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Chapter 1

Abstract

The specific delivery of a drug to its site of action also known as targeted drug delivery
is a topic in the field of pharmaceutics studied for decades. One approach extensively
studied in this context is the use ligand functionalized nanoparticles. These particles are
modified to carry receptor specific ligands, enabling them to accumulate at a desired
target site. However, while this concept initially appears straightforward to implement,
in-depth research has revealed several challenges hindering target site specific particle
accumulation - some of which remain unresolved to this day. One of these challenges
is the still incomplete understanding of how nanoparticles interact with biological
systems. This knowledge gap significantly compromises the predictability of particle
distribution in biological systems, which is critical for therapeutic efficacy.

One of the most crucial steps is nanoparticle attachment to cell surfaces at the target
site. This attachment occurs via the formation of multiple ligand receptor bonds. A
process also referred to as multivalent interaction. While multivalency has been
described extensively for individual molecules and macromolecules respectively, little is
known on the multivalent binding of nanoparticles to cells. Here, we will specifically
introduce the concept of avidity as a measure for favorable particle membrane
interactions. Also, an overview about nanoparticle and membrane properties affecting
avidity will be given. Thereafter, we provide a thorough review on literature investigating

the correlation between nanoparticle avidity and success in targeted particle delivery.
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Nature of the Correlation between Nanoparticle Avidity and Biodistribution

Graphical Abstract
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The hypothetical example of three particles exhibiting decreasing binding avidity due to

their different ligands is used to illustrate the question addressed by the present work:

To what extend does binding avidity correlate with targeted particle delivery? Data on

the evidence and degree of correlation between nanoparticle avidity and successful

targeted delivery published in literature are presented and discussed.
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Nature of the Correlation between Nanoparticle Avidity and Biodistribution

Introduction

Targeted drug delivery is an intensively studied topic in pharmaceutics [1]. The concept
aims for an exclusive distribution of a drug at its intended site of action. This way, an
administered dose can efficiently unfold the drugs therapeutic effect, while no other sites
are at risk of potential side-effects. One approach employed to achieve targeted drug
delivery is the use of nanoparticles [21 4]. Herein, we focus on ligand functionalized
nanoparticles [5]. At the core of this concept, the particle surface is modified to carry
ligand molecules [6,7] enabling recognition of target site specific cellular receptors [8] or
ectoenzymes [9] via a key-lock mechanism. Once the particle encounters its site of
action, multiple ligand receptor bonds are formed, attaching the patrticle to cell surfaces.
Thus, the patrticle is retained at the target site or even induces active uptake into the cell
via endocytosis [10,11]. Drug molecules can be incorporated into such particles to
enable cell-specific delivery. Molecule-types incorporated into nanoparticles are small-
molecular drugs [12], peptides [13,14], biopharmaceuticals [15,16], and nucleic acids of
different nature [171 20]. A targeted delivery is very desirable for many applications
especially in the case of highly potent agents, such as anti-cancer drugs, which can
cause damage in healthy tissues and organs. Also, highly valuable agents such as

biologics or vaccines would benefit greatly from targeted delivery [21].

The optimal method to investigate in vivo nanopatrticle deposition is to track the whole-
body biodistribution [221 25]. A measure for successful targeted delivery is the
percentage of administered dose found in the intended cell-type tissue [26]. In pursuing
optimized particle distribution, a number of factors have been identified hindering
targeted delivery of nanoparticles. Some of the most studied problems, which are
mutually dependent to some extent, are the formation of a protein corona on the patrticle
surface [271 29], interaction with immune cells [30], and undesired particle accumulation
in typical off-target organs (e.g., liver and spleen) [31i 33]. All these phenomena were
shown to decrease particle accumulation at the desired site of action while increasing
loss of particles due to rapid elimination or unspecific deposition [347 37]. While almost
all steps in the journey of a particle have been intensively studied [38], it is somewhat
surprising that the particle-cell surface interaction has received little attention in studies
on nanoparticle biodistribution. As nanoparticle-membrane interactions are often studied
in isolated experiments based on artificial or isolated membranes [39i141] using

techniques like surface plasmon resonance (SPR) [42] or microscale thermophoresis
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Chapter 1

(MST) [43,44], we know very little about how distinct morphological entities at the nano-
scale affect particle avidity. Concluding, we have a good understanding of how particle
properties affect quantitative binding parameters like avidity. However, the relationship
between avidity and biodistribution has hardly been studied and therefore remains

elusive.

In the first part of this work, we will give a brief introduction to the theoretical background
on nanoparticle binding to cell surfaces. As nanoparticles are usually multivalently
functionalized, we will discuss the fundamental thermodynamics governing the
formation of multivalent ligand receptor complexes. Specifically, we will illustrate the
term of avidity as a commonly used quantity to describe multivalent interactions of
particles binding to receptor carrying cell surfaces. Furthermore, we will shed a light on
the impact of membrane properties on particle-membrane interactions. Here, we will
specifically discuss the often-neglected role of membrane curvature. Overall, this section
is intended to provide the reader with a fundamental understanding about particle and
membrane properties dictating avidity of nanoparticle membrane binding. We also
intend to discuss dose-dependence of nanoparticle biodistribution as an under-
researched topic in the context of targeted nanoparticle delivery, which we believe

should receive more attention.

In the second part of this work, we intend to provide an overview about studies
investigating the impact of particle binding avidity or ligand density on particle
biodistribution. We included studies specifically addressing this matter as well as
publications providing relevant insights while pursuing a different research goal. Most
interesting studies for our purpose to describe effect of nanoparticle avidity on
biodistribution were whole-body biodistribution studies. However, we also included
studies investigating the impact of avidity on particle distribution on the tissue or cell
level. Based on the concepts introduced in the first section, we will elaborate to what
extent avidity correlates with nanoparticle biodistribution. In conclusion, we will
determine whether the data available in literature indicate a transferability of the theory

of avidity to the case of nanoparticle distribution in a complex biological system.
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Nature of the Correlation between Nanoparticle Avidity and Biodistribution

Fundamentals of Nanoparticle Avidity Concept

A fundamental understanding of avidity is helpful to follow the work below. An excellent
review on this matter is available in literature [45]. For this reason, here we will give a
short, easily accessible overview. For more detailed insights, the interested reader is

referred to the relevant original literature.

To begin, we want to look at thermodynamic models describing the Gibb's energy of a
multivalent binding, since we can learn from these models what influencing variables
determine avidity. Earliest works leading to thermodynamic models describing avidity of
multivalent interactions were conducted by Jencks et al. [46,47]. To properly appreciate
the models derived from this, one must consider the intentions of the respective authors.
To this end, an initial model developed by Kitov and Bundle is excellently suited for
computational simulation of Gi bb 06 s %[4S
However, here the properties underlying and determining the avidity of the interacting
structures remain somewhat elusive. Therefore, to gain a better insight into these
properties, we will also consider the model developed by Krishnamurthy et al. [49] Here

it is unraveled in more detail what is behind the possibly hard to grasp thermodynamic

ener g

parameters. We will seethat Kr i shnamurt hy et al . derived th

energy of multival ent i nt % (i)® candideringsindiyidu@r e den

receptor-ligand interactions as additive and expanding the model by introducing
ent hal py ( pH) and entropy ( TepsS) t er ms
multivalent interactions. In this way, they derive a model from which we can derive
properties of multivalent ligand complexes (e.qg., ligand functionalized nanopatrticles) can

be derived, whose variation could affect particle avidity [49].

The model introduced by Kitov and Bundle is based on a simple expression for
mi croscopic fr e € (Byilyobaisingte ineeraction geyweeap g multivalent
ligand L and a receptor R receptor-ligand complex denoted as rl(i). In clear words, rl(i)
in our example of ligand functionalized nanoparticles binding to receptor carrying cell
membrane would correspond to a single particle forming i ligand receptor bonds. q@G%mono
is a rather straightforward parameter as it represents the binding free energy of a
monovalent interaction. giG nteraction, hOWever, might appear a bit more elusive. This is a

parameter introduced to account for differences in the free energy of the first

accou

i nter mol ecul ar bond and all 6intramol ecul ar 6
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o

yQ '§0 YO (1)

Again, transferred to our example of particle-membrane interactions, giG%meno Would be
the first ligand-receptor bond formed, while qGCneracion Would describe the difference

between the free energy of this initial bond and all other bonds formed subsequently.

The authors rearrange their model introducing the terms gG%mono = GC%ner and
(i-1) gGC%wra = (i-1) G mono + GG ineracion Which separates the free energy of the bonds
formed after the-initial binding took place. Also, the authors extend the so far
microscopic model (i.e., accounting for only a single rl(i) complex = a single particle

bound to a membrane) to a macroscopic model (i.e., accounting for a large number of

rl (i) complexes = particles) by Thisnstinrsimplarci ng a de

words the number of microscopically distinguishable rl(i) complexes (i.e., in our example
the number of particles in the i-th state) (Fig. 1A). The model ultimately has the following
form where R is the gas constant and T is the absolute temperature:

YO YO Q p YO YV (2)

We learn from this first model of the free energy of multivalent interactions that avidity

mu st not be under stood as a n fod emustdnuttivialene 6

interactions, the bonds already formed influence the formation of further bonds. This
property of multivalent interactions is called cooperativity. As cooperativity is a broad
topic on its own, we will leave it here with a brief definition of the term. We consider a
simple interaction of a monovalent ligand A and a bivalent receptor BB (Fig. 1C). This

system can be described by the law of mass as following.

and -0

cL (3 and 4)

The interaction is called cooperative if the condition

— P (5)
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Nature of the Correlation between Nanoparticle Avidity and Biodistribution

is met. A ratio of the two reaction constants K»/K; > 1 indicates a positive cooperative
interaction (i.e., the first bond favors the second bond) while Kz/K; < 1 indicates a
negative cooperative interaction (i.e., the first bond hinders the second bond) [45,50].
However, the model of Kitov and Bundle tells us little about particle properties that can

affect avidity.

Next, we therefore consult the model developed by Krishnamurthy et al. to see if we can
draw further insights from it on nanoparticle properties affecting avidity. The model
ultimately has the following form:

Q pYVY Q p YO YV ] (6)

As this model may seem a bit intimidating at first, let us take a step back. We first
consider the general equation of Gibbs energy which is given as follows:

YO YO "¥Y (7

If we now take another look at the model, we will see that here only enthalpy ( o Hpd
entropy ( o Sjnounts are added for different processes. For each term, there is an
additional factor that determines whether the corresponding term is to be taken into
account for all bonds (i) or for all bonds except the initial bond (i-1). And as we know that
a negative free energy giG ( @< 0) indicates the volatility of a reaction (i.e., in our case,
particle binding), we can deduce that to increase the avidity of our particle, the individual
terms must be modified to overall achieve, at best, a negative binding enthalpy (-qpH )
and an increase in entropy ( + g $lgwever, since we are studying the attachment of a
particle to a membrane, an increase in entropy is not to be expected. Therefore,
practically a minimum entropy loss is to be aimed for (Fig. 1B). In turn, this gives us

indications as to which particle properties determine avidity.
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As an example, let us consider the first two terms of the model:

y‘o S’,A"O 72 Y"’"Y
( | |
(v10) QY 8)

These terms describe the independent formation of all i receptor ligand bonds. This part
of the model therefore corresponds to the term qiG%mono in the model of Kitov and Bundle.
Note that for instance this expression does not yet account for cooperativity. In the model
of Krishnamurthy et al. this is accounted for via a separate free energy term (i-1) giG%oop
which is consequently considered for all bonds except the initial bond, as cooperativity
can only occur after the formation of an initial bond. We learn from these first terms of
the model that the nature of the ligand and its corresponding receptor will affect the
avidity of the particle. An extended collection of free binding energy data has been
published in this regard. In this context, there is literature as well as databases available
for the selection of ligand-receptor pairs possessing a strongly negative free energy of
binding qiG [51i 54].

Let us now go through some more terms to get a clearer understanding about further
particle parameters affecting particle avidity. Krishnamurthy et al. stress the importance
of the third term:

Q pYVY 9)

As this term accounts for another essential concept in multivalent interaction referred to
as chelate or multivalency effect. To briefly introduce this concept, on the one hand, we
envision a particle to which a certain number of ligands have been functionalized. On
the other hand, we consider the same number of unbound ligands. Here, an entropy
penalty must be @aidéfor each unbound ligand that attaches to a receptor. Each ligand
almost completely loses its translational and rotational mobility upon binding. In the case
of the particle, however, after the attachment of the initial ligand the translational and
rotational mobility of all other ligands is already significantly reduced as they are all
tethered to the same particle. The entropy penalty is therefore reduced for the formation
of subsequent bonds (Fig. 1C) [46,47,55]. Since for the first ligand-receptor bond

formed, the full entropic penalty has to be paid, this term is considered for all bonds but

18



Nature of the Correlation between Nanoparticle Avidity and Biodistribution

the initial one (i-1). We can gain a clearer understanding of the influence of this term by
considering at the separated fraction of translation entropy (q5uwans). Finkelstein and

Janin derived an estimate for this parameter [56].

Y'Y oYl T— (10)

Here, Ux is the mean amplitude of the b
after attachment), and v is the volume accessible to the ligand in solution (i.e., ahead of
attachment). As a simple rule of thumb, we can deduce that the more the ligand is
restricted in its freedom of movement due to the binding, the higher the entropic penalty.
One way to optimize avidity could be to constrain the mobility of the ligand prior to
binding on the patrticle (e.g., by tightly packing the ligands on the particle surface or rigid
linkers). However, ligand mobility has been described as an essential prerequisite for
the interaction of particles with membranes [57]. For this reason, we consider it unlikely

that the (i-1) go Srans+rot term is suitable as a starting point for optimizing avidity.

A promising approach to improve the avidity of a multivalent nanoparticle may lie in the
use of cooperative membrane receptors. This would target (i-1) gqiG%o0p term in the
model of Krishnamurthy et al. Beneficial effects would be expected here, however, only
in the case of positive cooperativity, in which the formation of the first bond favors that
of the second (-giG°%.0p, EQ. 5). Concretely, hetero-multivalent functionalized particles
could be used, whose first ligand, upon binding to the receptor exposes the high-affinity
binding site for the second ligand via a conformational shift. In this way, one could take
advantage of receptor allostery. The strategy of allosteric binding cooperativity was
already introduced by de Amici et al. with a mainly pharmacological focus [58]. A transfer
of this strategy to the targeted delivery of nanoparticles, however, could be promising,

considering the introduced models.

Finally, one of the most important factors influencing the avidity of multivalent ligands
has to be discussed. This is the number of formed bonds i. If we take it as given that the
enthalpy and entropy terms in the model introduced by Krishnamurthy et al. (Eq. 6) result
in a negative Gibbs free energy (i.e., the binding of the particle will proceed voluntarily),

then i alone determines the magnitude of the Gibbs free energy.

19
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Chapter 1

To deduce a hypothesis on nanoparticle distribution, let us consider the nanoparticle as
a multivalent ligand (L) encountering two cell membrane surfaces (M1 and M2) with two

di fferent r ecep“rg'¥R). UriRigrthe preneguisiteiowlined bpve:

0 YOO'Y has YO m (11)

” ! (12)

than the number of bonds (i) will accordingly vary, resulting in distinct Gibbs free
energies for attachment of L to My or Ma:

0 \4 Y'Oo Y'Oo (13)

Therefore, making the attachment of L (i.e., multivalently functionalized nanopatrticle) to
M (i.e., membrane expressing the higher receptor level) favorable over the attachment
to M. With the equations Eq. 12 and Eq. 13, we formulated the hypothesis to be derived
from the introduced model under the assumption of Eq. 11 for the distribution of
nanoparticles faced with membranes possessing different receptor densities. Initial
supporting evidence for this hypothesis can be found in the work of Martinez-
Veracoechea and Frenkel who found in simulations that even the smallest changes in
receptor density may have a massive impact on binding behavior [59]. Transferred to
the case of nanopatrticle biodistribution our hypothesis suggests accumulation in the
tissue or organ showing the highest receptor expression. One goal of this work will be
to compare the experimental data on biodistribution of ligand-functionalized
nanoparticles available in the literature against this hypothesis.

For this purpose, we intend to review biodistribution studies investigating ligand-
functionalized nanoparticle, ideally providing quantitative particle binding parameters.
Here, dissociation constants (Kp) would be the ideal parameter as Kp relates to the

Gibbs free energy by the simple term [60]:

YO YYD (14)
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Nature of the Correlation between Nanoparticle Avidity and Biodistribution

At last, we want to discuss limitations of the theoretical framework introduced. For all
considerations above, it must be emphasized that the presented models were
formulated to describe interactions of oligovalent macromolecules. Whether a simple
transferability of these models to the case of a multivalent nanoparticle is given must
therefore be critically evaluated. Thus, Krishnamurthy et al. [49] explicitly stress that their
model does not account for aggregation of receptors via simultaneous binding of multiple
receptors to one oligovalent ligand. The assumption is made that the receptor is strongly
diluted. Yet, with respect to ligand-functionalized nanoparticles, the phenomenon of
ligand-receptor interaction-induced receptor aggregation has been frequently described
[61i 63].

A fundamental work on the avidity of multivalent particles was presented by Hong et al.
They synthesized 5 poly(amidoamine)-based dendrimers functionalized with controlled
amounts of folic acid molecules. Interactions with immobilized folate binding proteins
were characterized using surface plasmon resonance (SPR) technique. In this early
work, the authors found that avidity expressed as the dissociation constant Kp of
dendrimer conjugates decreased with increasing valency, resulting from a linear
increase in kon and an exponential decrease in ko [64]. So far, the observations follow
the expectations based on the theoretical framework introduced. However, as we will
see with the exemplary systems presented below, this observation on the mechanistic

origin of avidity seems not to be generally applicable.
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A free energy model of Kitov and Bundle
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Nature of the Correlation between Nanoparticle Avidity and Biodistribution

Figure 1: Fundamental theoretical framework governing the formation of
multivalent interactions. (A) The model introduced by Kitov and Bundle initially
describes the Gibbs free energy qm’% of a microscopic receptor ligand complex rl(i). The
terms in this model represent the formation of a monovalent intermolecular bond goG°mono
while all subsequent intramolecular bonds are described by an interaction term
G %nteraction COrrecting their free energy for all phenomena inherent to multivalency. This
model is expended to (a) apply for the macroscopic scenario of several multivalent
ligands L interacting with a multivalent receptor R by introducngad egener acy f act o
(forming a complex RL(i)), and (b) to consider the initial bond and the subsequent bonds
separately (i.e., qG %ner and qG%nra). (B) The model of Krishnamurthy et al. has a slightly
different form. Here, the enthalpy and entropy components of relevant properties of the
multivalent receptor are summed to obtain the Gibbs free energy qG°%() of the
interaction as a function of the number of formed bonds i. The cooperativity of the
interaction is accounted for by a separate free energy term qiG°o0p. Again, a factor qi/ 6
is introduced to obtain a macroscopic model. In this form, the model can be used to
derive parameters that affect avidity. (C) Shows knowledge snippets on two key
phenomena inherent to most multivalent interactions. Cooperativity describes the effect
which the formation of an initial bond to a multivalent receptor exceeds on the formation
of subsequent bonds. If the initial bond favors the formation of subsequent bonds a
positive cooperativity is present (K: < Kz). In the opposite case when the initial bond
hinders the formation of further bonds, the cooperativity is negative. The chelate effect
describes how the attachment of a multivalent ligand via an initial bond reduces the
entropy (represented by black arrows) of the not yet receptor-bound ligands tethered to
the same backbone. This results in a reduced entropic penalty to be paid upon binding
of these ligands compared to the attachment of an equal number of free ligands.
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Impact of Membrane Curvature on Nanoparticle-Cell Interaction

Several papers have systematically investigated the impact of physicochemical
nanoparticle properties like size [651 74], surface charge [751 77], and shape [78i 81] on
biodistribution. However, in this section we would like to shift our focus and shed a light
on the counterpart of the particle in multivalent attachment, the cell membrane. Which
properties of the membrane affect the interaction? And could a change in the membrane
alone alter the avidity of a given particle? We consider these questions highly relevant
because in biological systems the composition of cell membranes is constantly
changing. Since the properties of membranes are highly sensitive to changes in their
composition [82,83], a particle thus continuously encounters membranes with changing
properties. Therefore, studying particle interactions with membranes of varying
compositions and in different states could improve the predictability of biodistribution.

In our work, we want to focus on one particular membrane property, the membrane
curvature. First, we want to give a brief introduction to this property. How should we
picture the curvature of a membrane? To get a good idea, let us first consider a planar
membrane. If we now press a spherical shape with the radius rs onto this membrane,
an invagination will form which corresponds to the negative shape of the sphere. The
curvature K of the membrane section that is in contact with the sphere is then equal to
the reciprocal of the square of rs (Fig. 2A) [84]. This curvature is commonly referred to

as gaussian curvature.

— (15)

However, while the gaussian curvature is a suitable measure to characterize the shape
of a membrane, what factor does indeed determine this shape? This factor is called
spontaneous curvature and it can be thought of as an intended membrane shape that is
continuously strived for by the actual membrane shape. One force contributing to this is
the spontaneous curvature of t he membr aneds | ipid components.
curvature describes the tendency of individual lipid molecules to induce positively or
negatively curved membranes (e.g., O/W- or W/O micelles, Fig. 2B) [85,86]. Next to the
lipid components, also proteins attached to or intercalating the membrane also

contribute to the overall spontaneous curvature [87].
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Nature of the Correlation between Nanoparticle Avidity and Biodistribution

This parameter is relevant for the interaction of nanoparticles with membranes, as any
change in the membrane shape contrary to the direction dictated by the spontaneous
curvature requires an energy input, referred to as bending energy. Since changes in
membrane curvature occur during initial binding and further invagination of a particle at
the membrane, the bending energy is a barrier to be overcome for these processes. In
this context, fundamental scientific efforts have led to the realization that the height of
this energetic barrier depends on the initial curvature of the membrane. It was found that
a membrane curvature towards the particles reduces the bending energy to be supplied
(Fig. 2C) [88192]. Since the bending energy must be provided by the binding energy
released during attachment, it follows that with a membrane curvature approaching the
curvature of the binding particle, the binding energy to be applied approaches a
minimum. Analogously, it can be concluded that for a given binding energy (e.g., for a
given ligand attached to a particle), the bending energy to be overcome is lowest at the
membrane whose curvature most closely matches that of the patrticle.

Finally, we want to propose a linkage between membrane curvature and the theoretical
framework underlying the avidity of multivalent interactions. In doing so, we want to shed
a light on the binding of ligand-functionalized particles, as these have been largely
neglected in the previous investigation on the impact of membrane curvature. Let us
consider a particle approaching a completely flat membrane (Fig. 2C (A)) and a
membrane corresponding to its surface curvature (Fig. 2C (B)). What would the laws of
avidity introduced in the previous section suggest in this case? It is reasonable to
assume that the larger contact area will result in a higher number of ligands being
located in close proximity to their receptors. Assuming the condition formulated in Eq.
11, it follows that a higher number i of bonds will form in this case, which is why process
(B) can be assumed to be thermodynamically favorable (Eq. 12 and 13). Consider a
third case (Fig. 2C (C)), in which a particle encounters two membrane structures
concurrently, one of which contains many membrane segments like the one in (B). The
considerations presented above lead to the conclusion that there will be a preferential

binding of the particle to the membrane with the curved segments.
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Figure 2: Introduction to the concept of membrane curvature and how it affects
particle-membrane interactions. (A) As a measure to characterize the curvature of a
membrane, we introduce the gaussian curvature K. This parameter can best be
understood by imagining a sphere lowering onto the membrane and forming an
invagination. The gaussian curvature of the membrane in contact with the sphere (i.e.,
contact sphere) then is given by 0 pi 1 , wherersis the radius of the contact sphere.
(B) The driving force determining the shape of a membrane is the spontaneous, which
can be understood as an intended shape of the membrane which the membrane aims
to adopt. The spontaneous curvature itself is determined by the composition of the
membrane as wells as by membrane attached and intercalating proteins. Most
importantly, we note that any deformation contrary to the spontaneous curvature
requires energy to be supplied to the system. This energy is referred to as bending
energy. (C) This bending energy is key to understand the impact of membrane curvature
on particle-membrane interactions, as it resembles a barrier to be overcome to allow
particle attachment and further ingestion. It was found that a membrane curvature facing

towards a particle (i.e., 6insided .phatati cl e)
presented plots the bending energy barrier

i.e., the proportion of particle surface in contact with membrane). Red curves represent
6insided particles (i.e., membr ane cur
6outsided particles (i.e., me(Reprodacedirorn Ref.
[92] with permission from the Royal Society of Chemistry) [92]. Combining the presented
theoretical framework on avidity with the curvature dependence of particle binding, we
conclude that membrane sections matching particle curvature could represent binding
hotspots. This appears evident, due to lower Gibbs free energies suggesting preferential
attachment.

Interestingly, such curved membrane segments are not just a purely theoretical
construct. They have a biological pendant. For instance, clathrin-coated pits (CCPs) are
spontaneously formed [93] morphological membrane entities in good correspondence
with nanoparticles of a diameter of 50-150 nm [94]. Given the introduced theoretical
framework of avidity and the effects of membrane curvature on particle attachment, we
consider it conceivable that CCPs might act as binding hot-spots in the interaction of
ligand-functionalized nanoparticles with cell membranes. First investigations of our

group point in that direction [95].
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Effects Ligand Functionalization and Avidity on Particle Biodistribution

In the second main section of our work, we aim to review the literature available on the
relationship between avidity and bio-distribution. To this end, we have consulted studies
that investigate the in vivo distribution of ligand-functionalized nanopatrticles, optimally
still providing information on the avidity of the particle under investigation. Following, we

present these studies and discuss their main findings relevant to our matter.

Choi et al. have prepared PEGylated gold nanoparticles (AuNP) functionalized with
varying amounts of transferrin (Tf-PEG-AuNPs). These particles showed Tf
functionalization level-dependent avidity to transferrin receptor (TfR)-bearing Neuro2A
cells. Avidity was found in the low nM to pM range (17.5 Tf/AuNP: 1.06 nM; 144.3
Tf/AUNP: 0.13 nM).

In vivo tumor distribution was investigated in s.c. Neuro2A tumor bearing mice. Despite
TfR overexpression confirmed via antiTfR-AF555 staining of Neuro2A cells, only very
small amounts of administered Tf-PEG-AuNP doses accumulated in tumors (2-3%).
Moreover, the extend of this accumulation was independent of Tf-functionalization
degree (Fig. 3A). In contrast, at the tissue level an increasing accumulation of Tf-PEG-
AuNP in the Neuro2A target cells depending on the Tf content could be observed in the
tumor. While unfunctionalized particles and particles with low Tf content were found
mainly in leukocytes, higher Tf content resulted in targeted accumulation in Neuro2A
cells (Fig. 3B).

The authors conclude from these observations that ligand functionalization is not
suitable to positively influence whole-body biodistribution. They see the beneficial effect
of targeted nanopatrticles at the tissue level, where ligand functionalization can lead to

accumulation in target cells [96].
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A whole-body biodistribution of Tf-PEG-AuNPs in s.c. Neuro2A tumor mice
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Figure 3: In vivo biodistribution of transferring functionalized PEGylated Au-
nanoparticles targeting transferrin receptor in Neuro2A tumor-bearing mice. (A)
The study found no significant effect of ligand functionalization on whole-body
biodistribution. Also, with increasing degree of particle functionalization, no increased
uptake in tumor or reduced accumulation in off-target organs was observed. (B)
However, it was observed that at the tissue level, at the highest level of functionalization
studied, there occurred a directional accumulation of particles in tumor cells. At the same
time, no particles were found in the non-cancer cells within the tumor. It can be
concluded that the observations at the tissue level are largely in line with expectations
based on the theoretical framework of avidity (Copyright (2019) National Academy of
Sciences).
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A further study by Gu et al. investigated a nanoparticle based on poly(D,L-lactide-co-
glycolide) (PLGA)-b-polyethylene glycol (PEG)-b di-block copolymers. Ligand decorated
particles targeting prostate-specific membrane antigen (PSMA) were prepared by
incorporating PLGA-b-PEG-b di-block-co-polymers additionally functionalized with A10
2 -fluoropyrimidine RNA aptamer (PLGA-b-PEG-b-Apt). Also in this study, the influence
of ligand density was investigated by using different ratios of PLGA-b-PEG-b-Apt and
PLGA-b-PEG-b to prepare nanoparticles. To allow quantification of nanoparticles in in
vivo studies, particles were prepared using tritium-labeled PLGA. In vivo biodistribution
was investigated in s.c. LNCaP xenograft mouse models (Fig. 4).

While the proportion of the administered dose reaching the tumor was also very low in
this case, increased accumulation in the tumor was observed with increasing ligand
density over a certain range. Interestingly, however, the accumulation decreased after
a certain ligand density was exceeded. Additionally, ligand density was directly
proportional to liver accumulation of the particles. Here, a degree of functionalization
could be found at which the undesired liver accumulation liver had already decreased
significantly, while tumor accumulation reached its maximum.

The authors concluded that there is a narrow window for the degree of functionalization
at which an optimal targeting effect is achieved and that this window must be determined
individually for each particle system [97].
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PSMA-targeted NPs in s.c. LNCaP mice
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Figure 4: In vivo biodistribution of RNA-aptamer functionalize PLGA-b-PEG
nanoparticles targeting prostate-specific membrane antigen (PSMA) in LNCaP
tumor-bearing mice. The whole-body biodistribution study showed that most particles
accumulate in the liver and in the spleen. The amounts increase in both organs with
increasing degree of functionalization. It is specifically noteworthy that there are only
minor differences between ligand functionalized particles and particles carrying a non-
functional surrogate of the ligand. This implies that the accumulation in these organs did
not occur due to a specific ligand-receptor interaction, but rather was the result of an
unspecific mode of transport. The cascade leading on this accumulation has been
described in detail in the literature [981 100]. Regarding tumor accumulation, however,
the non-functional ligand particle is inferior to all other particles. Interestingly, also to the
unfunctionalized nanoparticle. This leads to the conclusion, that unspecific RNA-
functionalization appears to hinder the accumulation, which strongly indicates a specific
ligand-receptor interaction to be causative for this observation. It is, however, further
noteworthy that this effect inverts above a certain level of functionalization. The authors
attribute this to a reduction of the PEG-related stealth effect [1017 103] at higher levels
of RNA aptamer functionalization. This explanation would also be coherent with the
likewise increasing accumulation in liver and spleen at this degree of functionalization
(Copyright (2008) National Academy of Sciences).

31



Chapter 1
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Figure 5: In vivo biodistribution of anti-HER2-Mab functionalized PEGylated
liposomes targeting human epidermal growth factor receptor 2 (HER2) in BT-474
and MCF-7 tumor-bearing mice. (A) The findings of Kirpotin et al. are essentially
consistent with the observations made by Choi et al. This study, however, included a
larger number of off-target organs. Yet still no substantial effect of ligand
functionalization was found, regarding whole-body biodistribution. (B) To work of Kirpotin
et al. further adds value, as a quantitative method was used to measure particle
distribution at the tumor levels. For this, (1) tumors were extracted and (2) disaggregated
to allow single cell analysis via flow cytometry. While a base-level of particle uptake was
found in cancer as well as non-cancer cells for non-targeted particles considerably
above the level of the particle free control, anti-HER2 liposomes showed a significantly
higher uptake in cancer cells. Again, providing evidence for the fundamental laws of
avidity to be applicable on the tissue-level (Adapted from Cancer Research, 2006, 66/13,
67321 6740, Kirpotin et al., Antibody Targeting of Long-Circulating Lipidic Nanoparticles
Does Not Increase Tumor Localization but Does Increase Internalization in Animal
Models, with permission from AACR).
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Kirpotin et al. made similar observations with a distinct nanopatrticle platform. Designing
a PEG-chain functionalized liposome decorated with anti-HER2 monoclonal antibody
fragments they aimed for solid tumor targeting. Biodistribution was investigated in s.c.
BT-474 or MCF-7 tumor bearing mice.

For investigation of biodistribution, unfunctionalized and HER2-targeted liposomes were
radio-labeled via encapsulation of *’GA-DTPA chelate. A method that the group has
thoroughly validated in terms of a possible influence of the labeling on pharmacokinetics
and a possible leakage of the chelate [104].

However, also in their case, only a low proportion of administered liposome dose
reached the desired tumor tissue in s.c. BT-474 tumor bearing mice (7-8%). Again, no
significant effect of ligand functionalization on whole-body biodistribution was detected
in this study. Specifically, no increased accumulation in tumors of HER2-targeted
liposomes was found compared with unfunctionalized controls (Fig. 5A). It must be
emphasized here that the authors had investigated the in vitro uptake of HER2-targeted
and control liposomes in HER2 overexpressing SK-Br-3 cells and found a superior
uptake of the anti-HER2 patrticles. Regrettably, only the functionalized liposome was
compared with an unfunctionalized control. An investigation of the influence of
increasing avidity with increasing valence of the particle was therefore unfortunately not

possible.

One merit of the Kirpotin et al. study over Choi et al. is that the former examines bio-
distribution at the tissue level in more detail by employing a quantitative method. This
was done using flow cytometry analysis of extracted disaggregated tumor after i.v.
treatment of tumor bearing mice with HER2-targeted or control liposomes. For detection
ADS645WS was encapsulated in liposomes. To distinguish tumor and of target cells,
EpCAM on tumor cells was stained using anti-EpCAM Mab-FITC. Additionally, gold-
tagged liposomes were visualized in fixed tumor tissue samples via silver enhancement
and imaged using bright-field and dark-field microscopy. In summary, intra-tumor
biodistribution analysis showed a clear preferential uptake of anti-HER2 liposomes
compared to control liposomes in tumor cells (Fig. 5B).

The authors conclude that the mechanism behind the improved efficacy of ligand-
functionalized particle therapy differs from the classical understanding of targeted
nanoparticles for their system. In their view, instead of an organ/tumor-specific

accumulation, a cell-specific accumulation at the tissue level is in the foreground [105].
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Another very informative study on this subject was conducted by Bartlett et al. Here,
positron emission tomography (PET) and bioluminescent imaging were used to
investigate the in vivo biodistribution. As Choi et al. they aimed for TfR targeting in
Neuro2A tumors.

In this study, a nanoparticle system based on complexes formed from cyclodextrin-
containing polycations and siRNA molecules was investigated. Addition of adamantane-
PEG polymers functionalized with Tf yielded the ligand functionalized TfR-targeted
nanoparticle. To enable PET-based biodistribution studies, a 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) -rBodlified siRNA labeled with
®Cu was employed [106]. Studies were conducted on mice bearing s.c. Neuro 2A
tumors modified to express luciferase.

Although the authors observed similar bulk biodistribution and tumor localization of
untargeted and Tf functionalized patrticles in micro-PET/CT imaging, therapeutic efficacy
of targeted nanoparticles was found to be superior compared to control particles. This
was demonstrated by a significantly higher reduction in luciferase activity after treatment
with Tf functionalized particles compared with unfunctionalized particles. The proportion
of the dose reaching the tumor was again low and was not significantly affected by Tf
functionalization of the particles.

Unfortunately, the study did not experimentally investigate the intra-tumoral particle
distribution. However, a very insightful compartment-based model is presented that
demonstrates at which point ligand-functionalized particles can play to their strengths.
The authors see this possibility primarily in the case of particles that can rapidly diffuse
from interstitium back into the plasma. Here, ligand functionalization enables a

significant improvement in cellular uptake [107].

The study of Bu et al. investigated immune-checkpoint inhibitor carrying dendrimers (G7-
aPD-L1) targeting PD-L1 for their efficacy in cancer immunotherapy. It must be
emphasized that in this study nanoparticle binding kinetics were characterized very
thoroughly. For this, three distinct methods were applied. Biolayer interferometry (BLI),
surface plasmon resonance (SPR), and atomic force microscopy (AFM) were conducted
to determine dissociation constants (Kp) as well as association and dissociation rate
constants (Kon @an korr). In summary, Kp for G7-aPD-L1 conjugate was found in a fM range
(BLI: Kp = 8.5x10 M; SPR: Kp = 6.6x10* M). This corresponds to an avidity gain of
about one order of magnitude compared to aPD-L1 (BLI: Kp = 9.6x10° M; SPR: Kp =
3.8x109), which was mainly caused by an increase in kon (BLI: 2.38x10° A 1.10x10°
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M1s?: SPR: 5.54x10* A 3.61x10° Ms?) with less prominent changes in ko (BLI:
2.75x10* A 6.79x10° s1; SPR: 2.18x10° A 2.88x10° s?) (Fig. 6 A and B).

Interestingly, this observation is in direct contradiction with the results of Wang et al.
who found for EC1-functionalized ErbB2-targeting micelles that superior avidity of the
multivalent entity over free EC1 was due to a reduction of ket (SPR: 6.21x102 A 3.1x10°
3 s1), whereas kon showed no clear trend and underwent only minor changes (SPR:
4.84x10% A 8.42x10° Ms1) [108]. Unfortunately, this particle system was not tested in
vivo for the influence of its avidity on biodistribution. For this reason, no conclusive
statement on the influence of the mechanism underlying nanoparticle avidity gain on
biodistribution is possible.

Regarding biodistribution studies conducted by Bu et al., little to no differences can be
made out comparing G7-aPD-L1 and the free binding entity aPD-L1. Tumor
accumulation however is significantly enhanced. As a control for passive tumor
targeting, the authors included an IgG dendrimer conjugate (G7-1gG). Also compared to
this control, there is no significant difference in whole-body biodistribution. In terms of
tumor accumulation, G7-aPD-L1 appears superior, but the difference is not statistically
significant [109] (Fig. 6C).
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Figure 6: In vivo biodistribution of aPD-L1 functionalized PAMAM dendrimers
targeting programmed death ligand 1 (PD-L1) in MOC1 tumor bearing mice. The
study presented by Bu et al. is one of the few cases where particle avidity data is
presented alongside a whole-body biodistribution experiment. The authors conducted
(A) biolayer interferometry (BLI) as well as (B) surface plasmon resonance (SPR)
binding experiments, yielding dissociation constants Kp in the fM range with an avidity-
gain of the multivalently functionalized dendrimer over the free ligand of one order of
magnitude. (C) However, the observations the observed biodistribution of the free ligand
and the multivalent entity possessing a demonstrated avidity-gain over the free ligand
did not differ significantly. A higher accumulation of the ligand functionalized particle was
observed compared to the free ligand. The differences observed compared to the non-
targeted particle were not found significant (Reprinted with permission from Nano
Letters, Bu et al., An Avidity-Based PD-L1 Antagonist Using Nanoparticle-Antibody
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Conjugates for Enhanced Immunotherapy, Nano letters 20 (2020) 49017 4909, (2020),
American Chemical Society).

An outstanding fundamental work in this context was presented by Schmidt et al. Based
on a mechanistic compartmental model [110], the authors derive predictions on affinity-
dependence of tumor targeting in excellent overlay with experimental observations. In
agreement with the experimental data [111], the model finds a plateau-like dependence
in which the desired uptake into the tumor decreases in a step-like manner once the
affinity falls below a critical value. The authors go further and provide another analysis
highly relevant for the question of the influence of avidity of ligand-functionalized
nanoparticles on their biodistribution.

In a simulation, they parallelly investigate the influence of (a) molecular weight and (b)
the affinity of a binding entity on the percentage of dose per gram delivered to the tumor
tissue. Using the rule of thumb to estimate the hydrodynamic diameter R based on
the molecular weight My - 0 p& ¢Y it can be concluded from this analysis that
the avidity of nanoparticles > 50 nm has hardly any influence on this parameter and that
the accumulation in the tumor only decreases at very low avidities Kg > 100 nM.

In their conclusions, the authors highlight this observation, that for molecules exceeding
a certain size, antigen targeting has little or no effect on tumor uptake, as one of the

most intriguing findings of their study [112].

Another contribution to fundamental understanding of the interplay between the avidity
of a ligand-functionalized nanopatrticle and its biodistribution was provided by Zern et al.
In their work, they make the argument that the ratio of specific to nonspecific
accumulation (i.e., ratio of particle amount in target to off-target tissue) should be
considered as a parameter of success for targeted nanoparticles. This target/off-target
ratio should take precedence over absolute exposure of target tissues to the
administered nanoparticle. With this shift in focus, the authors highlight the often-
overlooked problem of lower-level expression of addressed target structures (e.g.,

receptors) in non-target tissues.
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They investigated an intercellular adhesion molecule-1 (ICAM-1)-antibody decorated
poly(4-vinylphenol) (PVPh) nanoparticle (anti-ICAM-1/NP) additionally radiolabeled with
124] to allow PET/CT imaging. This particle was administered to untreated C57BL/6 mice
to determine biodistribution of anti-ICAM-1/NP at basal ICAM-1 expression levels. To
investigate the effect of ICAM-1 overexpression in lung vasculature on anti-ICAM-1/NP
biodistribution, mice were challenged via intratracheal installation of lipopolysaccharide
(LPS). Ligand density on PVPh nanoparticles was tuned by replacing a portion of ICAM-
1 antibodies with 1gG as control (Fig. 7A and C).

They find that already in untreated mice, uptake of anti-ICAM-1/NP in the lungs
increases with increasing ligand density. An anti-ICAM-1/NP with 50 antibodies per
particle was found to not differ significantly from IgG control nanopatrticle regarding lung
uptake. Upon LPS challenge, uptake increases as expected. However, while only a 2.4-
fold increase is observed for the high-avidity anti-ICAM-1/NP (200 antibodies per
particle), the low-avidity anti-ICAM-1/NP (50 antibodies per particle) shows a 5.3-fold
increase in uptake. Since free anti-ICAM-1 antibody also shows a 2.4-fold higher uptake
upon LBS treatment, one cannot conclude a beneficial influence of multivalent
functionalization in the case of high-avidity anti-ICAM-1/NP in this regard (Fig. 7B).
With their focus on a diagnostic application to detect pulmonary inflammation, the
authors conclude that the reduction in avidity achieved via decreasing ligand density,
was beneficial regarding functionality of their particle [113]. It should be noted, however,
that the avidity of anti-ICAM-1/NP was not quantified (e.g., via SPR or BLI). Furthermore,
regarding a conceivable transfer of the findings to therapeutic applications, it should be
noted that with low-avidity anti-ICAM-1/NP, a recognizable accumulation in the spleen
persists even after LPS treatment. This was prevented when increasing ligand density

to 200 antibodies per particle.
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Figure 7: In vivo biodistribution of ICAM-1-Ab functionalized PVPh nanoparticles
targeting intercellular adhesion molecule 1 (ICAM-1) in pulmonary vasculature of
endotoxin-challenged mice. (A) Using a combined PET/CT imaging approach, Zern
et al. followed the whole-body biodistribution of their particle system. It was found that
ligand-functionalization induced accumulation in the lung as the intended target organ.
While a lower degree of functionalization induced a partial shift of particle distribution,
increasing the valency of the particles resulted in a near complete restriction of particles
in the lung. The study of Zern et al. is particularly valuable to our matter, as via a
lipopolysaccharide (LPS) challenge the author varied the receptor density in the target
organ. In this way a significant impact of the receptor density could be shown. (B) The
authors found that the uptake of the free ligand was increased upon LPS challenge to
the same degree as the high-valency particle. A significantly higher effect of the LPS-
induced increase of receptor density was found for the low valency particle. (C)
Distribution data of all animals studied. The study of Zern et al. provides evidence for
the transferability of the basic laws of avidity to the biodistribution of ligand-functionalized
particles (Reprinted with permission from ACS nano, Zern et al.,, Reduction of
nanoparticle avidity enhances the selectivity of vascular targeting and PET detection of
pulmonary inflammation, ACS nano 7 (3), S. 2461-2469, (2013), American Chemical
Society).

In an earlier study the same group investigated PVPh-based nanoparticles addressing
a variety of target structures, all endothelial markers in pulmonary vasculature. These
were platelet-endothelial cell adhesion molecule-1 (PECAM-1), thrombomodulin, and
PV1. In this work the authors did not vary the ligand density on their particles. No
significant effect of ligand functionalization on bulk biodistribution was found, but a
massively increased uptake in the lung was detected [114]. This observation shows that
even without a change in bulk biodistribution, ligand functionalization can lead to greatly
enhanced uptake in the target tissue. This finding suggests that bulk biodistribution and
distribution at the cellular level should be considered separately. The advantage of
ligand functionalization could already lie in an improved cellular uptake in the target
tissue. This would not necessarily be apparent if only bulk biodistribution were

considered.

Frigell et al. investigated the suitability of multivalently ligand functionalized
nanoparticles for targeted delivery to the central nervous system. For this purpose,
glucose-coated gold nanoparticles (GNPs) were designed to carry opioid peptides as

targeting ligands. Two peptides were tested with the intention to improve blood-brain
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barrier passage. Particles were administered to male Spraguei Dawley rats via lateral
tail veins. To allow analysis of whole-body biodistribution, a chelator for the positron
emitter %8Ga was additionally attached to the GNPs. Particle distribution was assessed
using whole-body PET imaging (Fig. 8A) as well as gamma counter analysis of extracted
organs.

Regarding the impact of the targeting ligand on particle biodistribution, the authors report
ligand functionalization to increase accumulation in the kidney (Fig. 8B). Regarding the
desired accumulation in the brain, for both ligand-functionalized and unfunctionalized
particles only minor proportions of the initial doses were found here. However, one of
the two tested peptides induced a 2.5-fold increase of particle accumulation in the brain
Fig. 8C). It is surprising that only one of the two peptides tested showed an effect. This
could be because the peptide that shows no effect lacks the Tyr-Gly-Gly-Phe amino acid
sequence which is considered essential for opioid receptor binding and activation
[115,116].

Wang et al. synthesized an RNA-oligonucleotide based nanopatrticle platform (three-way
junction RNA, 3WJ) which was labeled via hydrogen-tritium-exchange conducted on the
oligonucleotides themselves. The authors furthermore prepared fluorescently labeled
nanoparticles by introducing the AFDye 647 fluorophore. Two targeting ligands were
evaluated, the first being folic acid (3WJ-FA) and the second being the CL4 RNA
aptamer (3WJ-CL4), both of which are targeting the EGFR receptor. In vivo
pharmacokinetic and biodistribution studies were carried out by administering 100 uL of
a 20 uM nanoparticle dispersion to mice bearing KB or MDA-MB-231 tumors via tail vein
injection. While KB tumors strongly express the folate receptor [117], MDA-MB-231
tumors are used as a model for cancers strongly overexpressing EGFR [118,119]. Next
to targeted particles (3WJ-FA and 3WJ-CL4), unfunctionalized 3WJ particles and PBS
were applied as controls.

Firstly, the authors employed fluorescently labeled nanopatrticles to evaluate the binding
avidity of 3WJ-FA and 3WJ-CL4 to their respective target cells. Particle concentration-
dependent increase of fluorescent was recorded in flow cytometry experiments. For the
avidity of 3WJ-FA to KB cells a Kp of 322.8 nM was found. For the interaction of 3WJ-
CL4 with MDA-MB-231 cells the Kp was found to be 72.1 nM.
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A whole-body PET/CT scan acquired after iv injection of *Ga-labled nanoparticles.
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Figure 8: In vivo biodistribution of neuropeptide functionalized glucose-coated
Au-nanoparticles targeting opioid receptors to achieve blood-brain barrier
passage in Spraguei Dawley rats. (A) The study investigated biodistribution for
particles carrying one of two ligands (Enk/Gylcopep) attached via one of two linkers
(Lip/C11) using PET/CT scans acquired shortly after particle administration (0-10 min)
and after an extended time (60-80 min). Regarding the ligand Enk attached via Lip, the
authors found a strong undesired particle accumulation in the kidney. (B) Overall,
accumulation in the off-target organs was highly variable, with ligand functionalization
tending to increase this accumulation. (C) The accumulation in the intended target organ
was low. Only for one ligand- linker combination, a beneficial effect of ligand
functionalization was found (Reprinted with permission from Journal of the American
Chemical Society, Frigell et al., 68Ga-labeled gold glyconanoparticles for exploring
blood-brain barrier permeability: preparation, biodistribution studies, and improved brain
uptake via neuropeptide conjugation, Journal of the American Chemical Society 136 (1),
4497 457., (2013), American Chemical Society).

In mice sacrificed 4 or 8 h after nanoparticle administration, the authors found 5% of
3WJ-FA and 3% of 3WJ-CL4 accumulated in the tumor. For 3WJ-FA tumor
accumulation was superior to that of unfunctionalized control particles at both time points
(5% 3WJ-FA vs. 3% 3WJ at 4 and 8 h), while for 3WJ-CL4 this was only the case after
8 h (3% 3WJ-CL4 vs. 2% 3WJ at 4 h: ns.; and 1% at 8 h). For both investigated particle
species, ligand functionalization had only minor effects on particle accumulation in off-
target organs. The authors also performed in vivo fluorescence biodistribution studies,

which yielded results similar to the radio-label based experiments. [120]

Putting the observations of Wang et al. into perspective with the general concept of
multivalency-determined avidity of ligand functionalized nanoparticles, it is surprising
that the particle with inferior avidity appears to outperform the one with a higher avidity
to its target cell. 3WJ-FA shows an overall higher tumor accumulation which is
consistently superior to unfunctionalized control particles. Also, 3WJ-FA shows a more
favorable tumor to off-target ratio in the case of tumor/heart-tissue distribution compared
to 3WJ-CL4. Regrettably, the authors did not vary the degree of ligand functionalization

for either of their particles.

In their study Ganesh et al. investigate the biodistribution previously prepared and

characterized by the group. The particle design is based on polyethylene glycol (PEG)
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and polyethyleneimine (PEI) polymers linked to a hyaluronic acid (HA-PEG and HA-PEI)
backbone. These polymers were found to poeses a self-assembling ability inducing the
formation of 50-80 nm nanopatrticles [121].

For the study on biodistribution, additionally to cisplatin and a siRNA duplex intended to
exploit a beneficial effect on cisplatin-resistant tumors the authors encapsulated the near
infrared (NIR) dye indocyanine green to measure whole-body distribution. Due to its HA
functionalization, a CD44 directed targeting effect was expected. The biodistribution was
examined in human non-small cell lung cancer A549 and A549°°P bearing mice after
three injections via the tail vein administered over three days. Next to this experiment,
the authors performed further biodistribution studies comparing tumors showing a high
CD44 (i.e., A549 and A549PPP) [122] expression with tumors known to express lower
levels of CD44 (i.e., H69 and H69AR) [123]. NIR signal was recorded in living mice 10
min, 4, 10, and 24 h after administration. While distribution initially occurred throughout
the entire body in all tumor models, accumulation in tumor tissue was evident after 4 h
in A549 and after 10 h in A549PP", In H69 and H69AR, no accumulation in tumor tissue
was seen during the entire observation period.

As another study of interest for distribution, the authors also quantified siRNA in off-
target organs and in tumor tissue using a PCR technique. A strong decrease of siRNA
in the liver tissue was found over the cause of 24 h. The proportion of the initial dose
administered fell from 33.4% (1 h) to 13.4% (24 h). A similar pattern was observed for
the spleen tissue, which contained 22.8% of the initial dose after 1 h and 17.4% after 24
h. At the same time, the proportion of initial dose found in tumor tissue increased from
0.5% to 0.9%. All changes were found to be statistically significant. While these
observations are indicative of directional accumulation, it must be kept in mind, however,

that they could also have resulted in part from degradation of siRNA by nucleases. [124].

Interestingly, the particle studied here accumulated in tumor tissue over time, during
which the amount of particle present in off-target organs decreased significantly.
Unfortunately, due to the particle design in which the avidity dictating moiety HA was
also a part of self-assembling polymer backbone, it was not possible to vary ligand

density or to investigate unfunctionalized particles in control experiments.
Akers et al. investigated perfluorocarbon-based nanoparticles which where

functionalized with cRGD to e n a b |bgintegrin targeting. The particle surface was

further functionalized with cypate-C18 (cypatei PFC-tNPs) to allow NIR-based detection
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of in vivo distribution in living mice tumor models. Whole-body biodistribution was
assessed in male nude NCr mice bearing luciferase-transfected 4T1 mouse mammary
carcinoma cell (4T1luc) derived tumors. Regarding the improvement of tumor specific
particle accumulation due to ligand functionalization the authors report a superior tumor-
to-muscle distribution ratio for targeted nanoparticles compared to unfunctionalized
control (6.9 to 3.0) in ex-vivo measurements. Unfortunately, in the whole-body imaging
in this study's case, the targeted nanoparticle was compared only with a small-molecule
cypate-cRGD compound and not with the unfunctionalized particle. Also, because the
authors did not quantify the fraction of nanoparticle dose arriving in the tumor and have
done hardly any detailed investigation of the distribution of particles into off-target organs
(e.g., over time, comparison of targeted/non-targeted particles), it is difficult to assess
the influence of ligand functionalization overall. The authors, however, found superiority
of the small-molecule compound compared to the particle (8.1 to 6.9 tumor-to-muscle
distribution ratio). [125]

This observation makes a simple transferability of the basic laws governing avidity to the
case of biodistribution of ligand-functionalized nanoparticles questionable. Since these
laws would suggest that the avidity of a multivalent entity is far superior to the single
ligand affinity, this study thus suggests that factors act on the distribution of the particle

which counteract the positive effect of multivalent functionalization.
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Table 1: Investigated model systems and effect of ligand functionalization on
particle biodistribution. The table provides an overview of the tissues or tumor models
addressed with targeted particles in the studies consulted for this review. As a key
parameter for describing the performance of the particle systems studied, we provide an
overview of the dose fractions that reached the desired target tissue for both targeted (t)
and non-targeted particles (nt). Also presented is whether a significant effect by ligand
functionalization on whole-body biodistribution or tissue-level distribution was observed.
In addition, for studies in which active compounds were encapsulated, we considered
an improvement in therapeutic efficacy that may have been present ( ¥ improvement,
Y -no signifi c adeteriomattorg argws,in biackets indicate conclusions
subject to certain limitations). Abbreviations and cell classifications: A549 -
adenocarcinoma human alveolar basal epithelial cells, A549°°P - cisplatin-resistant
A549, BT-474 - invasive ductal mamma-carcinoma cells, H69 - epithelial lung carcinoma
cells, H69AR - doxorubicin-resistant H69, ID - initial dose, ID/cm? - initial dose per cm?
tissue, ID/g - initial dose per g tissue, KB - adenocarcinoma endocervix cells, LNCaP -
epithelial prostate carcinoma cells, MCF-7 - adenocarcinoma mamma cells, MDA-MB-
231 - adenocarcinoma mamma cells, MOC1 - mouse oral squamous cell carcinoma,
n.d. - no data available, Neuro2A - Neuroblastoma neuroblast cells, NSCLC - non-small-
cell lung cancer, TRE - total radiant efficiency, 4T1luc - Luciferase-transfected 4T1
mouse mamma-carcinoma cells.
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Study Target Dose delivered Biodistribution Efficacy
whole- tissue-
body level
Choi et al. Neuro2A 2t0 3% ID \4 ¥ n.d.
Bartlett et al. nt: 1.1% ID/cm3 \4 n.d. ¥
t: 1.4% ID/cm3
Gu et al. LNCaP ~0.2t0 1.8% z g n.d.
Kirpotin et al. | BT-474 or BT-474: Y Y n.d.
MCF-7 nt: 7.3% ID/g tissue
t: 8.3% ID/g tissue
MCF-7:
nt: 8.6% ID/g tissue
t: 7.2% ID/g tissue
Bu et al. MOC1 nt: ~0.51x108 TRE | Y ¥ n.d.
t: ~2.1x108 TRE
Zern et al. Pulmonary n.d. (y) ¥ n.d.
vessels
Frigell et al. Brain nt: 0.0073 ID/g z ) n.d.
tissue
t: 0.020 ID/g tissue
Wang et al. KB and MDA- | KB: (y) n.d. n.d.
MB-231 nt: 3% (4 h), 3% (8
tumor h) ID
t: 5% ID
MDA-MB-231.:
nt: 2% (4 h), 1% (8
h) ID
t: 3% ID
Ganesh etal. | A549/A549PPP | t: 0.5-0.9% ID (y) n.d. ¥ [126]
(CDh44 ¢9|ntnd.
H69/H69AR
(CD44 27
all NSCLC
Akers et al. 4T1luc tumor | t: n.d. Y n.d n.d.
nt: n.d.
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Table 2: Technology of particle platforms and ligand-receptor pairs employed for
targeting. This table provides an overview about the type of particle systems
investigated. We present the material of the particle technology used. In addition, we list
the ligands used for functionalization with the according receptors addressed by them.
We have compiled available data on these ligand-receptor pairs regarding their
respective binding affinities, taking into account the method used for their determination.
All relevant references are listed in the table. Abbreviations: I - radioisotope of iodine,
A10 RNA - 2 -Ngoropyrimidine RNA aptamer, (a)PD-L1 - programmed cell death 1 ligand
1 (human antibodies), BLI - biolayer interferometry, CL4 - EGFR-binding nuclease-
resistant RNA aptamer, cRGD(yK) - cyclic  Arg-Gly-Asp peptide (D-Tyr-Lys-
pentapeptide), [P(HIDAMGO - ¢-opioid receptor ligand (structure: H-Tyr-D-Ala-Gly-N-
MePhe-Gly), DHM-3H - 3H-dihydromorphine, [*H]DPDPE - G-opioid ligand (structure:
3H-D-Pen?-D-Pen®-enkephalin), EGFR - epidermal growth factor receptor, FP -
fluorescence polarization, Glc - glucose, HER2 - human epidermal growth factor
receptor 2, ICso - half maximal inhibitory concentration, ICAM-1 - intercellular adhesion
molecule 1, Kp - dissociation constant, K; - inhibition constant, Leu-Enk - Leu-enkephalin,
(rhu)(M)Ab - (recombinant human) (monoclonal) antibody, MOR/DOR - ¢ /-apioid
receptor, n.d. - no data available, NAALADase - N-acetylated alpha-linked acidic
dipeptidase, PAMAM - poly(amidoamine), PEG - polyethylene glycol, PEI -
polyethylenimine, PFC - perfluorocarbon, PLGA-b-PEG - poly(ethylene glycol)-block-
poly(D,L-lactic acid), PSMA - prostate-specific membrane antigen, PVPh - poly (4-
vinylphen-ol), (si)RNA - (small interfering) ribonucleic acid, SPR - surface plasmon
resonance, bb- integrin alpha V/integrin beta 3 receptor.
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Study Particle Ligand Receptor | affinity (technique) | Ref.
Choi et al. PEGylated Au transferrin | transferrin | Koz = 1.1 nM, [1277
Bartlett et Gu complex receptor Kp2 = 29 nM (SPR) 129]
al. Kb1 < 0.1 nM*
Kp2 = 3.8 nM (SPR)
Kp = 48 nM (*251-
lable)
Gu et al. PLGA-b-PEG A10 RNA PSMA Ki=11.9 nM [130]
polymer aptamer (NAALADase
activity)
Kirpotin et PEGylated anti-HER2 | HER2 rhuMAbHER2-Fab: | [131i
al. liposome MAb Kp =1.8 nM (SPR) 133]
anti-HER2 scFv F5:
Kb = 160 nM (SPR)
Bu et al. PAMAM aPD-L1 PD-L1 Ko = 0.96 nM (BLI), | [109]
dendrimers Ko = 0.38 nM (SPR)
Zern et al. PVPh polymer ICAM-1 Ab | ICAM-1 n.d. -
Frigell et al. | Glc-coated Au Leu-Enk MOR/DOR | Kp = ~0.6 nM [134,135]
(DHM-3H)
ICso p=1.8nM
([FH]IDAMGO)
ICsoU 66 nM
Glycopep (*H]DPDPE)
n.d.
Wang etal. | RNA Folic acid Folate Kp =0.19 nM [136,137]
receptor ([®H]-folic acid)
CL4RNA | EGFR Kp =10 nM
aptamer (filter binding
analysis)
Ganesh et PEI/PEG/siRNA | hyaluronic | CD44 Kp =21 uM [138,139]
al. acid* (flow cytometry)
Kb = 36.6 uM (SPR)
Akers etal. | PFC cRGD Uibs ICso = 0.11 pM (FP) | [140i
ICs0 = 414/422/358 | 144]

nM
(*251-echistatin)
ICs0 = 37 nM
(125]-c(RGDyK))

49



Chapter 1

Table 3: Ligand-related nanoparticle properties and avidity-biodistribution
correlation. This table gives an overview about the nanoparticle properties size,
valency, and ligand density. We have also included data on nanoparticle avidity where
it was investigated. Finally, we list our conclusions on presence and nature of correlation
between nanoparticle valency (N) and avidity (K) as well as between valency and whole-
body (w-b) and tissue-level (t-1) biodistribution. Abbreviations: ? - no conclusion possible
based on present data, E - enkephalin-functionalization, G - glycopep-functionalization,
(Mut)Apt - (mutated i.e., non-functional) aptamer, N.A. - not applicable, n.d. - no data
available.
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Study size N ligand particle valency N
[nm] density avidity dependence?
K biodistribution
Choi 74.9 control 0 nm3 n.d. yes w-b.: no
et al. 77.7 2.1 1.1 x10* nm= | n.d. t-l.: threshold for
81.3 17.5 8.4 x10* nm?3 | 1.06 nM particle uptake in
87.5 144.3 6.0 x10°nm= | 0.13 nM target cells
Bartlett | ~80to | n.d. n.d n.d. ? ?
etal. 125
Guetal | 160 n.d. 10% MutApt n.d. ? w-b.: no
0% Apt t-l.: accumulation
1% Apt increases with %
5% Apt Apt up to 5% Apt
10% Apt then decreases.
Kirpotin | ~90to | >20 ~5.3 x104 nm=3 | n.d. ? ?
et al. 110 to
7.9 x104 nm-3
Buetal. | ~25to | 3.7 ~9.6 X104 nm3 | targeted: | ? w-b.: no
35 to 85/66 M t-1.: ligand induces
1.9 x10° nm= | blank: significant
0.96/0.38 increase in dose
nM delivered to
tumor.
Zern 187 blank 0 nm- n.d. yes w-b.: particle dose in
et al. 183 5 1.1 x10* nm= | n.d. liver appears to
186 50 8.4 x10* nm=2 | 1.0 x101° decrease with
192 100 6.0 X103 nm=3 | nm3 increasing N.
198 200 6.0 X103 nm= | n.d. t-l.. Dose
1.2 x101 accumulated in
nms3 lungs increases
with increasing N.
Frigell 2.4 blank 0 nm3 n.d. ? w-b.: Partially, ligands
et al. 2.1 13 E 0.94 nm-3 increase
2.7 10E 0.44 nm-3 accumulation in
2.2 6G 0.39 nm= off-target organs.
3.2 15G 0.47 nm=3 t-l..  One ligand-linker
pairing induced
higher dose in
target organ.
Wang 6.0/ n.d. n.d. n.d. ? ?
etal 14.82
Ganesh | 200/ N.A. N.A. N.A. ? ?
et al. 90
Akers 250 n.d. n.d. n.d. ? ?
etal

51




Chapter 1

Discussion

In the first part of this work, we introduce the concept of avidity and review literature
providing evidence on what factors affect this property and how this concept translates
to the case of nanopatrticle-cell membrane interactions. In doing so, we were able to
derive a general hypothesis about the distribution of ligand-functionalized nanopatrticles
in an environment with varying receptor densities, suggesting accumulation at high-
receptor densities. Ultimately, the aim of this work was to investigate whether the
experimentally found bio-distribution follows this hypothesis. Thus, whether there is a
correlation between avidity and bio-distribution. We also introduce the impact of
membrane curvature on particle-membrane interactions, deducing the question about
the transferability of the described relations on the case of a ligand-functionalized
nanoparticle. Already from these reflection on fundamental principles, approaches for
further investigations can be derived. The available literature, for instance, provides
evidence that different particle systems may differ in the mechanism underlying their
avidity. Thus, it appears that the avidity can result from both accelerated association ( y
kon) and slowed dissociation (Z ork[64,108,109]. As to the question of what influence
the presence of one or the other mechanism has on the biodistribution of a nanoparticle,

there is, to the best of our knowledge, no evidence available.

Summarizing the findings of the studies presented in the second part of the paper, it
must be concluded that a clear assessment of the correlation of avidity and
biodistribution is hardly possible based on presently available data. This is due in no
small part to the fact that studies are lacking that have systematically investigated the
biodistribution of a constant particle system with an avidity that varies over a quantified
range. One reason for this is the all too understandable fact that in application-oriented
research projects, it is primarily the most promising particle systems that are further
investigated in in vivo experiments. Particles with poorer in vitro binding properties are
not pursued further. However, this focus has led to a relevant knowledge gap regarding
our understanding of nanoparticle interactions with biological systems that may inhibit
the rational development of nanotherapeutics. In this context, our review points out an

existing need for basic research on avidity-biodistribution correlation.

From the authors' perspective, only three of the relevant papers consulted for this review

demonstrated directional accumulation of nanoparticles. Whereby, by directed

52



Nature of the Correlation between Nanoparticle Avidity and Biodistribution

accumulation we imply an accumulation of particles over time in the desired target tissue
with simultaneous depletion in off-target tissues or organs. Only the works of Zern et al.,
Wang et al., and Ganesh et al. satisfy this strict interpretation of the term. To evaluate
the question about decisive influencing factors for a directed biodistribution, it is
worthwhile to consider in which properties the particles investigated in these studies
differ from others. Thus, it is particularly noteworthy that with the work of Ganesh et al.
the particle system associated with the ligand possessing the lowest receptor affinity is
among the most successful systems. While this fact may be surprising at first,
considering the basic principles of multivalency-induced avidity, it is consistent with
previous theoretical considerations [1451 147] and experimental observations [148i1
151]. Here, it has been reported that a lower affinity of the ligand used for
functionalization leads to a higher target organ specificity of the resulting particle. A
factor possibly causative of this circumstance can be deduced when taking a closer look
at the i r evaolr Isithdtion of nanoparticle-membrane interactions. Here, the initial
binding of the particle already brings many ligands into close proximity to receptors.
Once several ligand-receptor bonds have been formed, it is very likely, especially with
high-affinity ligands, that even if individual ligands dissociate, they will quickly bind a
receptor again due to the spatial proximity. It has been described that this phenomenon
can lead to a practically irreversible binding of multivalent entities [45,152,153].

Furthermore, we find it remarkable that the study of Zern et al. is the only one in which
an increasing avidity with particle valency could be demonstrated, which in turn led to a
positive influence on the whole-body biodistribution. It should be emphasized that the
targeted structure in this case was not a tumor tissue. This allows the hypothesis that
factors typical of tumor environments counteract the targeted accumulation of ligand-
functionalized nanoparticles. Cancer specific challenges in targeted nanoparticle
delivery have very recently been reviewed by Chan [154] Drozdov et al. [155]. In brief
summary the key factors known to date are opsonization of particle surface with
biomolecules [156,157], undesired accumulation in the reticuloendothelial system (i.e.,
liver, spleen, lymph nodes) [99], access to tumor microenvironment (i.e., vessel evasion,
endothelial crossing) [158], and navigating through complex tumor microenvironment
(i.e., immune-cell interactions, extracellular matrix interactions, interstitial pressure)
[1591 163]. In this context, it is a pity that the studies of Wang et al. and Ganesh et al.
do not contain any data on particle avidity and that also the degree of ligand
functionalization was not varied. Thus, although these studies show that successful

targeting is possible in tumor models, they do not allow a conclusion as to whether there
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is a correlation between avidity and biodistribution. A steep valency-dependent increase
in avidity, however, has previously been demonstrated for folic acid-functionalized
dendrimers (~4 nm) [64].

We would further like to point out a finding by Choi et al. that is important for the question
about correlation between patrticle avidity and biodistribution. Besides the study by Zern
et al. this is the only work in which a correlation between valency and avidity has been
demonstrated. Although the authors find no influence of ligand functionalization in this
case, an influence at the tissue level was noted. Concretely, the authors describe a
threshold value for particle valence, above which a more favorable bio-distribution of the
particle occurs. In our view, this observation raises the question about the deachdof
avidity in biological systems. It must be discussed whether the attempt to directly transfer
the avidity concept to the use case of particle distribution in a biological system may not
be an oversimplification. Very valuable in this context is the study by Akers et al. which
showed that a free ligand can even outperform a multivalently functionalized particle in
terms of targeted delivery. Considering this the following points come to mind:

(1) The unmodified transfer of the concept presupposes the assumption that the
distribution of a particle between two tissues is determined exclusively or at least
primarily by the process of binding per se. In other words, that there are no or only
neglectable factors influencing distribution of the unbound particles other than
undirected diffusion. As many studies on the troublesome road of nanoparticles to their
target tissue already cited in this work have shown, this assumption must at least be
considered bold.

(2) An uncritical transfer further comes with a strong focus on ligand- and receptor-
densities when attempting prediction of nanoparticle distribution. While this approach
might be appropriate to derive meaningful binding parameters in experiments based on
artificial or extracted membranes, it potentially oversimplifies the complexity of the
surrounding encountered by the patrticle in an actual biological system. For instance, the
cell membrane curvature is neglected, which we believe could be a crucial factor
determining the availability of receptors for interaction with nanoparticles.

Previous work by our group indicates such importance of membrane nanomorphology.
A significant decrease in avidity was observed for a model particle system after inhibition
of clathrin-coated pits (CCPs) as typical nanostructures in the membrane [95]. We also

observed that biomolecules more abundant in tumors, which might have a comparable
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effect on CCPs, unfavorably influence the distribution of particles between target and
off-target cells [164].

Overall, the present review identifies an urgent need for systematic fundamental
research. We have outlined two possible approaches for a systematic proceeding to
stimulate research that could lead to a better understanding of nano-bio-interactions
(Fig. 9A) and the correlation of avidity and biodistribution (Fig. 9B).
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Conclusion

The overview of data available on the correlation of nanoparticle avidity and
biodistribution provided in this work revealed that the matter is strongly under-
researched. After a thorough review of the available literature, we cannot draw a
definitive conclusion whether an increasing particle avidity will lead to increased particle
accumulation at the desired target site. Since this observation stands in contradiction
with the theoretical fundamentals of avidity, this in turn allows for four conclusions: (A)
The particle avidity is influenced by to date unknown factors that counteract its expected
positive effect on biodistribution, (B) all systems studied so far in literature exhibit
extremely high entropic penalties that prevent the formation of ligand-receptor
interactions, (C) The concept of avidity is in fact not applicable to the case of particle
distribution in a biological system, and (D) the data collected so far are not sufficient to
recognize any correlation that may exist.

With these approaches, our work has the potential to stimulate further research that may
lead to a better understanding of the interaction of avidity and biodistribution. Further
insights in this field could in turn contribute to the development of improved targeted
delivery systems. Basis of the present work was the research need arising from point
(A) to identify factors influencing the avidity of particles when interacting with their target

cells.
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Figure 9: Approaches for systematic investigation of nano-bio-interactions and
avidity-biodistribution studies. In these schemes we outline principal study
proceedings suitable to (A) identify and characterize biological properties affecting
nanoparticle avidity and (B) to systematically investigate the correlation of hanopatrticle
avidity and biodistribution. (A) A more complete understanding of biological parameters
affecting nanopatrticle-cell interactions is key to increase predictability of particle
biodistribution. For this, a systematic proceeding is outlined above, which in brief
suggests to (1) hypothesize parameters to investigate and to identify tools enabling
controlled manipulation of these properties, (2) to conduct particle binding or distribution
assays, where possible in a cellular or even in an in vivo setting, and (3) to quantify and
compare binding or distribution data for a series of parameter states. Optimally, the
correlation of parameter state and binding/distribution data should be studied to identify
a model describing their interaction. This could allow not only to identify the presence of
a correlation but also to understand its precise nature. (B) One circumstance that
complicates the assessment of avidity-biodistribution correlation is that there have been
only few studies with a dedicated focus on the matter. Most of the knowledge available
today on this subject must be gathered from individual publications, each of which often
contains only incomplete sets of information on the relationship in question. We outline
here a blueprint for an approach to systematically investigate the relationship between
avidity and biodistribution. In brief, (1) the particle parameters to be studied should be
varied individually and in a controlled manner. In this way, a design space for the studied
particle can be covered. (2) Both avidity and bio-distribution should be determined for
each individual particle. Finally, (3) a correlation analysis should be performed to
investigate the relationship between avidity and bio-distribution. In this step, it is
preferable to use quantitative measures for the degree of accumulation, to in turn allow
for a subsequent quantitative assessment of correlation. Applicable parameters were
presented in the literature by van der Zee et al. [165] and Miller et al. [166].
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Chapter 2

Targeted delivery of active compounds to an intended site of action is a most desirable
goal pursued in the field of pharmaceutics. One approach employed to achieve this goal
is the use of targeted nanoparticles. These particles are typically decorated with ligand
molecules on their surface. Thereby, the particles are enabled to interact with target site
specific cell surface receptors In this way, one aims to achieve target site specific particle
accumulation, while avoiding particle deposition at off-target sites. This concept may
appear straightforward and easily implementable. However, thorough research on the
use of targeted nanoparticles revealed manyfold challenges in their design. Also, a vast
number of particle properties as well as physiological factors affecting particle
distribution in biological systems were previously identified. Despite these efforts, our
understanding of nanoparticle behavior in biological environments remains incomplete.
Advances to fill this knowledge gap would be highly relevant as it undermines the
predictability of nanoparticle biodistribution.

Via a thorough review of the available literature on the interplay of nanoparticle avidity
and in vivo biodistribution, we intended to investigate how these two parameters
correlate with each other. In summary, this study has shown that the effect that avidity
exerts on nanopatrticle biodistribution must be considered unclear. Increasing particle
avidity was not found to consistently result in a more desirable particle distribution (i.e.,
increased accumulation at target sites and/or decreased occurrence at off-target sites).
As this observation is, in our view, in contrast to the theories underlying avidity, it gave
rise to an urgent research need (Chapter 1). We felt that basic research was essential
to improve our understanding of the interactions between nanoparticles and cells to help
resolve this apparent contradiction. Concretely, we decided that research into
membrane properties affecting the attachment of ligand-functionalized nanoparticles
was necessary, as this area must be acknowledged as under-researched. To foster the
practical relevance of our work, we further aimed to identify and characterize biological

factors determining relevant membrane properties in vivo.

Pursuing the first formulated goal of our work, we hypothesized curvature alignment of
particle and membrane surface as beneficial for the formation of ligand-receptor bond.
Hence, such an alignment could boost particle avidity. In our studies, we investigated a
particle model system capable of binding to rat mesangial cells via the AT; receptor.

This receptor is particularly associated with clathrin-coated pits (CCPs). We therefore
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specified our hypothesis for the model system under investigation in the sense that
CCPs should be a major determinant of avidity. We further considered this hypothesis
plausible as the dimensions of CCPs closely match our particles geometry. Thus, a
relevant degree of curvature alignment could be expected. To investigate this
hypothesis, we identified a small-molecular tool kit enabling us to alter membrane
curvature in a controlled manner. Using a functional binding assay measuring the
receptor specific cell response to AT:R activation, allowed us to study particle

attachment on living cells (Chapter 3, SI: Chapter 4).

The studies on the first goal of this thesis were intended to improve our understanding
of particle-me mbr ane interactions. However, as
membrane properties, we aimed to conduct further research underpinning the biological
relevance of the findings made. The question arose as to whether conditions similar to
those in our experiments could actually occur in biological systems. Inspiration for further
research came from the field of virology. Here, it had long been known that cytokines
like Interferon-o (IFN-0) to affect viral tropism (i.e., viral ability to accumulate in
compartments allowing their replication). Given the similarity of viral pathogens and
targeted nanoparticles regarding the strategy of ligand-receptor mediated target cell
recognition as well as size and geometry, we hypothesized IFN-2 to exert comparable
effects on nanoparticles. To investigate this hypothesis, we designed a target/off-target
cell culture model system, allowing us to quantitatively investigate particle distribution
via flow cytometry. To allow transferability of our findings, we employed the same model
particle system as in our investigations on the role of CCPs in particle membrane
attachment. For the same reason, we chose rat mesangial cells as the target cell
population in our co-cultures. We investigated particle distribution at varying target cell
densities. This way we aimed to mimic the situation of a particle far from its target site
(low target cell density) and in close proximity or within its target site (high target cell
density). To study the effect of IFN-0 we conducted particle distribution assays in
presence and absence of IFN-2 concentrations typical for tumor tissues (Chapter 5, Sl:
Chapter 6).

Finally, we were keen to further elaborate on the mechanism underlying the
observations made in our experimental studies. Specifically, the question we faced was
whether depletion binding sites at the nanoscale could indeed trigger relevant changes

in particle behavior at a micrometer scale. This would be in fact the relevant scale for
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particle distribution in a cellular system. As we had no experimental method at hand to
investigate this matter, we decided to turn towards computational simulation. We used
the VCell software package to design a simple geometrical model consisting of one
target cell and one off-target cell within a closed simulation box. Also, a particle entity
was defined as well as a high-avidity binding site resembling the CCPs. We next
assigned reactions to the individual elements of the model (e.g., attachment of a particle
to a CCP). Using a deterministic spatial solver, it was possible to derive extracellular
particle concentrations, target- and off-target cell-uptake over time. Based on partial
derivatives of the polynomial functions fitted to the extracellular concentration gradients,
it was possible to calculate vector fields. These vector fields allowed us to study the
effects of CCP depletion on particle movement on the micrometer-scale in detalil
(Chapter 7).
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Abstract

The paramount relevance of clathrin-coated pits (CCPs) to receptor-mediated
endocytosis of nanoparticles, extracellular vesicles, and viruses has made them the
focus of many studies; however, the role of CCP geometry in the ligandi receptor
interactions between multivalent nanopatrticles and cells has not been investigated. We
hypothesized the general dependence of nanoparticle binding energy on local
membrane curvature to be expandable to the specific case of ligand-functionalized
nanoparticles binding cell membranes, in the sense that membrane structures whose
curvature matches that of the particle (e.g., CCPs) significantly contribute to binding
avidity. We investigated this hypothesis with nanoparticles that bind multivalently to
angiotensin Il receptor type 1, which is subject to clathrin-mediated endocytosis. When
we used cholesterol extraction to prevent the action of CCPs, we found a 67 to 100-fold
loss in avidity. We created a theoretical model that predicts this decrease based on the
loss of ligandi receptor interactions when CCPs, which perfectly match nanoparticle
geometry, are absent. Our findings shed
presence or absence of CPPs is so influential on how cells interact with nanoparticles
that the number of particles required to be visible to cells changes by two orders of

magnitude depending on CCP presence.
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Graphical Abstract
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The graphical abstract illustrates how in the studies presented in this chapter, derived

from the initial hypothesis, experimental investigations and theoretical modelling were

conducted to test and to provide supportive evidence for the hypothesis. This approach

revealed clathrin-coated pits as binding hotspots for

predominantly dictate particle avidity.

nanoparticles,

as they
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Introduction

Celli nanoparticle interactions have been extensively investigated. This is because
these interactions, as a crucial step of ligandi receptor-mediated target cell recognition
by nanoparticles, are of outstanding importance for the development of targeted
nanotherapeutics and the understanding of phenomena such as extracellular vesicle
signaling and viral infections. Numerous investigations of size [1i 5], shape [1,2,4],
surface charge [2,4,6], receptoriligand density and mobility [2,779], linker
characteristics [7,9], and hetero-multivalency [10,11] have yielded a detailed picture of
the avidity that nanoparticles have for cells, but surprisingly little attention has been
given to the cell membrane structures that participate in particle identification and
binding. A better understanding of these processes would be very beneficial to the
development of novel nanotherapeutics because high binding avidity is key when
designing targeted nanopatrticles that are highly selective and specific [12]. To date, we
have only a vague understanding of the impact of clathrin-coated pit (CCP) geometry on
cell-nanoparticle interactions. Studies that have attempted to close this gap using
supported lipid bilayers (SLBs) as model systems [13i 15] were unsuccessful because

the nanoscale invaginations are not maintained during SLB preparation.

The problem intensifies when nanoparticles carry ligands for cell surface receptors,
making it possible that they will bind multivalently through several simultaneous ligandi
receptor interactions [16]. When the receptor in question is subject to clathrin-mediated
endocytosis it may be located on flat membrane sections or in CCPs, which are highly
dynamic structures that undergo constant morphological changes [17]. Bucher et al.
describe three morphological states during early- and late CCP maturation [18]. The flat,
dome, and pit morphologies (Fig. 1) differ in surface area, membrane curvature, and
clathrin lattice composition. CCP geometry has been described according to the
constant area [19] and the constant curvature [20i 22] approach. It was found that, on
average, 20% CCPs have dome morphology [23]. We hypothesized that these dome-
shaped CCPs should have a tremendous impact on nanoparticle binding to cells
because dome morphology corresponds perfectly to the size and shape of most studied
nanoparticles (spherical geometry, d < 100 nm) [24]. Receptors located in CCPs [25]
with shapes complementary to nanoparticles should maximize the contact area between
cell membrane and nanoparticle corona, yielding the highest possible number of

receptori ligand-interactions and significantly increasing nanoparticle avidity [26i 28].
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In the general context of nanoparticle membrane interactions Agudo-Canalejo et al., Yu
et al., Deserno and Bickel, and Bahrami et al. have provided excellent work on the
process of particle membrane wrapping, including investigations of the initial attachment
of nanoparticles to membranes. Considering this initial attachment, the aforementioned
works found that a membrane curved towards a particle will require a lower bending
energy to be overcome during binding. Consequently, a lower adhesion strength will be
sufficient for a particle to bind, or assuming a constant adhesion strength, more patrticles
will bind to a membrane curved towards them. With these findings the groups provide a
main body of fundamental knowledge about particle membrane interactions acquired to
date [297133]. Barbul et al. conducted simulations suggesting that multivalent
nanoparticle binding can induce partial membrane wrapping [34]. Our approach in the
present work differs insofar as our focus is on the study of multivalent ligand-
functionalized nanoparticles and thus adds a parameter not fully investigated so far. We
want to point out that our focus further differs from the aforementioned works by
investigating the effect of the presence or absence of CCPs as particular geometrical
entities spontaneously occurring [35] in the membrane.
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Figure 1: Interplay of membrane morphology and particle binding. The scheme
illustrates the main maturation stages of clathrin-coated pits (CCPs). Flat structures
initially undergo a transformation to dome-shaped CCPs. These, in turn, become more
and more indented until a pit-shaped morphology is obtained. It is shown what effect the
inhibitors used (M-b-CD, Baf Al, and Dyn; green arrows indicate the induced CCP
morphology) have with respect to CCP maturation. The aim of the present study was to
investigate the influence of the presence of membrane structures with high wrapping
fraction U for slapetd CGP$)ersthe @wadityg . ,of tllksemarticles.
Abbveriations: NPysang 71 angiotensin Il-functionalized nanoparticle, AT:R i
angiotensin Il receptor subtype 1, M-b-CD T methyl-b-cyclodextrin, Baf A1 T bafilomycin
Al, Dyni dynasore.

To confirm our hypothesis, we investigated the avidity of receptor binding nanoparticles
for their target cells in the presence and absence of CCPs invaginations. We depleted
cell membranes of cholesterol, which increases membrane stiffness and enforces a flat
CCP morphology [35,36]. To investigate the impact of CCP geometry on nanoparticle
avidity, we used particles carrying angiotensin Il (NPyys.an g) in their corona, which
enables them to multivalently bind to the CCP-associated angiotensin Il receptor type 1
(AT1R) [37]. This receptor is present on rat mesangial cells, which were used for binding
studies performed with and without several potent inhibitors of pit formation: methyl-b-
cyclodextrin  (M-b-CD), bafilomycin Al (Baf Al), and dynasore (Dyn).
M-b-CD extracts cholesterol from cell membranes [38,39]. M-b-CD induces a strong shift

in the frequency distribution of the different maturation stages of CCPs. In untreated
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cells, most CCPs in the membrane are present at intermediate or late maturation stages.
Thus, the membrane is highly indented and dome-shaped and pit-shaped CCPs are
present. Treatment with M-b-CD results in stopping almost all CCPs at early maturation
stages, where the membrane has very shallow or no invaginations. The proportion of
dome- and pit-shaped CCPs is significantly reduced [35,36,40]. Baf Al is a specific
inhibitor of vacuolar-type H* ATPase (VATPase) that inhibits pH-dependent lysosomal
cholesterol transport, thus reducing intracellular cholesterol trafficking [41]. Similar to M-
b-CD, inhibition of VATPase by Baf A1 was shown to almost completely eliminate the
population of dome-shaped CCPs after treatment. The CCPs are predominantly present
at earlier maturation stages, thus showing very little invagination and a significantly
increased neck width [40,42,43]. Dyn is a potent inhibitor of dynamin GTPase that
additionally hinders intracellular cholesterol trafficking and freezes CCPs late in their
maturation phase. Thus, in terms of its effect on CCP morphology, Dyn has the opposite
effect to M-b-CD and Baf Al. It accumulates late-stage CCPs that are about to undergo
dynamin-induced pinching off from the membrane. The neck is already very narrow, and
the membrane is deeply invaginated [44i 46]. Along with this experimental data, we
developed a theoretical model to predict the avidity change in the presence and absence
of pits. It describes nanoparticle avidity (0 ) as a function of ligand affinity (0 ) and the
nanoparticle wrapping fraction (U) between the
structure. Overall, the intention of our experimental and theoretical work was to explore
the impact of CCP geometry on nanoparticle avidity for target cells. Hereby, we aim to
better understand the nano-bio interactions between ligand-functionalized nanoparticles
and cell receptors, which is a crucial question in the rational development of

nanotherapeutics [471 51].
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Results

Cholesterol depletion of cell membranes decreases nanoparticle avidity for cells

For our binding experiments, we used a particle system well established in our group
based on a core-shell design. A poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-
PLA)/poly(D,L-lactide-co-glycolide) (PLGA)-based particle was prepared. For this, a
carboxy-terminated PEG-PLA polymer (carboxy-PEG-PLA) was synthesized via DBU
catalyzed ring-opening polymerization of lactide on a carboxy-PEG starter. Ligand
functionalization was performed by coupling Lys-Ang Il to carboxy-PEG-PLA prior to
particle preparation using EDC/NHS chemistry (Lys-Ang II-PEG-PLA). Coupling
efficiency for Lys-Ang II-PEG-PLA and degree of ligand functionalization for NPrys.an g
was quantified using Pierce BCA and iodine assay. Synthesized carboxy-PEG-PLA was
characterized via 'H-NMR. NPy n ¢ Size was determined via DLS (Fig. S2, also refer
to experimental section for detailed specifications). The size of our particle NPiys.an g
was in good agreement with the dimensions of CCPs regarding depth and neck width
[42] as wells as curvature [52] and found to be in range with dimensions of dome-shaped
CCPs.

To investigate the role of CCPs in the binding of ligand-functionalized nanoparticles to
cells, we incubated AT:R-positive rat mesangial cells (rMCs) [53] with angiotensin II-
decorated nanoparticles. The binding studies consisted of four sub-experiments, in
which the binding of free ligand (Lys-Ang IlI) and ligand-functionalized nanoparticles

NPLys-an g WS assessed in the absence and presence of CCP inhibitors [38,43,44].

We found the Fura-2 AM based Ca?* mobilization assay to be best suited for our binding
experiments as it enables us to directly compare the binding data found for the free
ligand with the data for our ligand functionalized nanoparticle due to the identical
readout. The interaction of Ang Il with the AT: receptor induces the activation of
phospholipase C, which in turn catalyzes the formation of diacylglycerol (DAG) and
inositol trisphosphate (IP3s) [54]. The latter induces the intracellular release of Ca?* from

the endoplasmic reticulum (ER) [55].

Since we use NPiys.ang 1-ATiR binding-induced Ca?* response as a measure of the

interaction of NP ys.ang 1 With rMCs in our binding assays, it is of paramount importance
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to demonstrate that this response is solely due to the specific ligand-receptor interaction.
This is particularly important as it has previously been shown that nanopatrticles can also
non-specifically induce Ca?* influx into cells due to cytotoxic effects [56]. To investigate
this, two control experiments were necessary: (1) We tested an unfunctionalized
nanoparticle (NPcoon) that was otherwise identical to NPyys.ang 1 USiNg the Fura-2 AM-
based Ca?" assay. (2) We tested NP.ys-ang 1 in @ Fura-2 AM based Ca?* assay but had
incubated the rMCs with AT;:R antagonist Exp3174 in advance. There was no Ca?
response in either of these experiments (Fig. 2A). Thus, in conjunction, these
experiments demonstrate that no nonspecific Ca?* influx is triggered by NPcoon and that
Ca?" influx induced by NP\ys.ang 11 results exclusively from the specific interaction of Lys-
Ang Il and AT1R. For both experiments (Fig. 2B), control data demonstrate that Fura-2
AM loading was successful (Fig. 2A) and that an intracellular Ca?* increase thus would
have been detectable.

A NP, ..s AT,R interaction controls 340nmx100 B Importance of individual controls
— 380 nm X100
20p -~ 340 nm PBS 7 7
° :::Lys-Ang o tExp3174 380 nm PBS NP e ang NPcoon NPy png
15p © NPcoo @ 30k :%i: 3% BEXpLITA
T8 G i mgge
| £ 2 A
= S 10k 2 X
= s O—— |k 3
&m 5k < 0 i =T : ®
% 3 i 3 1) 0 10 20 30 : :
B L e O
%§§§ §§‘!.;§ !y VoIX
g % e | Ga't Ga’t
-5t ] % & S 10kf
o |— s ;
A s A A A N < Okl A s : : :
-14 -13 -12 11 10 -9 -8 0 10 20 30 | @ ,AT1 receptor ® Exp3174
log ¢ [M] NP time [s]

Figure 2: Control experiments demonstrate specificity of Ca?" signal for
NP.ys-ang 1-FAT1R interaction. (A) Data obtained from Ca?" mobilization assays
conducted using non-functionalized nanoparticle NPcoon (grey symbols) and NPys-ang i
(red symbols with black sphere) on Exp3174 pre-incubated rMCs. For both experiments
investigating NPrys-ang 1 +Exp3175 and NPcoon, controls of rMCs exposed to Triton X-
100 demonstrated successful Fura-2 AM loading. (B) Scheme illustrates the concept of
our control experiment setup intended to confirm specificity of Ca?* signal for NPys-ang i1-
AT:R interaction.
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A Effect of M-B-CD on CCPs
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Figure 3: Effect of M-b-CD and Baf A1 on NP.ys.an g Cell binding. (A) Binding curves
derived from Ca?* mobilization assays showing the effect of M-b-CD-induced cholesterol
depletion on ligand (Ang Il) and NPrys-an ¢ (NP) binding. (B) Corresponding data derived
from experiments investigating effects of Baf A1 on Ang Il and NP binding. Serial
dilutions of the free ligand Lys-Ang Il (N = 3) and NPrys.an g (N = 3) were prepared and
measured on Fura-2 AM-loaded rMCs (error bars reflect standard deviation). Schemes
show how the employed inhibitors (M-b-CD and Baf Al) effect the membrane
morphology. While M-b-CD directly extracts cholesterol from the membrane (A), Baf Al
interferes with intracellular cholesterol trafficking (B), thereby depleting the membrane
from cholesterol. It is further shown, how flat CCP shape results in loss of wrapping
fraction 0 and what ef f e cot snusbhe expecteds dhei at i on
parameters considered were free ligand affinity 0 and nanoparticle avidity 0 . As 0
is inversely proportional to affinity and avidity, it is important to note in this context that
the binding experiments with NPyys.a n ¢ Were performed considering the molar particle
concentration. Thus, the particle as a whole is considered as a single binding entity and
the binding parameters found reflect its a v i «&d ig the .expacted wrapping fraction

for bindinginaclathrin-c o at ed pi t . I n theory, O ranges from

of the particl e} valués®yM-dEDrekperimentsl(®) Gorr&sg@onding
data derived for Baf Al experiments. Statistical significance was assessed via one-way
ANOVA analysis with subsequent Tukey's multiple comparison test (ns. 1 not significant,

c

C

¥ P < 0.0001; error bars refl ectecst28nidar d err ol

Fgara1 = 339.3, dfu-s-co = 11, dfsara1 = 8). For the Baf Al treatment experiment, a log ECso
of NPyys.ang 11 binding could not be determined because a reliable fitting of the data was
not possible (NA.).

First, we investigated the effect of M-b-CD-induced cholesterol depletion on the binding
intensity of Lys-Ang Il and NPysan g t0 cells (Fig. 3A). The ECso values revealed no

significant effect of M-b-CD treatmentonlLys-Ang | | affi mFty7(26r N:0108; E
M-b-CD: |9y EE& 84 N 0.02; mean N sgemYecreasddi | e t he a
significantly compared to control (ctrl) (ctrl: |l o HB®. 28 H/HCO: 0LpgMEC

T 7. 28 Neab * der);(FignBC). In the context of Ca?* mobilization based binding
assays, our control experiments consisted throughout of testing both free Lys-Ang Il and

NPyys-a n g ON untreated rMCs that were otherwise handled identically.

One concern we had regarding the results of the M-b-CD experiments was the ability of
M-b-CD to complex hydrophobic molecules. In the case of complexation of particle-
bound ligands by M-b-CD, a significant effect on particle binding would have been

expected. Thus, the observations could also have been due to such complexation.
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On the one hand, the fact that hardly any effects on the interaction of the free ligand with

the rMCs were observed speaks against this possibility. In addition, we wanted to test a

CCP inhibitor that would affect CCP morphology in the same way as M-b-CD but would

not be able to complex particle-bound ligands. To rule out this concern, we investigated

the impact of Baf A1 on Lys-Ang Il and NPysangbiiir ndi ng par amméndg | og E
assays on rMCs (Fig. 3B). Baf Al inhibits CCP formation via a different mechanism of

V-ATPase inhibition inducing cytosolic acidification resulting in impairment of cholesterol

transport to the plasma membrane [45]. The results confirmed the observations made

with M-b-CD. While no significant effect was observe d f or t he frees | i gand
= 17.18 N 0.035= Blad. 7M1 : N | ®.gl 4&;C e bimdinglvass e m) . N
massively reduced. The avidity of particles in the presence of Baf A1 was poor. Not even

with the highest possible nanoparticle concentration was it possible to elicit enough

biological effect to obtain a binding curve that allowed for the calculation of an ECso value
(ctrl s Ilog. €EC N 0.05; Baf Al: exceedgFigli mit o
3D).

Because both inhibitors act by depleting cell membranes of cholesterol, we decided to

repeat the experiments with Dyn, which operates via a different mechanism. Dyn freezes

CCPs in late maturation stages. Most CCPs in the membrane exhibit a strong

invagination as well as a narrow neck width after Dyn treatment. The Dyn experiments

are of particular importance because of this primary mechanism of action. Since M-b-

CD and Baf Al exert their effects mainly via a change in membrane cholesterol content,

a change in lateral receptor mobility [57] cannot be ruled out in these cases. Due to its

different mechanism of action, at least a smaller effect on receptor mobility can be

assumed for Dyn treatment. The Dyn experiments supported the previous results. Again,

while Lys-Ang | | bindishg (@€t94 DNhOogQseEg TBBC 64 N 0. O
mean N sem) was wunaltered, mBandmar2t2i cN e0 .a0v3i;d |
| 0gscECT77.39 N 0.12; mean N sem) wansdawechssi vel
absence of CCPs (Fig. 4A and B). In summary, these studies confirmed that dome-

shaped CCPs are crucial for nanoparticle avidity, as their absence decreased

nanoparticle binding significantly, irrespective of the type of CCP inhibitor that was used

(Fig. 4C).
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Figure 4: Effect of Dyn on NPyys.an g Cell binding. (A) Binding curves derived from
Ca?* mobilization assays showing the effect of Baf Al on free ligand (Lys-Ang Il) and
NPyys-an g binding to cells. Data was recorded for serial dilutions of the free ligand Lys-
Ang Il (N = 3) and NPysan g (N1= 3) using Fura-2 AM loaded rMCs (error-bars reflect
standard deviation). Scheme gives an overview about the underlying mechanism of
flattening CCP shape resulting in | oss
dissociation constant 0 . The parameters considered were free ligand affinity 0 and
nanoparticle avidity 0 . As U is inversely proportional to affinity and avidity, it is
important to note in this context that the binding experiments with NPyys.an g Ware
performed considering the molar particle concentration. Thus, the particle as a whole is
considered as a single binding entity and the binding parameters found reflect its avidity.
Ucce is the expected wrapping fraction for binding in a clathrin-c o at ed pi t .

of

n

wr ap

t heo

rangesfromOtol(no vs. full wrapping of sHvaleesweser t i cl e) .

compared via one-way ANOVA analysis with subsequent Tukey's multiple comparison
test (ns. i not significant, * 1 P < 0.01, *** | P < 0.0001; error-bars reflect standard-
error of mean; U = oh.=03B1.7,dffjn = 11). (C) In summary, our binding
experiments allow to conclude that neither flat CCPs nor pit-shaped CCPs alone are
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sufficient to recover normal binding behavior of NPyys.ang 1. Therefore, an essential role
of the dome-shaped CCPs can be deduced for the attachment of our model particle
system.

We demonstrated that it was possible to extract cholesterol from the membrane in a
controlled manner using M-b-CD. With increasing concentration of M-b-CD, larger
amounts of cholesterol were extracted (Fig. 5C). Also, based on the agreement of the
results from the NPyys.a n g binding studies with Baf A1 and M-b-CD (Fig. 3A and B), we
concluded that M-b-CD does not appear to complex the ligands on the particle surface.
With these given prerequisites, we decided to further investigate the effects of
cholesterol depletion on nanoparticle binding (Fig. 5A to C). To this end, we quantified
the amount of cholesterol extracted from cell membranes as a function of M-b-CD
concentrations (Fig. 5C and Fig. S4). We observed that M-b-CD only induced a change
of ECso values when its concentration was sufficiently high to reduce the cell cholesterol
content (Fig. 5A and B). We noticed a strong correlation (r> = 0.98, P = 0.011) between
t he |IspvgluedrE the normalized cholesterol signal obtained (Fig. 5C and E). Our
observation of decreasing nanoparticle binding with decreasing cholesterol content (Fig.
5D) is in line with findings that cholesterol depletion increases mechanical membrane
stiffness [36,38,58], which, as Bucher et al. recently confirmed, suppresses the transition
of flat clathrin-associated membrane structures to CCPs [23]. This is consistent with
simulations conducted by Hassinger et al. Here, the effect of increased membrane

tension on the formation of membrane curvature was investigated [59].
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Figure5: Chol est er ol l evel
derived from Ca?* mobilization assay for each M-b-CD concentration (ctrl, 5, 10, and 30
mM). For each M-b-CD concentration, serial dilutions of NP ys.a n g (N # 3) were prepared
and measured on Fura-2 AM-loaded rMCs (error bars reflect standard deviation). (B)
| 0 g so\EGes determined for each M-b-CD concentration were compared via one-way
ANOVA analysis with subsequent Tukey's multiple comparison test (ns. i not significant,
*»**pP<000,**7P < 0.0001; error bars refl ect
262.1, df = 11). (C) The graph represents the results of AmplexE red-based cholesterol
guantification experiments conducted with different concentrations of M-b-CD. As a
measure for residual cholesterol, we plotted the normalized fluorescence intensity (FI)
signals (eem 590 nm) determined via AmplexE red cholesterol quantification assay
conducted in presence and absence of 2.5 mM probenecid. All concentrations were
investigated on sets of rIMC samples (in presence and absence of 2.5 mM probenecid,
each N = 4). Impact of M-b-CD on rMC cholesterol content and the effect of probenecid
on M-b-CD mediated cholesterol extraction were analyzed via two-way ANOVA analysis
with subsequent Tukey's multiple comparisontest (* 17 P<0.1,* 7 P<0.01 ** 1 P <
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0.001,**71 P< 0.0001; error bars r efpl=826tFutch® 95% C
68.07, Fint = 1.86, df = 31). (D) Schematic illustration of the effect of different M-b-CD
concentrations on wrapping fu a.cdtdische highesand nan
wrapping fraction for a particular membrane s
0O to 1 (no vs. full Wr a p poivalups piotted aghirest thear t i c | ¢
corresponding normalized cholesterol fluorescence signal intensities (error bars reflect

the 95% CI). Pearson analysis revealed a strong inverse correlation (two-tailed, r? =

0.98, P = 0.011) of the two parameters.

Modelling nanoparticle binding to CCPs can predict nanoparticle avidity

To explore the impact of CCP presence on nanoparticle avidity, we developed a model
that estimates the efficacy of nanoparticle binding to the cell membrane based on the
nanoparticle wrapping fraction in CCPs. First, we defined the conditions for a perfect
morphological alignment of nanoparticle and cell membrane. We assumed that this was
the case when the nanoparticle curvature kne is equal to the membrane Gaussian
curvature Kn (Fig. 6A, Supplementary Text). To account for the degree of geometrical
match, we employed the nanoparticle wrappingfract i on G, whi ch is defin
of the part of the membrane surface area that is in contact with the nanoparticle Am (K,

a A and the total nanoparticle surface area Onp (Eq. 1, Fig. 6A).

7T (1)

Initially, considering the case where a single nanoparticle binds to a membrane, the
number of ligandi receptor bonds formed N can be estimated by correcting the valence
Neof the particle (total number of ' igands or
(ranging from O to 1: no to full wrapping of the particle). We consider this step justified
as Wang et al. and Silpe et al. showed a clear valency dependence for nanoparticle
avidity [60,61]. The term +1 denotes a single ligandi receptor bond that can be formed
regardless of whether a membrane structure is present (e.g., CCPs) that provides a

wrapping fraction > 0 to the particle.

0 10 p (2)
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In the next step, we extend this expression (EqQ. 2) to describe the interaction of multiple
particles with a membrane. For this purpose, we introduce the effective ligand
concentration [L]ne Which corresponds to the number of ligandi receptor bonds all
nanoparticles will form taken together
that the same wrapping fraction occurs for all particles, this can be easily done by
multiplying the number of particles considered Nyp by the number of ligands binding per
particle determined according to Eq. (2) (NaiNP = Nyp( Ut W 1)). The introduction of the
Avogadro constant Na (Fig. 6B, Supplementary Text, Egs. 10 and 11) yields [L]xe as
shown in Eq. (3).

0 @ 10 p 3)
The expression for [L]ne in Eg. (3) can now be inserted into classical saturation binding

models that relate ligand concentrations [X] (let X be any ligand) to an effect E as shown
in Eq. (4) [62].

— — @

Substituting [L]ne for [X] (consider L the nanoparticle attached ligands) in Eq. (3) yields
Eqg. (5) in which v s the affinity of a single bond.

(5)

Here, E is the measured response (e.g., Ca?* signal) and Emax is the maximum inducible
response (e.g., maximum Ca?* signal inducible by NPyys.a n ¢). For our Ca?* mobilization
assay, Emax was calculated by fitting data of NPLys.a n g cOntrol experiment (Fig. 6B, grey
symbols) using Eq. (12) (materials & method section). Now Eg. (5) can be used to model
saturation binding curves for any given ligand-functionalized nanoparticle with a known
number of ligands N; and ligand affinityo f or any gi ven wr apgQ@.
A nanoparticle's avidity 0 can be calculated for E = Emna/2 Where cne equals 0 . If
we modify Eq. (5) in this way, we obtain Eq. (6), the first step of a derivation of a general

relaionof0 andv i n dependence of the wrapping
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— 0 - (6)

In the cause of further solving Eq. (6) for 0 , Emax drops out and we yield a general
relatonof 0 andv as a f uninEd. @)mwhiachfve réfer to as the preferential
binding model (Fig. 6D). This allows us to predict the shift of 0  for any given shift in

wrapping fraction U0 (e.g., to beo6Expect

0 — (7)

Based on literature data for Gaussian curvature and corresponding surface areas of
CCPs[63], a wrapping fracti gd¢nngCanbdconBidetedrealistc.
For the presence of exclusively flat-shaped CCPs our model would predict an avidity
loss of 2.1 to 2.7 orders of magnitude, which is perfectly in line with our experimentally
observed 0 shifts of NPiys.an g (Fig. 7E and F).
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Figure 6: Model to predict ifr I shifts occurring upon cholesterol depletion. (A)
Scheme illustrating the alignment of nanoparticle curvature kne and Gaussian
membrane curvature Kn, of a CCP. (B) lllustration how the effective ligand concentration
[L]ne is calculated when a nanopatrticle interacts with a cell membrane in the presence
and absence of non-flat CCPs. (C) lllustration how the developed model (Eqg. 5) can be
used to derive binding curves for any combination of nanoparticle valency N, ligand

affinty 0 and wrapping fraction U. ( D) Presentation
binding model assuming the constant curvature model [201 22] for CCP maturation. After
the initiation of membranec ur vat ur e, wrapping fraction O incr

proceeds. Number of involved ligands N and nanoparticle avidity 0  increase until

dome-pit-transition occurs. After this, accessibility to the CCP for the nanopatrticle is no

longer given (red dashed line). The preferential nanoparticle binding model was also

applied to a novel maturation model most recently introduced by Bucher et al. [23]

yielding the same conclusion of preferential binding of nanoparticles to dome-state

CCPs (Fig. S1). (E) Scheme illustrates the goal of Eq. (7) to describe the effect of CCP

invaginations on NP avidity 0 . Ucce is the highest wrapping fraction for the considered

membrane section. It occurs where Gaussian membrane curvature Ky, and nanoparticle
curvature knp align (Km=knp) . U t heoretically ranges from 0 to
the particle).
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To investigate the predictive power of our theoretical model, we analyzed the impact of
cholesterol-depletion via M-b-CD on the dissociation constant 0  of nanoparticle
binding and on their avidity. For this, we plotted data derived from Ca?* mobilization
assays investigating effects of M-b-CD to obtain saturation curves (Fig. 7A and B). In
untreated cells, the nanoparticle's 0  of 0.67 nM exceeded the free ligand's 0 of 108
nM by approximately 160-fold. In contrast, when cells were treated with M-b-CD,
nanoparticles were subject to a massive avidity loss. 0 values increased to 37.7 nM,
meaning that the nanoparticles had a mere 2.9-fold binding strength increase compared
to the free ligand.

Based on 0 values found for the free ligand Lys-Ang Il, we predicted binding curves to
i nvestigate the i mpac tEqgdfandithe eorregspordimgpHillisigpef r act i
n modified model (Eq. 9, Fig. 7C). This allowed us to find the best possible estimate of

@ for our nano peminthe prdsence s dbsdnce 8f\CEPs (Fig. 7D and
Fig. S5).

(8)
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Figure 7: Comparison of model to predicted ifr Fshift with experimental data. (A)
Saturation curve derived from data acquired for free Lys-Ang Il in Ca?* mobilization
assay (experiment + one repeat, each N = 3). (B) Saturation curves derived for binding
of NPrys.an g t@ untreated and 30 mM M-b-CD pretreated cells (N = 3). In (A) and (B),
data acquired for lower concentrations (Lys-Ang 11 0.1 nMi1 & M ysa NgR ipMi 1 nM)
were also plotted against a log-scale for clarity. (C) Binding curves predicted for a series
o f -values were plotted and compared to binding curves based on data derived from
Ca?" mobilization assay. Binding curves were predicted using Eq. (5) (C1) and the model
further modified via Hill-extension (Eq. 8) (C2). Red dashed lines are predicted binding

curves for the | ower and up pa3rseelSupplentergaryo f

Text) (error bars in (A), (B), and (C) reflect standard deviation). (D) Comparison of

| 0gsoELl ues of predicted binding cur wealkiesf or

determined for Ca?* mobilization assays for NP ys.a n g inipresence (ctrl NP) and absence

(30 MM NP) of CCPsand forLys-Ang | | . Dashed | i go®alueferfther s
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binding of NPrysa n ¢ in ¢ontrol experiments (ctrl NP). Data were compared via one-way
ANOVA analysis with subsequent Tukey's multiple comparison test (ns. i not significant,

»*7TP < 0.0001; error bars refl ect standard

8). (E) Comparison of experimental saturation curves and model-based predictions for
best-f it wval ue 0 = COrrespondingdp values (erfr-barg rEflect the 95%
Cl). The values above the arrows indicate the decrease of Kp in log-steps.

Model-based data simulation employing the identified best-f i t v al u &C, D and
Fig. S5) predicted an increase of 0 by 2.30 log-steps. The experimental saturation
curves, indeed, revealed an increase of the same order of magnitude. M-b-CD-induced
CCP flattening resulted ina 0 increase by 1.75 log-steps (Fig. 7E and F), confirming
the high predictive power of our preferential binding model. For detailed theoretical

derivation refer to Supplementary Text.
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Discussion

Our studies have shown that CCPs, which provide a given wrapping fraction for
nanoparticles due to their perfect geometric match, are essential for receptor-mediated
nanoparticle membrane interactions. We found a 1i 2 order of magnitude lower avidity
of NPyrys-a n ¢ farireceptor-positive mesangial cells in the absence of CCPs. We attribute
this to decreases in multivalent receptor binding and the number of interactions between
nanoparticle and cell when dome- and pit-shaped CCPs are absent. We conclude that
the arrangement of receptors in invaginated CCPs allows for more ligand receptor
interactions leading to the observed affinity increase. In this context, reference should
be made to the work of Martinez-Veracoechea et al. who demonstrated that
accumulation of nanoparticles occurs in a directional manner towards cells with higher
receptor concentration [64]. Also, observations made by Barbul et al. indicated that
smallest changes in receptor density can have significant effects on nanoparticle
membrane binding [34]. By analogy, our results suggest that particle accumulation could
also occur on a single cell depending on the wrapping fraction. The results of Martinez-
Veracoechea et al. suggest that due to the higher proximity of ligands and receptors in
a membrane section with a given wrapping fraction for particles (e.g., CCPs), there might
be a preferential accumulation of nanoparticles towards such sections. M-b-CD
treatment decreases the ECso of NPLysan ¢ ta the value obtained for the free ligand Lys-
Ang Il on cells that were not cholesterol-depleted. From this we conclude that the avidity
gain of multivalent nanoparticles is a combined effect of multivalency [65,66] and the
presence of membrane structures (e.g., CCPs) offering nanoparticles a certain wrapping

fraction for initial membrane attachment.

Comparison of the results presented in this work with findings of Bahrami et al. [33]
indicates that fundamental laws governing the interaction of particles with membranes
may be transferable to the case of a multivalent ligand-functionalized particle. In the
mentioned work, total energies of particles interacting with the inside of a vesicle
enclosing them are described. With the radius of particle and vesicle membrane
approaching each other, a steepening decrease of the internal energy with increasing
wrapping fraction is reported. Considering CCPs as structures offering a particle a
membrane section that already displays an area An(Knd nd > 0 (conse
it can be concluded from the results of Bahrami et al. that this interaction should be

energetically favored.
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This was confirmed by our simple theoretical model that accounts for the morphological
match of nanoparticle and CCP geometry. An effective available ligand concentration
[L]ne derived from the contact area between nanoparticle and pit allowed us to predict
nanoparticle binding curves based on the free ligand's affinity. Our model suggests 10%
alignment bet ween CCPs and our mo d e | nanopatl
corresponds very wel/l wi t h 710.23) estimatedtfromathe e x pect
geometrical fit of NPys.ang to unaltered CCPs (Fig. 7C and D) [52,63]. When we
calculated the cholesterol depletion-induced avidity loss of NPyys.an g, if predicted a 2.3
order of magnitude decrease, which is close to the experimental value (Fig. 7E and F).
This underlines the predictive power of our model and the relevance of our theoretical

considerations.

The implications of our findings go far beyond a more precise understanding of the role
of CCPs in nanopatrticle binding to cells. The relationship between the relative curvatures
of the nanoparticle and cell membrane suggest how nanoparticle size and geometry can
be tailored to improve their interactions with target cells. It provides researchers
designing targeted nanoparticles with a solid rational for the optimization of binding
avidity. A second important consideration for nanoparticle design is the target receptor;
for example, nanoparticles binding to caveolae-associated receptors may be subject to
similar considerations as we had for CCPs. Ultimately, these two factors need to be
reconciled to yield a nanoparticle in good morphological correspondence to the
membrane structure most relevant for the targeted receptor. However, morphological
dependence of nanoparticle binding could be a challenging aspect to consider for
biomedical applications in which nanoparticle geometry cannot be altered. An approach
could be to design systems that adapt their structure according to the membrane
morphology they encounter, such as flexible nanofibers [67]. Moreover, our results could
explain recent findings that the avidity of influenza as well as SARS-CoV-2 virions for

target cells is cholesterol sensitive, but this conclusion awaits further exploration [68,69].

Finally, we want to point out and discuss limitations of the present work. Regarding our
theoretical model it should be noted that the procedure of correcting the valency of the
nanoparticle (N) f or i ts wr appR)daerminesahe maxionam possiple ( Eq .
number of receptori ligand pairs that could theoretically be formed based on the particle

valency. For the case of low receptori ligand binding energy, the number of receptori
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ligand pairs formed could be lower than Eq. (2) would suggest due to receptor entropy

loss during binding.

Regarding the NPysang hinding experiments, we think that based on our control
experiments with the free ligand, a significant influence on the receptor activity due to
cholesterol extraction (via M-b-CD and Baf Al treatment) can be excluded as a primary
cause for the presented observations. However, with respect to lateral receptor mobility,
it should be noted that Dyn also influences cholesterol trafficking in addition to its primary
mechanism of action (arrest of CCPs in late stages of maturation). Thus, a partial
involvement of reduced lateral receptor mobility [57] or abrogation of cholesterol
dependent liquid-ordered lipid phases [70] cannot be excluded with certainty. To
estimate the involvement or the degree of involvement of this factor, methods would be
required to inhibit the formation of CCPs without further side effects on the membrane.
Currently, we do not see any method that perfectly fulfills this requirement.

Regarding the general applicability of the presented theoretical model, the present work
provides a first insight into the role of CCPs for avidity of particle-membrane interactions.
To draw clearer conclusions in this context, it would be helpful to study particles with
varying size and geometry. This is difficult to do with the PEG-PLA/PLG-based particle
used in this study. Other particle models that allow precise control of size and geometry
(e.g. Au nanoparticles) [71] would be a promising platform for this purpose. Further
studies investigating different nanoparticle platforms will also have to reveal how

parameters like ligand density or linker lengths effect the model's predictive power.
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Conclusion

The results of the conducted experimental studies, and in particular their excellent
agreement with the predictions of the theoretical model established in this work, provide
supportive evidence for the initial hypothesis suggesting a critical role of CCPs in the
avidity of ligand-functionalized nanoparticle attachment to cell membranes. It was
observed that inhibitors proven to freeze the maturation of CCPs at early or late stages
shift the particle avidity to the range of affinity of the free ligand. From this, it can be
concluded that the absence of dome-shaped CCPs leads to a near-complete loss in
multivalency-induced avidity gain.
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Materials and Methods

Materials

Fura-2 AM (Thermo Scientific, USA) was used as a ratio-metric Ca?* indicator. Custom
peptide Lysine-Angiotensin Il (sequence: NH,-KDRVYIHPF-COOH) was synthesized to
order (GenScript, Netherlands). The inhibitors used in cell binding assays were methyl-
b-cyclodextrin, dynasore (both Sigma-Aldrich, USA), bafilomycin A1 (Cayman Chemical,
USA), and Exp3174 (Santa Cruz Biotechnology, USA). Polymers used for synthesis of
block-copolymer were carboxy-PEG5k (JenKem Technology, USA, M, = 5000 + 500 g
mol'?, stated on certificate of analysis) and ester-terminated PLGA (Resomer® RG 502,
ester-terminated, My, 700011 7 0 0 0 ,-Ald8dh,dJ®A). Other chemicals used in the
syntheses were 3,6-dimethyl-1,4-dioxane-2,5-dione and 1,8-diazabicyclo[5.4.0Jundec-
7-ene (both Sigma-Aldrich, USA). Cholesterol was quantified using components of the
AmplexE Red Cholesterol Assay Kit (Thermo Scientific, USA). Lys-Ang Il was
quantified using PierceE BCA Protein Assay Kit (Thermo Scientific, USA).

Syntheses and nanopatrticle preparation

Carboxy-terminated poly(ethylene glycol)-b-poly(D,L-lactide) (carboxy-PEG-PLA)
block-copolymer was synthesized as previously described by our group [11]. Briefly, 3.0

g of 3,6-dimethyl-1,4-dioxane-2,5-dione was recrystallized from ethyl acetate at 85 °C

and dried under vacuum at 40 °C for 12 h. Carboxy-terminated poly(ethylene glycol)
(carboxy-PEG) was dried under vacuum at 45 °C for 12 h before use. For
polymerization, 677.9 mg (0.13 mmol) carboxy-PEG ( Mn = 51 ®d&s chgrgetho | 1
into a round-bottom flask and dissolved in 10 mL anhydrous DCM. Subsequently, 1.322

g (9.17 mmol) of 3,6-dimethyl-1,4-dioxane-2,5-di one and 437 L (0.46 mmol )
diazabicyclo[5.4.0lundec-7-ene in THF were added.50 The round-bottom flask was

fitted with a CaCl2 drying tube. The reaction mixture was stirred at room temperature for

1 h, after which the polymerization was quenched by adding 280 mg (2.29 mmol) of
benzoic acid. Finally, the solution was finally added dropwise to 200 mL vigorously

stirred diethyl ether to precipitate the carboxy-PEG-PLA block-copolymer. Dried co-
polymer was characterized via *H-NMR. Number-average molecular weight M= 14 459
g mol'* was derived by calculating number-average PLA molecular weight from *H-NMR

data using the following equation.
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0 0 9)

Here Mpiap and Meegp are number-average molecular weights of the PLA- and PEG-
polymer block. Mpiaw and Mpec.w are monomer molecular weights. Apia chs is the lactic
acid (i CHs) integral, ApL o is4the lactic acid (1 CHi) integral, and Apec is the PEG (i
OCHCHgi) integral (Fig. S3). Note that both monomer units possess the same number
of protons (four each). *H-NMR data was also analyzed to estimate monomer conversion
rate. Considering the employed quantities of carboxy-PEG (0.13 mmol) and 3,6-
dimethyl-1,4-dioxane-2,5-dione (9.17 mmol equivalent to 2 x 9.17 mmol PLA monomer),
based on Mpiaw = 72 g mol'! we yield a maximum number-average molecular weight of
Mpiap = 10157 g mol't. Based on 'H-NMR data, we calculated a number-average
molecular weight of Mpia of 9374 g mol'? yielding an estimated monomer conversion
rate of 92.3%.

To conjugate the lysine-N-modified angiotensin Il (Lys-Ang Il) to the carboxy-PEG-PLA

bl ock copol ymer, 200 mMBEG{PLA., 8 66maoanlg) (df7 2c &r k& anc
and 40 mg (172.5 eatvedinl miBbf@nhydeus@®MRandreacted

under stirring at 500 rpm for 3 h at- room
mer captoet hanol was added to quench -Anfple r eact
peptide was dissolved i n éédldng thé pemidelsgudon,o us DMF
23 ¢eL (66. 0-disaprogylethylarhine Nas ddded to the polymer solution. After

adding Lys-Ang Il peptide, the united solution was stirred at 500 rpm for an additional

48 h at room temperature. The mixture was diluted in 15 mL of milliQ HO to yield a DMF
content below 10% (v : Vv). This soBk&lRai on wa:
regenerated cellulose (RC) membrane. Medium was replaced after 30, 60 min, 2, 4, 6,

12, and 24 h. Finally, t° and$aphilzed foofour dayss f r oz
(0.005 mbar, 120 AC). Pol ymer micelles were p
Lyophilized product was dissolved in acetonitrile (ACN) to yield a 40 mg mL'! stock
solution. 75 eL of this 22t50 ceklL sAoCNu ttioo iy iweal sd nii
working solution for micelle preparation. This was added dropwise to 3 mL of milliQ H.O

under stirring at 700 rpm. ACN was allowed to evaporate for 3 h. Lys-Ang II-PEG-PLA

micelles were characterized regarding Lys-Ang Il and PEG molarity to determine the

Lys-Ang Il coupling efficiency (Fig. S2C). Lys-Ang Il was quantified using a PierceE
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BCA assay kit. A standard serial dilution of free Lys-Ang Il was prepared (1000, 750,
500, 250, 125!+ miliQIH.Q & blank) torpikld a calibration curve (Fig.
S2B). 25 eL of micelle sampl e an-dellplatec200 st andar d
eL of BCA working reagent prepared according to
to each well. The plate was placed on a lab shaker for 30 s (50 rpm) and incubated for
further 30 min (37 °C, 5% CO,, protected from light). After cooling down to room
temperature the absorbance was recorded at 562 nm on a FLUOstar Omega plate-
reader (BMG Labtech, Germany). PEG was quantified via an iodine assay. A standard
serial dilution was prepared using carboxy-PEG ( 40, 30, ZeéenmiliQH®Q 5 &g mL

as blank) to derive a calibrati osolumuimivM (Fi g. SZ

HCI and 20 €L 0.1 M iodine sfab6uweli-polnatwe.r el 4ndi xeeld
of a 1 : 60 diluted micelle sample and wundilute
incubated for 15 min at room temperature. Absorbance was measured at 535 nm on a

FLUOstar Omega plate-reader. NPLysan g Was analyzed as described above except that

a 1 100 dilution was wused for -AnhpletoPEGdi ne assa

found for the Lys-Ang II-PEG-PLA micelles gave the coupling efficiency, while the ratio

found for NPLys-a n ¢ Cln@racterizes the degree of particle functionalization.

Nanoparticles were prepared using solvent evaporation technique. Lys-Ang ll-modified
PEG-PLA, carboxy-PEG-PLA, and poly(D,L-lactide-co-glycolide) (PLGA) were

dissolved in ACN to obtain 40 mg mL'? stock solutions. These were mixed to obtain a

molar core (PLGA)/shell (Lys-Ang II-PEG-PLA and carboxy-PEG-PL A) ratio of 3 : 7

a normalized ligand density for Lys-Ang Il of 0.2. The mixed polymers were diluted with
ACN to obtain a total polymer concentration of 10 mg mL'?. This solution was added
dropwise to 10 mL DPBS stirring at 500 rpm on a magnetic stirrer. ACN was allowed to
evaporate for 3 h. Subsequently, nanoparticles were re-concentrated using Microsep®
Advance 30k centrifugal filters (2.5 rcf, 20 min). Nanoparticles were characterized for
ligand density using an iodine and BCA assay. Particle hydrodynamic diameters were
determined by DLS on a Nano ZS Zetasizer (Malvern, UK) (Fig. S2D and E) using 633
nm Hei Ne laser and 173° backscatter configuration. By measuring polymer dry weight
mp after freeze drying, the number of nanoparticles per volume Vs was determined.
Using a literature value of 1.25 g cm'3 f o r the densiPLA[51],theg of PEG
hydrodynamic diameter dh as determined by DLS, and the reciprocal Avogadro's

constant Na, EqQ. (10) yields the molar nanoparticle concentration cne.
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oG — - — (10)

Cholesterol quantification

Cholesterol extracted by M-b-CD was quantified using an Amplex™ Red-based two-step
enzymatic cholesterol quantification assay. rMCs were grown to confluency on 96-well
plates and treated with 5, 10, 30, or 50 mM M-b-CD in Leibovitz's medium. M-b-CD-free
medium was used as control to quantify the cholesterol content in untreated rMCs. After
45 min incubation at room temperature, the supernatant was discarded, and rMCs were
washed twice using DPBS. rMCs were lysed by incubating with 0.25% trypsin for 24 h
at 37 °C with 5% CO,. Complete cell lysis was confirmed by light microscopy, and the

lysate was used for the cholesterol quantification assay.

80 eL samples of the cell |l ysates were colle
reaction buffer (0.1 M potassium phosphate, 0.05 M NaCl, 5 mM cholic acid, and 0.1%

Triton® X-100; pH 7.4), and pre-incubated for 2.5 h (37 °C, 5% CO,) to ensure sufficient

solubilization of cholesterol for the assay. From these pre-i ncubat ed sampl es,
samples were collected (N ex™Rgdreagerdbuffer (086 d wi t h
e M A mp'IRedxeagent, 2 U mL'! horseradish peroxidase, and 2 U mL'? cholesterol

oxidase in 1x assay reaction buffer). The reaction was incubated for 30 min (37 °C, 5%

COy) protected from light. Fluorescence intensities were measured using a FLUOstar

Omega plate-reader using top-optics (ex/em: 544/590 nm, double orbital shaking at 500

rpm) (Fig. S4A). The measured fluorescence signals were normalized against a control.

To confirm that the cholesterol quantification assay worked in our cell-based setting, we
conducted preliminary experiments measuring cholesterol in 37.5, 75, 150, and 300 k
cell rMC pellets. Lysates were prepared as described above. Fitting of the fluorescence
signals confirmed good linearity of the signal and absence of significant background
fluorescence. Assays performed on cell lysates yielded results comparable to the
cholesterol standards (Fig. S4C and D). Possible stability issues due to the enzymes

used in the assay being exposed to residual trypsin during the reaction were also
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addressed by preliminary testing. For this, 2 U mL'? horseradish peroxidase and 2 U

mL'! cholesterol oxidase were incubated for 45 min (37 °C, 5% CO., protected from

lightyi n the presence WRe®060 e adle Atmp'# ehdlestdrol € g

standard in the presence or absence of 0.016% trypsin. No significant loss in activity
was found (Fig. S4B).

Fura-2 AM-based Ca?" mobilization assay

For Fura-2 AM-based Ca?" mobilization assays, rMCs were harvested by applying
0.25% Trypsin for 90 s (37 °C, 5% CO,) . Prior to use, 50 ¢lL
of Fura-2 AM. We incubated the vial for 3 h, desiccated and protected from light to
ensure complete dissolution of Fura-2 AM. For Fura-2 AM loading, rMCs were
centrifuged at 0.2 rcf for 5 min using slow acceleration and deceleration mode on a 5702
R centrifuge (Eppendorf, Germany). The supernatant was discarded, and the cell pellet
was carefully resuspended in Leibovitz's-based Fura-2 AM loading medium, transferred

mL

DMSO wa s

to a small culture dish, and incubated-2wit2bh m4 OAT-inhilbitor Fu r a

probenecid, and 0.017% (m:V) pluronic F127 on a lab shaker at 50 rpm for 2.5 h at room
temperature protected from light.

The dye-loaded cells were centrifuged using the settings described above. The Fura-2
AM loading medium was discarded, and the cells were resuspended in Leibovitz's-
based measurement buffer containing 2.5 mM OAT-inhibitor probenecid. Cell number
was adjusted to 1 10% rMCs mL'! using a Neubauer-improved counting chamber
(Marienfeld, Germany). Cell suspensions were immediately used for measurements with
M-b-CD (5, 10, 30 mM, 45 min) or Dyn (100
of Baf Al, cells were pretreated with 100 nM Baf Al for 24 h ahead of the assay. All
buffers used during the assay were supplemented with 100 nM Baf Al. All treatments
were carried out in the presence of 2.5 mM OAT-inhibitor probenecid. The effect of

probenecid on cholesterol extraction efficiency of M-b-CD was investigated and found

to be negligibleforM-b-CD concentrations 010 mM (Fig.

at concentrations known to perturb CCP maturation [421 46]. To prove that the measured
Ca?* signals were exclusively triggered by the specific Lys-Ang 1I-AT:R interaction, we
performed a Ca?" assay with an unfunctionalized nanoparticle (NPcoor). In addition,

another Ca?" assay was performed with NPys.ang 1. In this case, however, 10 uM
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Exp3174 were added to the loading buffer. Also, 10 uyM Exp3174 were added to the

measurement buffer in which the Fura-2 loaded rMCs were resuspended.

Ratio-metric fluorescence intensity read-out was performed on a FLUOstar Omega

plate-r eader . Pl ates wer e pr e dgaddrowdcongentragedisdrialng 10 ¢
dilutions of Lys-Ang Il and NPysangpier wel l . The assay wa$ start
Fura-2 AM-loaded cell suspension to each sample via the FLUOstar Omega pump
system set to a''lspeadh osam®loe ewas alternately
and 380 nm every 1.5 s, measuring emission at
per sample. Three replicates were measured for each concentration of Lys-Ang Il and

NPys-an g. The highest measured ratio of each sample was used for the calculation of

intracellular Ca?* levels using the Grynkiewicz-equation [72]. For calibration, the

maximum ratio (Rmax) Was obtained by measuring Fura-2 AM-loaded cells lysed with 10

el of 1% -T00inRPBS.MEe mMimum ratio(Rmn) WwWas measured using
1% Triton® X-100 in PBS supplemented with 45 mM EGTA and 0.5 M NaOH.

Fitting models

The binding curves obtained from the Lys-Ang Il and NP_ys.a n ¢ Caf* mobilization assays

were fit using a four-parameter nonlinear regression model (Eq. 11).

QO pTmhAp pT (11)

Data for saturation curves were fitted using one-site specific binding model (Eq. 12).

& 0 BF0 O (12)

All fittings were conducted using GraphPad Prism (v8.3.0, GraphPad Software, San
Diego, USA).
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Chapter 4

Supplementary Text

Detailed Derivation on -sensitive Binding Model

The key conceptual approach of our theoretical considerations is the correction of the

nanoparticlebébs valency for the particles wrappin

6 70 (1)

INEq.A)Nei s the total amount of I igands attached to
expressing the wrapping fraction ranging from O (no wrapping) to 1 (total wrapping of

the particle). The term +1 is inserted to account for a single ligand-receptor bond that

can be formed regardless of the wrapping fraction (i.e., on an entirely flat membrane;

Eq. 2).

o 10 p (2

With U0 expressed as the ratio of membrane area
membrane is in good correspondence to the curvature kne of the given spherical
nanostructure Am (Km @ A and the nanostructures surface area One (EQ. 5 in the main
text), we yield a factor describing the wrapping fraction. A first definition for the degree
of wrapping of a particle at a membrane was introduced by Deserno et al. [1]. Later,
Agudo-Canalejo et al. [2] introduced a degree of invagination that corresponds to the
one we employed. The wrapping fraction is based on the surface area on the membrane

where particle curvature kyp and gaussian membrane curvature Ky, align. kne is given as

3].

Q  — 3)

And the gaussian curvature Kni s gi ven as the productiandf the pri

8, corresponding to the contact sphere radii r, and r» [4].

o 1 - - (4)
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Ramanan et al. calculated gaussian curvature Kn profiles for clathrin-coated pits based
on simulated membrane deformation profiles [5]. For early- and medium-stage clathrin-

coated pits gaussian curvature K, was found to range from 0.8 to 2.4-102 nm2, which

is in good correspondence wintoh0.8darmmHhgiveoparti c

by the hydrodynamic diameter dn of our model system estimated via dynamic light
scattering, in accordance with equation (3). Based on corresponding surface area values
calculated by Agrawal et al. for clathrin-coated pits at early and medium stages of
maturation (early: 1140 nm?; medium: 3760 nm?)[6], we esti mated U
to 0.23 (with One = 16326 nm?) for our nanoparticle model system binding into a pit.

As we considerthe | i mits for O Y O (Eq. 4) and
expression is suitable to describe the number of ligand receptor pairs formed in
dependence of the wrapping fraction U.

only permissible if N; is significantly higher than 1, so the addition of 1 in equation (2)
resembling a single ligand binding regardless of the presence of membrane structures

Howeve

providing nanoparticles with a given wrappi:r

negligible as U0 increases (Eq. 5). Thi s

ligand-carrying nanostructures. It should also be noted that this mathematical

consideration of the | imiting cases of
di ssociation of the particlli@ ar |ow val
| Ed p (5)
I EG 10 ifo | p (6)

(o}

The absence of a given wrapping fraction corresponds to Am (Km & kne) = O within our

model . Consequently, in this case U = 0

valence N\tby U t he n u mlpand bowdé formed coeamsingberparticle results
to be N = 1 (see equation 6 main text) and for a particle number > 1 would be equal to
0 = cwp (this corresponds to the binding of one ligand per particle, see equation 7 in
main text). In such a case nanopatrticle binding is likely predominantly dictated by single
ligand affinity and membrane bending energy as described by Bahrami et al. [7]. In the
presence of membrane structures possessing a curvature equal to nanoparticles

curvature (e.g., CCPs), however, this membrane In the presence of a membrane
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structure with a curvature Kn, corresponding to the curvature of the nanoparticles kne
(e.g. CCPs), this membrane already has an area An (Km & knp) > 0, which is available

for the particles ahead of initial binding. This could also be referred to as a given

wrapping fraction, in the sense that the

the time of initial binding.

Basic Model for Binding Curve Predictions

Considering the simplest case of linear receptor response [8], for the simple reaction
equation given below, it can be assumed that the effect E triggered by ligand binding is
proportional to the concentration [RL]. In addition, the maximum effect Emax is
proportional to the total number of receptors [RT], since [RT] is equal to [RL] if all
receptors are occupied.

0 Y§ YOO O

0® YO and O © Y
Consequently, the degree of receptor occupation y can be expressed as follows.

0w — — (7)
The concentration [RL] can be expressed according to the law of mass action.

YO —— (8)

By transforming the law of mass action (Eq. 7) and inserting the derived expression for
the degree of receptor occupation y (Eg. 6), we obtain an expression allowing us to

predict binding curves for a ligand with a known dissociation constant Kp.

- — — ©)

128

particl



Supplementary Information
How Clathrin-Coated Pits Control Nanoparticle Avidity for Cells

A necessary condition for this approach is a linear relationship between receptor

occupancy [RL)/[RT] and the fractional response E/Emax.

—0 — (10)

The relation [RL])/[RT] ® E/Emax in equation (11) can be considered as given in case of
the interaction of Ang Il with the AT: receptor since the general prerequisites for the
assumption of a linear response-receptor occupancy relation as pointed out by
Buchwald [8] are met as (1) Ang Il is known to act as a full agonist of AT:R [9], (2) there
occurs no Ca?* signal amplification in the intracellular signal cascade of the AT:R
[10,11], and (3) wild-type AT1R exceeds no significant constitutive activity [12] regarding
the PLC-IP3/Ca?*-signal pathway [13].

Usingtheexp r e s s i 0 n-corected nertoparticle valency N (Eq. 1), we introduced
a modified expression for [L] allowing us to estimate the effective ligand molar
concentraion 0 as a function of the pawwthermin®Eds mol a
of ligands attached to the nanoparticleN;, and t he wrapping fraction

0 w0 (11)

We begin the derivation of 0 by assuming a number of particles Nnp to attach to a
membr ane where U is constant for every part.i
number of binding ligands on all particles L by multiplying N calculated according to Eq.

(2) with the expression for Nne in Eq. (11).

0 w 070 w0 — 0 —
0 D10 O
0 © 10 p (12)
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The effective ligand concentration 0 combined with the free | iganc
constant Kp determined based on data obtained in the Ca?* mobilization assays were

employed to predict binding curves for a series
of our theoretical considerations regarding preferential nanoparticle binding to CCPs,

wespeci fically predicted binding curve823f or the t
derived from the structural data of the CCPs [14,15]. This allowed us to assess the

overlay of experimental nanoparticle binding data and the derived expectation range for

0. The number of | igands at:wasprdviewdlydetermimedsi ngl e na

at ~2000 ligands per particle for the used nanoparticle model system [16].

(13)

Finally, equation (13) - obtained by inserting 0 (Eq. 12) for [L] in equation (8) - can
be further modified by introducing a Hill-type extension as previously suggested by
Buchwald [8] (Eq. 14). Since the Hill coefficient n is a solid measure for the degree of
c ooper aflir]vtihis extensdlon enables our model to account for cooperativity,
thereby, significantly increasing its relevance considering multivalent interactions.
Consequently, the integration of Hill coefficient values derived from curve fittings of our
experimental data into the binding curve predictions resulted in a better overlap of

experimental and predicted data.

(14)

For all predicted binding curves log ECsp was determined and compared with the values

found for nanoparticle binding to untreated and 30 mM M-b-CD pretreated cells and for

the free ligand

Lys-Ang Il. The residual sum of square (RSS) analysis showed that the curve predicted

for G = 0.10 using the model given in equation (14) had the highest overlap with the
experimental data acquired for nanoparticle binding to untreated cells. Also, the found
logECsf or U0 = 0.10 v al u+®é<€Dm@dtreateacelld onlthe athiter.hanB,or M
the binding curve derived from experimental data laid between the predicted curves for

g of O. (Fh.6@nd O
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Finally, the obtained best-fit value for U was re-integrated into the standard binding
saturation model (Eg. 15) modified to account for morphological correspondence U by
substituting the term 0 given in equation (12) for [L]. For E and Emax We inserted the
change of Ca?* level @C % and maximum change of Ca?* level Y6 ¢ to make the

model applicable for data derived from Ca?* mobilization assays.

Y660 Y860 —— (15)
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A NP, 1, i-CCP morphology overlay B Change of model parameters over CCP-maturation
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Supplementary Figure 1: Application of CCP binding hypothesis to theoretical to
novel constant-area clathrin-coated pit maturation model introduced by Bucher et
al. [18]. According to B u ¢ h emodels after the flat-dome-state transition, membrane
curvature Kmn continuously increases with ongoing maturation of the clathrin-coated pit
(A). Applying this model to our theoretical nanoparticle binding model, it turns out that at
a certain point in maturation, K, coincides with the curvature of the nanoparticle kye.
Consequently, at this point in maturat:.
ligands N, and ultimately the nanoparticles avidity 0 will peak. Again, after dome-pit-
transition, the accessibility of the clathrin-coated pit for the nanoparticle is expected to
be no longer given. All in all, these considerations suggest a preferential binding of
ligand-functionalized nanoparticles to clathrin-coated pits in dome-state (B). We
conclude from this that the choice of CCP maturation model does not affect the
predictions of our theoretical model.
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Supplementary Figure 2: Characterization of Lys-Ang Il modified PEGsk-PLA 10k
and NPyrys-ang 1 (A, B) Lys-Ang Il coupled PEGsk-PLAok polymer and functionalized
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nanoparticles were characterized using Pierce BCA assay and BaCl; based iodine
assay to quantify Lys-Ang Il and PEG molarity. Quantification was done via linear
regression analysis conducted with serial dilutions of PEGsk (40, 30, 20, 10, and 5
pg/mL) and Lys-Ang 11 (1000, 750, 500, 250, 125, and 25 pug/mL). (C) Coupling efficiency
was quantified as the molar ratio of Lys-Ang Il to PEG in Lys-Ang II-PEG-PLA micelles.
For EDC/NHS-catalyzed Lys-Ang Il functionalization of carboxy-PEGsk-PLA1ok it was
found to be 94.4 + 2.7% (mean + std.). Prepared nanoparticles were determined to carry
29.9 + 9.0% (mean % std.) Lys-Ang Il ligand. (D) DLS characterization was done for each
particle lot prepared for investigation of the three employed inhibitors M-b-CD, Baf A1,
and Dyn. Hydrodynamic diameter d, (z-average) was determined as 71.5 + 0.5 (M-b-
CD), 71.6 = 0.2 (Baf Al), 73.1 £ 0.5 (Dyn), and 69.8 = 0.5 (M-b-CD chol-dep).
Polydispersity indices (PDI) were 0.13, 0.11, 0.15, and 0.13 (all error-bars reflect
standard deviation). All data was derived from intensity-based distributions (E) DLS
distribution curves and raw correlation data for each patrticle lot (dashed lines indicate
std., N = 3).
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Supplementary Figure 3: H-NMR (CDCls, 400 MHz) of carboxy-PEGsk-PLA10k block
copolymer. i ( p p m) :-C(CHs)-,6Ada GHz = 0.8514), 3.633 (-OCH2CH>-, Arec
setto 1), 5.162 (-C(CHz)H-, Ap,a CH = 0.2752), 7.260 (solvent peak).
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A Concept of enzyme-based cholesterol quantification assay

&® Q

i \
o — o —» o5 — B —— % ||
M-p-CD ‘ » - . o "
/ . S oX
) L trypsi o Sl HRP
: Typsin oxidase

P | il

pre- cell lysate cholesterol-
treat. preparation quantification
legend
o rat mesangial cell of, solubilized cholesterol
hyd id
& chol-poor cell lysate W jersgen perexiss
L coco amplex red reagent
’é.} chol-rich cell lysate  coo resorufin

B Enzyme stability +/- Tryp C Free chol. calibration curve D rMC chol. calibration curve

T T 120k

= 140k } R? =0.9968 R?=0.9840

b= ns. [ 100k }

2 10l IR i

= 2 100k f 2 8ok}

S 2 8ok g

(7 2 2 60k}

w o5t L 60kf o

5 = S 40k}F

= S 40k} S

g ik | 20k}

2

00 T i i 1 2 i L 2 i
3 5 0 3 6 9 0 60 120 180 240 300
& <D chol [ug/mL] rMCs [k cells]

x

Supplementary Figure 4: Cholesterol Quantification Assay (A) Scheme gives an
overview about the sample preparation for Amplex™ Red-based cholesterol
guantification assay. (B) Effect of possible residues of endopeptidase trypsin on the
enzyme-stability of cholesterol oxidase (chol-oxidase) and horseradish peroxidase
(HRP) was tested by performing the assay in presence and absence of 0.016% trypsin
measuring 4 pg/mL cholesterol standard. Normalized fluorescence intensity detected
was compared via un-paired two-tailed t-test (P = 0.729, t = 0.356, df = 10; ns. - not
significant). (C) A serial dilution of cholesterol standard (8, 4, 2, 1, and 0.5 pg/mL) was
prepared and measured (ex/em: 544/590 nm) on plate-reader to confirm linearity of
obtained results and absence of significant background fluorescence. (D) To confirm
linearity and absence of background fluorescence for cholesterol measurements in cells,
cell pellets (300, 150, 75, and 37.5 k rMCs) were prepared and treated as shown in the
scheme (for details refer to materials and methods section; all error-bars reflect standard
deviation).
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Supplementary Figure 5: Residual sum of square (RSS) analysis conducted for
4 4 | based model and 4 | +Hill-slope based model. (A) Residual squares (RS)
were calculated to evaluate overlay of predicted binding curves with experimental data
obtained in nanoparticle binding experiments. (B) Residual sum of square (RSS) values

were plotted against a. RSS values were dete
against predicted data derived from basic bino
and binding curve model with Hillke x t ensi on ( EqQ. 14) . Best over

0.10 employing binding curve model with Hill-extension (error-bars reflect standard
deviation).
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Supplementary Table 1: Predicted binding data derived from < 4 jbased model (Eq. 13). Data yielded from binding curve
predicti ons e nsprisitive moded (Edp B3s iDissodiation constant Kp for free ligand Lys-Ang Il was derived from
saturation curve analysis using one-site specific binding model (see Quantification and Statistical Analysis).

0 0.01 0.05 0.10 0.15 0.20 0.30 0.50 0.75 1.0
o O |0 @)|o O e (oe]
1.00E-12 9.24E-6 | 1.94E-4 | 9.33E-4 | 1.85E-3 | 2.77E-3 | 3.69E-3 | 5.52E-3 | 9.17E-3 | 1.37E-2 | 1.82E-2
3.16E-12 2.92E-5 | 6.13E-4 | 2.94E-3 | 5.84E-3 | 8.72E-3 | 1.16E-2 | 1.73E-2 | 2.84E-2 | 4.20E-2 | 5.53E-2
1.00E-11 9.24E-5 | 1.94E-3 | 9.25E-3 | 1.82E-2 | 2.71E-2 | 3.57E-2 | 5.26E-2 | 8.47E-2 | 0.122 | 0.156
3.16E-11 2.92E-4 | 6.10E-3 | 2.87E-2 | 5.55E-2 | 8.09E-2 | 0.105 | 0.149 | 0.226 | 0.305 | 0.369

1.00E-10 | ~2000 | 1.08E-7 | 9.23E-4 | 1.90E-2 | 0.0854 | 0.157 0.218 0.270 0.357 0.481 0.581 0.649

3.16E-10 2.91E-3 | 5.78E-2 | 0.228 0.370 0.468 0.540 0.637 0.745 0.814 0.854
1.00E-9 9.16E-3 | 0.163 0.483 0.650 0.736 0.788 0.847 0.902 0.933 0.949
3.16E-9 2.84E-2 | 0.380 0.747 0.855 0.898 0.921 0.946 0.967 0.978 0.983
1.00E-8 8.46E-2 | 0.660 0.903 0.949 0.965 0.974 0.982 0.989 0.993 0.995
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Supplementary Table 2: Predicted binding data derived from 4 4 p +Hill-slope based model (Eq. 14). Data yielded from
binding curve pr e-ddngtiveinmdelsmodifigtovia dlijl-extergioni(Eq. 14). 2Dissociation constant Kp for free
ligand Lys-Ang Il was derived from saturation curve analysis using one-site specific binding model. PHill-coefficient was derived
from binding curve analysis of Ca?* mobilization data obtained for Lys-Ang Il functionalized nanoparticles employing four-
parameter nonlinear regression model (see Quantification and Statistical Analysis).

0 0.01 0.05 0.10 0.15 0.20 0.30 050 |0.75 | 1.0
@ 0 O (14) |0 0 2 |&»® g0
LODE-12 3.93 3.46 3.49 9.61 1.74 2.65 4.81 1.02 185 |282
. E-8 E-6 E-5 E-5 E-4 E-4 E-4 E3 |E3 |E3
3.16E-12 2.14 1.88 1.90 5.22 9.46 1.44 2.61 551 |9.96 |1.51
. E-7 E-5 E-4 E-4 E-4 E-3 E-3 E3 |E3 |E-2
1L.00E-11 1.16 1.02 1.03 2.83 5.12 7.79 1.40 293 |51 [7.71
. E-6 E-4 E-3 E-3 E-3 E-3 E-2 E-2 |[9E-2 |E-2
3.16E-11 6.33E-6 | 5.57E-4 | 5.59E-3 | 1.52E-2 | 2.72E-2 | 4.09E-2 | 7.19E-2 | 0.141 | 0.229 | 0.312

1.00E-10 | ~2000 | 1.08E-7 | 1.47 | 3.44E-5 | 3.02E-3 | 2.96E-2 | 7.76E-2 | 0.132 0.188 0.296 0.471 | 0.618 | 0.712

3.16E-10 1.87E-4 | 1.62E-2 | 0.142 0.314 0.453 0.558 0.696 0.829 | 0.898 | 0.931
1.00E-9 1.02E-3 | 8.23E-2 | 0.475 0.713 0.818 0.873 0.926 0.963 | 0.980 | 0.987
3.16E-9 5.50E-3 | 0.328 0.831 0.931 0.961 0.974 0.985 0.993 | 0.996 | 0.997

1.00E-8 2.92E-2 | 0.726 0.964 0.987 0.993 0.995 0.997 0.999 | 1.00 | 1.00
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Chapter 5

Abstract

Interferon-o IFN-2) is well known to reduce the infectivity of viral pathogens by altering

their tissue tropism. This effect is induced by upregulation of cholesterol 25-hydroxylase

(CH25H). Given the similarity of viral pathogens and ligand-functionalized nanoparticles

in the underlying strategy of receptor-mediated cell recognition, it appears conceivable

that IFN-2 exceeds similar effects on nanoparticles. Concretely, IFN-o-induced activation

of CH25H could decrease nanoparticle avidity for target cells via depletion of clathrin-

coated pits. We hypothesized that this effect would cause deterioration of target-cell

specific accumulation of nanoparticles. To prove our hypothesis, we investigated the cell

tropism of angiotensin Il functionalized nanopatrticles (NPrys-ang ) in @ co-culture system

of angiotensin Il subtype 1 receptor (AT:R) positive rat mesangial target cells (rMCs)

and AT1R-negative Hela off-target cells. In the presence of IFN-2 we observed an up to

5-fold loss of target cell preference for NPyys.ang n. Thus, our in vitro results suggest a

strong influence of IFN-0 on nanoparticle distribution, which
nanotherapeutic approaches to cancer treatment, as IFN-0 i s strongly expr ess
tumors. For the target cell tropism of viruses, our results provide a conclusive hypothesis

for the underlying mechanism behind non-directed viral distribution in the presence of

IFN-2.

146



Impact of Interferon-2

on

the Target

Cel |

Graphical Abstract

(control]

g
@
@'

rMC_,./HelLa
%ie

N PLys-Ang I

L

target/off-target
| co- -cultures

~

J

+

IFN-y

—

(— CH25H 1]
5

@@(@

target/off-target %}:

|+ 100 U IFN-y

S
&8

4

The graphical abstract illustrates that Interferon-o (IFN-2) was found to hinder target cell

specific nanoparticle accumulation via upregulation of cholesterol 25-hydroxylase

(CH25H). Interferon-o was thus identified as a biologically relevant factor potentially
affecting nanoparticle biodistribution by altering membrane morphology.
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Introduction

Ligand-functionalized nanoparticles and viral pathogens show similarities in cell
recognition. They share the strategy of using ligand-receptor interactions to identify
target cells. In fact, many research groups successfully implemented virus-mimetic
designs to achieve target-cell or tissue-specific nanoparticle accumulation [17 3]. This
raises the question whether factors that influence distribution of viral pathogens may
also be of relevance for the bio-distribution of nanoparticles. For instance, the cytokine
interferon-o IF\-2) is an essential component of the o r g a n iimsnomblsgical line of
defense and has long been known to reduce in vitro infectivity [4]. It does so, by altering
the tissue tropism of viral pathogens in vivo [5i 11]. In the case of viral infections this
reduces the avidity of viral particles for target cells and consequently their chances for
replication. To the best of our knowledge, it has not been investigated whether IFN-2
affects the target cell avidity of nanoparticles to date. Investigating this issue is important
because reduced target cell avidity could have relevant influences on in vivo particle
biodistribution. Therefore, it was our goal to scrutinize if IFN-o coul d have

ligand-functionalized nanoparticle distribution as well.

Regarding the effects of IFN-0 o n vi r a |, upegultioro af eholesterol 25-
hydroxylase (CH25H) has been described as a key player for changing viral target cell
tropism [12]. For the elucidation of the underlying mechanism, the focus has been almost
exclusively on the impact of the oxidation product 25-hydroxycholesterol (25-HC) on cell
physiology. Broad antiviral activity has been described for 25-HC in vitro and in vivo [13].
However, the threat that cholesterol extraction reduces endocytosis via clathrin-coated
pits (CCPs) [14] has been ignored. In fact with our previous work [15], we have shown
that the basic concept of nanoparticle-membrane interactions being mediated by local
membrane curvature [16i 20] is expandable to the case of ligand functionalized
nanoparticles. The presence of CCPs, which excellently match nanoparticles in
curvature and size [217 23], turns out to be essential for binding to their receptor-positive
target cells. CCP depletion as a result of lowering the cholesterol content of cell
membranes reduced nanoparticle avidity (Kp) by a factor of 50 [15]. A cholesterol
lowering effect of CH25H and its metabolite 25-HC has been extensively described in
literature demonstrating increased degradation [24,25] and excretion [26,27] as well as
decreased synthesis [28,29] and uptake [30,31] of cholesterol. Therefore, we

hypothesized that the presence of IFN-o coul d have a signifi
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specific nanoparticle accumulation in target/off-target cell co-cultures (Fig. 1). With this,
we could shed a first light on the relevance of IFN-2 regarding

biodistribution in vivo.

Experiment Hypothesis
NP ano /.55 control
P [>\ +|FN-y
Eed \ el
CH25H 4
rMC +CCP Hela
Byt L membrane
cholesterol
dome-CCPs ;
NP avidity y
r Mp -CCP Hela

Figure 1: Hypothesis on IFN-0 induced impairment of target-cell specific
nanoparticle accumulation. The aim of our experimental work was to investigate the
influence of the cytokine IFN-o on the biodistribution of a ligand-functionalized
nanoparticle in a simple model system namely an rMC/HelLa (target/off-target) cell co-
culture. Our hypothesis is that IFN-2 treatment lowers membrane cholesterol levels via
inducing the expression of CH25H, thereby inhibiting the formation of CCPs. Based on
our previous work on the role of CCPs in the binding of multivalent nanopatrticles, in this
case a reduction of the particles6avidity for its target cell would be expected. As a
consequence of the lowered avidity, a reduction in target cell-directed accumulation of
the particles can be expected (blue bars indicate particle binding preference).
Abbreviations: NPyys.ang 1 7 lysin-angiotensin Il functionalized nanoparticle, AT:R 1
angiotensin |l receptor subtype 1, rMC 1 rat mesangial cell, (dome)-CCP i (dome-
shaped) clathrin-coated pit, IFN-2 1 interferon-*, CH25H i cholesterol 25-hydroxylase.

To test our hypothesis, we used polymer-based nanoparticles functionalized with lysin-
N-modified angiotensin Il (NPyys.ang ). This modification enabled angiotensin Il subtype
1 receptor (AT1R) mediated target cell recognition [32]. To investigate possible effects
of IFN-2 on target/off-target cell co-cultures, we used AT:R positive rat mesangial cells
(rMCs) as target cells and AT1R negative HelLa cells as off-target cells. We employed

this experimental setup to follow the impact of IFN-2 on particle performance parameters
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like preferential uptake of NPrys-angn by rMC cells. Additionally, we investigated the ability
of NPyys-ang 1 to accumulate in rMCs while increasing the spatial distance between target
cells. We used flow-cytometry based analysis, to differentiate nanoparticle uptake by
target- and off-target cells. Choi et al. and Kirpotin et al. had shown that ligand-
functionalized nanoparticles have beneficial effects on target cell accumulation mainly
on the tissue level, rather than affecting whole-body biodistribution [33,34]. Therefore,
we considered the cell co-culture experiment setup as a suitable in vitro model for
mimicking the in vivo situation. Also, since Singh et al. and Ouyang et al. previously
observed dose dependent effects on nanoparticle biodistribution [35,36], we
investigated the influence of IFN-2 on NPyys.ang i1 distribution in co-cultures as a function

of molar particle concentration.

Overall our investigations are intended to enhance the limited understanding on the fate
of ligand-functionalized nanoparticles in biological systems which has so far been a
major hurdle in clinical development [37]. This dilemma becomes obvious when
considering that none of the many promising candidates tested [38] has achieved
approval for clinical use yet [39,40]. Therefore, our findings may also be of importance
to application-oriented scientists aiming to optimize the biodistribution of nanopatrticle-
based therapeutics. Possible effects of IFN-0 could prove to be highly relevant
considering targeted tumor therapy. Tissue concentrations of IFN-0 were found to be
increased up to 10-fold in tumors [41i 43] compared to healthy tissue. Therefore, in vitro
observations regarding effects of IFN-0 on nanopatrticle distribution might be highly
relevant for nanoparticle based tumor therapies large proportions of which are targeted
cancer therapy [44,45]. Efficient delivery in this context remains a largely unmet need to
date [46].
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Results

Particle development and Cell Co-Culture Model

The aim of our study was to investigate effects of IFN-0 on the distribution of ligand
functionalized nanoparticles between target and off-target cells. For this purpose, we
employed NPyys.ang 1 @s a ligand functionalized model particle as the first building block
of our experimental setup. The particles were characterized for size, size distribution,
and particle concentration via nanoparticle tracking analysis (NTA). Results confirmed
that particle size (dnp) was in good correspondence with CCP morphology [21,47]
(around 90 nm) and a narrow size distribut i on ( PDI consistamtgly O 0.2,
ang nt (Fig. 2A, Sl Fig. 1A to D). We furthermore used NTA to confirm colloidal stability
and absence of aggregation over the time of investigation. These properties can be
considered as confirmed for our model particle, as no changes were observed for size
or PDI over time (Fig. 2B, Sl Fig. 1E to H). As further method for characterization of our
nanoparticles, we employed transmission electron microscopy (TEM) (Fig. 2C).

As a second tool for our investigations, we required a target/off-target cell co-culture
system. Since the chosen model particle carried angiotensin Il as its targeting ligand,
we decided to establish a co-culture of ATiR-positive rat mesangial cells (rMC) and
AT:R-negative Hela cells. This model was also chosen to draw on previous findings on
the influence of established CCP inhibitors on particle-cell interactions for the
interpretation of the results found here.

Finally, we attached a red-fluorescent label to our model particles and loaded rMC target
cells with a green-fluorescent dye. Thus, using flow cytometric analysis, we were able
to divide the obtained data sets into four sub-sets. These were: (1) HelLa cells that had
not taken up particles (HeLa™P), (2) HeLa cells that had taken up particles (HeLa*\?),
(3) rMCs that had not taken up particles (rMC™P), and (4) rMCs that had taken up
particles (rMC*NP). Within these sub-sets, the number of events contained (N) and the
particle fluorescence intensity (Inp) were measured. This simple system was used to
assess the distribution of particles between the two cell types and as a surrogate for

nanoparticle biodistribution on the tissue level.
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Figure 2: Size and polydispersity data for NP.ys.ang 1 derived from nanoparticle
tracking analysis. TEM images of the investigated particle species. (A) Mean and
mode of hydrodynamic diameter (dne) and polydispersity indices (PDI) of prepared
particle lots for experiments investigating concentration dependency (conc. dep.) of
preferential uptake and targeting efficiency and directed accumulation (dir. acc.) in
presence or absence of IFN-o (-b FNctr |l ). Al so, pgranolilizatohe | ot s

assay (Ca?!) and investigation of particle distribution in rMC/HelLa co-cultures with
increasing target cell proporti on (B)Stabdty)
of NPyys.angn in rIMC/HeLa cell co-cultures was tested over the intended time of incubation
to be applied in nanopatrticle uptake experiments. Statistical significance of dne or PDI
deviations from baseline (t = 0 min) was tested via one-way ANOVA with subsequent
Dunnettoés mul tipl ®a (DFEmpaFd s1@)n= 263 B £ .07 Fnode
(DFn =6, DFd =12) =1.85, P =.17; Fpp (DFn = 6, DFd = 12) = 2.26, P = .11; error bars
indicate SD). (C) Representative TEM images of uranyl acetate negative stained NPys.
ang I CF647 (left) and NPyys-ang i (right) samples (both 20,000- fold magnification, white
bar indicates 250 nm).
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Effect of IFN-0 on Particle Preferential Uptake and Targeting Efficiency

Our first aim was to investigate whether an IFN-2-induced upregulation of CH25H [12]
leads to a reduction of target cell-specific accumulation of ligand-functionalized
nanoparticles. This effect could be expected as CH25H induces a decrease in
membrane cholesterol content [48] which diminishes membrane fluidity [49,50] and the
density of clathrin-coated pits [51,52] which are both beneficial for an endocytic cell
uptake. Tobe abletocorrelateIFN-o ef f ect s on nanopar {ltwd
with upregulation of CH25H, it was necessary to examine first the effect of IFN-0 on the
target cell population. We quantified CH25H in untreated and IFN-o0  ptreated rMCs

using a sandwich-ELISA. The same experiment was conducted on Hela cells to serve

e

di stri

as off-target population in order to investigate whether IFN-o i nduced effects oc

equally in both cell lines or specifically in the target or off-target population. The

measurements showed a significant increase of CH25H levels inIFN-o t r eat ed

After 24 h in presence of 100 U/mL IFN-2, CH25H levels increased by 55% (CH25H
[ng/mL] in 90% confluent T75 flask, ctrl: 1.49+0.07 ng/mL, IFN-0 : 20.52 dg/mL,
meanzSD). Meanwhile, no significant effect of IFN-o on HelLa cells was detected (Fig.
3A and B). We also conducted NP\ys.ang i Cell binding studies on rMCs using a Ca?*
mobilization assay. Herein, we provide experimental data on the effect of IFN-2 on CCPs
by comparing the measured shift in log ECs, value with the shift found for established

CCP inhibitors in previous work [15]. Binding was investigated in presence and absence

of I0OU/mMLIFN-o (24 h incubation ahead of memsur ement

shift of 1.3 log-steps was observed (Fig. 3D) which is in good alignment with established
CCP inhibitors (e.g., methyl-i -cyclodextrin: 1.7 log-steps). The concentration of 100
U/mL IFN-2 in our experiments was chosen based on previous work on the influence of
IFN-2 on the infectivity of viral pathogens [4,8,53] and on the progression of cancer [54],

in which concentrations of this magnitude were used.

To investigate the impact of the observed CH25H upregulation on the cell co-culture

distribution of our NPyys.ang 1 model particle, we performed particle uptake experiments

r MCs .

on rMCcre/HeLa cell co-cultures pretreated with the same IFN-0 ¢ o n ¢ e.Ourraiemt i o n

was to follow two distinct phenomena: (1) preferential uptake and (2) targeting efficiency.
For this purpose, we defined two quantitative performance parameters derivable from

flow cytometry data (methods Eqs. 4 and 5, Sl text).
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ang 11 binding ability. (A) Quantification of CH25H in rMCs and HelLa cells upon 100
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changes were tested using Welch t-test (two-tailed, rMC: P = .025, t = 3.13, df = 5.16;
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standard serial dilution (5, 2.5, 1.25, 0.63, and 0.31 ng/mL). (C) Binding curves for NPys.
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indicate SD).
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During the acquisition of these performance parameters, first interesting observations
regarding the concentration dependency of preferential uptake and targeting efficiency
were made in control experiments. These experiments were conducted using
rMCcre/HeLa co-cultures that were not treated with IFN-0 ahead of NP_ys.ang 1 incubation.
Preferential uptake was calculated as the ratio of particle number taken up by rMCs to
particle number taken up by Hela cells (Eqg. 4). This ratio plotted against the logarithm
of the molar particle concentration showed a broad maximum in the high picomolar to
low nanomolar range (0.3 to 1 nM). At higher as well as at lower concentrations, the
preferential uptake decreased (Fig. 4A). Targeting efficiency was calculated as the ratio
of rMCs (target) to HelLa (off-target) cells which had taken up particles. By plotting the
calculated targeting efficiency against the logarithm of the molar particle concentration,
we found that at higher concentrations equal proportions of the target and off-target cell
populations take up particles. At these concentrations, we obtain a target efficiency of
about 1, which means that no targeting is detectable. Only at very low concentrations
(10 pM), almost no off-target cells take up particles anymore, while still a significant
fraction of target cells takes up particles. Consequently, we yield a targeting efficiency >
1. If we plot the proportions of the recorded data sub-sets against log cne in @ heat map,
we can clearly see that a targeting efficiency is only detectable at very low

concentrations and that this is almost completely reversed by IFN-2 (Fig. 5A).

Next, we compared results obtained in these control experiments with results from
rMCcre/HeLa co-cultures treated with IFN-2. Again, we analyzed the quantitative
performance parameters introduced in Eq. 4 and 5 as a function of particle
concentration. Multiple effects of IFN-2 on particle distribution were apparent. Firstly,
flow cytometry data sets obtained from rMCcre/HelLa incubated with 3 NM NPyys.ang i
revealed a decrease of preferential uptake (Fig. 4B and C). While rMCs show a 3-fold
higher particle uptake in untreated cell co-cultures, it is only 2-fold higher after IFN-2
treatment. This loss was mainly due to higher particle uptake by off-target HelLa cells,

whereas uptake by rMCs remained almost unchanged.
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Figure 4. Flow-cytometry based assessment of IFN-o treatment effect on

preferential uptake of NPyys.ang 1. (A) Heatmap represents geometrical means of

fluorescence intensity detected for each population in APC-channel. Plot of lnc/lheLa

CFss7 against logarithmic molar particle concentration indicates concentration

dependency of NPy ys-ang i1 preferential uptake into rMC target cells. Statistical significance

ofIFrN-0 ef fect and concentration depayANGVYAC e wer ¢
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<.001, **** P < .0001; Fieno (DFN =1, DFd = 26) = 37.1, P <.0001; Fene (DFN = 6, DR

= 26) = 139, P < .0001; error bars indicate SD). Representative FITC-A/APC-A dot plots

of rMCcre/HeLa cell co-cultures incubated with 3 NnM NPy ys.ang 1 (2 h) untreated (B) or
pre-treated with 100 U/mL IFN-0 f or 24 h (C). Grey/ green da
geometrical mean of HeLa/rMCcrs population.
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Secondly, flow cytometry data sets of rMCcre/HeLa cell co-cultures incubated with lower
NPyys-ang 1 CONCenNtrations point in a similar direction for the effects of IFN-2 on targeting
efficiency (Eq. 5). As for the case of preferential uptake described above, the sharp
decrease in targeting efficiency is mainly due to a large increase in the proportion of
Hela cells that take up NPyrys-ang i (Ctrl: 4.7%, IFN-2 : 33%, 7-fold increase) (Fig. 5B and
Q).
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Figure 5. Flow-cytometry based assessment of IFN-0 treatment effect on targeting
efficiency of NPrys.ang . (A) Heatmap represents the proportion of NP-negative or -
positive events (-NP/+NP) events for target or off-target population (rMC/HeLa) in
untreated or pre-treated cell co-cultures (ctrl/IFN-0 ) . P | aud/%Npefa CRaNagainst
logarithmic molar particle concentration. Statistical significance of IFN-2
concentration dependence were assessed using two-way ANOVA with subsequent
Sidakds multiple &Eam@bFdi-.sS(DFnsl, DFes 26) (15.3, P =
.0006; Fene (DFN = 6, DFd = 26) = 17.7, P < .0001; error bars indicate SD).
Representative FITC-A/APC-A dot plots of rMCcre/HeLa cell co-cultures incubated with
10 pM NPyys.ang 1 (2 h) untreated (B) or pre-treated with 100 U/mLIFN-o  f or 2
addition, the graphs indicate the proportion of NPyys.ang 1-positive events for each
population.
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Chapter 5

IEN-9 induced Loss of Particle Target Cell Tropism

To allow quantitative assessment of target cell tropism, we introduced a measure T for
tropism ranging from -1 to 1 (T = -1 T absolute tropism in off-target cells; T =01 no
tropism; T = 11 absolute tropism towards target cells; see method section for equation
and supplementary information for detailed derivation). We calculated T (Eq. 6) for our
flow cytometry data sets and plotted it against molar particle concentration to find
possible concentration dependencies of tropism. Indeed, like for targeting efficiency, the
strongest tropism of NPrys-ang 1 Was found in the low picomolar concentration range (30
pM; Fig. 6A). It was further observed that the data distributions broadened after
treatment with IFN-9, especially at lower particle concentrations (10-30 pM). To further
investigate and to quantify this subjective impression, we plotted the particle
fluorescence intensity (lapc-a) data distributions for the rMCcre and HelLa populations
from control experiments (no IFN-0  t r e aandiENRotrgatment experiments in violin
plots. These data distributions were analyzed for unimodality using the folding test for
unimodality as introduced by Siffer et al. [55,56]. Determined folding statistics & (lapc-a)
were plotted against logarithmic particle concentration for rMC and HelLa populations
(Fig. 6B). The calculated u (lapc-a) Statistics are given for each distribution (Fig. 6C).

As folding statistics v indicated multimodal data distribution for IFN-0  ptreaged rMC
populations incubated with 30 or 10 pM of NPyys.ang 1, We decided to further investigate
the nature of data distribution by calculating gap statistics [57]. While for rMC populations
incubated with 30 pM NPyys.ang 1 all three replicates suggested the presence of two
clusters (Fig. 7A), for 10 pM NP.s.ang 1 data two of three replicates suggested two
clusters while for the third replicate one cluster was found (Fig. 7B). For rMC and HelLa

populations from un-treated co-cultures as well as for HeLa populations pre-treated with

IFN-0 a single cluster was found throughout
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Figure 6. R-based folding test for investigation of multimodal distributions in flow-

cytometry data. (A) Plot of target cell tropism T for NPyys.ang 1 ON rMCcre/HelLa co-

cultures untreated or pre-treated with 100 UmLIFN-o f or 24 h against th
molar particle concentration (T = 1 - ideal-tropism, T = 0 - random distribution, and T = -

1 - reverse tropism). Statistical significance of differences in T were tested via two-way

ANOVA with subsequent Sidakés multiple compar
P <.0001; Fien- (DFN = 6, DFd = 28) = 0.627, P = .627; Fene (DFN = 6, DFd = 28) = 109,

P < .0001; error bars indicate SD). (B) Plot of folding statistics & (lapc-a) for the rMC (left)

and HelLa (right) populations of rMCcre/HelLa cell co-cultures untreated or pre-treated

with 100 U/mL IFN-2  f o 24 h against the |l ogarithmic
Statistical significance of differences in u (larc.a) were tested via two-way ANOVA with
subsequent Sidakds multiple comparison test
population: Fien- (DFn =1, DFd = 28) = 243, P <.0001; Fene (DFN =6, DFd = 28) = 68.5,

P <.0001; HelLa population: Fien (DFN = 1, DFd = 28) = 208, P < .0001; Fene (DFN =6

DFd = 28) = 33.7, P <.0001; error bars indicate SD). (C) Violin plots of rMC and HelLa
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populations at lower pM (left graph) and lower nM (right graph) particle concentrations.
Figures above the plots indicate the respective value of & (lapc-a) for the distribution
shown.

In order to extract information on the particle distribution in the confirmed sub-
populations contained in the overall data, it was necessary to apply a method that
allowed data-based sub-population assignment of individual events. For this, we
employed an expectation maximization-based clustering algorithm optimized for use
with large datasets [58]. This analysis was performed with the data sets of IFN-0  p
treated rMCs incubated with 30 pM NPyys-ang i1 (Fig. 7C). Due to the inconclusive results
of gap statistics calculations, the data of IFN-0  ptreaed rMCs incubated with 10 pM
NPyys-ang 1 Were also included (Fig. 7D).

Expectation maximization-based clustering calculated posterior probabilities (pp) for
each event in flow cytometry data sets, allowing us to assign them to one of two sub-
populations corresponding to lower or higher nanopatrticle uptake (low NP ys-ang i Uptake:
pp < 0.5; high NPyys.ang 1 Uptake: pp > 0.5). We plotted the rMCcre populations found
after incubation with 10 or 30 pM NPyys.ang 11 in untreated rMCcrc/Hela cell co-cultures
and compared them against the respective two sub-populations identified in cell co-

cultures pre-treated with IFN-o .

This comparison revealed an interesting nature of IFN-2 effect on the model particles
distribution in cell co-culture. We examined the mean particle fluorescence intensities
(lapc-n) of the single population (control experiment, i.e., no IFN-2 treatment) or sub-
populations (IFN-2 treatment) as a measure for mean particle quantity per cell. For co-
cultures incubated with 30 pM NPyys-ang 1, cOmparison of the mean lapc.a values of un-
treated populations and IFN-o pre-treated sub-populations obtained from triplicate
samples shows that the rMC population is divided into two sub-population. One of which
shows a significantly decreased particle uptake and a second one that, in contrast,
shows a significantly higher uptake. Mean patrticle uptake by HelLa cells was also slightly
increased, with a marked broadening of the distribution (Fig. 7E). In co-cultures

incubated with 10 pM NPyys-ang 1, two of the three replicates also showed a deviation into
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two rMC sub-populations upon treatment with IFN-2. In the third replicate, mean lapc-a
of the rMC population was slightly increased with a marked broadening of the distribution
(Fig. 7F).

IEN-2 Inhibits Directed Particle Accumulation in Target-Cells

In addition to the parameters investigated so far, we also intended to study the directed
accumulation of nanoparticles in co-culture. Directed accumulation in this context means
a spatially directed transport of the particles towards target cells. The experiments
described so far were carried out using rMCcre/HelLa cell co-cultures composed of
approximately equal target and off-target cell proportions. Nanoparticles are therefore
expected to encounter target and off-target cells with equal probability. In vivo, however,
the particles encounter a large number of off-target cells before they even reach their
target cell. To mimic this situation more closely, we prepared a series of rMCcre/HelLa
cell co-cultures with decreasing target cell density. Assuming homogeneous distribution
of the target cells in co-culture, this leads to an increasing distance between target cells.
We measured particle distribution in this series of co-cultures using flow cytometry and
investigated effects of IFN-0 .

We first defined quantitative performance parameters describing accumulation. Target

cell accumulation was calculated as the ratio of the proportion of rMCs that had taken

up particles to the proportion of rMCs that did not take up particles (Eq. 9). Off-target

cell accumulation was calculated equivalently, considering the HeLa cell population (Eq.

10). Analysis of flow cytometry data sets obtained from rMCcre/HelLa cell co-culture

uptake experiments showed that after 2 h of incubation with 10 pM NPyys.angi, IFN-0 p r €
treatment led to a lower proportion of rMCs taking up particles compared to control
experiments (considering data sub-sets: N rMCNP* Z ; Fi g. 8 A olloBngEgand C) .
9, this is equivalent to a lower target cell accumulation. The strongest effect was

observed at a rMCcre/HeLa (N/N) ratio of ¥1/3, where IFN-0  t r eat ment -i nduc ed
fold increase of N rMCNP- (ctrl: 2.8%, IFN-9 : 5 1 Thk @orresponding effect was
significantly smaller for HeLa cells (NP- ctrl: 45.6%, IFN-o0 : 7 9 . {@ofbjncrehse)/ In

general, IFN-2 treatment had significantly smaller effects on particle accumulation in

HelLa cells over the entire range of target/off-target cell ratios covered, whereas
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accumulation in rMCs was negatively affected throughout. A heatmap of the proportions
acquired for all data sub-sets in flow cytometry clearly illustrates that while particle
accumulation was barely affected in the HeLa population (Fig. 8D, left four columns: ctrl
vs IFN-2), the same parameter was massively decreased in the rMC population (Fig.

8D, right four columns: ctrl vs IFN-2).

Next, we plotted target- and off-target cell accumulation (Eqgs. 9 and 10) calculated from
flow cytometry data against l0g Nrera/Nmvc (Fig. 8E). As a measure for directed
accumulation we determined the slope target cell accumulation over log Nuera/Nivc. We
deemed this parameter suitable as in the presence of directed particle accumulation, it
is to be expected that with decreasing target cell density in co-culture, accumulation of
the particles will increase. This can be assumed because the number of particles
available per target cell increases. Our analysis revealed that directed accumulation only
takes place towards rMC target cells (dir. acc.: rMC ctrl = 14.4 (3.40-25.4); HelLa ctrl =
0.669 (0.292-1.05), mean (Cl 95%), P=.026).IFN-o0 t r eat ment si gn
directed accumulation (dir. acc.: rMC IFN-0 = 0. 9 01262)(nteanl(@l 85%), P
(rMC ctrl) = .029). In fact, directed accumulation appears to be completely inhibited as
the value determined for the rMC population afterIFN-o t r eat ment doe
differ from the HelLa control value (P > .99). Effect of IFN-0 t r eat ment
accumulation in the HelLa population was also not significant (dir. acc.: HeLa IFN-2
0.390 (0.160-0.620), mean (Cl 95%), P (HeLa ctrl) > .99) (Fig. 8F).

The data also showed that for our model particle NP ys.ang 1 Strong directed accumulation

towards rMCs only occurs up to an rMCcre/HeLa ratio of 1/3 (N/N). At lower

rMCcre/Hela ratios target cell accumulation decreases significantly.
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Figure 7. Determination of cluster number k and EM-cluster analysis. (A, B) Gap
statistics (k) calculated for data distributions derived from IFN-0  ptreaged cell co-
cultures showing low u (lapc-a) values (K1) with the corresponding controls. Here, k was
individually calculated for HeLa (squares) and rMCcrc (circles) populations, incubated
with 30 pM (A) or 10 pM (B) of NPyys.ang 1. Blue symbols indicate an optimum number of
clusters (Nk) of 2. Grey symbols indicate an optimum of Nk = 1. (C, D) Plot of posterior
probabilities (pp) calculated for each event using expectation maximization-based
clustering algorithm introduced by Sharma et al.. Representative plots for IFN-o  pr e
treated rMCcre/HeLa cell co-cultures incubated with 30 pM (C) or 10 pM (D) NPyys-ang i1-

(E, F) Violin plots of data derived from untreated (grey) rMCcre/HelLa cell co-cultures,
high-NP (red, pp > 0.5) or low-NP (blue, pp < 0.5) sub-populations of IFN-o0  ptreated
rMCs, and IFN-2 ptresged Hela populations as well as IFN-2 ptreated rMC
population for which Nk was found to be 1 (blue-red checkered). Bar charts indicate
mean lapc-a Obtained from triplicates (for rMC IFN-0 , N = 15 mpPMC<I BN5 and pp
> 0.5, each N = 2). Statistical significance of IFN- treatment on particle distribution was
tested using Holm-Sidak me t h o d (*P <305, *® 5 .01, *** P < .001; error bars
indicate SD).
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Figure 8. Effect of IFN-0 on directed accumulation of NP.ys.ang 1. Representative
FITC-A/APC-A dot plots derived from £2/1 (A), £1/3 (B), and £1/20 (C) (Nimc/NHeLa)
rMCcre/HeLa cell co-cultures, untreated (grey symbols) or pre-treated with IFN-0  (
symbols). Figures in the graph indicate the proportion of rMC population in the top right
(NP*) or in the lower right (NP°) quadrant. (D) Heatmap visualizing all %N HeLaNP*/NP-
and %N rMCNP*NP-yalues obtained from flow cytometry experiments. (E) Plot of NP*/NP-
rMC events against logarithmic HeLa/rMCcre event ratio. Lines were derived from linear
regression. P-values describing the significance of the slope deviating from zero are
additionally given. The significance of the accumulation of NPys-ang 1 in cell co-cultures
with lower rMC content compared with the 2:1 cell co-culture was tested via two-way
ANOVA with subsequent Sidak's multiple comparisons test (**** P < .0001; Fien-> (DFN
=1, DFd = 24) = 45.2, P <.0001; Fretarmc (DFN = 5, DFd = 24) = 3.23, P =.023; error
bars indicate SD). (F) Derived values for target/off-target directed accumulation (Egs.
11 and 12) in untreated or IFN-0  ptreated rMCcre/HeLa cell co-cultures. Statistical

Tropi s

red

significance of IFN-o i nduced effect on directedwapccumul

ANOVA with subsequent Sidak's multiple comparisons test (ns. not significant, * P < .05;
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