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Abstract

A century ago, the groundbreaking concept of the magic bullet was given by Paul Ehrlich. Since then, this concept has been
extensively explored in various forms to date. The concept of multivalency is among such advancements of the magic bullet
concept. Biologically, the concept of multivalency plays a critical role in significantly huge numbers of biochemical inter-
actions. This concept is the sole reason behind the higher affinity of biological molecules like viruses to more selectively
target the host cell surface receptors. Multivalent nanoconstructs are a promising approach for drug delivery by the active
targeting principle. Designing and developing effective and target-specific multivalent drug delivery nanoconstructs, on the
other hand, remain a challenge. The underlying reason for this is a lack of understanding of the crucial interactions between
ligands and cell surface receptors, as well as the design of nanoconstructs. This review highlights the need for a better theo-
retical understanding of the multivalent effect of what happens to the receptor—ligand complex after it has been established.
Furthermore, the critical parameters for designing and developing robust multivalent systems have been emphasized. We
have also discussed current advances in the design and development of multivalent nanoconstructs for drug delivery. We
believe that a thorough knowledge of theoretical concepts and experimental methodologies may transform a brilliant idea

into clinical translation.
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Introduction

A multivalent ligand may be defined as a system that con-
sists of multiple ligand moieties, which can bind to more
than one binding site or receptors accessible on the tar-
get site. A prominent example is a multivalent interaction
between a virus and its target cells, which results in ini-
tially strong adhesion. The notion of ligand multivalency
arose from or was inspired by the multivalent interaction
properties present in microorganisms. Monovalent drugs are
the most common clinical approach in medicine. Because
pathophysiological alterations caused by complex/adopted
microorganisms or cancer cells have such a strong affinity
for multivalent cell surface receptors, monovalent medicines
must be employed in very high doses. As a result, designing
and manufacturing a multivalent drug delivery scaffold have
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immense potential for effectively combating viruses and bac-
teria, as well as regulating cancer cell development [1].
The most typical multivalent in vivo recognition phenom-
ena involve several copies of cell-surface receptors engag-
ing with multivalent ligands. Many biochemical processes,
including molecular recognition and signal transduction initi-
ation, which includes many interactions between ligands and
their receptors [2], as well as other immune functions, such
as cellular attachment by infectious agents, antibody recog-
nition, pathogen opsonization, and immune-inflammatory
response, rely on multivalent interaction [2-5]. These mul-
tivalent interactions have unique effects, such as the advan-
tage of several binding events that enhance binding on a
molecular level in ways that monovalent structures do not.
Multivalent systems have many significant benefits that
make them a potential therapeutic option [4]. To begin with,
multivalent agents may significantly reduce pathogen cell
adherence by using a dynamic process involving steric sta-
bilization that traditional therapeutic approaches are unable
to regulate. Second, biological interactions between recep-
tors and ligands are often modest. By increasing functional
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avidity, multivalency may overcome these limitations.
Multivalent interactions are distinguished from monovalent
interactions by their high affinity and relatively slow dis-
sociation kinetics. Third, multivalent compounds have the
ability to cluster receptors and modulate signal transduction
pathways. Fourth, the attachment of several targeting groups
and therapeutic agents to a single mechanism permits these
mechanisms to be targeted to multiple receptors at the same
time. Fifth, the mechanical features of existing therapeutic
agents, such as their prolonged duration in the systemic cir-
culation, may be improved by manipulating the properties
of multivalent nanostructures [4]. Furthermore, multiva-
lent structures would generate matrices that might regulate
some mechanisms in several contexts, something that typical
monovalent nanocarrier-mediated therapies are unable to do.
The molecular mechanisms by which multivalent ligands
carry out their activities determine their efficacy. A detailed
knowledge of the inputs that distinct mechanisms may give
for multivalent ligand-receptor recognition is required to
develop an effective, powerful, and selective multivalent
drug delivery system [4].

The incorporation of the influenza virus into the cell
membrane, antibody-mediated activation of the comple-
ment cascade, migration of immunological cells into the
inflammatory area, stimulation of the T cell, attachment
of immunoglobulin (Ig) E molecules to macrophages or
basophils for the formation of IgE antibodies [6, 7], and
the binding of Shiga toxin to cell membranes [8—11] are
all examples of multivalent processes that cause patho-
logical phenomena. Multivalent ligands may also increase
L-selectin clustering on the surface of leukocytes, resulting
in glycoprotein shedding [12]. Furthermore, multidentate
sucrose ligand substitutes demonstrate avidity, or the sum of
many binding interactions that occur when multiple ligand/
receptor complexes are triggered, as well as improved accu-
racy in protein—carbohydrate recognition processes [13—16].
The simultaneous binding of multiple ligands to receptors
enhances ligand affinity, strength, and stability as compared
to free monovalent ligands. The binding of ligands to their
receptor molecules is improved much further by multivalent
interaction. Many pathophysiologies, including hepatitis,
influenza, tuberculosis, Alzheimer’s disease, Huntington’s
disease, diabetes, and cancer, rely on multivalency [17].

Multivalent ligands may be able to address problems that
typical monovalent materials cannot due to their several the
recognition feature. For molecular identification, simula-
tion, diagnosis, and treatment of diseases, the use of multi-
valent ligands in the design and development of drugs has
been widely investigated. Multivalent vaccines, for exam-
ple, have been utilized by explicitly priming CD8 + and
CD4 + T-specific tumor cells in cancer treatment. The abil-
ity to induce dimerization or oligomerization of the recep-
tors on the cell surface determines the effectiveness of a
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multivalent vaccine [18-20]. Conjugation of multiple cop-
ies of targeting ligands, drugs, and dyes has also become
a frequent strategy for developing theranostics resources
that may be used for disease diagnosis and treatment. To
develop a multivalent theranostics system useful in detect-
ing and treating diseases, several copies of targeting ligands
and imaging agents may be conjugated to polymer scaffolds
containing potential therapeutic molecules. Various aspects
of multivalency will be discussed in this review in order to
develop a robust multivalent drug delivery system.

Design and development of multivalent
targeted nanosystems

For the unique binding of related receptors to therapeutic
purposes, several multivalent ligands have been developed.
Multivalency in drug delivery systems can also be made
possible by binding many copies of ligands to nanocarriers,
such as polymer composites, dendrimers, micelles, and nan-
oparticles [21]. It is necessary to rationally formulate a mul-
tivalent ligand framework that is dependent on the ligand’s
intrinsic affinity, distance, and relative spatial orientation in
order to use multivalency as a principle of organization and
active involvement. The size and shape of the carrier system,
the corresponding valency of the system, the ligand density
and configuration, the size and flexibility of the linker, and
the molecular structure and functional groups present in the
linker are all parameters that are defined primarily by the
choice of a multivalent carrier system [21]. These complex
parameters should be considered when constructing a mul-
tivalent ligand grafted carrier system. This section addresses
at the complex relationships that exist in the design and
development of multivalent carrier systems.

Dimensions of the nanocarrier

Viruses and bacteria have evolved into a variety of precise
sizes and shapes in order to properly mediate their interac-
tions with target cells. Similarly, we must first understand
how the dimensions (size and shape) of a synthetic nanocar-
rier impact its interaction with the biological system in order
to design nanostructures capable of traversing the systemic
circulation and targeting diseased cells. The cellular adhe-
sion and interaction of the multivalent ligands on the nano-
carrier are directly influenced by the nanocarrier size. The
small and compact size of the scaffolds is considered ideal
for targeted drug delivery, which may penetrate and propa-
gate through membranes, or may be aggregated at tumor
sites via a renowned process known as enhanced permea-
tion and retention effect [22-24]. The well-defined shape
and composition of the ligand allow it to be located at the
target receptors. To achieve optimal binding performance,
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the scaffold’s dimension must be tailored to accommodate
its preferred accumulation at the target cell. Papp et al. [25]
demonstrated that multivalent sialic acid—conjugated pol-
ymeric nanoparticles with particle sizes ranging from 50
to 100 nm (corresponding to the size range of influenza A
virus) are significantly more effective at preventing influenza
A virus binding than smaller guided nanoparticles. Simi-
larly, Sykes et al. [26] investigated the influence of particle
size on active targeting of transferrin conjugated gold nano-
particles and found that 60 nm gold nanoparticles are capa-
ble of rapid and enhanced tumor uptake. Propper tailoring
of scaffold dimension is not possible with several scaffolds
such as adamantine [27], calixarene [28], and cyclodextrin
[29]. Because only a few numbers of ligands may be linked
to these scaffold subtypes, they have low binding affinity
for target proteins or cell surface receptors. Dendrimers, on
the other hand, are an excellent example of a multivalent
system that is tailored optimally for the desired dimension.
They enable the formation of a branching network-like struc-
ture that allows multiple functional groups or ligands to be
attached, hence potentiating the binding affinity. This poten-
tiation of binding affinity might be owing to the steric impact
of the backbone molecules, which is caused by the scaffold's
increased size [30]. Multivalent ligands’ binding patterns are
also influenced by scaffold subtypes. Intramolecular bind-
ing may occur when multivalent ligands are grafted onto
two-dimensional structures. Multivalent ligands grafted on
a three-dimensional structure with the help of a linker, such
as nanoparticles or dendrimers, on the other hand, are sus-
ceptible to intermolecular binding [29, 31].

In the context of biological systems, antibodies are likely
the most extensively utilized materials for the study of mul-
tivalency, owing to the quaternary structure of antibody mol-
ecules that may interact with numerous recognition sites.
Hence, these biological molecules are naturally equipped
to provide enhanced binding affinity. Various antibodies,
such as IgE, IgG, and IgD, depict the monomeric antibody
with two antigen-binding sites. Whereas IgA antibody has
a dimeric form and provides four binding sites, IgM is the
pentameric antibody with ten binding sites. As various anti-
bodies represent distinct dimensions, their biological activity
involving binding affinity also gets influenced [31]. Cremers
et al. [32] have utilized antibody surface grafted DNA nano-
structures to demonstrate that although the inherent affin-
ity of targeting antibody remains unaltered, the number of
antibody-receptor interactions remains lower than soluble
antibodies governed by nanoconstruct’s size and orienta-
tion. Based on these observations, the authors concluded that
larger DNA nanostructures may cause steric hindrance and
are the primary cause of reduced receptor binding potential.
In a recent study, Choo et al. [33] have demonstrated that
the dimensions of nanoconstructs impact active targeting.
The authors compared aptamer AS1411 surface grafted gold

nanostar and gold nanospheres (50 nm) on cells with and
without nucleolin receptor expression using single-particle
monitoring of translational and rotational motion. Despite
possessing identical protein corona profiles, gold nanostars
migrated faster under directed diffusion, according to the
authors. Furthermore, in nucleolin-inhibited cells, gold
nanostars showed faster rotational dynamics throughout
smaller translational areas, but gold nanospheres showed
no significant changes in translation. These variations in
translational and rotational motions imply that the dimension
of the nanoconstruct determines how the targeting moiety
attaches to the cell membrane receptors. As a result, proper
tailoring of a multivalent carrier system or scaffold is an
important element to consider. It should be critically con-
sidered when designing a multivalent system.

Valency of ligands on multivalent scaffolds

The number of identical ligands grafted on a nanocarrier or
scaffold with multivalent ligands is referred to as valency. In
other words, valency refers to the number of various interac-
tions of the same type that may occur through the host (cell
surface receptors)—guest (ligand) interactions with entities
that have complimentary features (Fig. 1).

The binding avidity and target specificity of a multivalent
ligand improve dramatically as the valence of the ligand on
the multivalent scaffold rises. To design an effective multi-
valent construct, this parameter must be severely optimized.
Because they are less immunogenic and more stable in the
systemic circulation, bivalent and trivalent antibody mol-
ecules are much more suitable for tumor targeting. Another
key benefit is that they may be manufactured on a large scale
[34]. The use of an antibody with a larger magnitude of
valency is limited by molecular instability, which adversely
affects its therapeutic potential [34].

The effect of valence on the performance of the multi-
valent system can be assessed by developing polymer com-
posites of specific sizes. The valency of ligands associated
with synthetic scaffolds or nanocarriers can be tailored con-
sistently by adjusting the length or diameter of the scaffold
or nanocarrier. The effect of dendrimer valency on perfor-
mance may be examined in this context by analyzing vari-
ous generations of dendrimers [35]. For instance, generation
zero PAMAM dendrimers have a size of 1.5 nm and display
a tetravalent system [35]. Every consecutive generation
increases the diameter by 0.7 to 1.6 nm, doubling the ligand
valency. Kiessling et al. [36] also established the influence of
ligand valency on the performance of the multivalent system
(in terms of receptor binding and endocytosis). Dendrim-
ers with increasing ligand (lactose residues) valency were
synthesized in this work. The activity of these multivalent
dendrimers was assessed by employing a protein panel (hav-
ing different no. of saccharide receptors as binding sites).
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Fig. 1 Valency of the host—
guest (ligand-receptor) complex
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The performance of the multivalent dendrimer was assessed
based on a number of binding interactions between ligand
and saccharide residues, and the authors demonstrated that
as dendrimer valency increases, so does the protein den-
drimer interaction. The authors have also demonstrated
that the magnitude of binding interaction depends on the
dimensions of the target protein [36]. The need of properly
tailoring the valency of ligands associated with multivalent
systems to the target cell surface receptor is emphasized in
this work.

Several polymerization reactions allow for precise moni-
toring of the ligand valency on the multivalent scaffold [37].
Precise polymerization reactions allow the pharmacologi-
cally active ligand to be produced with optimized valency
[24]. Ring-opening metathesis reaction is a polymerization
reaction that generates polymers, which are used as scaffolds
for pharmacologically active multivalent ligands [38, 39].
The ruthenium—carbene catalysis reaction, which is medi-
ated by ring-opening metathesis polymerization, may pro-
duce scaffolds with altered valency [40, 41]. Such ligands
have been constructed to work as inhibitors of saccharide-
protein interactions [42, 43], as ligands for the suppression
of vancomycin-resistant bacteria [44], and as modulators of
biochemical reactions [45, 46]. Pertinently, the polymeriza-
tion process accounts for precise monitoring of the multiva-
lent ligand display and the ligand valency [37].

A multivalent peptide construct was developed by
Cochran et al., incorporating peptide obtained from
cytochrome ¢ and complexing it with major histocompat-
ibility complex (MHC). The resultant cytochrome c-MHC
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complex was biotinylated separately and combined with
streptavidin to generate a tetravalent complex capable
of engaging the T cell receptor. The quantity of effective
cytochrome c-MHC complex in the assembly forming reac-
tion was varied to promote monomeric, dimeric, trimeric,
or tetrameric construct. The effects of the assemblies on T
cell activation, extracellular pH alterations, and intracellu-
lar Ca®* concentrations were assessed. In both cases, the
tetramer was the sole ligand that induce a substantial rise
in activity. These experimental data suggest that valency
alterations have a significant impact on T cell activation.
Similar results were achieved using chemically established
peptide-based multivalent ligands; however, only the dimeric
ligand was adequate to enable T cell-mediated signal trans-
mission [47, 48].

This information recorded collectively demonstrates
that valency is an essential feature of multivalent ligands
necessary to enhance T cell-mediated transmissions. Many
researchers exploited synthetic multivalent ligands to under-
stand ligand valency’s impact on B cell-mediated responses
[49, 50]. Several multivalent ligands based on dextran, poly-
vinyl alcohol, carboxymethylcellulose, and polyacrylamide
have been constructed to check whether T cell valence anti-
gens affect immune response [51]. Rodents were given such
ligands, and the efficacy of immune responses was quanti-
fied. The immunological response elicited by the multivalent
ligands was solely dependent on the ligand’s valency in each
instance, independent of the scaffold’s composition or the
level of polymer branching. Based on these findings, the
authors hypothesize that the valence of ligands associated
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with scaffolds induces B cell receptor clustering and plays a
significant role in determining function.

Radford et al. [52] generated an array of polymer-based
affibody conjugates with valency varying from 2 to 10 pep-
tides per polymer by conjugating an HPMA copolymer—based
carrier system with HER-2 binding affibody peptide. The
targeting ligands might crosslink the HER2 receptors and
override the receptor’s inherent “internalization-resistant”
function, allowing the carrier to be internalized quickly and
then trafficked to the lysosomes. According to the authors,
this design resulted in considerably greater absorption kinet-
ics and overall levels of intracellular dispersion than either
an untargeted carrier system or a monovalent peptide (with
over 90% of the surface-bound conjugate internalized within
four hours). Furthermore, this enhancement was sensitive
to a higher amount of surface grafting, which authors have
demonstrated, reduces the conjugates’ ability to crosslink
receptors. The data strongly suggests that this is an inherent
feature resulting from the multivalent conjugate design. Even
at picomolar treatment doses, targeted conjugates exhibited
high intracellular delivery. Untargeted HPMA copolymers,
on the other hand, needed 1000-fold greater treatment con-
centrations to reach equivalent levels of intracellular accu-
mulation, indicating the design’s prospective relevance for
increased intracellular drug delivery [52].

The flexibility and length of the linker

Entropic transition is the foremost hurdle to be conquered
before intramolecular binding may occur. The binding event
of a ligand grafted on the multivalent construct with the
receptor hinders the movement and binding of the neighbor-
ing ligand during the multivalent interaction between the
multivalent construct and the target receptors, undesirable
in an unwanted entropic penalty [5].

Rigid linkers with restricted flexibility obstruct mul-
tivalent ligand orientation and efficient interactions with
receptors. Flexible linkers, when attached to a multivalent
ligand, may be implemented in a variety of configurations
and orientations within the system to bind to target recep-
tors with lower steric strain [5]. Earlier, Krishnamurthy
et al. [53] and Shewmake et al. [54] demonstrated that the
use of flexible linkers larger than the spacing between the
neighboring cell surface receptors accounts for the potenti-
ated binding event between the ligands and the receptors,
significantly minimizing the conformational entropy. In a
study by Hsu et al. [55], sulfated galactose combined with
thrombin-binding aptamer-conjugated gold nanoparti-
cles demonstrated extreme anticoagulant behavior against
thrombin. The researchers addressed the essential role of
extended and flexible thrombin binding aptamer in regulat-
ing the multivalent interactions with thrombin. However, a
too flexible linker may minimize ligand avidity due to higher

conformational entropy [5]. Several investigations [56—59]
have supported this claim and provided light on the critical
importance of conformational entropy loss associated with
linkers. To minimize conformational entropy loss during
ligand-receptor interaction, the linker moiety associated
with multivalent ligand should be optimally rigid. This is
because the more flexible the linker is, the more entropy it
may lose owing to more accessible conformational states.

Along with this, the length of the linker that attaches
the ligands to the scaffold must be critically optimized to
avoid unwanted steric hindrance between the ligands, to pro-
vide enhanced spatial flexibility and binding avidity, and to
ensure that the multivalent system achieves the desired phar-
macological activity and stability in systemic circulation
[21]. The linker that is far too long can result in undesirable
conformation and render the multivalent ligand inappropri-
ate for cellular binding [60]. Shiokawa et al. [61] revealed
that moderately lengthy linkers may play an important
role in giving stability to the multivalent construct and can
greatly lengthen the half-life of a drug that is encapsulated or
conjugated with the multivalent construct. Arnold et al. [62]
demonstrated that the optimal length of the linker between
ligands and the backbone of the multivalent construct, which
basically produces integrin clustering as a result of multi-
valent activity, was 25-73 nm. According to comparable
research by Rosca et al. [63], the optimal length of the PEG
linker that might produce multivalent interactions between
ligands and integrins is 30 nm. Hence, tailoring of both the
parameters (length and flexibility of linker) should be con-
sidered for the proper design of the multivalent construct.

To summarize this section, linkers attached to multivalent
ligands are critical players in defining the entropy associ-
ated with multivalent ligand—-receptor interaction. Assume
the linker is too short or too rigid. In such situation, the mul-
tivalent binding interaction between the ligand and receptor
may be associated with a significant amount of steric strain,
which may contribute to a decrease in the overall system's
conformational entropy. Linkers that are unconditionally
long and excessively flexible, on the other hand, have an
excess of entropy. The stated linker may access multiple con-
formational states or be directed in various directions, result-
ing in a loss of the conformational entropy of the system,
consequently reducing the probability of the ligand—receptor
binding event. Ideally, the linker should be of optimal length
and rigidity to make it easier for several multivalent ligands
to engage several receptors simultaneously.

Ligand density on the multivalent constructs
The nature and degree of multivalent ligand interactions are
proportional to the ligand density of the multivalent con-

struct [64]. The ligand density is the number of ligand mole-
cules in proportion to the number of side chains or functional
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groups of multivalent constructs that the ligand has bound.
Gestwicki et al. [65] used particle-mediated clustering of
target receptors before the immune response to demonstrate
correlations between immunological response and multiva-
lency. They demonstrated that the ligand density associated
with the multivalent construct is a critical factor in mediat-
ing the receptors’ formation of subsequent cluster forms,
which play a role in signal transduction. High ligand den-
sity induces multivalent binding through the clustering effect
between the receptors [66]. The pharmacological activity
of ligand molecules may also be controlled by changing
the ligand density on the multivalent construct [21]. The
importance of the target ligand density in the development
of the vaccine delivery mechanism has been exemplified.
The ligand density of multivalent monoclonal antibodies to
dendritic cell lectin nanoparticles loaded with antigens has
influenced dendritic cell activity and corresponding T cell
expressions. The amount of cytokine released by dendritic
cells and T cells enhanced significantly due to the clustering
of the target receptor with the optimum ligand density of
monoclonal antibodies on the surface of the nanoparticles

[67]. We strongly recommend that interested readers read
the study by Alkilany et al. [68]; with this in mind, it is
critically necessary to take into consideration the active role
of ligand density on multivalently targeted drug delivery
nanoconstructs.

Modes of interaction between multivalent
ligands and the target receptors

The extent of effect provided by the multivalent ligand con-
structs solely depends on the mechanism by which they
interact with the target receptors. Generally, conventional
monovalent ligands only account for the interaction with a
single receptor molecule and cannot induce dimers and oli-
gomers’ formation. However, in the absence of multivalent
ligands, it may efficiently trigger cluster formation inside
the receptors. Researchers have suggested that multivalent
ligands interact with the target receptors by exploiting five
possible mechanisms [24, 64]. Figure 2 depicts a diagram-
matic depiction of these interactions.

Fig.2 Mechanisms by which
multivalent ligands can interact (a)
with cell-surface receptors. a
Multivalent ligands can bind
oligomeric receptors by occu-
pying multiple binding sites
(chelate effect). b Multivalent
ligands can cause receptors to
cluster on the cell surface and
may activate signaling path- (b)
ways. ¢ Multivalent ligands can
occupy primary and secondary
binding sites on a receptor. d
Multivalent ligands display
higher local concentrations of
binding epitopes, which can
result in higher apparent affini-
ties (republished from Kiessling
et al. [24] with permission from (C)
Elsevier, copyright 2020)
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Chelate effect

Chelate effect or chelation accounts for the binding event in
which multiple ligand molecules attach to multiple recep-
tors at the same time, lowering ligand dissociation rate and
boosting binding affinity, avidity, and stability of multimeric
ligands [21]. Ideally, the binding enthalpy of the multiva-
lent ligand is more favorable than that of its monovalent
equivalent [69]. The translational entropy is compensated
for the initial interaction between the receptor and multiva-
lent ligand in this case; after that, binding interactions occur
without further entropy compensation [24, 70]. The enthalpy
of a system is an additive process according to thermody-
namic principles, while the entropy of a multivalent system
is not. Accordingly, the first binding interaction between the
receptors and multivalent ligand causes the local concentra-
tion of neighboring ligands and receptors, which reduces the
unfavorable entropic penalty paid for the binding interaction
of ligands and receptors [69].

Initiation of interaction by receptor clustering

In this binding event, interaction between multivalent ligand
(due to the near proximity of both ligand and receptor) and
the target receptors results in the development of clusters
within the receptor domain, further potentiating the mul-
tivalent interaction [69, 70]. In other words, when ligands
disassociate from receptors, multivalent ligands can rebind
neighboring receptors rather effectively than monovalent
ligands because of the clustering effect, which multimeri-
cally introduces binding sites. The successful clustering of
these receptors also contributes to the signal transduction
pathway being triggered [70].

Steric stabilization of the binding event

When multivalent ligands engage with their target bind-
ing sites, the physical dimensions of ligand molecules may
impede the attachment of additional competing ligands to
the target receptors. The steric stabilization is the method
through which multivalent ligands and receptors interact
[69]. In other words, the steric bulk of the multivalent ligand
inhibits an opposing viral particle from attempting to con-
nect with the target receptor [70].

Subsite binding

The process of multivalent interaction between ligands and
target receptors that increases the chance of ligand—receptor
binding is known as subsite binding. It is so because rota-
tional and translational entropy was paid for the interaction

between the first ligand and its binding site. Consequently,
furthermore, ligand-binding occurs without loss of entropy
[21, 24].

Monovalent ligands can only access and bind to the
adjacent receptor site along with the primary binding site.
Multivalent ligands, on the other hand, tend to obtain the
requisite binding affinity, which is used for interaction with
distant secondary binding sites. This form of interaction may
be initiated by either a recognition epitope or a multivalent
construct component [69].

Statistical effect

The statistical increase in ligand concentration caused by
the multivalent arrangement of local ligands leads to the
prominent binding affinity of these ligands. It potentiates
the chances of ligand binding to their target sites provided
by the high concentration of multivalent ligands surround-
ing the target receptor [21, 69]. These five binding events
provide unique characteristics to the multivalent ligands. A
brief overview of multivalency governing thermodynamic
concepts continues to clarify the individual contributions of
multivalent ligands to boost functional affinity towards the
target receptor.

Thermodynamic concepts
behind the multivalent interaction

Role of cooperativity in the establishment
of multivalent interactions

Cooperativity typically occurs when the interaction of a
ligand to a binding site influences additional ligands’ bind-
ing. The term “cooperativity” is often used to describe bio-
logical phenomena, such as the binding of oxygen to hemo-
globin to produce oxyhemoglobin, in order to evaluate the
enthalpic alterations that occur (either positive or unfavora-
ble process) in subsequent ligand—protein interactions [71].
Here, cooperativity positively contributes to the favorable
free energies to bind each hemoglobin monomer with added
oxygen. Cooperativity associated with a multivalent interac-
tion can be quantified if the free energy associated with the
multivalent interaction (AE,, ;) is related to M monovalent
interaction, denoted as MAE, ., for M independent ligand
and receptor binding event. The ratio between the two free
energies indicates the cooperativity of the binding event,
and the factor of cooperativity (f) can be given as (Eq. 1)

multi

MAE M

mono

p = Cooperativity =
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Multivalent interactions depending on the magnitude
of f can be positive (> 1), noncooperative (f=1), or
negative (< 1). There are inherent variations between
multivalent interactions and monovalent interactions, and
techniques for determining cooperativity are inadequate
for determining a multivalent binding event. Monovalent
interactions in a multivalent cooperative scaffold are well
established, but to assess polyvalent bonds’ cooperation in
multiple receptors is challenging to define [72].

To address this issue, Ercolani et al. [72] proved that
cooperativity in multivalent interactions could only be
assessed individually by inter and intramolecular binding
events. An indication of the degree of cooperativity can be
obtained by comparing the practical dissociation constant
(Kg(practicany) Of @ multivalent binding event concerning its
theoretical dissociation constant (K heory)) as described
in (Eq. 2).

_l)

@

— ¢
Kd(theory) - CKd(practical) X Kd(imra) "

where c is the statistical factor for a binding event, n is the
multivalent construct’s valency, and K, i the hypo-
thetical dissociation constant for the intramolecular bind-
ing event. As a result, if Kyqprycicay 18 greater than Ky geory),
then negative cooperativity is at work (theory). Similarly,
if Ky(practicar) 18 smaller than Kyqpeqry), then positive coop-
erativity is the driving principle of multivalent interaction
[72,73].

Wolfenden et al. [74] showed cooperativity factor (f)
to estimate the intensity of the multivalent binding event
in contrast with monovalent binding by exploiting the
interaction of carbohydrate grafted dendrimers and lec-
tin concanavalin A. The extent of this binding interaction
was estimated by assuming that the multivalent interac-
tion’s binding affinity is directly proportional to that of the
monovalent binding event raised to the power N.

KNmulti — (KmOHO)ﬂN (3)

where N is defined as the number of binding events; the
researchers have demonstrated the enhancement of multi-
valent interaction by using the # value of 1 throughout the
multiple dendrimer generations. The study’s results dem-
onstrate that a multivalent binding event’s binding affinity
can be predictably influenced and may be tailored. These
findings have offered a new regulation and predictability for
synthetic multivalent constructs’ design and development.
Due to the challenges in applying the principle of coop-
erativity to explain multivalent binding events, multivalent
ligand—receptor interaction has been measured to compare
the functional affinity of a multivalent binding event with the
comparable affinity of monovalent interaction.
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Role of avidity enhancement in multivalent binding
events

The molecular aspect of interactions between multiple
ligands and receptors during a multivalent binding event is
referred to as avidity. Multiple interactions result in increas-
ing avidity of interactions (as shown in Fig. 3), resulting in
the formation of a stable and robust bond between ligands
and their target receptors [75].

The relative activity of the multivalent binding event in
contrast with the monovalent binding can be expressed in
terms of the ratio of avidity of multivalent interaction to
monovalent affinity constant, described by Mammen and
Whitesides [3] in Eq. (4).

a = KNmulti/Kmono (4‘)

N denotes the theoretical number of binding events, and
the relative strength of a multivalent binding event com-
pared to the monovalent binding is represented by the avidity
enhancement factor («).

Based on this model’s extension, Gargano et al. [76] uti-
lized bivalent binding events between the ligand and recep-
tors, assuming that K, K,, and Kj are equilibrium constants
for the bivalent binding event. Derivation of every associa-
tion or equilibrium constant is based on relative assump-
tions, the possible number of binding events, the potential
for monovalent binding, and bound ligands’ concentration.

_ 2
Ky = Ki KKy = 2% 1072 (K pono) )

Equation (5) represents the overall association constant
for a bivalent binding event. It provides an estimation of
the interaction, obtained as a product of three association
constants dependent on the relative binding event. And the
enhancement of avidity can be represented as (Eq. 6).

Ky w)
a= =2 X 107°(K 10n0) (6)
mono
For the prediction of association constants for the multi-
valent binding event, the Eq. (5) can be rewritten as (Eq. 7)

Kmulti = F(S X 10—2)”_1 (Kmono)n (7)
where n is the associated valency of multivalent ligand, F
denotes the statistical factor associated with multivalent
binding, and s represents the distance between neighboring
receptors. In a similar study, the association constant for the
binding event between a pentavalent ligand and pentamer
toxin was determined as represented by Eq. (8).

(5—1)(

K Kanono) ®)

penta

=1(1x107?)
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Fig. 3 Role of avidity enhancement. This scheme represents the mul-
tivalent receptors (light blue) randomly present on the cell surface
and their interaction with targeting ligands (red), where multivalent
ligands are assumed to be fully flexible. A The monovalent (K=1)
ligand binds to a multivalent receptor (Ng =6). There is no or little
cooperativity associated with monovalent binding events; the indi-

vidual binding constants (K .,) are all the same. Hence, the avidity

where taking the value of F=1 and s=1 and demonstrated

Koena=1.2X% 107, Gargano et al. [76] have devised this model
based on some assumptions, which are (a) all the interacting
receptors are equivalent; (b) intramolecular binding leads
to potentiation of the binding event; (c) the binding event
takes place without cooperativity; and (d) binding event
takes place without the deployment of a linker and spacer.
Thus, the models for quantifying K., and K,; demon-
strate that a multivalent binding event’s strength increases
exponentially as the valency associated with the multivalent
construct increases. Thus, expanding these concepts to even
higher multivalent binding events may allow for the more
effective design and development of multivalent constructs.

Role of avidity entropy in the establishment
of a significant multivalent interaction

The avidity entropy represents a mathematical component
that reflects the multivalent binding topologies (linear,
radial, or circular). In other words, this component denotes
the various aspects by which a particular binding event takes

of the binding event is also constant. B A multivalent ligand (K=4)
binds to the same receptor as A, with Ny =6. The first step is intermo-

lecular (Kj,,), not associated with cooperativity differs from the sub-
sequent intramolecular (K;,,) steps. In the presence of cooperativity
Kiira3 > Kinira2 > Kiniral» Tepresenting the progressive increase in intra-

molecular binding indicating avidity enhancement by the multivalent
binding event

place. A thermodynamic model (Eq. (9)) was developed in a
previous study to establish a quantitative approach for devel-
oping multivalent ligands that epitomize optimum avidity
enhancements. This model uses three components to illus-
trate the enhancement of avidity associated with a multi-
valent binding event: (a) intrinsic free energy required for
the intermolecular binding event (AG®,..,), (b) free energy
required for the intramolecular binding event(AG°®,,,.,), and
(c) a mathematical factor representing the probability of
ligands association or dissociation per binding event (£2,),
this component is referred to as avidity entropy, along with
these components a weight coefficient w; accounts for the
relative distribution of bound ligands at equilibrium [77].

0 — 0 0 fnax max @;
AGavidity AGmter + AGlmra Z — 1)+ RT Z @, ]n§i
)

This thermodynamic interpretation considers the
entropic energy required that is not hampered by the
loss of conformational entropy that must be introduced
as multivalent binding event proceeds. Researchers have
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developed a method to test this hypothesis by exploiting
multivalent carbohydrate inhibitors and surface topolo-
gies of a multivalent construct to target Shiga-like toxin
[77]. They concluded that binding events mediated by
multivalent constructs having a radial arrangement of
ligands demonstrate a higher affinity for the interaction
manifested by intramolecular binding and avidity entropy.
Thus, considering the results obtained from these studies
demonstrates that avidity entropy plays a crucial role in
establishing multivalent interactions.

Role of effective molarity in showcasing
the multivalent interaction

In the “Modes of interaction between multivalent ligands
and the target receptors” section of this review, we have
mentioned that a multivalent binding event’s statistical effect
plays a significant role in ligand and receptor rebinding. The
effective molarity or effective concentration is an important
parameter to evaluate the statistical effect. Kinetics associ-
ated with ring closure intramolecular reactions are often esti-
mated using effective molarity as a crucial parameter [78].

The intermolecular binding will favor a given multivalent
interaction if the ligand’s effective molarity is higher than
the cell surface receptors in the solution. Previously, a study
has been carried out to demonstrate that effective concentra-
tion (C.g) and inherent association constant (K;) are directly
proportional to the association constant of the n-valent bind-
ing event during multivalent binding events [79].

K, = bK,Cyii"™! (10)

In Eq. (10), b is the factor for the statistical effect, which
describes the number of binding events possible during an
interaction. For binding events where multivalent interac-
tion utilizes several noncooperative interactions, the effec-
tive molarity equals the effective concentration (C.g). This
principle demonstrates a mode of the multivalent bind-
ing event, which is dependent on concentration. At low
concentrations, intramolecular interactions are preferred,
but intermolecular interactions are preferred at larger con-
centrations of multivalent ligands. Effective molarity of a
multivalent construct grafted with n ligands relies on the
length and flexibility of the linker and is characterized
by the ratio of inter-and intramolecular dissociation con-
stants [79]. The authors extended this concept for use with
higher-order multivalent constructs and then devised a
model to estimate effective molarity based on the valency
associated with the multivalent construct. Accordingly,
effective molarity associated with a multivalent system
comprising n-valent intramolecular binding event having
association constant K, can be represented as Eq. (11).
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K n—1
Effective Molarity = <b - > (11)

It is evident in this context that the dissociation rate of the
multivalent ligand ultimately depends on the bound ligand’s
concentration. The concentration of bound ligands also relies
on the effective molarity for an intramolecular multivalent
binding event [79]. It implies that nanoconstructs with high
avidity and propensity to provide a reliable kinetic control
can be tailored by using the concept of multivalency.

Experimental methodologies for quantifying
multivalency of a nanoconstruct

A variety of analytical techniques have been used to inves-
tigate multivalent interactions in solutions and surfaces.
The methods most extensively used to analyze such interac-
tions are summarized in this section. The association and
dissociation constants of ligands can be determined using
spectrophotometric analysis [69], surface plasmon resonance
(SPR) spectroscopy [70], and isothermal titration calorim-
etry [80], which can be used to quantify thermodynamic
parameters associated with multivalent interactions. Atomic
force microscopy (AFM) and 'H NMR spectroscopy can
be exploited to determine the binding constant between the
multivalent ligand and the target receptor. The colloidal
stability of multivalent nanoparticles can be determined by
utilizing microscopy and dynamic light scattering techniques
[69, 81]. Surface plasmon resonance spectroscopy is widely
used to quantify multivalent interactions associated with
various biological systems. It allows for determining the
binding constant associated with a multivalent binding event
when a 1:1 binding state is established between a ligand and
its target receptor [82].

Multivalent interactions can also be predicted by deter-
mining the ICs, (ligand concentration at which binding
constant reduces by 50% of its initial value) by exploiting
surface plasmon resonance spectroscopy [83]. Some of the
established methodologies for quantifying multivalency
associated with a system are mentioned in Table 1.

Multivalent nanoconstructs for targeted
drug delivery

In the early 1900s, Paul Ehrlich introduced active targeting;
since then, this concept has successfully targeted various
diseases by modifying drug delivery systems to target spe-
cific cells. The multivalency concept has been used effec-
tively to enhance on Paul Ehrlich’s “magic bullet” concept.
This section discusses the multivalent targeted drug delivery
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Table 1 List of established analytical techniques for quantifying multivalency
Analytical technique Quantifying parameters Multivalent binding event References
Total internal reflection fluorescence Fluorescence intensity as a measure of the 2D protein—protein interaction targetinga  [84]
amount of multivalent ligand model membrane
NMR spectroscopy Diffusion coefficients from DOSY Hexameric resorcinarene and [85]
measurements pyrogallarene incorporated capsules
Surface plasmon resonance Mass-dependent refractive index changes in Affinity screening of antibodies [83]
spectroscopy ligand-receptor interaction
Quartz crystal microbalance Frequency change as a function of the Multivalent interaction of lectins with a [86]
multivalent ligand concentration crosslinked, surface-grafted
glycopolymer
Transmission electron microscopy Number of multivalent ligands per Multivalent carbohydrate-modified [69]
nanoparticles quantum dots interact with lectins and
sperm protein
Fluorescence microscopy Fluorescence intensity as a function of time Binding of CdS quantum dots with variable [87]
ligand multivalency of GABA receptors
on a cell membrane
Dynamic light scattering Hydrodynamic diameter as a function of time  Aggregation of mono- and multivalently [81]
thiol-stabilized gold nanoparticles in
solution
Surface plasmon resonance Mass-dependent refractive index changes in Affinity screening of antibodies [88]
spectroscopy ligand-receptor interaction Multivalent association between selectins
and polyglycerol sulfates
EPR spectroscopy Dipolar interaction between spin probes Measurement of the distance between [89]
multivalent spin probes
Isothermal titration calorimetry Heat as a function of the ligand: receptor ratio Maltose and lactose grafted p-cyclodextrin  [90]
Atomic force microscopy Force as a function of the intermolecular Molecular interaction between [91]
distance bacteriophages and lipopolysaccharide
bilayers
High-performance liquid The difference in retention as a function of Multivalent interaction between [92]
chromatography polarity and molecular size vancomycin and d-Ala-d-Ala trimer
Circular dichroism spectroscopy Circular dichroism intensity as a function of ~ Hybridization of oligothymine templates [93]

the ligand and receptor concentration

with oligomeric adenine and naphthalene

diaminotriazine as ligands

nanoconstructs that have been rationally engineered for tar-
geted drug delivery.

Dendrimers

Dendrimers are 3-dimensional-branched structures that are
synthesized generation after generation. Dendrimers may
play drug carrier roles in nanometer dimensions and effi-
ciently exhibit targeting ligands on their surface due to their
nanoscale and multifunctional structure [94, 95]. Dendrim-
ers provide an attractive synthetically targeted multivalent
system for therapy in cancers and cardiovascular diseases
[96, 97]. The multivalent dendrimers can be formed by (i)
assembly of functionalized components and the formation
of the polymer backbone or (ii) reaction after the polymer
scaffold has been assembled. Multivalent dendrimers may
be formed by following two different processes: first proce-
dure (i) involves the aggregation of functional components
along with the development of the polymer backbone, and
the second procedure (ii) involves the attachment of the

functional components after the synthesis of the polymer
backbone, mediated by the help of a reaction. Procedure
(i) demonstrated the convergent synthesis of dendrimer
[98-101] (Fig. 4a) and polymerization of functionalized oli-
gomer (Fig. 4b) units with pre-attached drugs or targeting
moieties. Procedure (ii) demonstrates the use of divergent
synthesis of dendrimer [102-105] (Fig. 4c) and the syn-
thesis of functionalized hyperbranched polymer (Fig. 4d).
Convergent approaches offer numerous advantages in terms
of regulating conjugation efficiency and scaffold diversity
[106-108]. Dendrimer generated in this manner seems to
have fewer incomplete branches, and synthesis procedures
can typically be carried out with stoichiometric quanti-
ties of reagents. However, the divergent synthesis demands
a significant excess of reagents. If the convergent synthesis
mechanism arises from the functional ligand, the diversity
of the conjugated functional group in the finished product
is prone to be associated with scaffolding defects, and these
defects are consistently seen on dendrimers of lower gen-
eration. The main drawback of this approach is the efficient
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Fig.4 Schematic illustration of procedures to be followed for the syn-
thesis of multivalent dendrimer conjugates. (a) Convergent dendrimer
synthesis allows for precise regulation but only allows for mini-
mal size and valency. (b) Precise variation of regiochemistry can be
achieved by bottom—up synthesis. However, this approach is confined

accomplishment of the primary coupling step; as dendrimer
generation grows, the requirement of functional groups
becomes multiple of the number of arms present (Fig. 4a).
The complexity in executing the core coupling step as a gen-
eration grows results in a cumulative polymer dimension
and molecular weight constraint. Methodologies to fix this
issue include a blended approach that incorporates diver-
gent and converging strategies [109]. Another prospective
convergent strategy will be the bottom—up oligomer synthe-
sis to have several copies of the ligand or attachment sites
inside the backbone of the oligomer (Fig. 4b), for instance,
a sequence-specific attachment of a click ligand to the pep-
tide backbone [110]. This method is also constrained by the
expense of synthesis and is restricted to only short oligom-
ers. Ligands can be conjugated with preformed polymers to
produce the desired ligands-to-scaffold ratio, usually, with
the attachment of a single or sequential ligand to the poly-
mer backbone (Fig. 4c, d); this type of arrangement permits
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only to oligomers. (¢) The divergent mechanism of dendrimer syn-
thesis and (d) linear comb or hyperbranched polymers allow for the
synthesis of larger polymers but are associated with random valence
statistics

more extensive polymer scaffold synthesis (i.e., divergent
dendrimer synthesis and traditional polymerization tech-
niques) [108].

Polymer scaffold provides several sites which are avail-
able for chemical modification, e.g., poly-(amidoamine)
(PAMAM) dendrimers have (hypothetically) 4-4000 pri-
mary amines, based on generation (G1-G11), available for
peptide coupling [111, 112]. Such scaffolds have the advan-
tage of providing multiple potential conjugation sites and
high molecular weight, which makes many hydrophobic
ligands soluble. However, the conjugation leads to a statis-
tical distribution of ligand to scaffold ratios.

Chabre et al. [14] were among the first few researchers
to describe multivalent glycodendrimers. Their dimen-
sions currently range from traditional small frameworks to
particles with more than 10 nm size. Dendrimers have a
much more organized shape than linear polymers because
dendrimer growth may be controlled before the reaction
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commences [15, 113]. Small dendrimer molecules have
discrete structures but may be less efficient for the display
of multivalent effects. Large-sized dendrimers show a low
polydispersity index than other polymeric structures but
are not as homogeneous as smaller dendrimers. According
to Chabre et al. [14], optimizing ligand density on poly-
amidoamine dendrimers with a 50% carbohydrate ligand
resulted in the most potent activity towards concanavalin
A. Moreover, the hemagglutination study revealed that
the binding interaction of monovalent glycodendrimers of
smaller sizes with concanavalin A increased by 2—-3 magni-
tude orders when compared with bivalent glycodendrimer
system with larger dendrimers. Furthermore, the statistical
effects of the multivalent binding event associated with gly-
codendrimer have been shown to increase the overall glyco-
dendrimer activity [16].

In another study, Wang et al. [114] synthesized mannose
grafted multivalent dendrimers to develop the human immu-
nodeficiency virus (HIV) vaccine. The proposed target of the
dendrimer is gp120 (a glycoprotein overexpressed by HIV).
Mannose-grafted dendrimers have shown an increased affin-
ity towards HIV antibody (2G12); the glycoconjugates have
demonstrated 104 times more prominent ICs, values than the
monovalent construct. These dendrimers are also tested for
their binding affinity by flow cytometry analysis, indicating
that multivalent dendrimers can bind to target receptors with
higher affinity than monovalent counterparts [114]. Den-
drimers are a promising multivalent carrier system for bio-
medical and therapeutic applications; their flexibility allows
them to efficiently lower the entropy cost associated with the
multivalent binding event. Moreover, the size of the scaffold
can be easily altered by altering the generations of the den-
drimer. Overall, dendrimers are excellent synthetic carrier
systems for the multivalent display of molecular diagnostics
and therapeutic agents.

Nanoparticles

Multivalent ligand-conjugated nanoparticles have been
designed to demonstrate the hybrid action of the encapsu-
lated drug and to coordinate the system with the target cell.
Nanoparticles have various advantages, including the capac-
ity to carry a high drug payload and the ability to shield
drugs. Targeted delivery of cisplatin-loaded PLGA-PEG
nanoparticles grafted with multivalent pentapeptide to o, p;
integrin receptor has demonstrated enhanced internaliza-
tion in prostate and breast cancer cells [115]. The improve-
ment in the affinity of multivalent RGD peptides grafted on
nanoparticles to o, 5 integrin has been documented previ-
ously. RGD peptides’ binding to nanoparticles resulted in
prolonged circulation time from 13 to 180 min due to affinity
enhancement by multivalent interaction.

Moreover, the multivalent RGD peptide grafted nanopar-
ticles with an ICs, value of 1 nM had a multivalent enhance-
ment factor of 38 [116]. In a study, vancomycin-loaded
nanoparticles have been prepared by grafting a specific
multivalent peptide to target Staphylococcus aureus effec-
tively. Hussain et al. [117] demonstrated that multivalent
vancomycin-loaded nanoparticles effectively treat Staphy-
lococcus aureus—infected tissues and produce successful
results with ten times lesser vancomycin concentration than
the treatment using free vancomycin. It is an important
finding as vancomycin is associated with producing severe
toxicity events. Kiziltepe et al. [118] prepared doxorubicin-
loaded micellar nanoparticles targeting very late antigen-4
(VLA-4) receptors by grafting multivalent VLA-4 antago-
nistic peptides. The results demonstrated that multivalent
VLA-4 antagonistic peptide-conjugated nanoparticles are
associated with lower systemic toxicity, potentially inhibited
tumor growth, and accumulated more drugs at the target site
(in vitro) than unconjugated nanoparticles. The binding of
targeted multivalent nanoparticles to VLA-4 was achieved
by receptor-mediated endocytosis with an optimal valency of
20 peptides per nanoparticle, effectively indicating the role
of ligand valency in designing effective multivalent nano-
constructs for targeted drug delivery.

A multivalent magnetic nanoparticulate system that uti-
lizes magnetic resonance imaging (MRI) for tumor treat-
ment was designed in a recent research. Zhang et al. [119]
used a dual-acting agent raltitrexed as a ligand to target the
folate receptor. Different valencies of raltitrexed-modified
multivalent polyethyleneimine ligand cluster PRn (n=2, 4,
and 8) were conjugated on magnetic nanoparticles to form
multivalent magnetic nanoparticles with variations in their
valency. The in vitro studies demonstrated that PR4 was the
most effective valency in treating high folate receptor over-
expressing KB cells with a decentralized receptor distribu-
tion. The PR2 was negative in statistical rebinding, and PR8
could induce steric hindrance in the limited binding area,
inferring that ligand valency with a relatively superior thera-
peutic effect was associated with the folate receptor over-
expression level. Along with these findings, they have also
demonstrated the utility of multivalent magnetic nanopar-
ticles to serve as an MRI contrast agent for the diagnosis of
liver carcinoma. Hence, this study effectively demonstrates
the utility of multivalent nanoparticles both as a therapeu-
tic and a theranostic system for targeting different types of
tumors. Abstiens et al. [120] recently evaluated RGD pep-
tides with varying ligand densities as well as different PEG
spacer lengths surface grafted onto core—shell nanoparticles
to determine the critical role played by both ligand density
and linker length in the successful establishment of a multi-
valent ligand—receptor binding event. Authors have reported
that nanoparticles with 100% RGD peptide surface grafting
and short PEG linkers exhibited a higher tendency to form

@ Springer



2348

Drug Delivery and Translational Research (2022) 12:2335-2358

clusters, allowing for a cooperative ligand—receptor binding
event on the cell surface. Contrastingly, longer PEG linkers
with higher flexibility increased the chances of ligand entan-
glement, reducing the magnitude of the ligand—receptor
binding event. As a result, as described in the preceding sec-
tions, a study by Abstiens et al. [120] strongly suggested in
a similar way that in order to optimally apply the principle
of multivalency, the design and development of nanopar-
ticles in terms of ligand density and linker length must be
adequately optimized. In a similar study, Maslanka Figueroa
et al. [121] demonstrated that by adjusting the polymer com-
position on the nanoparticles, one might modify ligand flex-
ibility and, as a result, endocytosis of nanoparticles. The
authors demonstrated that nanoparticle surface containing
angiotensin-II (ligand) conjugated to a long polyethylene
glycol chain separated by a ligand-free short polyethylene
glycol chain internalizes at a faster rate in angiotensin-II
receptor type-1 positive cells. However, when the flexibility
of ligand is hindered by dense surface grafting of nanopar-
ticles only with ligand conjugated long polyethylene glycol
chain, the resulting cellular internalization was reduced by a
magnitude of 50%. These results demonstrate that develop-
ing multivalently-binding nanoparticles is a complex proce-
dure that involves striking an equilibrium between various
particle properties. Among these, the flexibility of ligands,
which can be enhanced by changing the polymer composi-
tion and the number of targeting moieties surface grafted
onto the nanoparticles, must be considered to establish opti-
mum cellular interactions. Furthermore, Karimi et al. [122]
also discussed the fabrication of multivalent nanomaterials
in-depth with explanations and details.

Antibodies

Antibodies such as anti-CD20 and CD22 antibodies can
target various cytotoxic compounds such as drugs, radio-
nuclides, or toxins for therapy [123—125]. The multivalent
antibodies showed different properties than monovalent
counterparts, including prolonged half-life and enhanced
selectivity to targets [126, 127]. Due to the specificity of
antibodies to tumor-associated antigens on malignancies,
antibodies have been used as targeting ligands or as tumor-
targeting delivery vehicles, also known as immunoconju-
gates [125, 128]. Previous literature discussed the “dock
and lock” mechanism for creating multivalent proteins. This
technique was designed to prepare bispecific antibodies that
link divalently to a tumor-specific antigen and monovalently
to a radiolabelled hapten peptide for pre-targeted diagnostics
and therapy (Fig. 5A), but it can also generate a variety of
other biologic agents of therapeutic significance [129].
Several multivalent antibody constructs have been devel-
oped by exploiting anti-CD20 and CD22 antibodies, and the
results suggest that multivalent antibodies have somewhat

@ Springer

different characteristics than their monospecific counter-
parts. Authors have reported that the technique’s utility is
restricted to multivalent antibodies, but other potential mul-
tivalent targeting agents (interferon a) can also be created
(Fig. 5B and C). These scaffolds are reported to provide a
dual function: first, to sustain the system for a prolonged
period in the systemic circulation, and second, selective tar-
geting [129].

The multivalent antibody conjugates have been studied
to enhance ligand affinity, alter the pharmacokinetic profile,
and improve stability [130]. Multivalent single-chain vari-
able fragments (scFv) have been shown to increase the bind-
ing affinity to tumor-associated antigens and improve in vitro
and in vivo stabilities of the construct [131]. Delalat et al.
[132] utilized the exposure of multivalent antibodies to bio-
engineered biosilica diatoms to invade tumor cells. Diatoms
are microorganisms that comprise silica-based cell walls,
and their use could be favored over synthetic silica due to the
expense and hazardous materials used in silica manufacture.
Diatoms have been biologically modified to express GB1
(that attaches IgG) on their biosilica layer. The GB1 allowed
the conjugation of cell-specific antibodies. The drugs were
first encapsulated into liposomes to load drugs onto a bioen-
gineered diatom. Since the liposomes used were positively
charged, and biosilica was negatively charged, multivalent
electrostatic attraction enabled the drug-filled liposomes
to bind to the diatom [132]. The results revealed that the
drug-loaded, IgG-presenting diatom silica could be used to
reduce the tumor volume significantly. At the same time,
non-target liposomes with the entrapped drug showed little
or no effect. Recently, in the context of the current pandemic
situation caused by a novel corona virus (SARS-CoV-2),
Rujas et al. have demonstrated that the concept of multiva-
lency can transform antibodies against SARS-CoV-2 into
ultrapotent neutralizers by combining antibodies of three dif-
ferent specificities and fragment crystallizable domain on a
single multivalent entity (Multabody) provided the capacity
to overcome the viral sequence diversity, as well as excep-
tional efficacy along with IgG like bioavailability. Authors
have reported that “Multabody” platform harnesses bind-
ing avidity and multispecificity to deliver 10,000-fold more
potent broad-spectrum neutralizers against SARS-CoV-2
when compared to IgG counterparts, making them promis-
ing therapeutic options for targeting SARS-CoV-2 [133].

Self-assembling nanoconstructs for drug delivery

This segment outlines examples of self-assembling nanocon-
structs, including virus capsids and synthetic vesicles, which
either assemble into stealthy structures or have triggered activ-
ity. A study has documented that viral capsids functionalized
with carbohydrate ligands have outstanding lectin binding
properties [134]. Viral capsids have also been identified as
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Fig.5 A Schematic representa-
tion of pretargeting a tumor
vasculature using a multiva-
lent bispecific antibody and a
radiolabelled hapten (di-HSG)
peptide. The bispecific antibody
is intravenously administered.
After its localization into a
tumor, a hapten (di-HSG)
peptide is being administered.
A marked enhancement in
avidity is reported under the
crosslinks formed between
adjacent bispecific antibodies. B
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contrast agents in MRI; capsids may contain several gado-
linium centers, providing a multivalent epitope for targeting
[135]. Previously, Kim et al. [136] previously reported the
formation of cylindrical and spherical vesicles and micelles
of varying sizes. When carbohydrates were exposed, the esti-
mated binding affinity of the protein—carbohydrate binding
event with these nanoparticles improved significantly. Simnick
et al. [137] demonstrated self-assembly by induced heat stimuli
using an elastin-like polypeptide that forms micelles at critical
micelle temperature.

These induced multivalent nanoconstructs displaying
RGD peptides recognize and bind o, f; integrins and have
been shown to exhibit “dynamic amplification of the recep-
tor binding affinity in response to an external stimulus.”
Stimulus-promoted self-assembly and careful dismantling

can emulate physiological multivalency and provide nano-
constructs with suitable circulation time. It may be beneficial
in therapeutic systems such as the delivery of drugs.

Sperm cell-mediated targeted therapy

Instances of multivalent binding events are often found natu-
rally and can be exploited for drug delivery. Xu et al. [138]
used sperm cells as a drug delivery vehicle for targeted drug
delivery; among some of the significant advantages of sperm
as a carrier is its ability to fuse or attach with cells, facilitat-
ing multivalent interactions between several sperm proteins
and target cellular membranes. This fusion capability was
expected to increase drug transport to tumors. Researchers
have shown that delivering drugs incorporated in sperm to
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HeLa cell spheroids is more effective than spawning HeLa
cells in a doxorubicin solution. Another feature of the sperm
is its ability to drive itself, and so, the researchers produced
an iron-coated “tetrapod” that enclosed the sperm’s head
so that its travel could be guided through a magnetic field.
They demonstrated the capability to control sperm move-
ment through microfluidic channels to deliver doxorubicin
hydrochloride to the HeLa cell spheroid. HeLa cell sphe-
roid’s size decreased by 40% in 8 h after drug delivery.

Nanoworm-mediated targeted drug delivery

Another fascinating system that uses a multivalent peptide
interface for targeted cancer therapy is the “nanoworm”
[139]. Nanoworms are composed of iron oxide nanoparti-
cles that always form an elongated worm-like structure and
multivalently exhibit covalently linked recombinant pep-
tides. Such recombinant peptides have both targeting and
an apoptotic domain. The targeting domain binds explicitly
to p32, a protein located in vascular endothelium that shapes
tumor vasculature. The targeting domain also comprises a

sequence that enables the nanoworm to invade the perivas-
cular tissues of the tumor. Interestingly, the targeting pep-
tide used in the finished nanoworm system exhibited hardly
any ability to target p32 as a monomer but was successful
when multivalently grafted on the nanoworm. Researchers
credit the principle of multivalency for the potentiation of
peptide activity on nanoworm. The later domain of recom-
binant peptide, the apoptotic domain, can effectively dam-
age mitochondrial membranes and thus act as a drug within
the nanoworm (Fig. 6). Agemy et al. [140] stated that per-
haps the multivalent presentation of the apoptotic domain
[KLAKKLAK]2 on nanoworm results in increased potency
relative to the monomeric [KLAKKLAK]2. The recombi-
nant nanoworm was screened in glioblastoma-bearing mice,
which effectively decreased tumor volume. Other than the
iron oxide nanoparticles nanoworm, Aluri et al. [141] devel-
oped hybrid single-chain variable regions of anti-CD20 and
elastin-like polypeptide polymer nanoworm and studied the
efficacy of nanoworm on two cell lines of B cell lymphomas
compared to Rituximab, which induces cell death via bind-
ing and clustering of CD20 receptor. The nanoworm showed

g Targeting peptide
sequence

“&¢" Iron oxide nanoworm
® Apoptotic peptide

Y p32 receptor

Fig.6 Schematic representation of the nanoworm and its mechanism of action
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better efficacy than Rituximab alone causes apoptosis in a
concentration-dependent manner. Similarly, Lee et al. [142]
designed nanoworm by single-chain variable regions and
elastin-like polypeptide to target the B cell and T cell recep-
tors for non-Hodgkin lymphoma.

Proteins as a biological nanomaterial for cancer
targeting

Proteins are of great importance as far as multivalency is
concerned. Since their nanoscale dimension enables them
to encompass vast surface area allowing the chelate effect
to take place, along with this, the well-defined system of
proteins allows for specific functionalization. Moreover,
proteins are associated with intrinsic therapeutic potential.
Luo et al. [143] used a tetrameric red fluorescent protein
as a scaffold and an imaging agent onto which peptides for
cancer targeting were multivalently conjugated. The N-C
terminals of each tetrameric red fluorescent protein unit
have been precisely conjugated with targeting peptides to
produce conjugates of exactly eight targeting peptides per
tetrameric red fluorescent protein. The conjugation of the
peptides to the tetrameric red fluorescent protein drastically
improved the endocytosis of the probe. The magnitude of
fluorescence of the tetrameric red fluorescent protein, on the
other hand, was shown to decrease. To resolve this problem,
Kostiainen et al. [144] used dendrons of various generations
to build DNA binding patches of variable valency on two
distinct protein scaffolds, bovine serum albumin and geneti-
cally modified class II hydrophobin. This study utilizes the
advantage of a solitary cysteine residue available on every
protein mediating the thiol reaction with dendrons. The
use of dendrons with three or nine primary amine surfaces
allows for accurate valency regulation of the final conjugate.
Even though the bovine serum albumin scaffold yield was
only 50%, attributable to cysteine oxidation, the processed
products represented a solitary dendron for every protein. An
ethidium bromide displacement analysis then assessed the
DNA coupling of the conjugates. The conjugates displayed
binding interaction with DNA with varying attributes, while
unmodified proteins did not display the binding interaction.
The smaller genetically modified class II hydrophobin conju-
gates had a comparatively higher affinity than larger bovine
serum albumin conjugates, correlated to variations in the
dendron-to-protein dimension.

Multivalent aptamers as “nanocentipede”
and “nanorobots” for targeted drug delivery

Aptamers are another class of molecules that are frequently
introduced multivalently for targeted drug delivery. Li et al.
[145] reported the role of multivalent application of aptam-
ers for targeted cancer therapy by developing a system

called “nanocentipede.” The nanocentipede was assembled
and functionalized using the hybridization chain reaction of
two biotin-conjugated nucleic acid monomers; streptavidin-
conjugated ZY 1 aptamers targeting SMMC-7221 cells were
linked (Fig. 7A). Furthermore, characterization of the nano-
centipedes revealed that perhaps the avidity of the nanocen-
tipede for target cells improved with a multivalent display of
aptamer. In addition, an improvement in endocytosis could be
seen for multivalent nanocentipedes relative to monovalent
nanocentipedes (Fig. 7B). The researchers then displayed the
capability to load doxorubicin further into the nanocentipede
trunk so that the system could be used for targeted drug deliv-
ery (Fig. 7C) [145].

Li et al. [146] employed multivalent aptamers to infiltrate
tumors, and when bound to their target, such aptamers act as
a catalyst for drug presentation. They named the formula-
tion “Nucleic acid nanorobot.” The nanorobot consists of a
nucleic acid origami substrate conjugated to thrombin, a pro-
teolytic enzyme that causes blood clotting. This nucleic acid
substrate could be turned into a nanotube and secured with
multivalent nucleic acid surface fasteners so that the throm-
bin was trapped in the nanotube. The nucleic acid fasteners
are composed of two DNA strands, one strand, including
that of the aptamer AS1411, about which the second strand
was partly complementary. The aptamer AS1411 specifically
binds with nucleolin, which is mainly upregulated on several
tumors’ cell surfaces. As a result, they are binding to nucleo-
lin causes the opening of the nanotube to release thrombin
effectively. Additional AS1411 aptamers for enhanced multi-
valent targeting have been applied to the ends of the nanoro-
bot. The researchers utilized several mice tumor models to
examine the efficacy of DNA nanorobots in vivo, including
one with a skin cancer mouse model in which mice treated
with nanorobots substantially higher survival those treated
with saline, natural thrombin, or blank nanorobots.

Effective internalization of multivalent drug
delivery nanoconstructs

With evolving varieties of nanoconstructs designated for
physiological applications [147], substantial endeavors have
been undertaken to understand these nanoconstructs’ destiny
in vitro and in vivo. The underlying mechanisms for the inter-
nalization of these nanoconstructs into cells are of specific
importance for understanding their molecular mechanisms.
Plenty of researchers have used specific chemical intercep-
tors to study intracellular trafficking of these nanoconstructs,
which is extremely important for identifying and quantify-
ing target receptors and providing valuable information for
the design and development of multivalent nanoconstructs
[148]. Dalal et al. [149, 150] explored the role of multiva-
lency in subcellular trafficking of 35 —50 nm nanoparticles
with a valence range of 10-40 in nanoparticle-based imaging
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Fig.7 Multivalent nanocen-
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agents’ construction. They reported that particles with rela-
tively high multivalency (40 ligands per particle) had entered
the cell through clathrin-mediated endocytosis. The lyso-
somal transportation of these nanoprobes inhibited their
subcellular targeting. At the same time, the particles with
relatively low multivalency (10-20 ligands) that entered the
cell through caveolae-mediated endocytosis were primarily
distributed mainly in the perinuclear region without lysosome
trafficking. The shift among clathrin- and caveolae-mediated
endocytosis significantly impacted the imaging agent’s dete-
rioration. The clathrin-mediated endocytosis directs the
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imaging agent to the acidic endosomal/lysosomal compart-
ments. The caveolae-mediated endocytosis directs the parti-
cles to the nucleus, the endoplasmic reticulum, and the Golgi
bodies. In this case, caveolae-mediated transport has led to a
more efficient mode of perinuclear trafficking. Subsequently,
exocytosis was implemented as the multivalency increased
further (40 ligands per particle).

Many researchers have studied the impact of modifying
the folate ligand density on ovalbumin-decorated polysty-
rene nanoparticles’ surface and their internalization in a
separate study. They concluded that the particle’s absorption
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improved to a saturation point with increasing ligand den-
sity. Furthermore, they studied with two separate endosome
inhibitors, i.e., chlorpromazine for clathrin-mediated endo-
cytosis and filipine for caveolae-mediated endocytosis. The
particles with higher folate density may have been more
influenced by filipine than those with lower folate concen-
trations were much more influenced by chlorpromazine. It
is suggested that a change from clathrin to caveolae medi-
ated the internalization of nanoparticles as ligand density
increased [151].

In recent research, to assess the impact of nanoparticle
ligand valency and receptor density on cellular internali-
zation, researchers have performed cell uptake studies on
ErbB2-targeting, EC1 surface—functionalized micelles at
five ligand valencies and 11 receptor densities [152]. They
have reported that receptor density to ligand valency ratio
of 0.7-4.5 and a minimum of 1.6 linkages between receptor
and ligands are required to initiate cellular internalization.
In the cell-uptake profile, lower and upper receptor density
limits indicated a norm to divide patients with breast can-
cer into ErbB2-low, ErbB2-medium, and ErbB2-high. Each
category of patients responded differently in response to
multivalent nanoparticles (Fig. 8A). Authors have reported
that the increment of ligand valence to 40-valent ErbB2
targeting peptides for a 20-nm radius nanoparticle at the
ErbB2-medium and ErbB2-high levels potentiated the cellu-
lar internalization (Fig. 8B), suggesting the use of nanocar-
riers with a higher valency of targeting moiety for effective
drug delivery [152].

Each of these examples tends to demonstrate valency-
dependent shifts between different endocytic pathways. It
appears to contribute to the previous discussion about how
avidity and target specificity can be related to some optimum
value of valency, based on the strength of the multivalent
binding event and the receptor’s density at a particular cell

surface. The studies so far have demonstrated that the mul-
tivalent effect seems to have a much-reaching influence on
ligands' bioavailability. Specifications such as (1) the con-
centration of the local receptor, (2) the form of the linker
(flexible or rigid), (3) the distance between the ligand and
the receptor, and (4) the valence of the ligand all relate in
distinctive perspectives to multivalent activity [1].

Optimization is the key: more is not always
better

Throughout this review, we have tried to illustrate the critical
importance of designing and developing multivalent nano-
constructs. Considering that more is not always the best
option, multivalent ligand grafted nanoconstructs can also
result in adverse events if the magnitude of multivalently
grafted ligands is not controlled or appropriately optimized.
Some penalties may have to be paid off when the surplus
number of ligands are grafted on the surface of nanocon-
structs. The associated penalties can be categorized as (a)
loss of stealth property of nanoconstructs, as a consequence
of low surface presentation of stealth molecules such as
PEG at the surplus level of ligands, which consequently can
result in opsonization and RES clearance of the multivalent
nanoconstruct from the systemic circulation; (b) grafting a
surplus amount of ligand onto a nanoconstruct may lead to
increase in particle diameter, which can hamper its accu-
mulation inside the target cell; and (c) decreased diffusion
coefficient of the multivalent nanoconstruct inside the target
cell. In this section, we will discuss the downside associated
with the concept of multivalency and emphasize more on
the discussion that when this concept becomes too much
to provide a favorable outcome [68]. Hong et al. [153], in
a study, utilized dendrimer as a multivalent nanoconstruct,
which is functionalized with varying amounts of folic acid
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Fig.8 Cellular internalization of EC1 surface-modified micelles as a
function of ErbB2 receptor density and EC1 ligand valency. A Cel-
lular internalization of micelles as a function of receptor density for
different ligand valencies. B Cellular internalization of micelles as a

function of ligand valency for MCF-7/Tet-On/ZsGreen-ErbB2 cells
at varying doxycycline concentrations (reused from Wang et al. [152]
permission with American Chemical Society, Copyright 2020)
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ligand (n=1-14, n: number of ligands per particle), it has
been reported by the authors that optimally n=5 (plateau)
is sufficient for both cell adhesion and overall association
constant as quantified by flow cytometry. According to Wan
et al. [154], a 100-fold increase in acetylcholine receptor
inhibition was achieved in a n=2 or divalent alpha cono-
toxin dendrimer compared to its monovalent counterpart.
However, increasing the valency from n=2 to n=4 resulted
in no additional inhibition. In another study, Gu et al. [155]
prepared nanoparticles, grafted with PEG and aptamer as
a ligand (targeting prostate-specific membrane antigen).
Authors have effectively controlled the amount of PEG
and aptamer to be surface grafted onto the nanoparticle
by altering the ratio of PLGA-b-PEG and PLGA-b-PEGb-
APTAMER triblock copolymer. The authors demonstrated
that raising the aptamer ratio on the nanoparticle improves
the rate of endocytosis by the cells until a plateau phase
is achieved. However, with high aptamer surface density,
in vivo tumor targeting decreased, accumulation within the
liver and spleen increased. The authors explained the signifi-
cant difference between in vivo and in vitro results because
a higher ratio of aptamer masks the PEG grafting on the
surface of nanoparticles and decreases in vivo stealth charter
of nanoparticles considerable RES (reticuloendothelial sys-
tem) uptake. Keeping in mind that more is always not better,
excellent work by Hortiguela et al. [156] demonstrates that
design and optimization are of utmost priority when consid-
ering multivalent nanoconstructs as a drug delivery option.
Authors have reported a self-assembled nanostructured sur-
face (known as nanopattern) capable of initiating multivalent
interactions between surface grafted ephrinB1 ligands and
EphB2 receptors. The findings demonstrate that arbitrarily
dispersed surface-bound ligands were insufficient to promote
receptor clustering properly. In contrast, when the ligands
were nanopatterned onto substrates, they successfully gen-
erated a robust receptor oligomerization. Such kind of sur-
face ligand grafting enhanced the clustering effectiveness of
conventional ligand delivery methods by requiring ninefold
less ligand surface coverage and quicker receptor clustering
kinetics than standard cross-linked ligands.

Kappel et al. [157] recently investigated the extent to
which surface grafting of nanoparticles with antibody-
targeting can cause off-target accumulation, for instance,
in the liver, when nanoparticles are administered intrave-
nously. To demonstrate this, the authors engineered poly-
sarcosine polymer brushes with varying average numbers
(n=2, 6, and 12) of antibodies specific to dendritic cell sur-
face receptors (DEC205). Authors have shown that an aver-
age of 2 antibodies per nanoparticle is sufficient to target
lymphoid organs specifically. However, nanoparticles func-
tionalized with more than two antibodies get dumped in the
liver due to their recognition by complement receptors. It
is important to note here that if the antibody numbers per

@ Springer

nanoparticle are kept low, the capture of the nanoparticle
by the liver sinusoidal cells can be prevented. These results
are alarming, since they indicate that in order to target drug
delivery, we often use more than the required amount of
targeting moiety for selective targeting. Furthermore, these
results imply that when designing targeted multivalent nan-
oparticles, the ratio of targeting moieties per nanoparticle
should be optimized for maximum targeting.

Conclusion and future perspectives

Following long-standing, groundbreaking work on multiva-
lent medications, hardly any prominent pharmaceutical firm
has actively engaged in developing multivalent drug deliv-
ery therapeutics. The explanation is undoubtedly the intense
emphasis on “small molecules” and now on “biologicals.”
The multivalency principle has been intensively researched
in many different systems since the seminal study of biologi-
cally applicable multivalent structures by Mammen and co-
workers [3] in 1998. Multivalent ligands are more beneficial
than monovalent ones because of their tremendous binding
power across stable, defined spacers, and these ligands are
increasingly being introduced to pharmaceutically applicable
targets. As drug delivery progresses towards site-specific,
target-oriented methodologies, multivalent interactions are
becoming an effective strategy in designing guided/targeted
drug delivery applications. It is crucial when it comes to
designing clinical approaches that target cellular receptors.
This review has demonstrated the need for a better theoreti-
cal understanding of the multivalent effect of what happens
to the receptor-ligand complex once it is established. The
research itself would also gain further from experiments that
look past the initial ligand—receptor interaction. It would dis-
close a more massive effect of multivalent interactions on
ligands’ bioavailability and pave new dimensions towards
designing and developing effective multivalent drug delivery
nanoconstructs.
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