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A B S T R A C T   

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 investigated 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 consists in the still incomplete understanding of 
how nanoparticles interact with biological systems. This knowledge gap significantly compromises the pre-
dictability of particle distribution in biological systems, which is critical for therapeutic efficacy. 

One of the most crucial steps in delivery is the attachment of nanoparticles to cells 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. In particular, we want to analyze the currently uncertain data on the existence and nature of the 
correlation between particle avidity and biodistribution.   

1. Introduction 

Targeted drug delivery is an intensively studied topic in pharma-
ceutics [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 [2–4]. Herein, we focus on ligand 
functionalized nanoparticles [5]. At the core of this concept, the particle 
surface is modified to carry ligand molecules [6,7] enabling recognition 
of target site specific cellular receptors [8] or ectoenzymes [9] via a key- 
lock mechanism. Once the particle encounters its site of action, multiple 
ligand receptor bonds are formed, attaching the 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 [17–20]. A targeted delivery is very desirable 
for many applications especially in the case of highly potent agents, such 
as anti-cancer drugs, which can cause damage in healthy tissues and 
organs. Also, highly valuable agents such as biologics or vaccines would 
benefit greatly from targeted delivery [21]. 

The optimal method to investigate in vivo nanoparticle deposition is 
to track the whole-body biodistribution [22–25]. A measure for suc-
cessful targeted delivery is the percentage of administered dose found in 
the intended cell-type tissue [26]. In pursuing optimized particle dis-
tribution, 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 [27–29], interaction with immune cells 
[30], and undesired particle accumulation in typical off-target organs (e. 
g., liver and spleen) [31–33]. All these phenomena were shown to 
decrease particle accumulation at the desired site of action while 
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increasing loss of particles due to rapid elimination or unspecific 
deposition [34–37]. While almost all steps in the journey of a particle 
have been intensively studied [38], it is somewhat surprising that the 
particle-cell surface interaction has received little attention in studies on 
nanoparticle biodistribution. Nanoparticle-membrane interactions are 
often studied in isolated experiments based on artificial or isolated 
membranes [39–41] using techniques like surface plasmon resonance 
(SPR) [42] or microscale thermophoresis (MST) [43,44]. These tech-
niques cannot preserve the natural nano-scale morphology of cell 
membranes. Therefore, we know very little about how these morpho-
logical entities affect particle avidity. Concluding, in contrast to mem-
brane properties, 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 multiva-
lent ligand receptor complexes. Specifically, we will illustrate the term 
of avidity as a commonly used quantity to describe multivalent in-
teractions of particles binding to receptor carrying cell surfaces. In 
simple terms, avidity describes the tendency of a particle functionalized 
with several individual ligands (i.e., multivalent functionalization) to 
bind to a surface that carries several receptors. It can be understood as 
the analog value of multivalent systems to the affinity of the single 
ligand-receptor interaction. 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 specif-
ically 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. In this context, it must be emphasized that by focusing 
on the particle-cell interaction, a single step of the complex process of 
particle biodistribution is considered in isolation. Many other factors 
that influence the biological identity of a particle and thus its bio-
distribution have already been described. These include, in particular, 
the opsonization of particle surfaces, which leads to recognition by the 
immune system and induces the accumulation of particles, e.g., in the 
liver and spleen [45]. 

2. 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 the literature 
[46]. For this reason, here we will give a short, easily accessible over-
view. For more detailed insights, the interested reader is referred to the 
relevant original literature. Also, for readers who are less interested in 
the theoretical background, we have provided a brief summary of the 
key points after the following two sections. 

To begin, we want to look at some 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 in-
teractions were conducted by Jencks et al. [47,48]. To properly appre-
ciate 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 Gibb’s 
free energy of multivalent interactions (ΔG0

avidity) [49]. 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. [50] 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 Gibb’s free energy 
of multivalent interactions (here denoted as ΔG0

N (i)), considering in-
dividual receptor-ligand interactions as additive and expanding the 
model by introducing enthalpy (ΔH) and entropy (TΔS) terms ac-
counting 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 [50]. 

The model introduced by Kitov and Bundle is based on a simple 
expression for microscopic free binding energy Δg0

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 re-
ceptor bonds. ΔG0

mono is a rather straightforward parameter as it rep-
resents the binding free energy of a monovalent interaction. ΔG0

interaction, 
however, might appear a bit more elusive. This is a parameter intro-
duced to account for differences in the free energy of the first intermo-
lecular bond and all ‘intramolecular’ bonds formed subsequently. 

Δg0
i = iΔG0

mono +ΔG0
interaction (1)  

Again, transferred to our example of particle-membrane interactions, 
ΔG0

mono would be the first ligand-receptor bond formed, while 
ΔG0

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 ΔG0
mono =

ΔG0
inter and (i-1) ΔG0

intra = (i-1) ΔG0
mono + ΔG0

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 Ωi. 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: 

ΔG0
i = ΔG0

inter +(i − 1)ΔG0
intra − RTlnΩi (2)  

We learn from this first model of the free energy of multivalent in-
teractions that avidity must not be understood as an ‘additive’ phe-
nomenon. Instead, for 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. 

2K1 =
[A • BB]
[A][BB]

and
1
2

K2 =
[A2 • BB]
[A][A • BB]

(3 and 4) 

The interaction is called cooperative if the condition 
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K2

K1
∕= 1 (5)  

is met. A ratio of the two reaction constants K2/K1 > 1 indicates a 

positive cooperativve 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) [46,51]. However, the model of 
Kitov and Bundle tells us little about particle properties that can affect 

Fig. 1. Fundamental theoretical framework governing the formation of multivalent interactions. (A) The model introduced by Kitov and Bundle initially describes 
the Gibbs free energy Δg0

i of a microscopic receptor ligand complex rl(i). The terms in this model represent the formation of a monovalent intermolecular bond 
ΔG0

mono while all subsequent intramolecular bonds are described by an interaction term ΔG0
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 Ωi (forming a complex RL(i)), and (b) to consider the initial bond and the subsequent bonds separately (i.e., ΔG0

inter and ΔG0
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 ΔG0

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 ΔG0

coop. Again, a factor Ωi/Ω0 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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avidity. 
Therefore, we next 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: 

ΔG0
N(i) = iΔH0

affinity − iTΔS0
affinity +(i − 1)TΔS0

trans+rot +(i − 1)ΔH0
linker  

− (i − 1)TΔS0
conf +(i − 1)ΔG0

coop − RTln(Ωi/Ω0) (6)  

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

ΔG = ΔH − TΔS (7)  

If we now take another look at the model, we will see that here enthalpy 
(ΔH) and entropy (ΔS) amounts are added up to account 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 ΔG (ΔG < 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 (-ΔH) and an increase in 
entropy (+ΔS). 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. 

As an example, let us consider the first two terms of the model: 

ΔG = ΔH − TΔS  

iΔH0
affinity − iTΔS0

affinity (8)  

These terms describe the independent formation of all i receptor ligand 
bonds. This part of the model therefore corresponds to the term ΔG0

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) ΔG0

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 ΔG [52–55]. 

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

(i − 1)TΔS0
trans+rot (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 en-
tropy penalty must be ‘paid’ 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) [47,48,56]. 
Since for the first ligand-receptor bond formed, the full entropic penalty 

has to be paid, this term is considered for all bonds but 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 (ΔStrans). 
Finkelstein and Janin derived an estimate for this parameter [57]. 

ΔStrans ≈ 3Rln
( δx

v1/3

)
(10)  

Here, δx 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 [58]. For this reason, we consider it unlikely that the (i-1) 
ΔS0

trans+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) ΔG0

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 (-ΔG0

coop, Eq. (5)). Concretely, hetero-multivalent 
functionalized particles could be used, whose first ligand, upon bind-
ing 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 [59]. A transfer of this strategy to the targeted delivery of nano-
particles, however, could be promising, considering the introduced 
models. 

Finally, one of the most important factors influencing the avidity of 
multivalent ligands must be discussed. This is the number of formed 
bonds i. If we take a negative Gibbs free energy as given (i.e., particle 
binding will proceed voluntarily), then it alone determines the magni-
tude of the Gibbs free energy. 

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) den-
sities (ρM1

R and ρM2
R ). Under the prerequisite outlined above: 

L+R→LR has ΔG < 0 (11) 

if 

ρM1
R > ρM2

R (12)  

than the number of bonds (i) will accordingly vary, resulting in distinct 
Gibbs free energies for attachment of L to M1 or M2: 

iM1 > iM2→ ΔGL→M1 < ΔGL→M2 (13) 

Therefore, making the attachment of L (i.e., multivalently function-
alized nanoparticle) to M1 (i.e., membrane expressing the higher re-
ceptor 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 den-
sities. 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 [60]. 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 hy-
pothesis. For this purpose, we intend to review biodistribution studies 
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investigating ligand-functionalized nanoparticles, 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 [61]: 

ΔG = RTlnKD (14)  

Finally, 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 oligova-
lent 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. [50] explicitly stress that 
their model does not account for aggregation of receptors via simulta-
neous 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 [62–64]. 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 [65]. So far, the observations follow 
the expectations based on the theoretical framework introduced. How-
ever, as we will see with the exemplary systems presented below, this 
observation on the mechanistic origin of avidity seems not to be 
generally applicable. 

3. Impact of membrane curvature on Nanoparticle-Cell 
interaction 

Several papers have systematically investigated the impact of phys-
icochemical nanoparticle properties like size [66–75], surface charge 
[76–78], and shape [79–82] 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 [83,84], 
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 pre-
dictability 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’s 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) [85]. This 
curvature is commonly referred to as gaussian curvature. 

Km =
1

rS
2 (15)  

However, while the gaussian curvature is a suitable measure to char-
acterize 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 membrane’s lipid components. This 
spontaneous curvature describes the tendency of individual lipid mol-
ecules to induce positively or negatively curved membranes (e.g., O/W- 
or W/O micelles, Fig. 2B) [86,87]. Next to the lipid components, also 
proteins attached to or intercalating the membrane also contribute to 
the overall spontaneous curvature [88]. 

This parameter is relevant for the interaction of nanoparticles with 
membranes, as any change in the membrane shape contrary to the di-
rection 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) 
[89–93]. 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 
sub-figure (A)) and a membrane corresponding to its surface curvature 
(Fig. 2C sub-figure (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 thermody-
namically favorable (Eq. 12 and 13). Consider a third case (Fig. 2C sub- 
figure (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. 

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 [94] morpholog-
ical membrane entities in good correspondence with nanoparticles of a 
diameter of 50–150 nm [95]. Given the introduced theoretical frame-
work 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 
[96]. 

4. Theory: Brief summary 

The central take-home message of the theoretical considerations is 
that an accumulation of ligand-functionalized nanoparticles will pref-
erentially occur in cells with higher receptor expression. This is the case 
as long as the favorable binding enthalpy transfer ΔH outnumbers the 
unfavorable decrease in entropy ΔS: 

ΔG = ΔH − TΔS (rep. Eq. 7) 

This is the case since a process only runs voluntarily if the free Gibbs 
energy ΔG is negative. More detailed models of the Gibbs free energy for 
the specific case of multivalent interactions show that a main driver is 
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Fig. 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 Km = 1/rS

2, 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., ‘inside’ 
particle) reduces the required bending energy. Data presented plots the bending energy barrier against the wrapped membrane fraction (χ, i.e., the proportion of 
particle surface in contact with membrane). Red curves represent ‘inside’ particles (i.e., membrane curved toward the particle), blue curves represent ‘outside’ 
particles (i.e., membrane curved away from the particle) (Reproduced from Ref. [93] with permission from the Royal Society of Chemistry) [93]. 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. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 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 func-
tionalization 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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the valence of the interaction, i.e. the number of bond pairs formed. 
From this it can be deduced that close contact between the membrane 
and the particle surface could favor the binding ability of the particle. At 
such points, the valence of the interaction would be increased (Fig. 2C). 

Finally, there is also a direct correlation between the thermodynamic 
parameter of the Gibbs free energy ΔG and the avidity expressed as the 
dissociation constant KD: 

ΔG = RTlnKD (rep. Eq. 14) 

This correlation shows that a negative value of ΔG results in a value 
of KD ≪ 1. The equilibrium of this reaction is therefore far on the side of 
the reaction products, in our case the bound particle. In this case, we 
would expect a strong accumulation of particles in receptor-rich tissues. 
To investigate the correlation of avidity and biodistribution, we must 
therefore compare this expectation horizon with the available experi-
mental observations. 

5. Effects ligand functionalization and avidity on particle 
biodistribution 

In the second main section of our work, we aim to review the liter-
ature available on the relationship between avidity and bio-distribution. 
To this end, we have consulted studies that investigate the in vivo dis-
tribution 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 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 function-
alization is not suitable to positively influence whole-body bio-
distribution. They see the beneficial effect of targeted nanoparticles at 
the tissue level, where ligand functionalization can lead to accumulation 
in target cells [97]. 

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 di-block-co-polymers additionally functionalized with A10 
2′-fluoropyrimidine RNA aptamer (PLGA-b-PEG-b-Apt). Also in this 
study, the influence of ligand density was investigated by using different 
ratios of PLGA-b-PEG-b-Apt and PLGA-b-PEG-b to prepare nano-
particles. To allow quantification of nanoparticles in vivo, 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. The non- 
functional ligand particle was inferior to all other particles. Interest-
ingly, also compared to the unfunctionalized nanoparticle. From this it 
can be concluded that the positive effects of functionalization with 
ligand-RNA are not exclusively due to unspecific effects (e.g., charge- 

mediated interactions). It is, however, further noteworthy that this ef-
fect inverts above a certain level of functionalization. The authors 
attribute this to a reduction of the PEG-related stealth effect [98–100] 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. 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 had already decreased significantly, while tumor accu-
mulation 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 [101]. 

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 [105]. 

Fig. 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 note-
worthy 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 [102–104]. (Copyright (2008) National Academy 
of Sciences). 

O. Zimmer and A. Goepferich                                                                                                                                                                                                                



European Journal of Pharmaceutics and Biopharmaceutics 198 (2024) 114240

9

However, also in their case, only a low proportion of the adminis-
tered 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 con-
trols (Fig. 5A). It must be emphasized 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 in-
fluence of increasing avidity with increasing valency 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 

Fig. 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) The 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 (Adapted from Cancer Research, 2006, 66/13, 6732–6740, Kirpotin et al., Antibody Targeting of Long- 
Circulating Lipidic Nanoparticles Does Not Increase Tumor Localization but Does Increase Internalization in Animal Models, with permission from AACR). 
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analysis of extracted disaggregated tumor after i.v. treatment of tumor 
bearing mice with HER2-targeted or control liposomes. For detection 
ADS645WS was encapsulated into liposomes. To distinguish tumor and 
off-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 bio-
distribution 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 ef-
ficacy 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 accu-
mulation at the tissue level is in the foreground [106]. To summarize, 
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. Therefore, evidence for the fundamental 

Fig. 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 Conjugates for Enhanced Immunotherapy, 
Nano letters 20 (2020) 4901–4909, (2020), American Chemical Society). 
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laws of avidity to be applicable on the tissue-level was generated. 
Another very informative study on this subject was conducted by 

Bartlett et al. Here, positron emission tomography (PET) and biolumi-
nescent 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 investi-
gated. 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) 5′-modified siRNA labeled with 64Cu 
was employed [107]. 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 function-
alization 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 [108]. 

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 nano-
particle 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 as-
sociation 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 →1.10 × 106 M− 1s− 1; SPR: 5.54 × 104 →3.61 × 105 

M− 1s− 1) with less prominent changes in koff (BLI: 2.75 × 10-4 →6.79 ×
10-5 s− 1; SPR: 2.18 × 10-5 →.88 × 10-5 s− 1) (Fig. 6 A and B). 

Interestingly, this observation is in direct contradiction with the re-
sults 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 →.1 × 10-3 s− 1), whereas kon 
showed no clear trend and underwent only minor changes (SPR: 4.84 ×
103 →8.42 × 103 M− 1s− 1) [109]. 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 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 
regarding distribution over the major off-target organs. The dose of 
G7-aPD-L1 accumulated in the tumor, however, was significantly higher 
compared to aPD-L1. As a control for passive tumor targeting, the au-
thors included an IgG dendrimer conjugate (G7-IgG). Also compared to 
this control, there is no significant difference in whole-body bio-
distribution. In terms of dose accumulated in tumor, G7-aPD-L1 appears 
superior, but the difference is not statistically significant [110] (Fig. 6C). 

An outstanding fundamental work in this context was presented by 
Schmidt et al. Based on a mechanistic compartmental model [111], the 
authors derive predictions on affinity-dependence of tumor targeting in 
excellent overlay with experimental observations. In agreement with the 

experimental data [112], 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) mo-
lecular 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 = 1.32Rmol

3, 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 [113]. However, we must emphasize that Schmidt et al. primarily 
consider antibodies in their work and that studies on the transferability 
of their findings to nanoparticles are not yet available in literature. 

Another contribution to fundamental understanding of the interplay 
between the avidity of a ligand-functionalized nanoparticle and its 
biodistribution is 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 consid-
ered 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. 

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 im-
aging. This particle was administered to untreated C57BL/6 mice to 
determine biodistribution of anti-ICAM-1/NP at basal ICAM-1 expres-
sion 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 signifi-
cantly 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 anti-
bodies 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 LPS 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). The 
study of Zern et al. is particularly valuable to our matter, as via a lipo-
polysaccharide (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. 

With their focus on a diagnostic application to detect pulmonary 
inflammation, the authors conclude that the reduction in avidity ach-
ieved via decreasing ligand density, was beneficial regarding function-
ality of their particle [114]. It should be noted, however, that the avidity 
of anti-ICAM-1/NP was not quantified (e.g., via SPR or BLI). Further-
more, 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 treat-
ment. This was prevented when increasing ligand density to 200 anti-
bodies per particle. In this way, the study of Zern et al. indeed provides 
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evidence for the transferability of the basic laws of avidity to the bio-
distribution of ligand-functionalized particles. 

In an earlier study the same group investigated PVPh-based nano-
particles 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 [115]. 
This observation shows that even without a change in bulk bio-
distribution, ligand functionalization can lead to greatly enhanced up-
take 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 (e.g., compared to an 
extracellular accumulation of non-targeted particles). 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 barrier passage. 
Particles were administered to male Sprague–Dawley 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 

Fig. 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. (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 (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). 
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Fig. 8. In vivo biodistribution of neuropeptide functionalized glucose-coated Au-nanoparticles targeting opioid receptors to achieve blood–brain barrier passage in 
Sprague–Dawley rats. (A) The study investigated biodistribution for particles carrying one of two ligands (Enk/Gylcopep) attached via one of two linkers (Lip/C11) 
using PET/CT scans acquired shortly after particle administration (0–10 min) and after an extended time (60–80 min). (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., 68 Ga-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), 449–457., (2013), American Chemical Society). 
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well as gamma counter analysis of extracted organs. 
Regarding the impact of the targeting ligand on particle bio-

distribution, the authors report ligand functionalization to increase 
accumulation in the kidney (Fig. 8B). Regarding the desired accumula-
tion 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 [116,117]. 

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 them-
selves. The authors furthermore prepared fluorescently labeled nano-
particles by introducing the AFDye 647 fluorophore. Two targeting 
ligands were evaluated, the first being folic acid (3WJ-FA) targeting the 
folate receptor and the second being the CL4 RNA aptamer (3WJ-CL4) 
targeting the EGF receptor. In vivo pharmacokinetic and biodistribution 
studies were carried out by administering 100 µL of a 20 µM nano-
particle dispersion to mice bearing KB or MDA-MB-231 tumors via tail 
vein injection. While KB tumors strongly express the folate receptor 
[118], MDA-MB-231 tumors are used as a model for cancers strongly 
overexpressing EGFR [119,120]. 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 fluorescence 
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. 

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. [121]. 

Putting the observations of Wang et al. into perspective with the 
general concept of multivalency-determined avidity of ligand func-
tionalized 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 au-
thors 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 
polyethyleneglycol (PEG) and polyethyleneimine (PEI) polymers linked 
to a hyaluronic acid (HA-PEG and HA-PEI) backbone. These polymers 
were found to possess a self-assembling ability inducing the formation of 
50–80 nm nanoparticles [122]. 

For the study on biodistribution, additionally to cisplatin and a 
siRNA duplex intended to exploit a beneficial effect on cisplatin- 
resistant tumors the authors encapsulated the near infrared (NIR) dye 
indocyanine green to measure whole-body distribution. Due to its HA 
functionalization, a CD44 directed targeting effect was expected. The 
biodistribution was examined in human non-small cell lung cancer A549 
and A549/DDP 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 A549/DDP) [123] expression with tumors 
known to express lower levels of CD44 (i.e., H69 and H69AR) [124]. NIR 
signal was recorded in 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 A549/DDP. 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 quan-
tified siRNA in off-target organs and in tumor tissue using a PCR tech-
nique. A strong decrease of siRNA in the liver tissue was found over the 
course 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. 
[125]. 

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 αvβ3-integrin targeting. The 
particle surface was further functionalized with cypate-C18 (cypa-
te–PFC-tNPs) to allow NIR-based detection of in vivo distribution in 
living mice tumor models. Whole-body biodistribution was assessed in 
male nude NCr mice bearing luciferase-transfected 4 T1 mouse mam-
mary carcinoma cell (4T1luc) derived tumors. Regarding the improve-
ment of tumor specific particle accumulation due to ligand 
functionalization the authors report a superior tumor-to-muscle distri-
bution 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, 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 func-
tionalization 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). [126]. 

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. 

6. 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 mem-
brane interactions. In doing so, we were able to derive a general hy-
pothesis about the distribution of ligand-functionalized nanoparticles in 
an environment with varying receptor densities, suggesting accumula-
tion 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 
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bio-distribution. We also introduce the impact of membrane curvature 
on particle-membrane interactions, asking the question for the trans-
ferability of the described relations to 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 (↑ kon) and 
slowed dissociation (↓ koff) [65,109,110]. As to the question of what 
influence the presence of one or the other mechanism has on the bio-
distribution 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 corre-
lation of avidity and biodistribution is hardly possible based on pres-
ently available data. This is due to the fact that studies are lacking that 
have systematically investigated the biodistribution of a constant par-
ticle 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. How-
ever, this focus has led to a relevant knowledge gap regarding our un-
derstanding 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. 

With regard to the excellent review by Kumar et al., it must be 
concluded that in the studies considered for our literature review, ligand 
functionalization did not lead to a significant deviation in the distribu-
tion across the organs (Table 1) compared to the expected values for the 
corresponding technology platform (Table 2) [146]. 

From the authors’ perspective, only three of the relevant papers 
consulted for this review demonstrated directional accumulation of 
nanoparticles (Tables 1 and 3). Whereby, by directed 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 [147–149] and experimental observations [150–153]. 
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 “real-world” 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 [46,154,155]. 

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 struc-
ture in this case was not a tumor tissue. This allows the hypothesis that 
factors typical of tumor environments counteract the targeted accumu-
lation of ligand-functionalized nanoparticles. Cancer specific challenges 
in targeted nanoparticle delivery have very recently been reviewed by 

Table 1 
Investigated model systems and effect of ligand functionalization on particle 
biodistribution. The table provides an overview of the tissues or tumor models 
addressed with targeted particles in the studies consulted for this review. As a 
key parameter for describing the performance of the particle systems studied, we 
provide an overview of the dose fractions that reached the desired target tissue 
for both targeted (t) and non-targeted particles (nt). Also presented is whether a 
significant effect by ligand functionalization on whole-body biodistribution or 
tissue-level distribution was observed. In addition, for studies in which active 
compounds were encapsulated, we considered an improvement in therapeutic 
efficacy that may have been present (↑ - improvement, → - no significant change, 
↓ - deterioration; arrows in brackets indicate conclusions subject to certain 
limitations). An improvement in whole-body biodistribution was considered as 
given when a higher proportion of the applied nanoparticle dose is found in the 
target organ, while the proportion in non-target organs is significantly reduced. 
Similarly, an improvement at the tissue level was given if the proportion of 
particles in target cells (e.g., tumor cells) increased and/or the proportion of 
particles in off-target cells decreased. 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, (n)t. - (non)targeted particle, TRE - total radiant efficiency, 
4T1luc - Luciferase-transfected 4 T1 mouse mamma-carcinoma cells.  

Study Target Dose delivered Biodistribution Efficacy 

whole- 
body 

tissue- 
level 

Choi et al. Neuro2A 2 to 3 % ID → ↑ n.d. 
Bartlett 

et al. 
nt: 1.1 % ID/ 
cm3 

t: 1.4 % ID/cm3 

→ n.d. ↑ 

Gu et al. LNCaP ~ 0.2 to 1.8 % ↓ ↑ 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 

→ ↑ n.d. 

Bu et al. MOC1 nt: ~0.51x108 

TRE 
t: ~2.1x108 

TRE 

→ ↑ n.d. 

Zern et al. Pulmonary 
vessels 

n.d. (↑) ↑ n.d. 

Frigell 
et al. 

Brain nt: 0.0073 ID/g 
tissue 
t: 0.020 ID/g 
tissue 

↓ (↑) 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 

(↑) n.d. n.d. 

Ganesh 
et al. 

A549/A549DDP 

(CD44 ↑) 
H69/H69AR 
(CD44 ↓) 
all NSCLC 

t: 0.5–0.9 % ID 
nt: n.d. 

(↑) n.d. ↑ [127] 

Akers 
et al. 

4T1luc tumor t: n.d. 
nt: n.d. 

→ n.d. n.d.  
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Chan [156] Drozdov et al. [157]. In brief summary the key factors 
known to date are opsonization of particle surface with biomolecules 
[158,159], undesired accumulation in the reticuloendothelial system (i. 
e., liver, spleen, lymph nodes) [103], access to tumor microenvironment 
(i.e., vessel evasion, endothelial crossing) [160], and navigating through 
complex tumor microenvironment (i.e., immune-cell interactions, 
extracellular matrix interactions, interstitial pressure) [161–165]. 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 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) [65]. 

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 demon-
strated. Although the authors find no influence of ligand functionaliza-
tion in this case, an influence at the tissue level is 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 ‘reach’ 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 avail-
ability of receptors for interaction with nanoparticles. 

Previous work by our group indicates such importance of membrane 

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 − 2′-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 - μ-opioid receptor ligand (structure: 3H-Tyr-D-Ala-Gly-N-MePhe-Gly), DHM-3H - 3H-dihydromorphine, [3H]DPDPE - δ-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 - μ/δ-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, αvβ3 - integrin alpha V/integrin beta 3 receptor.  

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) 

[128–130] 
Bartlett et al. Gu complex 

Gu et al. PLGA-b-PEG polymer A10 RNA aptamer PSMA Ki = 11.9 nM (NAALADase activity) [131] 
Kirpotin et al. PEGylated liposome anti-HER2 MAb HER2 rhuMAbHER2-Fab: 

KD = 1.8 nM (SPR) 
anti-HER2 scFv F5: 
KD = 160 nM (SPR) 

[132–134] 

Bu et al. PAMAM dendrimers aPD-L1 PD-L1 KD = 0.96 nM (BLI), 
KD = 0.38 nM (SPR) 

[110] 

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 δ = 0.6 nM 
([3H]DPDPE) 
n.d. 

[135,136] 

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) 

[137,138] 

Ganesh et al. PEI/PEG/siRNA hyaluronic acid* CD44 KD = 21 µM 
(flow cytometry) 
KD = 36.6 µM (SPR) 

[139,140] 

Akers et al. PFC cRGD αvβ3 IC50 = 0.11 µM (FP) 
IC50 = 414/422/358 nM 
(125I-echistatin) 
IC50 = 37 nM 
(125I-c(RGDyK)) 

[141–145]  
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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 [96]. We also observed that 
biomolecules more abundant in tumors, which might have a comparable 
effect on CCPs, unfavorably influence the distribution of particles be-
tween target and off-target cells [166]. 

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). 

Lastly, we intend to point out some issues that in our view prevent a 
better understanding of nanoparticle distribution in biological systems. 
It is striking that, to our knowledge, there are no studies available that 
investigate the influence of dose titration on nanoparticle bio-
distribution. In general, a rationale for the administered dose is rarely 
given. It is understandable and appropriate that application-oriented 
studies focus on the effect of a nanotherapeutic system. However, we 
also consider fundamental research necessary that investigates the 
relationship between dose and biodistribution. Especially since in vitro 
experiments conducted by our group have shown that target cell spec-
ificity of ligand-functionalized nanoparticles strongly depends on the 
dose applied [166]. One methodological problem is the occasional lack 
of non-ligand-functionalized control particles. The lack of such controls 
makes it difficult to evaluate the observed biodistribution, as the influ-
ence of ligand functionalization cannot be assessed. 

Finally, the question arises as to whether tissue-specific delivery is 
the optimal application for high-avidity nanoparticles. Results from our 
group show that they are also suitable for making otherwise inaccessible 
tissues accessible for their payload. In this context, we were successful in 
developing particles for transport into the glomerular mesangial cells 
[167,168], the retina [169,170] as well as specific immune cells [171]. 

7. 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. In summary 
our work has revealed a significant lack of systematic studies on this 
matter. In this context, we understand a systematic study as an inves-
tigation of the biodistribution of a series of particles with varying 
quantified avidity (e.g., using SPR) in a biological model organism with 
a subsequent quantitative investigation of the presence and if given the 
nature of the correlation 

With these approaches, our work has the potential to stimulate 
further research that may lead to a better understanding of the interplay 
between 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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Table 3 
Ligand-related nanoparticle properties and avidity-biodistribution corre-
lation. 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 na-
ture 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.  

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.:tumor 
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 to 
100 

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

Akers 
et al. 

250 n.d. n.d. n.d. ? ?  
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Fig. 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 [146], to in turn allow for a subsequent quantitative assessment of correlation. Applicable parameters were presented in the literature by van der Zee 
et al. [172] and Miller et al. [173]. 
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