Abstract

A major bottleneck diminishing the therapeutic efficacy of various drugs is that only small
proportions of the administered dose reach the site of action. One promising approach to
increase the drug amount in the target tissue is the delivery via nanoparticles (NPs) modified
with ligands of cell surface receptors for the selective identification of target cells. However,
since receptor binding can unintentionally trigger intracellular signaling cascades, our objective
was to develop a receptor-independent way of NP uptake. Cell-penetrating peptides (CPPs) are
an attractive tool since they allow efficient cell membrane crossing. So far, their applicability
is severely limited as their uptake-promoting ability is non-specific. Therefore, we aimed to
achieve a conditional CPP-mediated NP internalization exclusively into target cells. We
synthesized different CPP candidates and investigated their influence on nanoparticle stability,
zeta potential, and uptake characteristics in a core-shell nanoparticle system consisting of
poly(lactid-co-glycolid) (PLGA) and poly(lactic acid)-poly(ethylene glycole) (PLA10k-PEG2x)
block copolymers with CPPs attached to the PEG part. We identified TAT47-57 (TAT) as the
most promising candidate and subsequently combined the TAT-modified PLA1ok-PEGaxk
polymer with longer PLA1ok-PEGsk polymer chains, modified with the potent angiotensin-
converting enzyme 2 (ACE2) inhibitor MLN-4760. While MLN-4760 enables selective target
cell identification, the additional PEG length hides the CPP during a first unspecific cell contact.
Only after the previous selective binding of MLN-4760 to ACE2, the established spatial
proximity exposes the CPP, triggering cell uptake. We found an 18-fold uptake improvement in
ACE2-positive cells compared to unmodified particles. In summary, our work paves the way
for a conditional and thus highly selective receptor-independent nanoparticle uptake, which is

beneficial in terms of avoiding side effects.
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Cell-Penetrating Peptides as Selective Nanoparticle Uptake Signal

1 Introduction

Cell-penetrating peptides (CPPs) are molecules of 4 to 40 mostly cationic amino acids and
possess unique abilities for crossing biological barriers, including cell membranes [1,2].
Therefore, they find broad application to promote the cell internalization of various
cargos [3-6]. Their membrane-penetrating properties not only enable direct cell uptake via
multiple pathways but are also considered to support endosomal escape (Fig. 1) [7,8]. Thus,
CPPs are a promising delivery system for drugs with intracellular targets and are attracting great
interest as a tool for nanoparticle surface modification [9—11]. However, the application of CPPs

in case of selective nanotherapy comes along with severe challenges.
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Figure 1. Overview of uptake mechanisms of cell-penetrating peptides. The uptake mechanisms can
be categorized into endocytic (left) and direct (right) uptake ways. While the compound is instantly
available in the cytoplasm after direct uptake, it initially ends up in early endosomes after endocytic
uptake [12,13]. In this case, a further hurdle must be circumvented by means of endosomal escape in
order to enter the cytoplasm. If this is not possible, the early endosomes undergo a maturing process,
ending up in lysosomes, where acidic pH values and lysosomal enzymes lead to the degradation of the

cargo [14].
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Although the mechanisms of CPP uptake have been studied intensively, they are not yet fully
understood [15,16]. The process and extent of CPP-cargo-conjugate internalization and their
endosomal escape depends on various factors like cargo size, hydrophobicity, CPP
concentration, and surface density, or the resulting net charge [13,15,17,18]. There is also a
great variability among CPPs, which can be categorized into different groups: cationic,
amphiphatic, and hydrophobic CPPs. These groups have highly different properties, which in
turn affect the CPP-cargo-conjugate characteristics [6,15,19]. Moreover, there is also a lack of
comprehensive systematic studies regarding nanoparticle surface modifications with CPPs that
would facilitate an assessment of resulting particle properties and cell uptake characteristics.
Finally, CPPs are typically non-selective and enhance nanoparticle uptake in nearly all types of
cells [20-22], which is detrimental to target cell selectivity. Therefore, in the case of active
nanoparticle targeting, where selective ligands are attached to the nanoparticle surfaces to
identify a certain cell type or tissue, their application as a tool to trigger cell uptake is hardly

feasible [3,21].

In this work, we aimed to develop nanoparticles that rely on the cell uptake-enhancing
properties of CPPs with utmost target cell selectivity. First, we systematically investigated
nanoparticle modifications with various cell-penetrating peptides attached to the NP surface to
identify the most suitable CPP candidate in terms of resulting particle size and stability. The
nanoparticles had a core-shell structure, consisting of poly(D,L-lactide-co-glycolide) (PLGA)
and a block copolymer of poly(lactic acid)-poly(ethylene glycole) (PLA1ok-PEG2k). The CPPs
were tethered to the PEG part, which built the nanoparticle shell, and were therefore localized
directly visible on the particle surface (Fig. 2A, left). After selection of the most appropriate
CPP, the CPP-modified polymer was combined with PLA1ox-PEGsk polymer chains. On the one
hand, the longer PEG chains hide the CPP inside the PEG shell and thus prevent unspecific cell
internalization upon a first cell contact. On the other hand, PLA10k-PEGsk was equipped with
MLN-4760 (MLN), a potent ACE2 inhibitor [23], that enables selective target cell recognition
(Fig. 2A, right) via binding to ACE2 thus fixing the nanoparticle to the cell surface [24]. The
newly achieved spatial proximity should ultimately lead to CPP exposure and induce uptake
exclusively into target cells. In this way, we aim to provide a simple but effective strategy for
the selective utilization of the unique properties of CPPs and thus establish a favorable,
receptor-independent way of nanoparticle uptake into target cells, which is presumably
associated with less side effects (Fig. 2B) [24]. While possible target tissues of the developed

nanoparticles could be strongly ACE2-expressing compartments, including renal tubules,
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gallbladder, cardiomyocytes, male reproductive cells, ductal cells, eye, and vasculature [25],
the presented technology is a variable platform technology that can be adapted to various

applications by changing the targeting ligand attached to longer polymer chains.

A ~0 25% PLA,,-PEG,,-MLN-4760
~o/~~  75% PLA,,-PEG,-CPP/PLA,,-PEG,-MeO

Simplified NP Design NP Design with
for CPP selection conditional cell uptake

s Geibiity e :
. uptake signal (CPP):

TARGET CELL

Figure 2. Nanoparticle structure and targeting approach. (A) Nanoparticle design. Different CPP
modifications of polymeric nanoparticles with a core-shell structure were analyzed in a simplified
particle design to select a suitable candidate for a conditional, sequential particle uptake (left). The
nanoparticles consisted of PLGA and PLAo«-PEGax block copolymers (PLA drawn in red, PEG in blue).
Due to its higher hydrophilicity, PEG formed the NP shell (blue halo). Since PLGA and PLA are
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generally miscible [25], a PLGA-rich inner core layer (shown in orange/red) and a PLA-rich outer core
layer (shown in red/blue) were obtained. The CPP was tethered to the PEG part and thus directly visible
on the nanoparticle surface and able to mediate nanoparticle uptake. Methoxy-terminated polymers
(PLA10k-PEG2-MeO) served as space-filling polymers between the CPP-modified chains
(PLA0-PEG2-CPP). The most promising candidate was established in a more complex particle design
which promoted conditional, sequential nanoparticle uptake (right). Therefore, the CPP tethered to
PLAo-PEG2x was combined with PLAo-PEGsk polymers, which had a longer PEG chain. The
additional PEG length shielded the CPP during a first cell contact. Additionally, MLN-4760, a selective
ACE2 inhibitor was attached to these longer polymer chains for selective target cell recognition
(PLA10k-PEGsi-MLN). The proportion of long polymers was set to 25 % according to Walter et
al. (2023) [24]. For control nanoparticles, the MLN-modified polymer was replaced by uncharged
methoxy-terminated polymer (PLA o-PEGs-MeO). Different amounts of CPP modifications were
evaluated (0 — 75 %) (PLA10k-PEG2-CPP) and the proportion of short polymer, which should not be
modified, was accordingly replaced by short methoxy-terminated polymers as placeholders
(PLA0-PEG2-MeO). (B) Concept of a conditional, sequential nanoparticle uptake. Since the CPP is
shielded by longer polymers during a first cell contact, the uptake-enhancing abilities of the ligand do
not directly promote cell uptake. Only after a previous, selective binding of the nanoparticle to ACE2
via MLN-4760, the established spatial proximity exposes the uptake signal previously hidden inside the
polymer shell. This leads to CPP-mediated uptake exclusively into ACE2-positive target cells.
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2 Materials and Methods

2.1 Materials

Millipore water was generated by a Milli-Q water purification system (Millipore, Schwalbach,
Germany). Unless otherwise stated, all chemicals and reagents were obtained from Sigma
Aldrich (Taufkirchen, Germany) in analytical grade. Dulbecco’s phosphate-buffered saline
(PBS) was purchased from Sigma Aldrich (Taufkirchen, Germany). Poly(ethylene
glycol)(PEG)-carboxylic acid with a molecular mass of 5,000 g mol"! (OH-PEGsx-COOH) was
sourced from Jenkem Technology USA Inc. (Allen, TX, USA). Poly(ethylene glycol)-
methylether with a molecular mass of 5,000 g mol! (OH-PEGsk-MeO) as well as Resomer®
RG 502, poly(D,L-lactide-co-glycolide) (lactide:glycolide 50:50; ester or acid terminated;
My, 7000-17,000 Da) (PLGA) were purchased from Sigma Aldrich (Taufkirchen, Germany).
N,N’-Diisopropylcarbodiimide (DIC) and Oxyma were sourced from TCI (Eschborn,
Germany). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium  3-oxide
hexafluorophosphate (HATU) and N,N-diisopropylethylamine (DIPEA) were obtained from
ABCR (Karlsruhe, Germany). MLN-4760 was obtained from MedChemExpress (Monmouth
Junction, NJ, USA). The fluorescent dyes were purchased from Lumiprobe (Hannover,
Germany). Protected amino acids Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Lys(Boc)-OH,
Fmoc-L-Tyr(zBu)-OH, Fmoc-L-GIn(Trt)-OH, and Fmoc-Gly-OH were purchased from
Carbolution Chemicals (St. Ingbert, Germany). The cellulose dialysis membranes had a
molecular weight cut-off of 6-8 kDa and were obtained from Spectrum Laboratories, Inc.
(Rancho Domingues, CA, USA). The frits had a pore size of 35 um and were sourced from
Roland Vetter Laborbedarf (Ammerbuch, Germany). The centrifugal devices for nanoparticle
concentration were purchased from Pall Life Sciences (Portsmouth, UK) and had a molecular
weight cut-off of 30 kDa. The infrared lamp was obtained from Medisana (Neuss, Germany),
with a thermostat from PEARL.GmbH (Buggingen, Germany). Syringes were purchased from
Braun (Melsungen, Germany). NMR spectra were recorded on a Bruker Avance-400 NMR
spectrometer (Bruker). High-resolution mass spectrometry (HRMS) was performed on a
Q-TOF 6540 ultrahigh definition (UHD) LC/MS system (Agilent Technologies) using an
electrospray ionization (ESI) source or on an AccuTOF GCX GC/MS system (Jeol) using an
electron ionization (EI) source. Preparative HPLC was performed with a system from Thermo

Fisher (Waltham, USA) with a binary pump HPG-3200BX and the detector VWD-3400RS.
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HEK?293 cells were sourced from the German Collection of Microorganisms and Cell Cultures
GmbH, DSMZ (Géttingen, Germany). Transfected, stably ACE2-expressing HEK293T cells
were a kind gift from Prof. Dr. Ralf Wagner (Institute of Clinical Microbiology and Hygiene,
University Hospital Regensburg). Fetal Bovine Serum (FBS) for the preparation of cell culture
medium was purchased from Biowest (Nuaillé, France). For all microscopic experiments, the
cells were seeded in 8-well microscope slides from Ibidi (Gréfelfing, Germany). Dako
Faramount Mounting Medium was obtained from Agilent Technologies (Santa Clara, USA).
Lysotracker™ Deep Red was purchased from Invitrogen, Life Technologies GmbH (Darmstadt,

Germany).

2.2 Synthesis of Cell-Penetrating Peptides (CPPs)

To identify suitable CPPs for the sequential nanoparticle targeting concept in terms of particle
stability, uptake improvement, and cytotoxicity, various potential CPP candidates were
synthesized and characterized: oligoarginines [26] of different lengths (arginine-4 (R4),
arginine-7 (R7), and arginine-10 (R10)), TAT47-57 (TAT) (one of the most characterized
fragments of the human immunodeficiency virus (HIV) transactivator protein [27]), and the
Bax-inhibiting peptide (Bip) VSALK (small hydrophobic CPP, described by Gomez et
al. (2010) [28]) (Table 1).

Table 1. Peptide sequences and theoretical netto charges.

Peptide Sequence Charge
Bip VSALK +1
Arginine-4 (R4) RRRR +4
Arginine-7 (R7) RRRRRRR +7
TAT47-57 (TAT) YGRKKRRQRRR +8
Arginine-10 (R10) RRRRRRRRRR +10

The corresponding results are provided in the supporting information (Fig. S1 — Fig. S20). The
synthesis was performed using a standard Fmoc strategy following the procedure of Bresinsky
et al. (2022) [29]. 2-Chlorotrityl-resin (300 mg, 1 eq) was weighted into a fritted 25 mL syringe.

15 mL of dichloromethane (DCM) was drawn up to swell the resin at room temperature for
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30 min. Afterward, DCM was aspirated with a vacuum flask. The first amino acid (2.5 eq) was
dissolved in the smallest possible volume of DCM (ca. 15 mL). If this was not possible, small
amounts of dimethylformamide (DMF) were added until the amino acid was completely
dissolved. 140 uL (2.5 eq) of 2,4,6-collidine was added and the solution was drawn up into the
syringe and shaken for 3 h at room temperature. After aspiration of the solvent, the resin with
the bound amino acid was rinsed three times with 15 mL DCM. 15 mL of a mixture of piperidine
20 % (v/v) in DMF was drawn up and the syringe was shaken on an orbital shaker at 35 °C for
15 min to remove the N-terminal Fmoc-protecting group. During this, the shaker was covered
with a box, insulated with aluminum foil, while the temperature was adjusted with an infrared
lamp. The temperature was controlled by a thermostat. After deprotection, the liquid was
removed using a vacuum flask, and the residual resin was washed three times with 15 mL DMF.
For the following coupling steps, the corresponding amino acid (2.5 eq) and HATU (400 mg,
2.5 eq) were weighed into two separate Erlenmeyer flasks. Afterward, both were dissolved in
5 mL DMEF, and collidine (140 pL, 2.5 eq) was added to the solution of HATU. Then, both
solutions were drawn up with the resin-loaded syringe and shaken at 35 °C for 60 min. The
liquid was again removed using a vacuum flask followed by three washing steps with DMF.
For the synthesis of the bax inhibiting peptide (Bip) VSALK different coupling reagents were
used: HATU was replaced by Oxyma (2.5 eq) and N,N -diisopropylcarbodiimide (2.5 eq) and
no base additive was used for coupling. The coupling step was followed by the deprotection
step with piperidine 20 % (V/V) in DMF. Both reactions were repeated until the desired CPP
sequence was built up. The last step was the cleavage from the resin. After deprotection of the
last amino acid, the syringe was successively rinsed with methanol (2 x 15 mL), DCM (2 x
15 mL), and diethyl ether (2 x 15 mL) and allowed to dry. The resin was poured into a round-
bottom flask and a solution of hexafluoroisopropanol (HFIP) in DCM (20 %) was added
dropwise. After stirring for 2 h the solution was filtrated and the filtrate was evaporated and
analyzed via NMR, HPLC, and mass spectrometry. If necessary, the reaction products were

purified by preparative HPLC (Scheme S1).

23 Polymer Synthesis and Ligand Coupling

The synthesis of the PLA-PEG block-copolymer was performed according to Qian et
al. (2011) [30] with modifications as previously described by our group [31]. Directly prior to

the polymerization reaction, 3,6-dimethyl-1,4-dioxane-2,5-dione was recrystallized from ethyl
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acetate at 85 °C and subsequently dried under vacuum at 38 °C overnight. The
heterobifunctional PEG polymer OH-PEG2k-COOH, OH-PEGsc-COOH, or OH-PEG2k-MeO
respectively, served as macroinitiator for the reaction and was dissolved in 10 mL of anhydrous
DCM in a round bottom flask (1 eq, 0.19 mmol). 1,8-Diazabicyclo[5.4.0] undec-7-ene (DBU)
(3 eq, 0.57 mmol) was added, the round-bottom flask was fitted with a drying tube, and the
reaction mixture was stirred for exactly one hour at RT. Subsequently, the polymerization
reaction was quenched with benzoic acid (10 eq, 1.92 mmol). The reaction product was
precipitated in 100 mL ice cold diethyl ether and dried under nitrogen flow overnight at RT.
The resulting polymers were characterized via 'H-NMR (Fig. S21-23). For the coupling of
CPPs, PLA0k-PEG2-COOH (4.165 pmol, 50 mg) was dissolved in anhydrous DMF.
N-Hydroxysuccinimide (NHS) (25 eq) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) (25 eq) were added as powder and the polymer was activated for 1 h at
room temperature (RT) under stirring. The excess of EDC was quenched by the addition of
f3-mercaptoethanol (14.3 M) (BME) (35 eq) for 15 min at RT. The protected CPP (3 eq) was
solved in 1000 puL of DMF and added to the stirring polymer solution. Simultaneously
N,N-diisopropylethylamine (DIPEA) (10 eq) was added and the reaction was stirred for 24 h at
RT. Afterward, the reaction product was precipitated into 100 mL ice cold diethyl ether and
dried under nitrogen flow. For the peptide synthesis and to enable the specific coupling to the
polymer via the N-terminus afterward, all amino acids had to be used side chain-protected.
Therefore, it was necessary to deprotect the peptide sequence after polymer modification. As
the deprotection time in acidic environments should be kept as short as possible, due to
hydrolysis instabilities of PLA-PEG polymers in acidic environments [32,33], the minimal
reaction time for the cleavage of all protection groups was evaluated in advance (Supporting
Information, Chapter 4). According to these results, the modified polymers were dissolved in a
mixture of 10 mL dichloromethane (DCM) and 10 mL trifluoroacetic acid (TFA) and stirred at
room temperature for 60 min (Scheme S2). The solvent was removed on a rotary evaporator
and the polymer with the deprotected CPP was dried using a vacuum pump. The reaction
product was dissolved in as less acetonitrile (ACN) as possible and added dropwise into a
10-fold excess of vigorously stirring millipore water to generate polymeric micelles. The
solution was stirred for 3 h under a fume hood to evaporate the organic solvent. Unreacted CPP
and reagents were removed by dialysis of the polymeric micelles in a dialysis tube with a

molecular weight cut-off of 6-8 kDa against 4 L Millipore water with medium change after

216



Cell-Penetrating Peptides as Selective Nanoparticle Uptake Signal

30 min, 2 h, and 6 h. The coupling of MLN-4760 to PLA1ok-PEGsx-COOH was performed
according to Walter et al. (2023) [24].

24 Nanoparticle Preparation and Characterization

Ester-terminated 13.4 kDa PLGA as nanoparticle core-component and (modified) PLA-PEG
block-copolymers constituting the nanoparticle shell were dissolved at a 30:70 mass ratio to a
final concentration of 10 mg/mL in ACN. Various ratios of modified and unmodified shell
polymers were investigated, which are precisely defined for the respective experiments and
referred to as the degree of modification (DOM). The DOM corresponds to the mass fraction
of PLA-PEG block copolymer with a CPP attached compared to the total shell polymer used
for particle preparation; in other words, a DOM of 30 % implies 30 % CPP-modified PLA-PEG
block copolymer and 70 % uncharged, methoxy-terminated PLA-PEG block copolymer.
Nanoparticles were prepared via bulk nanoprecipitation. Therefore, the polymer mixtures were
added dropwise into vigorously stirring 10 % PBS to a final polymer concentration of 1 mg/mL.
The preparation was stirred for 3 h at room temperature and if necessary concentrated by
centrifugal ultrafiltration in filters with a molecular weight cut-off of 30 kDa for 20 min at
3000 g. For the preparation of fluorescently labeled nanoparticles, the core component PLGA
was functionalized according to Walter et al. (2023) [24]. For the preparation of shielded
particles, TAT47-57 was attached to PLAox-PEG2k block copolymer and covered by
PLA10k-PEGsk  polymers modified with the potent and selective ACE2 inhibitor
MLN-4760 [24]. Nanoparticles with methoxy-terminated long polymer chains and
consequently without a specific surface modification, served as negative control. Both
nanoparticle types were prepared with varying amounts of TAT to identify the most suitable
CPP surface density. The amount of longer polymer chains was set to 25 % since the particle
design was based on a previous work of our group where nanoparticles with this surface density
of MLN proved excellent particle avidities in the low nanomolar to picomolar range [24]. Zeta
potential (ZP) and polydispersity index (PDI) were evaluated using a Malvern Zetasizer Nano
ZS (Malvern, UK) by dynamic light scattering (DLS). The samples were analyzed with a
633 nm He-Ne laser at an angle of 137° at RT. Nanoparticle size and concentration were
determined using nanoparticle tracking analysis (NTA) (NanoSight NS300, Malvern, UK). For
NTA analysis particles were diluted with Millipore water to a particle concentration of 20 to

100 particles per frame.
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2.5 Cell Culture

HEK 293 cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) with 10 %
FBS. For the cultivation of HEK293T cells, which were stably expressing ACE2, the same
medium was used with blasticidin supplementation in a concentration of 10 pg/mL. L929 cells

were cultured in Eagle’s minimum essential medium (EMEM) with 10 % FBS.

2.6 Cytotoxicity Assay

The cytotoxicity evaluation for CPP-modified nanoparticles was performed on L929 mouse
fibroblasts because of their reproducible growth rates and biological responses [34].
10,000 cells/well were seeded in a 96-well plate and incubated for 24 h at 37 °C. The
nanoparticle solutions were diluted in serum-containing medium and 100 pL per well were
added. The cells were incubated for 24 h before the nanoparticle solution was aspirated. 200 pL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution was added
and incubated for 6 h. MTT solution was prepared by weighing the solid and solving it in PBS
to a concentration of 2.5 mg/mL. The solution was sterile-filtered and afterward diluted to a
concentration of 0.625 mg/mL with FBS-containing medium. After the incubation time, the
supernatant was aspirated and 60 pL of a solution of 10 % sodium dodecyl sulfate (SDS) in
PBS was added. The 96-well plate was sealed with parafilm and stored overnight in the fridge.
The next day the plate was shaken for 5 min on a plate shaker and absorption was measured at
570 and 690 nm with a Synergy Neo2 Multi-Mode Microplate Reader (Biotek Instrument Inc.,
Winooski, VT, USA). For the evaluation, the difference in absorbance at 570 and 690 nm was

analyzed and the results were normalized to untreated cells.

2.7 Flow Cytometry

HEK293 cells, or HEK293T cells stably expressing ACE2 were seeded into 24-well plates at a
concentration of 250,000 cells/well and incubated for 24 h at 37 °C. For co-culture experiments,
HEK293T-ACE2 cells were previously stained with Cell Tracker Green (CTG). Therefore, the
cells were incubated for 45 min at 37 °C in a 15 uM solution of CTG in serum-free DMEM.
Subsequently, 50,000 HEK293T-ACE2 cells and 50,000 HEK293 cells/well were seeded and

incubated for 48 h at 37 °C. Both cell types were differentiated during measurements using the
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fluorescein (FITC) channel. NPs were prepared using Cy5-labeled PLGA and adjusted to
100 pM by diluting the particles with Leibovitz medium (LM). The cell medium was aspirated
and 300 pL of particle solution was added to each well. After 60 min incubation at 37 °C, the
particle solutions were aspirated, and the cells were detached using 300 pL trypsin. All
following work steps were carried out on ice. After all cells were detached, 700 uL. of DMEM
supplemented with 10 % FBS was added to each well and the cells of each well were transferred
to Eppendorf cups. These were centrifuged for 5 min at 200 g at 4 °C. The supernatant was
aspirated, and the cell pellets were washed with 1 mL of PBS. The centrifugation and aspiration
step were repeated, and the cell pellet was resuspended in 300 uLL PBS for flow cytometric
measurement. The resuspended cells were stored on ice and protected from light until
immediately before measurement. The samples were analyzed using a FACS Canto II (Becton
Dickinson, Franklin Lakes, NJ, USA). NP fluorescence was excited at 633 nm and the emission
was recorded using a 661/16 nm bandpass filter. The results were analyzed using Flowing

software 2.5.1 (Turku Centre for Biotechnology, Finland).

2.8 Confocal Scanning Microscopy

For confocal scanning microscopy (CLSM) analysis of the interaction of CPP-modified
nanoparticles with cells, 50,000 cells per well were seeded in an 8-well Ibidi slide and incubated
for 24 h at 37 °C. The nanoparticle solutions were diluted to 100 pM in LM and 250 pL/well
were added. The nanoparticles were incubated for 1 h at 37 °C. Afterward the nanoparticle
solution was aspirated, and the cells were washed twice with 200 pL prewarmed PBS. The cells
were fixed directly after the second washing step or medium was added and the cells were
incubated overnight and fixed the following day. For cell fixation a 4 % paraformaldehyde
(PFA) solution in PBS was used. PBS or cell medium was aspirated and 250 pL of the PFA
solution was added to each well. After incubation for 10 min at RT, the fixation solution was
aspirated followed by two washing steps with PBS. Afterward, the cells were incubated with
DAPI staining solution (1 pg/mL in 0.1M PBS) for 10 min for cell nucleus labeling. After two
more washing steps with 200 uL PBS, the cells were mounted using Dako Faramount Mounting
Medium and stored in the fridge (4 °C) until measurement. For the investigation of nanoparticle
uptake ways and endosomal escape, experiments with a Lysotracker™ Deep Red staining were
additionally performed. Therefore, 250 puL of a nanoparticle solution of R7-modified NPs with

a percentage of modified polymer of 50 % in a concentration of 100 pM in DMEM + 10 % FBS
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were added to the cells and incubated for 1 h at 37 °C. For this experiment, the nanoparticle
core was labeled with 5-carboxytetramethylrhodamine (TAMRA) as already described by our
group [24,31]. After expiry of the incubation period, the nanoparticles were aspirated and
stained either directly or after a further incubation period of 24 h in fresh and particle-free
medium. For staining, the cells were incubated with Lysotracker staining solution in a
concentration of 50 nM for 1 h at 37 °C. Afterward, the staining solution was aspirated, and the
cells were washed twice with 250 pL of fresh medium. Finally, 250 pL/well was added and the
living cells were immediately analyzed by CLSM.

2.9 Data Analysis
2.9.1  Statistics

Statistical analysis was performed using GraphPad Prism Software 8.3.0. Ordinary one-way
ANOVA with a Dunnett’s (Fig. 5 and 7), or Tukey’s (Fig. 9 monoculture) multiple comparisons
test; and two-way ANOVA with a Sidak’s multiple comparisons test (Fig. 9, co-culture) was
performed for statistical evaluation of significance. The number of performed experiments (n)

and the resulting significance levels are indicated in the figure legends.

2.9.2  Model for Data Fitting

The piecewise fitting model for zeta potential data is presented in Eq. 1.

k, { <0

FO = Jenass o s Eq.1
¢1/2+¢ Tk (20

It yields an uptake constant for negative potentials k£ as well as a maximum uptake ratio Amax
and a half-maximum uptake zeta potential (2. The factors knax and {12 describe (1) the potency
of CPPs to increase cellular uptake and provide (2) an estimate of the threshold potential, above
which further charges will not lead to a substantial improvement of uptake. Fitting of the

piecewise model function was done using Origin (v. 10.1.0.178).
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3 Results and Discussion

3.1 Systematic Evaluation of NP Surface Modifications with CPPs
3.1.1  Nanoparticle Preparation and Characterization

The effect of various CPP candidates with different amounts of positive charges as well as the
influence of CPP surface density on nanoparticle characteristics were investigated in a
simplified nanoparticle design using only polymers of uniform lengths (PLA1ok-PEGax).
Control nanoparticles without CPPs attached to the NP surface had a size of 78 + 1.8 nm. For
CPP-modified particles, an increase in particle size was observed, that varied between different
CPPs and DOMs resulting in sizes between 90 and 130 nm. The PDI values of all particles were
in the range of 0.1-0.2, which proved a narrow size distribution (Fig. S28). Therefore, all
modifications were shown to be suitable for NP surface modification regarding particle stability.
The nanoparticle zeta potential served as a measure for the successful attachment of CPPs to
particle surfaces (Fig. 3). As expected, increasing the ratio of polycationic CPP-modified
polymer to uncharged methoxy-terminated spacer polymer resulted in a corresponding shift of
the zeta potential to higher values. The net potential increase reached values of up to 59 mV,
starting from a zeta potential of approximately -25 mV at a DOM of 0 % to +34 mV at a DOM
of 75 % for R10-modified particles. Bip, which is a hydrophobic cell-penetrating peptide with
only one basic amino acid and thus only one positive charge [35,36], showed accordingly only
a minor increase of 3 mV. Based on our results, a good correlation between the number of
positive charges per ligand and the absolute value of the zeta potential could be demonstrated

for identical DOMFs.
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Figure 3. Characterization of the influence of nanoparticle modification with CPPs on their zeta
potential. The zeta potential of nanoparticles modified with various CPPs (see diagram title) in different
ratios of CPP-modified and unmodified methoxy-terminated polymer were analyzed. For all
polycationic CPPs increasing proportions of CPP-modified polymer led to increasing zeta potentials.
For the same DOM, a higher number of positive charges per ligand also led to higher absolute zeta

potentials (shown in the lower right panel for a DOM of 50 %); (n = 3 technical replicates).
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3.1.2  Qualitative Investigation of Nanoparticle Uptake

The qualitative investigation of particle uptake was performed for R7-modified particles as
example to prove their ability to reach the cytosol and qualify for intracellular drug
delivery (Fig. 4). For the advanced particle design with conditional CPP presentation and TAT
as uptake signaling ligand, however, a corresponding internalization behavior was
observed (Fig. 9D). The R7-modified nanoparticles initially accumulated at the cell
membrane (Fig. 4). After 3 h, a faint fluorescence was visible in the cell interior, while there
was almost no colocalization with endo- or lysosomes and most particles were localized outside
the cell. After one day of incubation, the late endo- and lysosomes were occupied by
nanoparticles to a high extent and the particles did no longer accumulate at the cell membrane.
Additionally, the intracellular background fluorescence increased over time. These observations
can be explained by uptake mechanisms of arginine-rich cell-penetrating peptides described in
the literature: highly cationic structures strongly adsorb on membrane surfaces [37] due to the
interaction with membrane-associated proteoglycans including heparan sulfate (HSPG), which
was reported to play a crucial role for the subsequent endocytic uptake via
micropinocytosis [37,38]. The observed fluorescence in the cytoplasm not colocalizing with
endosomes indicates that a part of the nanoparticles was internalized via non-endocytic, direct
uptake into the cytosol. This uptake mechanism was already postulated by different research
groups for nanoparticles equipped with CPPs or high arginine surface densities [39—41]. As
clear evidence for such direct penetration served an energy-independent cell uptake at 4 °C, as
well as the diffuse cytosolic labeling after treatment with micropinocytosis inhibitors [42,43],
which showed that endocytosis-independent uptake pathways must be involved [37,44].
However, the high colocalization of the nanoparticles and the lysotracker after 24 h (Fig. 4)
proved that endocytic uptake mechanisms played a major role in nanoparticle internalization.
This is in line with the often-described simultaneous prevalence of multiple internalization
pathways [37,45,46]. As a result, a certain number of NPs may suffer from endosomal
entrapment and lysosomal degradation processes [47—49]. Nevertheless, as the fluorescence in
the cytosol increased considerably (Fig.4), it can be concluded that a decent share of
nanoparticles can reach their destination and is, therefore, suitable for intracellular drug

delivery.
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LTDR R7-NP-TAMRA colocalization

A

1h+2h

1h+24h

Figure 4. CLSM image of the qualitative evaluation of nanoparticle uptake. R7-modified
nanoparticle binding and uptake were tracked after two different time points: the cells were incubated
with NPs for 1 h. Afterward, the particles were removed, followed by further incubation for 2 h
(1h+2h)or 24 h (1 h+ 24 h) respectively. Colocalization of lysotracker deep red (LTDR), staining
late endosomes and lysosomes (red), and R7-modified nanoparticles with a DOM of 50 % labeled with
TAMRA (R7-NP-TAMRA) (yellow) is shown in turquoise. The simultaneous employment of direct and
endosomal uptake ways is presumed since after 3 h most particles still accumulated at the cell surface,
but there was already background fluorescence visible inside the cell showing nanoparticle distribution
in the cytoplasm. At this time point, almost no colocalization between particles and LTDR was visible,
which indicates direct nanoparticle uptake. After 25 h high endosomal entrapment was shown, which
proves additional endosomal uptake. The increasing background fluorescence demonstrated that the
CPP-modified particles reached the cytosol and therefore their destination inside the cell.

Scale bar: 10 um.
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3.1.3  Quantitative Evaluation of Nanoparticle Uptake

The uptake-enhancing properties of the various CPP candidates were systematically
analyzed (Fig. 5). For R4-modified nanoparticles the trend became apparent, that higher surface
densities were initially accompanied by a decrease in binding and uptake. This tendency
reversed as soon as a certain minimum surface density was reached and the particles with a high
DOM of 75 % were taken up to a significantly higher amount than unmodified particles.
Remarkably, this value correlated with the DOM, above which the R4-modified particles also
showed a positive zeta potential. This observation revealed the fact that a significant uptake
improvement can be achieved with a relatively low number of positive charges per peptide if
the peptides are attached to the nanoparticle surface with a sufficiently high surface density,
which compensates the missing peptide length. The CPPs with a higher number of positive
charges per peptide, R7, TAT47-57, and R10 achieved uptake improvement even with a lower
surface modification of at least 25 %, and increasing amounts of CPP surface density resulted
in increasing nanoparticle binding and uptake, as expected. Increasing the amount of Bip was
demonstrated to constantly decrease nanoparticle binding and uptake. In the literature, the
uptake characteristics of small hydrophobic CPPs, which include various Bax-inhibiting
peptides such as the Bip VSALK, are controversially discussed and poorly understood [35,50].
There are different reports on their ability to transport cargos into the cell interior [28,35,51].
However, since we did not observe any beneficial effects regarding nanoparticle uptake and it
has already been shown that also scrambling of the peptide sequence does not significantly
affect cellular uptake, we assume that other similar structures do not provide any advantages
either [19,51]. For this reason, this category of CPPs was not further considered for the

establishment of nanoparticles with conditional CPP-mediated cell uptake.

The flow cytometric analysis findings were confirmed by CLSM for R7-modified particles as
an example (Fig. 6). The microscopic evaluation also verified the behavior of CPP-modified
particles described in chapter 3.1.2, i.e. that the surface modification with polycationic CPPs
initially led to an increased accumulation at the cell membrane after 1 h of incubation.
Therefore, the uptake properties were again investigated 16 h after particle incubation. At this
time point, no more membrane accumulation was visible and most of the nanoparticles were

taken up into the cells (Fig. S29).
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Figure 5. Comparison of nanoparticle binding/uptake improvement for different CPP-
modifications and different ratios of modified to unmodified polymer. The respective CPPs are
indicated in the diagram headings. The panel at the bottom right shows the correlation between particle
binding and uptake and the number of positive charges per ligand (DOM = 50 %). Results represent

mean + SD (n = 3, levels of statistical significance are indicated as *p <0.05, **p <0.01, ***p <0.001,
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DAPI Cy5-NP

merged

Figure 6. CLSM images of the uptake of Cy5-labeled R7-modified NPs with different DOMs in

HEK?293 cells. Cell nucleus labeling with DAPI (blue) served for cell localization. Increasing ratios of
CPP-modified polymer mediated enhanced the uptake of the Cy5-labeled nanoparticles (Cy5-NP) (red)
into HEK?293 cells. Scale bar: 10 um.

A higher theoretical net charge of the attached ligand was accompanied by a stronger influence
on particle uptake, which was shown as an example for a constant DOM of 50 %. (Lower right
panel, Fig. 5) This is consistent with the literature, which describes an increase in cell
penetration properties for longer arginine chains [52]. However, this has not yet been
quantitatively investigated for the modification of nanoparticle surfaces and the resulting
changes in particle uptake. Additionally, this aspect suggests that there is not only a correlation
between the theoretical net charge of the ligand but also between the total nanoparticle zeta
potential influenced by the CPP modification and its uptake. The preparation of nanoparticles
with an equivalent surface density of R7 ligands, but negatively charged spacer polymers
replacing the uncharged methoxy-terminated polymers, resulted in a shift to lower zeta
potentials. Therefore, higher CPP-surface densities were necessary to reach a positive zeta

potential (Fig. 7A). As expected, there was also a shift to higher DOMs for the significant
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uptake enhancement in HEK cells (Fig. 7B). Only with 75 % CPP modification, where a
positive zeta potential was detected, the particles showed a significantly increased uptake.
Based on the zeta potentials and corresponding uptake values of the different CPP modifications
(Fig. 3, 5) we developed a model to quantitatively describe the relationship between surface
charge and increased cellular uptake (Fig. 7C). This allowed the assessment of a maximum
improvement of cellular uptake of the described particle system (kna) achievable by CPP
functionalization and the zeta potential required to obtain half-maximum uptake
improvement ;2 We found that the CPP functionalization was capable to induce an up to 15.8-
fold increase in cellular uptake. Above a threshold potential of 17.4 mV, increasing charges will
not lead to a substantial improvement in particle uptake. However, this correlation holds only
as long as the CPP is directly visible on the particle surface. For more complex systems, where
the CPP is shielded by longer polymers, it is no longer maintained (Fig. S30). Nevertheless, the
results are highly valuable for the development of CPP-modified nanoparticle design strategies
since they allow for an initial assessment of whether a modification can ensure the desired

cellular uptake by determining the nanoparticle zeta potential.

Since high amounts of positive charges are also associated with cytotoxicity [52,53], a
compromise must be found between uptake enhancement and cytotoxic effects. Our {7 value
could serve as an orientation benchmark for this. R10-modified particles showed high
cytotoxicity (Fig. S31), which could be diminished, but not to a sufficient extent, via steric
shielding (Fig. S32). Therefore, TAT47-57 modification, which was associated with less
cytotoxicity (Fig. S33), was used for the following CPP-shielding experiments.
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Figure 7. Correlation zeta potential and uptake improvement of CPP-modified nanoparticles in
HEK?293 cells. The relationship between zeta potential and uptake enhancement was verified using both
an experimental (A+B) and a theoretical (C) approach. (A+B) NPs with identical CPP modifications
(R7) and differently charged space-filling polymers (uncharged methoxy-terminated block
copolymer (MeO) (left) and negatively charged carboxy-terminated block copolymer (COOH) (right))
were prepared. Zeta potential measurements (A) and flow cytometric experiments (B) demonstrated that
a positive zeta potential was directly associated with a significant enhancement of particle uptake. (C) To

quantitatively describe the relationship between surface charge and increased cellular uptake, a model
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was developed to deduct the maximum improvement of cellular uptake achievable (kn.) by CPP
functionalization and the zeta-potential required to obtain half-maximum uptake improvement (..
Results represent mean = SD (n = 3, levels of statistical significance are indicated as *p < 0.05,

**p < 0.01, ***p <0.001, ****p <0.0001) (RFU = relative fluorescence units).

3.2 Conditional CPP-Mediated Nanoparticle Uptake in Target Cells
3.2.1  Nanoparticle Characterization

To enable a selective uptake improvement by CPPs attached to the nanoparticle surface, the
polycationic uptake signal was sterically shielded by longer PEG chains. Control particles
without TAT modification had a size of 77.6 £ 1.0 nm, which increased to values of
89.9+0.3nm to 1064 + 1.3 nm depending on the DOM. NPs with additional MLN-
modification were slightly larger and had a size of 85.4 nm £ 1.3 nm without TAT modification
and varying particle sizes of 97.4 nm + 1.5 nm to 108.8 nm + 1.5 nm for different
DOMs (Fig. 8). However, due to the small differences in size, it can be assumed that there are
no size-dependent differences in cellular uptake. The nanoparticles with shielded CPPs showed
similar PDI values to the unshielded particles between 0.1 and 0.2 and thus a narrow size
distribution. Compared to the nanoparticles with CPPs directly visible on the NP surface, it was
noticeable that the zeta potential was hardly influenced by the positive charge of the
polycationic ligands, since they were hidden inside the NP shell. Although the zeta potential
increased with rising TAT modification, positive zeta potentials were only achieved at higher
DOMs and the values were also significantly lower in absolute terms. For example, a DOM of
75 % resulted in a zeta potential of 4.84 £ 0.36 mV for the shielded particles, while without
shielding polymers the zeta potential was markedly higher at 19.33 + 1.21 mV. All MLN-
modified particles had a slightly more negative zeta potential than the unmodified control

particles. This was caused by the negatively charged carboxy groups of MLN.
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Figure 8. Characterization of nanoparticles with shielded CPP modification. The nanoparticles with
TAT modification on short polymer chains (PEG2) and MLN-4760 attached to long polymer chains
(PEGsk) were characterized via DLS and NTA. Control-NP contained methoxy-terminated longer
polymers instead of the MLN-4760-modified polymers. The proportion of long polymers was set to
25 %. The proportion of TAT-modified polymer varies and is indicated for every bar in the diagram

(n = 3 technical replicates).
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3.2.2  Nanoparticle Binding and Uptake

Different amounts of TAT were examined to find a combination of the two ligands that ensures
both, high uptake, and high selectivity. The MLN-modified particles bound reliably to a higher
degree to the target cells than unmodified control particles up to a modification level of 50 %.
With a DOM of 75 %, there was no significant difference between MLN-modified and control
particles (Fig. 9A). This was in line with our expectations, as the specific interaction itself led
to increased binding, as demonstrated by the particles with MLN but without TAT modification
(DOM 0 %), and the spatial proximity increases TAT visibility. If the number of TAT ligands
on the surface is too high, they led to a strong effect even without additional MLN surface
modification. Therefore, a compromise must be found between the highest possible selectivity
and the highest possible uptake in target cells. Based on our described preliminary experiments
(Fig. 9A), a combination of 25 % MLN-modified polymer and a DOM of TAT of 30 % was
considered for further investigations. To ensure that the effect of enhanced binding with MLN
attached to the NP surface results from specific binding to ACE2, the particle binding was
additionally evaluated with untransfected HEK cells as off-target cells. In this case neither the
modification with MLN nor the dual modification led to improved particle uptake, which
confirmed the target cell selectivity of the established concept (Fig. 9B). The results found in
flow cytometry were additionally investigated by CLSM measurements (Fig. 9C). The
microscopic evaluation supported the results and showed that although the modification with
solely TAT or MLN also led to an improvement in particle binding to the target cells, this effect
could be significantly increased by combining the ligands in the sequential targeting system.
The fact that NP binding ultimately results in particle uptake into target cells was explicitly
demonstrated for this case by further incubation of the cells after particle removement for
24 h (Fig. 9D). To investigate target cell selectivity even in the presence of off-target cells, co-
culture experiments were performed. It could be demonstrated that the dual-modified particles
are considerably superior in their ability to distinguish between target and off-target cells

compared to control NP and thus bound to a higher extent to the surface of target cells (Fig. 9E).
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Figure 9. Flow cytometric and CLSM analysis of steric shielded NP binding and uptake. (A) Flow
cytometric measurements of NP binding/uptake to ACE2-positive stable transfected HEK293T target
cells. Different degrees of TAT47-57 functionalization (percentage of the shell polymer) were
investigated and are stated on the x-axis to find a suitable CPP amount for the sequential targeting
concept. A DOM of 30 % was considered for further experiments (red arrow). (B) Negative control with
ACE2-negative HEK293 cells. (C) Confirmation of the results of (A) via CLSM analysis for a DOM of
30 %. NPs were labeled with Cy5, cell nuclei were stained with DAPI. In the right row, the Cy5 and
DAPI channels were merged and supplemented by transmitted light (TL) for cell localization.
(D) CLSM evaluation of MLN-TAT-NP from (C) with further 24 h of incubation. (E) Co-culture
experiments with HEK293T-ACE2 stable cells and untransfected HEK293 cells. Scale bar: 20 pm.
Results represent mean = SD (n > 3, levels of statistical significance are indicated as *p < 0.05,

**p < 0.01, ***p < 0.001, ****p <0.0001) (RFU, relative fluorescence units).
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4 Conclusion

In this study, we systematically evaluated the effect of nanoparticle surface modifications with
various cell-penetrating peptides. We identified correlations between the number of positive
charges per peptide, surface density, zeta potential, and the corresponding uptake enhancement
in cell experiments, which is highly valuable for the implementation of nanoparticle design
strategies containing cell-penetrating peptides. Based on these data, we established a targeting
strategy, that allows to utilize the unique uptake-enhancing properties of cell-penetrating
peptides selectively by promoting a conditional cell internalization only after a prior selective
cell binding has revealed the uptake signal. In conclusion, we have achieved a selective,
completely receptor-independent nanoparticle uptake into target cells, which is expected to be
beneficial with respect to targeting-related side effects and enables an exclusively cargo-

dependent pharmacological effect.
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1 Synthesis of Side Chain-Protected Cell-Penetrating Peptides

1.1 Detailed Synthesis Scheme of Side Chain-protected CPPs

1) Loading of the resin with the first amino acid (Aa1)

Ot O

cl Fmoc-N" 0 cl
T T (O
O Fmocfu e}

2-Chlorotrityl chloride resin Resin-Aa1-Fmoc

2) Fmoc deprotection

Piperidine

in DMF (20%) l Resin

\
\ / R%o O S Aa1l
Fmoc-N % 15 min, 35°C HNT o !

Resin-Aa1-Fmoc Resin-Aa1

3) Coupling of further amino acids (AaX)

+ Aa2 +AaX
+ Collidine + Collidine
o + HATU o + HATU
HZN DMF H DMF
1h, RT Fmoe N 1h, RT

Resin-Aa1 Resin-Aa1-Aa2-Fmoc Resin-AaX-Fmoc

4) Fmoc deprotection

Piperidine
in DMF (20%)

cl
15 min @ @ @ @ O G Res{l
RT Aat
® X
Aa2

Resin-AaX-Fmoc Resin-AaX \ Aa3 — AaX

5) Cleavage from solid phase

HFIP
in DCM (20%)

HN @ @ @ @ COOH

2h,RT

Resin-AaX AaX

Scheme S1. Detailed synthesis scheme.
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2 Analytics of Cell-Penetrating Peptides

2.1 Bipprot.
2.1.1 Structure

.Boc
HN

Chemical Formula: C3,HggNgOg
Exact Mass: 672,44
Molecular Weight: 672,87

Figure S1. Structure of Bipprot..

2.1.2 NMR

H0

solvent residual
signal

0 6.5 6.0 55 50 4.5 4.0 30 25 20 15 1.0 0.5 0.

Figure S2. "H-NMR of Bipprot.. 'H-NMR (400 MHz, CD;0D) & 4.58 — 4.31 (m, 4H), 3.81 (d, J = 5.7
Hz, 1H), 3.67 (d, J = 5.9, 1.3 Hz, 2H), 3.05 (t, J = 6.7 Hz, 2H), 2.32 — 2.20 (m, 1H), 1.94 — 1.82 (m,
1H), 1.79 — 1.57 (m, 4H), 1.56 — 1.40 (m, 13H), 1.38 (d, J = 7.0 Hz, 3H), 1.23 (s, 9H), 1.08 (dd, J =
15.2, 6.9 Hz, 6H), 0.96 (dd, J = 13.3, 6.4 Hz, 6H).
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2.1.3  Mass spectrometry

x10 5 |C32 H60 N6 O9: +ESI Scan (rt: 1.760-1.764, 1.810-1.839 min, 10 scans) Frag=120.0V walt16400...

673.4505
(IC32 H60 N6 O9]+H)+

o = N W A OO
A L

259.}711 394.2222 517.3343 617.3866 L 785.3272

200 250 300 350 400 450 500 550 600 650 700 750 800 850
Counts vs. Mass-to-Charge (m/z)

Figure S3. Mass spectrum of Bipprot. HRMS: (M+H)" m/z calculated for C32HgiN6sOo'
673.4495, found: 673.4505.

2.1.4 HPLC

3000+ f -~ PMO
€ |
c
S
S, 2000
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Figure S4. RP-HPLC analysis of Bipyr... Retention time tr of Bipyror.: 11.5 min.
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2.2 R4pr0t,

2.2.1 Structure

HN NH
Hl}l NH HN I}IH
Pbf Pbf

Chemical Formula: C;7gH114N16017S4
Exact Mass: 1650,74
Molecular Weight: 1652,08

Figure S5. Structure of R4pq..

2.2.2 NMR

H0

solvent residual
signal

Figure S6. "H-NMR spectrum of Ré.. "H-NMR (400 MHz, DMSO-d6) & 8.61 — 8.29 (m, 4H), 7.54
(s, 1H), 7.07 — 6.20 (m, 12H), 4.28 (s, 1H), 4.03 (s, 1H), 3.69 (d, J=26.2 Hz, 2H), 3.08 — 2.96 (m, 8H),
2.94 (s, 8H), 2.47 — 2.43 (m, 12H), 2.42 — 2.39 (m, 12H), 1.98 (d, J = 6.2 Hz, 12H), 1.60 — 1.20 (m,

40H).
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2.2.3  Mass spectrometry

10 5|C76 H114 N16 017 S4: +ES| Scan (rt: 3.045-3.145 min, 25 scans) Frag=120.0V walt158142.d Su..
551.2563
4 (IC76 H114 N16,017 S4]+3H)+3
826.3802
3 ([C76 H114 N16 O17 S4]+2H)+2
2
413.6950
i ([C76 H114 N16 O17 S4]+4H)+4
0l 296.2584 | 708.3352 961.4256

300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

Figure S7. Mass spectrum of Rdp,.. HRMS: (M+2H)? m/z calculated for C76Hi1sN16017S4>":
826.3788, found: 826.3802.

2.24 HPLC
3000
g i DMSO
o
., 2000 a tg = 18.4 min
[0}
o
3! i
®©
£
S 1000
o)
< —
01 NI - A
| | | |
0 10 20 30 40

time [min]

Figure S8. RP-HPLC analysis of R4,.... Retention time tr of R4ro: 18.4 min.
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2.3 R7prot.

2.3.1 Structure

H H H H
N. N. N.
be/N NH HNY Pbf HNY Pbf HNY Pbf
HN NH NH NH
H Ho$ Ho 9
N N N OH
HoN A” A” AH
(6] \L '\I\ (0] _\L (e}
NH NH NH
HN)\”/PM HNél\”/be HN%\”/be

Chemical Formula: C133H193N2802987
Exact Mass: 2875,29
Molecular Weight: 2877,63

Figure S9. Structure of R7pyqt..

2.3.2 NMR

solvent residual
signal

H.0

20 95 9.0 8.5 8.0 7.5 70 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0.5 0.
f1 (ppm)

Figure S10. "H-NMR spectrum of R7,rot. 'H-NMR (400 MHz, DMSO-d6) & 8.43 (s, 2H), 8.30 (s, 1H),
8.21 —7.83 (m, 4H), 7.50 (s, 1H), 7.31 — 6.06 (m, 21H), 4.44 — 4.30 (m, 1H), 4.27 — 4.14 (m, 3H), 4.03
(s, 1H), 3.67 (d, J = 37.5 Hz, 2H), 3.10 — 2.96 (m, 14H), 2.93 (s, 14H), 2.48 — 2.43 (m, 21H), 2.42 —
2.36 (m, 21H), 2.01 — 1.93 (m, 21H), 1.71 — 1.25 (m, 70H).
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2.3.3  Mass spectrometry

x10 5 |C133 H198 N28 029 S7: +ESI Scan (rt: 3.686-3.898 min, 52 scans) Frag=120.0V walt158277.d S..
720.3328

31 ([C133 H198 N28 029 S7]+4H)+4

2.5
2

151 1439.6573
: ([C133 H198 N28 029 S7]+2H)+2
1

0.5 821.5784
0 1 | \

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Counts vs. Mass-to-Charge (m/z)

Figure S11. Mass spectrum of R7,ror. HRMS: (M+2H)" m/z calculated for Ci33HaooN2sO20S7>":
1439.6554, found: 1439.6573.

234 HPLC

3000
DMSO

2000 tr = 23.6 min

1000

Absorbance [220 nm]

| | | |
0 10 20 30 40
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Figure S12. RP-HPLC analysis of R70.. Retention time tr of R7pror.: 23.6 min.
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24 TAT(47-57)prot.

2.4.1 Structure

H H H H
HNYMPIOf B9 HNYN\be HNYMPIOf HNYN\be
0 NH NH NH NH
tBu
! e e ! e
N N\)J\N N\)J\N N\)J\N N\)J\N N\)J\N OH
2 - z z B
o) H o = H o < _H o 2 _H o <_H o
T Lo L
\ NH o} H NH
HN. i )
Boc HN)\H Pbf HNJ\H Pbf

Chemical Formula: C175H252N3203685
Exact Mass: 3569,72
Molecular Weight: 3572,49

Figure S13. Structure of TAT(47-57)prot.-

24.2 NMR

H,0

solvent residual
signal l ‘

4

/L Jk_ﬂmd JLHVI “LV

4 e
8 9 b
2 o

T T T . T ; v r v r T
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f1 (ppm)

Figure S14. "H-NMR spectrum of TAT(47-57)prot. 'H-NMR (400 MHz, CD;0D) § 7.72 — 6.26 (m,
19H), 4.41 — 3.92 (m, 12H), 3.23 — 3.07 (m, 12H), 3.03 — 2.80 (m, 20H), 2.52 — 2.41 (m, 36H), 2.05 —

1.94 (m, 18H), 1.88 — 1.34 (m, 92H), 1.29 (s, 9H).
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2.4.3  Mass spectrometry

x10 4 |C175 H252 N32 O36 S6: +ESI Scan (rt: 5.464-5.489, 5.505 ... min, 70 scans) Frag=120.0V walt16..

3.5- 893.9390
3] ([C175 H252 N32 036 S6]+4H)+4

2.5+

2 1191.5823

.5 15 2504 ([C175 H252 N32 036 S6]+3H)+3

([C175 H252 N32 036 S6]+5H)+5
0.5 J
ol 6315016 ,| N 1112,5518

600 700 800 900 1000 1100 1200 1300
Counts vs. Mass-to-Charge (m/z)

Figure S15. Mass spectrum of TAT(47-57)pre.. HRMS: (M+3H)? m/z calculated for
C175H25sN32036S6°": 1181.5823, found: 1191.5821.
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Figure S16. RP-HPLC analysis of TAT(47-57),r0t. Retention time tr of TAT(47-57)pror.: 25.9 min.
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2.5 R10prot.

2.5.1 Structure

H H H H H
HN N. HN N. HN N. HN N.
be/N\[//NH Y Pbf Y Pbf %( Pbf %( Pbf
HN NH NH NH NH
H O H O H (0] H (0] H (0]
N N N N N
HaN \;)J\N \;)J\N \;)J\N \;)J\N \;)J\OH
o] '\L H o '\L H o '\L H o '\L H o '\L
NH NH NH NH NH
HN)\N,be HN)\N,be HN)\N/be HN)\N/be HN%\N/be
H H H H H
Chemical Formula: C190H282N40041S10
Exact Mass: 4099,84
Molecular Weight: 4103,19
Figure S17. Structure of R10;,,¢..
2.5.2 NMR
solvent residual
signal
H,O 1
“
Ll |
N )
da .~ A JUUJUJWN
o ke T T gy [ i
N8 3 s g3 8% 32 8 =
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Figure S18. '"H-NMR spectrum of R10p.0. '"H-NMR (400 MHz, DMSO-d6) § 8.61 — 8.36 (m, 4H),
8.32 — 7.91 (m, 7H), 7.75 — 6.25 (m, 30H), 4.57 — 4.08 (m, SH), 3.84 (s, 1H), 3.73 (s, 1H), 3.17 — 3.05

(m, 20H), 3.05 — 2.96 (m, 20H), 2.55 (s, 30H), 2.49 (s, 30H), 2.14 — 1.95 (m, 30H), 1.81 — 1.29 (m,
100H).
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2.5.3  Mass spectrometry
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Figure S19. Mass spectrum of R10,r0.. HRMS: (M+3H)"* m/z calculated for Ci9oHassN49O41S10°":
1368.6237, found: 1369.6257.
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Figure S20. RP-HPLC analysis of R10,.. Retention time tr of R10por.: 27.5 min.
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3 Characterization of PLA-PEG Block Copolymers
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Figure S21. '"H-NMR spectrum of COOH-PEGsPLA jo. 'H-NMR (400 MHz, CDCl3) § (ppm) 5.30
—5.06 (m, 29H) (-(CHs)H-); 4.13 (s, 1H) (-OCH,CH>-O(CO)-); 3.64 (s, 100H) (-OCH>CH>-); 1.60 —
1.37 (m, 90H) (-C(CH3)H-). PEG (5000 Da) signal normalized to an integral area of 100. Integrating the
PLA peaks resulted in a total molecular weight of the polymer of 14989 Da.
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Figure S22. "H-NMR spectrum of COOH-PEGPLA .. 'H-NMR (400 MHz, CDCl;) § 5.40 — 5.02
(m, 77H) (-(CH3)H-); 4.12 (s, 1H) (-OCH2CH>-O(CO)-); 3.64 (s, 100H) (-OCH,CH,-); 1.67 — 1.35 (m,
227H) (-C(CH3)H-). PEG (2000 Da) signal normalized to an integral area of 100. Integrating the PLA

peaks resulted in a total molecular weight of the polymer of 11983 Da.
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solvent residual
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Figure S23. 'TH-NMR spectrum of PLA-PEG-MeO. 'H-NMR (400 MHz, CDCl5) § 5.31 —4.93 (m,
33H) (-(CH3)H-); 4.40 — 4.21 (m, 2H) (-OCH2CH>-O(CO)-); 3.64 (s, 100H) (-OCH,CH>-); 1.65 — 1.45
(m, 256H) (-C(CH3)H-). PEG (2000 Da) signal normalized to an integral area of 100. Integrating the
PLA peaks resulted in a total molecular weight of the polymer of 11524 Da.
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4 Polymer Modification and Deprotection of Side Chain-

protected Amino Acids
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Figure S24. Test deprotection of Boc.
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Figure S25. Test deprotection of Trt.
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Figure S26. Test deprotection of tBu.
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Figure S27. Test deprotection Pbf.
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Scheme S2. Modification of the PLA0-PEGak-block copolymer used as shell component for
particle preparation with different CPPs. Side chain-protected amino acids were used within the CPP
synthesis to allow subsequent specific coupling via the N-terminus (PLAw-PEG2-CPPprot.).
Afterward, the coupled CPP was deprotected in a mixture of DCM and TFA (50/50), resulting in the free
CPP attached to the polymer as reaction product (PLAo-PEG2-CPP).
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5 Characterization of CPP-modified NPs
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Figure S28. Characterization of size and PDI value of CPP-modified nanoparticles. The
nanoparticle size was determined by nanoparticle tracking analysis (NTA) and shown as gray bar; the
PDI value was analyzed via dynamic light scattering (DLS) and indicated as blue square. The particles
consisted of core-polymer (PLGA) and shell-polymer chains of uniform length (PLA;o-PEGux).
Therefore, the coupled cell-penetrating peptide (CPP) was localized on the nanoparticle surface.
Different mass-ratios of CPP-modified polymer and unfunctionalized, uncharged methoxy polymer
were evaluated as indicated in the diagrams. By modifying the particles with CPPs, the size increased

for all ligands compared to unmodified control nanoparticles (n=3 technical replicates).
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6 Uptake Behavior of CPP-modified Nanoparticles

~— —_
TT
é washing Fixa_tic_)n+
staining
@ CLSM

B
’ @5 fjﬁ 1h incubation
PLGA 37°C
@“’/ incubation
z \ h for16 h | Fixation +
& washing 37°C

staining

Figure S29. CLSM images of time dependence of R7-modified NP uptake into HEK293 cells.

(A) Procedure Ibidi-slide preparation and Z-stack of nanoparticle binding/uptake after 1 h of incubation
time. (B) Procedure Ibidi-slide preparation and Z-stack of nanoparticle binding/uptake after 1 h of
incubation and additional 16 h of incubation after nanoparticle expiration and washing. Nanoparticles
were covalently core-labeled with Cy5 (red). Cell nuclei were stained with DAPI (blue). After 1 h of
incubation, the majority of the nanoparticles were bound to the nanoparticle surface. After an additional

incubation period of 16 h, the nanoparticles were taken up into the cells.
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Figure S30. Shielding of R7 by PLA 10x-PEGsi-COOH polymer led to the loss of zeta-potential and
significant uptake improvement-correlation in HEK293 cells. The cells were incubated with Cy5-
labeled nanoparticles for 1 h at 37 °C and afterward analyzed via flow cytometry. (A) Zeta potential
measurements of the particles. (B) Flow cytometric evaluation. Results represent mean = SD (n = 3,

levels of statistical significance are indicated as *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001).
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7 Cytotoxicity of Modified Nanoparticles
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Figure S31. Evaluation of the cytotoxicity of R10-modified nanoparticles. (A) MTT assay performed
with L929-cells. The different DOMs investigated are indicated in the figure legend. (B) TL-image
showing the aggregation of HEK293 cells after treatment with R10-modified NPs DOM 50 % in a
concentration of 100 pM after 1 h of incubation with particles and further 15 h of incubation after particle

removement. (C) CLSM image: z-stack orthogonal view showing the aggregation of HEK293 cells.
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Figure S32. Effect of CPP shielding on R10-NP-cytotoxicity. The CPPs were sterically shielded by
the usage of 25 % longer polymers (PLA0x-PEGsi-COOH) and the cytotoxicity was evaluated via an
MTT assay performed with L929-cells. The different DOMs investigated are indicated in the figure
legend. Compared to particles with unshielded R10 a shift of cytotoxicity to higher nanoparticle

concentrations could be detected.
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Figure S33. Evaluation of the cytotoxicity of NPs surface-modified with TAT(47-57). The MTT
assay was performed with L929 cells. The different DOMs investigated are indicated in the figure
legend.

The cytotoxicity of MLN-TAT NPs and control NPs was additionally investigated with
HEK293T-ACE2 cells under the conditions of the flow cytometry experiments. Since HEK293
cells show only weak adherence, the utilized 96-well plates were initially coated using Collagen
A (Biochrom GmbH, Berlin, Germany). Therefore, 1.25 mL collagen A 1 mg/mL was mixed
with 11.25 mL PBS pH 2.4 (pH adjusted with 37 % hydrochloric acid), and 250 pL/well was
added. The solution was incubated for 1 h at 37 °C. Afterward, the collagen was removed
carefully. The wells were washed using 250 uL. DMEM + 10 % FBS. Directly after the coating
step, 75,000 cells/well were seeded into the coated plate and incubated for 24 h at 37 °C.
Unlabeled MLN-TAT NPs and control NPs were prepared according to chapter 2.4 and the
particle concentration was adjusted to 100 pM with Leibovitz medium. The cell medium was
aspirated and the particles were added and incubated for 1 hour. Subsequently, the particle
solution was aspirated and the cells were incubated with 200 pL. MTT working reagent,
prepared as described in chapter 2.6, for 3 h at 37 °C. All the following steps were performed
according to chapter 2.6. A cell viability of 99.86 + 5.48 % was demonstrated after treatment
with MLN-TAT-NPs and 92.97 + 6.51 % after treatment with control-NPs.
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Figure S34. Evaluation of the cell viability of HEK293T-ACE2 cells under flow cytometry

experimental conditions (n=6).
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SARS-CoV-2 Host Cell Targeting

Chapter 6

Nanoparticles Mimicking the Viral Infection
Pathway for Targeting SARS-CoV-2 Host Cells
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Abstract

The COVID-19 virus, which first emerged in 2019, has caused more than 700 million infections
and at least 7 million deaths worldwide. Although the pandemic has been contained with the
development of vaccines, new outbreaks continue to occur. Furthermore, due to ongoing
mutations and the post-COVID syndrome, a potential following disease, COVID-19 still has a
major impact today. In recent years, numerous therapeutic approaches have been developed that
target different stages of the viral replication cycle. However, a resounding success in
containing the spread of SARS-CoV-2 could not be achieved. One possibility to increase the
therapeutic efficacy of the developed drugs could be the direct transfer to the viral host target
cells. Therefore, polymeric nanoparticles are supposed to imitate the internalization pathway of
SARS-COV-2 to mimic the infection and track the virus through the organism. In the first step,
the virus attaches to the angiotensin-converting enzyme 2 (ACE2) via its spike protein.
Subsequently, there are two possibilities for viral entry: an endosomal, transmembrane protease
serine subtype 2 (TMPRSS2)-independent, pathway, and a TMPRSS2-dependent pathway via
membrane fusion. This chapter discusses the translation of these two mechanisms into targeting
strategies and provides an outlook on the next steps toward the establishment of antiviral

nanoparticle therapy.
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1 Introduction

The first reports of a rapidly increasing number of a severe acute respiratory syndrome (SARS)
in Wuhan, China emerged in December 2019. The genomic sequence of the virus SARS-CoV-2
was rapidly identified and published in January 2020 [1], followed by the designation of the
triggered disease as coronavirus disease 2019 (COVID-19) [2]. Nevertheless, it was not
possible to prevent viral spread, which led to the declaration of a global pandemic by the World
Health Organization (WHO) in March 2020, with more than 700 million cases and at least 7
million deaths worldwide to date [3]. Even though the end of the pandemic was declared in
2023, the disease regularly relapses, and even after recovery, there may be lasting symptoms,
known as post-COVID syndrome, which can affect anyone exposed to SARS-COV-2,
regardless of age, severity, or original symptoms [4]. Although the development of vaccines
made major contributions to the end of the pandemic, the analysis of breakthrough SARS-
CoV-2 infections (BTI) in vaccinated people has shown that vaccination before infection
confers only particle protection of the post-acute phase of the disease and may not sufficiently
protect long-term consequences of an infection [5]. In addition, ongoing virus mutations lead
to concerns about SARS-CoV-2 variants that could worsen the severity of the disease or reduce
the efficacy of vaccination [6,7]. These findings emphasize the need for novel therapies for fast
and consequent interruption of viral spread and virus elimination. Therefore, in recent years,
many studies have been performed, focussing on the development of antiviral therapies to
combat the spread of SARS-CoV-2. The majority of the described potential drug candidates are
intended to intervene in intracellular processes of the SARS-CoV-2 host target cells [8—10].
Thus, a drug delivery system, enabling the selective transfer of active substances into the
concerned cells, could considerably improve therapy efficacy by increasing the drug amount at

the site of action and minimizing unintended adverse drug effects.

Therefore, the aim of this study was the development of a nanoparticle targeting strategy that
mimics the uptake mechanisms of SARS-CoV-2. In this way, the nanoparticles are supposed to
track the viral infection inside the organism and accumulate at the site of viral replication. The
encapsulation of an antiviral substance into the particle system thus enables active substances

to precisely attack the virus and efficiently prevent viral spread.
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TMPRSS2-independent uptake pathway
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Figure 1. Uptake of SARS-CoV-2 into host target cells and strategies for viral mimicry. Virus

binding to ACE2 induces conformational changes in the S1 subunit of the viral spike protein and exposes

the S2’-cleavage site of the S2 subunit. If the target cell does not express TMPRSS2 or the ACE2-virus-

complex does not encounter the transmembrane protease on the cell surface, the virus internalizes via

the endosomal pathway. Due to the cleavage of the S2’-site by cathepsin in the acidic environment of
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late endosomes or lysosomes, the fusion peptide (FP) is exposed. The dissociation of S1 from S2 results
in dramatic conformational changes, initiating membrane fusion. The viral RNA is thus released into
the host cell cytoplasm via a fusion pore. If the host target cell expresses TMPRSS2, S2’-cleavage
already occurs at the cell surface, initiating viral fusion with the cell membrane. For the mimicry of the
TMPRSS2-independent pathway, the selective ACE2 inhibitor MLN-4760 is tethered to the NP surface
and promotes binding and thus NP fixation via ACE2. Due to the newly achieved spatial proximity of
the NP to the cell surface, a previously sterically shielded cell-penetrating peptide is revealed and
initiates particle uptake. For TMPRSS2-dependent uptake, the CPP is not simply covered by steric
hindrance, but by a shielding element, which is conjugated to the CPP via a TMPRSS2 cleavage
sequence (inactivated nanoparticle). Therefore, the uptake signal is only exposed by enzymatic activity

(activated nanoparticle), resulting in particle internalization.

Simplified, SARS-CoV-2 uptake consists of two essential factors. The primary step is the
binding to angiotensin-converting enzyme 2 (ACE2) on the membrane surface via the Sl
domain of its spike protein [11,12]. For the second step, there are two different possibilities: the
endosomal entry via clathrin-coated pits (CCPs) [13] and lipid rafts [14], or the cell surface
entry, which is promoted by the cleavage of the spike protein at its S2’ site by transmembrane
protease serine subfamily (TMPRSS) proteases, mainly the TMPRSS subtype 2 (TMPRSS2)
that enables membrane fusion [15-17] (Fig. 1).

A strategy for the mimicry of the TMPRSS2-independent nanoparticle uptake is demonstrated
in Chapter 5, using the conditional uptake of cell-penetrating peptides after an initial
attachment to ACE2 via the selective and potent inhibitor MLN-4760 [18]. However, since the
endosomal uptake relies on a slow acid-activated late endosomal pathway for infection, the fast

pH-independent TMPRSS2-dependent cell surface entry is preferred to infect cells [19].

For this reason, this chapter provides initial contributions to the extension of the already
established SARS-CoV-2 mimetic targeting concept for an additional, TMPRSS2-mediated
nanoparticle activation step. The aim is to increase the selectivity for ACE2/TMPRSS2 dual-

positive cells, thereby targeting the most severely affected cells in particular.
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2 Materials and Methods

2.1 Materials

If not otherwise declared, all chemicals and reagents were obtained from Sigma-Aldrich
(Taukirchen, Germany) in analytical grade. The millipore water used was generated by a
Milli-Q water purification system (Millipore, Schwalbach, Germany). Dulbecco’s phosphate-
buffered saline was obtained from Sigma-Aldrich (Taufkirchen, Germany). HEK293 cells were
obtained from the German Collection of Microorganisms and Cell Cultures GmbH, DSMZ
(Gottingen, Germany) and HEK293T cells which are stably expressing ACE2 were kindly
provided by Prof. Dr. Ralf Wagner (Institute of Clinical Microbiology and Hygiene, University
Hospital Regensburg, Germany). Fetal bovine serum (FBS) was obtained from Biowest
(Nuaillé, France). The lentiviral preps used for transduction were purchased from Addgene
(Addgene viral prep # 154985-LV; # 154982-LV). Blasticidin was purchased from Invivogen
(Toulouse, France). Puromycin was sourced from Enzo Life Sciences (Farmingdale, NY, USA).
For flow cytometry analysis, the flow cytometry staining buffer, the labeled antibodies anti-
human ACE2 (hACE2)-AlexaFluor®647-conjugated Mouse IgG, and Mouse IgG2A control
AlexaFluor®647-conjugated were purchased from R&D Systems (Minneapolis, MA, USA).
The ACE2 activity assay kit (fluorometric) was obtained from Abcam (Cambridge, UK). The
fluorescence was measured at a Synergy Neo2 Multi-Mode Microplate Reader (Biotek
Instrument Inc., Winooski, VT, USA). PeqGOLD TriFastreagent was purchased from VWR
International (Radnor, PA, USA), the qScript cDNA Synthesis Kit was sourced from Quantabio
(Beverly, MA, USA), and Takyon ROX SYBR 2x MasterMix dTTP blue from Eurogentec
(Seraing, Belgium). The fluorogenic substrate Boc-QAR-AMC of TMPRSS2 was obtained
from R&D Systems, Inc. (Minneapolis, MA, USA). Camostate mesylate was sourced from
MedchemExpress (Monmouth Junction, NJ, USA). N,N’-Diisopropylcarbodiimide (DIC) was
purchased from TCI (Eschborn, Germany). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium  3-oxide  hexafluorophosphate = (HATU) and N,N-diiso-
propylethylamine (DIPEA) were obtained from ABCR (Karlsruhe, Germany). The protected
amino acids Fmoc-L-Lys(Boc)-OH, Fmoc-L-Ala-(OH), Fmoc-L-Arg(Pbf)-OH, Fmoc-L-
Ser(tBu)-OH, Fmoc-L-Phe-OH, and Boc-L-Lys(Fmoc)-OH were purchased from Carbolution
Chemicals (St. Ingbert, Germany). Frits with a pore size of 35 pm were sourced from Roland

Vetter Laborbedarf (Ammerbuch, Germany). The infrared lamp was obtained from Medisana
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(Neuss, Germany) and the thermostat was sourced from PEARL GmbH (Buggingen, Germany).
Syringes were purchased from Braun (Melsungen, Germany). High-resolution mass
spectrometry (HRMS) was performed using a Q-TOF 6450 ultrahigh definition (UHD) LC/MS
system from Agilent Technologies (Santa Clara, CA, USA), using an electrospray ionization
(ESI) source. NMR spectra were recorded on a Bruker Advance-400 NMR spectrometer
(Bruker, Billerica, MA, USA).

2.2 Evaluation of Antibiotic Resistance

To enable the antibiotic selection of transduced and untransduced cells, the antibiotic resistance
of HEK?293 cells for blasticidin and puromycin were evaluated. Therefore, 3000 cells/well were
seeded into a 96-well plate and incubated for 24 h at 37 °C in Dulbecco’s modified eagle
medium (DMEM), supplemented with 10 % fetal bovine serum (FBS). A concentration series
of blasticidin or puromycin in cell culture medium was prepared. After aspiration of the cell
culture medium, the dilutions were added, and the cells were incubated until the blank, which
were cells without the addition of antibiotics, had grown confluent. MTT working reagent was
prepared by diluting 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide in DMEM
supplemented with 10 % FBS in a concentration of 1 mg/mL. The antibiotic dilutions were
aspirated and 100 pL working reagent per well was added. After 3 h the supernatant was
aspirated and 100 pL isopropanol was added to solve the formed violet crystals. The plate was
shaken protected from light until all crystals were dissolved for at least 30 min. The absorption
was measured at 570 and 690 nm with a Synergy Neo2 Multi-Mode Microplate Reader (Biotek
Instrument Inc., Winooski, VT, USA). The difference in absorbance was analyzed and the

results were normalized to untreated cells.

2.3 Cell Culture

HEK293 cells were cultivated in DMEM, supplemented with 10 % FBS. For the cultivation of
HEK293-TMPRSS2 10 pg/mL blasticidin were added to the medium. For the cultivation of
HEK?293-TMPRSS2-ACE2 dual-transfected cells puromycin was supplemented additionally in
a concentration of 0.5 pg/mL. Calu-3 cells were cultivated in DMEM/F12/GlutaMax medium
supplemented with 10 % FBS, 1 % HEPES, and 1 % L-glutamin.
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2.4 Lentiviral Transduction

For lentiviral transduction, 300,000 HEK293 cells/well were seeded in a 6-well plate and
incubated for 24 h at 37 °C. The cell transduction medium, DMEM supplemented with 10 %
FBS and 10 pg/mL polybrene, was prepared immediately before the transduction. The lentiviral
prep aliquot was thawed at room temperature and a range of dilutions of the lentivirus (1:5,
1:10, 1:50, 1:100, 1:500 of the titer stock solution 1 mL > 1x10° transduction units (TU)/mL)
in the transduction medium were prepared. The medium in each well was aspirated and 500 pL
of the corresponding single viral dilution was added. The cells were incubated with the virus
for 24 h. Afterward, the medium was aspirated gently, and the cells were incubated for 24 h
with DMEM + 10 % FBS. 48 h after transduction the medium was aspirated and replaced by
the antibiotic-containing medium to perform the antibiotic selection. The selection
concentrations of blasticidin and puromycin were evaluated in a preliminary MTT experiment
and set at 10 pg/mL for blasticidin and 0.5 pg/mL for puromycin, as untreated HEK293 cells
reliably died at this concentration. (Supporting Information, Chapter 1.1) The cells were

observed under daily medium changes until all cells in an untransduced control well died.

2.5 TMPRSS2 Activity Screening

Preliminary experiments with soluble TMPRSS2 were carried out to determine the assay
conditions. The results of these preliminary tests can be found in the supporting information
(Chapter 1.2). The test procedure and the composition of the utilized assay buffer were based
on Fraser et al. (2022) [20]. TMPRSS2 was solved in a mixture of millipore water and glycerol
(1:1) to a concentration of 10 uM. The stock solution was diluted with PBS to a concentration
of 50 nM. The fluorogenic assay was performed in a black 96-well plate. 98.5 uL assay buffer
(25 mM Tris pH 8.0, 75 mM NaCl, 2 mM CaCl,) or PBS, respectively, were mixed with 0.5 pL
of the TMPRSS2 solution. Immediately before the measurement, 1 uL of a 100 uM solution of
the fluorogenic substrate Boc-GlnAlaArg-AMC (Boc-QAR-AMC) was added. For this
purpose, the fluorogenic substrate was dissolved in dimethylsulfoxide (DMSO) to a
concentration of 10 mM and afterward diluted with PBS. The plate was shaken gently, and the
fluorescence was measured for 90 min at 37 °C (excitation/emission: 341/441 nm). Due to

occurring cell lysis in the assay buffer, all cell-based experiments had to be performed in PBS.
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After the transduced cells, prepared with different viral dilutions, had grown confluent, they
were transferred to a T75 culture flask. Once all the cells had reached a density of at least 70 %,
they were subjected to an initial screening activity assay. Therefore, 100,000 cells/well from
each transduced cell line and wild-type HEK293 control cells were seeded in a black 96-well
plate and incubated for 24 h (n=10). A 10 mM stock solution of the fluorogenic substrate Boc-
QAR-AMC was prepared in DMSO and subsequently diluted to a final concentration of 200
uM in PBS. The medium was aspirated and 100 uL PBS was added to each well. Directly before
measurement 50 pL of the fluorogenic substrate solution was added and the fluorescence was
measured kinetically every 2 min (excitation/emission: 341/441 nm). The experimental data of
the initial screening are shown in chapter 1.3 of the supporting information. The cell line which
showed the highest activity in the preliminary screening was retested with and without enzyme
inhibition of TMPRSS2 to ensure specific substrate cleavage. Therefore 90,000 cells/well were
seeded in a black 96-well plate and incubated for 24 h. Camostat mesylate was dissolved in
DMSO to a concentration of 200 mM and diluted with PBS to a concentration of 1 mM. The
cell medium was aspirated and 50 uL of the camostat solution or PBS without inhibitor,
respectively, was added and the cells were incubated for 15 min at RT. Immediately before
measurement, 50 pL of the 200 uM fluorogenic substrate solution was added and the

fluorescence was detected for 90 min.

2.6 qPCR Analysis of TMPRSS2 Expression

For quantitative polymerase chain reaction (qQPCR) analysis, 400,000 HEK293 cells/well,
400,000 HEK293-TMPRSS2 cells/well, and 300,000 Calu-3 cells/well, acting as a positive
control [21], were seeded in a 12-well plate and incubated for 24 h at 37 °C. Afterward, the
cells were washed twice with PBS and stored on ice. The cells were lysed with peqGOLD
TriFastreagent by adding 500 pL to each well, incubating for 5 min, and transferring the cell
lysate into Eppendorf cups. 100 pL chloroform were added and the Eppendorf cups were stored
on ice for 10 min. The solutions were centrifuged at 12,000 g at 4 °C for 20 min. The aqueous
phase was transferred to a new Eppendorf cup and diluted with cooled isopropanol in a ratio of
1:1. The solution was stored in the freezer at -20 °C overnight to precipitate the isolated RNA.
The next day, the supernatant was removed, and the pellet was washed twice with 1 mL of 75 %
ethanol per analysis (p.a.) by adding the solvent, incubating the pellet on ice for 20 min,

centrifugation at 12,000 g at 4 °C for 5 min, and removing the supernatant. The isolated RNA
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was stored on ice for one hour. Subsequently, the concentration was measured via nanodrop
analysis. 500 ng of the isolated RNA were transcribed to the corresponding cDNA using a
qScript cDNA Synthesis Kit. Negative controls without reverse transcriptase were performed
to detect impurities of genomic DNA. The Real-Time (RT)-PCR was implemented on a CFX
Connect Real-Time PCR Detection System (Biorad, Hercules, CA, USA) with 50 cycles of 10 s
melting at 95 °C, a following step of annealing at 60 °C for 20 s and elongation for 30 s at 72°C.
In order to identify a suitable primer for analyzing the manipulated cell line, various primers
were initially evaluated. The corresponding data can be found in the supporting information
(Chapter 1.4). A genstudy was performed to identify a reliable housekeeping gene (Supporting
Information, Chapter 1.5). Data analysis was performed using Bio-Rad CFX Manager 3.0
(Hercules, CA, USA).

2.7 Antibody Staining

Flow cytometry experiments were performed to verify the expression of ACE2 on the cell
surface via the binding of fluorogenically labeled antibodies. For that purpose, the cells in the
culture flask were gently washed with PBS. Subsequently, 10 mL of PBS was added, and the
cells were detached by pipetting the solution up and down. The cells were aliquoted to 1x10°
cells and transferred into protein low bind Eppendorf cups. 5 pL of the anti-hACE2
AlexaFluor 647-labeled antibody or its isotype control, respectively, were added and the
mixture was incubated for 30 min at room temperature in the dark. Afterward, the cells were
centrifuged for 5 min at 300 g and the supernatant was removed to separate the unbound
antibody. The cells were resuspended in 2 mL flow cytometry staining buffer and the
purification step was repeated twice. The resulting cell pellet was resuspended in 500 pL of
flow cytometry staining buffer and analyzed immediately. The flow cytometric analysis was
performed on a FACS Canto II (Becton Dickinson, Franklin Lakes, NJ, USA). The labeled
antibodies were detected by excitation at 633 nm and analysis of the emission using a

661/16 nm bandpass filter.
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2.8 ACE2 Activity Assay

To evaluate the cleavage activity of ACE2 of the transduced cells, a fluorometric ACE2 activity
assay kit was used. The cells were washed with serum-free DMEM and aliquoted to
250,000 cells in Eppendorf cups. After centrifugation for 5 min at 300 g the supernatant was
aspirated gently. The cells were resuspended in lysis buffer, stored on ice, and digested with a
Dounce homogenizer. After 10 min incubation on ice, the cells were vortexed and incubated for
a further 10 min. Subsequently, the samples were centrifuged (16,000 g, 10 min, 4 °C),
transferred to a black 96-well plate, and incubated for 15 min at room temperature. For each
sample, 2 pL of the 7-methoxycoumarin-4-acetic acid (MCA)-based fluorogenic substrate was
diluted with 48 pL ACE2 assay buffer and the solution was added to the well plate. The samples
were mixed by shaking the plate gently. Subsequently, the fluorescence was measured with an
excitation wavelength of 320 nm and an emission wavelength of 420 nm at room temperature

in the kinetic mode for 90 min with measurement steps of 2 min.

29 Solid Phase Synthesis of the Cleavage Sequence

The TMPRSS2 cleavage sequence was synthesized according to Walter et al. (2024) [18] using
a standard Fmoc strategy. All amino acids used were side chain-protected. 2-Chlorotrityl-resin
(300 mg, 1 eq) was weighted into a fritted 25 mL syringe and 15 mL of dichloromethane (DCM)
was drawn up to swell the resin at room temperature (RT) for 30 min. The first amino acid
starting from the C-terminus (Fmoc-alanine) (2.5 eq) was dissolved in 15 mL DCM and 140 pL
(2.5 eq) of 2,4,6-collidine was added. The DCM in the syringe was aspirated with a vacuum
flask and the solution containing the amino acid and collidine was drawn up into the syringe
and shaken for 3 h at room temperature. Subsequently, the solution was aspirated, and the bound
amino acid was rinsed three times with 15 mL DCM. A mixture of piperidine 20 % (v/v) in
dimethylformamide (DMF) was prepared and 15 mL was drawn up into the syringe, which was
subsequently shaken on an orbital shaker at 35 °C for 15 min to remove the N-terminal Fmoc-
protecting group. After aspirating the solution with a vacuum flask, the modified resin was
washed three times with 15 mL DMF. For all following coupling steps, the amino acid (2.5 eq)
and 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo-[4,5-b]pyridinium 3-oxide hexa-
fluorophosphate (HATU) (2.5 eq) were weighed into two separate Erlenmeyer flasks, dissolved
in 5 mL DCM, and collidine (2.5 eq) was added to the solution containing HATU. Afterward,
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both solutions were drawn up into the syringe and the syringe was shaken at 35 °C for 60 min.
After removing the solution with a vacuum flask and three washing steps with DMF, the next
amino acid was coupled under the same conditions until the entire peptide was built up on the
solid phase. To cleave the peptide from the resin, after the last Fmoc deprotection step, the
syringe was rinsed with methanol, DCM, and diethyl ether (2 x 15 mL) and allowed to dry. The
dried resin was transferred to a round-bottom flask and a solution of hexafluoroisopropanol
(HFIP) in DCM (20 %) was added dropwise. The mixture was stirred for 2 h. After filtration,
the filtrate was evaporated on a rotary evaporator and the side chain-protected reaction product
was analyzed via HPLC, and mass spectrometry (Supporting Information, Chapter 2.1). The
synthesis of the cleavage sequence with the fluorophore-quencher pair (dansyl/dabsyl)
proceeded equivalently under light protection. The reaction product was analyzed via HRMS

(Supporting Information, Chapter 2.4).

2.10 Synthesis of Fmoc-Lys(dansyl) and Fmoc-Lys(dabsyl)

2-Chlorotrityl-resin (10 g, 1 eq) was weighed into a round bottom flask. 40 mL of DCM was
added and the resin was swollen for 30 min at RT. Boc-Lys(Fmoc)-OH (11.2 g, 2 eq) was solved
in DCM, and DIPEA (4.19 mL, 2 eq) was added. The solution was transferred into the round
bottom flask containing the resin and the mixture was stirred for 3 h to couple the amino acid
to the solid phase via its C-terminus. The mixture was filtered through a frit and washed
with DCM, followed by an end-capping step of the resin with DCM (20 mL), methanol
(MeOH) (5 mL), and 4.2 mL DIPEA (1 eq). The reaction was stirred for 15 min at RT and
subsequently filtered through a frit. Afterward, the resin was washed with DCM, MeOH, and
diethyl ether and allowed to dry. To cleave the Fmoc protection group from the side chain,
40 mL of a solution of piperidine in DMF (20 %) was mixed with the solid phase in a round
bottom flask and stirred for 15 min, followed by washing steps with DCM, MeOH, and diethyl
ether through a frit.

2 g (1 eq) of the Boc-protected, lysine-modified resin was weighed into a syringe. To couple
dansyl to the primary amine of the lysine side chain, dansylchloride (0.67 g, 1.3 eq) was solved
in 5 mL DMF. In a separate snap cap tube, DIPEA (435 uL, 1.3 eq) was added to 2 mL DMF
and subsequently, both solutions were drawn up into the syringe containing the lysine-modified

resin. The syringe was shaken overnight at RT in the dark. After a washing step with DCM,
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MeOH, and diethylether (15 mL), the resin was transferred to a round bottom flask. A solution
of 20 % trifluoroacetic acid (TFA) in DCM was added and the reaction was stirred for 60 min
to cleave the dansyl-modified lysine from the resin. Subsequently, the mixture was filtrated,
and the resin was washed until the resulting filtrate was clear. The filtrate was evaporated on a
rotary evaporator and left to dry on a vacuum pump overnight. The Fmoc protection was
performed according to Singh et al. (2022) [22]. The reaction product (1.24 g, 1 eq) was
dissolved in 10 % aqueous (aq.) Na;CO3 (50 mL). Fmoc-OSu (1.10 g, 1 eq) in THF (50 mL)
was added to the mixture dropwise. After completion 100 mL millipore water was added to the
solution and stirring was continued overnight at room temperature. The reaction progress was
monitored by thin layer chromatography (TLC). The mixture was acidified to pH 3 by addition
of aq. HCI (1 N) and the reaction product was extracted with ethyl acetate and DCM. The
combined organic layers were dried over NaxSO4 and evaporated, yielding a yellow solid. The

reaction product was analyzed by HRMS (Supporting Information; Chapter 2.2).

For the synthesis of Fmoc-Lys(dabsyl)-OH, Boc-Lys(Fmoc)-OH was coupled to the
2-chlorotrityl-resin according to the synthesis of Fmoc-Lys(dansyl)-OH. 1 g of the Boc-
protected, lysine-modified resin was weighed in a syringe. Dabsylchloride (0.41 g, 1.3 eq) was
weighed in a snap cap tube and dissolved in 5 mL DMF. In a separate snap cap tube, 2 mL DMF
was mixed with DIPEA (218 pL, 1.3 eq) and both solutions were drawn up in the syringe
containing the modified resin. All further steps were carried out analogous to the synthesis of
Fmoc-Lys-dansyl-OH. The reaction product, which was a red solid, was analyzed via HRMS
(Supporting Information; Chapter 2.3).

2.11 Statistics

Statistical analysis was performed using GraphPad Prism Sofware 8.3.0. Ordinary one-way
ANOVA with a Tukey’s multiple comparisons test was performed for statistical evaluation of

significance (Fig. 3B). The resulting significance levels are indicated in the figure legend.
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3 Results and Discussion

3.1 Lentiviral Transduction of HEK293 cells for TMPRSS2 Expression

In order to investigate the dependence of nanoparticle binding and uptake on the interaction
with ACE2 and/or TMPRSS2, it was necessary to generate cell lines expressing either one or
both enzymes in combination, but which are otherwise indistinguishable. Therefore, HEK293
cells were initially transduced with lentiviral vectors for the stable expression of TMPRSS2,
followed by antibiotic selection with blasticidin (Supporting Information; Chapter 1). The
transduction success and the activity of the expressed transmembrane protease TMPRSS2 were

then analyzed by quantitative PCR (qPCR) (Fig. 2) and a fluorogenic activity assay (Fig. 3).

The qPCR analysis demonstrated that no expression of TMPRSS2 could be detected in wild-
type HEK293 cells (quantification cycle (Cq): 39.87 £ 0.96; negative controls: no reverse
transcriptase (noRT): 40.43 + 1.21; no template control (NTC): 41.20 + 0.66), which is
consistent with data from the human protein atlas [21] and from literature [23,24]. After
lentiviral transduction, the cell line (HEK293-TMPRSS2) showed a pronounced expression of
TMPRSS2, with a Cq value of 20.68 with equivalent expression of the housekeeper gene
hRPL32 (Cq(HEK293) = 15.54 + 0.19; Cq(HEK-TMPRSS2) = 15.51 £+ 0.09).

HEK293-TMPRSS2 + HEK?293 +
hRPL32 hRPL32
SZ ®T hRPL32 ;a?g hRPL32
x ~ HEK293- g 6 | ' Hek2es — >
o SRR TMPRSS2 = /
L T /
x o’ /
0 10 20 CyCIeC; 40 50 CyCIeS
C,: 20.68/15.51 C,: 39.87/15.54

Figure 2. qPCR Analysis of the transduced cells (HEK293-TMPRSS2) compared to wild-type
HEK?293. With equal expression of the housekeeper gene hRPL32, the transduced cells showed
significant expression of TMPRSS2, whereas no expression was detected in wild-type cells

(RFU = relative fluorescence units).
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When the initially quenched fluorogenic substrate Boc-QAR-AMC was incubated with the
transduced cells, the fluorescence intensity increased over time due to cleavage by TMPRSS2,
expressed on the cell surface (Fig. 3). The observed cleavage activity could be blocked by the
addition of the TMPRSS2 inhibitor camostate mesylate, indicating a specific reaction. In
contrast, non-transfected HEK293 cells showed little or no substrate conversion. Slight
increases in fluorescence may be caused by non-specific cleavage by other proteases on the cell
surface. In conclusion, the expression and activity of the transmembrane protease TMPRSS2 in

HEK?293 cells have been verified.
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Figure 3. Fluorogenic TMPRSS2 activity assay analyzing the transduced cell line HEK293-
TMPRSS2. (A) Schematic representation of the activity assay. An initially quenched fluorophore is
released by the protease activity of TMPRSS2 in transduced HEK293 cells (HEK293-TMPRSS2),
resulting in an increase in fluorescence intensity. Non-transduced cells that do not express TMPRSS2
(HEK293) are supposed to show no or only a slight increase in fluorescence intensity due to non-specific
protease activity. Proteolytic cleavage is supposed to be prevented by the addition of the TMPRSS2

inhibitor camostat mesylate. (B) Comparison of fluorescence intensity after incubation for 90 min.
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Incubation of the AMC-based substrate with the transduced cells (HEK293-TMPRSS?2) resulted in a
significantly higher fluorescence intensity than incubation with non-transfected cells. The proteolytic
cleavage could be inhibited by the addition of the inhibitor camostate mesylate (RFU = relative
fluorescence units). (C) Comparison of substrate cleavage by HEK293 wild-type (wt) cells (HEK293)
and transduced cells (HEK-TMPRSS2). (D) Comparison of substrate cleavage with and without
TMPRSS2 inhibitor over time. Results represent mean + standard deviation (SD) (n=7, levels of

statistical significance are indicated as *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001).

3.2 Lentiviral Transduction for Additional ACE2 Expression

After the additional transduction for ACE2 expression, the TMPRSS2/ACE2 double positive
cell line was analyzed using antibody staining, with fluorogenic detection by flow
cytometry (Fig. 4A). As expected, HEK293 wild-type cells did not bind the labeled
anti-hACE2 antibody and served as an additional negative control to staining with isotype
control antibodies. HEK293T-ACE2 cells, which have previously been shown to express
ACE2 [25], provided a positive control and showed an increase in fluorescence due to the
binding of the labeled antibody. All transduced cell lines prepared with different virus dilutions
(1:5, 1:50, 1:500) bound the labeled anti-hACE2 antibody on their surface and thus expressed
ACE2. The higher the concentration of the virus used for transduction, the lower was the
resulting antibody binding. The reason for this is that cytotoxic effects of high virus
concentrations may lead to cellular stress, resulting in reduced protein expression. Therefore, a
balance must be found between maximum gene transfer and cell viability [26,27]. In addition
to the expression of the enzyme, the cleavage activity had to be evaluated (Fig. 4B). Incubation
of the transduced cells with a previously quenched MCA-based fluorogenic substrate for 90 min
resulted in an increase in fluorescence intensity due to the release of free fluorophore. As the
cell line resulting from transduction with the 1:50 viral dilution showed the highest activity in
the fluorogenic assay, this cell line is supposed to be used for further experiments. The
discrepancy between protein expression and activity could be caused by an unfavorable folding
or orientation of ACE2 on the cell surface, allowing binding of the antibody, but not cleavage

of its substrate [28].
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Figure 4. Analysis of the produced cell line HEK293-TPRSS2-ACE2 for expression and activity of
ACE2. (A) Antibody staining using AlexaFluor647-labeled antibodies for hACE2 with analysis via flow

cytometry. (B) Measurement of ACE2 cleavage activity by a fluorogenic assay (RFU = relative

fluorescence units).
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33 Development of a TMPRSS2-responsive Nanoparticle Targeting Concept

The TMPRSS2-independent targeting concept presented in Chapter S [18] was modified to
achieve higher selectivity for ACE2/TMPRSS2 double-positive target cells, which are
particularly susceptible to SARS-CoV-2 infection. TAT47-57 is to be covered by a shielding
unit coupled via a cleavage sequence of TMPRSS2 (Fig. 5). Particle internalization thus only
occurs if cells express both ACE2 and TMPRSS2 on the cell surface, and proteolytic cleavage

reveals the uptake signal.

TMPRSS2-independent TMPRSS2-dependent

~~0 25% PLA,,PEG, MLN-4760 30% PLA,,PEG,TAT47-57-cleavage sequence-shielding
~0 30% PLA,,PEG,TAT47-57

~ 45% PLA,,PEG,MeO Y

karsara  aa sequence: KARSAFA

Figure 5. Proposed modification of the nanoparticle structure to achieve dual responsibility for
ACE2 and TMPRSS2. A shielding unit is supposed to be attached to TAT47-57, coupled via a
TMPRSS2 cleavage sequence. The proteolytic activity of the enzyme should thus reveal the uptake

signal and mediate nanoparticle uptake.

The peptidic substrate KARSAFA, which has been identified as a promising cleavage sequence
of TMPRSS2 by Mahoney et al. (2021) [29], was synthesized with side chain-protected amino
acids, and analyzed via HRMS and HPLC. The corresponding analysis data can be found in the
supporting information (Chapter 2.1). Since it is not clear whether the cleavage sequence is
accessible on the nanoparticle surface, a test system must be established to detect peptide
cleavage. Therefore, the proteolytic activity should be evaluated fluorogenically by a Forster

resonance energy transfer (FRET) assay [30,31] (Fig. 6).
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Figure 6. Approach for the development of a detection system for peptide cleavage on the NP

surface and thus nanoparticle activation. Binding of the Forster resonance energy transfer (FRET)
partners dansyl and dabsyl on opposite sides of the TMPRSS2 cleavage sequence. Cleavage at the R1S
interface should promote spatial separation of the quencher dabsyl from the corresponding fluorophor

dansyl, resulting in an increase in fluorescence intensity (RFU = relative fluorescence units).

Therefore, as a first step, the fluorophor dansyl and its FRET partner dabsyl had to be coupled
to an amino acid to enable the incorporation into the peptide chain (Supporting Information,
Chapter 2.3, Scheme 1). Due to the favorable reactivity of its primary amine, lysine was selected
for this purpose. The analytics of the successfully synthesized lysine-dansyl and lysine-dabsyl
conjugates can be found in supporting information (Chapter 2.2-2.3). Subsequently, the
protected cleavage sequence with flanking FRET partners (Lys(Dan)-KARSAFA-Lys(Dab))prot.
was synthesized via solid phase synthesis. The corresponding molecule structure and analysis

data can be found in the supporting information (Chapter 2.4).
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Scheme 1. Synthesis Scheme of Fmoc-Lys(dansyl)-OH. As a first step, lysine with a Boc-protected
N-terminus and an Fmoc-protected side chain was immobilized on a solid phase via its C-terminus to
prevent unspecific coupling reactions. Subsequently, the Fmoc-protection group was cleaved selectively
using piperidine in dimethylformamide (DMF), followed by coupling of dansyl to the released primary
amine of the lysine side chain utilizing N, N-diisopropylethylamine (DIPEA) as base. After cleavage
from the resin and Boc-deprotection with trifluoroacetic acid (TFA) in dichloromethane (DCM), the N-
terminus was protected with an Fmoc-protecting group using Fmoc-succinimide (Fmoc-Osucc) to

enable the coupling via the classical Fmoc-strategy.
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4 Conclusion and Outlook

This work lays the basis for the development of an ACE2/TMPRSS2 dual-responsive targeting
concept that can direct nanoparticles to the host target cells of the SARS-CoV-2 virus solely
through interaction with ectoenzymes. HEK293 cells were successfully transduced using
lentiviral vectors and subsequently characterized to serve as target cells for the developed
SARS-CoV-2-mimetic concept. Subsequently, a nanoparticle design strategy was presented that
allows selective internalization exclusively after proteolytic cleavage by TMPRSS2. A method
for detecting proteolytic cleavage at the particle surface and thus nanoparticle activation using
a FRET assay was also proposed. The corresponding cleavage sequence, combined with

fluorophore and quencher, was synthesized as a first starting point.

After the successful preparation of the two SARS-CoV-2-mimetic nanoparticle types, the
encapsulation of an antiviral drug with an intracellular target in SARS-CoV-2 host cells should
follow. A viral challenging model could then be used to assess whether targeted drug delivery
can enhance the efficacy of recently developed antiviral compounds. It is essential that in vivo
experiments are carried out in the following, as the transferability of successful in vitro results

needs to be assessed in individual cases.
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1 Lentiviral Transduction

1.1 Antibiotic Selection
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Figure S1. Evaluation of antibiotic resistance of HEK293 cells for the antibiotic selection after
lentiviral transduction via an MTT-Assay. (A) Determination of the selection concentration for
blasticidin (TMPRSS2 transduction). (B) Determination of the selection concentration for puromycin
(ACE2 transduction). (C) Tracking of the antibiotic selection after lentiviral transduction of cells treated
with different virus dilutions (dilution of the virus stock solution with a titer > 1x10° transducing units
(TU)/mL. The higher the concentration of the viral vector, the higher the proportion of transduced cells

that survive antibiotic selection. All untransduced cells died, as confirmed by the negative control.
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1.2 TMPRSS2 Activity Assay — Preliminary Tests Using Soluble TMPRSS2

assay buffer - 100 uM substrate PBS - 100 uM substrate PBS - 500 pM substrate
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Figure S2. Pretest TMPRSS2 activity assay with soluble TMPRSS2. Evaluation of different buffers

and substrate concentrations (RFU = relative fluorescence units).

1.3 Prescreening HEK293-TMPRSS2 Cells Transduced with Different Viral
Dilutions — TMPRSS2 Activity Assay
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Figure S3. Prescreening activity of HEK293-TMPRSS2 cells. (A) Comparison of cell lines
transduced with different viral dilutions. (B) Investigation of the cleavage selectivity of
HEK?293-TMPRSS2 transduced with 1:50 viral dilution by inhibition with the TMPRSS2 inhibitor

camostat mesylate (RFU = relative fluorescence units).
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To evaluate the expression of TMPRSS2 after lentiviral transduction, different primer pairs

were analyzed for their suitability. They were purchased from Sigma Aldrich GmbH

(Taufkirchen, Germany). The sequence of PP1 was adapted from OriGene Technologies, Inc.

(Rockville, USA) (CAT#: HP208758).

Table S1. Primer sequences.

Primer

Oligo sequence (5’ to 3°)

huTMPRSS2_fwd_PP1

CCTCTAACTGGTGTGATGGCGT

huTMPRSS2 rvs PPl

TGCCAGGACTTCCTCTGAGATG

huTMPRSS2_fwd_PP2

CAGACCAGGAGTGTACGGGA

huTMPRSS2 rvs_PP2

TGGATTAGCCGTCTGCCCTC

huTMPRSS2_fwd_PP3

CCAGGAGTGTACGGGAATGTG

huTMPRSS2 rvs_PP3

GGATTAGCCGTCTGCCCTCATTT

huTMPRSS2_fwd_PP4

AGACCAGGAGTGTACGGGAA

huTMPRSS2_rvs_PP4

TTAGCCGTCTGCCCTCATTT

Table S2. Evaluation of qPCR analysis using different primers.

Primer pair (PP) | Cq (HEK- Cq (Calu3) Cq (no reverse | No template
TMPRSS2) transcriptase, control
noRT) (NTC)
1 18.99 + 0.35 28.77+£0.27 42.69 +1.48 N/A
2 18.86 +£ 0.31 27.83 £0.47 33.31+0.20 40.58
3 18.88 +0.30 28.78 £ 0.32 32.75+£0.52 46.54
4 18.83 £0.31 28.50 £ 0.19 32.64 +0.87 48.33

-> Primer pair 1 was used for all further experiments.
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1.5 Genstudy — Selection of the Housekeeping Gene for gPCR HEK293-TMPRSS2
Analysis

Table S3. Selection of a housekeeping gene as reference for the expression of TMPRSS2

Housekeeper | hRPL32 hGNb2L hLaminA/C | hGAPDH 18CS
gene
Cq 15.69 18.61 30.01 18.38 7.22

Melting curve

AN N = v
Gene CV:0.0690 | CV:0.0092 | CV:0.0943 | CV:0.0197 | CV:0.0711
expression M: 0.1245 M: 0.0673 M: 0.1703 M: 0.0711 M: 0.0719
stability
(recommended:
CV <0.5;
M<1)

- hRPL32 was selected as housekeeping gene.
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2 Development of Enzyme-Responsive Nanoparticles

2.1 Analysis Data of KARSAFA prot.

2.1.1.  Structure

ZI

Boc HN
NH

S Ekwk*r
O

Chemical Formula: C5sHg7N1;014S
Exact Mass: 1157,62
Molecular Weight: 1158,42
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Figure S4. Structure of KARSAFA side chain-protected (KARSAFA,).

2.1.2  HRMS
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Figure S5. HRMS analysis of KARSAFA .. HRMS: (M+2H)"? m/z calculated for CssHs/N11O14S:
579.8150, found: 579.8164.
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2.1.3 HPLC
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Figure S6. Reversed Phase (RP)-HPLC analysis of KARSAFA,. Retention time tr of
KARSAFAprot 140 mln
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2.2 Analytics of Fmoc-Lys(dansyl)-OH

Chromatograms
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Figure S7. HRMS analysis of Fmoc-Lys(dansyl)-OH. HRMS: m/z (M+H)" calculated: 602.2319,
found: 602.2328.
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23 Synthesis and Analytics of Fmoc-Lys(dabsyl)-OH

1) Protection of all reactive groups (coupling C-terminus to chlorotrityl-resin)
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Scheme S1. Synthesis of Fmoc-Lys(dabsyl)-OH
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Figure S8. HRMS analysis of Fmoc-Lys(dabsyl)-OH. HRMS: m/z (M+H)" calculated:

found: 656.2546

304

656.2537,



Supporting Information - SARS-CoV?2 host cell targeting

2.4 Synthesis of Lys(Dan)-KARSAFA-Lys(Dab)prot.

2.4.1 Structure
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Chemical Formula: Cg3H35N19020S3
Exact Mass: 1933,93
Molecular Weight: 1935,40

Figure S9. Structure of Lys(Dan)-KARSAFA-Lys(Dab)prot..

2.4.2  HRMS Analysis
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Figure S10. HRMS analysis of K(Dan)KARSAFAK(Dab)yo.. HRMS: m/z (M+3H)™
calculated: 645.6504, found: 645.6513.
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Summary

A common reason for treatment failure in conventional drug therapy is that only insufficient
amounts of the active substance reach the target site. More so, dose escalation is frequently not
possible due to intolerable adverse drug effects. Targeted drug delivery using nanoparticles
could provide a solution to this shortcoming [1]. However, nanoparticles face numerous
obstacles such as premature elimination by the MPS, considerable off-target accumulation, or
uncontrolled drug release, leading to disappointing therapy outcomes [2,3]. To overcome these
drawbacks, increasingly complex strategies have been developed, such as the design of
nanoparticles with multiple switchable properties activatable by intrinsic or extrinsic
stimuli [4]. Although these concepts often show promising results in vitro, the question arises
as to whether their performance can be transferred to in vivo conditions. Therefore, it is
questionable whether highly complex strategies offer significant advantages and whether the
challenging particle production and characterization can be justified (Chapter 1). To strike a
balance between effective targeted drug delivery and rational particle preparation, nanoparticles
were designed based on a blueprint from nature: viruses possess several characteristics from
which a nanoparticle-based therapy may benefit tremendously. For example, they can overcome
complex biological barriers, evade clearance by the immune system, selectively identify and
infect their host target cells, and are able to escape the endosomal pathway effectively [5]. By
developing virus-mimetic nanoparticles, these capabilities should also be transferred to the

synthetic drug carriers.

The first part of the project involved the development of an adenovirus-mimetic nanoparticular
drug delivery system for the treatment of mesangial cell-associated diseases such as
IgA nephropathy, diabetic nephropathy, or lupus nephritis (Chapter 3). The nanoparticles were
anchored to their target cells by the interaction of the inhibitory ligand EXP-3174 with the AT1R
on the mesangial cell surface, revealing the previously hidden receptor agonist cRGD. The
nanoparticle binding subsequently promoted receptor-mediated uptake via the avB3-integrin
receptor and the nanoparticles selectively accumulated in the mesangial cells of the renal
glomeruli in vivo. The distribution was monitored over 24 h by intravital microscopy. While the
fluorescence in the blood vessels decreased steadily, there was a simultaneous increase in
fluorescence intensity in the target tissue. Analysis of histological sections and
immunohistochemical staining showed that the particles remained inside the mesangial cells

for up to 10 days, which is a reasonable intracellular particle residence time for drug release.
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The ferroptosis-inducing substance erastin was encapsulated into the nanoparticles as a model
substance, with the encapsulation efficiency being optimized by varying the ratio of shell to
core polymer and the salt content of the aqueous solution for nanoprecipitation. The evaluation
of ferroptosis induction in vitro demonstrated that the ferroptotic activity was not reduced by
encapsulation, but ferroptosis progressed even faster using nanoparticles as a drug delivery
system. In vivo studies also showed promising results. After 10 days, visible changes due to
ferroptosis induction were observed, such as an increase in glomerulus size, a prominent
Bowman’s capsule, and an increase in the PAS-positive area. In conclusion, it has been
demonstrated that the nanoparticles selectively accumulate in mesangial cells, have a
reasonable particle residence time of 10 days, and allow the transport of a sufficient drug

amount to induce relevant biological effects at the site of action.

However, as the presented adenovirus-mimetic targeting model is based on receptor
interactions, signaling cascades could be triggered unintentionally, leading to adverse drug
effects. Therefore, in the second project part, an advanced targeting concept was established
using SARS-CoV?2 as a blueprint, which controls both target cell identification and nanoparticle

internalization via ectoenzymes.

The first step was to demonstrate that ectoenzymes are a viable alternative to classical receptor
targeting approaches (Chapter 4). Therefore, the selective and potent ACE2 inhibitor
MLN-4760 was attached to the nanoparticle surface as a targeting ligand to promote binding
but not uptake into the target cells. Excellent ligand density-dependent nanoparticle avidity in
the low nanomolar to picomolar range was observed for the soluble enzyme and ACE2-positive
cells. Moreover, MLN-4760 was shown to selectively identify target cells even in the presence
of an excess of off-target cells. The interaction between MLN-4760 and ACE2 was further
confirmed by a fluorogenic ACE2 activity assay, which analyzed the inhibition of the enzyme
by nanoparticle binding. As the suppression of the cleavage activity is limited in time and cell
number, the effects of nanoparticle targeting can likely be compensated by endogenous
mechanisms. These findings suggest that ectoenzymes may serve as target recognition motifs

in the same way as receptors.

The coupling of cell-penetrating peptides as uptake signals to the nanoparticle surface was
investigated for receptor-independent target cell internalization (Chapter 5). Several CPP
candidates were synthesized, and the correlation between peptide net charge, resulting

nanoparticle zeta potential, particle uptake, and cytotoxic effects was evaluated to identify the

310



Summary and Conclusion

most promising candidate for SARS-CoV2 mimicry. It was determined that increasing the
ligand density or the net charge of the CPP results in higher zeta potentials, which correlated
with higher particle uptake. However, as highly positive zeta potentials resulted in cytotoxic
effects, a compromise had to be found and TAT47-57 with a net charge of +8 was selected for
further experiments. The TMPRSS2-independent uptake pathway was mimicked via a
conditional nanoparticle internalization concept by combining TAT, attached to shorter
polymers, and MLN, bound to longer polymer chains. Thus, the initially shielded uptake signal
was revealed by the attachment of MLN-4760 to ACE2, resulting in NP internalization. The
receptor-independent uptake into ACE2-positive target cells was verified by flow cytometry
and confocal scanning microscopy experiments and allows targeting of compartments
expressing high levels of ACE2, such as renal tubules, gallbladder, cardiomyocytes, male
reproductive cells, eyes, or vasculature. Furthermore, the nanoparticles developed could be used
to specifically address SARS-CoV2 host target cells for antiviral therapy in the acute disease

state or as an innovative treatment approach for post-covid symptoms.

Since the TMPRSS2-dependent internalization pathway is the preferred and faster route for
SARS-CoV2 target cell infection, it may be beneficial to adapt the nanoparticle targeting
strategy for antiviral therapy to this mechanism, thus addressing the most severely affected cells
(Chapter 6). To develop an in vitro test system, HEK293 cells were first transduced to express
either TMPRSS2 alone or both target enzymes, and the resulting cell lines were characterized.
First approaches for the preparation of a TMPRSS2-activatable particle system and the
evaluation of substrate cleavage on the particle surface leading to nanoparticle activation were

presented.
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Conclusion

This study established several novel strategies for improving targeted drug delivery with
nanoparticles. By mimicking the internalization processes of the human adenovirus,
reproducible long-term accumulation of polymeric core-shell block copolymer nanoparticles in
the mesangial target tissue was achieved. By encapsulating erastin in the nanoparticle core,
successful drug delivery to the site of action could be verified by histological changes in the
glomerulus. This demonstrated that the proposed concept represents a viable on-site therapeutic
option for the treatment of mesangial cell-associated diseases such as diabetic nephropathy or
lupus nephritis. Furthermore, it was demonstrated that nanoparticles targeting exclusively via
the interaction with ectoenzymes offer a promising alternative to receptor-based approaches
and could thus represent a paradigm shift in the development of novel targeting strategies with
minimized side effects. The high-avidity binding to ACE2-expressing cells via MLN-4760 and
the selective, conditional uptake mediated by TAT47-57 allows the targeting of highly ACE2-
expressing tissues such as renal tubules, gallbladder, vasculature, or SARS-CoV2 host target
cells. Moreover, first considerations were made for the development of ACE2/TMPRSS2 dual-
responsive nanoparticles, which may further enhance the ability to target SARS-CoV?2 infected
cells in the organism and thus could serve as an innovative antiviral therapy. Future studies
should focus on the evaluation of the proposed concepts in preclinical studies to assess their

efficacy in vivo.
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