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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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Graphical Abstract 

 

 

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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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 [2ï4]. 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 particle to cell surfaces. 

Thus, the particle 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 [17ï20]. 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 nanoparticle deposition is to track the whole-

body biodistribution [22ï25]. 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 particle 

surface [27ï29], interaction with immune cells [30], and undesired particle accumulation 

in typical off-target organs (e.g., liver and spleen) [31ï33]. 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 [34ï37]. 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 [39ï41] using 

techniques like surface plasmon resonance (SPR) [42] or microscale thermophoresis 
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(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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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 Gibbôs free energy of multivalent interactions (ȹG0
avidity) [48]. 

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 

parameters. We will see that Krishnamurthy et al. derived their model on Gibbôs free 

energy of multivalent interactions (here denoted as ȹG0
N (i)), considering individual 

receptor-ligand interactions as additive and expanding the model by introducing 

enthalpy (ȹH) and entropy (TȹS) terms accounting for phenomena inherent of 

multivalent interactions. In this way, they derive a model from which we can derive 

properties of multivalent ligand complexes (e.g., ligand functionalized nanoparticles) can 

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

 

The model introduced by Kitov and Bundle is based on a simple expression for 

microscopic free binding energy ȹg0
i (Eq. 1) of a single interaction between a 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. ȹG0
mono 

is a rather straightforward parameter as it represents the binding free energy of a 

monovalent interaction. ȹG0
interaction, however, might appear a bit more elusive. This is a 

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

intermolecular bond and all óintramolecularô bonds formed subsequently. 
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ЎὫ ὭЎὋ ЎὋ    (1) 

 

Again, transferred to our example of particle-membrane interactions, ȹG0
mono would be 

the first ligand-receptor bond formed, while ȹG0
interaction 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 ȹG0
mono = ȹG0

inter and 

(i-1) ȹG0
intra = (i-1) ȹG0

mono + ȹG0
interaction 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 introducing a degeneracy coefficient ɋi. This is in simple 

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: 

 

ЎὋ ЎὋ Ὥ ρЎὋ ὙὝÌÎ   (2) 

 

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

must not be understood as an óadditiveô phenomenon. Instead, for must multivalent 

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. 

 

ςὑ
Ͻ

 and ὑ
Ͻ

Ͻ
  (3 and 4) 

 

The interaction is called cooperative if the condition 

 

ρ      (5) 
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is met. A ratio of the two reaction constants K2/K1 > 1 indicates a positive cooperative 

interaction (i.e., the first bond favors the second bond) while K2/K1 < 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: 

 

ЎὋ Ὥ ὭЎὌ ὭὝЎὛ Ὥ ρὝЎὛ

Ὥ ρЎὌ  

 Ὥ ρὝЎὛ Ὥ ρЎὋ ὙὝÌÎ   ϳ  (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: 

 

ЎὋ ЎὌ ὝЎὛ     (7) 

 

If we now take another look at the model, we will see that here only enthalpy (ȹH) and 

entropy (ȹS) amounts 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 ȹG (ȹG < 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 (-ȹH) 

and an increase in entropy (+ȹS). However, 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: 

 

ЎὋ  ЎὌ            ὝЎὛ  

 

ὭЎὌ ὭὝЎὛ    (8) 

 

These terms describe the independent formation of all i receptor ligand bonds. This part 

of the model therefore corresponds to the term ȹG0
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) ȹG0
coop 

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 ȹG [51ï54]. 

 

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: 

 

Ὥ ρὝЎὛ     (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 ópaidô for 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 
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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 (ȹStrans). Finkelstein and 

Janin derived an estimate for this parameter [56]. 

 

ЎὛ σὙÌÎ ϳ     (10) 

 

Here, ŭx is the mean amplitude of the bound ligand in the three principal directions (i.e., 

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 particle (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) ȹS0trans+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) ȹG0
coop 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 (-ȹG0
coop, 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. 
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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 

different receptor (R) densities (ɟM1
R ɟM2

R). Under the prerequisite outlined above: 

 

ὒ ὙᴼὒὙ has ЎὋ π   (11) 

 

if 

 

” ”      (12) 

 

than the number of bonds (i) will accordingly vary, resulting in distinct Gibbs free 

energies for attachment of L to M1 or M2: 

 

Ὥ Ὥ  Ÿ ЎὋᴼ ЎὋᴼ  (13) 

 

Therefore, making the attachment of L (i.e., multivalently functionalized nanoparticle) to 

M1 (i.e., membrane expressing the higher receptor level) favorable over the attachment 

to M2. 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 nanoparticle 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 (KD) would be the ideal parameter as KD relates to the 

Gibbs free energy by the simple term [60]: 

 

ЎὋ ὙὝ ÌÎὑ      (14) 
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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 

[61ï63]. 

 

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 KD of 

dendrimer conjugates decreased with increasing valency, resulting from a linear 

increase in kon and an exponential decrease in koff [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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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 ȹg0
i of a microscopic receptor ligand complex rl(i). The 

terms in this model represent the formation of a monovalent intermolecular bond ȹG0
mono 

while all subsequent intramolecular bonds are described by an interaction term 

ȹG0
interaction 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 introducing a degeneracy factor ɋi 

(forming a complex RL(i)), and (b) to consider the initial bond and the subsequent bonds 

separately (i.e., ȹG0
inter and ȹG0

intra). (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 ȹG0
N(i) 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 ȹG0
coop. Again, a factor ɋi/ɋ0 

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 (K1 < K2). 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 [65ï74], surface charge [75ï77], and shape [78ï81] 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 Km 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.  

 

ὑ      (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 the membraneôs lipid components. This spontaneous 

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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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) [88ï92]. 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 particle. 

 

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 Km. 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 ὑ ρὶϳ , where rS is 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., óinsideô particle) reduces the required bending energy. Data 

presented plots the bending energy barrier against the wrapped membrane fraction (ɢ, 

i.e., the proportion of particle surface in contact with membrane). Red curves represent 

óinsideô particles (i.e., membrane curved toward the particle), blue curves represent 

óoutsideô particles (i.e., membrane curved away from the particle) (Reproduced from 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 nanoparticles, 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 nanoparticles at the tissue level, where ligand functionalization can lead to 

accumulation in target cells [96]. 
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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 

2ô-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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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 [98ï100]. 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 [101ï103] 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). 
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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, 

6732ï6740, 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 nanoparticle 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 67GA-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 particles. 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) 5ô-modified siRNA labeled with 

64Cu 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 particles 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 (KD) as well as association and dissociation rate 

constants (kon an koff). In summary, KD for G7-aPD-L1 conjugate was found in a fM range 

(BLI: KD = 8.5×10-11 M; SPR: KD = 6.6×10-11 M). This corresponds to an avidity gain of 

about one order of magnitude compared to aPD-L1 (BLI: KD = 9.6×10-10 M; SPR: KD = 

3.8×10-10), which was mainly caused by an increase in kon (BLI: 2.38×105 Ą 1.10×106 
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M-1s-1; SPR: 5.54×104 Ą 3.61×105 M-1s-1) with less prominent changes in koff (BLI: 

2.75×10-4 Ą 6.79×10-5 s-1; SPR: 2.18×10-5 Ą 2.88×10-5 s-1) (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 koff (SPR: 6.21×10-2 Ą 3.1×10-

3 s-1), whereas kon showed no clear trend and underwent only minor changes (SPR: 

4.84×103 Ą 8.42×103 M-1s-1) [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-IgG). 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 KD 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) 4901ï4909, (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 Rmol based on 

the molecular weight MW - ὓ ρȢσς Ὑ , 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 Kd > 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 nanoparticle 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 

124I 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 IgG 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 nanoparticle 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.  



Nature of the Correlation between Nanoparticle Avidity and Biodistribution 
 
 

 

39 
 

 

  



Chapter 1 
 
 

 

40 
 

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 SpragueïDawley rats via lateral 

tail veins. To allow analysis of whole-body biodistribution, a chelator for the positron 

emitter 68Ga 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 nanoparticle 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 µL of 

a 20 µM 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 nanoparticles 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 KD of 322.8 nM was found. For the interaction of 3WJ-

CL4 with MDA-MB-231 cells the KD was found to be 72.1 nM.  
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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 SpragueïDawley 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), 

449ï457., (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 nanoparticles [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 A549DDP 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 A549DDP) [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 A549DDP. 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 enable Ŭvɓ3-integrin targeting. The particle surface was 

further functionalized with cypate-C18 (cypateïPFC-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 (ŷ - improvement, 

Ÿ - no significant change, Ź - deterioration; arrows in brackets indicate conclusions 

subject to certain limitations). Abbreviations and cell classifications: A549 - 

adenocarcinoma human alveolar basal epithelial cells, A549DDP - cisplatin-resistant 

A549, BT-474 - invasive ductal mamma-carcinoma cells, H69 - epithelial lung carcinoma 

cells, H69AR - doxorubicin-resistant H69, ID - initial dose, ID/cm3 - initial dose per cm3 

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-

body 

tissue-

level 

Choi et al. Neuro2A 2 to 3% ID Ÿ ŷ n.d. 

Bartlett et al. nt: 1.1% ID/cm3 

t: 1.4% ID/cm3 

Ÿ n.d. ŷ 

Gu et al. LNCaP ~ 0.2 to 1.8% Ź ŷ n.d. 

Kirpotin et al. BT-474 or 

MCF-7 

BT-474: 

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 

Ÿ ŷ n.d. 

Bu et al. MOC1 nt: ~0.51x108 TRE 

t: ~2.1x108 TRE 

Ÿ ŷ n.d. 

Zern et al. Pulmonary 

vessels 

n.d. (ŷ) ŷ n.d. 

Frigell et al. Brain nt: 0.0073 ID/g 

tissue 

t: 0.020 ID/g tissue 

Ź (ŷ) n.d. 

Wang et al. KB and MDA-

MB-231 

tumor 

KB: 

nt: 3% (4 h), 3% (8 

h) ID 

t: 5% ID 

MDA-MB-231: 

nt: 2% (4 h), 1% (8 

h) ID 

t: 3% ID 

(ŷ) n.d. n.d. 

Ganesh et al. A549/A549DDP 

(CD44 ŷ) 

H69/H69AR 

(CD44 Ź) 

all NSCLC 

t: 0.5-0.9% ID 

nt: n.d. 

(ŷ) n.d. ŷ [126] 

Akers et al. 4T1luc tumor t: n.d. 

nt: n.d. 

Ÿ n.d. 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: 125I - radioisotope of iodine, 

A10 RNA - 2ǋ-fluoropyrimidine 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), [3H]DAMGO - ɛ-opioid receptor ligand (structure: 3H-Tyr-D-Ala-Gly-N-

MePhe-Gly), DHM-3H - 3H-dihydromorphine, [3H]DPDPE - ŭ-opioid  ligand (structure: 
3H-D-Pen2-D-Pen5-enkephalin), EGFR - epidermal growth factor receptor, FP - 

fluorescence polarization, Glc - glucose, HER2 - human epidermal growth factor 

receptor 2, IC50 - half maximal inhibitory concentration, ICAM-1 - intercellular adhesion 

molecule 1, KD - dissociation constant, Ki - inhibition constant, Leu-Enk - Leu-enkephalin, 

(rhu)(M)Ab - (recombinant human) (monoclonal) antibody, MOR/DOR - ɛ/ŭ-opioid 

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, Ŭvɓ3 - 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 

receptor 

KD1 = 1.1 nM, 

KD2 = 29 nM (SPR) 

KD1 < 0.1 nM* 

KD2 = 3.8 nM (SPR) 

KD = 48 nM (125I-

lable) 

[127ï

129] Bartlett et 

al. 

Gu  complex 

Gu et al. PLGA-b-PEG 

polymer 

A10 RNA 

aptamer 

PSMA Ki = 11.9 nM 

(NAALADase 

activity) 

[130] 

Kirpotin et 

al. 

PEGylated 

liposome 

anti-HER2 

MAb 

HER2 rhuMAbHER2-Fab: 

KD = 1.8 nM (SPR) 

anti-HER2 scFv F5: 

KD = 160 nM (SPR) 

[131ï

133] 

Bu et al. PAMAM 

dendrimers 

aPD-L1 PD-L1 KD = 0.96 nM (BLI), 

KD = 0.38 nM (SPR) 

[109] 

Zern et al. PVPh polymer ICAM-1 Ab ICAM-1 n.d. - 

Frigell et al. Glc-coated Au Leu-Enk 

 

 

 

 

Glycopep 

MOR/DOR KD = ~0.6 nM 

(DHM-3H) 

IC50 µ = 1.8 nM 

    ([3H]DAMGO) 

IC50 ŭ = 0.6 nM 

    ([3H]DPDPE) 

n.d. 

[134,135] 

Wang et al. RNA Folic acid 

 

CL4 RNA 

aptamer 

Folate 

receptor 

EGFR 

KD = 0.19 nM 

([3H]-folic acid) 

KD = 10 nM 

(filter binding 

analysis) 

[136,137] 

Ganesh et 

al. 

PEI/PEG/siRNA hyaluronic 

acid* 

CD44 KD = 21 µM 

(flow cytometry) 

KD = 36.6 µM (SPR) 

[138,139] 

Akers et al. PFC cRGD Ŭvɓ3 IC50 = 0.11 µM (FP) 

IC50 = 414/422/358 

nM 

(125I-echistatin) 

IC50 = 37 nM 

(125I-c(RGDyK)) 

[140ï

144] 
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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-l) 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 

[nm] 

N ligand 

density 

particle 

avidity 

valency N 

dependence? 

K biodistribution 

Choi 

et al. 

74.9 

77.7 

81.3 

87.5 

control 

2.1 

17.5 

144.3 

0 nm-3 

1.1 x10-4 nm-3 

8.4 x10-4 nm-3 

6.0 x10-3 nm-3 

n.d. 

n.d. 

1.06 nM 

0.13 nM 

yes w-b.: no 

t-l.: threshold for 

particle uptake in 

target cells 

Bartlett 

et al. 

~80 to 

125 

n.d. n.d n.d. ? ? 

Gu et al. 160 n.d. 10% MutApt 

0% Apt 

1% Apt 

5% Apt 

10% Apt 

n.d. ? w-b.: no 

t-l.: accumulation 

increases with % 

Apt up to 5% Apt 

then decreases. 

Kirpotin 

et al. 

~90 to 

110 

> 20 ~5.3 x10-4 nm-3 

to 

7.9 x10-4 nm-3 

n.d. ? ? 

Bu et al. ~25 to 

35 

3.7 ~9.6 x10-4 nm-3 

to 

1.9 x10-3 nm-3 

targeted: 

85/66 fM 

blank: 

0.96/0.38 

nM 

 

? w-b.: no 

t-l.: ligand induces 

significant 

increase in dose 

delivered to 

tumor. 

Zern 

et al. 

187 

183 

186 

192 

198 

blank 

5 

50 

100 

200 

0 nm-3 

1.1 x10-4 nm-3 

8.4 x10-4 nm-3 

6.0 x10-3 nm-3 

6.0 x10-3 nm-3 

n.d. 

n.d. 

1.0 x1010 

nm3 

n.d. 

1.2 x1011 

nm3 

yes w-b.: particle dose in 

liver appears to 

decrease with 

increasing N. 

t-l.: Dose 

accumulated in 

lungs increases 

with increasing N. 

Frigell 

et al. 

2.4 

2.1 

2.7 

2.2 

3.2 

blank 

13 E 

10 E 

6 G 

15 G 

0 nm-3 

0.94 nm-3 

0.44 nm-3 

0.39 nm-3 

0.47 nm-3 

n.d. ? w-b.: Partially, ligands 

increase 

accumulation in 

off-target organs. 

t-l.: One ligand-linker 

pairing induced 

higher dose in 

target organ. 

Wang 

et al. 

6.01/ 

14.82  

n.d. n.d. n.d. ? ? 

Ganesh 

et al. 

200/ 

90 

N.A. N.A. N.A. ? ? 

Akers 

et al. 

250 n.d. n.d. n.d. ? ? 
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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 nanoparticle-cell membrane interactions. In doing so, we were able to 

derive a general hypothesis about the distribution of ligand-functionalized nanoparticles 

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 (ŷ 

kon) and slowed dissociation (Ź koff) [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 
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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 [145ï147] and experimental observations [148ï

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 ñreal-worldò situation 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) 

[159ï163]. 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 particle 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 óreachô of 

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 particle 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 nanoparticle 

avidity and biodistribution. (A) A more complete understanding of biological parameters 

affecting nanoparticle-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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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 nanoparticle 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 AT1 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 AT1R 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-membrane interactions. However, as ñartificialò tools were employed to alter 

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-ɔ (IFN-ɔ) 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-ɔ 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-ɔ we conducted particle distribution assays in 

presence and absence of IFN-ɔ concentrations typical for tumor tissues (Chapter 5, SI: 

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 detail 

(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 ligandïreceptor 

interactions between multivalent nanoparticles 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 II 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 ligandïreceptor interactions when CCPs, which perfectly match nanoparticle 

geometry, are absent. Our findings shed new light on how cells ñseeò nanoparticles. The 

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 

 

 

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 nanoparticles, as they 

predominantly dictate particle avidity. 
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Introduction 

 

Cellïnanoparticle interactions have been extensively investigated. This is because 

these interactions, as a crucial step of ligandïreceptor-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 [1ï5], shape [1,2,4], 

surface charge [2,4,6], receptorïligand density and mobility [2,7ï9], 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 nanoparticles 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 [13ï15] 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 ligandï

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 [20ï22] 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 

receptorïligand-interactions and significantly increasing nanoparticle avidity [26ï28]. 
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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 particles 

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 [29ï33]. 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-ɓ-CD, Baf A1, 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 ŭ for particles (e.g., dome-shaped CCPs) on the avidity ὑ  of these particles. 

Abbveriations: NPLys-Ang II ï angiotensin II-functionalized nanoparticle, AT1R ï 

angiotensin II receptor subtype 1, M-ɓ-CD ï methyl-ɓ-cyclodextrin, Baf A1 ï bafilomycin 

A1, Dyn ï 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 II (NPLys-Ang II) in their corona, which 

enables them to multivalently bind to the CCP-associated angiotensin II 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-ɓ-

cyclodextrin (M-ɓ-CD), bafilomycin A1 (Baf A1), and dynasore (Dyn).  

M-ɓ-CD extracts cholesterol from cell membranes [38,39]. M-ɓ-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-ɓ-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 A1 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-

ɓ-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-ɓ-CD and Baf A1. 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 [44ï46]. 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 (ὑ ) as a function of ligand affinity (ὑ ) and the 

nanoparticle wrapping fraction (ŭ) between the nanoparticle corona and cell membrane 

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 [47ï51]. 
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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 II 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 NPLys-Ang II 

was quantified using Pierce BCA and iodine assay. Synthesized carboxy-PEG-PLA was 

characterized via 1H-NMR. NPLys-Ang II size was determined via DLS (Fig. S2, also refer 

to experimental section for detailed specifications). The size of our particle NPLys-Ang II 

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 AT1R-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 II) and ligand-functionalized nanoparticles 

NPLys-Ang II was assessed in the absence and presence of CCP inhibitors [38,43,44]. 

 

We found the Fura-2 AM based Ca2+ 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 II with the AT1 receptor induces the activation of 

phospholipase C, which in turn catalyzes the formation of diacylglycerol (DAG) and 

inositol trisphosphate (IP3) [54]. The latter induces the intracellular release of Ca2+ from 

the endoplasmic reticulum (ER) [55]. 

 

Since we use NPLys-Ang II-AT1R binding-induced Ca2+ response as a measure of the 

interaction of NPLys-Ang II 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 nanoparticles can also 

non-specifically induce Ca2+ influx into cells due to cytotoxic effects [56]. To investigate 

this, two control experiments were necessary: (1) We tested an unfunctionalized 

nanoparticle (NPCOOH) that was otherwise identical to NPLys-Ang II using the Fura-2 AM-

based Ca2+ assay. (2) We tested NPLys-Ang II in a Fura-2 AM based Ca2+ assay but had 

incubated the rMCs with AT1R antagonist Exp3174 in advance. There was no Ca2+ 

response in either of these experiments (Fig. 2A). Thus, in conjunction, these 

experiments demonstrate that no nonspecific Ca2+ influx is triggered by NPCOOH and that 

Ca2+ influx induced by NPLys-Ang II results exclusively from the specific interaction of Lys-

Ang II and AT1R. For both experiments (Fig. 2B), control data demonstrate that Fura-2 

AM loading was successful (Fig. 2A) and that an intracellular Ca2+ increase thus would 

have been detectable. 

 

  
Figure 2: Control experiments demonstrate specificity of Ca2+ signal for 

NPLys-Ang II-AT1R interaction. (A) Data obtained from Ca2+ mobilization assays 

conducted using non-functionalized nanoparticle NPCOOH (grey symbols) and NPLys-Ang II 

(red symbols with black sphere) on Exp3174 pre-incubated rMCs. For both experiments 

investigating NPLys-Ang II +Exp3175 and NPCOOH, 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 Ca2+ signal for NPLys-Ang II-

AT1R interaction. 
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Figure 3: Effect of M-ɓ-CD and Baf A1 on NPLys-Ang II cell binding. (A) Binding curves 

derived from Ca2+ mobilization assays showing the effect of M-ɓ-CD-induced cholesterol 

depletion on ligand (Ang II) and NPLys-Ang II (NP) binding. (B) Corresponding data derived 

from experiments investigating effects of Baf A1 on Ang II and NP binding. Serial 

dilutions of the free ligand Lys-Ang II (N = 3) and NPLys-Ang II (N = 3) were prepared and 

measured on Fura-2 AM-loaded rMCs (error bars reflect standard deviation). Schemes 

show how the employed inhibitors (M-ɓ-CD and Baf A1) effect the membrane 

morphology. While M-ɓ-CD directly extracts cholesterol from the membrane (A), Baf A1 

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 ŭ and what effects on dissociation constants ὑ  must be expected. The 

parameters considered were free ligand affinity ὑ  and nanoparticle avidity ὑ . As ὑ  

is inversely proportional to affinity and avidity, it is important to note in this context that 

the binding experiments with NPLys-Ang II 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 avidity. ŭCCP is the expected wrapping fraction 

for binding in a clathrin-coated pit. In theory, ŭ ranges from 0 to 1 (no vs. full wrapping 

of the particle). (C) Derived log EC50 values for M-ɓ-CD experiments. (D) Corresponding 

data derived for Baf A1 experiments. Statistical significance was assessed via one-way 

ANOVA analysis with subsequent Tukey's multiple comparison test (ns. ï not significant, 

**** ï P < 0.0001; error bars reflect standard error of mean; Ŭ = 0.01, FM-ɓ-CD = 226.7, 

FBaf A1 = 339.3, dfM-ɓ-CD = 11, dfBaf A1 = 8). For the Baf A1 treatment experiment, a log EC50 

of NPLys-Ang II binding could not be determined because a reliable fitting of the data was 

not possible (NA.). 

 

 

 

 

 

First, we investigated the effect of M-ɓ-CD-induced cholesterol depletion on the binding 

intensity of Lys-Ang II and NPLys-Ang II to cells (Fig. 3A). The EC50 values revealed no 

significant effect of M-ɓ-CD treatment on Lys-Ang II affinity (ctrl: log EC50 = ī7.26 Ñ 0.02; 

M-ɓ-CD: log EC50 = ī6.84 Ñ 0.02; mean Ñ sem), while the avidity of NPLys-Ang II decreased 

significantly compared to control (ctrl) (ctrl: log EC50 = ī9.28 Ñ 0.01; M-ɓ-CD: log EC50 = 

ī7.28 Ñ 0.14; mean ± sem) (Fig. 3C). In the context of Ca2+ mobilization based binding 

assays, our control experiments consisted throughout of testing both free Lys-Ang II and 

NPLys-Ang II on untreated rMCs that were otherwise handled identically. 

 

One concern we had regarding the results of the M-ɓ-CD experiments was the ability of 

M-ɓ-CD to complex hydrophobic molecules. In the case of complexation of particle-

bound ligands by M-ɓ-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-ɓ-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 II and NPLys-Ang II binding parameter log EC50 in binding 

assays on rMCs (Fig. 3B). Baf A1 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-ɓ-CD. While no significant effect was observed for the free ligand (ctrl: log EC50 

= ī7.18 Ñ 0.03; Baf A1: log EC50 = ī6.74 Ñ 0.14; mean Ñ sem). NPLys-Ang II binding was 

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 EC50 value 

(ctrl: log EC50: ī9.61 Ñ 0.05; Baf A1: exceeds limit of quantification; mean Ñ sem) (Fig. 

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-ɓ-

CD and Baf A1 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 II binding (ctrl: log EC50 = ī6.94 Ñ 0.04; Dyn: log EC50 = ī6.64 Ñ 0.02; 

mean Ñ sem) was unaltered, nanoparticle avidity (ctrl: log EC50 = ī9.22 Ñ 0.03; Dyn: 

log EC50 = ī7.39 Ñ 0.12; mean Ñ sem) was massively reduced in the Dyn-mediated 

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 NPLys-Ang II cell binding. (A) Binding curves derived from 

Ca2+ mobilization assays showing the effect of Baf A1 on free ligand (Lys-Ang II) and 

NPLys-Ang II binding to cells. Data was recorded for serial dilutions of the free ligand Lys-

Ang II (N = 3) and NPLys-Ang II (N = 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 loss of wrapping fraction ŭ and expected effects 

dissociation constant ὑ . The parameters considered were free ligand affinity ὑ  and 

nanoparticle avidity ὑ . As ὑ  is inversely proportional to affinity and avidity, it is 

important to note in this context that the binding experiments with NPLys-Ang II 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 avidity. 

ŭCCP is the expected wrapping fraction for binding in a clathrin-coated pit. In theory, ŭ 

ranges from 0 to 1 (no vs. full wrapping of the particle). (B) Derived log EC50 values were 

compared via one-way ANOVA analysis with subsequent Tukey's multiple comparison 

test (ns. ï not significant, ** ï P < 0.01, **** ï P < 0.0001; error-bars reflect standard-

error of mean; Ŭ = 0.01, FDyn = 331.7,dfDyn = 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 NPLys-Ang II. 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-ɓ-CD. With increasing concentration of M-ɓ-CD, larger 

amounts of cholesterol were extracted (Fig. 5C). Also, based on the agreement of the 

results from the NPLys-Ang II binding studies with Baf A1 and M-ɓ-CD (Fig. 3A and B), we 

concluded that M-ɓ-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-ɓ-CD 

concentrations (Fig. 5C and Fig. S4). We observed that M-ɓ-CD only induced a change 

of EC50 values when its concentration was sufficiently high to reduce the cell cholesterol 

content (Fig. 5A and B). We noticed a strong correlation (r2 = 0.98, P = 0.011) between 

the log EC50 value and 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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Figure 5: Cholesterol level dependence of log EC50 of NPLys-Ang II. (A) Binding curves 

derived from Ca2+ mobilization assay for each M-ɓ-CD concentration (ctrl, 5, 10, and 30 

mM). For each M-ɓ-CD concentration, serial dilutions of NPLys-Ang II (N = 3) were prepared 

and measured on Fura-2 AM-loaded rMCs (error bars reflect standard deviation). (B) 

log EC50 values determined for each M-ɓ-CD concentration were compared via one-way 

ANOVA analysis with subsequent Tukey's multiple comparison test (ns. ï not significant, 

*** P < 0.001, **** ï P < 0.0001; error bars reflect standard error of mean; Ŭ = 0.01, F = 

262.1, df = 11). (C) The graph represents the results of AmplexÊ red-based cholesterol 

quantification experiments conducted with different concentrations of M-ɓ-CD. As a 

measure for residual cholesterol, we plotted the normalized fluorescence intensity (FI) 

signals (ɚem 590 nm) determined via AmplexÊ red cholesterol quantification assay 

conducted in presence and absence of 2.5 mM probenecid. All concentrations were 

investigated on sets of rMC samples (in presence and absence of 2.5 mM probenecid, 

each N = 4). Impact of M-ɓ-CD on rMC cholesterol content and the effect of probenecid 

on M-ɓ-CD mediated cholesterol extraction were analyzed via two-way ANOVA analysis 

with subsequent Tukey's multiple comparison test (* ï P < 0.1, ** ï P < 0.01 *** ï P < 
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0.001, **** ï P < 0.0001; error bars reflect the 95% CI; Ŭ = 0.01, Fprob = 3.26, FM-ɓ-CD = 

68.07, Fint = 1.86, df = 31). (D) Schematic illustration of the effect of different M-ɓ-CD 

concentrations on wrapping fraction ŭ and nanoparticle avidity ὑ . ŭmax is the highest 

wrapping fraction for a particular membrane section, where ŭ theoretically ranges from 

0 to 1 (no vs. full wrapping of the particle). (E) log EC50 values plotted against the 

corresponding normalized cholesterol fluorescence signal intensities (error bars reflect 

the 95% CI). Pearson analysis revealed a strong inverse correlation (two-tailed, r2 = 

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 kNP is equal to the membrane Gaussian 

curvature Km (Fig. 6A, Supplementary Text). To account for the degree of geometrical 

match, we employed the nanoparticle wrapping fraction ŭ, which is defined as the ratio 

of the part of the membrane surface area that is in contact with the nanoparticle Am (Km 

å kNP) and the total nanoparticle surface area ONP (Eq. 1, Fig. 6A). 

 

‏      (1) 

 

Initially, considering the case where a single nanoparticle binds to a membrane, the 

number of ligandïreceptor bonds formed N can be estimated by correcting the valence 

Nt of the particle (total number of ligands on the particle) by the wrapping factor ŭ 

(ranging from 0 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 ligandïreceptor 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. 

 

ὔ ὔ‏ ρ     (2) 
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In the next step, we extend this expression (Eq. 2) to describe the interaction of multiple 

particles with a membrane. For this purpose, we introduce the effective ligand 

concentration [L]NP which corresponds to the number of ligandïreceptor bonds all 

nanoparticles will form taken together Nall NP for a given wrapping fraction ŭ. Assuming 

that the same wrapping fraction occurs for all particles, this can be easily done by 

multiplying the number of particles considered NNP by the number of ligands binding per 

particle determined according to Eq. (2) (Nall NP = NNP(ŭNt + 1)). The introduction of the 

Avogadro constant NA (Fig. 6B, Supplementary Text, Eqs. 10 and 11) yields [L]NP as 

shown in Eq. (3). 

 

ὒ ὧ ὔ‏ ρ    (3) 

 

The expression for [L]NP in Eq. (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]. 

 

     (4) 

 

Substituting [L]NP for [X] (consider L the nanoparticle attached ligands) in Eq. (3) yields 

Eq. (5) in which ὑ  is the affinity of a single bond. 

 

    (5) 

 

Here, E is the measured response (e.g., Ca2+ signal) and Emax is the maximum inducible 

response (e.g., maximum Ca2+ signal inducible by NPLys-Ang II). For our Ca2+ mobilization 

assay, Emax was calculated by fitting data of NPLys-Ang II control experiment (Fig. 6B, grey 

symbols) using Eq. (12) (materials & method section). Now Eq. (5) can be used to model 

saturation binding curves for any given ligand-functionalized nanoparticle with a known 

number of ligands Nt and ligand affinity ὑ  for any given wrapping fraction ŭ (Fig. 6C). 

A nanoparticle's avidity ὑ  can be calculated for E = Emax/2 where cNP equals ὑ . If 

we modify Eq. (5) in this way, we obtain Eq. (6), the first step of a derivation of a general 

relation of ὑ  and ὑ  in dependence of the wrapping fraction ŭ. 
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Ὁ     (6) 

 

In the cause of further solving Eq. (6) for ὑ , Emax drops out and we yield a general 

relation of ὑ  and ὑ  as a function of ŭ in Eq. (7) which we refer to as the preferential 

binding model (Fig. 6D). This allows us to predict the shift of ὑ  for any given shift in 

wrapping fraction ŭ (e.g., to be expected upon cholesterol depletion, Fig. 6E). 

 

ὑ      (7) 

 

Based on literature data for Gaussian curvature and corresponding surface areas of 

CCPs [63], a wrapping fraction ŭ of 0.07 to 0.23 for NPLys-Ang II can be considered realistic. 

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 ὑ  shifts of NPLys-Ang II (Fig. 7E and F). 
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Figure 6: Model to predict ╚╓
╝╟ shifts occurring upon cholesterol depletion. (A) 

Scheme illustrating the alignment of nanoparticle curvature kNP and Gaussian 

membrane curvature Km of a CCP. (B) Illustration how the effective ligand concentration 

[L]NP is calculated when a nanoparticle interacts with a cell membrane in the presence 

and absence of non-flat CCPs. (C) Illustration how the developed model (Eq. 5) can be 

used to derive binding curves for any combination of nanoparticle valency Nt, ligand 

affinity ὑ  and wrapping fraction ŭ. (D) Presentation of the preferential nanoparticle 

binding model assuming the constant curvature model [20ï22] for CCP maturation. After 

the initiation of membrane curvature, wrapping fraction ŭ increases as the maturation 

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

dome-pit-transition occurs. After this, accessibility to the CCP for the nanoparticle 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 ὑ . ŭCCP is the highest wrapping fraction for the considered 

membrane section. It occurs where Gaussian membrane curvature Km and nanoparticle 

curvature kNP align (Km = kNP). ŭ theoretically ranges from 0 to 1 (no vs. full wrapping of 

the particle). 
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To investigate the predictive power of our theoretical model, we analyzed the impact of 

cholesterol-depletion via M-ɓ-CD on the dissociation constant ὑ  of nanoparticle 

binding and on their avidity. For this, we plotted data derived from Ca2+ mobilization 

assays investigating effects of M-ɓ-CD to obtain saturation curves (Fig. 7A and B). In 

untreated cells, the nanoparticle's ὑ  of 0.67 nM exceeded the free ligand's ὑ  of 108 

nM by approximately 160-fold. In contrast, when cells were treated with M-ɓ-CD, 

nanoparticles were subject to a massive avidity loss. ὑ  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 ὑ  values found for the free ligand Lys-Ang II, we predicted binding curves to 

investigate the impact of the wrapping fraction ŭ (Eq. 5) and the corresponding Hill-slope 

n modified model (Eq. 9, Fig. 7C). This allowed us to find the best possible estimate of 

ŭ for our nanoparticle model system in the presence and absence of CCPs (Fig. 7D and 

Fig. S5). 

 

    (8)  
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Figure 7: Comparison of model to predicted ╚╓
╝╟ shift with experimental data. (A) 

Saturation curve derived from data acquired for free Lys-Ang II in Ca2+ mobilization 

assay (experiment + one repeat, each N = 3). (B) Saturation curves derived for binding 

of NPLys-Ang II to untreated and 30 mM M-ɓ-CD pretreated cells (N = 3). In (A) and (B), 

data acquired for lower concentrations (Lys-Ang II 0.1 nMï1 ɛM; NPLys-Ang II 1 pMï1 nM) 

were also plotted against a log-scale for clarity. (C) Binding curves predicted for a series 

of ŭ-values were plotted and compared to binding curves based on data derived from 

Ca2+ 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 lower and upper limits of ŭ (ŭ = 0.07 and ŭ = 0.23, see Supplementary 

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

log EC50 values of predicted binding curves for a series of values of ŭ and log EC50 values 

determined for Ca2+ mobilization assays for NPLys-Ang II in presence (ctrl NP) and absence 

(30 mM NP) of CCPs and for Lys-Ang II. Dashed line refers to the log EC50 value for the 
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binding of NPLys-Ang II in control experiments (ctrl NP). Data were compared via one-way 

ANOVA analysis with subsequent Tukey's multiple comparison test (ns. ï not significant, 

**** ï P < 0.0001; error bars reflect standard error of mean; Ŭ = 0.001, F = 194.1, df = 

8). (E) Comparison of experimental saturation curves and model-based predictions for 

best-fit value ŭ = 0.1 and ŭ = 0. (F) Corresponding KD values (error-bars reflect the 95% 

CI). The values above the arrows indicate the decrease of KD in log-steps. 

 

 

 

 

 

Model-based data simulation employing the identified best-fit value for ŭ (Fig. 7C, D and 

Fig. S5) predicted an increase of ὑ  by 2.30 log-steps. The experimental saturation 

curves, indeed, revealed an increase of the same order of magnitude. M-ɓ-CD-induced 

CCP flattening resulted in a ὑ  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 1ï2 order of magnitude lower avidity 

of NPLys-Ang II for receptor-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-ɓ-CD 

treatment decreases the EC50 of NPLys-Ang II to the value obtained for the free ligand Lys-

Ang II 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 Am(Km å kNP) > 0 (consequently ŭ > 0), 

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]NP 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 between CCPs and our model nanoparticle surfaces (ŭ = 0.10), which 

corresponds very well with our initial expectations (ŭ = 0.07ï0.23) estimated from the 

geometrical fit of NPLys-Ang II to unaltered CCPs (Fig. 7C and D) [52,63]. When we 

calculated the cholesterol depletion-induced avidity loss of NPLys-Ang II, it 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 nanoparticle 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 (Nt) for its wrapping fraction (ŭ) (Eq. 2) determines the maximum possible 

number of receptorïligand pairs that could theoretically be formed based on the particle 

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

loss during binding. 

 

Regarding the NPLys-Ang II binding 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-ɓ-CD and Baf A1 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 Ca2+ indicator. Custom 

peptide Lysine-Angiotensin II (sequence: NH2-KDRVYIHPF-COOH) was synthesized to 

order (GenScript, Netherlands). The inhibitors used in cell binding assays were methyl-

ɓ-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, Mn = 5000 ± 500 g 

molī1, stated on certificate of analysis) and ester-terminated PLGA (Resomer® RG 502, 

ester-terminated, Mw 7000ï17 000, Sigma-Aldrich, USA). Other chemicals used in the 

syntheses were 3,6-dimethyl-1,4-dioxane-2,5-dione and 1,8-diazabicyclo[5.4.0]undec-

7-ene (both Sigma-Aldrich, USA). Cholesterol was quantified using components of the 

AmplexÊ Red Cholesterol Assay Kit (Thermo Scientific, USA). Lys-Ang II was 

quantified using PierceÊ BCA Protein Assay Kit (Thermo Scientific, USA). 

 

 

Syntheses and nanoparticle 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 = 5085 g molī1) was charged 

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-dione and 437 ɛL (0.46 mmol) of 1 M 1,8-

diazabicyclo[5.4.0]undec-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 1H-NMR. Number-average molecular weight Mn = 14 459 

g molī1 was derived by calculating number-average PLA molecular weight from 1H-NMR 

data using the following equation. 
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ὓ
  

ὓ   (9) 

 

Here MPLA-p and MPEG-p are number-average molecular weights of the PLA- and PEG-

polymer block. MPLA-u and MPEG-u are monomer molecular weights. APLA CH3 is the lactic 

acid (ïCH3) integral, APLA CH is the lactic acid (ïCHï) integral, and APEG is the PEG (ï

OCH2CH2ï) integral (Fig. S3). Note that both monomer units possess the same number 

of protons (four each). 1H-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 × 9.17 mmol PLA monomer), 

based on MPLA-u = 72 g molī1 we yield a maximum number-average molecular weight of 

MPLA-p = 10157 g molī1. Based on 1H-NMR data, we calculated a number-average 

molecular weight of MPLA-p of 9374 g molī1 yielding an estimated monomer conversion 

rate of 92.3%. 

 

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

block copolymer, 200 mg (13.8 ɛmol) of carboxy-PEG-PLA, 66 mg (172.5 ɛmol) EDC, 

and 40 mg (172.5 ɛmol) NHS were dissolved in 1 mL of anhydrous DMF and reacted 

under stirring at 500 rpm for 3 h at room temperature. 120 ɛL (862.5 ɛmol) 2-

mercaptoethanol was added to quench the reaction. 19.6 mg (16.7 ɛmol) of Lys-Ang II 

peptide was dissolved in 500 ɛL anhydrous DMF. Before adding the peptide solution, 

23 ɛL (66.0 ɛmol) of N,N-diisopropylethylamine was added to the polymer solution. After 

adding Lys-Ang II 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 H2O to yield a DMF 

content below 10% (v : v). This solution was dialyzed for 24 h using a 6ï8 kDa 

regenerated cellulose (RC) membrane. Medium was replaced after 30, 60 min, 2, 4, 6, 

12, and 24 h. Finally, the solution was frozen at ī80 °C and lyophilized for four days 

(0.005 mbar, ī20 ÁC). Polymer micelles were prepared for characterization as follows. 

Lyophilized product was dissolved in acetonitrile (ACN) to yield a 40 mg mLī1 stock 

solution. 75 ɛL of this stock solution was mixed with 225 ɛL ACN to yield 10 mg mLī1 

working solution for micelle preparation. This was added dropwise to 3 mL of milliQ H2O 

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

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

Lys-Ang II coupling efficiency (Fig. S2C). Lys-Ang II was quantified using a PierceÊ 



Chapter 3 
 
 

 

112 
 

BCA assay kit. A standard serial dilution of free Lys-Ang II was prepared (1000, 750, 

500, 250, 125, and 25 ɛg mLī1 + milliQ H2O as blank) to yield a calibration curve (Fig. 

S2B). 25 ɛL of micelle sample and each standard were pipetted on a 96-well plate. 200 

ɛL of BCA working reagent prepared according to manufactures instructions were added 

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% CO2, 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, 20, 10, 5 ɛg mLī1 + milliQ H2O 

as blank) to derive a calibration curve (Fig. S2A). 40 ɛL 5% (m/V) BaCl2 solution in 1 M 

HCl and 20 ɛL 0.1 M iodine solution were mixed in each well of a 96-well-plate. 140 ɛL 

of a 1 : 60 diluted micelle sample and undiluted standards were added. The plate was 

incubated for 15 min at room temperature. Absorbance was measured at 535 nm on a 

FLUOstar Omega plate-reader. NPLys-Ang II was analyzed as described above except that 

a 1 : 100 dilution was used for the iodine assay. The molar ratio of Lys-Ang II to PEG 

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

found for NPLys-Ang II characterizes the degree of particle functionalization. 

 

Nanoparticles were prepared using solvent evaporation technique. Lys-Ang II-modified 

PEG-PLA, carboxy-PEG-PLA, and poly(D,L-lactide-co-glycolide) (PLGA) were 

dissolved in ACN to obtain 40 mg mLī1 stock solutions. These were mixed to obtain a 

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

a normalized ligand density for Lys-Ang II of 0.2. The mixed polymers were diluted with 

ACN to obtain a total polymer concentration of 10 mg mLī1. 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 HeïNe 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 cmī3 for the density (ɟ) of PEG-PLA [51], the 

hydrodynamic diameter dh as determined by DLS, and the reciprocal Avogadro's 

constant NA, Eq. (10) yields the molar nanoparticle concentration cNP. 
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Cholesterol quantification 

Cholesterol extracted by M-ɓ-CD was quantified using an AmplexTM 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-ɓ-CD in Leibovitz's medium. M-ɓ-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% CO2. Complete cell lysis was confirmed by light microscopy, and the 

lysate was used for the cholesterol quantification assay. 

 

80 ɛL samples of the cell lysates were collected (N = 3), mixed with 160 ɛL assay 

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% CO2) to ensure sufficient 

solubilization of cholesterol for the assay. From these pre-incubated samples, 10 ɛL 

samples were collected (N = 2) and mixed with 90 ɛL AmplexTM Red reagent buffer (300 

ɛM AmplexTM Red reagent, 2 U mLī1 horseradish peroxidase, and 2 U mLī1 cholesterol 

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

CO2) 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 mLī1 horseradish peroxidase and 2 U 

mLī1 cholesterol oxidase were incubated for 45 min (37 °C, 5% CO2, protected from 

light) in the presence of 300 ɛM AmplexTM Red reagent and 4 ɛg mLī1 cholesterol 

standard in the presence or absence of 0.016% trypsin. No significant loss in activity 

was found (Fig. S4B). 

 

 

Fura-2 AM-based Ca2+ mobilization assay 

For Fura-2 AM-based Ca2+ mobilization assays, rMCs were harvested by applying 

0.25% Trypsin for 90 s (37 °C, 5% CO2). Prior to use, 50 ɛL DMSO was added to 50 ɛg 

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 

to a small culture dish, and incubated with 8.3 ɛM Fura-2 AM, 2.5 mM OAT-inhibitor 

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 1 106 rMCs mLī1 using a Neubauer-improved counting chamber 

(Marienfeld, Germany). Cell suspensions were immediately used for measurements with 

M-ɓ-CD (5, 10, 30 mM, 45 min) or Dyn (100 ɛM, 1 h) treatment. To investigate the effect 

of Baf A1, cells were pretreated with 100 nM Baf A1 for 24 h ahead of the assay. All 

buffers used during the assay were supplemented with 100 nM Baf A1. 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-ɓ-CD was investigated and found 

to be negligible for M-ɓ-CD concentrations Ó10 mM (Fig. 4C). Baf A1 and Dyn were used 

at concentrations known to perturb CCP maturation [42ï46]. To prove that the measured 

Ca2+ signals were exclusively triggered by the specific Lys-Ang II-AT1R interaction, we 

performed a Ca2+ assay with an unfunctionalized nanoparticle (NPCOOH). In addition, 

another Ca2+ assay was performed with NPLys-Ang II. In this case, however, 10 µM 
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Exp3174 were added to the loading buffer. Also, 10 µM 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-reader. Plates were prepared by adding 10 ɛL of ten-fold over-concentrated serial 

dilutions of Lys-Ang II and NPLys-Ang II per well. The assay was started by adding 90 ɛL of 

Fura-2 AM-loaded cell suspension to each sample via the FLUOstar Omega pump 

system set to a speed of 100 ɛL sī1. Each sample was alternately excited at ɚ 340 nm 

and 380 nm every 1.5 s, measuring emission at ɚ 510 nm. Data was collected for 30 s 

per sample. Three replicates were measured for each concentration of Lys-Ang II and 

NPLys-Ang II. The highest measured ratio of each sample was used for the calculation of 

intracellular Ca2+ levels using the Grynkiewicz-equation [72]. For calibration, the 

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

ɛL of 1% TritonÈ X-100 in PBS. The minimum ratio (Rmin) was measured using 10 ɛL of 

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 II and NPLys-Ang II Ca2+ mobilization assays 

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

 

ὣ ρππȾρ ρπ    (11) 

 

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

 

ὣ Ὁ ὢȾὑ ὢ    (12) 

 

All fittings were conducted using GraphPad Prism (v8.3.0, GraphPad Software, San 

Diego, USA).  
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Supplementary Text 

 

Detailed Derivation on -sensitive Binding Model 

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

nanoparticleôs valency for the particles wrapping fraction. 

 

ὔ  ὔ      (1)‏

 

In Eq. (1) Nt is the total amount of ligands attached to the respective nanoparticle and ŭ 

expressing the wrapping fraction ranging from 0 (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). 

 

ὔ ὔ‏ ρ     (2) 

 

With ŭ expressed as the ratio of membrane area where gaussian curvature Km of the 

membrane is in good correspondence to the curvature kNP of the given spherical 

nanostructure Am (Km å kNP) and the nanostructures surface area ONP (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 kNP and gaussian membrane curvature Km align. kNP is given as 

[3]. 

 

Ὧ       (3) 

 

And the gaussian curvature Km is given as the product of the principal curvatures ə1 and 

ə2 corresponding to the contact sphere radii r1 and r2 [4]. 

 

ὑ ‖‖     (4) 
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Ramanan et al. calculated gaussian curvature Km profiles for clathrin-coated pits based 

on simulated membrane deformation profiles [5]. For early- and medium-stage clathrin-

coated pits gaussian curvature Km was found to range from 0.8 to 2.4·10-3 nm-2, which 

is in good correspondence with our nanoparticleôs curvature kNP of 0.8·10-3 nm-2, given 

by the hydrodynamic diameter dh 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 nm2; medium: 3760 nm2) [6], we estimated ŭ to range from 0.07 

to 0.23 (with ONP = 16326 nm2) for our nanoparticle model system binding into a pit. 

 

As we consider the limits for ŭ Ÿ 0 (Eq. 4) and ŭ Ÿ 1 (Eq. 5) it is apparent that our 

expression is suitable to describe the number of ligand receptor pairs formed in 

dependence of the wrapping fraction ŭ. However, the introduction of this expression is 

only permissible if Nt 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 

providing nanoparticles with a given wrapping fraction  ŭ (e.g., CCPs) becomes 

negligible as ŭ increases (Eq. 5). This requirement can be considered given for most 

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

consideration of the limiting cases of N in dependence of ŭ neglects the possibility of 

dissociation of the particle at low values of ŭ (in this case: ÌÉÍ
ᴼ
ὔ π). 

 

ÌÉÍ
ᴼ
ὔ ρ      (5) 

 

ÌÉÍ
ᴼ
ὔ ὔ  if ὔ‏ ḻρ  (6) 

 

The absence of a given wrapping fraction corresponds to Am (Km å kNP) = 0 within our 

model. Consequently, in this case ŭ = 0 (Eq. 1). Due to the correction of the particle 

valence Nt by ŭ  the number of receptor-ligand bonds formed for a single particle results 

to be N = 1 (see equation 6 main text) and for a particle number > 1 would be equal to 

ὒ  = cNP (this corresponds to the binding of one ligand per particle, see equation 7 in 

main text). In such a case nanoparticle 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 Km corresponding to the curvature of the nanoparticles kNP 

(e.g. CCPs), this membrane already has an area Am (Km å 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 particle already has a wrapping fraction ŭ > 0 at 

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. 

 

ὒ ὙᵮὙὒO Ὁ  

 

Ὁᶿ Ὑὒ and Ὁ ᶿ Ὑ  

 

Consequently, the degree of receptor occupation y can be expressed as follows. 

 

ώ       (7) 

 

The concentration [RL] can be expressed according to the law of mass action. 

 

Ὑὒ       (8) 

 

By transforming the law of mass action (Eq. 7) and inserting the derived expression for 

the degree of receptor occupation y (Eq. 6), we obtain an expression allowing us to 

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

 

      (9) 
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A necessary condition for this approach is a linear relationship between receptor 

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

 

ᶿ       (10) 

 

The relation [RL]/[RT]  θE/Emax  in equation (11) can be considered as given in case of 

the interaction of Ang II with the AT1 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 II is known to act as a full agonist of AT1R [9], (2) there 

occurs no Ca2+ signal amplification in the intracellular signal cascade of the AT1R 

[10,11], and (3) wild-type AT1R exceeds no significant constitutive activity [12] regarding 

the PLC-IP3/Ca2+-signal pathway [13]. 

 

Using the expression for the ŭ-corrected nanoparticle valency N (Eq. 1), we introduced 

a modified expression for [L] allowing us to estimate the effective ligand molar 

concentration ὒ  as a function of the particleôs molar concentration cNP, the number 

of ligands attached to the nanoparticle Nt, and the wrapping fraction ŭ. 

 

ὔ ὧ ὔ       (11) 

 

We begin the derivation of ὒ  by assuming a number of particles NNP to attach to a 

membrane where ŭ is constant for every particle. In doing so, we can calculate the 

number of binding ligands on all particles L by multiplying N calculated according to Eq. 

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

 

ὒ ὧ ὔ ὔ‏ ρ  

 

ὒ ὧ ὔ‏ὔ ὧ ὔ    ὒ  

 

ὒ ὧ ὔ‏ ὧ   

 

ὒ ὧ ὔ‏ ρ    (12) 
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The effective ligand concentration ὒ  combined with the free ligandôs dissociation 

constant KD determined based on data obtained in the Ca2+ mobilization assays were 

employed to predict binding curves for a series of values for ŭ. To test the significance 

of our theoretical considerations regarding preferential nanoparticle binding to CCPs, 

we specifically predicted binding curves for the threshold values of ŭ (ŭ = 0.07-0.23) 

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 

ŭ. The number of ligands attached to a single nanoparticle Nt was previously determined 

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

 

    (13) 

 

Finally, equation (13) - obtained by inserting ὒ   (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 

cooperativity Ŭ [17], this extension 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 EC50 was determined and compared with the values 

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

the free ligand 

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

for ŭ = 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 

log EC50 for ŭ = 0.10 values aligned best. For M-ɓ-CD pretreated cells on the other hand, 

the binding curve derived from experimental data laid between the predicted curves for 

ŭ of 0.01 and 0 (Fig. 6C). 
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Finally, the obtained best-fit value for ŭ was re-integrated into the standard binding 

saturation model (Eq. 15) modified to account for morphological correspondence ŭ by 

substituting the term ὒ   given in equation (12) for [L]. For E and Emax we inserted the 

change of Ca2+ level ȹCa2+ and maximum change of Ca2+ level Ўὅὥ  to make the 

model applicable for data derived from Ca2+ mobilization assays. 

 

Ўὅὥ Ўὅὥ     (15) 
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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 Bucherôs model, after the flat-dome-state transition, membrane 

curvature Km 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, Km coincides with the curvature of the nanoparticle kNP. 

Consequently, at this point in maturation the wrapping fraction ŭ, the number of binding 

ligands N, and ultimately the nanoparticles avidity ὑ  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 II modified PEG5k-PLA10k 
and NPLys-Ang II (A, B) Lys-Ang II coupled PEG5k-PLA10k polymer and functionalized 
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nanoparticles were characterized using Pierce BCA assay and BaCl2 based iodine 
assay to quantify Lys-Ang II and PEG molarity. Quantification was done via linear 
regression analysis conducted with serial dilutions of PEG5k (40, 30, 20, 10, and 5 
µg/mL) and Lys-Ang II (1000, 750, 500, 250, 125, and 25 µg/mL). (C) Coupling efficiency 
was quantified as the molar ratio of Lys-Ang II to PEG in Lys-Ang II-PEG-PLA micelles. 
For EDC/NHS-catalyzed Lys-Ang II functionalization of carboxy-PEG5k-PLA10k 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 II ligand. (D) DLS characterization was done for each 
particle lot prepared for investigation of the three employed inhibitors M-ɓ-CD, Baf A1, 
and Dyn. Hydrodynamic diameter dh (z-average) was determined as 71.5 ± 0.5 (M-ɓ-
CD), 71.6 ± 0.2 (Baf A1), 73.1 ± 0.5 (Dyn), and 69.8 ± 0.5 (M-ɓ-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 particle lot (dashed lines indicate 
std., N = 3). 
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Supplementary Figure 3: 1H-NMR (CDCl3, 400 MHz) of carboxy-PEG5k-PLA10k block 
copolymer. ŭ (ppm): 1.561 (-C(CH3)H-, APLA CH3 = 0.8514), 3.633 (-OCH2CH2-, APEG 
set to 1), 5.162 (-C(CH3)H-, APLA CH = 0.2752), 7.260 (solvent peak). 
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Supplementary Figure 4: Cholesterol Quantification Assay (A) Scheme gives an 
overview about the sample preparation for AmplexTM Red-based cholesterol 
quantification 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 µg/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 µg/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 

╛╝╟  based model and ╛╝╟ +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 ŭ. RSS values were determined for nanoparticle binding data 

against predicted data derived from basic binding curve model accounting for ŭ (Eq. 13) 

and binding curve model with Hill-extension (Eq. 14). Best overlay was found for ŭ = 

0.10 employing binding curve model with Hill-extension (error-bars reflect standard 

deviation). 
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Abstract 

 

Interferon-ɔ (IFN-ɔ) 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-ɔ exceeds similar effects on nanoparticles. Concretely, IFN-ɔ-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 II functionalized nanoparticles (NPLys-Ang II) in a co-culture system 

of angiotensin II subtype 1 receptor (AT1R) positive rat mesangial target cells (rMCs) 

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

5-fold loss of target cell preference for NPLys-Ang II. Thus, our in vitro results suggest a 

strong influence of IFN-ɔ on nanoparticle distribution, which is relevant in the context of 

nanotherapeutic approaches to cancer treatment, as IFN-ɔ is strongly expressed in 

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-ɔ.  



Impact of Interferon-ɔ on the Target Cell Tropism of Nanoparticles 
 
 

 

147 
 

 

 

 

 

 

 

 

 

Graphical Abstract 

 

 

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

specific nanoparticle accumulation via upregulation of cholesterol 25-hydroxylase 

(CH25H). Interferon-ɔ 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 [1ï3]. 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-ɔ (IFN-ɔ) is an essential component of the organismôs immunological 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 [5ï11]. 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-ɔ 

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-ɔ could have an impact on 

ligand-functionalized nanoparticle distribution as well. 

 

Regarding the effects of IFN-ɔ on viral pathogens, upregulation of cholesterol 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 [16ï20] is expandable to the case of ligand functionalized 

nanoparticles. The presence of CCPs, which excellently match nanoparticles in 

curvature and size [21ï23], 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 (KD) 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-ɔ could have a significant effect on the target cell 
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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-ɔ regarding nanoparticle 

biodistribution in vivo. 

 

 

 

Figure 1: Hypothesis on IFN-ɔ induced impairment of target-cell specific 

nanoparticle accumulation. The aim of our experimental work was to investigate the 

influence of the cytokine IFN-ɔ on the biodistribution of a ligand-functionalized 

nanoparticle in a simple model system namely an rMC/HeLa (target/off-target) cell co-

culture. Our hypothesis is that IFN-ɔ 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 nanoparticles, in this 

case a reduction of the particlesô avidity 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: NPLys-Ang II ï lysin-angiotensin II functionalized nanoparticle, AT1R ï 

angiotensin II receptor subtype 1, rMC ï rat mesangial cell, (dome)-CCP ï (dome-

shaped) clathrin-coated pit, IFN-ɔ ï interferon- ,ɹ CH25H ï cholesterol 25-hydroxylase. 

 

 

 

 

To test our hypothesis, we used polymer-based nanoparticles functionalized with lysin-

N-modified angiotensin II (NPLys-Ang II). This modification enabled angiotensin II subtype 

1 receptor (AT1R) mediated target cell recognition [32]. To investigate possible effects 

of IFN-ɔ on target/off-target cell co-cultures, we used AT1R positive rat mesangial cells 

(rMCs) as target cells and AT1R negative HeLa cells as off-target cells. We employed 

this experimental setup to follow the impact of IFN-ɔ on particle performance parameters 
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like preferential uptake of NPLys-Ang II by rMC cells. Additionally, we investigated the ability 

of NPLys-Ang II 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-ɔ on NPLys-Ang II 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 nanoparticle-

based therapeutics. Possible effects of IFN-ɔ could prove to be highly relevant 

considering targeted tumor therapy. Tissue concentrations of IFN-ɔ were found to be 

increased up to 10-fold in tumors [41ï43] compared to healthy tissue. Therefore, in vitro 

observations regarding effects of IFN-ɔ on nanoparticle 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-ɔ on the distribution of ligand 

functionalized nanoparticles between target and off-target cells. For this purpose, we 

employed NPLys-Ang II as 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 distribution (PDI consistently Ò 0.2, Eq. 1) for NPLys-

Ang II (Fig. 2A, SI 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, SI 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 II as its targeting ligand, 

we decided to establish a co-culture of AT1R-positive rat mesangial cells (rMC) and 

AT1R-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) HeLa cells that had 

not taken up particles (HeLa-NP), (2) HeLa cells that had taken up particles (HeLa+NP), 

(3) rMCs that had not taken up particles (rMC-NP), 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 NPLys-Ang II derived from nanoparticle 
tracking analysis. TEM images of the investigated particle species. (A) Mean and 
mode of hydrodynamic diameter (dNP) 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-ɔ (IFN-ɔ /ctrl). Also, particle lots used for Ca2+ mobilization 
assay (Ca2+) and investigation of particle distribution in rMC/HeLa co-cultures with 
increasing target cell proportion (rMCŷ) were characterized for size and PDI. (B) Stability 
of NPLys-Ang II in rMC/HeLa cell co-cultures was tested over the intended time of incubation 
to be applied in nanoparticle uptake experiments. Statistical significance of dNP or PDI 
deviations from baseline (t = 0 min) was tested via one-way ANOVA with subsequent 
Dunnettôs multiple comparison test (Fmean (DFn = 6, DFd = 12) = 2.63, P = .07; Fmode 
(DFn = 6, DFd = 12) = 1.85, P = .17; FPDI (DFn = 6, DFd = 12) = 2.26, P = .11; error bars 
indicate SD). (C) Representative TEM images of uranyl acetate negative stained NPLys-

Ang II CF647 (left) and NPLys-Ang II (right) samples (both 20,000- fold magnification, white 
bar indicates 250 nm). 
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Effect of IFN-ɔ on Particle Preferential Uptake and Targeting Efficiency 

Our first aim was to investigate whether an IFN-ɔ-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. To be able to correlate IFN-ɔ effects on nanoparticle distribution in cell co-culture 

with upregulation of CH25H, it was necessary to examine first the effect of IFN-ɔ on the 

target cell population. We quantified CH25H in untreated and IFN-ɔ pre-treated rMCs 

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

as off-target population in order to investigate whether IFN-ɔ induced effects occurred 

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

measurements showed a significant increase of CH25H levels in IFN-ɔ treated rMCs. 

After 24 h in presence of 100 U/mL IFN-ɔ, CH25H levels increased by 55% (CH25H 

[ng/mL] in 90% confluent T75 flask, ctrl: 1.49±0.07 ng/mL, IFN-ɔ: 2.24±0.59 ng/mL, 

mean±SD). Meanwhile, no significant effect of IFN-ɔ on HeLa cells was detected (Fig. 

3A and B). We also conducted NPLys-Ang II cell binding studies on rMCs using a Ca2+ 

mobilization assay. Herein, we provide experimental data on the effect of IFN-ɔ on CCPs 

by comparing the measured shift in log EC50 value with the shift found for established 

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

of 100 U/mL IFN-ɔ (24 h incubation ahead of measurement) (Fig. 3C) and a log EC50 

shift of 1.3 log-steps was observed (Fig. 3D) which is in good alignment with established 

CCP inhibitors (e.g., methyl- -̡cyclodextrin: 1.7 log-steps). The concentration of 100 

U/mL IFN-ɔ in our experiments was chosen based on previous work on the influence of 

IFN-ɔ 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 NPLys-Ang II model particle, we performed particle uptake experiments 

on rMCCTG/HeLa cell co-cultures pretreated with the same IFN-ɔ concentration. Our aim 

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, SI text).   
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Figure 3: IFN-ɔ induces increase of CH25H levels in rMCs and decrease in NPLys-

Ang II binding ability. (A) Quantification of CH25H in rMCs and HeLa cells upon 100 

U/mL IFN-ɔ treatment for 24 h using ELISA. Statistical significance of CH25H level 

changes were tested using Welch t-test (two-tailed, rMC: P = .025, t = 3.13, df = 5.16; 

HeLa: P = .918, t = 0.106, df = 9.47). (B) Linear regression obtained measuring CH25H 

standard serial dilution (5, 2.5, 1.25, 0.63, and 0.31 ng/mL). (C) Binding curves for NPLys-

Ang II obtained from Ca2+ mobilization assay performed on untreated rMCs (ctrl) and on 

rMCs pretreated with 100 U/mL IFN-ɔ for 24 h (100 U/mL IFN-ɔ). (D) Comparison of the 

calculated log EC50 values. Here, ȹ indicates the number of log-steps (mean ± standard 

error of mean) by which log EC50 increased upon IFN-ɔ treatment. Statistical significance 

was tested using unpaired t-test (two-tailed, P < .0001, t = 35.4, df = 4; all error bars 

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 

rMCCTG/HeLa co-cultures that were not treated with IFN-ɔ ahead of NPLys-Ang II incubation. 

Preferential uptake was calculated as the ratio of particle number taken up by rMCs to 

particle number taken up by HeLa cells (Eq. 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 HeLa (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 cNP in a 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-ɔ (Fig. 5A). 

 

Next, we compared results obtained in these control experiments with results from 

rMCCTG/HeLa co-cultures treated with IFN-ɔ. Again, we analyzed the quantitative 

performance parameters introduced in Eq. 4 and 5 as a function of particle 

concentration. Multiple effects of IFN-ɔ on particle distribution were apparent. Firstly, 

flow cytometry data sets obtained from rMCCTG/HeLa incubated with 3 nM NPLys-Ang II 

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-ɔ 

treatment. This loss was mainly due to higher particle uptake by off-target HeLa cells, 

whereas uptake by rMCs remained almost unchanged.  



Impact of Interferon-ɔ on the Target Cell Tropism of Nanoparticles 
 
 

 

157 
 

 

Figure 4. Flow-cytometry based assessment of IFN-ɔ treatment effect on 

preferential uptake of NPLys-Ang II. (A) Heatmap represents geometrical means of 

fluorescence intensity detected for each population in APC-channel. Plot of IrMC/IHeLa 

CF647 against logarithmic molar particle concentration indicates concentration 

dependency of NPLys-Ang II preferential uptake into rMC target cells. Statistical significance 

of IFN-ɔ effect and concentration dependence were assessed using two-way ANOVA 

with subsequent Sidakôs multiple comparisons test (ns. - not significant, ** P < .01, *** P 

< .001, **** P < .0001; FIFN-ɔ (DFn = 1, DFd = 26) = 37.1, P < .0001; FcNP (DFn = 6, DFd 

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

of rMCCTG/HeLa cell co-cultures incubated with 3 nM NPLys-Ang II (2 h) untreated (B) or 

pre-treated with 100 U/mL IFN-ɔ for 24 h (C). Grey/green dashed line represents 

geometrical mean of HeLa/rMCCTG population. 
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Secondly, flow cytometry data sets of rMCCTG/HeLa cell co-cultures incubated with lower 

NPLys-Ang II concentrations point in a similar direction for the effects of IFN-ɔ 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 NPLys-Ang II (ctrl: 4.7%, IFN-ɔ : 33%, 7-fold increase) (Fig. 5B and 

C). 
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Figure 5. Flow-cytometry based assessment of IFN-ɔ treatment effect on targeting 

efficiency of NPLys-Ang II. (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-ɔ). Plot of %NrMC/%NHeLa CF647 against 

logarithmic molar particle concentration. Statistical significance of IFN-ɔ effect and 

concentration dependence were assessed using two-way ANOVA with subsequent 

Sidakôs multiple comparisons test (**** P < .0001; FIFN-ɔ (DFn = 1, DFd = 26) = 15.3, P =  

.0006; FcNP (DFn = 6, DFd = 26) = 17.7, P < .0001; error bars indicate SD). 

Representative FITC-A/APC-A dot plots of rMCCTG/HeLa cell co-cultures incubated with 

10 pM NPLys-Ang II (2 h) untreated (B) or pre-treated with 100 U/mL IFN-ɔ for 24 h (C). In 

addition, the graphs indicate the proportion of NPLys-Ang II-positive events for each 

population.  
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IFN-ɔ 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 ï absolute tropism in off-target cells; T = 0 ï no 

tropism; T = 1 ï 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 NPLys-Ang II 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-ɔ, especially at lower particle concentrations (10-30 pM). To further 

investigate and to quantify this subjective impression, we plotted the particle 

fluorescence intensity (IAPC-A) data distributions for the rMCCTG and HeLa populations 

from control experiments (no IFN-ɔ treatment) and IFN-ɔ treatment 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 ʊ (IAPC-A) 

were plotted against logarithmic particle concentration for rMC and HeLa populations 

(Fig. 6B). The calculated ʊ (IAPC-A) statistics are given for each distribution (Fig. 6C). 

As folding statistics ʊ indicated multimodal data distribution for IFN-ɔ pre-treated rMC 

populations incubated with 30 or 10 pM of NPLys-Ang II, we decided to further investigate 

the nature of data distribution by calculating gap statistics [57]. While for rMC populations 

incubated with 30 pM NPLys-Ang II all three replicates suggested the presence of two 

clusters (Fig. 7A), for 10 pM NPLys-Ang II data two of three replicates suggested two 

clusters while for the third replicate one cluster was found (Fig. 7B). For rMC and HeLa 

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

IFN-ɔ a single cluster was found throughout (Fig. 7A and B, ctrl plots). 
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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 NPLys-Ang II on rMCCTG/HeLa co-

cultures untreated or pre-treated with 100 U/mL IFN-ɔ for 24 h against the logarithmic 

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 Sidakôs multiple comparison test (** P < .01, *** P < .001, **** 

P < .0001; FIFN-ɔ (DFn = 6, DFd = 28) = 0.627, P = .627; FcNP (DFn = 6, DFd = 28) = 109, 

P < .0001; error bars indicate SD). (B) Plot of folding statistics ʊ(IAPC-A) for the rMC (left) 

and HeLa (right) populations of rMCCTG/HeLa cell co-cultures untreated or pre-treated 

with 100 U/mL IFN-ɔ for 24 h against the logarithmic molar particle concentration. 

Statistical significance of differences in ʊ(IAPC-A) were tested via two-way ANOVA with 

subsequent Sidakôs multiple comparison test (*** P < .001, **** P < .0001; rMC 

population: FIFN-ɔ (DFn = 1, DFd = 28) = 243, P < .0001; FcNP (DFn = 6, DFd = 28) = 68.5, 

P < .0001; HeLa population: FIFN-ɔ (DFn = 1, DFd = 28) = 208, P < .0001; FcNP (DFn = 6, 

DFd = 28) = 33.7, P < .0001; error bars indicate SD). (C) Violin plots of rMC and HeLa 
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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 ʊ(IAPC-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-ɔ pre-

treated rMCs incubated with 30 pM NPLys-Ang II (Fig. 7C). Due to the inconclusive results 

of gap statistics calculations, the data of IFN-ɔ pre-treated rMCs incubated with 10 pM 

NPLys-Ang II 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 nanoparticle uptake (low NPLys-Ang II uptake: 

pp < 0.5; high NPLys-Ang II uptake: pp > 0.5). We plotted the rMCCTG populations found 

after incubation with 10 or 30 pM NPLys-Ang II in untreated rMCCTG/HeLa cell co-cultures 

and compared them against the respective two sub-populations identified in cell co-

cultures pre-treated with IFN-ɔ. 

 

This comparison revealed an interesting nature of IFN-ɔ effect on the model particles 

distribution in cell co-culture. We examined the mean particle fluorescence intensities 

(IAPC-A) of the single population (control experiment, i.e., no IFN-ɔ treatment) or sub-

populations (IFN-ɔ treatment) as a measure for mean particle quantity per cell. For co-

cultures incubated with 30 pM NPLys-Ang II, comparison of the mean IAPC-A values of un-

treated populations and IFN-ɔ 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 particle uptake by HeLa cells was also slightly 

increased, with a marked broadening of the distribution (Fig. 7E). In co-cultures 

incubated with 10 pM NPLys-Ang II, two of the three replicates also showed a deviation into 
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two rMC sub-populations upon treatment with IFN-ɔ. In the third replicate, mean IAPC-A  

of the rMC population was slightly increased with a marked broadening of the distribution 

(Fig. 7F). 

 

 

 

IFN-ɔ 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 rMCCTG/HeLa 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 rMCCTG/HeLa 

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-ɔ. 

 

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 rMCCTG/HeLa cell co-culture 

uptake experiments showed that after 2 h of incubation with 10 pM NPLys-Ang II, IFN-ɔ pre-

treatment led to a lower proportion of rMCs taking up particles compared to control 

experiments (considering data sub-sets: N rMCNP+ Ź; Fig. 8A, B, and C). Following Eq. 

9, this is equivalent to a lower target cell accumulation. The strongest effect was 

observed at a rMCCTG/HeLa (N/N) ratio of Ғ1/3, where IFN-ɔ treatment induced an 18-

fold increase of N rMCNP- (ctrl: 2.8%, IFN-ɔ: 51.1%). The corresponding effect was 

significantly smaller for HeLa cells (NP- ctrl: 45.6%, IFN-ɔ: 79.0%, 1.7-fold increase). In 

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

HeLa 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-ɔ), the same parameter was massively decreased in the rMC population (Fig. 

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

 

Next, we plotted target- and off-target cell accumulation (Eqs. 9 and 10) calculated from 

flow cytometry data against log NHeLa/NrMC (Fig. 8E). As a measure for directed 

accumulation we determined the slope target cell accumulation over log NHeLa/NrMC. 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); HeLa ctrl = 

0.669 (0.292-1.05), mean (CI 95%), P = .026). IFN-ɔ treatment significantly inhibits this 

directed accumulation (dir. acc.: rMC IFN-ɔ = 0.902 (0.184-1.62), mean (CI 95%), P 

(rMC ctrl) = .029). In fact, directed accumulation appears to be completely inhibited as 

the value determined for the rMC population after IFN-ɔ treatment does not significantly 

differ from the HeLa control value (P > .99). Effect of IFN-ɔ treatment on directed 

accumulation in the HeLa population was also not significant (dir. acc.: HeLa IFN-ɔ = 

0.390 (0.160-0.620), mean (CI 95%), P (HeLa ctrl) > .99) (Fig. 8F). 

 

The data also showed that for our model particle NPLys-Ang II strong directed accumulation 

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

rMCCTG/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-ɔ pre-treated cell co-

cultures showing low ʊ(IAPC-A) values (Җ 1) with the corresponding controls. Here, k was 

individually calculated for HeLa (squares) and rMCCTG (circles) populations, incubated 

with 30 pM (A) or 10 pM (B) of NPLys-Ang II. 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-ɔ pre-

treated rMCCTG/HeLa cell co-cultures incubated with 30 pM (C) or 10 pM (D) NPLys-Ang II. 

(E, F) Violin plots of data derived from untreated (grey) rMCCTG/HeLa cell co-cultures, 

high-NP (red, pp > 0.5) or low-NP (blue, pp < 0.5) sub-populations of IFN-ɔ pre-treated 

rMCs, and IFN-ɔ pre-treated HeLa populations as well as IFN-ɔ pre-treated rMC 

population for which NK was found to be 1 (blue-red checkered). Bar charts indicate 

mean IAPC-A obtained from triplicates (for rMC IFN-ɔ, N = 1; rMC IFN-ɔ pp < 0.5 and pp 

> 0.5, each N = 2). Statistical significance of IFN- treatment on particle distribution was 

tested using Holm-Sidak method (Ŭ = .05, * P < .05, ** P < .01, *** P < .001; error bars 

indicate SD).  
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Figure 8. Effect of IFN-ɔ on directed accumulation of NPLys-Ang II. Representative 

FITC-A/APC-A dot plots derived from Ғ2/1 (A), Ғ1/3 (B), and Ғ1/20 (C) (NrMC/NHeLa) 

rMCCTG/HeLa cell co-cultures, untreated (grey symbols) or pre-treated with IFN-ɔ (red 

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- values obtained from flow cytometry experiments. (E) Plot of NP+/NP- 

rMC events against logarithmic HeLa/rMCCTG 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 NPLys-Ang II 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; FIFN-ɔ (DFn 

= 1, DFd = 24) = 45.2, P < .0001; FHeLa/rMC (DFn = 5, DFd = 24) = 3.23, P = .023; error 

bars indicate SD). (F) Derived values for target/off-target directed accumulation (Eqs. 

11 and 12) in untreated or IFN-ɔ pre-treated rMCCTG/HeLa cell co-cultures. Statistical 

significance of IFN-ɔ induced effect on directed accumulation was tested via two-way 

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


