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Chapter 2

Abstract
The rapid development of molecular medical imaging has provided a broad spectrum of
different techniques, enabling specific visualization of (patho)physiological processes
through application of imaging agents. Understanding of principles for efficient design of
imaging agents with high in vitro binding affinity has increased tremendously. However,
many imaging agents still show poor in vivo binding potential which gives low image signals
despite high binding affinities, while others are very specific binders for biological targets
but have weak binding affinities. The challenge of weak binding affinity can be addressed
by taking advantage of multivalency. Here we critically address specific challenges that come
alongside working with multivalent compounds in molecular imaging, and we give directions
for a stepwise approach to design multivalent imaging probes to improve their
pharmacodynamics and pharmacokinetics resulting with high diagnostic potential.
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2.1 Introduction

2.1.1. Molecular imaging
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Medical imaging describes the visualization of inner body structures or processes for diagnostic
purposes [1,2], and is sub-categorized into structural, functional and molecular imaging [3].
Structural imaging includes imaging modalities providing information about body structures
and anatomy, such as magnetic resonance imaging (MRI) and computed tomography (CT).
Functional imaging is aimed for the visualization of physiological and metabolic processes, as
exemplified by positron emission tomography (PET) and single photon emission computed
tomography (SPECT) [3,4] using radiopharmaceuticals. Molecular imaging visualizes the
biochemical processes within the body [4,5] to obtain diagnostically-relevant anatomical and
physiological information on cellular and molecular level in vivo [6,7]. Typical medical imaging
techniques for molecular imaging include the modalities of PET, SPECT, optical imaging (OI)
and partly MRI [5,8]. Despite the fact that MRI has the potential to visualize molecular structures
without the support of imaging agents, its application in the clinical setting is restricted by
limited sensitivity [9].With the introduction of a few algorithms for MRI analysis, such as the
diffusion-weighted MR imaging, and targeted contrast agents using among others gadolinium
(Gd3+) complexes [9], MRI is able, under certain conditions, to be applied in molecular imaging
[8,10]
. With this in mind, it can be concluded that most molecular imaging techniques require the
application of molecular imaging agents (IAs) that specifically targets (disease-specific)
biomarkers such as receptors, enzymes, transporters, physiological processes or cellular uptake
mechanisms [8] and it was even reported to be able to participate in cell signaling cascades [11,12].

2.1.2 Molecular imaging agents
Molecular imaging agents (IAs) are considered to be a sub-class of pharmaceuticals and their
development processes are quite similar to those of drugs[13]. Unlike pharmaceuticals, the
required concentration of IAs for successful image acquisition is below their effective dose.
This makes molecular imaging also very attractive for the field of drug development as it allows
to study the pharmacokinetics of new drugs,below they effective dose and thus without inducing
toxic and therapeutic effects [4]. However, IAs are not evaluated on their therapeutic effect, but
on their binding potential at the target site to ensures sufficient accumulation of IAs to obtain a
diagnostically valuable image with sufficient contrast. The binding potential (BP) is defined as
the ratio of the target concentration (Bmax) and the dissociation constant Kd of the IA, which is
a measure of the binding affinity of IAs [14–16].
A rule of thumb for obtaining an image with adequate contrast using PET/SPECT
radiopharmaceuticals is to achieve a BP of ≥4 [14]. The BP of IAs can be adjusted by the
composition of the IA itself: First and foremost the target-specific binding ligand, which can be
a low molecular weight molecule, an antibody or a peptide -analogue [8,17], that enables the
required specific (molecular) interactions. The choice of ligand is dependent on the target,
whether the desired information is related to e.g. receptor-binding, metabolism or active transporters [14]. These ligands are coupled to an imaging tag, e.g. a fluorophore, paramagnetic
metal complex or a radionuclide [8,18] to form the basis of the IA readout. In some cases, IAs
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require a linker between the ligand and the imaging tag to facilitate ligand-target interactions
[18,19]
, as represented in Figure 1.

Figure 1. Construct of a basic imaging agent composed of a binding ligand that binds to a specific target
such as a receptor or enzyme, a linker, and an imaging tag.

2.1.3 Achieving high binding affinity
Bmax is a variable, typically in the nano- to even picomolar concentration range [8], that is defined
by the tissue type and cannot be altered, IAs must be constructed in such a way that they exhibit
high binding affinities (i.e. low Kd’s) for their target to obtain diagnostically valuable images.
A high tissue accumulation of IAs requires among other factors a slow, ideally even negligible
dissociation rate constants (koff) [19,20] that supports a long residence time in the targeted tissue
and fast washout of non-bound IAs. Therefore, it is important to understand the interaction
between ligand and target, as these interactions of receptor-binding ligands are known to be
reversible [21], irreversible [20] or can even be internalized [20]. However, not all IAs are ligands
that bind to receptors, but IAs can also target transporters and metabolic processes. Those
compounds are typically trapped after its cellular or metabolic cycle entrance [22].
Unfortunately, even highly specific target-ligand interactions might not ensure sufficient
accumulation of IAs in the desired target tissue to provide high image contrast [23] due to a low
signal-to-noise ratio caused by non-bound IAs [8]. IAs need to show a high stability in vivo,
especially since any metabolite coupled to the imaging tag forms a confounding factor in
obtaining a diagnostically useful image [14,19]. Furthermore, IAs have to meet certain criteria,
such as favorable degree of lipophilicity [14]. For instance to be able to reach targets across the
blood-brain-barrier a partition coefficient (logP) of 1.5 – 2 is required [14].

2.1.4 Multivalency increases the binding potential
One way to improve the binding affinity, inspired by Nature, is by utilizing the multivalency
effect, in which multiple copies of one ligand are employed to strengthen weak interactions [24].
The everyday-life example of the multivalency concept is found in the form of Velcro [25]. While
Velcro was simply inspired by the burrs of the burdock plant [25], multivalency is also utilized
in the human body, as can be appreciated in the form of the antibody immunoglobulin M that
contains 5 monomers [26]. The strength of multiple interactions achieved by these multivalent
complexes is a cumulative effect of all possible binding events or interactions and is defined as
avidity [27]. The effect of multivalency is based on the decrease of the dissociation constant
(Kdmulti) [24] due to a high local concentration of the ligands [28]. The same principle can be found
on the surface of the SARS-CoV2 viruses, which causes the Covid-19 pandemic. The SARS-
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CoV2 surface is covered by trimeric transmembrane spike glycoproteins which can be taken up
by ACE2 receptor binding via the spike2 subunit and cell fusion via the spike1 subunit [29].
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The utilization of the concept of multivalency in molecular imaging can result in an improved
binding potential of IAs due to a higher BP, as multivalency shows a high binding avidity
resulting in a low Kdmulti. However, multivalent molecular imaging agents (MMIAs) are, despite
many efforts, not yet being used in the clinical routine. In this chapter, we provide an overview
of possible challenges within the field of MMIAs, with respect to their different
pharmacodynamic (PD) and pharmacokinetic (PK) behavior compared to their monovalent
equivalents. Based on these challenges we formulate a step-wise approach for the design of
MMIAs that is aimed to improve the imaging properties.

2.2 Thermodynamics of multivalent binding
In 1979, Paul Ehrlich described for the first time the positive influence of multivalency on
protein and cell interactions [30]. He stated that multivalency can increase the specificity of
antibodies, depending on the equilibrium and rate constants of the different binding events [30].
The same phenomenon is true for receptor-ligand and cell-cell interactions [30]. As this
improvement is based on the free energies of the receptors and ligand, this phenomenon can be
clarified by looking at the thermodynamics of multivalent molecules. The Gibb’s free energy
(G) of monovalent binding is defined as [31]:
∆𝑮°𝒎𝒐𝒏𝒐𝒗𝒂𝒍𝒆𝒏𝒕 = ∆𝑯° − 𝑻∆𝑺° (1)
The Gibb’s free energy of a multivalent molecule is composed of the valency of the compound
(n) of each possible monovalent binding, as well as the correction for tethering effects. This
results in an overall higher Gibb’s free energy [18,31]:
∆𝑮°𝒎𝒖𝒍𝒕𝒊𝒎𝒆𝒓 = 𝒏∆𝑮°𝒎𝒐𝒏𝒐𝒗𝒂𝒍𝒆𝒏𝒕 + ∆𝑮°𝒊𝒏𝒕𝒆𝒓𝒂𝒄𝒕𝒊𝒐𝒏 (2)
However, the standard free energy of multimers is not only determined by the valency of the
multivalent molecule (n), but also by the amount of binding sites (Bmax or m) present on the cell
surface and the number of formed ligand-target bonds (i). This dependency is
thermodynamically combined in the degeneracy coefficient Ωi and quantifies all possible ways
of ligand – target interactions of multivalent systems and is dependent on the spatial
arrangement and rigidity/ flexibility of both counterparts (see Figure 2) [32].

Figure 2. Illustration of the effect of multivalency on the thermodynamics of multivalent binding While
monovalent binding is based on a single ligand that binds to its target, multivalent binding is created by a compound
consisting of several ligands on the surface of a core molecule. The number of ligands and its core structure (linear,
circular or radial) strongly influences the degeneracy coefficient, which is a measure of energy states of the
possible binding interactions. Inspired and modified with permission of Kitov et al. [31], copyright, 2003 American
Chemical Society.
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The multivalent free energy has to consider the inter- and intramolecular interactions (Ginter
and Gintra, respectively) [31,33] together with the Boltzmann constant kB and the temperature
T. Hence, the free energy is calculated by the following equation:
∆𝑮°𝒎𝒖𝒍𝒕𝒊𝒎𝒆𝒓 = ∆𝑮°𝒊𝒏𝒕𝒆𝒓 + (𝒏 − 𝟏)∆𝑮°𝒊𝒏𝒕𝒓𝒂 − 𝒌𝑩 𝑻 𝒍𝒏𝞨𝒊 (3)
This directly leads to an increased entropy, due to a higher degeneracy coefficient Ωi for
multivalent constructs than for monovalent interactions, in which n = m = 1.. This is specified
𝑜
0
[31]
as avidity entropy 𝛥𝑆𝑎𝑣𝑖𝑑𝑖𝑡𝑖𝑦
: ∆𝑆𝑎𝑣𝑖𝑑𝑖𝑡𝑦
= 𝑘𝐵 ln 𝛺𝑖 (4)
The degeneracy coefficient Ωi also influences the avidity of the system and together with the
equilibrium constants of inter- (Kinter) and intramolecular (Kintra) interactions, the generic avidity
association constant (KAAvidity) can be calculated as follows [32,33]:
𝐴𝑣𝑖𝑑𝑖𝑡𝑦

𝐾𝐴

= 𝛺1 𝐾𝑖𝑛𝑡𝑒𝑟 + 𝛺2 𝐾𝑖𝑛𝑡𝑒𝑟 𝐾𝑖𝑛𝑡𝑟𝑎_2 + 𝛺3 𝐾𝑖𝑛𝑡𝑒𝑟 𝐾𝑖𝑛𝑡𝑟𝑎_3 2 + . . . + 𝛺𝑖 𝐾𝑖𝑛𝑡𝑒𝑟 𝐾𝑖𝑛𝑡𝑟𝑎_𝑖 𝑖−1 (5)

In equation (5), we have catergorized Kintra into ‘2,3,…,i’, as Kintra is a variable when
cooperative effects influence subsequent binding and is a constant when cooperativity is
negligible, ascommonly assumed in drug delivery systems [33, 34]. KAAvidity directly precedes to
the so-called enhancement factor () which describes the ratio between the multivalent
association constant and the monovalent association constant [18]. Furthermore, it was shown
that the multivalency effect shows especially improved selectivity of multivalent compounds
for low Bmax (low m) [35].

2.3 Pharmacodynamics of multivalent constructs
The interaction between ligand and target is based on the binding affinity [36], which applies for
IAs as well as for their multivalent analogues. However, in the case of multivalent binding, the
effective binding is not solely based on this key interaction between ligand and target, as for
the monomer, but can be supported by one of the in total 5 distinguishable “multivalency
effects”: 1) chelate effect: the simultaneous ligand-target interaction at multiple binding sites;
2) clustering effect, in which target sites cluster together on the cell surface; 3) steric
stabilization, in which the multivalent compound prevents another compound to bind at the
target site; 4) subsite binding, in which several binding sites on one target interact with the
ligands; and 5) statistical effect, in which a higher local concentration increases the apparent
affinity [12,37]. These multivalency effects can already account for the ‘micropharmacodynamics’, which analyses the individual microscopic interaction of every ligandtarget interaction and includes conformational changes and rebinding events [38].
These multivalency effects, besides the key interactions between ligand and target, result in
several functional and synthetic challenges for MMIAs, and are oftencounteracting the
predicted improvement of the BP of MMIAs. One reason for the discrepancy between predicted
and actual BP might be a consequence of the behavior of the target upon multivalent binding,
as also the MMIA structure has might have an influence on the behavior of the target. Therefore,
it is important to decide, which of the two types of MMIAs, covalent or non-covalent, should
be used to support the multivalency effect. Hierin, covalent MMIAs are composed by coupling
a multivalent scaffold (linear, branched, dendritic or silica-/metal-based), which is coupled to a
ligand, often separated by a linker (see Figure 3) [39,40]. Non-covalent bonds are either selfassembled compounds forming a liposome or micelle that either forms or are located inside the
24
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liposomal core. The ligands and imaging tags are coupled to the linker, just as the case as for
covalently bound MMIAs, or the imaging tags are incorporated in the liposomal space [39,41].
Non-covalent MMIA

Covalent MMIA
B

C
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A

Figure 3. The composition of a multivalent molecular imaging agent. A multivalent imaging agent consists of
an imaging tag attached through a linker to the core, which is functionalized with multiple ligands. (A) The core
can be covalently assembled based on (i) linear or (ii) branched polymers, (iii) dendrimers or (iv) metal-based
nanoparticles, or (B) can be created by self-assembled by forming the non-covalent MMIAs based on liposomes.
(C) Liposomal-based molecular imaging agents that carry the imaging agents inside and release their cargo after
cellular uptake.

2.3.1 Design aspects for MMIAs
As the multivalency effects are an important factor in achieving to design a successful MMIA,
the focus needs to be placed on maximizing the avidity entropy by optimizing the degeneracy
coefficient Ωi. This has to be achieved by adjusting the intricate interrelation of ligand,
multivalent scaffold and linker length (and not multivalency alone) to optimize ligand–target
interactions [42,43]. The difficulty in predicting these interactions was clearly demonstrated by
the study of Lindner et al., who examined the binding avidity of peptide-based MMIAs
targeting the gastrin-releasing peptide receptor (GRPR) [42]. The effect of different valencies (n
= 1, 2, 4 or 8) and different lengths of linkers based on the flexible poly-ethylene glycol (PEG)
polymer with 0, 3 or 7 repeating units was explored [42]. The different valencies were achieved
by using polyamidoamine (PAMAM) dendrons. It was shown that the dimer (n = 2) with three
repeating units of ethylene glycol had the strongest binding avidity. The authors concluded that
the improved binding of the dimeric ligand (n = 2) in binding to its target is a consequence of
the binding-rebinding effect, rather than of the high local concentration of multivalent
compounds [42]. The monomer showed relatively constant binding affinities regardless of the
linker length. Interestingly, the tetra- and octavalent MMIAs had lower avidities, and even
showed a decreasing avidity with an increasing linker length [42]. Based on these results, it was
hypothesized that the enhancement effect is not based on clustering of the receptors upon
multivalent binding [42]. The findings of this study nicely represents the main factors that
influence the binding avidity of MMIAs (vide infra) and how complex their interactions with
each other is to actually achieve high binding avidity. In the following, we are elaborating on
these three factors which are the ligand-target interaction, linker length and multivalency.
Ligand-Target interaction: Medical imaging requires the strongest possible interaction
between the natural occurring target and the synthesized ligand to ensure that the physician is
obtaining the desired diagnostic information[18,33]. Therefore, it is important to select the correct
target that allows a multivalent binding using a specific ligand. Ideally, this ligand should
25
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contain a possible attachment point for the linker/core of the IA that does not interfere with the
key interactions between ligand and target [14]. However, this is most likely not the case and the
application of computational programs, which can predict these key interactions, might be able
to provide information about the best possible position for modifications [44,45]. Additionally, it
should be decided if the MMIA is composed as a homo- or heteromultimer [18,46], thus
containing ligands for one or different targets respectively [47], especially since it was found that
heteromultimers can enable a more distinct reduction in Kdmulti than a homomultimers [18,46,48].
However, it has to be noted that this is not a general solution and is dependent on the diagnostic
aim: A heteromultimer is targeting multiple biomarkers that are expressed in the diseased tissue
and can therefore not provide information on alterations of one specific target as it cannot be
used for quantification [49].
The nature of multivalent scaffold: The ideal multivalent scaffold was originally defined as
one that matches Bmax by achieving m = n = i [33]. However, increasing knowledge on
pharmacokinetics of MMIAs (vide infra) revealed that other factors are important to achieve a
high BP, as those determine the binding avidity, such as matching geometry and selectivity [18],
which is dependent on Ωi and the linker length [33]. Additionally, the quantification of the
valency of MMIAs and the quantification of contacts/ interactions between target and ligand of
higher-valent MMIAs remains challenging [50,51]. Nevertheless, when designing a new MMIA,
it is still important to pre-define an aimed valency (n) of the final MMIA as this influences the
choice of the multivalent scaffold. For example, the application of noncovalent targeted
liposomal MMIAs, whose preparation procedure is still mainly based on traditional benchmarks
rather than on rational design approaches [52], leads to a random ligand density on the surface,
which is difficult to be measured. Recent studies showed progress in determining the effective
valency of these structures [53]. Therefore, tunable valency is easier to be achieved by covalent
scaffolds. For targeting receptors with a low density, a linear polymer might be a good option
as it can form a simultaneous target-interaction with a larger distance. When coupled to small
molecular weight molecules, linear polymers have been shown to improve aqueous solubility,
extend plasma half-life and promote active intracellular delivery [54]. For high receptor density,
the globular dendrimers might be a better option, since they are branched polymers, with
tunable size and functionality. Their high hydrodynamic radius provides them a reduced renal
clearance and a greater plasma exposure [54], but it can also result in steric hindrance at the target
site preventing a possible 2nd MMIA from binding [55], while monovalent IAs would easily be
able to bind next to each other due to their smaller sizes.
Linker type and length: As briefly indicated above, the linker length plays an important role
in maximizing the Ωi [33].The choice of the right linker that connects the ligand to the scaffold,
needs careful consideration, as its chemical composition, length and rigidity/ flexibility
influences the interaction between ligand and target [18]. It was shown that the use of linkers that
are too long can decrease the binding avidity [42], while too short linkers do not allow
simultaneous binding [18]. Furthermore, rigid linkers provide a fixed geometry, while flexible
linkers do not and hence have a higher influence in the Ωi than rigid ones [32]. Additionally, the
high entropy of flexible linkers can strengthen the key interactions between ligand and target
that decrease Kd and consequently binding potential [18]. Therefore, the three criteria of ligand26
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target interaction, multivalent scaffold and linker type are setting the starting point to achieve a
high avidity of the MMIA at the target site. However, the linker can also influence the imaging
properties of MMIAs, as shown in a recent study by Sztandera et al., who discovered that the
dendrimer-based generation 3 photosensitizer, using a phosphorous-based dendrimer, limited
the fluorescent and phototoxic properties when a tyramine linker was used to attach Rose
Bengal with the dendrimer [56]. Another example was shown using BODIPY-derivatives for the
imaging of microviscosity, which was found to give important information about cellular
processes such as diffusion, enzyme-based metabolism and protein folding, in which the longer
linker length increased the fluorescent lifetime of the BODIPY-HaloTag upon increasing laser
power during irradiation [57].

2.4 Pharmacokinetics and binding potential
Next to pharmacodynamics, the binding potential is also related to the pharmacokinetics of the
MMIA. While low molecular weight IAs show several non-specific binding effects, short
circulation times and fast metabolism [58], MMIAs suffer from non-specific tissue accumulation
due to an altered behavior within the human body in terms of protein binding, prolonged
circulation time and different biodistribution than monovalent equivalents [59,60]. Herein, the
topology of the MMIA is mainly determining the distribution profile in vivo [61]. It was found
that the circulation times of dendrimer-based or branched MMIAs are longer than for linear
compounds and that the circulation time is dependent on the degree of branching of these
constructs [62]. Although these effects were investigated in the field of drug delivery systems,
which involves the study of macromolecules with higher molecular weights than MMIAs, the
same effect could already be observed in a recent study by Summer et al. for smaller MMIAs.
They investigated the protein binding and circulation of mono-, di- and trivalent MMIAs
targeting the cholecystokinin-2 receptors [63], see Figure 4. An increasing protein binding
percentage was found that was related to the valency, thus the lowest protein binding percentage
was obtained for the monomer (<5 % after 4 h) while the trimer showed the highest percentage
(≈50 % after 4 h) [63]. Additionally, a prolonged circulation time was observed, where the trimer
showed a higher tumor uptake 4 h p.i compared to 1 h p.i [63]. The same group also found a
higher metabolic stability of trimers compared to dimer and monomer, which explains their
high targeting efficacy despite a prolonged circulation time [63]. A follow-up study of the same
group revealed that the ex vivo biodistribution data indicate that the trimer showed higher nonspecific uptake in non-targeted organs such as pancreas, lung and bones and additionally they
found undesired re-bindable metabolites [64]. The re-bindable metabolites lower the avidity, as
the MMIA not only loses its valency, but the metabolite is also competing at the target site [64]
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Figure 4. [68Ga]Fusarinine-C –derivatives for mono-, di- and trimer used in the study of Summer et al. [64].

2.4.1 The fate of molecular imaging agents on their journey throughout the
body
In the following, we give an overview on some factors that influence the binding of imaging
agents regarding their pharmacokinetics. Since MMIAs belong to the class of pharmaceuticals,
their in vivo behavior is described by their administration, distribution, metabolism and
excretion (ADME) [58]profile, see Figure 5.
Administration. Most molecular imaging agents are intravenously injected [65–67] as they are
immediately bio-available and can be monitored by imaging modalities [58]. However, there are
some exceptions, such as for some optical imaging agents that need to be applied topically for
endoscopic applications [6] or orally as recently shown in a study on the development of NIR –
IAs [68].
Distribution. Since MMIAs are applied to specifically target a biomarker, the main hurdle is
to arrive at the target as an intact molecule. However, this can be altered due to the following
factors:
Opsonization. The opsonization of blood plasma proteins towards IAs can result in clearance
via the mononuclear phagocyte system (MPS) and might lead to a lowering affinity to the target
[60]
.
Non-specific binding. Non-specific binding of IAs within the body, which can be a
consequence of opsonization or physiological effects, such as the enhanced permeation and
retention (EPR) effect [60] or enzymatic degradation effects [69].
Hemorheology. Blood vessel fluid dynamics influence the circulation time of imaging agents
dependent on the size, geometry, charge and flexibility of the imaging agent, as it was found
that liposomes tend to float in the “cell-free layer’ which is near the blood-vessel wall [60].
Disease-specific properties. Several diseases are known to have specific properties, such as
cancer is known to have a high intra-tumoral pressure related to the EPR effect as well as
angiogenesis [60] and the change in pH [70]. These factors can influence the integrity of the
MMIA as protonable groups within the MMIA can cause swelling of the constructs [60].
Uptake. IAs are expected to undergo site-specific extravasation followed by binding to the
cell membrane and cellular uptake by transport or internalization [60]. However, the cellular
internalization, which is based on receptor-mediated endocytosis might be altered when the
valency of the MMIA is too high.
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Metabolism and Excretion. As previously described, MMIAs can have the risk in the
formation of re-bindable metabolites [64], which is especially unwelcomed as it will hinder intact
MMIAs to bind as well as it will decrease its avidity, which will consequently provide a low
binding potential of the MMIA. Therefore, MMIAs need to be metabolic stable for the duration
time between administration and scan time. The following metabolism and excretion is
dependent on the composition and biodegradability of IAs [58] and also on the size of the MMIA,
since the different organs have specific clearance mechanisms and only compounds below 5
nm can pass the glomerular filter of the kidneys for urine excretion [71]. This further depends on
the chosen multivalent scaffold, as it was shown that linear polymers are able to even pass small
pores due to their high flexibility and thus might still pass this filter [62,72], and thus less potent
in achieving high tumor accumulation [72].

Administration
Intraveneous
injection of
MMIAs

IA

Distribution

Lung

Metabolism
Specific Uptake

Liver

Transporter-mediated
Receptor-mediated
Physiological processes

Renal
clearance

Excretion
Hepatobiliary
clearance

Influenced
by
BBB
Filtration
pH
Pressure
Temperature

Opsonization
Protein binding
Tumor Blood cell
pH ↓ binding
T↑
P↑

IA

Circulation

Non-specific binding

Figure 5. Illustration of the fate of imaging agents upon administration into the human body. Solid lines
represent the normal pathway an imaging agent (IA) undergoes within the body, with the aim of specific binding.
Dashed lines represent confounding factors for medical imaging contrast.

2.5 Other factors influencing the binding potential of MMIAs
2.5.1 Chameleon behavior of MMIAs

Drugs exceeding Lipinski’s rule of 5 tend to show a so-called chameleon behavior, in which
pharmaceuticals can cause unexpected non-specifically cellular uptake due to lipid bilayer
permeation [73]. This unspecific uptake is assumed to be caused by the formation of
intermolecular hydrogen-bonds in biological solvents due to the higher flexibility of the larger
molecular weight compounds [74,75], as this enables structural adaptations of the molecule to
either hydro- or lipophilic conformations [75]. This behavior is also dependent on the shape of
the MMIA, ranging from linear to spherical particles [46,54], since it was shown that rod-like
structures easier cross the lipid bilayer than spheres [76,77].
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2.5.2 Solubility effects influence tissue uptake of MMIAs
A confounding factor that comes alongside high molecular weights is the insolubility of
MMIAs under physiological conditions, which was studied by Babič et al. The group studied
the imaging of diabetes mellitus by targeting the sulphonylurea receptor subtype 1 with the
specific ligand glibenclamide, which is characterized by low cellular uptake [45]. They observed
that multimerization of glibenclamide improved the cellular uptake and found the 5th generation
PAMAM dendrimer core with 15 lipophilic glibenclamide ligands (n=15) to be the strongest
binder. However, it showed a reduced solubility under aqueous solutions and therefore a binder
with five ligands (lower avidity) had to be used for in vivo studies [45]. Therefore these insoluble
ligands cannot be adsorbed by the body and they will not reach their target, consequently its
bioavailability is low [78]. The field of drug delivery has already defined in 1975 that a successful
nanoscopic system should include next to the multivalent scaffold, linker and targeting moiety
also a solubilizing agent [58,79]. Therefore, it is advised to follow this proposal and add a socalled ‘distribution-enhancer’ in the design of MMIAs [79].

2.5.3 Preparation of MMIAs and quantification of ligand density
In addition, binding properties of ligands can be compromised under specific conditions. A
typical divergent heterogenic multivalent scaffold allows only the coupling of a limited amount
of ligands onto the surface, which ends up in having a normal-distributed range of ligands on
the MMIA surface [80]. Even after successful coupling of the ligand to the multivalent scaffold,
peptidic ligands are prone to denaturation during the MMIA purification process, due to the use
of organic solvents (e.g. acetonitrile) or interaction with the stationary phase used in
chromatography [81]. This affects the amount of intact peptidic ligands on the surface and thus
its binding potential. An inadequate purification can interfere with the characterization methods
of nuclear magnetic resonance or mass spectrometry, which leads to a false quantification of
the number of ligands at the surface [81]. And even if the quantification is correct, the number
of ligands or their alignment at the surface is not always exactly known, due to the possible
formation of entanglements of too flexible linkers [81,82], reducing the avidity [64] at the target
site. Therefore, it is of great value to introduce the field of ‘micro-pharmacodynamicspharmacokinetics’ also into the field of MMIAs, as it is dealing with the specific ligand-target
quantification to improve the binding affinity of drugs [38,83] and its analyses of microinteractions studies the binding affinity beyond the association and dissociation rate constants
kon and koff [38], as was used in this chapter for simplification.

2.5.4 Biodegradation of MMIAs
Targeted drug delivery systems and theranostic agents are even already further by utilizing
biodegradable multivalent scaffolds which can ensure controlled release of the drug [84,85].
Although these degradation profiles are used for controlled drug release over a period of several
hours to even days, MMIAs also show a prolonged circulation and accumulation time. Hence,
this engineered degradation might be useful for MMIAs as well. There are examples of imaging
agents prepared of human serum albumin radiolabeled with technetium-99m, and as these
constructs can be synthesized in different sizes, dependent on the multivalent scaffold, these
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MMIA can be used to target different tumors and degrade accordingly [86]. But it was also shown
that engineerd degradation can actually result in the activation of the imaging tag. This was
shown by self-assembled or aggregated MMIAs that quench fluorescent tags, which are located
in the core of the nanoparticleas long as these MMIAs are still intact and after disassembling
become fluorescent due to protein/ RNA binding or pH changes [87]. This approach is similar to
the reported release of super-paramagnetic iron oxide nanoparticles in 2020, in which the
altered pH in tumorous tissue results in the degradation after endosomal initialization and drugrelease for MR imaging [70]. However, the behavior of such degradable MMIAs is less
predictive than for non-degradable MMIAs and might indeed be a good solution for fastening
the clearance of non-bound MMIAs.

2.6 Translation to the clinics
Despite several preclinical studies being carried out recently, see Table 1, the translation of
multivalent ligands to clinics is restricted because of specific properties of MMIAs, partly due
to the strict safety regulations that are a consequence of the prolonged circulation time [88]. Also
extensive toxicity studies are required for each component of the MMIA [88], which is not only
costly but also time consuming. Multimers might not be suitable for all imaging techniques.
The leat profit of the application of MMIAs might be faced in the field of PET imaging, as it is
based on the radioactive decay of short-living radionuclides, such as carbon-11 (t1/2: 20.4 min,
> 99 % +) and gallium-68 (t1/2: 67.9 min, 89 % +) [89]. With the prolonged circulation time
of MMIAs, only longer-living radionuclides can be used such as fluorine-18 (t1/2: 109.8 min,
97% +) [89]. However, radiolabeling with zirconium-89 (t1/2: 78.4 d, 22.7 % +)[89] or pretargeting approaches might be a useful alternative and still enable successful PET imaging.

2.6.1 Clinical trials of MMIAs
The silver lining in the clinical application of MMIA can be seen in several translational studies
of MMIAs. In 2011, a fluorine-18 radiotracer called [18F]FPPRGD2 was tested on targeting
αv3- integrins utilizing a dimerized RGD-peptide [90]. Initial pharmacokinetic and dosimetric
studies, which was conducted in 5 healthy volunteers over a time frame of 3 h, showed fast
renal clearance and relatively low liver uptake compared to another RGD-based radiotracer
[18F]fluclatide [90]. A follow-up study of this dimeric homomultimer was published three years
later, in which eight breast cancer patients were scanned with [18F]FPPRGD2 and compared to
the radiolabeled glucose [18F]FDG [91]. After administration of the radiotracer no adverse
reactions could be detected [91]. In comparison with [18F]FDG, the dimeric [18F]FPPRGD2 was
able to detect more metastatic lesions and showed highly specific uptake which is aimed to be
further evaluated in future [91]. Another trial was reported in 2014, where a nanoparticle for
PET-OI was reported for the detection of metastatic melanoma. This PET-OI probe was
constructed out of a Cornell silica dot (C dot) and was functionalized with
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Table 1. Some pre-clinical studies utilizing MMIAs.
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cyclic-RGDY peptides and radiolabeled with iodine-124 (100.2 min, 22.7 % + [89]) to form
[124I]cRGDY-PEG-C dots for the visualization of integrin-expressing cancers with a final size
of 6-7 nm [98]. This study investigated the pharmacokinetics and clearance profile in patients
with metastatic melanoma lesions using ~3.4 - 6.7 nmol of [124I]cRGDY-PEG-C dots [98].
Pharmacokinetics were studied for 72 h p.i. by measuring a whole body PET/CT scan after 2,
4, 24 and 72 h [98]. The applied MMIA were not optimized for tumor detection and yet they
were not able to detect tumor lesions, but showed a fast renal clearance with an initial half-life
of 3.57 h [98]. Radio-thin-layer-chromatography confirmed the integrity if the MMIA in blood
for the first 24 hours, but revealed metabolite formation in urine caused by enzymatic
dehalogenation of iodine-124 [98]. The research group concluded an unaffected kidney and liver
function and could not detect abnormal laboratory values. However, further toxicity studies are
required with a larger sample size [98].
While both examples mentioned above are examples of homomultimers, a heterodimer was
reported in 2016 for PET imaging. This radiotracer was designed to target αv3- and gastrin
releasing peptide-receptors (GRPR) with the aim of prostate cancer imaging using [68Ga]BBNRGD [99], as it is known that bombesin-derivatives (BBN) selectively bind to GRPR. This firstin-human study was aimed to assess safety and diagnostic value of the novel MMIA by PET/CT
in 5 healthy volunteers and 13 patients with prostate cancer [99]. For validation of the tracer, a
follow-up scan using the previously reported [68Ga]NOTA-Aca-BBN7-14 was performed [99,100].
No changes in vital signs or laboratory values could be detected [99]. The heterodimer showed
a fast renal clearance of around 50% within 30 min p.i. with high accumulation in the pancreas
and moderate uptake in liver and spleen [99]. Within this study, [68Ga]BBN-RGD was able to
detect one primary prostate cancer lesion more than [68Ga]NOTA-Aca-BBN7-14, which was in
agreement with the immunohistochemically staining performed on the biopsies [99] as one lesion
was confirmed to be GRPR negative [99]. An additional MRI could support the detection of all
lymph nodes, while [68Ga]BBN-RGD was able to detect more bone metastases than MRI and
[68Ga]BBN alone, representing that the heterodimer can indeed be advantageous in detecting
more lesions [99].

2.7 Stepwise approach to design multivalent molecular imaging
agents
After identifying these challenges, we conclude that multivalency is not (yet) an established
solution for increasing the avidity of imaging agents in clinical applications. We therefore
suggest the following design steps that might help future design approaches for MMIAs to be
more successful:
(1) Determine the target and the ligand
In the he first step, the best possible ligand needs to be defined that shows the strongest binding
interactions with the target, the disease-specific biomarker. The attachment point of the
multivalent core or imaging tag should not alter the targeting site of the ligand to not hinder the
interactions within the binding pocket of the target. However, this might not always be the case,
structure-activity-relationships can be used to pre-determine the positions that exhibit the
lowest interference with the key interactions. Additionally, it should be considered, whether the
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MMIA should feature homo-or hetero-multivalency [14,18]. This choice depends on the purpose
of the imaging study, e.g. maximizing uptake in a tissue versus gathering information on a
specific molecular target. For the latter, only a homomultimer can be used.
(2) Determine the target density
For optimal binding of MMIAs, the degeneracy coefficient Ωi needs to be maximized. The
density and average distances of the targets should be determined in order to choose the right
ligand with appropriate linker length. This determines the geometry of the ligand, its final size
and the valency of the MMIA.
(3) Determine the most suitable multivalent scaffold and appropriate linker
The choice of the right multivalent scaffold is of importance, as it can improve properties of the
MMIA in terms of prolonged circulation time, improved solubility and reduced
immunogenicity [54]. Herein, the scaffold should provide a ligand density that is in agreement
with the target density. This results in the effective molarity of the MMIA, in which the local
concentration matches the target concentration [101]. Ideally, the ligand concentration is
optimized to the target concentration by adjusting the linker length to reduce the steric
hindrance of the MMIA at the target site [47]. This also depends on the scaffold, as highgeneration dendrimers provide a larger steric hindrance than linear polymers [102]. Additionally,
the multivalent scaffold should not only be biocompatible but ideally biodegradable, with
degradation times that suits the imaging modality and supports the optimal circulation time of
the MMIA.
(4) Consider biological barriers to choose the right composition MMIA
The human body features several protective barriers for maintaining its function and some of
these barriers need to be crossed to reach the target. While for cancer imaging, vascularization,
the inter-tumoral pH and pressure-gradient are main obstacles [60], imaging of the brain requires
passage of the blood-brain barrier (BBB) which is highly impermeable due to tight junctions at
the neurovascular unit. For passive diffusion over BBB, compounds need to be lipophilic
[14,103,104]
. However, as it is particularly challenging to identify possible barriers. Consequently,
the designof MMIAs usually include assumptions without any further testing. As of yet, there
is no generic solution to identify all biological hurdles a MMIA is objected to within the body.
The most important factors that need to be considered are possible increased opsonization
effects resulting in non-specific binding and the possibility in the formation of re-bindable
metabolites [64].
(5) Determine the linker characteristics
The linker has a high impact not only on biocompatibility, but especially on avidity of ligands
[105]
. PEG-based linkers are amongthe first choices, since PEG and their copolymers are watersoluble, neutrally charged and biocompatible, and possess properties which shields them from
degradation and excretion [54]. However, PEGylation also has the side-effect that is it favors a
non-specific binding of MMIAs , which lowers the remaining fraction of MMIAshat can target
the diseased tissue [106]. Additionally, one should take into account that the different orientations
of the attachment points at the multivalent core can give different distances between the ligands,
as was shown in the example of streptavidin, which was multimerized into cis- and trans-dimers
using different allergens as well as tri- and tetramers. A similar finding was observed on an aryl
piperazine-based tetramer, in which one side was 5 methylene equivalents shorter than the other
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side [105]. However, this difference is dependent on the size of the multivalent core and might
be negligible, but should be kept in mind for larger molecules.
(6) Define the synthesis approach of MMIAs
The quantification of ligands on the MMIA surface is of great importance, since only these
surface ligands can participate in achieving the multivalency effect. The optimal synthesis
method that enables full control of the ligand concentration was suggested to be achieved by
the convergent or bottom-up synthesis approaches [80,107], which starts with the synthesis of the
ligand and its attachment to the linker and then the coupling to its multivalent scaffold.
However, not all MMIAs can be synthesized like this, as PET imaging requires the
radiolabeling of the MMIA shortly before the administration. Therefore, modular syntheses that
are widely applied for dendrimers and dendritic structures are the ‘click reactions’ or DielsAlder and thiol-ene reactions [108]. The introduction of modularity would also enable the easy
introduction and modification of ‘solubility enhancer’ to improve solubility and to optimize the
binding avidity [79].
(7) Pre-determine important properties in vitro
During the development of MMIAs, specific features are advised to be assessed in vitro. Since
MMIAs, due to their size, are more likely to be toxic than small monovalent molecules, they
should be tested for cytotoxicity as well as binding affinity and specific binding. It was shown
that multivalency can induce a change in the uptake mechanisms of the cell, which changed
receptor-mediated endocytosis when using multivalent compounds [109]. As it was shown in the
case of PAMAM dendrimer, the charge of nanoparticles is of importance, therefore its zeta
potential should be measured, which can also be used to estimate its behavior upon pH changes
[81,110]
. Additionally, the protein binding should be determined on beforehand, which can be
made by structure-activity relationships or surface plasmon resonance co-incubated with blood
plasma proteins [81,111–113]. Attempts should be made to determine accurately the ligand density
on the surface, as reported recently [51,53].
(8) Study the pharmacodynamics and pharmacokinetics in vivo
As the last step, extensive in vivo experiments need to be conducted to better understand the
pharmacokinetics of the MMIA. Although there are already studies showing in silico
predictions of the generic pharmacokinetic behavior [114], the complex biological and
physiological interactions within the body cannot yet be predicted and needs extensive
evaluation in animals and further translation towards human studies. Only by the determination
of PD/PK, the image efficiency can be fully determined.

2.8 Concluding remarks
Despite numerous preclinical studies of multivalent molecular imaging agents have been
published, their application within the daily clinical setting is not yet achieved. In this chapter,
we provided an overview of the main challenges in the translation of multivalent imaging
probes into clinics. The main hurdles are the definition of an appropriate multivalent system for
the desired target, impending insolubility, increased protein binding and the challenging
characterization and quantification of the number of ligands as well as re-bindable metabolites
which can be a confounding factor for the image signal. This has a major impact on its
application and success in the (pre-)clinical application. However, the advantages of high
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avidity and the possibility to modulate the circulation time is worth to continue studying
multivalent molecular imaging agents, as represented in the clinical trials such as 124I-cRGDYPEG-C dots. This approach to define a rational design does not yet fully comprise all obstacles
and possible solutions, but it is intended as a starting point to understand the complexity of
multivalent imaging agents and further explore its potential in clinical diagnostics.
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